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Abstract

In the primary visual cortex (V1), the responses of neurons to a stimulus presented in their
classical receptive field (CRF) are modulated by another stimulus simultaneously presented in
the surround of CRF. Because the modulatory effect is generally suppressive, it is called
“surround suppression”. There is a perceptual correlate of this phenomenon called
“metacontrast” in which the perception of a particular target is masked by the presentation of
another stimulus to the surround with a small delay. In order to clarify the functional
organization of the early visual system and also to have an insight into the brain strategy to
optimize the efficiency of visual information processing that is appropriate in the behavioral
context, I studied both surround suppression neurophysiologically in the cat V1 and
metacontrast psychophysically in human. In the first part of the study, 1 examined temporal
properties of surround suppression in V1 neurons. 1) Spatial frequency (SF) tuning of surround
suppression changed through time: tuning curve of early response phase (< 50ms) was low-pass
type, whereas that of late phase (> 50ms) was band-pass type, 2) SF tuning of CRF response
also changed through time: the preferred SF shifted from low SF to high SF, and 3) the strength
of SF shift of CRF response was smaller than that of surround suppression. In the second part,
I examined the spatiotemporal properties of metacontrast using sinusoidal grating as target and
mask stimuli. 1) The magnitude of metacontrast was depending on the similarity of stimulus
features such as orientation and SF between the target and mask, and 2) at short
stimulus-onset-asynchrony (SOA) (0 to ~40 ms), metacontrast exhibited strong stimulus
specificity and low contrast sensitivity, whereas at long SOA (~40 to ~80 ms), it exhibited weak
stimulus specificity and high contrast sensitivity. These results suggest that surround
suppression in V1 and human metacontrast share the similar temporal properties and that the

perceptually relevant information processing has been achieved even in the early visual cortex.



Introduction

Our sensory systems process vast amount of information about the environment in the forms of,
for examples, light intensities, change in sound pressure, mechanical pressure on the skin,
binding of molecules to receptors for olfaction or taste. The information of the environment and
animal’s own internal state are encoded as the firing pattern and intensity of the responsible
neuron population. One of the most interesting questions of neurosciences is how the brain
efficiently processes the flood of sensory information to achieve the internal representation of
the environment, which is appropriate in the behavioral context.

It is generally accepted that thalamocortical transformation of visual information plays
one of the essential roles in optimizing the processing of the brain since the pioneering works of
Hubel and Wiesel (1962). To understand cortical function, it is the key question how neurons
integrate inputs to produce useful and efficient outputs in the large and fine scale cortical
circuitry. In other words, to reveal the rule of integration of inputs by cortical neurons provides
the basis for the complex information processing in the cerebral cortex. What is a rule of
efficient integration of inputs in neural processing? An appealing hypothesis is that sensory
systems reduce the redundancy of inputs to produce more effective representation of the.
environment (Attneave, 1954; Simoncelli ant Olshausen, 2001; Barlow, 1961). It is important to
examine this hypothesis, and if it is true, the brain strategies to achieve the reduction of

redundancy should be addressed.



1.1. Visual system

Visual system allows to organisms to see. It interprets the information of the distribution of
intensity and wavelength of light to represent the environments. The visual images of the natural
world have relatively regular statistical structures, that is, they consist of contiguous structures
and surfaces of numerous numbers of objects. Neighboring regions have similar composition of
light intensity and local features, such as line orientation or spatial frequency, whereas distant
regions differ in their visual structure (Dragoi et al., 2002; Reinagel and Zador, 1999; Tolhurst et
al., 1992; Field, 1987). It is possible that visual system analyzes information differentially
according to the local similarity of visual features. Furthermore, primate, including the human,
makes saccadic eye movements several times a second, that bring relevant image regions into
fovea. Between saccades, we typically fixate a given location for only 200-300 ms (Yarbus,
1967). During fixation, the portions of a scene that fall within the receptive field (RF) of visual
neurons do not change, but before and after saccadic eye movement, the image within the RF
changes quickly. Then changes of local features, such as contrast, luminance, orientations, and
spatial frequency within the RF typically occur at a rapid pace. It is widely believed that visual
systems are optimized for these statistical properties of the visual environment that is rich in a
variety of spatiotemporal structures (Simoncelli and Olshausen, 2001; van Hateren and

Rauderman, 1998; Feild, 1987; Atteave, 1954).

1.2. What is meaningful visual information for us?

One of the important tasks imposed to visual system is quickly encode the incoming visual

signals to improve efficiency of information processing. In natural environments, visual scene



includes redundant information that is not necessary for controlling behavior (Atick, 1992).
Therefore, the faithful representation of the visual scene is inefficient for controlling behaviors
in the continuously changing environment.

What is important and meaningful visual information for us? We perceive visual world
as an organized entity of segmented constituent and objects with relationship among each other.
These global organizations of visual scene influence our percept of objects. Psychophysical
evidence for stimulus-context dependent modulation of visual perception have been
accumulated for a number of stimulus attributes, including brightness, color, orientation, spatial
frequency, size, depth and so on (Ejima and Takahashi, 1985; Ishikawa et al., 2006; Meese and
Hess, 2004; Xing and Heerger, 2000). Perception of an object might be depending not only on
the spatial context but also on the temporal context. However, the temporal aspect of stimulus
feature-dependent modulation is little known. To reveal how local signals in the visual scene are
integrated across space and time to generate global percepts is important for understanding the

organizing principles of sensory systems.

1.3. Purpose of this study

The aim of this thesis is to understand how local visual features are integratively processed
across space and time by combining an electrophysiological study on the response modulation
in the primary visual cortex (V1) of the cat (Section 2) and a psychophysical study on the visual
masking in human (Section 3).

In the Section 2 “Surround suppression of V1 neurons”, I describe the properties of
suppressive modulation of visual responses by stimulation of extraclassical receptive field,

which is called “surround suppression”, with a particular concern with spatial frequency of



grating stimulus. Characterizing the temporal profile of the surround suppression is essential to
understand how neurons in V1 integrate local visual features not only across space but also
across time. In the Section 3 “Psychophysical Study in Human”, I describe how human
perception is affected by spatial and temporal context of stimulus. The psychophysical data in
human study on “metacontrast”, in which spatial properties is closely related to neuronal
surround suppression of V1, provide property of the integration of local signal at behavior level.
Then, in the Section 4 “Conclusion”, 1 discuss on the functional implications of surround

suppression in V1 to the perceptual phenomena.



2. Surround suppression of V1 neurons

2.1. Introduction

I examined physiological properties of surround suppression in the primary visual cortex (V1).
The surround suppression controlled responses of V1 neurons to the stimulation of the classical
receptive field (CRF) depending on the stimulus configuration in the visual field. To clarify
the spatiaotemporal properties of surround suppression should be essential for understanding the
brain strategies for integrating abundant local signals so as to be relevant in spatial and temporal

frameworks of visual environment.

2.1.1. Visual pathway

Visual information is first transduced in the retina and provided to cortical visual pathway via
lateral geniculate nucleus (LGN). Through hierarchical processing of visual pathway, neurons
at higher stage integrate information of larger region of space. Between neurons in each visual
area, we could observe difference not only in spatial integration, but also in the spatial and
temporal properties of receptive field (RF). For example, neurons in LGN have a classical
receptive field (CRF) that consists of an antagonistic organization of a center (CRF center)
and a surround within the CRF (CRF surround), whereas neurons in the primary visual cortex
(V1) have spatially elongated CRF, which does not have an antagonistic organization like
LGN neurons. Selectivity of orientation, spatial frequency (SF) and temporal frequency (TF)

also differ between neurons in LGN and V1. That is, LGN neurons exhibit responses with no



much orientation selectivity, low-pass type of SF tuning and higher TF tuning comparing to
those of V1 neurons (Rodieck and Stone, 1965; Derrington and Hicks, 1979; So and Shapley,
1979; Kaplan and Shapley, 1982; Hicks et al., 1983; Irvin et al., 1993). These differences
depending on the visual areas will be useful to estimate underlying mechanisms of neuronal

phenomena, including surround modulation.

2.1.2. Classical receptive field of V1 neurons

The classical receptive field (CRF) of V1, the area that evoked spike response, localizes in the
narrow space in the visual field (Hubel and Wiesel, 1958). Neurons in V1 are tuned to particular
stimulus features such as orientation, spatial frequency, color, direction of motion, and binocular
disparity. There are two typical types of CRF in V1 neurons, simple and complex cells.
Receptive field of simple cells have spatially segregated ON- or OFF- subregion, and are
suggested to compute a linearly weighted sum for the inputs over space and time like a Gabor
function filter. The CRF of complex cells does not have segregated subregions, and because of
this, complex cells are insensitive to spatial phase of stimulus. Several studies have shown that
structures of CRF in V1, which is spatially localized and tuned orientation and spatial frequency,
seems to be useful for having responses to natural visual scene statistically independent (Oja,
1982; Sanger, 1989: using principal Component analysis; Common, 1994; Bell and Sejnowski,
1997 using independent component analysis). It means that one of the important functional roles

of CRFs of V1 neurons is transformation of the incoming visual signals to improve efficiency.

2.1.3. Surround modulation in V1




In V1, the spatial extent of integration by a neuron includes not only its CRF where visual
stimuli elicit spike responses, but also the extraclassical receptive field (ECRF), where stimuli
don’t elicit spike responses, but modulate responses evoked by CRF stimulation (Aliman et al,,
1985; Gilbert, 1992; Fitzpartick, 2000; Akasaki et al., 2002; Ozeki et al, 2004; 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; Ozeki
et. al., 2004). The predominant effect of stimulation of ECRF is the suppression of the response
to CRF stimulation. (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; Ozeki et. al., 2004) rather than facilitation (Maffei and
Fiorentini, 1976; Li and Li, 1994; Sillito et al., 1995; Levitt and Lund, 1997; Polat et al., 1998).
Surround suppression is observed for a majority of V1 neurons. An electrophysiological study
(Akasaki et al., 2000) reported that 65 % of cat V1 neurons showed significant suppression
when increasing the diameter of a central grating beyond the CRF. Similar to CRF regions, the
surround regions are highly sensitive to the characteristics of the stimuli, such as orientation,
spatial frequency and so on. These tuning properties of surround suppression are similar to, but
broader than those of the response to CRF stimulation (DeAngelis et al., 1994; Gilbert and

Wiesel, 1990).
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Figure 1.

Classical receptive field and extra classical receptive field. A, Size tuning curve of a single
neuron. Mean firing rate is plotted against the stimulus diameter. Classical receptive field (CRF)
determined as a size. which evokes maximal response (red arrows). B, CRF (right gray area)

and ECRF (dark gray area).



2.1.4. Properties of surround suppression of V1 neurons

Combined stimulation of CRF and ECRF with systematically changing the parameters of
grating stimuli reveals properties of surround modulation. The properties of surround

modulation will be useful to estimate underlying mechanisms and know the functional roles.

(1) Size tuning curve

The response of V1 neurons increases when the circular grating patch with appropriate
orientation and spatial frequency (SF) is enlarged with in CRF, and then decreases when
stimulus becomes larger than CRF size (Fig. 1A). Stimulus size, which evokes maximal
response, is determined as CRF size (Fig. 1A, red arrow), and the area outside of CRF, which
modulates response to CRF stimulation, is determined as ECRF (Fig. 1B). The peak size of the
tuning and the proportion of response suppression vary depending on stimulus parameters, such
as contrast, orientation and SF. For example, when the low contrast stimulus is used, the CRF
size becomes larger than that at high contrast stimulation condition (Sceniak et al., 1999). And
when the non-optimally orientated grating is used, the CRF size becomes smaller and the
strength of surround suppression becomes larger than that of optimal orientation condition
(Xing et al., 2005). These data suggest that spatial summation properties of V1 neurons change

depending on stimulus parameter, such as orientation, SF and contrast.

(2) Position of surround stimuli
The spatial extent of ECRF is estimated to be at least 2-5 times larger than the CRF (Li and Li,
1994; Maffei and Fiorentini, 1976). However, some studies (DeAngelis et al., 1994; Walker et

al., 1999, 2002) showed that the most suppressive surround region was variably localized in a
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small area in ECRF. and often asymmetrically located in ECRF. In cat V1, the most suppressive
region is most often found along the preferred orientation axis. at one of the “end-zones™ of the
RF (Freeman et al., 2001). “End-stop inhibition™ and “side stop inhibition™., which are reported
more than 40 years ago (Hubel and Wissel, 1967), are supposed to be due to the presence of
inhibitory regions outside the CRF, along the preferred orientation axis (“end-zones™) and on its

flanks (“side-bands™).

(3) Orientation / Spatial frequency (SF)

The surround regions are highly sensitive to the characteristics of the CRF stimuli. These
stimulus-tuning properties of surround modulation are similar to. but broader than those of CRF
response (DeAngelis et al.. 1994: Gilbert and Wiesel, 1990). The suppression is generally
maximal when CRF and ECRF stimuli have the same orientation and SF. and decreases when
the difference in orientation or SF between CRF and ECRF stimuli increased (DeAngelis et al.,
Knierim and Van Essen, 1992: Levitt and Lund 1997: Li and Li, 1994: Sengpiel et al., 1997:
Siflito e al., 1995: Walker et al., 1999: Ozeki et al., 2004). It is generally true that surround
suppression makes tuning properties of CRF response sharper than these when CRF is
stimulated alone. For examples, the orientation selectivity of V1 neurons increases with an
enlargement of stimulus beyond CRF (Chen et al., 2005; Xing et al., 2005), or enhances the

“low-pass™ property of SF-tuning of V1 neurons (Solomon et al.. 2004).

(4) Temporal frequency (TF)
Surround suppression of cat VI neurons exhibit temporal resolution higher than that of CRF
response (Durand et al., 2007). The temporal properties of surround suppression (<15 — 20 Hz)

are intermediate between those of CRF response of LGN neurons (<30 Hz) and V1 neurons
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(<10 — 15 Hz). The bandwidth of suppression was larger than the bandwidth of CRF responses

of V1 neurons.

2.1.5. Possible anatomical substrate

V1 receives its main feedforward inputs from lateral geniculate nucleus (LGN), which receive
feedback projection from V1, and sends partially segregated projections to several extrastriate
cortical areas, which, in turn, send feedback projections to V1.

Approximately 20 % of neurons and 15 % of synaptic buttons in cat visual cortex
contain gamma- aminobutyric acid, which is the major inhibitory neurotransmitter in
mammalian cerebral cortex. (Gobbott and Somogyi, 1986; Beaulier and Somogyi, 1990), and
every cortical cell receives a rich GABAergic input (Freund et al.,, 1983). Evidence for a
contribution of intracortical inhibition to response properties of V1 neurons has been
accumulated from studies employing multiple visual stimuli in the RF (Emerson and Gerstein,
1977; Morrone et al., 1982; Ganz and Felder, 1984; Emerson et al., 1987; Bonds, 1989;) or local
inactivation techniques (Eysel et al., 1988, 1990; Crook et al., 1991, 1997; Allison and Bonds,
1994; Sato et al., 1995) and from a number of interacellular recording studies (Creutzfeldt et al.,
1974; Innocenti and Fiore, 1974; Sato et al., 1991; Volgushev et al., 1993; Pei et al., 1994).

What are the underlying mechanisms of surround suppression in V1, which seem to
integrate information widely distributing in the surround of CRF? It is controversial and, at least,
four fundamental projections are suggested for the anatomical. (1) Bottom-up feedforward
connection from retina to V1, (2) lateral connection in V1, (3) cortico-thalamic feedback from
layer 6 cells in V1 to LGN, and (4) Top-down feedback connections from higher order visual

areato V1,

12



(1) Feedforward bottom-up mechanism
There is evidence for the presence of surround suppression in cat LGN exhibiting
contrast-dependency (Sadakane et al. 2006) and orientation tuning (Sillito et al. 1993; Jones et
al. 2000; Sun et al. 2004; Naito et al. 2007) which are quantitatively equivaleﬁt with those of
cortical surround suppression. This raises a possibility that a reduction of feedforward
excitiatory inputs from LGN to V1 is the primary source of surround suppression in V1.
Supporting this notion, a blockade of intracortical inhibition with an iontophoretically
administered GABAa receptor antagonist, bicuculline, in cat V1 did not significantly affect on
the strength and orientation tuning of surround suppression (Ozeki et al. 2004).

The size of CRF and ECRF of LGN neurons of cat (Solomon et al., 2002; Bonin et al.,
2005) are smaller than those of V1 neurons (Ozeki et al., 2004). However, taking account of the
converging thalamo-cortical projection that the arbors of at least 1000 separate thalamic relay
cells cover each point of layer 4 of V1 (Freund et al., 1985), a part, at least, of the expansion of

CRF and ECRF could be explained.

(2) Intracortical, horizontal connection in V1

Pyramidal cells in the visual cortex are known to send axon collaterals horizontally up to several
millimeters (Fisken et al., 1975; Gilbert and Wiesel, 1979) and interconnect functional domains
or columns, which process similar stimulus feature (Gilbert, 1983; Ts'o et al., 1986; Hata et al.,
1991). There is evidence that neurons in the primary visual cortex exhibit modulatory property
of responses according to the stimulus context of inside and outside of the CRF (Kapadia et al.,
1995; Sillito et al., 1995; Polat et al., 1998; Akasaki et al., 1998). The long-range horizontal

connections are suggested to be one of the structural bases for the integration of visual
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information over a wide area in the visual field (see Gilbert, 1992, for review).

Long-range horizontal projection in V1 is a possible candidate of the anatomical
substrate for the surround suppression for the integration of wide area in the visual field.
Because the predominant effect of surround modulation in suppressive, the excitatory influence
of long-range horizontal projection has to be mediated by the inhibitory mechanism in V1. The
same argument is also applied for the contribution of top-down projection from higher order
cortices to V1. However, the above-mentioned minor role of intracortical inhibition on surround

suppression in V1 is contradictory to these mechanisms.

(3) Cortico-geniculate feedback

Feedback projection from layer 6 of V1 to LGN can also exhibit both excitatory influence by
direct connection to LGN neurons and inhibitory influence by activations of thalamic reticular
neurons or geniculate interneurons. (Sillito and Jones 2002) Corticofugal axons innervate an
area in the LGN that extends beyond their retinal-input-recipient area, that is, cortico-geniculate
projection innervates both CRF and ECRF of LGN neurons (Murphy and Sillito 1996; Murphy

et al. 1999, 2000).

(4) Top-down control from higher visual cortices

There are reports suggesting that surround suppression arises from intracortical inhibition in V1,
which is directly driven by top-down feedback projection from higher cortical areas (Bullier et
al. 2001; Angelucci et al. 2002; Cavanaugh et al. 2002; Angelucci and Sainsbury 2006). These
top-down projections have fast conduction velocity, and catch up with the early part of V1
response with a delay of only a few milliseconds (Hupe et al., 2001)

Angelucci and colleagues (2002, 2006), using anatomical and physiological methods,
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reported that surround modulation of the area near CRF, which changes its size
contrast-dependent manner, is due to an spatial integration by horizontal connection in V1,
whereas surround suppression by a stimulation of far surround area comes from higher visual
area, such as V2, V3 and MT. However, these feedback controls supposed to be mediated by
intracortical inhibition in V1 to be suppressive modulation, which is again inconsistent with the

result of blockade of intracortical inhibition in V1 (Ozeki et al. 2004).

2.1.6. Functional roles of surround modulation

Surround suppression could be a way to encode the global structures of visual field that extends
beyond the CRF or the geometrical relationships between the objects within the CRF and the
surrounding field.

At single cell level, the surround suppression in V1, similar with other suppressive
phenomena observed in V1 such as cross-ordination suppression, are explained by a response
gain control property. Each neuron has accelerating response nonlinearity while its response
divisively inhibited by a pool of broadly stimulus-tuned responses of other neurons. This gain
control property optimizes the tuning performance of the processing system so as to match to
the condition and configuration of stimuli in the environments. Several studies show that
surround suppression, which has broadly tuned selectivity for stimulus, makes tuning properties
of neural an activity of a single neuron sharper (Chen et al., 2005; Xing et a., 2005). At neuronal
population level, surround suppression improves efficiency of visual information processing.
Vinje and Gallant (2002) showed that, during simulated natural vision in behaving macaques, a

simulation of ECRF increased the selectivity of individual V1 neurons. From the resuits, they
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demonstrated that the surround suppression affects on the representation and transmission of
information in V1 neurons because surround suppression reduces the overlap in tuning function
of individual neurons. Schwarts and Simoncelli (2001) also demonstrated that nonlinearity of
V1 neurons, including surround suppression, could eliminate correlations of spike response of
neighboring neurons. These data suggest surround modulation in V1 take advantage of reducing

the redundancy of spiking neurons and of encoding meaningful visual information for us.

2.1.7. The aim of this study

Previous studies characterized mainly the spatial profile, such as orientation tuning and spatial
frequency tuning, of surround suppression of V1 neurons by using drifting sinusoidal grating,
and suggested that surround suppression is profitable in reducing the redundancy of spatial
structure and in encoding the global structures of visual field. This scheme alone, however, is
not sufficient to evaluate the property and functions of surround suppression. Qur visual
functions are depending not only on the spatial context, but also on the temporal context. To
evaluate the functional role of surround suppression in V1 neurons, it is indispensable to
charagterize the temporal profile of surround suppression. Therefore, in this study, I
characterized the temporal profile of surround suppression with a stationary sinusoidal grating.
A stationary sinusoidal grating is suitable stimulus for this purpose and was used in previous
studies, which focused on time course of neural responses.

The goal of this study is to characterize the temporal profile of surround suppression in
V1, and to investigate functional role of surround suppression. For the purpose, first, I examined
the temporal profile of spatial frequency tuning curve of surround suppression of V1 neurons by

using stationary flashes of sinusoidal grating as visual stimuli. Second, 1 examined the
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difference in spatial and temporal profile between surround suppression and CRF response. Not
only understanding the functional difference in the temporal aspect between surround
suppression and CRF response, but also investigating their neural mechanisms, it is essential to

compare these with a particular focus on the spatial frequency tuning.
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2.2. Methods

2.2.1. Materials

All efforts were made to minimize animal suffering and to reduce the number of animals used.
All procedures were performed in accordance with confirmed to those established by the
National Institute of Health Guidelines for the Care and Use of Laboratory Animals (1996) and

the guidelines of the Animal Care Committee of the Osaka University Medical School.

2.2.2. Preparation

Ten adult cats weighing 2-3.5kg were used in this study. Dexamethasone (Decadron-A, Banyu
Pharm., Tokyo) was injected (0.1 mg ,i.m) 24-36 h before the start of the experiments. Atropine
(0.02 mg/kg, i.m.) were injected 20 min before surgery. Animals were anesthetized with
ketamine (5 mg/kg, i.m.) followed by a mixture of isoflurane (1-3%) and N,0:0,(2:1). The
trachea of each animal was incubated, and a catheter was placed in the femoral vein. The
animals were then placed in a stereotaxic head holder, continuously paralyzed with
pancuronium bromide (0.1mg/kg/hr, i.v.) to minimize eye movements and maintained under
artificial ventilation. During the recording of neuronal activity, isoflurane was reduced to
0.3-1.0 % in N;0:0,(2:1), and fentanyl cirate (Fentanest; Sankyo, Tokyo, Japan; 10 pg/kg/hr,
i.v.) was continuously infused. The eyes were refracted using O,-permeable contact lenses to be
focused on a CRT display. The rectal temperature was maintained at 37-38 °C with a

thermostatically controlled heating pad. The EEG and ECG were continuously monitored
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throughout the experiments.

2.2.3. Physiological recording and visual stimulation

Tungsten in glass microelectrodes (Levick, 1972) was used for extracellular single-unit
recordings. When neurons were encountered, a single unit activity was isolated on the basis of
its spike waveform and magnitude with Multi Spike Detector (Alpha Omega Engineering,
Israel) and stored at a resolution of 0.1 ms.

Before the main tests for temporal analysis of surround suppression and CRF response
using stationary grating, three types of preliminary characterization of RF using stationary
flashed bar, drifting and stationery gratings were performed as follows. The minimum response
field (Barlow et al., 1967) was manually plotted on a tangent screen placed 57 ¢m in front of the
eyes of the cats, and its basic response properties, such as dominant eye, optimal orientation and
direction of stimulus, SF, ON/OFF characteristics with respect to a stationary flashed bar, and
tuning to stimulus length and velocity were assessed with a hand-held projector to promote the
accurate centering of the minimum response field.

Next, the computer-generated visual stimulus was targeted to the center of the
minimum responsive field. The sinusoidal grating was generated by a stimulus generator
(VSG2/3; Cambridge Research Systems, Rochester, UK) and was presented monocularly on a
display (CPD-G500J, SONY; mean luminance 30 cd/m?; screen size, 40 x 30 cm?; resolution,
1024 x 768 pixels; and refresh rate, 100 Hz), which was placed 57 cm in front of the animal’s
eyes. Nonlinearities in phosphor output were corrected by lookup tables.

The parameters of grating (orientation, SF, spatial phase, temporal frequency (TF),

contrast, and size (diameter of circular grating patch)) were controlled independently. Using

19



drifting grating followed by stationary grating, where the neuronal responses to the gratings
were quantitatively and systematically measured as a function of each parameter, carried out the
quantitative measurements of CRF properties. Spike responses were accumulated as raster
display, peristimulus-time histogram (PSTH), and response-tuning curve along a given
dimension on-line, and the optimal parameters were determined on the basis of total number of
spikes evoked for CRF stimulation period. The CRF size was determined by expanding the
radius of circular patch of an optimal grating until the neuron’s response stopped increasing
(Cavanaugh et al., 2002) at stimulus contrast eliciting subsaturating responses (80-90 % of
maximal response).

The drifting grating was presented for 2 sec in a random sequence for each dimension
of parameters, and each stimulus presentation was interleaved for 2-4 sec with a blank screen
with the same mean luminance (30 cd/m?) as the stimulus gratings. According to the responses
to drifting grating with optimal parameters, neurons were classified into either simple or
complex cells on the basis of F1/F0 ratio (Skottoum et al., 1991, see “Data analysis” section).

Subsequently, CRF characterization was done using stationary grating. The grating
was turned on for 500 ms in a random sequence for each dimension and then turned off for 2—4
sec. The optimal parameters were determined by constructing response-tuning curves for
individual parameters including spatial phase using the same protocols as drifting grating.

Following the preliminary CRF measurements, we performed two types of main tests
to examine the effects of SF of stationary ECRF and CRF gratings on surround suppression and
CRF response, respectively. (1) The optimal grating was presented within the CRF for 500 ms
alone or in conjunction with the annular (ECRF) grating abutting to the CRF, which was flashed
for 50 ms. The SF of the ECRF grating was varied ranging 0.1 to 1.6 c/deg; SF difference, -3 —

+3 in octave while the other stimulus parameters were kept identical to the CRF grating (SF
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tuning test of surround suppression). (2) The CRF was stimulated in the absence of ECRF
grating. The SF of the CRF grating was varied (0.1 —1.0 c/deg), but other parameters were fixed
at the optimal for the neuron (SF tuning test of CRF response). To estimate the SF bandwidth

accurately in both tests, the transitions of SF tuning curve were carefully examined.

2.2.4. Data analysis

For each neuron, the fundamental (FO) and first harmonic (F1) components of the average
response were computed from PSTHs that were compiled during the characterization of the RFs.
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).

Analysis of response latency

PSTHs were filtered in time with a Gaussian of an SD of 2 ms and plotted in units of spikes per
second. Response latency was computed as the time when the difference in magnitude
between reference response and test response became 5% of the maximum difference (Bair et al.
2003). For the latency of surround suppression, the reference was the response to the CRF
stimulus alone, and for the test of SF tuning of CRF response, the reference was the firing of

trial of 500 ms without stimulus.

Spatial frequency (SF) tuning
To know the temporal characteristic of SF tuning, we calculated SF tuning curves at four
different time windows of response, 0—500 ms, (total response), 0—~50 ms, 50-100 ms and

100-150 ms. In the CRF-SF tuning test, to quantitatively describe the tuning curves, the data
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were fitted with the following function:

2

(s —SF )2 2 fof_eE 2
R(sf)=K, *e 5 f20. + K *e S /20,

R(sp) is the response, and sf, K. K; SF., SF; 0. and o; are the spatial frequency, amplitudes,
means and widths of two Gaussian functions. SF,, SF; K, K, g, and o, were optimized to provide
the least squared error fit to the data, using MATLAB FMINSEARCH.

In the SF tuning test of surround suppression, the data were fitted with the following
function:

SI(sf)=K*e ™52 L o
Suppression index (SI) is the strength of the maximal surround suppression normalized by the
activity, and the index takes a value between 0 (no suppression) and 1 (complete suppression). K
is the amplitude of suppression and SF,.. and o are the mean and width of Gaussian and Ro is
base line of suppression. Values of K, g, Ro and SF,., were optimized to provide the least
squared error fit to the data, using MATLAB FMINSEARCH.

In both SF tuning tests, we then calculated four indices from fitting data, the peak of
SF (SFpeat), high-cutoff SF (SFjg), SF width (SF,.as) and low SF suppression ratio (LSFS).
SFear is the SF, which caused the maximal CRF response or the strongest surround suppression.
SFygn is high-cutoff SF that caused half amplitude in high SF area. SF,., is the SF-selectivity
(sharpness of SF tuning) of the surround suppression in high SF area, which is calculated as
follows:

SFwidth = log,(SF,, / SF ;)

igh

LSFS of surround suppression was defined as the ratio of SIs obtained for ECRF
gratings with the lowest SF used SFs, which is typically 0.1 c/deg, (SI (SFiowes/)) to the largest SI

(81 (SFargesy)), and LSFS of CRF response was also defined as the ratio of responses between
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response with lowest SF used SFs (R (SFj,es)) and the largest response (R (SFianes)). These are

calculated as follows:

LSFS = SI(SF,,,.,,)/ SI(SF;.....) or LSFS = R(SF,

owes!

owes! ) / R(SF; arg est ) '

Calculation of LSFS uses only two points, and then the LSFS index shows a floor effect (Xing
et al., 2004), but it could be calculated even when we could not fit the curve and therefore we
used this index.

Data from some neurons could not be fitted with Gaussian function because of small
number of data points and occasional response increase etc. In such a case, SF,.q, was taken as
SF to cause the strongest suppression in raw data without fitting, but those data were excluded

from analysis of SF;y and SFuan.

2.3. Results

In order to understand the spatiotemporal nature of cortical processing of visual information
given in the classical receptive field (CRF) and in the extraclssical receptive field (ECRF), we
examined time course of CRF response and ECRF-induced surround suppression with a
particular focus on the spatial frequency (SF) of stimuli. A total of 120 neurons were stably
recorded for more than three hours. The neurons were classified into simple cells and complex
cells on the basis of the F1/F0 ratio of visual responses to drifting sinusoidal grating stimulus

(see Materials and Methods).

2.3.1. Spatiotemporal properties of Surround suppression

To explore the spatiotemporal property of ECRF underlying surround suppression, the temporal
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dynamics of surround suppression and its dependency on SF of ECRF stimulus were examined.
The stationary sinusoidal grating patch (CRF stimulus) and the annulus (ECRF stimulus) were
concurrently flashed to CRF for 500 ms and to ECRF for 50 ms, respectively. We analyzed 51
neurons that exhibited more than 20 % reduction of CRF response by the ECRF stimulation in,
at least, one of stimulus conditions tested.

Stimulation of ECRF reduced the CRF response, and not only the strength but also the
time course of surround suppression varied depending on SF difference between ECRF stimulus
and CRF stimulus (Fig 2.A-G). Figure 2 shows an example of PSTHs obtained from a single
neuron in V1. Each curve indicates the response averaged over 30 trials of each stimulus
condition. The thick and thin lines show the responses to the CRF stimulation with and without
ECRF stimulus, respectively. This cell exhibited a strong phasic response followed by weak
sustained response to the CRF stimulation with optimal parameters of sinusoidal grating patch
(diameter, 5 deg; SF, 0.3 c/deg) (Fig 2.A-G, thin lines). The ECRF stimulation (20 deg in
diameter) with 7 different SFs (0.1 — 0.9 c¢/deg) caused different amounts of reduction in spiking
rate, ranging from 11% to 50%. The strength of the surround suppression was quantitatively
assessed as suppression index (SI) calculated with total number of spikes evoked during CRF
stimulation with or without ECRF stimulation (shown at the top-right of each PSTH). The
strongest suppression was yielded when ECRF and CRF was stimulated with the same SF (SF =
0.3 c/deg, SI = 0.50) and the magnitude of SI decreased as the SF difference increased,
corresponding to the results of previous studies (DeAngelis et al., 1994; Li and Li, 1994). The
dependency of surround suppression on the SF difference between CRF and ECRF is
conspicuous in the temporal profiles of PSTHs (Fig. 2 A-G). That is, onset latency of the
surround suppression was delayed as the SF of ECRF stimuli increased. ECRF stimulus with the

lowest SF (0.1 c/deg) induced a rapid suppression, by which even the earliest part of CRF
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response was suppressed completely. When the SF of ECRF-stimuli was equal to or larger than
0.2 c/deg, the onset of the suppressive effect was later than that of the excitatory response to
CREF stimulation.

To quantify the SF dependency on temporal properties of surround suppression in
detail, two measures, the onset latency of suppression (suppression latency) and temporal
characteristics of SF tuning in suppression. First, we calculated the suppression latency as the
time point when the magnitude of response to the combined stimulation of CRF and ECRF
deviated from that of the response to CRF stimulation by 5 % of the maximum difference (see
Materials and Methods). The temporal analysis demonstrated that the shortest suppression
latency was observed for ECRF stimulus with lowest SF (0.1 c/deg: 29 ms), and it increased
from 29 ms to 46 ms with the increase in the SF of ECRF stimulus (Fig2. A-G, latency is shown
at the top-right of each PSTH). The relationship of SFs to ECRF stimulation for the suppression
latency is shown in Fig. 3, where the suppression latencies measured for responses at the lowest
SF condition with SI larger than 0.2 were plotted against those at condition of SF optimal for
CRF response. Most of data points fell above the diagonal line. The suppression laténcy at low
SF was significantly shorter than that at optimal SF (paired t-test, p<0.05), and the mean
difference was 9.82 ms. Thus, the ECRF stimuli with low SF induced the rapid suppression

regardless of the average strength of suppression by ECRF stimulation with the optimal SF.
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Figure 2

SF selectivity of surround suppression in V1 neuron (A-G). Spike response traces
recorded with presentation a grating patch. which is classical receptive field (CRF)
stimuli (spatial frequency = 0.3 c¢/deg), with (thick line) and without (thin line) grating
annulus ("ECRF stimuli™). Spatial frequency of ECRF stimuli. suppression index. and

suppression latency (dashed line) are shown at the top-right of each PSTH.
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Comparison of onset latency of surround suppression with optimal spatial frequency and
that with lowest spatial frequency that evoked suppression for individual V1 neurons.
Onset latency for surround suppression with preferred spatial frequency is against onset latency
with lowest spatial frequency, which evoked strength of surround suppression larger than 0.2.
For the 44 neurons, the difference of onset latency by increment of spatial frequency of

surround annulus was 9.82 ms.
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2.3.2. Temporal characteristics of SF tuning in surround suppression

In most of neurons, CRF response was reliably observed for the first 150 ms after the stimulus
onset. Accordingly; the surround suppression was also reliably observed during that period.
which is suitable to precisely analyze temporal properties of surround suppression. Therefore. 1
divided the response into three time windows and constructed the SF-tuning curves of Sl from
those windows in addition to whole response period of 500 ms (A, Full window (0-500 ms), B.
first window (0-50 ms). C, second window (50-100 ms), D, third window (100- 50 ms)).

Figure 4 shows the tuning curves of SI plotted against SI¥ of ECRF grating for
responses of a neuron depicted in Fig. 2. The CRF was constantly stimulated with grating of
optimal parameters. The SF of CRF grating was 0.3 c/deg (dashed vertical lines in figures). The
SF tuning properties of surround suppression dramatically changed during the first 150 ms after
the stimulus onset. The tuning curve showed low-pass type of SF tuning at the first window
(Fig.4B), and the peak SF of tuning curve was lower than 0.05 c¢/deg. Therefore, the SF tuning
curves become band-pass shape with the peak around 0.3 c¢/deg, which is same as the SF of CRF
stimulus (Fig. 4C and D). To analyze the shift of SF tuning quantitatively in our sample
population, next we measured peak SF (the most effective SF of ECRF grating) for surround
suppression.

The histograms of the most suppressive SF difference between CRF and ECRF
gratings are shown in Figure 5 for the four time windows. We first studied SF preference of
surround suppression of total response calculated from total number of spikes evoked during
CRF stimulation (0-500 ms) (Fig. SA). The histogram was peaked at the SF difference 0 and

most of neurons fell within + I octaves, suggesting that CRF response is maximally suppressed
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when SF of ECRF grating is same as or similar to the optimal SF of CRF grating (mean + sd,
-0.28 + 1.63 in octave). This result is consistent with the previous findings obtained by drifting
sinusoidal grating (DeAngelis et al., 1994; Li and Li, 1994).

Figure 5B, C, and D show results obtained from each 50 ms time window (B, first
window (0-50 ms), C, second window (50~100 ms), D, third window (100-150 ms)), where
eight neurons were excluded from this analysis because of unstable CRF responses for the first
150 ms after stimulus onset. At the first window (Fig. 5B), about 60 % of neurons (n = 29 of 46)
were maximally suppressed by ECRF-stimuli with SF lower than that of the CRF-stimuli (mean
+ sd; -1.20 = 1.95 in octave). Therefore, the distribution shifted to close to SF difference = 0 at
the second and third windows (mean + sd; second window, -0.42 + 1.85; third window, 0.08 £
1.21 in octave). The difference between first and third windows was statistically significant (p <
0.05; ANOVA followed by LSD post hoc test). Thus, the most effective SF of surround
suppression dynamically shifts along response time course from low SF to the same SF as CRF
(the optimal SF for CRF of the neuron). The shift of peak SF is attributable to a decrease of
suppressive effect at low SF of ECRF grating or an increase at high SF, or both of them. To
examine how the SF-tuning curve for surround suppression temporally changes in detail, we
analyzed four parameters to characterize SF-tuning curve of SI shown in Fig. 4 as an example:
peak SF (SFpex), high cutoff SF (SFyg), width between SFoei and SFpign (SFuigm) and low
spatial frequency suppression ratio (LSFS); (Ringach et al., 2002a; Xing et al., 2004). Those
parameters were compared between the first window and the third window (Fig. 6).

Figure 6A demonstrates the distribution of absolute values of SFjex compared
between first and third windows. Majority of data points fell above the diagonal line, and SF e
for first window (abscissa; mean + sd; 0.27 £ 0.23 c¢/deg) was significantly lower than that for

third window (ordinate; mean + sd, 0.42 + 0.33 c/deg (paired t-test; p < 0.05). To quantify this
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temporal change, we calculated the difference of SF. between the two time windows (Fig.
6A-2). The average difference in SFcq was 0.89 in octaves (Fig. 6A-2). Thus, the SF preference
for surround suppression dynamically shifted from low to high within 150 ms after stimulus
onset.

As showed as an example neuron in Fig. 4, the SF tuning of surround suppression
shifted from the low-pass type to the band-pass type along the time course of response during
150 ms after stimulus onset. To examine this point quantitatively in population, we fitted SI —SF
tuning curves of raw data with the Gaussian function, and estimated effective range of surround
suppression in high and low SF spectrum. Some neurons (n = 15) whose SI - SF tuning curves
could not be reliable fitted with function were excluded from this analysis.

In a scatter diagram of high cutoff SF (SFy;z)(Fig.6B-1), 67 % of neurons (n = 17 of 27) fell
above the diagonal line. The mean difference between two time windows was 0.52 in octaves,
which was statistically significant (paired t-test; p < 0.05) (Fig. 6B-2). Thus, SFyg, as well as
SFpeax shifted toward high SF along time course of response. Therefore, it didn’t cause
significant change in the tuning width in high SF area (SF.) in our sample population. Scatter
diagram for SF,q4 showed the distribution of data points unbiased to the diagonal line (Fig.
6C-1), and histogram exhibited a distribution centered at difference = 0 between two time
windows (mean difference, -0.75 octave; paired t-test, p = 0.09) (Fig. 6C-2). However, it should
be noted that a certain population of neurons deviated far from the diagonal line and fell on near
abscissa of scatter plot (Fig. 6C-1), suggesting a sharpening (narrowing) the tuning to temporal
change of SFign varies from neuron to neuron. Last, temporal change of SF tuning of surround
suppression particularly at low SF range was examined as change of low SF suppression ratio
(LSFS) (Fig. 6D). In the first window (abscissa); the mean value of LSFS was 0.69 + 0.48 and

approximately 60 % of neurons (n = 25 of 42) took value of 1, suggesting that the ECRF grating
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with the lowest SF was effective at early phase of surround suppression. At later phase, the
suppressive effect of lowest SF stimulation attenuated rapidly, and the LSFS decreased to 0.25 +
0.69 in the third window. The difference between mean values of those windows was significant
(0.45 + 0.45, paired Willcocson test; p <0.05). Thus, the suppressive effect induced by ECRF
stimulation with low SF grating is fast and transient.

These data suggest that the SF tuning property of surround suppression dynamically
changes through time along time course of response, that is, the SF tuning at the early
suppression exhibits low-pass tuning, and afterward shifts to band-pass tuning that tunes close

to the optimal SF of CRF response.
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Figure 4

Temporal change of spatial frequency tuning of surround suppression. Data shows the
strength of suppression at full time window of presenting stimulation (A, 0 —-500 ms) and short
time window (B, 0-50 ms, C, 50-100 ms; D, 100-150 ms) for the cell seen in Figs.2, as a
function of annulus spatial frequency for seven-annulus spatial frequency between 0.1 and 1
c/deg. Curves are fits with a simple descriptive function (see Material s and methods). Preferred

spatial frequency of surround suppression change along the time after stimulus onset (B, C, D)
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frequency of surround stimuli. Strength of surround suppression were measured from mean
firing rate during 0—-500 ms (A) and during short time windows (B, 0-50 ms, C, 50-100 ms and
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as the ratio of spatial frequency in octaves (see Material and methods).
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Summary of the temporal shift of SF tuning of surround suppression in population. Panels
illustrated four key parameter of SF tuning, peak spatial frequency (SFpa), high out off spatial
frequency (SFpg), width of spatial frequency tuning (SFyuiw), and low spatial frequency
suppression ratio (LSFS). Points that lie above and below the diagonal indicated and increase or
decrease in the parameter value along time. (A-1) The SF.. at early time window (0-50 ms)
plotted against the SF . at late time window (100-150 ms). (B-1, C-1, D-1) Same as A-1, the
SFhigh, SFwiam, and LSFS at early time window plotted again those at late time window. (A-2, B-2,
C-2, D-2) Distribution of difference between SFpei (A-2), SFyign (B-2), SFyigm (C-2) and LSFS
(D-2) at early time window and those at late time window. Arrows indicate mean values of the

distributions.
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2.3.3. Temporal characteristics of SF tuning in CRF response

There are studies reporting that, SF-tuning of CRF response of V1 neurons shifted from low to
high with time (Bredfeldt and Ringach, 2002; Mazer et al., 2002; Frazor et al., 2004). If such a
property of CRF response is responsible for the temporal shift of SF tuning of surround
suppression observed in the present study, there is a possibility that both phenomena share a
common temporal property of SF tuning. In order to examine this point, we analyzed the
temporal property of SF tuning of response to CRF stimulation.

Figure 7 shows the PSTHs for the CRF responses to stationary sinusoidal grating
patch of optimal parameters with varying SFs (0.1-1 c/deg). Each curve indicates the response
averaged over all trials (25 trials). The neuron responded best to the grating with SF of 0.5 c/deg,
causing the distinct phasic response followed by the weak sustained response. It tuned to a
narrow range of SF, and neither low SF (such as 0.1-0.2 c/deg) nor high SF (1 c/deg) grating
evoked any response, indicating a band-pass SF tuning. The dashed vertical lines indicate the
onset of CRF responses. The onset latency was progressively prolonged from 28 ms to 52 ms as
SF of grating patch was increased. The marked delay observed for response to high SF grating
(0.9 c/deg) (Fig. 7G) might be simply due to weakness of response. The SF-dependency of
onset latency for surround suppression was characterized as a faster onset of suppression at low
SF grating comparing to that at optimal SF grating. To quantitatively examine whether the CRF
response shows similar property, next, we compared the onset latency of responses to CRF
stimulations with optimal SF and that with lowest SF (Figure 8B).

Figure 8B demonstrates a scatter diagram of onset latency of CRF responses with low
and optimal SFs. Most of data scattered around the diagonal line only with only a slight bias

below the diagonal. The histogram of time difference depicted in upper right of Fig.8B seems
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like a mirror image of that for surround suppression (Fig. 3), suggesting that onset latency of
response to optimal SF stimulation is not significantly delayed to that of response to low SF
stimulation. Thus, onset latency of CRF response changed depending on SF of CRF grating in
some neurons, but the amplitude of change is substantially smaller than that observed in
surround suppression.

Temporal dynamics of the SF tuning of CRF response was also different from that of
surround suppression. The SF tuning curves of CRF response of the same neuron shown in
Fig.7 were constructed for four different time windows (Fig. 9: A, Full window (0-500 ms), B,
first window (0-50 ms), C, second window (50—100 ms), and D, third window (100-150 ms)).
The peak of tuning curves (SFyea) tended to shift from low SF to high SF with time (Full
window, 0.54 c/deg; first window, 0.43 c/deg; second window, 0.56 c/deg; third window, 0.61
c/deg), but the change was very small (0.18 c/deg). The most prominent difference in
comparison with surround suppression was that the band-pass SF tuning of the CRF response
was remained regardless of window.

To quantify the temporal change of SF tuning of CRF response, we calculated peak of
tuning curve (SFpea), tuning width (SFyign), SF eliciting the half-maximal response (SFyign)
and low spatial frequency suppression ratio (LSFS) (see Materials and Methods), and
compared between first window and third window. Ten neurons out of seventy-two were
excluded from the following analyses, since sufficient response was not obtained from either
first or third window.

In the scatter diagram of peak SF (Fig.10A-1), sixty-five percent of neurons (n = 39 of

62) fell above the diagonal line, indicating the temporai shift toward high SF. The mean
difference between two time windows was 0.27 + 0.84 in octaves (Fig. 10A-2), which was

statistically significant (paired t-test; p < 0.05). Thus, the temporal change in peak SF from low
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to high is a common property between CRF response and surround suppression, but the strength
of shift is smaller for CRF response comparing with 0.89 octaves for surround suppression (Fig.
6A-2).

In contrast to the case of surround suppression, the shift of peak SF was not
accompanied by the shift of high cutoff SF (SFyz). In the scatter graph (Fig. 10B-1), data points
distributed near the diagonal line with a little bias toward upper side, but no significant
difference was observed between two time windows (Fig. 10B-2; paired t-test, p = 0.06). Also,
SF bandwidth showed temporal change without noticeable bias to particular direction (Fig.
10C). In Fig.10C-1, data points were widely scattered and there was no significant difference
between two time windows (paired t-test; p = 0.26). Thus, the change of SF bandwidth varied
from neuron to neuron. In Fig.10D-1, I compared the temporal change of SF tuning at low SF
range. In contrast to the case of surround suppression, at early time window, mean value of
LSFS was 0.34 and only about 10% neurons (n = 8 of 62) took value of LSFS 1, and this trend
did not shift with time (0-50 ms, 0.34 + 0.34; 100-150 ms, 0.32 + 0.34, paired t —test, p = 0.6
and Fig. 10D-2).

These data suggest that the SF selectivity of CRF response changed along time after
the stimulus onset, and that peak SF of tuning curve slightly shifted from low to high SF. But
tuning curve was consistently band-pass type through all response time windows. In contrast to
the tuning curve of surround suppression, low SFs around 0.1 — 0.2 c/deg are not effective SF

for CRF response.
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Figure 7

SF selectivity of response to classical receptive field stimulation. Spike response traces
recorded with presentation a grating patch with optimal size (“classical receptive field stimuli
(CRF stimuli)”), varying spatial frequency (SF) from 0.1 c/deg to 1 c/deg. SF of CRF stimuli.

SF of CRF stimuli and onset latency (dashed line) are shown at the top-right of each PSTH.
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Figure 9

Temporal change of spatial frequency tuning of response to classical receptive field
stimulation. Data shows the mean firing rate responses of as a function of spatial frequency at
full time for stimulus presentation (A, 0-500 ms) and at short time window (B, 0-50 ms, C,

50-100 ms; D, 100-150 ms) for the cell seen in Figs.7. Curves are fits with a simple descriptive

function (see Material s and methods).
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Figure 10

Summary of the temporal shift of SF tuning of response to CRF stimulation in population.
Panels illustrated four key parameter of SF tuning, peak spatial frequency (SFpea), high out off
spatial frequency (SFpg), width of SF tuning (SFuiqm), and low spatial frequency suppression
(LSFS). Points that lie above and below the diagonal indicated and increase or decrease in the
parameter value along time. (A-1) The SF., at early time window (0—50 ms) plotted against the
SFpeak at late time window (100-150 ms). (B-1, C-1, D-1) Same as A, the SFy, SFyqp and
LSFS at early time window plotted again those at late time window. (A-2, B-2, C-2, D-2)
Distribution of difference between SFpeu (A-2), SFyignh (B-2), SFyign (C-2) and LSFS (D-2) at

early time window and those at late time window.
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2.3.4. Comparison of tuning in CRF-response and surround suppression in V1

The most effective SF for surround suppression showed considerable shift from low to high
values along the time course of the response comparing to that for CRF response, suggesting
contributions of plural mechanisms with different SF tuning. In order to obtain a clue for
understanding the neuronal mechanism on this point, I should know when and how much the SF
tuning is associated or dissociated between surround suppression and CRF response. Especially,
the dissociation suggests an involvement of visual areas other than V1 to surround suppression.
Therefore, finally, 1 directly compared the distribution of SF preference for CRF response and
for surround suppression in different time windows (Fig. 11). Figure 11 shows frequency
histograms for the most effective SFs against absolute SF values of ECRF grating (Fig. 11A1-3)
and CRF grating (Fig. 11B1-3). The prominent difference was appeared in the distribution in the
first window (Fig.11A1 and B1). The histogram for surround suppression (Fig. 11A-1) was
strongly biased toward low SF, with a peak at the lowest SF. In contrast, CRF response (Fig.
11B-1) showed a distribution centering around 0.3 c/deg, and only small population of neurons
tuned to the extremely low SF, reflecting that most of V1 neurons have band-pass SF tuning
property. Therefore, the fast surround suppression evoked with low SF grating is expected to be
generated from neuronal networks having fast onset and low SF preference such as Y-pathway
in subcortical level. Later than the first window, the dissociation of distributions disappeared
quickly, which was mainly due to drastic rightward change in the distribution of surround
suppression (Fig. 11A-2), while such a rightward shift was observed a bit in that of CRF
response (Fig. 11B-2). Two distributions became even more similar. in the third window (Fig.
11A-3, B-3). Thus, delayed surround suppression tuned to optimal SF for CRF response,

suggesting an involvement of neuronal networks having band-pass SF tuning.
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Figure 11

Distribution of preferred spatial’ frequency for surround suppression and response to
classical receptive field stimulation. (A) (A-1) Preferred spatial frequency (SF) for surround
suppression at the first (0—50 ms), (A-2) at the second (50-100 ms), and (A-3) the third time
window (100-150 ms). (B) Similar measurements for response to classical receptive field
(CRF) stimulation. (B-1) Preferred SF at the first time window, (B-2) at the second time window,

and (B-3) at the third time window.
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2.4. Discussion

I examined the temporal profiles of surround suppression and CRF response in relation to SF of
ECRF and CRF grating in cat V1. 1 found that the time course as well a§ the strength of
surround suppression varied depending on SF of ECRF grating. Basically, the ECRF gratings
with low SF (< 0.2 c/deg.) induced a fast onset and transient suppression in comparison with the
ECRF gratings with high SF (> 0.3 c/deg.). The SF tuning of surround suppression was
low-pass at the early phase of the response (~ 50 ms), in which low SFs were most effective for
the majority of neurons (Figs. 4B and 5B). Then, the effectiveness of low SFs attenuated rapidly
(Fig. 6D) and the most effective SF shifted toward higher SF (Fig. 6A), resulting in band-pass
characteristic of SF tuning at the later phase of response (100 — 150 ms). This is essentially due
to a shift of tuning curve toward the optimal SF for CRF response (Fig. 5D).

The SF tuning property of CRF response also significantly changed along time (Fig
10A). However, the temporal shift of SF preference of CRF response was much smaller than
that for surround suppression (Fig. 11). That is partly because the very low SF grating elicits
little response for the stimulus of CRF size in most of V1 neurons and the SF tuning of CRF

response remains to be band-pass throughout the response time course.

2.1. Mechanisms underlying the surround suppression

What is the origin of surround suppression in V1? At least, four possible neuronal mechanisms
have been proposed: 1) Mechanisms of suppression or gain control operating at subcortical

levels such as LGN (Li and He, 1987; Jones and Sillito, 1991; Ozeki et al., 2004; Sun et al.,
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2004; Sadakane et al., 2006; Naito et al., 2007) or retina (Mcllwain, 1966), 2) horizontal
projection and intrcortical inhibition in V1 (DeAngelis et al., 1994; Walker et al., 1999, 2002;
Anderson et al., 2001; Sceniak et al., 2001; Angelucci et al., 2002; Cavanaugh et al., 2002a;
Levitt and Lund, 2002). 3) feedback projection from V1 to LGN might modulated output of
LGN (Murphy and Sillito 1996; Murphy et al., 2000; Sillito and Jones, 2002 for review), and 4)
feedback projections from the extrastriate cortex (Bullier et al., 2001; Angelucci et al., 2002;
Levitt and Lund, 2002; Bair et al., 2003; Schwabe et al., 2006). Even though these possibilities
are not exclusive to each other, the present results provide some constraints on the sources of
suppression and bridge rift among studies.

SF tuning property of surround suppression dynamically changed from low-pass
tuning to band-pass tuning along time course of response to 500 ms flash of stimulus
presentation. What does cause the temporal change in SF tuning of surround suppression?
Previous studies (Bredfeldt and Ringach, 2002 Mazer et al., 2002; Frazor et al., 2004) reported
that the SF tuning of CRF response in V1 neuron varied with the time course of responses, and
our study also showed properties of CRF responses similar to the results of previous studies.
Although the temporal shift of SF tuning showed the tendency similar between CRF response
and surround suppression, both at single neuron level (Figs. 5 and 7) and at population level
(Fig. 8A), the degree of shift in SF tuning éf CRF response was weaker than that of surround
suppression (Fig. 11). I especially emphasize the point that very low SF gratings evoked fast
and transient surround suppression but little response in V1 neurons. The same dissociation for
SF tuning profiles between surround suppression and CRF response was reported by Webb et al.
(2005) in macaque monkey V1. This strongly suggests that the low-pass SF tuning does not
originate from V1. Therefore, neural circuits based on inhibitory circuits in V1 neurons seems

not to be able to explain the temporal shift of surround suppression.
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Another possible mechanism is that distinct neuronal networks having different
spatiotemporal properties, especially different SF preferences, are involved in surround
suppression. Recently, Bonin et al. (2005) characterized surround suppressive field of LGN
neurons in cats by using drifting grating, and found that the SF tuning profile was low-pass
tuning and that even very low SF grating (0.01 c/deg) was effective for surround suppression.
Thus, the surround suppression in V1 is probable to be inherited from LGN. On the other hand,
late phase of surround suppression showed band-pass tuning with a peak at the optimal SF for
CREF response (Fig. 11 A-3, B-3). The ECRF grating with the SF same as the optimal SF of CRF
response evoked the strongest suppressive effect, which is consistent with previous studies
(DeAngelis et al., 1994; Li and Li, 1994; Sengpiel et al., 1997; Walker et al., 1999; Akasaki et
al., 2002). This close similarity of SF preferences suggests that the network interaction among
neuronal populations, which share a common SF tuning property, is involved in surround
suppression. The SF selectivity of_CRF response of V1 neurons (Hubel and Wiesel, 1959, 1962)
is very different from those of the retinal ganglion neurons (Rodieck and Stone, 1965) and LGN
neurons (Derrington and Fuchs, 1979; So and Shapley, 1979; Kaplan and Shapley, 1982; Hicks
et al., 1983; Irvin et al., 1993). Therefore, late phase of suppression would be generated at the
cortical level via the intracortical connection or feedback connection. I found that suppression
tuned to the SF optimal for CRF response delayed to the SF tuning of CRF excitation (Fig. 11).
Recently, Smith et al. (2006) reported in macaque V1 that surround suppression begins later
than cross-orientation suppression that is thought to be subcortical in origin (Freeman et al.,
2002; Priebe and Ferster, 2006). They suggested that the synaptic delay in the cortical circuits
was a reason for the onset delay of surround suppression (Smith et al., 2006). Therefore, the
temporal development of surround suppression having the same SF preference as CRF response

in my data is likely to reflect the poly-synaptic transmissions within the cortical circuits.
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Previous studies using drifting grating reported that surround suppression is more
broadly tuned than CRF response to spatiotemporal parameters such as SF and TF (DeAngelis
et al., 1994, Durand et al., 2002, Ozeki et al., 2004, Webb et al., 2005). I also obtained the result
consistent with this for the average response for 500 ms of CRF stimulation. Surround
suppression in V1 seems to reflect the suppressive phenomena that occur at multiple
(subcortical and cortical) levels, which possess different spatiotemporal properties. Webb et al.
(2005) characterized the surround suppression in terms of spatiotemporal tuning, and
susceptibility to contrast adaptation interocular transfer. They identified two putative sources of
surround suppression, that is, LGN and V1. Consistent with this notion, we recently found that
the suppressive effect of ECRF stimulation become integrating wider areas surround CRF along
the time course of 200 ms after the stimulus onset (Shimegi et al., 2005, 2007). In that study, the
onset latency of surround suppression become progressively shorter with and increment of
ECREF stimulus.

The previous study in our laboratory clarified that a blockade of intracortical inhibition by
iontophoretic administration of GABA, receptor antagonist, bicuculline, did not significantly
abolish the surround suppression in cat V1 neurons (Ozeki et al., 2004). This suggests that the
primary course of surround suppression is a decrease of excitatory inputs to V1 and subsequent
reduction of excitatory interaction but not due.to an increase of cortical inhibition. I suppose
that ECRF grating with low SF inhibits responses of LGN neurons, and higher SF ECRF grating
reduces the cortical excitatory inputs.

How can the cortical excitatory inputs be reduced by a large grating stimulus?
Long-range horizontal connections intrinsic to V1 and feedback connection from extrastriate
cortices have been proposed as the anatomical of surround suppression. Though there are

studies reporting the involvement of long-range horizontal connections in V1 and the top-down

47



projections form higher visual cortices (Hupe et al., 1998, 2001; Angelucci et al. 2002;
Angelucci and Sainsbury 2006; for review, Angelucci and Bressloff, 2006) in surround
modulation in V1, the above-mentiones observations of our laboratory on surround suppression
in cat V1 prompt rebuttals to those studies. First, excitatory effects of both horizontal
connections in V1 and top-down projections have to be changed into inhibitory ones via
operation of intracortical inhibition in V1. The result of the blockade of intracortical inhibition,
however, did not significantly affect on surround suppression. There remains a question whether
there is a feasible mechanism mediating effects of the horizontal connection and top-down,
feedback projections. And, second, the progressive shortening of the latency of surround
suppression with an increment of stimulation are in ECRF is contradictory if it has to be
mediated by the horizontal connection.

I could not work out on these probiems as far as working on V1 of anesthetized cat.
There seems to be no simple mechanism to explain the mechanism of surround suppression in
V1. Further studies, including a comparison of functional significance of above-mentioned

anatomical substrates between awake- and anesthetized condition, should be required.

2.4.2. Mechanisms underlying temporal shift of SF preference in CRF response

It has been reported that SF tuning of CRF response in V1 neurons shifts through time from low
SF to high SF in anesthetized monkeys (Bredfeldt and Ringach, 2002; Frazor et al., 2004),
awake monkeys (Mazer et al., 2002), and anesthetized cats (Frazor et al., 2004; Nishimoto et al.,
2005). In accordance with those studies, I also found the significant temporal shift of the same
direction. Mainly two possible mechanisms underlying the SF dynamics in V1 have been

proposed: 1) the convergent input from different types of LGN neurons such as parvocellular
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and magnocellular neurons in monkey or X- and Y neurons in cat (Mazer et al., 2002; Frazor et
al.,, 2004; Weng et al., 2005), and 2) input from a single type of LGN neurons whose SF
preferences change through time from low SF to high SF (Bredfeldt and Ringach, 2002)
possibly due to a temporal difference between center response and antagonistic surround
response (Allen and Freeman, 2006). Some of my findings provide a clue for the problem in my
sample of V1 neurons. First, there was a positive correlation for CRF response between
preferred SF and the shortest response latency. This will be because that the CRF stimulus with
optimal SF drives lest synchronized excitatory inputs to the neurons. Second important
observation on this point is that onset latency of CRF response is positively correlated with the
optimal SF of neurons, that is whose optimal SF is low exhibited short response latency, where
those with high optimal SF exhibited long response latency (Fig. 8A) The higher the cell has SF
preference for CRF response, the more its onset latency is delayed. Thus, spatiotemporal
property of each LGN input is conserved/reflected in CRF responses of individual V1 neurons,
implying that each geniculocortical projection from distinct types of LGN neurons are separated
in V1 (Ferster and LeVay, 1978; Gilbert and Wiesel, 1979) and connected to distinct population
of neurons (Bullier and Henry, 1979; Ferster and Lindstrom, 1983; Tanaka, 1983; Martin and
Whitteridge, 1984; Mullikin et al., 1984; Freund, 1985). Furthermore, 1 found that the temporal
shift of SF preference in CRF response was observed regardless of the neuron’s optimal SF
(Fig.6). Considering those findings, the SF dynamics in cortical CRF response might reflect that
of inputs from single type of LGN neurons. However, our estimation for the shift of SF
preference is temporally too rough to lead a conclusion. Therefore, convergence of X and Y
inputs (So and Shapley, 1979; Sestokas and Lehmkuhle, 1986) to single V1 neurons could not
be ruled out. More detailed and systematic analyses are required.

SF tuning of CRF response in V1 neurons shifts through time from low SF to high SF,
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and V1 neurons, whose optimal SF is low, have shorter latencies than that of neurons whose
optimal SF is high. Then, CRF responses of V1 neurons realize “cause to fine” visual processing

both in single neuron level and in population level.

2.4.3. Functions of the temporal property of surround suppression

I reported two components of surround suppression with distinct spatiotemporal property, early
phase of surround suppression tuned to low SF and late phase of surround suppression tuned to
high SF. What is the functional significance of this temporal change of SF tuning of surround
suppression? Previous studies on the surround suppression have suggested that the suppressive
field is critical for contrast gain control (Heerger, 1992; Carandine et al., 1997; Sadakane et al.,
2005). A divisive gain control model applied to responses of V1 neurons was shown to increase
independence of the responses of each neuron across neurons (Schwnrt and Simoncelli, 2001).
In addition, the surround suppression also increases stimulus-selectivity and optimizes filtering
of stimulus features which may allow the efficient processing (Vinge and Gallant, 2002)

At early time window, surround suppression tuned low SF might reduce the response
with a bias for low SF components in natural image, which mainly contains low SF (Simoncelli
and Oulshausen, 2001). The neuronal signals must be recorded into a de-correlated for of
internal representation to improve efficiency. In the SF domain, the de-correlation is expressed
as the flattening or “whitening” of the spatial power spectra of the neuronal signals, which is
virtually a shift of information weight to high SF range. Then, to reduce low SF component by
surround suppression improve efficiency of visual processing viewing in natural image.
Furthermore, spatial extent of ECRF of V1 neuron is larger than that of CRF, then SF tuning of

ECRF localizes to the region lower than that of CRF response. Because of this, surround
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suppression hardly affects the peak SF of CRF response, and then, visual processing keep the
“coarse to fine processing”. The late phase of surround suppression, tuned to the SF range that is
high and close to the optimal SF for CRF response might have a significant in reducing
redundancy inherent in response of the population of neurons.

Because the visual environment is consisted with high SF local components of visual
objects which are imbedded in the global structure of low SF components, the early visual
system would optimize the performance of information processing by changing the SF tuning

property according to temporal phase of processing of the ceaselessly renewing visual world.
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3. Psychophysical Study in Human

3.1. Introduction

What we see does not strictly reflect the physical characteristics of the different elements
composing the visual scene, but the result of visual information processing which are optimized
to achieve efficient and behariviorally appropriate representation of the visual world. Visual
illusions reflect such optimized strategies of visual processing of the brain. Therefore, to clarify
neural properties underlying the visual illusions is quite important for understanding essential
mechanisms of visual information processing of the brain.

In this part, I focus on a visual illusion, “metacontrast”, which is supported to be a
psychophysical correlate of the neuronal surround modulation in the visual system, and estimate

the functional role of surround modulation in perceptual conscious level.

3.1.1. Psychophysical phenomena related to surround modulation

There are some types of psychophysical phenomena that are thought to be related to surround
modulation in V1. That is, (1) Apparent contrast (Cannon et al., 1991,1996; Chubb et al., 1989;
Ejima et al., 1985; Olzak et al., 1999; Solomon et al., 1998; Xing et al., 2000) (2) contrast
detection threshold, and (3) visual saliency (Zhaoping and May, 2007). It is not clear whether
the same mechanisms underlie these phenomena. However, in general, when the dependency on
stimulus parameters observed in each of the three psychophysical phenomena is compared to

that obtained in physiological studies on surround suppression, strong similarities in (a) location
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or size dependency, (b) orientation or and/or spatial frequency (SF) dependency and (c) contrast
dependency, are recognized. It is plausible the surround modulation, both suppressive and
facilitatatory enhances the perception of local differences and suppresses that of homogeneous

texture, and that it is the key mechanism for the scene segmentation.

(1) Apparent contrast

The apparent contrast of a central grating embedded in an iso-oriented surround grating, the
central stimulus is judged to be of a lower contrast than in the absence of the surround (Cannon
et al., 1991, 1996; Chubb et al., 1989, Ejima et al., 1985; Xing et al., 2001). Similar to the
suppressive modulation observed in V1 with identical sets of stimuli, (a) maximal effects occur
when the center and the surround are of similar orientations and spatial frequencies (Cannon et
al., 1991; Chubb et al., 1989) (b) Surround suppression increases when the contrast of the
surround increases (Ejima et al., 1985; Xing et al., 2001), (c) surround suppression increases
with the size of the surround stimulus over a large region of visual space (Ejima et al., 1985;
Chubb et al., 1989). This effect it thought to play an important role in line completion, and in

the extraction of degraded or incomplete contours.

(2) Contrast detection thresholds

Target detection is facilitated by the presence of collinear flank stimuli with the same orientation
(Kapadia et al., 1995; Polat and Sagi, 1994, 2000; Solomon et al., 2000; Williams and Hess,
1998). As found facilitatory surround modulation in V1, contrast-detection thresholds varied
depending on stimulus parameters. (a) These effects decrease when the relative orientation and
distance between the stimuli increase and (b) when the degree of collinearity decreases, these

effects decrease. This effect thought to play a role in the discrimination of continuity and
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discontinuity of visual objects.

(3) Visual saliency

The saliency of contours made of a number of oriented elements immersed in random texture
depends on the (a) relative orientation and (b) separation of the contour elements (Beaudot and
Mullen, 2001; Braun 1999; Field et al., 1993; Hess and Dakin 1997, 1999; Pettet, 1999; Robert
et al., 2001). The rules governing the saliency of a contour immersed in a random texture are
also reminiscent of the stimulus condition effective for surround modulation, e.g. orientation

and spatial frequency.

3.1.2. Metacontrast

Metacontrast is one of the illusions in which the visibility of a briefly presented stimulus, the
target (central stimulus), is reduced by another brief stimulus, the mask (surround stimulus),
presented at the surround of the target. Metacontrast have similar spatial properties to the
surround suppression observed in V1 neurons in the following points; (a) Spatial surrounding
stimuli affect the response to center stimulus in metacontrast paradigm, the mask reduces the
visibility of the target, (b) maximal effects are induced when the target and mask have same SFs,
and (c) the effect increases when contrast of the surround stimulus increases. Metacontrast also
shows an intriguing temporal characteristic, namely, that target visibility is reduced when a
mask is presented simultaneously with or slightly after the target presentation. Therefore,
metacontrast is termed as “visual backward masking”. Metacontrast is the good tool for
examining the spatiotemporal properties of surround suppression, because, in this paradigm, not

only spatial parameters (stimulus size, location, orientation, spatial frequency and contrast) but
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also temporal parameter (SOA, stimulus onset asynchrony) could be systematically changed.
Previous studies examined psychophysical phenomena related to surround modulation,
such as 1) apparent contrast, 2) contrast thresholds, and 3) visual saliency focused on the way of
surround modulation encoding the “global” structures of visual field. From these studies, a great
deal is known on the spatial properties, however, very little is known on the temporal properties
of surround modulation. Knowledge of the spatial and temporal properties and their interaction
of metacontrast will help us to understand neuronal basis of surround modulation, that is, how
local visual signals are spatially and temporally integrated in the brain to generate global
percepts. There are, however, few studies that have examined the suppressive effects of
metacontrast by quantitatively and systematically changing the stimulus parameters of the target
and mask in relation with stimulus onset asynchrony (SOA). In the present study, we used a
circular sinusoidal grating patch for the target and sinusoidal grating annulus for the mask, and
tested metacontrast by systematically changing the orientation, SF and contrast of the mask. To
quantitatively evaluate the spatiotemporal properties of metacontrast is crucial to understand
what is effectively represented in spatial and temporal context and to link the outputs of the

neurons at early stages of cortical recording,
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3.2. Methods

3.2. 1. Subjects

Five observers, the author (AI) and four others, who were naive to the purposes of the
experiments, served as subjects of the present study. The subjects’ ages ranged from 20 to 23.
All had normal or corrected-to-normal visual acuity. All procedures and protocol were approved
by the Committee for the Protection of Human Subjects of the School of Health and Sport
Sciences, Osaka University, and informed consent regarding the aim of the experimental

procedures of the present study was obtained in writing from all the subjects.

3.2.2. Apparatus and stimuli

Visual stimuli were generated using a visual stimulation system VSG 2/3 (Cambridge Research
System, England) controlled by an IBM-PC/AT-compatible computer and displayed on a CRT
display (EIZO; Nanao, Japan; resolution, 1024 x 768 pixels; refresh rate, 100 Hz; mean
background luminance, 30 cd/m?; screen size, 22.5 x 30° at a viewing distance of 57 cm). The
stimulus consisted of a circular sinusoidal grating (target) of 2.3° diameter and a concentric
sinusoidal grating annulus (mask) surrounding the target. The inner and outer diameters of the

mask were 3° and 4.7°, respectively (Figure 12). Stimulus contrast was defined as

Contrast=(L,,, — L.;.)/(Lygy + Lin)

where L, and L, respectively indicate the maximum and minimum luminances of the

stimulus.
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3.2.3 Procedure

All experiments were conducted in a room illuminated at a photopic level by overhead
fluorescent lights. The subjects’ eyes were adapted to this luminance level for 5 min. Before
each experiment, the subject performed a block of practice trials in which the targets were
presented to ensure that the subject could detect the targets. The stimulus sequence is shown in
Fig. 13. A button press by the subject, whose head movements were restricted by a chin rest,
initiated each trial. First, a fixation cross appeared at the center of the monitor. Then, after a
delay of 1 sec, the stimuli were presented randomly at one of two locations, either 6.5° left or
6.5° right of the fixation cross, with varying stimulus onset asynchrony (SOA).

The duration of the target and mask presentation was 50 ms, and SOA was varied from
—80 to +160 ms. The minus sign of SOA indicates that the mask appears first, followed by the
target (paracontrast), and the plus sign indicates that the target appears first, followed by the
mask (metacontrast). After the fixation cross and the stimuli disappeared, the subjects had to
answer, using their psychophysical judgment, whether or not the target was visible by pressing a
button. No feedback was provided. Half of the trials were catch trials to estimate the response
biases of individual subjects, in which only the mask was presented. To prevent fatigue and
visual adaptation, the subjects took a brief rest at least three times during a session of 90
minutes. Each stimulus condition consisted of a combination of SOA and a stimulus parameter,
and 30 trials were conducted for each subject to obtain data. The stimulus condition was

randomly changed from trial to trial.
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Figure 12

Stimulus sequence. First, the fixation cross appeared at the center of the monitor. After a delay
of 1 sec, the stimuli were presented with varying SOA (-80 — 160 ms). The target was a circular
grating 2.3° in diameter, and the mask was an annular grating with 3° and 4.7° inner and outer
diameters, respectively. The target and mask were randomly presented in either the right or left

visual field at a distance of 6.5° from the fixation cross.
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3.2.4. Experiments

The experiments were designed to test the effects of changing the grating parameters, that is,
orientation, SF, and luminance contrast. In all the experiments, the target was a circular
sinusoidal grating with a vertical orientation, an SF of 2 c/deg and a contrast of 30 %. In
Experiment 1, we tested the orientation dependency of metacontrast by varying the mask
orientation, while keeping the contrast and SF of the mask fixed at 100 % and 2 c/deg,
respectively. In Experiment 2, we tested the SF dependency by varying the mask SF, while
keeping the mask orientation and contrast fixed at vertical and 100 %, respectively. In
Experiment 3, we tested the contrast dependency by varying the mask contrast, while keeping
the mask orientation and SF fixed at vertical and 2 c/deg, respectively. To check for a possible
contamination of the results due to eye movement, the gaze direction and eye motion of the
subjects were monitored with an eye-mark recorder (EMR-8, NAC Image Technology, Japan)

during the experiments.

3.2.5. Data analysis

The masking effect was calculated as “100 — accuracy (%)” from the trials in which the target
was presented. To quantify the tuning properties of metacontrast to grating parameters, the

tuning data were fitted using the following functions for each parameter.

Orientation tuning

We fitted a Gaussian function to the tuning data to the orientation difference between the target
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and mask. The equation for the Gaussian function is

M(OD) = Ke (0= 4 pr

base
where M denotes the masking effect and OD denotes the orientation difference. K and ¢ are the
amplitude and width of the Gaussian function, and OD is the orientation that evokes the
maximal masking effect. M, is the baseline of the curve. M., K, u, and o were optimized to
provide the least-squares error of fit to the data. On the basis of the fitted curve, we determined
the peak of the curve and the bandwidth of the orientation-tuning curve as a full width of the

fitted Gaussian function at half height.

SF tuning
We fitted a difference of Gaussian (DOG) function to minimize the square error between the
DOG curve and the obtained data for each SF of the mask (Xing, Ringach, Shapley, and

Hawken, 2004). The fitted function is described as

~{({sf — 2,2 _ _ 22
M(sf) =K e 1202V _ K,e w2l | g

hase
where sf denotes the spatial frequency, and K, and K, are the integrated weights of the two
Gaussian functions, and y and o are the mean and width of the Gaussian function, respectively.
M. is the baseline of the curve. Myg., Koy Ky o s, 0, .and oy, are all free parameters. On the
basis of the fitted curve, we estimated the peak of the curve (peak SF) and SF tuning bandwidth.

The bandwidth was calculated as

Bandwidth sf = lOg 2 (SFlugh /SF;ow )

*

where SFyg and SF),, denote the SFs that produce 50 % of the peak SF on either side of the

peak.
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Contrast tuning

The Naka-Rushton equation was used to fit the masking effect as a function of contrast.
M(Cst)=M ,, Cst" [(Csty, +Cst")

Here, Cst denotes the mask contrast and M,,,, the amplitude of scaling factor. The Cstsyis the

medium value of M,,. My, Cstsp and n were optimized to provide the least-squares error of fit

to the data.
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3.3 Results

3.3.1. Experiment 1: Orientation dependency

We first asked how the masking effect depends on the orientation difference between the target
and mask (Figure 13). In Fig. 13A, the accuracy of detecting the target, which is averaged
across five subjects, is plotted as a function of SOA. In this test, we used two mask orientations
that were identical to (iso-orientation) and orthogonal to (cross-orientation) that of the target.
Since the false-positive responses to catch trials were rarely observed regardless of mask
parametgrs (iso-orientation, 1.08 % + 1.54 %; cross-orientation, 0.925 % =+ 1.24 % (mean %
S.D.), n = 5), no correction was applied to the obtained data. Three important points emerged
from this experiment. First, both masks yielded U-shaped masking functions with a trough
bottom at 40 — 60 ms of SOA, that is, a typical type B metacontrast function (Kolers, 1962).
Second, the masking effect was stronger for the iso-orientated mask than for the cross-oriented
one at any SOAs. Third, the onset and effective range of SOA for masking were noticeably
influenced by the mask orientation. The masking effect induced by the cross-oriented mask was
observed in a narrow range of SOAs from S0 to 120 ms, whereas the iso-oriented mask was
effective in a wide range from 0 to 120 ms. To further examine the tuning property of the
masking effects to the orientation difference between the target and mask, we changed the mask
orientation from 0 to 180° in 10° steps at SOAs of 0, 40, 60, and 80 ms, then calculated the
“masking effect” as “100 — accuracy (%)”. Figure 13B shows the tuning curves of the masking
effect to the orientation difference between the target and mask at four SOAs (0, 40, 60, and 80
ms). It is clearly demonstrated that, at all SOAs, the masking effect is maximal at orientation

difference of zero and monotonically decreases as the orientation difference increases.
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To compare the sharpness of the orientation-tuning curves, we normalized individual
curves to the maximal masking effect (Fig. 13C). Here, it should be noted that the
orientation-tuning curves became broader with an increase in SOA. To quantify the sharpness of
the orientation tuning, we calculated the bandwidth at the half-height of the tuning curves for
each SOA. The bandwidths were 29° + 13°, 61° + 14°, 89° + 33°, and 149° + 107° (mean =
S.D.) for SOAs of 0, 40, 60, and 80 ms, respectively, and significant differences were observed
among the SOAs, except for SOA of 0 ms vs. 40 ms (p < 0.05; one-way ANOVA followed by
Fisher’s LSD post hoc test).

These results suggest that the masking effect consists of at least two components of the
visual processing system with different temporal and orientation tuning characteristics. As the
masking effect of the cross-oriented mask peaked at longer SOAs (40 — 80 ms, Fig. 13A) than
that of iso-orientation, and the masking effect became less orientation-tuned with an increase in
SOA (Fig. 13C), there seems to be a fast-conducting and less orientation-tuned pathway
underlying metacontrast at long SOAs. The masking effect induced by short SOAs exhibited a
sharp orientation tuning (Fig. 13C), suggesting an involvement of a slow-conducting and

orientation-specific pathway.
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Figure 13

Effect of orientation difference between target and mask on metacontrast. (A) The
accuracies (percentage of correct responses) of detecting a target with iso- (filled circles) and
cross-oriented (open circles) masks were plotted as functions of SOA averaged across five
subjects. The error bars indicate SEM. The target contrast was 30 % and mask contrast was
100 %. The SFs of the target and mask were 2 c/deg. (B) Tuning of masking effect to orientation
differences at SOAs of 0 (B-1), 40 (B-2), 60 (B-3), and 80 ms (B-4). The orientation difference
0 was defined as the condition under which the target and mask had the same orientation. The
masking effect was calculated as “100 — accuracy (%)”. The solid curve is a Gaussian function

that best fits the data. C) Tuning curves for each SOA were normalized to the maximal masking

effect.
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3.3.2. Experiment 2: SF dependency

To examine how the masking effect depends on the SF of the mask, the detectability of a target
with an SF of 2 c/deg was measured in the presence of the mask with three different SFs, that is,
0.4, 2, and 6 c/deg (Figure 14). The accuracy of target detection averaged across the five
observers is shown in Fig. 14A. The false-positive responses to the catch trials were negligible
(0.91 % £ 1.14 %, 1.08 % + 1.54 % and 0.63 % + 0.36 % (mean = S.D.) for mask SFs of 0.4, 2
and 6 c¢/deg, n = 5). The result showed that the masking effect is strong at all SOAs when the
mask SF is the same as the target SF (2 c/deg). The masks with SFs different from that of the
target induced effects only at SOAs longer than 40 ms. These results indicate two things: First,
the magnitude of the masking effect depends on the similarity of SFs between the target and the
mask. Second, SF selectivity varies with SOA.

To examine SF selectivity in relation to SOA in detail, we tested the effects of twelve
SFs of the mask grating: 0.2,0.4,0.8, 1, 1.5,2,2.5, 3,4, 5, 6, and 8 c/deg (Fig. 14B and C). The
SF tuning became broader with an increase in SOA. The bandwidths were 1.41 + 0.63, 2.1 £
0.47,2.45 + 0.82, and 3.97 £ 1.2 (mean £ S.D.) for SOAs of 0, 40, 60, and 80 ms, respectively.
Significant differences were observed among the SOAs (p < 0.05; one-way ANOVA followed
by Fisher’s LSD post hoc test). Similarly to those of the orientation dependency experiment
(Exp.1), these results suggest that the fast-conducting pathway underlying metacontrast at long
SOAs is broadly SF-tuned; in contrast, the slow-conducting pathway underlying metacontrast at
short SOAs is sharply SF-tuned. Another intriguing observation is the shift in the peak SFs that
evoked the maximal masking effect. As shown in Fig. 14B and C, the peak SF decreased from
high to low as SOA increased. Significant differences were observed among the SOAs except

for SOA of 40 ms vs. 80 ms (p < 0.05; one-way ANOVA followed by Fisher’s LSD post hoc
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test). The peak SFs were 2.6 + 0.23, 2.49 + 0.36, 1.98 £ 0.78, 1.49 + 0.58 c/deg (mean + S.D)
for SOAs of 0, 40, 60, and 80 ms, respectively. Thus, the slow-conducting pathway contributing
to metacontrast at short SOAs is not only sharply SF-tuned but also relatively more sensitive to
higher SFs (> 1 c/deg), and the fast-conducting pathway at long SOAs is broadly SF-tuned and

more sensitive to lower SFs (< 1 c/deg).
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Figure 14

Effect of mask SF on metacontrast. (A) The effect of three masks with different SFs that
were the same as (2 c/deg; filled circles), and lower (0.4 c/deg; filled squares), and higher (6
c/deg; open circles) than that of the target SF. The target contrast was 30 % and the mask
contrast was 100 %. The orientations of the target and mask were vertical. (B) Tuning of
masking effect to mask SF at SOAs of 0 (B-1), 40 (B-2), 60 (B-3) and 80 ms (B-4). Twelve SFs,
0.2,04,08,1,1.5,2,25,3,4,5, 6, and 8 c/deg, were used for the mask. The solid curve is a
difference of Gaussian function that best fits the data. (C) SF-tuning curves of masking

normalized to maximal effect.
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3.3.3. Experiment 3: Contrast dependency

In this section, we describe the dependency of the masking effect on mask contrast. In
Experiment 3, we changed mask contrast, while we fixed other parameters of the target and
mask at a vertical orientation and an SF of 2 c/deg. The target contrast was 30%. First, we
measured the accuracy of the target detection when the mask and target had the same orientation
and SF at three mask contrast, namely, 30, 60, and 100 % (Fig. 15A). False-positive responses
to the catch trials were rarely observed regardless of the mask contrast (contrast 30 %, 3.05 % %
3.73 %; 60 %, 2.05 % + 2.98 %; 100%, 1.08 % = 1.54 % (mean = S.D.), n = 5). The magnitude
of the masking effect increased as the mask contrast increased, and the difference in the strength
of the masking effect was more prominent at short SOAs (0 — 20 ms) than that at long SOAs (40
— 80 ms). Next, we altered the mask contrast from 20 to 100 % in 10 % steps at SOAs of 0, 40,
60, and 80 ms (Fig. 15B). The contrast-masking curves obtained for each SOA exhibited
distinctive features. At 0 ms of SOA (Fig. 15B-1), the contrast function of the masking effect
showed a high contrast threshold, and at a contrast higher than 50 %, it increased monotonically
without saturation. However, at an SOA of 80 ms (Fig. 15B-4), the contrast function showed a
low contrast threshold, and it was saturated at contrasts higher than 50 %. Regarding the curves
at SOAs of 40 and 60 ms that elicited the strongest masking effects, they exhibited profiles
resembling the summation of the two curves for SOAs of 0 and 80 ms. These results again
suggest that there are sllow- and fast-conducting pathways underlying metacontrast. Slow
metacontrast exhibits a low contrast sensitivity, a high orientation specificity and a high SF
specificity, whereas fast metacontrast exhibits a high contrast sensitivity, a low orientation

specificity and a low SF specificity.
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Figure 15

Effect of mask contrast on metacontrast. (A) The accuracies of detecting a target with
masks with three differept contrasts, 30 % (filled squares), 60 % (open circles), and 100 %
(filled circles), were plotted as functions of SOA averaged across the five subjects. A target and
a mask with the same orientation (vertical) and SF (2 c/deg) were used. (B) Contrast masking
curves obtained for SOAs of 0 (B-1), 40 (B-2), 60 (B-3) and 80 ms (B-4) while changing mask
contrast from 20 to 100 % in 10 % steps. The solid curve is a Naka-Rushton function that best

fits the data. C) The superimposed contrast masking curves for SOAs of 0, 40, 60, and 80 ms.
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3.3.4. Eye movements

To examine the possible involvement of eye movement in our results, we monitored the eye
positions of three subjects using an eye-mark recorder. We recorded the eye positions under the
conditions in which the mask was iso- and cross-oriented at SOAs of 0, 40, and 80 ms
(Experiment 1). The subjects performed 30 trials under one condition. There was no consistent
eye movement due to the appearance of stimuli under any stimulus conditions. The difference in
the average eye position between 100 ms before and after the onset of the first stimulus was
0.18° £ 0.11°. There was no significant difference between iso- and cross-orientation conditions
(» = 0.63, paired t-test) or among different SOA conditions (p = 0.61, one-way ANOVA).
Therefore, eye movement explained neither the metacontrast effect nor its dependency on the

stimulus feature of the mask.
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3.4. Discussion

3.4.1.Properties of metacontrast

We examined the spatiotemporal characteristics of metacontrast using sinusoidal grating stimuli
as the target and mask to quantitatively test the dependency of the masking effects on the
stimulus features. We found three important properties of metacontrast. First, the magnitude of
metacontrast was strongly dependent on the similarity of stimulus parameters, such as
orientation and SF, between the target and mask (Figs. 12 and 13), which is in agreement with
the results of previous studies (Werner, 1935; Rogowitz, 1983). Essentially, a strong masking
effect was induced when the orientation and SF of the mask were identical to those of the target.
This relationship of orientation selectivity was invariant with SOA. On the other hand, the most
effective mask SF shifted from high (2.60 c/deg) to low (1.49 c/deg) as SOA increased from 0
ms to 80 ms (Fig. 14B and C). Second, the masking effect at long SOAs was broadly tuned to
the orientation/SF difference between the target and mask stimuli, whereas that at short SOAs
was narrowly tuned (Figs. 13 and 14). Third, the masking effect at long SOAs exhibited a high
contrast sensitivity, whereas that at short SOAs exhibited a low contrast sensitivity, which is in
agreement with Brietmeyer’s previous observation (1981) that mask energy inducing the
masking effect is lower under the conditions of long SOAs than under those of short SOAs.
Taken together, these results suggest that there are distinct mechanisms with different
spatiotemporal properties in the visual pathway underlying metacontrast; namely, the
fast-conducting, less stimulus-specific and more contrast-sensitive mechanism contributes to
metacontrast at long SOAs, and the slow-conducting, more stimulus-specific and less

contrast-sensitive mechanism contributes to that at short SOAs.
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3.4.2. Underlying mechanism of metacontrast

A general hypothesis on the underlying mechanism of metacontrast is that a mask-evoked neural
response suppresses the response to a target, which reduces the perception of the target and
raises its detection threshold. Our results suggest the existence of inultiple components in the
mask-induced neural response. Breitmeyer and Ganz (2000) explained metacontrast as an
inhibitory interaction between two parallel pathways in the early visual system, namely, a faster
magnocellular channel that generates a fast and transient response, and a slower parvocellular
channel that generates a slow and sustained response (Merigan and Maunsell, 1993). According
to their model, the target-induced slow and sustained response is suppressed by the
mask-induced fast and transient response underlying metacontrast (interchannel interaction). On
the other hand, when the target and mask are presented simultaneously, the target-induced fast
and slow components of the response are suppressed by the corresponding component of the
mask response (intrachannel interaction). If the metacontrast evoked in the present study is
consistent with their hypothesis, the physiological correlates of the magno- and parvocellular
systems should be reflected in the psychophysical properties of metacontrast. Therefore, we
made a detailed comparison between our psychophysical evidence and previously known
physiological evidence including the spatiotemporal properties of receptive fields (RFs), such as
summation area (RF size), stimulus feature selectivity and center-surround interaction, along the
hierarchy of information processing streams in order to investigate the locus and the circuitry
underlying metacontrast. |

The response of a neuron in the primary visual cortex (V1) to visual stimulation of its

classical receptive field (CRF) is suppressed by a second stimulus concurrently presented in the
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receptive field surround (ECRF) (Akasaki, Sato, Yoshimura, Ozeki and Shimegi, 2002;
Blakemore and Tobin, 1972; DeAngelis, Freeman and Ohzawa, 1994; Jones, Grieve and Sillito,
2001; Knierim and van Essen, 1992; Li and Li, 1994; Nelson and Frost, 1978; Ozeki, Sadakane,
Akasaki, Naito, Shimegi and Sato, 2004; Sceniak, Ringach, Hawken and Shapley, 1999;
Sengpiel, Sen and Blakemore, 1997; Walker, Ohzawa and Freeman, 1999, 2000). This so-called
contextual response modulation is a possible mechanism underlying metacontrast because of the
similarity of properties between these two phenomena. First, metacontrast at short SOAs
exhibits orientation specificity, which emerges at V1 but is obscure at subcortical levels, and
contextual modulation also exhibits tuning to the orientation contrast between CRF and ECRF
stimuli (Akasaki et al., 2002; DeAngelis et al., 1994; Li and Li, 1994; Ozeki et al., 2004).
Second, the effect of metacontrast is maximal when the target and mask stimuli have the same
orientation and SF, which is also true in physiological contextual modulation in V1 (Akasaki et
al., 2002; DeAngelis et al., 1994; Knierim and Van Essen, 1992; Li and Li, 1994; Ozeki et al.,
2004). Human brain imaging studies using functional magnetic resonance imaging (fMRI)
(Zenger-Landolt and Heeger, 2003; Williams, Singh and Smith, 2003) and
magnetoencephalography (Ohtani, Okamura, Yoshida, Yoyama and Ejima, 2002) in the visual
cortex demonstrated that stimuli with center-surround configurations similar to those used in the
present study suppress the center signals depending on the proximity of the stimulus features
between the center and surround stimuli. A recent study has reported a good quantitative
agreement between psychophysical responses and fMRI BOLD signals of V1 comparing with
other visual areas such as V2 and V3 (Zenger-Landolt and Heeger, 2003). Third, the bandwidths
of orientation and SF tuning curves of metacontrast (SOAO; Qrienfation 29° + 13° SF, 141 =
0.63 octave) are equivalent to those of V1 neurons of primates (De Valois, Albrecht and Thorell,

1982; De Valois, William and Hepler, 1982; Ringach, Shapley and Hawken, 2002). Thus, V1 is
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a likely candidate locus of metacontrast (Macknik and Livingstone, 1998), although there is a
study that failed to provide evidence of metacontrast effects in responses of single cells in
monkey VI and V2 (von der Heydt, Friedman, Zhou, Komatsu, Hanazawa and Murakami,
1997).

Next, we discuss the spatiotemporal properties of metacontrast in relation to the
magno- and parvocellular systems. Our results suggest that there are, at least, two distinct
components of the mask, that is, the fast conducting, less stimulus-specific and more
contrast-sensitive mechanism for longer SOAs, and the slow-conducting, more stimulus-specific
and less contrast-sensitive mechanism for shorter SOAs. These components of the masking
effects with different time courses and stimulus specificities are attributable to the interaction
either between the magno- and parvocellular pathways or between the phasic and sustained
components of the neuronal response in the early visual system. A fast conductivity, relative
effectiveness at lower SFs (Fig. 14B and C) and a high contrast sensitivity (Fig. 15B and C)
are consistent with the properties of the magnocellular system, whereas a slow conductivity,
effectiveness at higher SF (Fig. 14B and C) and a low contrast sensitivity (Fig. 15B and C) of
the slow masking are consistent with those of the parvocellular system (Derrington and Lennie,
1984; Livingstone and Hubel;, 1988, Merigan, Byrne and Maunsell; 1991a, Merigan, Katz and
Maunsell, 1991b; Nowak, Munk, Girard and Bullier, 1995; Sclar, Maunsell and Lennie, 1990;
Usrey and Reid, 2000; Winterkorn, Shapley and Kaplan; 1981, Xu, Ichida, Allison, Boyd and
Bonds, 2001). Thus, our results support the idea of the different contributions of the magno- and
parvocellular pathways to metacontrast with different temporal properties.

Rogowitz (1983) argued that mechanism underlying masking is an interchannel
interaction, not intrachannel one, and the temporally nonoverlapping fast and slow components

of a mask-induced response contribute to backward and forward maskings, respectively. This
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hypothesis is based on the observation of little masking at an SOA of 0 ms when the
intrachannel interaction was expected to be maximized, even though both both the backward
and forward maskings were clearly observed for positive and negative SOAs, respectively. In
contrast, our results demonstrated that both the fast and slow components of mask-induced
response with different spatiotemporal properties could contribute to the backward masking.
The SOA-masking relationship exhibited a U-shaped backward masking function with a single
trough, and the spatial properties such as stimulus-feature selectivity and contrast sensitivity
varied continuously with change in SOA. These results suggest that the backward masking is
evoked by two emporally overlapping two distinct components of a mask-induced response via
intra- as well as interchannel interactions. Maunsell and Gibson (1992) suggested that both
magno- and parvocellular inputs converge onto single V1 neurons, and that the visual responses
of V1 neurons have mixed magno- and parvocellular components to a varying extent. There is
evidence that the orientation tuning of V1 neurons develops with time after the onset of a
response in both monkeys (Ringach, Hawken and Shapley, 1997) and cats (Pei, Vidyasagar,
Volgushev, and Creutzfeldt, 1994). It has also been reported that SF tuning of V1 neurons in cats
(Frazor, Albrecht, Geisler and Crane, 2004; Mazer, Vinje, McDermott, Schiller and Gallant,
2002) and monkeys (Bredfeldt and Ringach, 2002; Frazor et al., 2004) varies with time and the
peak SF shifts from low to high along the time course of responses. Therefore, it is possible that
the early component of neural responses predominantly contributes to fast metacontrast and the
late component of neural responses contributes to slow metacontrast.

There is evidence that feedback inputs to V1 from higher order visual areas, such as
MT, act on V1 neurons from the beginning of the V1 responses to flashing or moving visual
stimulus (Hupe, James, Payne, Lomber, Girard and Bullier, 2001), and this feedback seems to

play a role in perceptual figure/ground segregation (Hupe, James, Payne, Lomber, Girard and
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Bullier, 1998). Therefore, it is possible that not only the bottom-up input but also the top-down
one is involved in fast and slow metacontrasts. Further studies, in both humans and animals, are
necessary to unmask the differential contribution of visual pathways to metacontrast with

different time courses and stimulus specificities.
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4. Conclusion

In this paper, I describe results that show the psychophysical and electrophysiological parallels
between the effects of spatiotemporal surround suppression. Using sinusoidal grating patch and
annulus as stimuli both experiments, it become possible to understand properties of surround
suppression in a single neuron level and perception level, which have important function in
contextual processing needs to be understood under natural viewing conditions. In
electrophysiological experiments (Section 2), we recorded neurons in V1 and revealed temporal
property of SF tuning of surround modulation. In psychophysical experiments (Section 3), I
examined temporal properties of surround suppression at perceptual level using metacontrast
paradigm, and revealed the temporal properties of orientation dependency, SF dependency and
contrast sensitivity of metacontrast. The main finding is that there are temporal shift of surround
modulation properties both in V1 neuron and metacontrast. These results suggest that contextual
interaction, which reflect how visual information are integrated across space, change with time;
firstly, global information is processed, and the fine and local visual information is processed

later time.

4.1. Metacontrast and surround modulation in V1

We observed similarity between surround suppression properties of V1 neurons and
metacontrast. 1) Maximal effects occur when the stimuli presented in center and surround
regions have similar orientations and spatial frequencies (Fig. 4A, Fig. 5A, Fig. 13, Fig. 14,
and Fig. 15). (2) Temporal shift of tuning of surround suppression have similar properties. Both

in metacontrast (Fig. 14C) and surround suppression of V1 neurons (Fig. 4, 5 and 6), at early
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phase of surround suppression, the SF tuning in suppression have low-pass type tuning, thought
time, the tuning become band-pass type tuning. Hovlvever, some differences between surround
modulation in V1 and metacontrast are also observed. One of the largest difference between
surround suppression of V1 neurons and metacontrast in human perception is dependency of
SOA. Several previous studies and my study indicate that metacontrast effect are never
observed negative SOA and SOA, at which the largest effect was observed, depending on
stimulus parameters, are around 40 — 80 ms (Fig. 13A, 14A, and 15A). I did not observe such
dependency on SOA in surround suppression of V1 neurons. In surround suppression of V1
neurons, when changing SOA, the effect of suppression was observed both at positive SOAs
positive and negative SOAs. Similar to previous study in V4 (Kondo et al., 2000), the strongest
suppression for a total response was observe at SOA 0 condition (data are not shown).
Underlying mechanisms in metacontrast is unknown, but suppression of activities in V1 has
been viewed as a correlate of suppression in detection of stimulus, in term of the temporal shift

of the surround suppression.

4.2. Function of temporal change of surround suppression

We observe similar tendency between temporal property of surround suppressions, which is
observed in cat V1 neurons and human perception. Early phase of surround suppression tuned to
low spatial frequency (SF) and had broad selectivity to stimulus features, whereas late phase of
surround suppression tuned to high SF and high selectivity to stimulus features. What is a
functional role of temporal change of surround suppression? Because the visual environment is

consisted with high SF local components of visual objects which are imbedded in the global
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structure of low SF components, the early visual system would optimize the performance of
information processing by changing the SF tuning property according to the temporal phase of

processing of the ceaselessly renewing visual world.

4.3. Brideing physiology and psychophysics

In this study, we observed surround suppression in response of a single neuron of cat V1 is
collated with the perceptual visibility of a center stimuli change induced by the stimuli
presented surround. In order to link the electrophysiological data of a single neuron and
psychophysical results, I need to understand 1) how neuronal population responses are decoded
to produce perceptual effect and 2) what the perceptual decision or the subject’s performances
will be. We could not know how neuronal population responses are decoded to produce
perception and weather the V1 activities plays a functional role in the subject’s conscious
perception. Previous study showed that only minority of neurons in primary visual cortex show
activity correlated with perception during binocular rivalry. Perceptual decisions involve
processing in an extensive and incompletely hierarchy of cortical areas. From these reasons, it is
impossible to slimly link between properties of surround suppression of V1 neurons and those at
perceptual level. However, electrophysiological and perceptual results on surround suppression
might be conventionally linked by what we need to encode visual signals efficiently and

meaningfully.
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