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ABSTRACT 

We investigated the spatio-temporal frequency selectivity 

properties of 248 neurons in VI and VII of the macaque monkey, and the 

receptive field properties of 43 inferotemporal neurons of the owl 

monkey. 

'. 
The study of VI and VII neurons was carried out using sine 

wave gratings. Our results show that VI and VII neurons were 

selective to different but partially overlapping spatial frequency 

o 0 ranges (at retinal eccentricities of 2 -5 , VII neurons are tuned 

approximately two octaves lower than VI neurons). The spatial 

frequency bandwidths for the two visual areas are similar. 

The temporal frequency selectivity of VI neurons was mostly 

lowpass (70%), or wide bandpass (30%, mean bandwidth 3 octaves); 62% 

of VII neurons had bandpass temporal frequency tuning curves (mean 

bandwidth 2 octaves). The range of preferred temporal frequencies and 

the bandwidths of VII neurons suggest the existence of at least two 

non-overlapping temporal frequency filters at each spatial frequency. 

Results also indicate that spatial and temporal selectivities are 

independent fundamental properties. 

Our results may provide physiological support for 

psychophysical findings in man, suggesting several independent 

detection mechanisms centered at different temporal frequencies, 

especially at low spatial frequencies. 

xiii 



xiv 

In a different study, a possible substructure of the large 

inferotemporal receptive fields was investigated in the owl monkey. A 

novel kind of stimulus derived from the Gabor elementary functions was 

used as test signal. A first set of stimuli with a constant relative 

spatial frequency bandwidth was used to probe the existence of either 

one or more than one spatial frequency band within one receptive 

field. A second set of constant spatial width was used to test the 

neruon's spatial frequency selectivity. 

Results suggest that only one orientation and spatial 

frequency band project onto each neuron. The preferred spatial 

frequencies (0.2 - 0.6 c/deg) were in the very low spatial frequency 

range for this animal. The spatial frequency bandwidth comparable to 

that of striate cells, the inclusion of many cycles of the preferred 

spatial frequency within the receptive field, and the generally 

reduced response to constant aperture test signals, suggest non-linear 

processing during summation of information from preceding visual areas. 



CHAPTER I 

INTRODUCTION 

The visual system constitutes the most perfect image processor 

known to man. One of its remarkable properties is its ability to 

recognize objects independept of their size, orientation and position 

in space. It is assumed that this property, as well as other 

perceptual properties, are achieved by a complicated neuronal netowrk, 

in which specific neurons have dedicated tasks. These tasks might be 

linked to the physiological properties of neurons. The correlation 

between visual perception and physiological properties of single 

neurons is, nevertheless, poorly understood. Visual research, in the 

past two decades, has been devoted to forward our understanding of how 

this "image processor" operates. 

The visual image is detected by an array of retinal detectors 

and transmitted, via the retino-geniculo-cortical pathway, to the 

striate cortex. This is the first of many information processing 

stations in the cortical visual pathways. It is generally accepted 

that striate simple and complex cells contribute to the first stages 

of form recognition by decomposing the information within small 

patches in the visual field into Fourier "like" components of various 

I 
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orientations and spatial frequencies. Outside the striate cortex, in 

the occipital and temporal lobes, many distinct visual areas were 

found. These areas receive either direct or indirect striate input, 

and are assumed to further process this information. Although some 

data concerning the physiological properties of single neurons in 

these visual areas is available, the results are not conclusive and 

sometimes even not suggestive of the specific functional role of each 

area. 

The increase in the receptive field sizes of individual neurons 

encountered in successively higher visual areas is assumed to 

originate via convergent pathways, from lower to higher levels, thus 

suggesting some sort of integration. At the level of the striate 

cortex information is processed locally by small and relatively simply 

structured receptive fields. On the other hand, at the level of the 

inferotemporal cortex we find global representation (large receptive 

fields), and invovlement in sophisticated processing of visual pattern 

recognition. The mechanisms responsible for these properties are 

unknown. At the same time, some physiological data points out to the 

possibility that beyond the striate cortex, information is distributed 

among the various visual areas, each of which is functionally 

dedicated to processing different aspects of visual information. 

Favoring one hypothesis or the other (or both) awaits further research. 

The most common method for studying the physiological 

properties of visual cortical neurons is to measure their response to 

various visual stimuli and analyze the data in terms of input/output 

relationships. A crucial problem in designing such experiments is the 
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choice of the optimal visual stimuli which will elict the strongest 

response from the cell. The optimal stimuli should provide 

information concerning the functional role of that cell in processing 

the visual information. It should also be suggestive as to how the 

information carried out from the striate cortex is used (or 

transformed) by cells within specific visual areas. One of the most 

important steps in trying to understand the function of a class of 

neurons is to gain knowledge about its receptive field structure and 

its frequency response to spatial and temporal changes. 

This research was carried out on the visual system of the 

monkey, and was planned along the rationale described above. This 

study is divided into two parts. The first part (described in Chapter 

3) was designed to study the spatial and temporal frequency 

selectivity properties of neurons located in the second visual area of 

the Java monkey, and to compare these properties to those of striate 

neurons. The second visual area receives a prominent and direct 

striate projection. Striate neurons show very specific spatial 

frequency selectivity properties which are important to the spatial 

processing of visual information. It is necessary to understand how 

this information is transformed and used outside the striate cortex, 

and how the response properties of second visual area neurons can be 

analyzed in terms of striate inputs. 

The second part of this work (described in Chapter 4) consists 

of studying the response properties of inferotemporal neurons in the 

owl monkey. The inferotemporal cortex is the most central exclusively 

visual area and it is assumed that it participates in high order 
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processing of spatial patterns. The large receptive fields and the 

involvement in high order processing would suggest that the data from 

lower visual areas is merged to create a symbolic representation of 

visual images. Such a property should be associated with a complex 

receptive field organization. This research was designed to analyze a 

possible substructure of the large inferotemporal receptive field 

using Gabor elementary signals as test stimuli. The aim of the study 

was to isolate various spatial and spatial frequency inputs into 

single neurons and to understand the nature of the integrating 

mechanism responsible for the generation of these receptive fields. 



CHAPTER 2 

LITERATURE REVIEW 

During the last twenty years a staggering amount of research 

was done in quest for understanding the visual process. The 

literature review will be confined to the topics pertinent to this 

work, namely, spatial and temporal properties of neurons in the 

striate cortex and the second visual area, and the physiological 

properties of the inferotemporal cortex. This chapter is divided into 

three parts: the first part describes the properties of simple and 

complex cells in the striate cortex. The second part describes the 

se~Gnd visual area, while the third part deals with the inferotemporal 

cortex. Since the striate cortex of cat and monkey are functionally 

similar (except for color vision and acuity scale), properties 

described in this part are presented in a combined way, despite the 

fact that the research on cats is more abundant. In the second part, 

however, a distinction between cat and monkey is made since beyond the 

striate cortex the organization of the afferent connections differ in 

these species. The third part is restricted to the monkey's 

inferotemporal cortex. 

5 
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The Striate Cortex 

Introduction 

The striate cortex (area 17 or VI) is located in the posterior 

part of the occipital lobe. This cortex contains a complete 

representation of the contralateral hemivisual field and is 

visuotopicallyorganized (Hubel and Wiesel 1962, 1968). The vertical 

meridian forms its anterior border with VII and the horizontal 

meridian divides it into two parts. Striate cortex neurons receive 

their input from lateral geniculate cells. In the monkey, these 

afferents terminate in layers IVC (magnocellular lateral geniculate 

(LGN) origin), and in layers IVC and IVA (parvocellular LGN origin) 

(Hendrickson, Wilson, and Ogren 1978). In addition, the striate 

cortex receives an input from the pulvinar. Specific laminae within 

the striate cortex, in turn, project to extrastriate visual areas, to 

the geniculate and the superior colliculus (Lund et al. 1975). 

Similar to the retinal ganglion and the lateral geniculate 

cells, each cortical neuron responds to a light falling on a 

restricted region on the retina. This region is called the receptive 

field (R.F.) of that neuron. Based on spatial and temporal R.F. 

properties, Hubel and Wiesel (1959, 1962, 1968, 1977) classified 

striate cortex neurons into two major groups: simple and complex 

cells. The R.F. of simple cells exhibits distinct excitatory and 

inhibitory subzones to flashed stationary stimuli ("on" and "off" 

subzones, respectively). Each subzone summates the impinging light 

intensity, while different zones antagonize each other. The border 

between the subzones lies along a straight line. This implies a 
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strong response to stimuli which are elongated in their shape, like 

slits, bars, and edges of light, presented parallel to the border 

between the subzones, indicating an orientation selective property. 

The orientation selectivity is bandlimited. The full bandwidth at 

o 0 half maximal amplitude was found to be about 34 (range: 16-62 ; 

Henry, Dreher, and Bishop 1974). These cells are also sensitive to 

movement. Simple cells are located in layer IV, which is the layer 

that receives a direct geniculate input. 

The R.F. of complex cells shows no simple spatial arrangement 

of excitatory and inhibitory subzones. Complex cells respond usually 

'vith a mixed on-off response when a bar of light is presented at any 

location within their R.F. The receptive field size is larger than 

that of simple cells at corresponding retinal eccentricities, but 

complex cells show response properties similar to that of simple celis 

for orientation and movement selectivity (Hubel and Wiesel 1962, 

1968). Most of these complex cells are located in the superficial 

layers II and III. There is another population of complex cells 

located deep in layers V and VI. Gilbert (1977) described complex 

cells located in layer V with larger than usual receptive fields, and 

Hammond and Mackay (1977) described deep complex cells which respond 

strongly to moving textured two-dimensional visual noise. Superficial 

complex cells responded weakly or not at all to this kind of visual 

stimulus. The two types of complex cells (superficial vs. deep) may 

project to different areas: superficial layers project to 

extrastriate visual areas only while deep layers, in addition, project 

to the lateral geniculate nucleus and the superior co11icu1us 
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(Lund et al. 1975; Gilbert, Baugham, and Wiesel 1980; Rockland and 

Pandya 1981). Further description of complex cells will be later 

related to the common complex cells which are found mostly in layers 

II and III. Rubel and Wiesel (1962) assumed that they perform a 

higher order of processing, and suggested that each complex cell 

receives its input from several simple cells, each having a R.F. with 

the same orientation but of different, probably adjacent, retinal 

location. Based on these properties, they suggested a hierarchial 

neuronal structure which performs spatial analysis. Believing that 

elongated stimuli are the most efficient in driving striate cells, 

Rubel (1963) proposed that ..... the fuction of these cells is to 

respond to line stimuli - such as slits ••• dark bars ••• and edges". 

A different approach for studying cortical neurons followed the 

work of Campbell and Robson (1968). By performing human 

psychophysical studies they found that the perception of various 

spatial frequencies is characterized by a different threshold 

contrast. They showed that a square wave grating can be distinguished 

from a sine wave grating only if higher harmonics of the square wave 

can be perceived. Based on these results, they proposed the existence 

of linearly operating independent channels, each selectively sensitive 

to a limited range of spatial frequencies. By performing adaptation 

studies, Blakemore and Campbell (1969) measured the bandwidth at half 

maximal amplitude of each channel and found it to be just over an 

octave. They also demonstrated that the spatial frequency channels 

are orientation selective. Since the striate cortex is the first 

location along the retino-cortical pathway where orientation selective 
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cells are found, it is the first plausible location for the 

psychophysical spatial frequency channels. This hypothesis was 

reinforced by the finding of Campbell, Cooper and Emroth-Cugell (1968) 

who reported that striate neurons are selective not only for the 

orientation of a sine wave grating but also for its spatial frequency. 

Based on these results, and considering logical requirements 

for spatial pattern recognition, Pollen, Lee and Taylor (1971) 

proposed that ..... the brain has at its disposal the two dimensional 

Fourier transform of the presented brightness distribution". They 

suggested that an array of spatial frequency detectors, which act like 

a filter bank, each having a different center frequency and absolute 

bandwidth, perform a piecewice Fourier analysis of the pattern. They 

also suggested that at the complex cell level the input information is 

translated into a series of Fourier amplitudes, a step accomplished 

via an intermediate stage of simple cells. A similar hypothesis was 

proposed by Glezer, Ivanoff, and Tscherbach (1973). Maffei and 

Fiorentini (1973), however, proposed that simple rather than complex 

cells carry information about the frequency components of the image. 

In order to perform a two dimensional (piecewise) Fourier 

analysis, the visual system must perform a linear summation over the 

cell's R.F. It must also contain all the information required to 

specify the input pattern. During the next decade the response of 

simple and complex cells to periodic gratings was investigated, and 

evaluated using linear system and Fourier analysis methods. These 

studies are described in the following sections. 
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Spatial Frequency Selectivity of Simple Cells 

Many experiments supported the spatial frequency selectivity 

hypothesis of Campbell and Robson. The response of simple cells show 

bandpass filter characteristics with a full bandwidth of 1.3 octaves 

on the average, measured at half maximal amplitude. The spatial 

frequency bandwidth varies among individual cells and ranges from 

0.6-2 octaves (Maffei and Ficrentini 1973; Movshon, Thompson, and 

Tolhurst 1978c; Andrews and Pollen 1979; DeValois, Albrecht, and 

Thorell 1982). The response of simple cells to a moving sine wave 

grating is modulated at the temporal frequency of the stimulus, and 

shows a half wave rectified pattern (Movshon and Tolhurst 1975; 

Andrews and Pollen 1979; Maffei et ale 1979). However, simple cells 

were shown to perform spatial linear summation as far as integration 

of afferent post-synaptic potentials is considered. Each simple cell 

fails to transmit the negative half of the post synaptic information 

due to its zero or almost absent spontaneous firing level, and not due 

to a non linear processing (Movshon et ale 1978a). 

Andrews and Pollen (1979) and Maffei et ale (1979) showed that 

the R.F. profile and the tunning curve of simple cells are a Fourier 

transform pair, as would be expected from a linear system. Pollen and 

Ronner (1982) showed that the response of simple cells to a sine wave 

grating can be predicted by convolving the R.F. profile with the input 

sine wave grating stimuli. Another genuine experiment to test the 

frequency selectivity hypothesis was done by using square wave grating 

stimuli. Maffei et ale (1979) showed that the response to a square 

wave grating at a frequency three times smaller than the preferred 
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spatial frequency of a simple cell, shows three evenly spaced peaks of 

progressively decreasing amplitude. Pollen and Ronner (1982) found, 

in addition, the occurrence of three evenly spaced peaks of equal 

amplitude. This result suggests that the simple cells detect the 

third harmonic of the square wave grating (which falls inside its 

tuning curve). If the cell would have responded to the sharp edges 

inherent to a square wave grating, one would expect two (or one) 

instead of three peaks per one cycle of the square wave grating. They 

also showed that the mean firing rate of simple cells to drifting 

square wave gratings shows a secondary response band peaking at one 

third the cell's preferred spatial frequency, and that the response 

can be predicted from linear system theory (as before). The above 

data supports the fact that simple cells perform a linear spatial 

summation across the R.F. profile. Bodis-Wollner, Pollen, and Ronner 

(1976) showed that simple cells respond linearly to changes in stimuli 

length, along the R.F. dimension. This, together with the orientation 

selectivity property and the fact that simple cells respond linearly 

to changes in the contrast of the stimuli (Movshon and Tolhurst 1975; 

Albrecht and Hamilton 1982), suggests that simple cells can detect the 

spatial frequency at a certain orientation present in the pattern. 

This fact was experimentally confirmed by DeValois, DeValois, and Yund 

(1979) by measuring the response of Simple cells to a checkerboard 

pattern. 

In order to represent a two dimensional Fourier coefficient, as 

suggested by Pollen et a1. (1971), it must be shown that, in addition 

to linear processing, all the information required to specify the 
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input pattern, namely the amplitude and phase of each spatial 

frequency at each orientation, is present at the transform stage. 

Campbell, Nachmias, and Jukes (1970) showed that there are no gaps 

across the spatial frequency spectrum, and Pollen and Feldon (1979) 

and Thompson and Tolhurst (1979b), presented evidence that spatial 

frequencies are spread uniformly at one half octave intervals. The 

range of preferred spatial frequencies spans four to five octaves. In 

the monkey, the values range from 0.5 - 16 c/deg (DeValois et al. 

1982), while in the cat from 0.2 - 2.8 c/deg (Maffei and Fiorentini 

1973; Movshon et al. 1978c; Andrews and Pollen 1979). Pollen and 

Taylor (1974) noted that orientation selective neurons are present at 

enough orientation angles to predict the angular resolution across the 

fovea. At the transform stage, the amplitude of each spatial 

frequency, at the preferred orientation, is presented by the amplitude 

of the response, and the phase by a quadrature response of two 

adjacent simple cells. 

Pollen and Ronner (1981) recorded a simultaneous response of 

two adjacent simple cells, tuned to a common spatial frequency and 

orientation. They found that the phase difference between the 

responses was 900
• This suggests a paired sine and cosine response, 

one which preserves phase information. In other words, the two 

adjacent simple cells represent rectified cosine and sine paired 

filters. The information missing during the silent period (due to the 

cell's half wave rectified response) is carried by a second pair of 

sitnilar simple cells, but with receptive field of inverse polarity 

(Foster et al. 1983). It can thus be suggested that if simple cells 
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do behave as linear filters, then the response of two such pairs 

carries all the information necessary to specify one Fourier component 

of one patch of the visual field. 

Spatial Frequency Selectivity of Complex Cells 

Complex cells exhibit frequency selectivity characteristics, 

(Maffei and Fiorentini 1973; DeValois et al. 1982), bandwidth (Movshon 

et al. 1978c; DeValois et al. 1982) and third harmonic response 

(Maffei et al. 1979; Pollen and Ronner 1982) similar to simple cells. 

However, in contrast to simple cells, the response of complex cells to 

a drifting sine or square wave grating generally shows little or no 

modulation. They respond with an overall increase in their average 

discharge, independent of the position of the stimuli within the R.F. 

(Maffei and Fiorentini 1973; Ikeda and Wright 1975; Schiller et al. 

1976; Pollen and Ronner 1982; DeValois et al. 1982). This implies 

that the output of complex cells generally contains no phase 

information. However, under certain conditions some modulation, but 

with severe second harmonic distortions, can be observed (Pollen, 

Andrews, and Feldon 1978; Kulikowski and Bishop 1982). In spite of 

this fact, it is clear that the response of complex cells is non 

linear and their spatial frequency characteristics cannot be predicted 

based on their spatial receptive field properties (Movshon et al. 

1978b). The results presented above can be explained if we assume a 

serial processing, as first suggested by Hubel and Wiesel (1962). 

Evidence for a possible simple cell input into complex cells 'vas 

provided by several investigators. Glezer et al. (1982) showed that a 
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strongly modulated response to a sine wave grating can be observed in 

complex cells whose half receptive field was masked. However, the 

modulation components in each half of the field were out of phase such 

that when stimulated together they produced various levels of 

unmodulated and modulated response. Movshon et ale (1978b) examined 

the receptive field organization of complex cells using pairs of 

stationary slits presented simultaneously in various locations within 

the receptive field. They showed that the response of the cell 

depends on the relative position of the two slits and suggested that 

the receptive field of complex cells is constructed from several 

subunits, each behaving in an approximately linear way. Moreover, 

Pollen and Ronner (1983) showed that the response of complex cells can 

be predicted if we assume that at least four simple cells (two pairs 

of adjacent simple cells with R.F. of inversed polarity) project onto 

one complex cell. 

All the evidence presented in the previous paragraphs suggests 

that a piecewise two dimensional Fourier transform is performed at the 

simple cell stage. Complex cells appear to perform some sort of 

integration on the information provided by the simple cells. They 

convey information about the spatial frequency amplitude (but not 

absolute phase) in a restricted region of the visual field. 

Anatomical Organization of Physiological Properties 

Anatomical and physiological studies demonstrated that cells 

sharing common selectivity properties are located in the striate 

cortex according to a definitive order. Hubel and Wiesel (1962, 1974) 
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found that cells having a common preferred orientation are organized 

in columns perpendicular to the cortex surface. Maffei and Fiorentini 

(1977) and Berardi et ale (1982) found that in perpendicular 

penetrations the preferred orientation is the same, while preferred 

spatial frequency changes from cell to cell. On the other hand, in 

tangential penetrations, the preferred orientation changes (as 

expected), while the preferred spatial frequency remains constant. We 

can, thus, depict the striate cortex as representing an orthogonal two 

dimensional architecture with respect to the cell's preferred 

orientation and spatial frequency. Different receptive fields are 

represented by a two dimensional matrix with spatial frequency and 

orientation as the independent variables (Maffei and Fiorentini 1977). 

The orientation columns were recently observed by using the 

l4C-2-deoxyglucose mapping technique (Silverman, Tootell, and 

DeValois 1980). However, no spatial frequency bands, as described by 

Haffei and Fiorentini (1977) and by Berardi et a1. (1982) were found. 

These 2-deoxyglucose studies reported that neuronal organization 

relative to spatial frequency sensitivity is columnar, similar to the 

organization relative to orientation sensitivity (Silverman et ale 

1981). Tolhurst and Thompson (1982) studied the organization of 

neurons preferring similar frequencies. They found insignificant 

differences in the degree of organization between normal and oblique 

penetrations. These discrepancies are still under debate. 

Theoretical Model and Its Physiological Correlates 

The review presented in the previous sections reveals that 

cortical cells can he described in two different ways: one approach 
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describes striate cortex cells in the space domain as spatial feature 

detectors (Hubel and Wiesel 1962), and the other in the spatial 

frequency domain as band pass filters (e.g. Maffei and Fiorentini 

1973; Pollen and Ronner 1982). The experimental data, however, 

suggest that striate cells are localized both in space (finite 

receptive field) and in spatial frequency (narrow tuning curve) 

domains. Their complete characterization thus requires both spatial 

and spatial frequency variables. This idea was first pointed out by 

Marcelja (1980) who noted that such a presentation, !n the space 

domain, is analagous to Gabor's model of communication theory 

developed in the time domain (Gabor 1946). Gabor showed that when a 

communication signal is restricted in both time and frequency domains, 

there must be a compromise between the two domains and one cannot 

define simultaneously both variables to any desired accuracy. 

Mathematically, this is expressed by the uncertainity relation 6t . 

6f : 1/2. A representation of a signal in terms of elementary Gabor 

functions enables us to achieve the most efficient information 

capacity by reducing 6f • 6t to its theoretical minimun. Marcelja 

(1980) showed that the experimentally measured receptive field 

profiles and spatial frequency tuning curves of simple cells closely 

resemble the functional form of Gabor elementary signals (in 

space-spatial frequency variables). The elementary signals are 

described by the product of a Gaussian envelope and a cosine or sine 

function (analogous to symmetrical and antisymmetrical receptive field 

profiles). In the frequency domain the functional form is that of a 

Gaussian. He thus suggested that at the level of simple cells the 



17 

representation of an image involves both spatial and spatial frequency 

variables. A similar conclusion was reached by MacKay (1981). 

The description of the visual system in terms of Gabor 

elementary signals is attractive since these signals possess two 

important properties as described by Gabor: they form a complete 

basis set and allow a simultaneous spatial-spatial frequency 

localization with minimum uncertainity. Since the elementary signals 

form a complete set, any arbitrary function can be decomposed into 

such a basis. A basis set of symmetrical and antisymm0trical simple 

cells can, thus, transmit all the information present in an arbitrary 

spatial light distribution. This representation allows maximal 

simultaneous localization in spatial and spatial frequency domains 

implying an efficient way to process visual information. 

The representation of simple cells by a Gabor elementary 

function was further discussed by Kulikowski, Harcelja, and Bishop 

(1982). They analyzed the relationship between the receptive field 

structure and tuning curve characteristics of simple cells whose 

spatial profile is equivalent to a Gabor elementary signal. Their 

analysis is confined to one spatial dimension, across the receptive 

field. Orientation and spatial frequency selectivity properties are 

assumed to comprise independent variables. 

The Gabor basis sets (as originally defined) consist of 

elementary signals all having the same spatial width (ora, the 

standard deviation). This implies constant absolute uncertainties in 

both space (~) and spatial frequency (~) domains (similar to 

Robson's patch by patch model, Robson (1975)). Such a system, as 
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described by Kulikowski et al. (1982), maintains the same accuracy in 

spatial localization for all cells independent of their preferred 

spatial frequency. On the other hand, the same authors also 

considered a system with constant relative uncertainties, i.e. a 

system with a fixed number of cycles within a receptive field, 

independent of the preferred spatial frequency. Such a system is 

characterized by constant ~x/xo and ~f/fo, where xo = lifo and fo is 

the preferred spatial frequency. Thus, at small receptive field sizes 

(i.e. high preferred spatial frequencies) the absolute bandwidth 

increases. Assuming again that the system is linear, there will be a 

stronger response to spatial features such as lines and edges due to 

their extended power spectrum, rather than to perfect periodical 

structures which have a very narrow spectrum. 

Physiological data do not exclusively support either of these 

models (Kulikowski and Bishop 1981a,b; Thompson and Tolhurst 1979a). 

The model postulating constant absolute uncertainty requires constant 

receptive field sizes (irrespective of the preferred spatial 

frequency) and an inverse relationship between the relative bandwidth 

and the preferred spatial frequency, with a slope of -Ion a log-log 

scale (when the bandwidth is defined as (fu - fl)/fo, fu' fl 

are the spatial frequencies at half maximal response, fa is the 

preferred spatial frequency). On the other hand, the model 

postulating constant relative uncertainity implies a slope of zero on 

such a graph. Physiological data, as described befo~e, show that 

receptive field sizes of simple cells tend to increase toward the 

periphery and even at a certain given eccentricity there is a scatter 
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of receptive field sizes. Moreover, although the relative bandwidth 

tends to decrease with increasing spatial frequency, the slope is far 

from -1. The currently published data indicates an actual measured 

1 slope between -0.1 and -0.44 (Kulikowski and Bishop 1981a,b). It 

thus appears that the actual visual system fits an intermediate model 

between the two described above with a light bias towards the constant 

relative uncertainty description. 

The presence of Gabor like filters in the human visual system 

has also received some psychophysical support. Watson, Barlow, and 

Robson (1983) found that the most visible stimuli (i.e. the lowest 

energy stimuli) to the human visual system is a sine wave grating (of 

6-7 c/deg) modulated by a Gaussian envelope of specified width in 

space and time domains, drifting at approximately 4 Hz. They 

concluded that this should also be the functional form of the most 

sensitive detector in the visual system. 

In previous paragraphs we described how two adjacent simple 

cells with even and odd-symmetric receptive fields can be modeled as 

"Gabor filters". The input light distribution is, thus, decomposed 

into a Gabor elementary signal basis set which is represented by the 

ensemble of all striate simple cells. The most important property 

vital to this representation is that simple cells operate as 

independent linear filters. An elaborate physiological research was 

1 Thompson and Tolhurst (1979a) published data indicating a slope 

of -0.76 which was later revised to -0.44 in a personal communication 

to Kulikowski and Bishop (198la). 
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presented in support of this property. Recently, however, some 

psychophysical and physiological studies presented evidence which may 

point out that the visual system is more complicated than described 

before. Henning, Hertz, and Broadbent (1975) and Devalois (1978) 

found that the detection of certain spatial frequencies can be 

influenced by spatial frequencies located outside the studied 

channel. This may indicate that spatial frequency channels are not 

completely independent. Moreover, DeValois and Tootell (1983) showed 

that the response of a cell to its preferred spatial frequency may be 

influenced by the addition of a second spatial frequency to the test 

signal. The influence can be inhibitory or excitatory, phase 

dependent or not. This implies that even if the cell responds in an 

approximately linear way to the pressence of one spatial frequency, 

the observed behaviour may not be linear when exposed to a real image 

which contain usually more than one spatial frequency. 

These results will certainly affect future research and more 

complicated models, containing non linear in addition to linear 

operators would be needed to explain the response of striate neurons 

to complex visual stimuli. 

Temporal Frequency Properties 

The temporal frequency properties of striate neurons were 

studied only in the cat. Ikeda and \vright (1975) reported that 

striate cells can be classified as sustained and transient according 

to their response to stationary stimuli: sustained cells preferred 

higher spatial frequencies and responded well to low temporal 
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frequencies. These cells showed low pass temporal frequency 

characteristics. Transient cells preferred lower spatial frequencies 

and responded well only to medium-high temporal frequencies, showing 

band pass temporal characteristics. The classification into transient 

and sustained cells was independent of the simple/complex 

classification. Ikeda and Wright concluded that the sustained system 

provides high spatial resolution while the transient system high 

temporal resolution, implicating that spatial and temporal processing 

is accomplished, at least partially, in parallel pathways. 

Movshon et ale (1978c) failed to confirm this result. In their 

sample of striate neurons, both simple and complex cells responded to 

the same range of spatial frequencies and showed only low pass 

temporal frequency selectivity properties (similar to the sustained 

cells). Transient cells were found to be located in the second visual 

area, as will be described later. Since this discrepancy was not 

further investigated, there remain some doubts whether the distinction 

between sustained and transient cells exist in the striate cortex. 

Orban, Kennedy, and Maes (1981) studied the velocity 

sensitivity of striate neurons of the cat to moving slit stimuli. 

They reported that almost all of the cells exhibited a low pass 

velocity tuning characteristics. The proportion of these cells, 

however, decreased with eccentricity. Since velocity equals temporal 

frequency divided by spatial frequency, this study provides some 

evidence in support of Movshon's et al. findings. 

Tolhurst and Movshon (1975) measured the spatial and temporal 

contrast sensitivity of striate cells. They reported that the 
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sensitivity of the cells to temporal frequency does not depend on the 

spatial frequency of the stimulus and vice versa. They suggested that 

temporal frequency and not velocity is the basic parameter to which 

striate cells are selective. 

The temporal frequency selectivity of striate cortex neurons in 

the monkey has not been reported as yet. Our study was designed to 

investigate this property in this specie. Since the macaque's visual 

system is similar to our own system (DeValois and Morgan 1974), it 

would be valuable to review some of the psychophysical data concerning 

temporal vision in humans and its relationship to spatial vision. 

Temporal Frequency Selectivity in Man 

Transient and Sustained Mechanisms 

Kelly (1966) has measured the spatio-temporal contrast 

sensitivity of the human visual system and showed that spatial and 

temporal frequency sensitivities are not independent. Robson (1966), 

Van Ness, Koendrick, and Bouman (1967) and Kelly (1972) showed that 

temporal frequency changes can affect the shape of the spatial 

contrast sensitivity curve and vice versa. The sensitivity at low 

spatial frequencies «lc/deg) is greatly increased when the stimulus 

is drifted at moderate temporal frequencies, while at high spatial 

frequencies the influence is hardly seen. Spatial frequency affects 

the temporal frequency contrast sensitivity curve in a similar way. 

At high temporal frequencies the curve is generally insensitive to the 

spatial frequency. At low temporal frequencies, however, the contrast 

sensitivity drops for low spatial frequencies. The interaction 
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between the spatial and' temporal frequencies thus occur mostly at the 

low spatial frequency range (spatial as well as temporal). 

These results have been interpreted as indicating the presence 

of two distinct mechanisms within our visual system. One mechanism is 

most sensitive to low spatial frequencies and to moderate temporal 

frequencies, and is known as the "transient system". The second 

mechanism is most sensitive to middle and high spatial frequencies and 

to low temporal frequencies, and is known as the "sm;tained system." 

The psychophysical evidence for the two mechanisms (or channels) 

includes the presence of two distinct detection thresholds (Van Ness 

et al. 1967; Keesey 1972; Kulikowski and Tolhurst 1973), and the 

finding that they can be adapted independently (Tolhurst 1973; Green 

1981). Tolhurst (1973) suggested that the transient mechanism is used 

to detect the temporal changes in the viusal image, and the sustained 

mechanism to detect the spatial pattern. 

While confirming the existence of these two mechanisms, 

subsequent studies presented evidence that their role in processing 

different aspects of the visual image is not exclusive, especially at 

the low spatial frequency range. For example Stromeyer et al. (1982) 

measured the threshold elevation of test patterns with sharp onset and 

offset (stimulating presumably the transient system) after adaptation 

to a random counterphasing grating of 0.5 c/deg. They found a 

threshold rise at the adapting spatial frequency, but also at spatial 

frequencies one or two octaves below 0.5 c/deg. The threshold rise 

diminished with decreasing the spatial frequency of the test stimuli. 

They suggested that "there are transient mechanisms which are 
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optimally sensitive to spatial frequencies below 0.5 c/deg, for these 

mechanisms are presumably used to detect the lowest frequency test 

patterns (0.12 c/deg)". Evidence for a transient mechanism sensitive 

to spatial patterns at the low spatial frequency range was also 

presented by other investiga~ors (e.g. Watson and Robson 1981; Bowker 

and Keesey 1983). Applying discrimination techniques, Watson and 

Robson showed that at high temporal frequencies (the transient 

mechanism) at least three spatial patterns are perfectly 

discriminated, arguing that the high temporal frequency mechanism 

provides spatial information as well. Bowker and Keesey (1983) showed 

that at low spatial frequencies ~l c/deg), adaptation to a high 

contrast stimulus could effectively reduce the sensitivity to a test 

grating only if both the spatial and temporal frequencies of adapting 

and test stimuli matched. This indicates that spatial as well as 

temporal frequency information are processed at this spatial frequency 

range. 

At the same time, evidence was also presented for the existence 

of a sustained mechanism at the low spatial frequency range (e.g. 

Furchner, Thomas, and Campbell 1977; Stromeyer et al. 1982). By using 

adaptation techniques, Stromeyer et al. reported that there is an 

adaptable form mechanism with optimal sensitivity at very low spatial 

frequencies (0.12 c/deg). These findings suggest that low spatial 

frequencies can be detected by either the sustained or the transient 

mechanism. 

Kulikowski and Tolhurst (1973) described the transient 

mechanism in the spatial frequency domain as a broad low pass filter 
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with high cutoff at 30 c/deg. Legge (1978) and Green (1981), however, 

found the high cutoff to be much lower, at about 3-4 c/deg. Green 

(1981) demonstrated that adaptation to a high contrast homogeneous 

16 Hz flicker (affecting predominantly the transient system) increased 

the threshold contrast of sinusoidal gratings (flickering in 

counterphase at 16 Hz) only at low spatial frequencies. The threshold 

rise decreased progressively at higher spatial frequencies and was 

absent above 3-4 c/deg (see also Bowker and Keesey 1983). This 

suggests that temporal changes at the high spatial frequency range are 

processed by another (not the transient) mechanism. Green (1981) 

reported (as first described by Levinson and Sekuler (1975» that the 

sensitivity for drift gratings is about twice that of counterphase 

gratings (at the same contrast) for spatial frequencies of 4 and 8 

c/deg. A counterphase flickering grating can be represented as the 

sum of two half-contrast gratings which move in oposite directions. 

The high sensitivity to moving grating thus suggest that the detection 

was carried out by a direction selective mechanism. Since flicker 

adaptation (drifting or counterphasing) did not elevate the threshold 

contrast for detecting thes€ gratings, Green (1981) hypothesized that 

they were processed by the sustained mechanism (assuming it is also 

direction selective, a property not studied by Green). Watson and 

Robson (1981) reported that the human visual system can discriminate 

high temporal frequencies from low ones at both low and high spatial 

frequencies. These findings suggest that temporal changes are not 

processed solely by the transient system. At the high spatial 
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frequency range ~3-4 c/deg) temporal changes are detected by another 

mechanism, possibly the sustained one. 

In summary, it has become clear that the originally proposed 

dichotomy between spatial and temporal processing by the sustained and 

transient mechanisms respectively, is not generally true. 

Temporal Contrast Sensitivity 

The temporal contrast sensitivity curve of the human visual 

system (determined by measuring the threshold contrast for detection 

of either uniform flicker or countermodulating sine wave gratings of 

various temporal frequencies) depends on both the spatial frequency 

and the mean retinal luminance (Robson 1966; Kelly 1966; Van Ness et 

al. 1967; Kelly 1971ab; Tolhurst, Sharpe, and Hart 1973). The 

characteristics of the temporal contrast sensitivity curve depends on 

the spatial frequency region. For spatial frequencies below 

approximately 4 c/deg, the curve exhibits bandpass characteristics 

with a peak around 6 Hz. For higher spatial frequencies, the 

behaviour is that of a temporal low pass system, with higher 

sensitivity for the lower spatial frequency. The highest temporal 

frequency cutoff is about 50 Hz, at a photopic light level. For a 

given spatial frequency, the shape of the temporal contrast 

sensitivity curve depends on the mean retinal luminance level as 

well. As the luminance level is increased to above approximately 16 

troland, there is a transition between low pass temporal frequency 

curve to a bandpass curve. At the same time the temporal peak 

sensitivity shifts towards higher values. 
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As described earlier in this review, the spatial contrast 

sensitivity curve of the human visual system consists of several 

distinct channels, each selectively sensitive to a limited range of 

spatial frequencies. Selective adaptation and masking techniques have 

been employed to investigate whether temporal visual information is 

also processed via distinct temporal channels, each selectively 

sensitive to a limited range of temporal frequencies. 

Smith (1971) and Pantle (1971) found that adaptation to a high 

contrast homogeneous field, flickering at a given temporal frequency, 

caused a sensitivity reduction for a broad range of temporal 

frequencies. Nilsson, Richmond, and Nelson (1975) reported that the 

most effective adapting frequency varied with the test frequency. 

These findings suggested the existence of broadly tuned channels which 

differ in their sensitivity to temporal frequencies. Green (1981) 

investigated the detection of a spatial frequency signal (0.5 c/deg) 

drifting at various temporal frequencies (0.6-20 Hz) after adapting to 

uniform flickers at three different rates. The adaptation raised the 

threshold contrast over a wide range of temporal frequencies 

indicating weak temporal tuning. Similar results and conclusion were 

also reported by Bowker and Keesey (1983). 

Tolhurst et a1. (1973), on the other hand, showed that after 

adapting to a sine-wave grating of a given spatial and temporal 

frequency, the sensitivity to flicker (of identical spatial frequency 

to that of the adapting stimuli) was depressed only at temporal 

frequencies close to the adapting flicker value. They suggested the 

presence of narrow temporal frequency specific channels. The loss of 
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sensitivity for a specific frequency range was, nevertheless, 

investigated for only two flicker rates (6 and 10 Hz) and is 

inadequate for a quantitative description of the various channels. A 

similar conclusion was reached by Tyler (1980) using a different 

technique. Tyler measured the flicker sensitivity of a uniform field 

masked by temporal noise (with a one octave bandwidth). Flicker 

sensitivity for the test stimuli showed narrow temporal frequency 

tuning with a full bandwidth at half maximal amplitude of one octave. 

The same result was obtained over a wide range of temporal frequencies 

(1-40 Hz). Watson and Robson (1981) suggested the presence of at 

least two broadly tuned temporal channels: one selective to high and 

the other to low temporal frequencies. Their suggestion is based on 

the finding that only high and low temporal frequencies are perfectly 

discriminated, independently of each other. 

In summary, there is evidence that the detection of temporal 

frequencies by the human visual system is mediated by multiple 

mechanisms with different temporal frequency selectivities. The 

available data are, nevertheless, inadequate for quantitative 

description as to the broadness of the distinct channels. 

The Second Visual Area 

Introduction 

Brodmann (1905) described the pre striate occipital cortex as 

consisting of two cytoarchitectonic areas, area 18 and 19 

respectively, arranged concentrically around the striate cortex (area 

17). Talbot and Marshall (1941) presented physiological evidence for 
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the existence of two areas in the occipital lobe of the cat, each 

representing the contralateral hemivisual field. They termed these 

areas as "visual 1" (VI) and "visual II" (VII). By performing 

physiological and anatomical studies, Rubel and Wiesel (1965) 

suggested that in the cat Talbot's "visual I" and "visual II" are 

analogous to Brodman's areas 17 and 18, respectively. In addition, 

they found a third visual area, which they termed VIII, believed then 

to correspond to Brodmann's area 19. In the following years many 

investigators studied the extrastriate cortex of higher mammals, and 

today it is known that beyond VI there are more than two distinct 

visual areas, most of which are located within Brodmann's areas 18 and 

19. 

Based on cortical architecture, visual topography, anatomical 

pathways, and physiological properties, the cortices of the owl and 

rhesus monkeys were divided into several independent visual areas. 

The distinct visual areas in the owl monkey are: VII (Allman and Kaas 

1974a, 1971a), dorsolateral (DL), (Allman and Kaas 1974b) 

dorosintermediate (DI) (Allman and Kaas 1975), dorsomedial (DM), 

(Allman and Kaas 1975), medial (M), (Allman and Kaas 1976), temporal 

(T), (Allman and Kaas 1975), middle temporal (MT) (Allman and Kaas 

1971b), ventroposterior (VP), ventroanterior (VA), posterior parietal 

(PP), and temporoparietal (TP), (Newsome and Allman 1980), as shown in 

Figure 2.1. The visual areas of the rhesus monkey were named by Zeki 

(1978a-c, 1977, 1974) and Van Essen and Zeki (1978) as V2, V3, V3A, 

V4, and a striate receiving area of the superior temporal sulcus 
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(STS), as described in Figure 2.2 (VI, V2, V3 nomeclature is similar 

to VI, VII, VIII respectively, but not necessarily equivalent). Areas 

V2, V3, V3A and V4 lie within Brodmann's cytoarchitectonic area 18, 

while most of area STS falls within Brodmann's cytoarchitectonic area 

19 (Zeki 1978d). The occipital lobe of the old world monkey differs 

from that of the new world monkey. In contrast to the owl monkey's 

cortex, the cortex of the rhesus monkey contains a complex pattern of 

convolutions, and is more uniform in its myeloarchitectonic 

structure. Because of these reasons the homology between these two 

species is difficult and sometimes impossible. This review describes 

the topographic organization, anatomical connections, and 

physiological properties of the second visual area only. 

Topographic Organization of VII 

In the owl monkey, the second visual area partially surrounds 

VI along the margin that represents the vertical meridian (Allman and 

Kaas 1971a, 1974a). The topographic organization in this area is 

different from that in VI. o Beyond the central 7 , the horizontal 

meridian splits to form the anterior border of VII, implying a 

separate representation of the upper and lower quadrants of the 

contralateral hemivisual fields. Thus, two adjacent points in the 

visual field, on each side of the horizontal meridian can be 

represented in separate parts in the cortex (referred to by Allman and 

Kaas (1974a) as a second order transformation of the visual 

hemifield). A corresponding visual area in the rhesus monkey, area 

V2, was described by Zeki (1969), Zeki and Sandeman (1976) and by Zeki 
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Figure 2.2 Visual areas in the cortex of the rhesus monkey (from Zeki 
1979) 

The figure shows a horizontal section. 1.s.- lunate 
sulcus; s.t.s. - superior temporal sulcus; 
p.o.s. - parieto occipital sulcus. 
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and Van Essen (1978). V2 is distinguishable from surrounding areas 

based on myeloarchitectonic criteria. It has a similar topographical 

organization to the owl monkey's second visual area, the principal 

difference being the place at which the horizontal meridian 

bifurcates. The lateral part of V2 is located in the posterior bank 

of the lunate sulcus and represents the lower visual quadrant. The 

medial part lies in the parieto occipital sulcus and represents the 

upper visual quadrant (Van Essen and Zeki 1978). Although these 

authors claim that these two portions are probably continuous with one 

another, there is no clear cut evidence that this is true. Along the 

horizontal meridian representation, VII (V2) borders the so called 

"third tier area" in the owl monkey (Allman and Kaas, 1975) or the so 

called "third visual complex" in the rhesus monkey (Zeki, 1978d). A 

detailed description of the organization of VII in the macaque, its 

borders and visuotopic organization were described by Gattass, Gross, 

and Sandell (1981). 

Anatomical Connections of VII 

Afferent Connections. The second visual area receives 

projections from both cortical and subcortical visual areas. These 

connections are summarized by Lund et al. (1981). VII receives a 

direct topographically organized input from the striAte cortex (Cragg 

1969; Zeki 1969; Spatz and Tigges 1972). The projection is extensive 

and via fine fibers (Zeki 1978c); it originates in striate layers 2, 

3, IVA and IVB and terminates mostly in layer 4 of VII, but also in 

layers 3A and 3B (Rockland and Pandya 1981; Lund et al. 1981). The 

striate input into area V2 has two components which differ in 
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physiological characteristics. The projection which originates in 

striate laminae 2,3, and IVA convey information originally derived 

from LGN's parvacellular layers (X cells, but see Shapley, Kaplan and 

Soodak (1981», while the projection originating in striate lamina IVB 

convey information derived from LGN's magnocellular layers (Y cells). 

The receipient layers of VII differ as well: layer IV receives only 

striate input, while layers 3A and 3B receive pulvinar input as well 

(Lund et ale 1981). It is not clear, however, whether the projections 

into V2 originating in striate laminae 2, 3 and IVA and the projection 

orginating in lamina IVB have overlapping or distinct termination 

sites within V2 (in layers 4, 3A and 3B). Striate layer IVB contains 

mostly simple cells and very few complex cells while layers 2 and 3 

contain complex and hypercomplex cells. Thus, it might be that the 

second visual area receives afferents from complex cells and simple 

cells as well. 

Another prominent afferent projection to the second visual area 

originates in the lateral and inferior pulvinar and terminates in 

laminae 3B but also in 3A and uppermost laminae 4 (Beneveto and Rezak 

1976; Lund et ale 1981). The second visual area receives also a 

contralateral projection via the corpus callosum, originating mostly 

from the VI/VII border (Pandya, Karol, and Heilbronn 1971), and back 

projections from the area located in the STS and probably from the 

"third tier" or V4 complex which terminates mostly in lamina 1 

(Rockland and Pandya 1979, 1981). 

Whether the second visual area of the monkey receives a direct 

projection from the lateral geniculate body (a projection which was 
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reported in the cat, Stone .and Dreher 1973) is under debate. While 

most of the anatomical studies (Wilson and Cragg 1967; Garey and Powel 

1971; Tigges, Tigges, and Perachio 1977; Hendrickson et ale 1978; Lund 

et ale 1981) failed to find LGN projection to area VII or to any other 

extrastriate visual areas, some investigators (Wong Riley 1976; 

Yoshida and Beneveto 1981; Iwai et ale 1980; Yukie et al. 1979; 

Fitzpatric 1982) presented evidence that such projection (although 

consisting of few fibers) exists. 

Efferent Connections. The efferent connections of V2 include a 

topographically organized back-projection into VI which originates in 

the lowermost laminae 5 and upper laminae 6, and terminates mostly in 

laminae 1 and 5 (Kaas and Lin 1977; Rockland and Pandya 1979, 1981; 

Lund et al., 1981). V2 also projects to areas V3, V4 and the area in 

the STS (Zeki 1971, 1978c; Rockland and Pandya 1981), to the pulvinar 

complex (from layer 5), to the superior colliculus (from upper laminae 

5), and to the LGN (from lower laminae 6) (Hendrickson et al. 1978; 

Graham, Lin, and Kaas 1979; Lund et al. 1981). 

Physiological Properties of VII Neurons in the Cat 

The pioneering study of VII neurons was performed by Hubel and 

Wiesel (1965) in the cat. They reported that generally VII neurons 

respond to similar types of stimuli as VI neurons (bars, edges and 

slit stimuli) and exhibit similar orientation selectivity properties. 

Most of VII neurons were found to be complex cells and a small percent 

(5-10%) was described as "lower order hypercomplex" cells, being 

selective not only to orientation, but also to the length of the 



36 

stimulus. The receptive field size of VII cells is larger than the 

corresponding receptive field size of VI neurons. Hubel and Wiesel 

found no simple cells in VII of the cat. Later, various investigators 

described cells which had receptive field organization similar to that 

of striate simple cells (Tretter, Cynader, and Singer 1975; Orban, 

Callens, and Colle 1975; Movshon et al. 1978c). When studied with 

drifting slits as test stimuli, these cells showed inhibitory and 

excitatory subzones within their receptive field. Some of these cells 

exhibited a modulated response'to drifting sine wave gratings. 

Based on the receptive field properties of VII neurons, Hubel 

and Wiesel (1965) suggested that the response characteristics of these 

cells can be understood by assuming a serial processing model: the 

receptive field of complex VII neurons is derived via a convergent 

input from several VI complex cells. "Lower order hypercomplex" 

receptive fields are, in turn, derived via a convergent input from 

several VII complex cells. Such a model implicates that the thalamic 

input into area VII is of secondary importance. Striate input is the 

most important in determining VII cell properties. 

Subsequent studies performed by various investigators, however, 

presented evidence that the thalamic input, rather than striate input, 

should be considered as the most important in determining the 

receptive field properties of VII neurons in the cat. Dreher and 

Cottee (1975) studied the receptive field properties of VII neurons in 

the cat before and after acute lesions in area VI. They reported that 

most of the receptive field properties (e.g. orientation and direction 

selectivity) did not change after acute lesions in VI, and concluded 
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that the processing of visual information in area VII of the cat is, 

to a great extend, independent of the striate input. A similar 

finding was reported by Sherk (1978), who noted that cooling area 17 

reduced the responsiveness in a topographically corresponding part of 

area VII, but didn't affect the selectivity properties of these 

neurons. These findings led to the hypothesis that area VII in the 

cat operates as an independent processor. 

In order to define a functional role of area VII, the response 

of single neurons to moving bar and slit stimuli was investigated 

(Riva-Sanseverino, Galletti, and Maioli 1973; Orban, Callens, and 

Colle 1975; Orban, Kennedy and Maes 1981). These studies revealed 

that area VII neurons are sensitive to higher stimulus velocities as 

compared to VI neurons. This difference holds for a wide range of 

eccentricities, but is most prominent for cells subs erving central 

vision. Orban et al. (1981) found that most of the VII neurons in 

that part of the cortex exhibit bandpass velocity tuning 

characteristics, while corresponding neurons in the striate cortex 

exhibit low pass characteristics. These findings led to the 

hypothesis that the second visual area is involved in analysis of 

motion. 

Movshon et al. (1978c) studied the spatial and temporal 

frequency properties of VII neurons in the cat and found that VII 

neurons respond to substantially lower spatial frequencies than VI 

neurons (about one third at the same retinal eccentricity), but show 

similar bandwidth (or spatial frequency selectivity) characteristics. 

Preferred spatial frequency ranges for VI and VII neurons were 



essentially nonoverlapping. Berardi et al. (1982) confirmed the 

finding that VII neurons respond to a lower spatial frequency range 

than VI neurons do, but their data indicates an overlap of 1-1.5 

octaves between the two spatial frequency ranges. In addition they 

found that cells tuned to higher spatial frequencies tend to have 

lower velocity cutoffs. 
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The majority of VII neurons exhibit bandpass temporal frequency 

characteristics, responding well to frequencies between 2-8 Hz 

(Movshon et al. 1978c). Only a few of the VII neurons studied by 

Movshon et al. exhibited low pass temporal frequency characteristics, 

similar to that of striate neurons. 

Movshon et al. suggested that the observed spatial and temporal 

frequency selectivity properties of VII cells are derived mostly from 

the Y LGN projection (Stone and Dreher 1973). They suggested also 

that this cortex is responsible for the processing of temporal 

information (motion analysis), while the striate cortex for spatial 

processing. 

In preceeding paragraphs we mentioned that VII neurons in the 

cat are spatial and temporal frequency selective, as well as being 

sensitive to the stimulus velocity. The three properties are 

interdependent and it is important to know which two of the three are 

fundamental in characterizing VII neurons. None of the studies 

previously described provides an answer to this question. It is 

plausible to assume that temporal and spatial frequencies are more 

fundpmental than velocity. Velocity sensitivity can thus be viewed as 

the result of particular spatial and temporal selectivities. If this 
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is the case, the difference between VI and VII neurons with respect to 

their spatio-temporal frequency characteristics can also explain the 

difference between their velocity sensitivity. 

Anatomical Organization of Physiological Properties (Cat). 

Rubel and Wiesel (1965) reported the presence of orientation colomuns 

in area VII of the cat. In single penetration, perpendicular to the 

brain surface, all neurons had preference to similar orientation of 

the visual stimulus. This kind of organization is similar to that 

found in the striate cortex. 

Berardi et al. (1982) measured spatial frequency and 

orientation sensitivity of adjacent neurons along tangential and 

perpendicular tracks, and showed that with regard to these properties, 

the organization of VII is similar to that of the striate cortex 

(Maffei and Fiorentini 1977). Cell pairs with small changes in 

orientation preference are most likely to have large gradients in 

spatial frequency selectivity and vice versa. Spatial frequency and 

orientation form two orthogonal axes of representation. 

Physiological Properties of VII Neurons in Monkey 

Much less is known about the properties of VII neurons in the 

monkey when compared to the knowledge accumulated on cat's VII area. 

Baizer, Robinson, and Dow (1977) described the response properties of 

VII neurons in a behaving rhesus monkey to stationary and moving spot, 

slit and edge stimuli. They divided the cells into six groups 

according to their response properties: orientation, color, border, 

direction, spot, and light inhibited cells. Orientation cells formed 
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the largest group (36%). Orientation bandwidth varied from cell to 

cell. Most cells responded over an orientation range of +10-40 

degrees from optimal. Each of the other groups formed 11%-16% of the 

total population. They suggested that different visual information is 

analyzed by different groups of cells, each receiving an input from 

different, corresponding striate neurons. Most of the cells studied 

by Baizer et ale were classified as complex or hypercomplex cells. 

The classification was based on the criteron described by Hubel and 

Wiesel (1962). It is not clear either from this or other studies 

(Hubel and Wiesel 1970) whether simple cells exist in area VII. Zeki 

(1978d) reported that the most striking signature of VII neurons is 

their orientation selectivity. He also reported that most of these 

neurons are binocularly driven. 

The current knowledge, as described above, does not reveal any 

fundamental property specific to second visual area neurons. Since 

the second visual area receives a prominent projection from the 

striate cortex, it is plausible to assume that at least some of this 

input originates from spatial frequency selective neurons. The 

finding that the responsiveness of VII neurons depends on an intact 

striate cortex (Cooling of the striate cortex abolishes the visual 

responsiveness of cells in VII, Schiller and ~~lpeli 1977) suggests 

that this input is functionally important. The spatial and temporal 

frequency selectivity properties of VII neurons however have not as 

yet been described in the literature. 
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The Inferotemporal Cortex 

The inferotemporal (IT) cortex is located on the inferior 

surface of the temporal lobe, ventral to the superior temporal sulcus, 

and includes most of the middle and inferior temporal gyri. Research 

on this area started half a century ago when Kluver and Bucy (1937, 

1938, 1939) reported a constellation of bizzare effects after the 

removal of the temporal lobes in monkeys (the "Kluver-Bucy 

syndrome"). The effect they reported included an inability to 

recognize objects visually, difficulties in learning and remembering 

visual discrimination. Subsequent studies, as reviewed by Gross 

(1973), found that the only temporal cortex crucial for normal visual 

discrimination learning was the inferotemporal cortex. Moreover, IT 

lesions left learning in other modalities normal. Today it is known 

that the IT cortex is a visual association cortex. The first part of 

this section describes the organization and anatomical connections of 

this cortex. The second part describes its physiological and 

functional properties. All the data presented in this section relate 

to the macaque. 

Organization and Anatomical Pathways 

The IT cortex is located ventral to the superior temporal 

sulcus (STS). It corresponds to Brodman's areas 20 and 21 (excluding 

the temporal pole), or to the cytoarchitectonic area TE of von-Bonin 

and Bailey (1947). The cortex located dorsally, venLrally, and 

anteriorily corresponds to the auditory and polysensory areas. 

Posteriorily, the cortex is exclusively visual, corresponding to the 



42 

most anterior part of the extrastriate cortex (the cytoarchitectonic 

area TEO, "foveal prestriate cortex", Iwai and Mishkin 1969; Gross 

1973). Lacking a clearly delineated landmark, the exact location of 

this border is controversial. According to Desimone and Gross (1979), 

the posterior border of the IT is located about 6mm in front of the 

ascending limb of the inferior occipital sulcus. It includes the 

floor of the STS and extends ventrally into the medial bank of the 

occipitotemporal sulcus. Some authors include area TEO within the 

posterior inferotemporal cortex (i.e. Sahgal and Iversen 1978), while 

others have labeled it as a distinct visual area (i.e. Iwai 1978). 

Anteriorly, the IT cortex extends almost to the temporal pole. Unlike 

most of the occipital visual areas, the IT cortex does not have any 

clear visuotopic organization (Desimone and Gross 1976). 

Recent studies divided the IT cortex into several 

subdivisions. Seltzer and Pandya (1978), based on myeloarchitecture, 

subdivided this area into five different architectonic parts, TEl' 

TE2 , TE3 , TEm, TEa' each showing a specific pattern of 

connections. Based on receptive field properties, Desimone and Gross 

(1979) subdivided the IT cortex into two parts, anterior and posterior 

respectively. These two parts are related to distinct anatomical 

connections and different functional properties. The subdivision of 

the IT cortex may also correlate with the location of interhemispheric 

connections (Zeki 1973). However, this correlation has not yet been 

studied carefully. The location of the IT cortex is shown in Fig. 2.3. 

The anatomical afferent and efferent pathways of the IT cortex 

include cortical and subcortical connections. The major cortical 



A 

B 

c:::::l STRIATE CORlEX 

c::::l CIRCUMSTRIATE BE,U 
,.-,-,-, INfEROTEMPORAL 
~ CORTEX 

RHESUS 

Figure 2.3 Lateral view of rhesus monkey's brain. 

A - location of the inferotempora1 cortex (area T~, from 
Gross 1973). 
B - subdivision of the inferotempora1 cortex (modified 
from Seltzer and Pandya 1978) 
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afferent input is from the anterior part of the extrastriate cortex 

(visual area V4, "foveal prestriate cortex" and area TEO, Gross, 1973; 

Desimone, Fleming, and Gross 1980; Umitsu and Iwai 1981). These areas 

serve as the major relay station between the striate and IT cortices, 

and via this route the IT cortex receives, after at least two stages 

of processing, striate visual information (Rocha-Miranda et al. 

1975). Seltzer and Pandya (1978) found that this major input 

originates in the lateral surface of the preoccipital gyrus (where the 

central visual field is represented) and terminates only in the 

dorsocaudal subdivisions of the IT (areas TEm and TE3). Similar 

results were reported by Kuypers et al. (1965) and by Desimone et al. 

(1980). Another minor input from an area in the intraparietal sulcus 

into the STS part of the IT was described by Desimone et al. (1980). 

This probably corresponds to the projection into area TE (Seltzer 
a 

and Pandya, 1978). The posterior IT cortex (areas TEm and TE 3) 

projects to the anterior part of the IT cortex (areas TEl and 

TE2), and all of the IT areas project to the area in the lower bank 

of the STS, area TE (Seltzer and Pandya 1978; Desimone et al. 
a 

1980). The next major afferent input to the IT cortex is from the 

lateral caudal pole of the pulvinar. The termination of this 

projection overlaps with the extrastriate pathways (Reneveto and Rezak 

1976). The IT cortex receives also an afferent projection from the 

prefrontal area (Pandya and Kuypers 1969), the amygdala, the 

hypothalamus (Yukie et al. 1980) and from the contralateral IT cortex 

via the anterior commisure and the splenium of the corpus callosum 

(Zeki 1973; Gross, Bender, and Mishkin 1977). 
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The efferent IT connections are to the anterior portions of the 

extrastriate cortex, to the frontal lobe and to several subcortical 

structures which are described in detail in Fig. 2.4 (Gross 1973). 

In summary, the IT cortex receives its information via two 

major pathways: the corticocortical pathway and the thalamocortical 

pathway. Via the thalamocortical pathway the IT cortex receives, 

indirectly, information from the striate and extrastriate visual 

areas, since these areas are connected with the pulvinar either 

directly or through the superior colliculus. From the IT cortex the 

information is sent to various limbic structures (which are thought to 

be involved in motivational and mnemonic aspects of behaviour), and to 

the prefrontal cortex. These specific pattern of connections may 

suggest that the IT cortex is involved in high order visual processes 

which connects between sensory physiology and the physiology of 

cognition. 

Functional Properties of the IT Cortex 

The evidence suggesting that the IT cortex processes visual 

information comes from three different facts. First, as described in 

the previous section, the IT cortex receives afferent input from 

exclusively visual areas. Second, visual-evoked responses from the IT 

cortex were recorded (Vaugham and Gross 1969; Gerstein, Gross, and 

Weinstein 1968), and IT neurons respond exclusively to visual 

stimulation and show R.F. properties (e.g. Gross, Bender, and 

Rocha-Miranda 1969). Third, bilateral ablation of the IT cortex 

impairs visual discrimination learning, leaving discrimination in 
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Figure 2.4 Major anatomical connections of the inferotemporal cortex 
in Maccaca mulatta (modified from Gross et ale 1974). 
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other modalities intact (aee review by Gross, 1973). Bilateral 

ablation of the striate cortex leaves the IT cortex unresponsive to 

visual stimulation (Rocha-Miranda et ale 1975). 

Visual Properties of IT Neurons. The response properties of IT 

neurons to various visual stimuli were studied in anesthetized (e.g. 

Gross et al. 1969, 1972; Rocha-Miranda et al. 1975), and in 

awake/behaving monkeys (Ridley and Ettlinger 1973; Gross, Bender, and 

Gerstein 1979; Mikami and Kubota 1980; 8ato, Kawamura, and Iwai 1980; 

Rolls, Judge, 8anghera 1977; Fuster and Jervey 1981; Richmond and 

Wurtz 1981). The R.F. properties of IT neurons in behaving animals 

appear to be similar to those in anesthetized animals (Gross et ale 

1979). The response properties of IT neurons are less clear than 

those in the lower visual areas, thus making it much more difficult to 

determine their receptive fields. This is due to several factors 

including: a) variable and bursty spontaneous activity; b) habituation 

with repeated stimulation unless long interstimulus intervals (of 

several seconds) are used; c) the relatively weak response even after 

an extensive search for an adequate stimulus (Gross et al. 1969, 1972; 

Desimone and Gross 1979). Generally, the R.F. size of IT neurons is 

extremely large, it always includes the center of gaze and very often 

crosses the vertical meridian well into the ipsilateral visual field 

o (about 14). No visuotopic organization was found. However, the 

R.F. sizes across the IT cortex are not homogeneous. There is a 

greater incidence of large receptive fields in two regions: in the 

most anterior portion of the IT cortex (where 67% were larger than 

3600 deg2), and in the dorsal part, in the lower bank of the 8T8, 



area TE (where the median R.F. size is about 900 deg 2). In the a 

48 

remainder of the IT cor.tex the R.F. sizes were smaller (median size of 

409 deg 2) (Desimone and Gross 1979; Gross et ale 1972). These facts 

correlate with cytoarchitectonic studies, with anatomical pathways 

(see previous section), and, as will be described later, with lesion 

studies and may point to different functional roles within the IT 

cortex. The large R.F. in these two areas may thus be the result of 

convergent input from the other IT parts. The inclusion of the center 

of gaze in IT receptive fields together with the greater sensitivity 

of IT neurons to foveal stimulation (Desimone and Gross 1979), 

correlates ,~ith the fact that the IT neurons receive a massive 

extrastriate input from areas where the central visual field is 

represented. The presence of bilateral R.F. correlates with the IT 

interhemispheric connections. Moreover, the visual response 

properties of IT neurons are dependent on these pathways and it was 

suggested that this way interhemispheric transfer of visual habits is 

mediated (Gross et ale 1977; Rocha-Miranda et ale 1975). 

As mentioned before, it is quite difficult to study the 

response properties of single IT neurons. Most of the available data 

is qualitative and specific properties are less known. All IT cells 

exhibit a variable spontaneous activity (Gross et ale 1972). The 

strength of the response to visual stimulation is also variable. 

Although a cell responds throughout its R.F., stimulation of the 

center of gaze evokes a stronger response (Desimone and Gross, 1979; 

Gross et al., 1972). Most of the neurons show preference for bars 

(white, dark or colored of 10 width) over rectangular or circular 
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stimuli. However, cells have been found to respond strongly to 

complex stimuli (like monkey's hand, bottle brush, shadow of a 

hemostat, Gross et al. (1972), or even human face, Perret et al. 

1982». Recently, Desimone et al. (1982) suggested that 

inferotemporal neurons are selective to the shape of objects in terms 

of their boundary curvature (Fourier boundary descriptors). Most of 

the cells respond by an increased, above spontaneous, firing level, 

but some cells were found to respond by a decreased firing level only 

(Gross et al. 1972). All IT cells have a long response latency 

(70-400 msec) which is explained by a multi-synaptic afferent pathway 

(e.g. Rocha-Miranda et al. 1975). 

Beside these properties, IT neurons have many response 

properties similar to those of neurons in the extrastriate visual 

cortex (Gross et al. 1969, 1972; Gross 1973). They prefer moving 

stimuli over stationary ones. Most of the cells are bidirectional, 

sensitive to the contrast of the stimuli, and show a varying degree of 

eye dominance. Half of the neurons are orientation selective and some 

show color sensitivity ("red sensitive" cells were far more common 

than either "blue" or "green" ones, but see Mikami and Kubota 1980). 

Relative to cells in the striate cortex, many of the IT cells are 

nevertheless less sensitive to stimulus parameters such as length, 

width and orientation. 

In summary, IT neurons are differentially sensitive to the 

size, shape, color, contrast, orientation and direction of movement. 

The fact that the response properties are heterogenous and at the same 

time not specific, may be explained by the difficulty of finding the 
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optimum stimulus that will elict a strong response. This is supported 

by the fact that some IT neurons require complex and specific visual 

stimuli. Another explanation is that the activity may be a function 

of variables other than the physical parameters of the stimuli. This 

is supported by the fact that for many cells a low-voltage, fast and 

asynchronous EEG is necessary to elict a strong response (Gross et ale 

1969, 1972). This, together with the fact that IT cortex ablation 

produces visual discrimination deficit, may suggest that in order to 

achieve a strong response the significance or meaning of the stimulus 

as well as its physical characteristics are important. 

Neurophysiological analysis in behaving animals performing visual 

tasks was carried out in order to investigate this hypothesis. 

Gross et al. (1979) recorded the activity of IT neurons in 

behaving monkeys. The IT neurons show R.F. properties that are 

similar to those seen in anesthetized monkeys. In addition, they 

found that the response properties of single neurons can be modulated 

by situational and attentional variables. In untrained animals, the 

response of a neuron is correlated with eye fixation ("object fixation 

response"). This may be related with the increased sensitivity of 

foveal stimulation in anesthetized monkeys. Richmond and Wurtz (1981) 

found (in awake monkeys, trained to fixate on a spot of light) that 

neurons responded to spots of light only while presented near the 

fixation point. The mechanism responsible for the constriction of the 

R.F. during fixation is not clear. The activity of IT neurons is also 

related to attention. Gross et ale (1979) showed that small stimuli 

which were of no interest to an untrained monkey, and which were 
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insufficient to elict a response in anesthetized animals, resulted in 

a strong response when the stimulus served as a discriminanda and was 

actively fixated. They also showed that when the attention factor 

remained constant, the significance of the stimuli can modulate the 

neuron's response. Thus, the response of IT neurons may depend on the 

stimulus itself, on its significance to the animal and on the state of 

attention. However, in other studies different conclusions were 

suggested. Ridley and Ettlinger (1973) recorded from single cells in 

the IT cortex during visual discrimination performance. Their results 

suggest that cells respond selectively to the significance of the 

stimulus (in terms of prior association with reward) and not to their 

physical characteristics. Ridley et ale (1977) found that cell 

activity was related to movement required to perform the visual task. 

In both studies the incidence of such cells was small. Mikami and 

Kubota (1980) showed that neurons can differentiate between physically 

identical stimuli of different meaning in behavioral context. 

Evidence leading to a similar conclusion was also given by Fuster and 

Jervey (1981). On the other hand, Rolls et ale (1977), Judge, Rolls, 

and Sanghera (1976) and Sato et ale (1980) suggest that the physical 

factors of the stimuli, rather than its learnt meaning, are important 

for the response. 

Fuster and Jervey (1981) recorded from single neurons in 

monkeys performing delayed matching-to-sample task, and based on their 

results they suggested that IT neurons may play a role in mnemonic 

processes. They described a protracted discharge during the delay 

period and related it to the retention of the sample stimuli by that 



neuron. Most of these cells were concentrated in the anterior IT 

cortex and in the cortex in the lower bank of the STS (area TE ). 
a 

These results are consistent with anatomical pathways and with the 

occurrence of large R.F. in the anterior IT cortex and in area TE , 
a 
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thus suggesting that after being processed in the posterior IT cortex, 

information is transferred to the anterior IT cortex and to area TE 
a 

for temporary storage. 

Lesion Studies. The functional role of the IT cortex in high 

visual processes is consistent with lesion studies (for review see 

Gross 1973; Dean 1976; Weiskrantz 1970; Mishkin 1966). Bilateral 

ablation of the IT cortex impairs learning and retention of visual 

discrimination tasks, while leaving sensory capacity intact: visual 

acuity, visual fields, and visual sensitivity to brief flashes of 

light were found to be normal (striate lesions, on the other hand, 

result in simple sensory loss). These findings are consistent with 

the hypothesis that the IT cortex is involved with higher, or 

cognitive, visual processes. Since learning and retrieval of visual 

discrimination tasks are complicated processes and involve different 

behavioral aspects (such as perception, attention, memory), it is 

difficult to establish which are the ones specifically involved. 

Moreover, deficit caused by IT lesions does not result in a total 

inability to learn visual discrimination. The severity of the 

impaired learning depends on the difficulty of the discriminanda, 

which in turn depends on many different factors. The retention of 

discrimination also depends on several factors including criterions 

used during the training process. Under certain conditions, such as 
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preoperative overtraining or the use of shock punishment for incorrect 

response, IT lesions do not impair the learning of even difficult 

discrimination tasks. In the past two decades numerous experiments 

were performed in order to understand what psychological processes are 

responsible for the results of IT lesions. Most of them are described 

in the review papers mentioned above. These studies led to the 

hypothesis that two separate processes take place within the IT 

cortex. The posterior portion is involved in mechanisms like 

perception, attention and categorization, while the anterior portion 

in mnemonic/associative processes (e.g. Sahgal and Iversen 1978a,b; 

Fuster, Baver, and Jervey 1981; Delacour 1977; Wilson et ale 1972; 

Kovner and Stamm 1972; Gross and Cowey 1971). 

Several researchers alluded to the importance of the IT cortex 

in relation to perceptual invariances. Rocha-Miranda et al. (1975) 

suggest the possibility of the large receptive fields of the IT 

neurons and the invariance of the optimum stimuli within those fields, 

being a mechanism for location invariance. Humphrey and Weiskrantz 

(1969) find support to size and form invariance being achieved in the 

IT cortex from the fact that IT lesions impair these properties. A 

similar conclusion is suggested by Gross (1978) with respect to 

rotation invariance based on deficiencies due to IT lesions. In his 

experiments monkeys with IT lesions treated the same rotated object as 

a different entity. 

The data presented in this section suggest that the IT cortex 

is involved in sophisticated processing of visual pattern 

recognition. The information reaches the IT cortex from two distinct 
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areas: from the extrastriate cortex which in turn receives a 

projection from the striate cortex, and from the pulvinar which in 

turn receives a projection from the superior colliculi and from the 

striate and the extrastriate cortices. The extrastriate projection 

comes mostly from areas where the central field is represented, 

suggesting that it involves spatial form recognition. Since bilateral 

ablation of the pulvinar affects neither visual discrimination 

learning nor basic electrophysiological properties of IT cells, the 

role of this pathway is not clear. From examination of data on 

anatomical pathways, R.F. size distribution and behavioral studies, it 

appears that the first stage of processing, located in the posterior 

portion of the IT cortex, involves the encoding of visual information 

(attentive, perceptual and categorization mechanisms). Thereafter, 

information is transferred, via converging pathways, to the anterior 

portion of the IT cortex and to the subarea TE , which are involved 
a 

in mnemonic processes (associateve and/or short term memory). This 

interpretation is supported by the efferent connections of the IT 

cortex aiming to the motivational centers of the brain. 



CHAPTER 3 

SPATIAL AND TEMPORAL FREQUENCY SELECTIVITY OF VI AND VII NEURON 
IN THE JAVE MONKEY 

Introduction 

Extensive physiological and psychophysical research in spatial 

vision in the past two decades supports the idea that at the level of 

the striate cortex the image is decomposed and analyzed locally by 

striate neurons. These neurons are selectively sensitive to 

orientation, direction and spatial frequency of the visual stimuli, 

and may be described as spatially localized orientation-selective 

spatial frequency filters. A detailed description of these properties 

was given in Chapter 2. The function of the striate cortex in 

processing another property that is part of almost any visual image-

temporal changes - has not yet been investigated in the monkey. 

Second visual area neurons were studied by some investigators 

(see Chapter 2). None of the published studies, however, suggested a 

fundamental specific property which can characterize these neurons, 

nor suggest their role in processing visual information. 

In this research we examined for the first time the temporal 

tuning properties of monkey's striate cells, and the spatial and 
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temporal frequency response characteristics of VII cells. The 

analysis of the results and the comparison of spatio-temporal 

properties between VI and VII, can help explain the functional role of 

VII in processing visual information. 

Methods 

Animal Preparation 

Macaque monkeys (Macaca fascicularis) were prepared and used 

for semichronic experiments. For each monkey, a week before the 

experiment, a chronic head cap and a recording chamber were installed 

in the skull. The monkey was anesthetized with Ketamine (I.M., 20 

mg/kg) and Vesprin (5 mg/kg). Ear and eye bars were used to position 

the monkey's head in a stereotactic apparatus. A long lasting local 

anesthetic, Lidocaine (1%) was injected into the cutting area, the 

skin was cut, the bone exposed and a hole drilled with a Dremel 

moto-tool. Two Lucite rings were then secured to the skull with 1/2" 

metal screws. Thereafter, during the experiment, the monkey's head 

could be painlessly supported by rods attached to the plastic 

cylinders. The zero Hersley-Clark coordinates were then marked on the 

skull and a trephine hole was drilled above the striate cortex 

centered at approximately AP-15 and Ll5 coordinates. A metalic 

recording chamber was placed on top of the hole and together with the 

head-up secured to the skull with dental acrylic. The chamber was 

filled with antibiotic ointment (Garamyacin) and closed with a 

stainless steel cap. The monkey was put back to his cage and allowed 

to recover for at least one week before used in an experiment. 
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On the day of the experiment, the femoral vein was cannulated, 

an I.V. line connected and the monkey was anesthetized with Brevital 

(3 mg/kg). Flaxed:i.l, 2 mg/kg was injected (LV.). When breathing 

stopped an endothracheal tube was inserted and the monkey was 

mechanically respired with a Harvard pump, temporarily breathing 100% 

oxygen. After stabilization and throughout the experiment the monkey 

was breathing 70% nitrous oxide and 30% oxygen for light anesthesia 

and analgesia. The condition of the animal was monitored with Beckman 

CO 2 analyzer; the stroke volume and the rate of the Harvard pump 

were adjusted to maintain an end expired PC0
2 

between 4-5%. 

The monkey was put on a stereotactic apparatus and a continuous 

I.V. drip of .2 mg/kg/h Pavulon solution made in 5% dextrose/0.9% 

saline was connected. This drug paralyzed the extraocular muscles and 

prevented eye movements during the experiment. Hexadrol (Decadron) 

was given I.V. (0.04 mg) to prevent brain swelling. A thermal heating 

pad was put beneath the monkey to maintain body temperature. 

Atropine sulfate (4% solution, one drop into each eye) was used 

to produce mydriasis and cycloplegia. A retinoscope was used to 

select the proper contact lens such that both eyes would be focused on 

a screen located at predetermined distance (50-100 cm) in front of the 

animal. Two drops of opthaine solution (0.5%) were put into each eye 

to provide local anesthesia and contact lenses (gas permeable) were 

inserted into each eye. Contact lenses were moistened with Adapettes 

to help keeping them moist and clean during the entire experiment. A 

Pavulon bolus (1/2 cc/kg, 0.2 mg/cc) was injected I.V., the optic disc 

and fovea of each eye were back projected and marked on the screen. 
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Artificial pupils of 3 mm were then put over the contact lens and the 

animal was housed in a Faraday cage to reduce electrical interference 

during the recording stage. 

At the end of the experiment the monkey was recovered. The 

recording chamber was filled with Garamyacin ointment and closed with 

a metal cover. Each monkey was used many times (up to 8) before being 

sacrified for histological studies. Each experiment lasted between 16 

to 48 hours. 

Microelectrode Recording 

The activity of single neurons in the striate cortex and in the 

second visual area was recorded extracellularly with tungsten 

microelectrodes insulated with Parylene (12-l~ tip exposure, BAK 

Electronics Inc.) or with platinum/iridium glass electrodes (20-35~V 

noise level, 10-1~ tip exposure). The electrode was mounted on an 

electrode holder and a Caltech microdrive was used to advance the 

electrode into the brain. The electrode was advanced to touch the 

o dura, a gel of agar (at 43 C) was applied to serve as a heating 

shield, and the chamber was sealed with a melted bone wax (at 640
). 

The electrode was then advanced into the cortex and the recording 

stage began. The electrode was inserted, as much as possible 

perpendicular to the brain's surface. All penetrations were done 1-5 

mm posterior to the lunate sulcus at lateral coordinates 10-20 (Fig. 

3.1A). Whenever the location of the Lunate sulcus was clear the dura 

remained intact. Otherwise, the dura was opened and the lunate sulcus 

exposed. The Caltech drive was zeroed when the first cells were 

detected. The electrical signals were subject to conventional 



Figure 3.1A Lateral view of Java monkey·s brain. 

The histological section shown in Fig. 3.1B was taken 
the intersection of the vertical and horizontal lines 
of the brain. 1mm = 0.37 mm on brain. P-posterior. 
sulcus. i.o. - inferior occipital sulcus. 

at the level represented by 
drawn in the posterior part 
A-anterior. 1.n - lunate 
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amplification and filtering. The response density was qualitatively 

monitored with an audio monitor. Spike waveform and isolation were 

monitored on an oscilloscope screen. 
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Recordings were done in two visual areas: the striate cortex, 

which is located on the surface of the brain and easily accessed, and 

the second visual area. This latter area is located on the posterior 

bank of the lunate sulcus and is almost entirely hidden beneath the 

striate cortex (Fig. 3.lB). In order to reach this area, the 

electrode was inserted into the striate cortex and driven deep down to 

enter the infragranular layers of VII. 

Three physiological criteria were used to mark the entry into 

this cortex during the experiment: 

1) The presence of a silent area. After traversing through 

the first visual area (1.5-2 mm) we must (unless the electrode is 

inserted just behind the lunate sulcus where the VI and VII border is 

located) cross a region of white matter which is characterized by 

absence of electrical activity and lasts for about 1-1.5 mm. Reentry 

into cell layers indicate an entrance into the infragranular layers of 

a hidden cortex. 

2) The presence of larger than striate receptive fields. The 

receptive field area of VII neurons is larger than that of striate 

neurons at a similar eccentricity (Van Essen and Zeki 1978; Gattass et 

al. 1981). 

3) Field shift of 1-20 away from the vertical meridian 

relative to the striate receptive field location (Gattass et al. 1981). 
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~" Figure 3.1B Sagita1 section of Java monkey·s brain (L15, AP-12). 

The dark streak on the right hand side of the picture is the electrode track 
traversing through the striate cortex and the second visual area (1 cm = 1mm 
in brain). 
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These three criteria indicated the entry into area VII. In 

addition, at the end of each penetration lesions were made at various 

places (usually at the entry into the second visual area, at the end 

of the penetration and in between). Then, at the terminal experiment, 

the monkey was perfused intracardially, the brain removed and placed 

in sucrose formalin. Later the tissue was frozen and cut into 50~ 

slices and mounted on glass slides. Every other slide was stained 

with cresyl violet; electrode tracts and lesions were reconstructed, 

and the actual recording site was identified. 

Visual Stimulation 

We have used an Apple II plus computer to control each 

experiment, deliver visual stimuli, and accumulate visual responses. 

Visual stimuli were generated electrically with a Picasso-CRT screen 

image generator (Inisfree, Ltd.) and presented on a CRT screen 

(Tektronix 608), located in front of the animal. Visual stimuli 

included long and narrow black and white slits drifting at a constant 

velocity and sine wave gratings of various spatial frequencies 

drifting at constant temporal frequency. Contrast and orientation 

were controlled by the computer as well. The stimuli were presented 

at supra threshold contrasts of 15-40%, depending on the individual 

cell; in any case, the contrast was low enough to avoid saturated 

response, and/or to introduce nonlinearities. The background 

luminance in the room was kept constant throughout the experiment at 

10FL. The mean luminance of the scope was set at 34FL. 

Each spatial/temporal frequency stimulus- was presented in a 

manner shown schematically in Fig. 3.2. During phase 1 (1 sec) no 
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Figure 3.2 Time sequence of sine wave grating stimulus presentation -
change of stimulus contrast with time. 

Phases 1 and 5 - no stimulus present 
Phases 2 and 4 - stimulus contrast is increased/decreased 
to its maximal/minimal value. 
Phase 3 - stimulus at maximal contrast 
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stimulus is presented and the cell fires at its spontaneous firing 

rate. During phases 2 and 4 (1 sec), the contrast of the stimulus is 

gradually increased/decreased to its maximal/minimal value. The 

gradual increase in the contrast eliminates a response to transient 

temporal factors. Phase 3 (5-10 sec) represents the stimulus 

presentation. During phase 5 (1 sec) no stimulus was presented. If 

necessary (e.g., for strongly adapting cells), a delay of 1-2 sec 

between different stimuli was introduced. The duration of each phase 

was controlled by the computer and could be varied for each cell. 

Within a given study (spatial or temporal frequency or orientation) 

different visual stimuli were presented in a random order; the number 

of presentations of each stimulus within the study was constant and 

ranged from 5-10 times. The order of the stimuli was randomized for 

each series of trials. This interleaving technique of stimulus 

presentation provides an accurate measurement of responses since it 

eliminates responsiveness changes over a period of time and reduces a 

possible adaptation of a cell to repeated stimulation. 

Data Collection 

At the beginning of each stimulus a trigger pulse was sent from 

the Picasso image generator for synchronous histogram generation. The 

action potential train of a cell was isolated using a pulsed voltage 

window whose voltage limits, duration and time of operation relative 

to the onset of the signal were variable. The window's output, in a 

form of pulses, was fed into the computer which calculated the 

response density, stored the result and generated an average response 

histogram appropriately for each stimulus. Bin width ranged from 

25-50 
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msec/bin. On line analysis, consisting of mean response, spontaneous 

activity and normalized tuning curves was performed and printed out. 

The response density for each stimulus in each phase of its 

presentation (Fig. 3.2), in each sweep, and an average response 

histogram were stored for off line analysis. 

Experimental Design 

In each experiment the electrode was first inserted into the 

striate cortex and advanced until a clearly isolated binocular cell 

was found. The receptive field location of the cell was found by 

using an elongated slit stimuli, generated with a Leitz Prado 

projector. The receptive field for each eye was mapped carefully. 

Rotatable prisms (responsible for horizontal and vertical 

displacements, respectively) in front of one eye were used to 

superimpose the receptive field of both eyes. This procedure was 

performed to avoid irresponsiveness of binocular depth cell and to 

allow, if required, to study simultaneously both eyes. During each 

study, both eyes were checked and the one giving the stronger response 

was used, unless both eyes were needed to elict a response; the other 

eye was covered. The orientation and direction selectivity of the 

studied cell were then tested quantitatively. The response of the 

cell was tested for various spatial frequencies presented on the full 

CRT screen. When needed, the visual stimuli were spatially windowed. 

The following quantitative studies were performed: 

1) Orientation selectivity study. This study can be done 

qualitatively and rapidly with a high degree of accuracy. Hence, 

quantitative orientation studies were performed only for a small 



number of cells in either VI or VII. The study consisted of 

presenting sine wave gratings at the preferred spatial and temporal 

frequencies, drifting at the preferred direction, while the stimuli 

orientation was changed. 

2) Spatial frequency study. Sine-wave gratings at various 

spatial frequencies were presented while the temporal frequency 

(usually 1-2 Hz), the orientation, and direction of movement were 

fixed at their preferred values. 

3) Temporal frequency study. Sine wave gratings at the 

preferred spatial frequency, orientation and direction of movement 

were presented at different temporal frequencies. 
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4) Slit study. Black and white narrow slits drifting at a 

constant velocity (qualitatively determined) were presented, moving in 

both directions. 

5) Combined spatio-temporal study. This study was performed 

for a small number of neurons in VII. The spatial frequency 

selectivity was tested at various temporal frequencies and vice versa; 

spatial and temporal frequencies were randomly interleaved. 

Whenever one of the above mentioned studies was carried out 

with stimuli whose parameter(s) was different from the preferred 

value, the study was repeated. The study of a cell often lasted for 

1.5 hours. 

Data Analysis 

Receptive field size. The receptive field size was calculated 

from the slit response histogram: The abscissa of the histogram was 



calibrated and the size (in deg) of the responsive part of the 

receptive field calculated. 

Direction selectivity. The direction selectivity was 

determined by measuring the peak response of the slit histogram in 

each direction (black/white). The cells were divided into three 

categories: 

* direction selective cells (index 1): whenever the peak 

response in one direction was less than 25% than the response to the 

other direction. 

* moderate directionally selective cells (index 2): whenever 

the response in one direction was between 25-50% of the response to 

the other direction. 
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* bidirectional cells (index 3): whenever the response in one 

direction was between 50-100% of the response to the other direction. 

Spatial/Temporal Frequency Selectivity. The data obtained from 

spatial and temporal frequency studies were used to derive the 

appropriate tuning characteristics: the mean response (sp/sec) and 

the standard deviation were calculated for each stimuli in a study. 

Individual sweeps which elicited a response which was smaller or 

larger than two standard deviations (of the mean for all the sweeps) 

were rejected. This procedure ensures the elimination of bursty 

sweeps from the analysis. Obviously, a strong burst can strongly 

deteriorate the results. After rejecting these "bad points" a new 

mean and the mean's standard error were calculated for each stimulus. 

Mean spontaneous activity r,qas subtracted and a normalized tuning curve 

plotted. 
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Spatial and temporal tuning curves were divided into four 

categories, as shown in Fig. 3.3. On each curve the parameters 

extracted for the analyses are shown. Category 1 included bandpass 

tuning curves. The response dropped to zero (or almost zero) on both 

sides. fo indicates the preferred frequency; FH50 and FL50 represent 

the stimulus frequency at which the response dropped to 50% from its 

maximum at fo; Bw represents the bandwidth, measured in octaves: 

BW=10g2 (FH50)/(FL50). Category 2 included shallow low pass 

curves. In this case the response dropped on the low side but stayed 

above or at 50% for at least 3 points. Category 3 included low pass 

curves: the response remained high and never dropped on the low side 

of the curve. Category 4 included indeterministic curves: the peak 

response and curve type were uncertain (a more detailed description is 

given in the Results section). 

Cell categorization. Cells were categorized as simple or 

complex according to two criteria. The first criterion was derived 

from slit response histograms: since simple cells show discrete areas 

of "on" and "off" response (Hubel and Wiesel 1962), the slit response 

histograms are displaced relatively for the black and white stimuli. 

Complex cells, on the other hand, have receptive fields with mixed 

"on" and "off" responses, and their slit response histogram is 

identical for both black and white slits. 

The second criterion was derived from the response to a 

drifting grating:simple and complex cells differ in their response to 

a drifting sine wave grating. Simple cells respond with a modulated 

discharge while complex cells respond, generally, with an overall 
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Figure 3.3 Spatial/temporal frequency tuning curve classification. 

fa represents the preferred frequency. fd50 and 

f L50 represent the frequency at which tne response falls 
to 50% of its maximal value on the hign and low frequency 
ends, respectively. BW represents the bandwidth (= 
10g2fH50/fL50)' A - band pass tuning cu:ve. B - shallow 
low pass tun1ng curve. C - low pass tun1ng curve. D -
indeterministic tuning curve. 
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increase in their average firing rate (Movshon et al. 1978a,b; Andrews 

and Pollen 1979; DeValois et al. 1982). Some complex cells show a 

combined modulated and unmodulated response (Pollen et al. 1978; 

Kulikowski and Bishop 1982). These cells were categorized as 

modulated complex cells. 

In order to evaluate the modulated component, the average 

response histogram (segment 3, Fig. 3.2) for the preferred stimulus 

was Fourier analyzed. Since the phase of the response modulation was 

not recorded, and since many cycles of modulation could be present in 

the response, prior to Fourier transforming, the analyzed segment was 

windowed to reduce truncation errors. A standard Fast Fourier 

Transform (FFT) algorithm was used for this analysis. 

Results 

The Striate Cortex 

The results presented in this section are based on studies 

performed on 129 cells from the parafoveal striate cortex (or VI). 

All the receptive fields were located at similar eccentricities (2 -

o 5 from the fovea). Fig. 3.lB shows a typical electrode track 

traversing through the striate cortex into area VII. 

Cell Classification. Cells were classified into three groups: 

simple cells (category 1), complex cells (category 2), and modulated 

complex cells (category 3), according to criteria described in the 

method section. Fig. 3.4 represents the distribution of 117 cells 

among the three categories. The majority of the studied cells are 

classified as complex cells (79%). Simple or modulated complex cells 
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Figure 3.4 Cell type distribution of VI cells (N = 117 cells). 

Index 1 - simple cells; index 2 - complex cells; index 3 -
modulated complex cells. 
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comprise only 10% of the studied population (12 simple cells and 13 

complex modulated cells). The results presented below are, thus, 

representative of a parafoveal complex cell population only. 
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Orientation selectivity. The orientation preference for most 

of the cells was determined qualitatively from evaluating the cell's 

response (as heard through audio equipment) to long and narrow slits 

drifting across the receptive field at various orientations. 

Knowledge of the preferred orientation of each cell was necessary for 

subsequent studies. For 17 cells, a quantitative orientation study 

was performed and in all cases the qualitatively determined preferred 

orientation was very similar to that derived from the quantitative 

study. 

Receptive Field Widths. The width dimension of the receptive 

field was determined quantitatively from slit response histograms 

(Fig. 3.5) for 96 cells. The receptive field width nistribution of 

this cell population ls shown in Fig. 3.6. Widths range from 0.13 to 

3 degrees with an average of 1 degree (S.D. = 0.58 degrees). The 

receptive field width of simple cells was slightly smaller than that 

of complex cells, showing an average of 0.8 degrees. These numbers 

represent an average of receptive field widths throughout the 

different cortical layers and reflect both variations of receptive 

field sizes of adjacent neurons and variations of this parameter 

between the various laminae (e.g. Gilbert 1977). 

Receptive field widths found in this study are, on the average, 

larger than those reported by Rubel and Wiesel (1968) and by Schiller 

et al. (1976a), at corresponding retinal eccentricities. It is 
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WHITE SLIT 

BLACK SLIT 

Figure 3.5 Slit response histogram of a striate cortex neuron. 

The upper part shows the response to a white slit drifting 
in both directions. The lower part shows the response to 
a black slit drifting in both directions. 
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Figure 3.6 Receptive field size distribution of VI cells (N = 96). 
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Figure 3.7 Distribution of direction selectivity of VI cells (~ = 
100). 

Index 1 - direction selective; index 2 - moderately 
direction selective; index 3 - bidirectional (see method 
section for detail). 
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possible that this discrepancy originates in a relatively larger 

sample of cells within laminae 5 and 6 in our study. Almost all of 

the cells recorded from this part of the cortex had receptive fields 

much larger than those located in more superficial layers. For 

example, one of our penetrations was confined solely to the deep 

layers and receptive field widths for these cells were always larger 

than 1 degree and frequently larger than 2 degrees. These large 

receptive fields would naturally broaden the range and increase the 

mean receptive field size. 
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Direction Selectivity. Direction selectivity for 101 cells was 

determined from slit response histograms for black or white stimuli 

moving in both directions. Cells were classified into three 

categories: direction selective (category 1), moderately direction 

selective (category 2), and bidirectional (category 3), according to 

the criteria described in the method section. The distribution of 

cells between these categories is shown in Fig. 3.7. This figure 

shows that the majority of cells (82%) were bidirectional, responding 

equally well to both directions of movement. Only 12% of the cells 

responded to only one direction of movement, the rest showed moderate 

direction selectivity. This distribution includes both simple and 

complex cell types. Simple or complex cells alone showed essentially 

similar distributions. 

Spatial Frequency Selectivit~. The spatial frequency 

selectivity was derived from the cell's response to sine wave gratings 

of various spatial frequencies drifting across the receptive field at 

a constant temporal frequency. Spatial frequency selectivity is a 
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prominent property of striate simple and complex cells: each cell 

responds only to a narrow range of spatial frequencies. Fig. 3.8 

shows four typical normalized spatial frequency tuning curves peaking 

at different spatial frequencies and having different bandwidths. Out 

of a population of 105 cells, only six cells exhibited a shallow 

lowpass characteristic similar to that of LGN cells, and three other 

cells had low pass spatial frequency characteristics. 

Different cells have preference for different spatial 

frequencies. Fig. 3.9 shows the distribution of peak spatial 

frequencies for 122 cells. This figure indicates a wide range of peak 

spatial frequencies, from 0.5 to 8c/deg, a four octave range. Simple 

and complex cells respond essentially to the same range of spatial 

frequencies. The mean peak spatial frequency for the complex and 

simple cells was 2.5 c/deg (S.D. = 1.5 c/deg) and 2 c/deg, 

respectively. The bandwidth (determined in octaves at full width half 

maximal amplitude-FWHM) was measured for 91 cells. The distribution 

of bandwidths for this population is shown in Fig. 3.10. This figure 

shows that most of the cells have bandwidths between 1.5 and 2 octaves 

(mean 1.8 octaves, S.D. = 0.48 octaves), but very narrowly tuned cells 

(bandwidth less than an octave) and very broadly tuned cells 

(bandwidth greater than 2.5 octaves) exist as well. The mean spatial 

frequency bandwidth for simple cells was 1.6 octaves, slightly smaller 

than that found for complex cells. Preferred spatial frequencies and 

bandwidths found in this study are essentially similar to those 

reported by DeValois et al. (1982). 
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For each receptive field size we found cells peaking at 

different spatial frequencies, and the two parameters were poorly 

correlated (Fig. 3.11). This confirms the observation that the 

preferred spatial frequency of complex cells cannot be predicted from 

its receptive field size (unlike simple cells). It should be pointed 

out that nine of the cells presented in Fig. 3.11 have less than one 

full cycle of the preferred spatial frequency within their receptive 

field (these cells had preference for spatial frequencies in the range 

of 0.5 - 2.8 c/deg, indicating that these cells were not necessarily 

in the low spatial frequency range). It is therefore hard to explain 

the behavior of these cells as spatial frequency filters. If these 

cells are not included in our statistics, the remaining distribution 

reveals a slight negative correlation between the two parameters: on 

the average, smaller receptive fields prefer somewhat higher spatial 

frequencies. The scatter of values, especially at the larger 

receptive field widths, is contributed predominantly by cells within 

laminae 5 and 6 which have larger receptive fields but respond to 

relatively high spatial frequencies. 

At each spatial frequency we found narrowly as well as broadly 

tuned cells. Various spatial frequencies and bandwidths are almost 

evenly distributed across the whole range of spatial frequency and 

bandwidth. 

The number of full cycles of the preferred spatial frequency 

within the receptive field was calculated by multiplying the peak 

spatial frequency by the receptive field width. The distribution of 

these numbers for 87 cells is shown in Fig. 3.12. Although the 
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number of cycles within a field covers a broad range, we could not 

find any correlation between the spatial frequency bandwidth and the 

number of cycles (Fig. 3.13). As described in chapter 4, this 

suggests non linearity within the system. A linear process would 

imply a narrowing of the tuning curve with an increase in the number 

of cycles. 
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Temporal Frequency Selectivity. The temporal frequency 

selectivity of striate cells was studied by measuring the response of 

single cells to sine wave gratings of different temporal frequencies 

optimized for spatial frequency, orientation, and direction of 

movement (the temporal frequency of a drifting grating equals the 

number of cycles of the grating crossing a given point in space each 

second). Fig. 3.14 represents four temporal frequency tuning curves 

which were the most frequently encountered in our cell population. 

These curves exhibit low pass frequency characteristics. At high 

temporal frequencies the response decreases, but at the low frequency 

range the response remains high even for the very low frequencies (0.5 

Hz and in some cases, when tested, even lower). Some cells exhibited 

a gradual decrease in their response in the low temporal frequency 

range, but the response did not drop below 50% of the maxima (Fig. 

3.l5A). These two types of tuning curves, classified as low pass 

(category 3) and shallow low pass (category 2), respectively, formed 

almost 70% of our cell population (Fig. 3.16). The rest of the cells 

(about 30%) exhibited band pass temporal frequency characteristics 

(Fig. 3.15B). 
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Figure 3.16 Distribution of temporal frequency tuning curve types of 
VI cells (N = 104). 

Index 1 - bandpass curve; index 2 - shallow low pass 
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Preferred temporal frequencies were determined for those cells 

which had band pass characteristics and for most of the cells 

exhibiting shallow low pass characteristics. The distribution of peak 

temporal frequencies for a population of 71 cells is shown in Fig. 

3.17. The mean temporal frequency was 3.7 c/sec (S.D. = 1.79 c/sec) 

while individual values ranged from 0.7 to 11.3 c/sec. The temporal 

frequency bandwidth (measured in octaves) could be determined for 34 

cells (those exhibiting bandpass temporal frequency characteristics). 

These bandwidths (Fig. 3.18) were considerably larger than those 

obtained for the spatial frequency domain. The mean bandwidth was 3 

octaves (S.D. = 0.83 octaves) and individual values ranged from 1.7 to 

4.2 octaves. All the other properties of the cells exhibiting 

bandpass temporal frequency characteristics were similar to those 

exhibiting low pass characteristics: they had similar receptive field 

width, spatial frequency preference and bandwidth, and similar 

distribution between complex and simple cells. These findings 

indicate that the temporal frequency selectivity of these cells is an 

independent property. 

The Second Visual Area 

The results presented in this section represent a population of 

116 cells from the second visual area: 90 cells from the parafoveal 

o part of VII (eccentricities 1.5 - 5 ) and 26 cells from its foveal 

part. All the recordings were limited to the cortex located in the 

posterior bank of the lunate sulcus. A typical electrode track into 

this cortex is shown in Fig. 3.lB. In order to avoid mixture of 

properties which might be related to different retinal regions, the 
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parafoveal and foveal populations were analyzed separately. Because 

of the small foveal sample, most of the findings described below 

relate to the parafoveal VII cortex only. 

Cell classification. Cells were classified into three 

categories simple cells (category 1), complex cells (category 2), and 

modulated complex cells (category 3), according to the criteria 

described in the method section. The distribution of cells among the 

three categories is shown in Fig. 3.19. This figure indicates that 

the majority of the cells studied (74%) belong to the complex type 

category. 24% of the cells were classified as modulated complex 

cells. 1 Only one cell could be classified as simple cell • The 

foveal distribution of cell types reveals that the complex type 

category forms the largest group there as well. Three cells in this 

population were classified as simple. 

Fig. 3.20 shows representative data used for cell 

classification. Fig. 3.20A shows a typical response of complex 

cells: the slit response histogram is identical for black and white 

slits and their response to sine wave gratings is characterized by an 

overall increase in the average firing rate. No modulation is 

observed as is also shown in the spectral analysis of the response. 

Figs. 3.20B,C show two typical response recordings from modulated 

complex cells. The slit response histogram has the same 

1 In subsequent studies, performed by Foster, Gaska and 

Pollen (1983) after the dissertation has been typed, more examples of 

simple cells in the parafoveal part of VII were found. 
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Figure 3.20 Typical response properties of VII cells. 

A - Typical response of a complex cell. Top figure shows 
the slit response histogram for white and black slits; no 
shift is observed. Bottom figure shows a sine wave 
grating response together with the spectral analysis of 
the response; the response consists of unmodulated 
activity only. 
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Figure 3.20B Typical response of a (partially) modulated complex cell. 

Top figure shows a slit response histogram; no shift is 
observed. Bottom figure shows a sine wave grating 
response together with the spectral analysis of the 
response; the response consists of modulated activity 
superimposed on an unmonulated level of response. The 
spectral analysis shows the frequency of modulation. 
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Top figure shows a slit response histogram; the responses 
to black and white slits are shifted relative to each 
other. Bottom figure shows a sine wave grating response 
together with the spectral analysis of the response; the 
response consists of modulatec activity only, the 
modulation frequency is shown in the spectral analysis. 
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characteristics as that for regular complex cells, but their response 

to sine wave gratings shows some modulation. In Fig. 3.20B the 

modulation is superimposed on an unmodulated activity while in Fig. 

3.20C the modulation is more characteristic of striate simple cells, 

showing a modulated activity only. Nevertheless, this cell, similar 

to some other cells, failed to exhibit inhibitory and excitatory 

regions when tested with narrow slit stimuli. The modulated 

frequencies, which were equal to the temporal frequency of the 

drifting gratings, are shown in the spectral analysis. Fig. 3.20D 

sho,~s the slit and spatial frequency response of the only parafoveal 

cell which could be classified as simple cell (see footnote on page 

88). The slit response histograms to white and black slits are 

slightly displaced and the response to the sine wave grating is 

strongly modulated. 

Among our complex cell population (categories 2 and 3) we found 

cells which exhibited end stopped inhibition (Hubel and Wiesel 1965). 

The visual stimuli for these cells had to be windowe~ along the length 

of the receptive field in order to avoid stimulation of the inhibitory 

flanks. 

Many investigators described the presence of disparity 

selective cells in the macaque's second visual area (e.g. Hubel and 

Wiesel 1970). All the cells in our population (except one) could be 

driven by either eye, but usually showed a preference for one eye or 

the other. Binocular stimulation resulted, in some cases, in a 

stronger response. Only one cell required stimulation of both eyes to 

elicit a response. 
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Receptive Fie14 Sizes. The receptive field width was 

determined quantitatively from slit response histograms (Fig. 3.20). 

The distribution of receptive field widths for a population of 73 

parafoveal cells is shown in Fig. 3.21. The receptive field widths 

ranged from 0.33 to 10 degrees with a mean value of 2.8 degrees (S.D. 

= 1.78 degrees). The receptive field widths of foveal cells were 

considerably smaller. For a population of 19 cells, the receptive 

field widths ranged from 0.3 to 1.4 degrees with a mean value of 0.87 

degrees. 

Within single penetrations there was great scatter in receptive 

field sizes. The receptive field sizes of adjacent neurons (100 

apart or less) were, in some cases, very similar and in others 

different by a factor of 2-4. No systematic trend in receptive field 

size variation was observed. 

Orientation Selectivity. Preferred orientation and orientation 

selectivity were studied, for most of the cells, qualitatively, by 

evaluating the cell's response (as heard through an audio amplifier) 

to long and narrow slit stimuli drifting across the receptive field at 

various orientatiQns. Most of the cells did show preference for a 

single orientation although narrowly tuned as well as broadly tuned 

cells were found. Orientation bandwidth was determined quantitatively 

for 10 parafoveal and 6 foveal cells, by measuring the response to 

sine-wave gratings of the preferred spatial frequency drifting across 

the receptive field at the preferred temporal frequency at various 

orientations. The average bandwidth for the 16 stud!ed cells was 40 

degrees FWHM, and individual bandwidths ranged from 21 to 65 degrees 
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Figure 3.21 Distribution of receptive field width of parafoveal VII 
cells (U = 73). 

P 
E 
R 
C: 
E 
t·~ 
T 

10 

ORIENTATION PEAK - VII 

50 

ORIENTATION PEAK (DEGREE) 

Figure 3.22 Distribution of peak orientation of VII cells (N = 77). 

The distribution indicates that vertically oriented cells 
are slightly more abundent than cells preferring other 
orientations. 

96 



97 

(FWHM). This result is in agreement with Zeki's report (Zeki, 1978d) 

who noted that the most striking property of VII neurons was their 

orientation selectivity. 

We found no dominant preference for one or another orientation 

(determined qualtitatively) except for a slight prevalence of 

vertically oriented cells (Fig. 3.22); no gaps in orientation 

preference were found. Adjacent cells were generally tuned to similar 

orientations, although changes of preferred orientation within a 

single penetration were also encountered. 

Direction Selectivity. The direction selectivity was 

determined from slit response histograms (Fig. 3.20). Cells were 

classified into three groups according to the criteria described in 

the method section. Fig. 3.23 shows the distribution of 72 cells 

among these categories: 67% of the cells responded equally well to a 

slit moving in either direction (bidirectional cells). 28% of the 

cells were directionally biased, showing moderate selectivity 

properties. Only 5% of the cells were purely direction selective, 

responding to one direction of movement only. The foveal population 

was characterized by a larger population of direction selective cells. 

Spatial Frequency Selectivity. The spatial frequency 

selectivity of single cells was determined by measuring the cell's 

response to sine wave gratings at different spatial frequencies 

drifting across the receptive field at a constant temporal frequency. 

Typical normalized spatial frequency tuning curves, peaking at 

different spatial frequencies and having a different bandwidth, are 

shown in Fig. 3.24. Only one cell showed shallow low pass curve 
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characteristics and the bandwidth could not be determined. Nineteen 

cells showed an increase in their response down to the lowest spatial 

frequency available in the study (usually 0.25 c/deg, Fig. 3.25). 

Neither the peak nor the spatial frequency bandwidth could be 

determined for those cells. In several studies we moved the CRT 

screen closer to the animal and repeated the study with a lower range 

of spatial frequencies. This resulted, invariably, to a response drop 

at the very low spatial frequency range (about 0.1 c/deg) and the 

curve exhibited band pass frequency characteristics. Whether all of 

the cells (classified as category 4) exhibit this kind of behavior is 

unknown. Nevertheless, it is probable that the great majority of VII 

cells (if not all) exhibit bandpass spatial frequency characteristics. 

The distribution of peak spatial frequencies for 86 parafoveal 

cells, is shown in Fig. 3.26. This figure shows that preferred 

spatial frequencies are distributed approximately homogeneously, 

without gaps, throughout a wide range of spatial frequencies (from 

0.25 to 2 c/deg, a 3 octave range). The mean spatial frequency of 

this cell population was 0.8 c/deg (S.D. = 0.5 c/deg). Our small 

foveal sample (25 cells) revealed that cells in this part of the 

cortex respond to higher spatial frequencies than parafoveal cells 

do. These cells responded to spatial frequencies from 0.7 to 5.65 

c/deg with a mean of 3 c/deg. 

The spatial frequency bandwidth was estimated for 62 cells and 

the distribution of bandwidths is shown in Fig. 3.27. Various cells 

have different bandwidths ranging from 0.75 (narrowly tuned cells) to 

3.3 (broadly tuned cells) octaves. The mean spatial frequency 
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Figure 3.27 Distribution of spatial frequency bandwidth of parafoveal 
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bandwidth of the entire population was 1.8 octaves (S.D. c 0.6 

octaves). The foveal cell population showed a similar range of 

bandwidth distribution (0.8 to 2.9 octaves) and had a slightly lower 

mean value of 1.6 octaves. 
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At each spatial frequency we found narrowly tuned cells, as 

well as broadly tuned cells. The relationship between peak spatial 

frequency and bandwidth is shown in Fig. 3.28. This figure shows a 

great scatter of values without any noticeable trend. The various 

peak spatial frequencies and the presence of narrow tuning curves 

signify the existence of cells tuned to different, non overlapping, 

spatial frequency ranges (e.g. cell 66-4 which peaks at 0.35 c/deg and 

cell 66-8 which peaks at 0.7 c/deg respond to almost non overlapping 

spatial frequency ranges). 

The number of cycles of the preferred spatial frequency within 

the excitatory part of the receptive field was calculated by 

multiplying the receptive field size by the preferred spatial 

frequency. The distribution of the number of cycles for 70 cells is 

shown in Fig. 3.29. The numbers range from 0.16 to 5.2 c/field with a 

mean value of 1.8 c/field (S.D. = 1 c/field). This range greatly 

overlaps the one found for striate cortex neurons. This is a 

consequence of the increased receptive field size of VII neurons 

together with the decrease in their preferred spatial frequencies. 

It was shown that peak spatial frequencies of different neurons 

vary, spanning a total range of 3 octaves (in our parafoveal sample 

only). Although this research was not aimed to study the distribution 

of peak spatial frequencies of cells located in various laminae, our 
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data include some penetrations for which peak spatial frequencies were 

determined for 6-9 cells along a single electrode track. These data 

suggest that peak spatial frequencies are not distributed in a 

completely random order. In most penetrations (Fig. 3.30A-B) peak 

spatial frequencies for cells located in the infragranular layers were 

lower than those for cells located in more superficial (probably 

middle) layers of the cortex. Furthermore, after the observed 

increase in peak spatial frequency we noted (in four penetrations) a 

decrease in peak values as the electrode was further advanced (towards 

more superficial layers). In some penetrations, the decrease in peak 

spatial frequency was correlated with recordings from supragranular 

layers. In others, those for which histology was not available or 

lesions were not found, it is entirely possible that the observed 

decrease in peak spatial frequency was correlated with recordings from 

infragranular rather than supragranular cortical layers. Because of 

the curvature of the cortex close to our recording sites (see Fig. 

3.IB), it is possible that after traversing through the middle 

cortical layers the electrode reentered the infragranular layers 

again. In three penetrations peak spatial frequencies didn't drop 

(Fig. 3.30C) while in four we could not observe any consistent trend. 

Temporal Frequency Selectivity. The temporal frequency 

selectivity of VII neurons was studied by measuring their response to 

sine wave gratings of the preferred spatial frequency and orientation, 

drifting at various temporal frequencies across the receptive field. 

Temporal frequency selectivity was usually tested after the spatial 

frequency selectivity was determined. For some cells it was more 
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Figure 3.30 Change of peak spatial frequency of neurons along one 
electrode track. 

A - B: peak spatial frequency of adjacent neurons first 
increases and then decreases while the electrode traverses 
from infragranular to supragranular layers. 
C - Same as A and B, but no decrease in peak spatial 
frequency was observed. 
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difficult to derive temporal selectivity characteristics than to 

derive their spatial selectivity properties since in successive trials 

the cell's response decreased and the temporal frequency tuning curve 

was deteriorated. This phenomenom may suggest that some of VII cells 

adapt more easily to spatial than to temporal frequency. 

Fig. 3.31 shows typical normalized temporal frequency tuning 

curves. The curves indicate that each neuron is selective only to a 

narrow range of temporal frequencies and shows a marked response 

decrease on both sides of the peak. Some cells in the population 

studied showed temporal frequency selectivity characteristics similar 

to those found in most striate cells (Fig. 3.32). While a sharp 

decrease in response exists at high temporal frequency values (usually 

at 4 - 7 Hz), no marked decrease is found in the low range, indicating 

a low pass temporal frequency response. The distribution of drift 

frequency curve types of 69 cells between our four categories (see 

method section) is shown in Fig. 3.33. 

This figure indicates that the salient property in the majority 

of VII cells (62%) is their band pass temporal tuning 

characteristics. We have investigated other properties (receptive 

field size, perf erred spatial frequency and bandwith, direction 

selectivity) of these cells to see whether the two groups (those with 

low pass characteristics and those with band pass characteristics) 

also differ in other ways. This investigation indicated that apart 

from direction selectivity, all other properties appear with an even 

distribution among all cells. Among those cells exhibiting band pass 

tuning characteristics we have found a greater abundance of direction 



EXP ~6 CE~~ 6 TEMP ORA EXF' 2~ 
:I. ............................ . 1 

w 
(J) 
Z 
o 
CL. 

ffi·S 
a: 

w 
~ 
i5 

~"l' .... 
w 
~ €I ........................ , ~e ......... ~ .... ~ ............... . a: 

w 
Q.. 

I... 
W 
~ e 
w 
CL. 

w 
~ 
o 
Il. 
r.o c:' 
W' 0' 
Il. 

I-... 
W 
.:,) 
Il. e 
W 
Il. 

"--. ...,,~.5;:--.~5=---~1--"':!2::--'-""'"'=4--~e--~1~~ CL. ! .25 . ~ 2: 4 e 
DRIFT FREQUENCY CC/SEC) DRIFT FREQUENCV CC/SEC) 

EXP 2~ CE~~ 5 TEMPORA~ 

1 
w 
(J) 
:z: 
0 
CL. 

ffi·S 
a: 
I-
:z: 
W 
to) e a: 
w 
CL 

.25 .5 1 2 4 C; 1<> 
DRIFT FREQUENCY CC/SEC) 

E)':P 29 CE~~ 
1 

w 
~ 
C-... 1l ~'5 

...... ~ ~ eo 
w 

.25 .5 2 4 
DRIFT FREQUENCY CC/SEC) 

16 

~_~~ __ ~_~ ____ ~ ____ ~ __ ~~ __ ~CL. 

.25 .5 1 2 4 e 1 G . 2:5 . 5 2 4 S 1 .; 

I
Z 
w 

DRI~T FREQUENCY 
EXP 67 CE~L 12 TEMP 

DRIFT FREQUENCY CC/SEC) 

EXP $2 CELL 4B TEMPOR~L 
:I. 

:i! e .................... .. 

I
Z 
W 
W ............ .:t; e 

W 
CL. 

w 
~--~r---~--~~-~----~_~ ____ ~CL. 

.25 . !5 2 4 e 1 G .~:5 .:5 
OR I FT FREQUEtlCY C C/ SEC) DRIFT FREQUENCY CC/SEC) 

Figure 3.31 Typical normalized temporal frequency tuning curves of 
parafoveal VII cells. 

109 



EXP 26 CELL 4 TEMPORAL 
:1. ............. . 

... 
Z 
W 
(..) 
Q:; €I 
W 
LI.. 

... 
Z 
W 

.25 .5 1 2 4 6 16 
DR I FT FREQUENCY (C/ SEC) 

:1. . ~~.F: . ~~. ~~~~.~. :.~~~~~.~~ .. ' ..... . 
1 

~ €I ................................ . 
W 
CI.. 

.25 .5 1 2· 4 8 1 G 
DR I FT FREQUENCY (C/ SEC :> 

EXP 26 CELL :1. TEMPORAL 
:1 ......................... . 

w 
r.n z 
o 
CI.. 

~.5 
a::: ... 
z 
w 
~ e ................................... . 
W 
CI.. 

. 25 . 5 1 2 4 a 1 ~ 
DR I FT FREQUENCY (C/ SEC) 

110 

Figure 3.32 Normalized temporal frequency tuning curves of VII cells 
exhibiting low pass characteristics (two upper curves) and 
shallow low pass characteristics (lower curve). 
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Figure 3.33 Distribution of drift frequency curve types of parafoveal 
VII cells (N = 69). 
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selective cells (categories 1 and 2). 43% (16 cells) of the cells 

exhibiting band pass tuning showed some direction selectivity, while 

only 22% (5 cells) of those exhibiting low pass temporal tuning showed 

direction selectivity. 2 By using the X test we determined that the 

two distributions are indeed different (at 0.95 significance level). 

Peak drift frequencies differed from cell to cell. The 

distribution of peak drift rates for 47 cells is shown in Fig. 3.34. 

The mean drift frequency for this population was 3.4 c/sec (S.D. = 2 

c/sec); the range was from 0.14 to 10.8 c/sec, a six octave range. In 

single penetrations, though, the range of peak temporal frequencies 

was considerably smaller, on the average 2.3 octaves only. The drift 

frequency bandwidth was measured for 42 neurons, and its distribution 

is shown in Fig. 3.35. Similar to the spatial frequency bandWidth, 

drift frequency bandwidths span a large spectrum of values, from 0.6 

to 4.6 octaves with a mean of 2 octaves (S.D. = 1.74 octaves). The 

temporal frequency bandwidth is generally slightly larger than the 

spatial frequency bandwidth. 

At each spatial frequency we found cells tuned to a wide range 

of drift frequencies (Fig. 3.37), some of which (the narrowly tuned 

ones) respond to different, non overlapping temporal frequency 

ranges. Fig. 3.36 illustrates this point for two groups of cells. 

those tuned for low spatial frequencies, 0.5 c/deg and less (Fig. 

3.36A), and those tuned to spatial frequencies of 0.7 - I c/deg (Fig. 

3.36B). This figure shows the existence of cells responding to at 

least two non overlapping temporal frequency ranges. 
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Figure 3.36 Temporal frequency tuning curves of various cells tuned to 
similar spatial frequencies. 

A - all cells tuned to spatial frequencies between 0.7-1 
c/deg. 
B - all cells tuned to spatial frequencies between 
0.25-0.35 c/deg. These f.igures indicate the presence of 
at least two non-overlapping temporal frequency ranges of 
neurons responding to similar spatial frequencies. 
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Figure 3.36 Temporal frequency tuning curves of various cells tuned to 
similar spatial frequencies. 
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We have shown that most of the VII neurons show temporal 

frequency selectivity properties. Since each temporal frequency study 

was performed at one (preferred) spatial frequency, it is possible 

that this reflects velocity rather than temporal frequency selectivity 

(note: velocity = (temporal frequency)/(spatial frequency». If this 

is the case, we would expect the peak temporal frequency to shift with 

the spatial frequency used. Temporal frequency selectivity was 

measured at several different spatial frequencies (usually ± 1 octave 

from the peak) for nine cells. Spatial and temporal frequencies were 

interleaved and a rough spatiotemporal response envelope was obtained 

by measuring the cell's response to the various combinations. 

MUltiple temporal frequency tuning curves thus derived are shown in 

Fig. 3.38. Fig. 3.38A shows an example of a cell for which the peak 

temporal frequency was unaffected by changing the spatial frequency. 

For some other cells (Fig. 38B-C) the peak temporal frequency did 

shift with the change in spatial frequency, but this shift could not 

be predicted from a cell being velocity tuned. Sometimes the peak 

temporal frequency shifted an octave down for increasing the spatial 

frequency by an octave, and vice versa. These random changes can 

possibly reflect variability in the cell's response, rather than a 

real property. Moreover, even when the tuning curve shifted, it still 

greatly overlapped that obtained for the peak spatial frequency 

value. Since our studies were carried out in one octave steps, it is 

still possible that the true shift is much smaller than the one 

observed. The finding that in many cases a shift did not occur, or if 
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it occurred it was random (Fig. 3.39), suggests that the observed 

temporal frequency selectivity is an inherent property of VII neurons. 

From the spatio-temporal studies we noted that peak spatial 

frequencies were independent of test temporal frequencies for a range 

of up to 5 octaves. In most cases, no shift was observed (Fig. 

3.40). For those cells in which shift did occur (which were very 

rare) it was, as before, random. These findings suggest that spatial 

and temporal frequencies are two independent set of parameters which 

characterize frequency s~lectivity properties of VII neurons. The 

right hand side of Fig. 3.40 indicates that estimates of bandwidth are 

possibly sensitive to temporal frequency. The narrowest bandwidth 

occurs at the preferred temporal frequency. Since the spatial 

frequency study was carried in one octave steps, a quantitative 

description is impossible. 

In a previous section some evidence was presented to suggest 

that peak spatial frequencies are distributed not in a completely 

random order between various cortical layers. A similar property was 

sought for temporal frequencies as well. From limited data (four 

penetrations for which peak drift frequencies were determined for 6 to 

9 cells) we found no systematic changes of peak drift rates for 

neurons at different depths. Peak values of adjacent neurons were 

either identical or differed by 1 to 1.5 octaves. 

Comparison Between the Striate Cortex and the Second 
Visual Area in the Monkey 

In this section we will summarize in detail the similarities 

and differences between macaque's area VI and VII in view of the 



Figure 3.39 Spatio-temporal frequency sensitivity characteristics of 
VII cells. 

A - change of temporal frequency sensitivity peak as a 
function of spatial frequency. A velocity tuned r.ell 
would follow the diagonal line. In most of the studies no 
shift was observed (points n vertical axis). The few 
points that deviate from the vertical line shift in a 
random manner. The axis origin is at the preferred 
spatial and temporal frequency of a cell. 

B - change of spatial frequency sensitivity pe~t as a 
function of temporal frequency. Same behaviour as in A. 
The figures indicate that spatial frequency sensitivity 
and temporal frequency sensitivity are fundamental 
independent properties. 
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results presented in this study. The major similarities and 

differences are summarized in Table 3.1. Only the parafoveal cortex 

in both areas is considered. 
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General Properties. The second visual area which is located in 

the posterior bank of the lunate solcus is folded beneath the striate 

cortex. Thus, most of this cortex is hidden and more difficult to 

access than the striate cortex. Because of this reason the second 

visual area is technically more difficult to study. This accounts, 

partly, for the fact that our striate cell population is larger. 

In general, area VII neurons respond to similar visual stimuli 

as VI neurons do, and their responsivity is at least as strong as that 

of striate neurons. Fig. 3.4lA represents the distribution of the 

spatial frequency responses (above spontaneous activity) for VI and 

VII neurons, respectively. This figure shows that the range and mean 

for these two visual areas are very similar. The mean response for 86 

VII neurons was 23.7 sp/sec (S.D. = 19.3 sp/sec, range 1.5 - 100 

sp/sec) while that for 122 VI cells was 20.6 sp/sec (S.D. = 18.4 

sp/sec, range 1.1 to 83 sp/sec). Spontaneous firing rates are also 

similar in both areas as described in Fig. 3.4lB. Mp.an spontaneous 

rates were 7.6 sp/sec (S.D. = 6.47 sp/sec, range 0 - 29 sp/sec) and 

7.7 sp/sec (S.D. = 7.6 sp/sec, range 0.2 - 37 sp/sec) for VI and VII, 

respectively. 

Striate and VII neurons also show similar adaptation properties 

to gratings of the preferred spatial frequency. The mean response in 

the first (Ml ) and second (M2) halves of stimulus presentation was 

calculated and an adaptation parameter defined as (Ml -M2)/(Ml +M2) was 



Table 3.1 Cornparision between the properties of striate and second visual area neurons. 

Receptive Peak Spatial Peak Tl!lllporal NlDlber Spatial Spontaneous Adaptation Velocity 
Field she Spatial Frequency Frequency Tl!lllporal Frequency of Cycles Frequency Activity Parameter Cutoff 
(degrees) (c/deg) Bandwidth Frequency Bandwidth within the Response 

(octaves) (c/sec) (octaves) field (ap/sec) 

Villua1 area VI Vll VI Vll VI Vll VI Vll VI Vll VI Vll VI VII VI Vll VI Vll VI Vll 

Mean 1.06 2.8 2.7 0.8 1.8 1.8 3.7 3.4 3 2 2.5 1.8 20.6 23.6 7.6 77 0.09 0.1 3.6 12.3 

R 96 73 122 86 91 62 70 47 34 42 87 70 122 83 122 83 100 71 104 65 

Standard 0.58 1.8 1.5 0.5 0.48 0.6 1.79 2 0.83 1.74 2.08 1.14 18.4 19.3 6.47 7.63 0.12 0.14 2.49 16.6 
Deviation 

Hin 0.13 0.33 0.5 0.25 0.7 0.75 0.7 0.14 1.7 0.6 0.4 0.16 1.1 1.5 0 0.2 0.2 0.35 0.5 0.4 
Rsnge 

HIIX 3 10 8 2.1 3.6 3.3 11.3 10.8 4.2 4.6 14.6 5.2 83 100 29 37 0.5 0.36 15.7 65.6 

...... 
N 
N 
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Figure 3.41 Spatial frequency response density and spontaneous 
activity of VI and VII neurons. 

A - Distribution of spatial frequency response (above 
spontaneous) for 83 VII an~ 122 VI cells. 
B - Distribution of spontaneous activity for 83 VII and 
122 VI neurons. 

123 



124 

computed. This parameter is shown in Fig. 3.42 (for 100 VI cells and 

77 VII cells). The figure reveals that according to this criteria, 

both VI and VII neurons show weak adaptation. 

These findings suggest that both VI and VII neurons respond 

equally well to sine wave grating stimuli. In some experiments~ for 

unknolm reasons, VII cells were unresponsive to sine wave gratings of 

any spatial and temporal combination in a wide range of values. These 

neurons were disregarded in our analysis. In most of these 

experiments, the striate cortex responded in its usual manner. 

lfuether this result is due to sampling a VII cell population requiring 

a different visual stimuli is unknown. 

Receptive Field Widths and Orientation Selectivity. The 

receptive field widths of VII neurons are two to three times larger 

than those of VI neurons at corresponding retinal eccentricities. 

This property is illustrated in fig. 3.43 which also reveals that the 

two distributions overlap. 

Orientation selectivity was determined qualitiatively for most 

of the studied cells. From a limited number of stud~es in which 

orientation selectivity was determined quantitatively we found that 

second visual area neurons exhibit orientation selectivity properties 

similar to those of striate cells. 

Spatial Frequency Selectivity. The studies of spatial 

frequency selectivity revealed that second visual area neurons reponsd 

to lower spatial frequencies than striate cells, at corresponding 

eccentricities. Fig. 3.44 illustrates this point: peak spatial 

frequencies of VII cells are two to three times lower than those of 
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Figure 3.43 Comparison of receptive field widths of VI and VII neurons. 
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the corresponding striate neurons (see also Table 3.1). This figure 

also indicates that there is an overlap between the two distributions 

over a range of at least 1.5 octaves. While the range of preferred 

spatial frequencies is different for VI and VII, neurons in both areas 

have similar spatial frequency selectivity properties. The mean and 

the range of spatial frequency bandwidths are essentially identical in 

VI and VII as shown in Fig. 3.45, and in Table 3.1. This suggests 

that spatial frequency tuning curves of VII neurons are simply shifted 

1.5 - 2 octaves down the spatial frequency axis. Inspection of Fig. 

3.44 reveals that there is a considerable number of VII cells which 

respond to the low spatial frequency range ( 0.5 c/deg) that is not 

represented in VI. 

The presence of larger receptive field widths in VII and the 

preference for lower spatial frequencies relative to the striate 

cortex suggest that, on the average, the same number (N) of cycles of 

the preferred spatial frequency are present within the receptive field 

in VI and VII. This is illustrated in Fig. 3.46. This suggests that 

VII does not maintain the high spatial resolution which is found in 

the striate cortex. 

The difference between the VI and VII areas relative to 

receptive field size and spatial frequency sensitivity is best 

illustrated in Fig. 3.47. Although there is a considerable overlap in 

both the receptive field widths and spatial frequencies encountered in 

those two different areas, neurons in VI exhibit mostly small 

receptive field sizes and high spatial frequency preference, while VII 

neurons mostly larger receptive field sizes and preference for lower 
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spatial frequencies. For the combined VI and VII distributions 

spatial frequency and receptive field size are generally invers1y 

correlated. 
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Temporal Frequency Selectivity. Fig. 3.48 summarizes our data 

concerning the temporal frequency selectivity properties of neurons in 

areas VI and VII (see also Table 3.1). Inspection of this figure 

reveals three major points. 

I. The two visual areas differ drastically in their temporal 

frequency selectivity properties (Fig. 3.48A). While neurons in both 

VI and VIr exhibit low pass as well and band pass temporal frequency 

characteristics, the majority of VI cells (70%) show low pass 

characteristics and the majority of VII cells (62%) show band pass 

characteristics. 

II. The mean and range of preferred temporal frequencies are 

similar for VI and VII neurons (peak temporal frequencies for VI 

neurons were calculated for those neurons showing either band pass or 

shallow low pass curves). This property is illustrated in Fig. 3.48B. 

III. Although 30% of VI neurons show band pass temporal frequency 

characteristics, their bandwidths are broader than those of VII cells, 

showing an average of 3 octaves. Fig. 3.48C displays the two 

distributions, which were found to be different at the 99% confidence 

level (Student's t-test). As noted before, we did not find any 

signficant correlation between band pass/ low pass temporal tuning and 

preferred spatial frequency or bandwidth of cells in either VI or VII. 

Figs. 3.44 and 3.48B show that VI and VII neurons respond to 

similar temporal frequency ranges but differ in their preferred 
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spatial frequencies. This leads to another dichotomy between the two 

visual areas. Since velocity of movement equals temporal frequency 

divided by spatial frequency, VI neurons should respond, on the 

average, to lower velocities than VII neurons. Since most of VI 

neurons show low pass temporal frequency properties, peak drift rates 

cannot be determined. Because of this reason we calculated for each 

cell the high drift rate cutoff rather than the peak. The high cutoff 

was determined by calculating the temporal frequency for which the 

cell's response fell to 50% of its maximal value. The high velocity 

cutoff for each cell was determined by dividing the high temporal 

frequency cutoff by the preferred spatial frequency of the cell. The 

distribution of velocity cutoffs for VI and VII neurons is shown in 

Fig. 3.49 (see also Table 3.1). This figure indicates that although 

the two distributions overlap, VII neurons respond to higher 

velocities than VI neurons. The velocity range extends from 0.5 to 

15.7 deg/sec for VI neurons (with an average of 3.6 c/deg) and from 

0.4 to 65.6 c/deg for VII neurons (with an average of 12.3 c/deg). 

Fig. 3.50 shows the correlation between peak spatial frequency and 

velocity cutoff for a combined VI and VII population. The figure 

indicates that cells preferring higher spatial frequencies tend to 

have lower velocity cutoffs and vice versa. Similar results were 

reported in the cat (Berardi et al. 1982). Velocity cutoffs are also 

correlated with receptive field widths, as expected from the inverse 

proportionality between spatial frequency and receptive field size, 

and spatial frequency and velocity cutoff (Figs. 3.48 and 3.50). This 

correlation is shown in Fig. 3.51. This figure shows that, on the 
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average, larger receptive field sizes are correlated with higher 

velocity cutoffs. A similar correlation was reported in the cat when 

single drifting slits were used as stimuli (Orban et ale 1981). 

Summary 

The data presented in the current and the previous sections 

indicate that: 

I. The receptive field sizes of VI neurons are 2-3 times smaller 

than those of VII neurons at corresponding retinal eccentricities. 

II. VII. neurons respond to spatial frequencies which are, on the 

average, 2-3 times lower than the corresponding VI cells, but show 

similar selectivity properties (similar bandwidth). VII does not 

maintain the spatial accuracy of striate cortex neurons. 

III. Most of VII neurons exhibit band pass temporal frequency 

characteristics, while most of VI neurons, low pass temporal 

characteristics. 

IV. A consequence of the different spatio-temporal selectivities 

is that the preferred velocities of VI and VII neurons are low and 

high, respectively. 

V. For both VI and VII spatial and temporal frequency 

selectivities are independent and fundamental parameters describing 

cell properties. 

VI. While the VI and VII areas differ in the average of the 

measured properties, there is an overlap among all measured parameters 

in such a way that their combined distribution covers continuous 

spectrum for every property measured. 
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Discussion 

Cell Types 

The majority of striate cells studied were complex cells. The 

proportion of simple cells in this study was substantially smaller 

than that studied by Schiller et al. (1976) and DeValois et al. 

(1982). DeValois et al. reported that more than 50% of the total 

number of cells studied were simple cells. Similar to this study, 

Hubel and Wiesel (1968) found only a small proportion of simple cells 

in their population. The small proportion of simple cells studied can 

be attributed to selective electrode sampling (simple cells are 

generally more difficult to isolate and require finer electrodes), and 

(or) due to their low or absent spontaneous activity (thus requiring a 

visual stimulus for detection). 

Most of the VII cells studied were complex cells also (regular, 

modulated, and end inhibited complex cells). We have, however, found 

four cells (three of them in the foveal part of VII) which could be 

classified as simple cells. These data are by no means conclusive, 

but they point to the possibility of simple cells existing in VII 

(such cells have indeed been found, see footnote on page 88). The 

presence of simple cells in area VII of the monkey was neither proved 

nor denied as yet. It is possible that selective electrode sampling, 

as explained before, is partly responsible for the occurrence of only 

a few simple cells. 

The presence of simple cells outside the striate cortex is of 

significance because of their ability to sense phase information (at 
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least in the striate cortex, Pollen and Ronner 1982). The possible 

existence of simple cells in VII finds support in the fact that 

striate laminae abundant with simple cells project to area VII (Lund 

et ala 1981). In addition, in a psychophysical study by Stromeyer et 

ala (1982), it was reported that the proposed low spatial frequency 

channel (possibly located in VII, see later) shows orientation and 

position or phase sensitivity. 

Cells which resemble striate simple cells were reported in 

eat's area VII (Orban et ala 1975; Movshon et ala 1978c). This could 

be, however, a consequence of the different thalamo-cortical 

connections in the two species. 

Spatial and Temporal Selectivity 

In our experiments we have shown that the spatial frequency 

response characteristics of VII neurons are generally independent of 

their temporal response properties, and vice versa. It is this fact 

that allows us to analyze separately the spatial and the temporal 

response properties of neurons in VII. Although we did not perform a 

comperative spatio-temporal study on VI neurons, the independence was 

shown to be true for cat's striate neurons (Tolhurst and Movshon 

1975). These findings indicate that the spatial and temporal 

frequency selectivities of striate and VII neurons are fundamental 

properties. Other properties (i.e. the apparent velocity differences 

of VI and VII cells) reflect the specific spatio-temporal selectivity 

of the cell. 

The results of this study revealed profound differences between 

the spatio-temporal tuning characteristics of striate and VII 
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neurons. Fig. 3.52 summarizes these differences in 8 schematic way. 

First, we note that VI and VII neurons respond to different, but 

somewhat overlapping, spatial frequency ranges. VII neurons prefer 

spatial frequencies which are, on the average, two to three times 

lower than those preferred by striate cells, at corresponding retinal 

eccentricities. Spatial frequency bandwidths of VII cells are, 

nevertheless, similar to those found for striate cells (by us and 

other investigators, DeValois et ale 1982). The finding that various 

VII cells respond to different, sometimes non-overlapping, spatial 

frequency ranges, suggest that processing of spatial information is 

accomplished also by second visual area neurons (the role of striate 

cells in processing spatial information is well established~ as 

described in the literature review). Noting that VII neurons respond 

to spatial frequencies which are not represented by striate cells 

suggests that the role of these neurons in processing spatial 

frequency information is complimentary to that of VI. Larger 

receptive fields and preference for lower spatial frequencies of VII 

cells suggest that these neurons do not maintain the high spatial 

resolution which is found in the striate cortex. 

Fig. 3.52 reveals that striate and VII neurons also differ in 

their temporal tuning characteristics. Most of VI cells (70%) exhibit 

low pass temporal tuning characteristics, indicating that the response 

of these cells is greatly independent of temporal factors, as long as 

drift rates are not too high (the upper 50% cutoff varied from cell to 

cell showing an average of 8 Hz, see Table 3.1). Although 30% of 
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striate cells exhibit band pass temporal tuning, they show broad 

selectivity properties and distinct curves greatly overlap. 
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The majority of VII cells (62%), on the other hand, exhibit 

band pass tuning properties. Different neurons respond selectively 

only to a narrow range of temporal frequencies. In this respect they 

resemble the selectivity properties in the spatial frequency domain 

(of either VI or VII cells) and can be considered as temporal 

frequency filters. The rest of VII cells exhibit low pass temporal 

tuning. 

The combined spatio-temporal frequency characteristics of 

striate and VII cells suggest that: 

I. Both striate and VII neurons have a role in the processing of 

spatial and temporal information. Striate cells exhibit higher 

spatial resolution and VIr neurons higher temporal resolution. They 

operate over a different (somewhat overlapping) spatio-temporal range. 

II. The processing of medium-high spatial frequencies ~ 2 c/deg) 

by striate neurons is far less sensitive to temporal changes than the 

processing of low spatial frequencies ~ 0.5 c/deg) by second visual 

area neurons. However, the presence of band pass temporal tuning 

cells in the medium-high spatial range indicates that some movement 

detection (albeit course) is mediated by these cells as well. In the 

same way, the presence of low pass temporal tuning characteristics in 

the low spatial frequency range indicates that pure spatial processing 

(independent of temporal changes) takes place in VII. 

III. Although there is an abundance of low pass/band pass temporal 

tuning at high/low spatial frequencies (respectively), this 
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is by no means a one to one correlation. At every spatial frequency 

(throughout the investigated range) we found examples of both low pass 

and band pass temporal sensitivities, sometimes even in adjacent 

neurons. In particular, in the spatial frequency range from 0,7 to 

2 c/deg (the overlap range between VI and VII) the correlation is 

unclear. 

Correlation With Anatomical Pathways 

As described in Chapter 2, the most prominent afferent pathway 

of the second visual area originates from striate cells. The finding 

of Schiller and Malpeli (1977) that the responsiveness of VII neurons 

depends on an intact striate cortex, strongly suggest that the 

receptive field properties of VII cells are generated from the 

information they receive from striate cells. For example, the larger 

than striate receptive fields found in the second visual area (in this 

study and by other investigators, e.g. Gattass et al. 1981), can 

originate via convergent pathways from several (adjacent) striate 

cells. In this respect, VIr constitutes a higher level of processing 

visual information. Any attempt to understand the function of VII in 

processing visual information must account for the major striate 

input. In other words, we must find a model which will explain how 

VII neurons' preference for lower spatial frequencies is derived from 

neurons responding to high spatial frequencies. 

A model can be proposed in which two striate neurons covering 

adjacent receptive fields, and each responding to a different spatial 

frequency range, provide input to one VII neuron. The VII neuron will 

only fire when both VI neurons are "on", Le. when there is a change 
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in texture within the VII receptive field. Since changes in texture 

are necessary for form description, the VII neurons will respond to a 

lower spatial frequency necessary for form description. In this 

model, a VII neuron represents a detector of frequency modulation 

changes (FM detector). While this is a plausible model, it does not 

conform with our experiments in which the test signals were amplitude 

modulated. 

A different model can be envisioned in which cells sensitive to 

the higher spatial frequencies project onto VII neurons but terminate 

with an inhibitory rather than an excitatory synapse. This may 

explain our finding of only middle and low spatial frequencies in 

VII. It is possible that such an inhibitory mechanism is partly 

responsible for the band pass tuning characteristics of VII cells, 

similar to the case described by DeValois and Tootell (1983) for 

striate cells. 

Both of the above proposed models fail to explain the response 

of VII neurons to pure sine wave gratings of very low spatial 

frequencies to which VI is completely inert. At this point we must 

consider other anatomical connections. 

One possiblity is that the input to these cells originates in 

the lateral geniculate body cells responding to the very low spatial 

frequency range (Y cells). While most of the anatomical findings 

reject this possibility, there are some studies indicating that such 

an input does exist (see Chapter 2). Nevertheless, it would be 

difficult to accept that geniculate input, which (if eXistent) appears 



to be minor, is responsible for the response properties of one third 

of the VII cell population. 
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Another possibility is that these cells receive their input 

from subcortical structures such as the inferior and lateral pulvinar 

(Beneveto and Rezak 1976; Lund et al. 1981; Livingstone and Hube1 

1982). This assumption is speculative since neither the spatial nor 

the temporal frequency selectivity properties of pulvinor neurons have 

been reported yet. 

Recent 2-deoxyglucose and cytochrome oxidase studies found 

evidence which may suggest another possible explanation to the 

problem. Livingstone and Rubel (1982) shot. a thalamic input (probably 

a direct one) into cytochrome oxidase-rich regions ("bulbs") in the 

monkey's striate cortex which are located in layer III. They found 

that the cells in these regions show properties which resemble those 

of cells located in layer IV (the input layer of the striate cortex) 

or in the geniculate body (they exhibited poor orientation selectivity 

and had usually center-surround receptive fields). Silverman, 

DeValois, and Jacobs (1983) found a stripe-like organization of high 

cytochrome oxidase activity (in layers 4, 5 and lower part of 3) 

within the second visual area. Cells within these stripes exhibited 

similar properties to those located within the cytochrome oxidase rich 

regions in the striate cortex. In addition to the above mentioned 

properties they found that these cells had preference for low spatial 

frequencies. They suggested that these corresponding regions in VI 

and VII are functionally related to each other. It is thus possible 

that, in the monkey, the information relaying low spatial frequencies 
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reaches the second visual area via the striate cortex and the observed 

properties of VII neurons (orientation, spatial and temporal frequency 

selectivity) are intrinsically generated within the second visual 

area. This projection consists of only part of the efferent striate 

projection into VII. Some (indirect) support (Silverman et al. 1983) 

to this hypothesis is the fact that cytochrome-rich bulbs found in the 

monkey's striate cortex are absent in the cat (in the cat, the low 

spatial frequency information is probably transmitted to VII directly 

from the LGN). 

Correlation With Psychophysics 

DeValois and Morgan (1974) showed that the macaque and human 

spatial contrast sensitivities are essentially identical. This allows 

us to relate our results to human psychophysical findings. The 

discussion below assumes that the temporal contrast sensitivity of 

macaque and man are similar, and that the physiological single cell 

recordings reflect, to some extent, the overall phychophysical 

behavior of the visual system. 

There are two major implications of the physiological data 

important to psychophysics. The first concerns the processing of low 

spatial frequencies and the second the processing of temporal 

information. The processing of the spatio-temporal information by the 

visual system was described in Chapter 2. 

Processing of Low Spatial Frequencies. From psychophysical 

data it is well established that the visual spatial (or fonn) 

information is processed by multiple channels, each selectively 



146 

sensitive to a limited range of spatial frequencies (Campbell and 

Robson 1968). Physiological data suggested that the neuronal 

correlates of these channels are the striate cells which exhibit 

spatial frequency selectivity properties. While the existence of the 

spatial frequency channels is generally accepted for spatial 

frequencies higher than 1 c/deg, there is some controversy about the 

existence of distinct channels at the very low spatial frequency range 

( <0.7 c/deg) (e.g. Furchner et ale 1977; Legge 1978; Stomeyer et ale 

1982). Specifically, the controversy is whether low spatial 

frequencies are processed by one broad low pass spatial frequency 

channel or by several band pass channels. In a recent paper, Wilson, 

McFarlane and Phillips (1983) reported that the lowest spatial 

frequency channel peaks at 0.7 - 1 c/deg. They suggested that the low 

spatial frequency channels reported by other investigators (e.g. 

Stromeyer et ale 1982; Watson and Robson (1981)) are not really 

spatial frequency processors, but spatial processors. 

The spatial frequency turning characteristics of VIr neurons, 

described in this study, provide evidence for the existence of cells 

selectively sensitive to the very low spatial frequency range. More 

than half of the cells prefering spatial frequencies ~0.5 c/deg had 

more than one full cycle of the preferred spatial frequency within 

their receptive field. This suggests that these neurons can act as 

spatial frequency filters. The spatial frequency tuning curves of 

these cells show similar bandwidth characteristics to that of striate 

cells, and some of them cover non-overlapping spatial frequency ranges 

(for spatial frequencies <1 c/deg). These cells can be considered as 
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the neuronal substrates of the proposed low spatial frequency channels 

(Furchner et al. 1977; Stromeyer et al. 1982; Watson and Robson, 1981, 

contrary to Wilson et al. 's view). The finding that these cells show 

both band pass (more abundant) and low pass temporal turning (thus 

exhibiting transient and sustained response properties, respectively) 

is consistent with Stromeyer's et al. findings of both sustained and 

transient low spatial frequency channels. 

The observation that spatial frequency bandwidths of VII cells 

are similar to that of striate cells may suggest that the bandwidth of 

the corresponding psychophysical channels would also be similar. 

Psychophysical studies suggest that the spatial frequency bandwidth of 

the sustained low spatial frequency channels should not be much 

broader than the corresponding channels at the high spatial frequency 

range (e.g. Furchner et al. 1977). The spatial frequency bandwidth of 

the transient low spatial frequency channels was reported to be 

broader (Stromeyer et al. 1982; Wilson et al. 1983) than the 

corresponding spatial frequency bandwidth at the high spatial 

frequency range. In our physiological data, however, we did not find 

any significant difference in spatial frequency bandwidths between 

cells exhibiting low pass and band pass temporal tuning. 

Processing of Temporal Information. As described in Chapter 2, 

there is considerable evidence that the detection of temporal 

frequencies by the human visual system is medicated by multiple 

mechanisms (or channels) with different temporal frequency 

sensitivites (e.g. Pantle 1971; Tolhurst et a1. 1973; Tyler 1980; 

Watson and Robson 1981; Bowker and Keesey 1983). The characterization 



of these channels is, however, much less defined than that of the 

corresponding spatial frequency channels. 
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Our physiological data are consistent with the multiple 

temporal channel model. We found that VII neurons (covering the low 

spatial frequency range) respond to at least two non-overlapping band 

pass temporal frequency ranges (Fig. 3.36). At the same time we found 

that approximately 30% of VI cells (covering medium-high spatial 

frequencies) respond to one broad band pass temporal frequency range. 

These properties were independent of the spatial frequency response in 

either VI or VII. We speculate that these neurons constitute the 

neuronal substrates of the proposed temporal channels. The existence 

of at least two (broadly tuned) temporal channels within the human 

visual system was suggested by Watson and Robson (1981), based on the 

finding that only high and low temporal frequencies are perfectly 

discriminated. They found this result to be true for both high and 

low spatial frequencies. Our results are also consistent with the 

psychophysical finding that the human visual system is mostly 

sensitive to temporal changes at the low spatial frequency range (e.g. 

Kulikowski and Tolhurst 1973; Green 1981; Bowker and Keesey 1983), as 

can be seen from the spatia-temporal frequency response 

characteristics of VII cells. 

While studying the spatio-temporal tuning characteristics of 

VII neurons we also recorded the directional sensitivity of the 

cells. It is interesting to note the more frequent occurrence of 

direction selective cells (categories 1 and 2) among neurons 

exhibiting band pass temporal tuning. In a psychophysical study, 



Watson et a1. (1980) reported that low spatial and high temporal 

frequency gratings are detected predominantly by direction selective 

mechanisms. 

Comparison to Cat 
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One of the most surprising results of this study is the 

similarity of the spatio-temporal frequency selectivity properties of 

striate and VII neurons between monkey and cat. As mentioned in 

Chapter 2, the cat and monkey differ in their thalamo-cortical 

projections. In the cat, a prominent LGN projection (originating from 

Y cells) was reported, while in the monkey such a projection, if 

existent, is minimal, at best. Moreover, there is a difference 

between monkey and cat in the functional dependence of VII on striate 

cortex neurons. Monkey's area VII does not respond if the striate 

cortex is rendered innert, while cat's area VII functions independent 

of VI. 

The marked differences in the spatial and temporal frequency 

selectivity properties between areas VI and VII of the cat (Movshon et 

a1. 1978c; Berardi et ale 1981; Orban et ale 1981, for detail see 

Chapter 2) were explained by the absence of X cell projection into 

area VII, and partly by the existence of Y cells in the LGN that 

project only to VII (Movshon et a1. 1978c). This led to the 

hypothesis that striate and VII areas process in parallel pattern and 

movement information, respectively. This study revealed a similar 

dichotomy between VI and VII in the monkey. This dichotomy, however, 

cannot be explained by a direct LGN input, and moreover monkey's area 

VII cannot operate independent of VI. 
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Similarities between monkey and cat were also found in the 

organization of the second visual area with respect to distribution of 

preferred spatial frequencies between various cortical laminae. We 

have found that, generally, cells located in the middle cortical 

layers prefer higher spatial frequencies than cells located in the 

infra- or supragranular layers. This kind of distribution of peak 

spatial frequencies was observed in the cat area VII (Berardi et ale 

1982). 

Several differences were, nevertheless found between cat and 

monkey. We have found that approximately 30% of monkey's striate 

cells exhibit a relatively broad temporal band pass tuning. According 

to Movshon et ale (1978c), cat's striate cells exhibited low pass 

temporal tuning characteristics only. This difference probably 

reflects the anatomical dissimilarities between the two species. The 

advantage gained by the monkey's visual system over that of the cat, 

at this level of processing is still unclear. 



CHAPTER 4 

USE OF GABOR ELEMENTORY FUNCTIONS TO PROBE RECEPTIVE FIELD 
SUBSTRUCTURE OF POSTERIOR INFEROTEMPORAL NEURONS IN THE OWL MONKEY 1 

Introduction 

The inferotemporal cortex subserves many functions essential 

for the identification of spatial patterns in the primate (for review 

see Gross 1973). In the owl monkey, inferotemporal neurons receive a 

major input from the dorsolateral cortex (DL), which in turn receives 

its predominant input from the second visual cortical area (VII), 

whose cortical projections are derived from the striate cortex (VI) 

(for review, see \~eller and Kaas 1981). 

Receptive fields of inferotemporal neurons in the macaque 

monkey are large (frequently 10-20 degrees across or even wider) 

usually include the fovea and often extend at least several degrees 

into the ipsilateral field (Gross et al. 1972). Although much is 

known about the range of receptive field sizes, and about the effects 

of nonspecific arousal (Gross et al. 1972), visual fixation (Richmond 

and Wurtz 1981) and behavioral contingencies (Gross et al. 1979; 

1 A shortened version of this Chapter has been accepted for 

publication in Vision Research. 
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Fuster and Jervey 1981) on neuronal excitability, substructure of 

these large receptive fields has not been yet studied. 
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I~vestigation of a possible substructure of the large 

inferotemporal receptive fields requires stimuli different than the 

ones normally used in research of striate receptive fields. A narrow 

slit drifting across the receptive field of a visual neuron at the 

preferred direction has been a very useful tool in detecting the 

receptive field characteristics at early levels of the visual system. 

At the inferotemporal level, however, the response characteristics to 

a single drifting slit seem to indicate only the size of the receptive 

field with little detailed information about local response 

characteristics within that field. 

The use of sinewave grating stimuli at early levels of the 

visual system has been particularly useful in assessing the spatial 

frequency selectivity of individual neurons (Enroth-Cugell and Robson 

1966) and in establishing the relationship between spatial frequency 

selectivity and the receptive field profile of individual simple cells 

(Andrews and Pollen 1979). This has been an especially effective 

technique when the receptive field was relatively small and the 

evidence suggested that only one spatial frequency band might be 

preferred throughout the receptive field. Certain dlfficulties might 

be anticipated attending the use of such extended stimuli for 

inferotemporal neurons. If a cell responded to a given spatial 

frequency, there would be no way to determine with an extended grating 

whether this frequency was preferred throughout the receptive field or 

just within a restricted part of the field. Thus, on one hand, the 
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slit stimulus defines the receptive field width but provides little 

information about the field substructure; whereas, on the other hand, 

the sinewave grating provides some information about the spatial 

frequency inputs but fails to indicate the part of the field to which 

these are referable. 

One possible way to overcome both of those problems is to use 

test stimuli that have an intensity distribution described by Gabor 

elementary functions (Gabor 1946). The use of these test probes, with 

bandwidths comparable to those of simple cells in the striate cortex, 

offers us the opportunity to probe the substructure of large receptive 

fields for both spatial frequency and spatial (i.e., positional) 

selectivity. With suitably chosen parameters these "wave packets" Cdn 

have enough spatial frequency selectivity to excite particular spatial 

frequency bands over a not too extensive range. Moreover, they are 

sufficiently limited in spatial extent to offer the opportunity of 

reasonably localizing the subregions in the receptive field from which 

the response may arise. 

These test stimuli have the same weighting functions that have 

been proposed as the psychophysical one-dimensional profiles of 

spatial frequency channels in human vision (Watson et ale 1983). 

Furthermore, Gaussian-attenuated sinusoidal waveforms have already 

been used in psychophysics to minimize spatial and temporal transients 

and to restrict a spatial frequency packet to a given part of the 

visual field and a given temporal interval (Graham, Robson, and 

Nachmias 1978). A physiological reinforcement for our choice comes 



also from the fact that the analytical properties of simple cells 

resemble those of Gabor functions (see Chapter 2). 

The use of Gabor stimuli provides practical advantages as 
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well. The Gaussian envelope eliminates the spatial discontinuities 

which would occur if an extended grating were truncated abruptly and 

drifted into the receptive field like an edge stimulus. rn1ile Gabor 

stimuli with narrow Gaussian envelopes provide localized information, 

Gabor stimuli with broad Gaussian envelopes can permit receptive field 

centers to be completely covered with only minimal stimulation of 

their surrounding flanks. Moreover, the Gaussian-attenuated grating 

pattern provides an opportunity for the neuron to rest between 

successive stimulus sweeps. This minimizes effects of adaptation 

which may become very prominent at such high levels of the visual 

system. 

Validity of the method described above makes the tacit 

assumption that the large receptive field neurons receive input only 

from spatial frequency channels that have a common orientation 

preference. This assumption, though acceptable at the striate cortex, 

must first be tested for posterior inferotemporal neurons. It is 

theoretically possible that different parts of the large receptive 

fields of inferotemporal neurons receive inputs from different 

orientation bands as well as different spatial frequency bands. In 

order to test this possibility, we "fractionate" the large receptive 

fields of inferotemporal neurons into quadrants. We then test the 

orientation selectivity with moving slits within each quadrant and 

compare the results to the orientation selectivity tested for the 
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field as a whole. Only then, if all parts of the receptive field seem 

to share the same orientation preference, do we feel justified in 

probing the width dimension of the field with the one-dimensional 

Gabor stimuli. 

The studies reported here will address four questions. 1) Do 

inferotemporal neurons receive input from one or more than one family 

of neurons selective for orientation, spatial frequency and 

direction? 2) Do inferotemporal neurons receive input from more than 

one spatial frequency band and, if so, are these bands associated with 

different parts of the receptive field? This test question is 

obviously suggested by the fact that preferred spatial frequencies are 

highest at foveal regions and falloff quite strongly with retinal 

eccentricity. 3) Do inferotemporal neurons receive one or more than 

one spatial frequency input at common receptive field locations? 

4 If inferotemporal neurons receive input from only one orientation 

band and only one spatial frequency band, then do the contributions 

from different parts of the field combine by phase coherent linear 

summation so as to sharpen the response bandwidth? 

Methods 

The owl monkey (Aotus Trivirgatus) is an afoveal nocturnal 

primate with weak color vision formally classified as a protonomolous 

trichromat (Jacobs 1977a) whose spatial frequency sensitivity curve 

peaks at 1.5 - 2.0 c/deg with maximal resolution of about 10 c/deg 

(Jacobs 1977b). 
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Preparation and Recording 

Six owl monkeys were first prepared for semichronic studies. A 

week before the first experiment with each animal, we injected 

ketamine (25 mg/kg) intramuscularly for general anesthesia and 

infiltrated the scalp with a local anesthetic. We then opened the 

scalp and fixed two Kopf cylinders to the bone with screws and dental 

acrylic. Thereafter, on experimental days, the animal's head could be 

supported by rods attached to the plastic cylinders. On the day of 

the experiment an intravenous cannula was inserted into a vein of a 

rear leg and Brevital (methohexital sodium) was slowly injected at a 

concentration of 1 mg/cc until the animal fell asleep (a dose of 3 

mg/kg was usually required). 

With the monkey under general anesthetic, we injected Flaxedil 

(gallamine trithiodide) (2 mg/kg) and intubated the animal. For the 

remainder of the experiment, the animal was maintained on 70% nitrous 

oxide and 30% oxygen for light anesthesia and analgesia and respired 

\vith the aid of a Harvard pump adjusted so that the pC02 was kept in 

the range of 4.5 - 5.0%. Pavulon (pancuronium bromide) was infused at 

the rate of 0.1 mg/kg/hour in order to eliminate detectable eye 

movements. 

The scalp was infiltrated with a long-acting local anesthetic 

before opening the scalp to permit exposure of the bone over the 

striate cortex and the inferotemporal cortex. Within minutes of the 

initial injection of Brevital and under nitrous oxide and oxygen as 

well, a small trephine hole was made over the inferotemporal cortex 

and a 1 mm hole was drilled through the bone over the striate cortex. 
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Means for recording the EEG were available, and in early experiments 

the EEG was observed and found to consist of slow activity consistent 

with a drowsy state during the period of preparing the animal. The 

EKG was also monitored during the preparation periods in early 

experiments and showed no increases that 'vould suggest that the animal 

was experiencing pain. 

A local anesthetic, Ophthaine (propracane hydrochloride) 0.5%, 

was applied to each eye and then cycloplegia and mydriasis were 

produced by installation of Cyclogel (cyclopentolate hydrochloride) 

1%. Contact lenses were applied and refraction was carried out so as 

to focue each eye on a screen 57 cm away. Artificial pupils of 3.0 mm 

diameter were also used. The position of the optic discs were back 

projected onto the screen. The inter-disc line was taken as the 

horizontal meridian (Allman and Kaas 1971a) and a line which 

perpendicularly bisected this line was taken as the vertical meridian. 

Tungsten microelectrodes (Bak Electronics) insulated with 

Parylene were used. In each experiment an electrode was first 

inserted through the small hole into the striate cortex. We advanced 

the microelectrode until a cell responding to both eyes was found. We 

then mapped the receptive field carefully to each eye alone. Then, 

using Risely biprisms, we adjusted visual fixation so that the 

receptive fields were superimposed upon the screen when each eye was 

separately tested. Thus, we started with the condition of binocular 

convergence with virtually zero disparity. We then advanced an 

electrode through the thin dura into the inferotemporal cortex as 

normal to the surface as was technically possible. Some cells in IT 
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were well driven by either eye, in which case stimuli were presented 

to only one eye. In other cases, binocular convergence was required 

to enhance the response. The location of recording sites is described 

in the results. 

Receptive fields were mapped using stationary and drifting 

slits of light or dark bars. Wratten filters (15, 61, 25, 47B) were 

used when yellow, green, red, or blud slits respectively were tested. 

When these stimuli would not excite a cell, the hands and faces of the 

investigators were used as stimuli. 

Gabor Stimuli 

The Gabor stimuli described earlier consist of sinusoidal or 

co-sinusoidal grating patterns modulated by Gaussians of different 

widths (Fig. 4.1). Transparencies of these patterns were produced by 

photographing the relevant displays as generated on a 608 Tektronix 

oscilloscope using an image generator (Innisfree, Inc.). All scope 

patterns were photographed without changes in contrast settings or 

mean luminance. Contrast was set for the mid-range of the gamma curve 

of the film used. The set of transparencies, rather than 

oscillographic displays, had to be used in these experiments because 

an image generator with drifting Gaussian-modified stimuli was not 

available at the time. 

In the constant relative bandwidth series, the full bandwidth 

was 0.8 octaves at half amplitude regardless of the center spatial 

frequency. Transparencies of odd-symmetric and "on-center" 

even-symmetric functions were made for center spatial frequencies in 



Figure 4.1 Profile of Gabor test stimuli. 

A-C: Profiles of "on center" even-symmetric Gabor stimuli 
in the constant bandwidth (in octaves) series are shown in 
order of increasing spatial frequency. The full 
bandwidths at lIe for each stimulus are one octave (or 
equivalently 0.8 octaves at half-amplitude), whereas the 
extent of the Gaussian envelope varies. 
D-F: Gabor stimuli with constant Gaussian envelopes and 
varying bandwidths (in octaves) are shown in order of 
increasing spatial frequency. At the lowest spatial 
frequency the profile for the constant bandwidth series 
(A) and constant aperture series (D) are identical. For 
all higher spatial frequencies in the constant aperture 
series, the bandwidth is inversely proportional to the 
spatial frequency. 
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one-half octave steps covering a seven octave range from 0.05 - 6.4 

c/deg. We used "on-center" even-symmetric stimuli as a matter of 

convenience. In preliminary studies on cat's striate cortex we tested 

both odd-symmetric and even-symmetric stimuli on several complex 

cells. The two types of stimuli produced essentially similar results 

with respect to the preferred spatial frequency. One consequence of 

linear system theory is that cells with linear response properties 

will show the same spatial frequency selectivity to either even- or 

odd-symmetric Gabor stimuli. 

In the constant aperture series, the full width of the Gaussian 

at half-maximal contrast was 250
• The spatial frequencies were 

spaced in one-quarter octave steps covering the same range as the 

constant bandwidth series. Peak contrasts for the constant relative 

bandwidth and constant aperture series were closely matched at 30%. 

Mean luminance of the screen at our usual projection distance was 35 

2 cd/m • At a mean luminance of 11.4 cd/m2, sine wave gratings of 

up to 8 c/deg can be detected by the owl monkey at this contrast 

(Jacobs 1977b). 

The actual drift velocities initially used for the Gabor 

stimuli were determined from the studies of preferred orientation 

using drifting slits. For determining the one-dimensional receptive 

field profile, we drifted narrow slits of light at the lowest velocity 

that gave a good response at all positions across the field. We then 

drifted the constant aperture Gabor stimuli across the receptive field 

at the same velocity. If the resultant temporal frequency was too 

high for the higher spatial frequencies to be tested, we decreased the 
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drift velocity either for the whole series or sometimes just for the 

higher spatial frequencies. Temporal frequencies at which preferred 

spatial frequencies were tested ranged from 2-10 Hz. 

Stimuli were presented with pauses of several seconds between 

successive presentations. Longer rest intervals seemed to make little 

difference. At least 20 sweeps, and frequently many more, were taken 

to construct each average response histogram. The histogram consisted 

of 100 bins with the width of each bin generally set at 50 msec. In 

carrying out estimates for orientation selectivity, the mean 

response/sec was averaged over the entire response zone. Spatial 

frequency selectivity estimates in the constant relative bandwidth 

study were based upon evaluation of peak firing rates during a sweep 

of the stimulus because the Gaussian envelopes were of different 

widths. However, in the constant aperture series, spatial frequency 

selectivity could be estimated either on the basis of peak firing rate 

or average response per sweep, because in this series the Gaussian 

envelopes were of identical spatial extents independent of spatial 

frequency. All firing rates are presented as levels above that of the 

spontaneous activity. 

Results 

General Comments 

Thirteen technically successful experiments were carried out in 

six monkeys. The judgment of "technical success" was made if we were 

capable of first exciting brisk activity in the striate cortex during 

the part of the study in which prisms were used to adjust each 
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monocular receptive field for binocular convergence and could then 

record from isolated non-injured neurons in the inferotemporal cortex. 

The recording sites were all in the posterior part of the 

inferotemporal cortex. This region was first identified with the dura 

unopened by vascular and sulcal landmarks which were just visible 

beneath the unopened dura. The sites were later confirmed by 

comparisons with the actual sulcal patterns after the dura had been 

opened. All recording sites were two to five millimeters inferior to 

the posterior termination of the superior temporal sulcus and zero to 

three millimeters anterior of this line (Fig. 4.2). 

Responsivity of Inferotemporal Neurons 

We were able to drive inferotemporal neurons with visual 

stimuli in nine experiments. In four experiments, the neurons failed 

to respond to any test stimuli, including the hands or faces of the 

experimenters, or habituated too rapidly for any meaningful 

measurements to be made. In nine experiments we obtained reliable 

data on forty-three neurons. Of these, thirty-one responded long 

enough for determination of receptive field size and/or orientation 

selectivity before habituation precluded further quantitative study. 

Twelve neurons could be extensively studied quantitatively. 

Whereas we could easily confirm the early result of Gross et 

ale (1972) that the presence of slow waves in the EEG precluded 

regularly driven activity, the absence of pronounced slow waves in the 

EEG did not allow us to predict whether a given cell would habituate 

readily or not. Sometimes we could "arouse" a neuron transiently by 
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Figure 4.2 Lateral view of cortex of owl monkey (as modified and used 
with permission from Allman, 1982). The cross-hatched 
rectangular area in IT represents the region from which we 
have recorded. 
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preceding visual stimulation with a loud clap or a stroking of the fur 

of one forepaw or another. However, such transient periods of arousal 

did not produce a stable enough baseline for quantitative studies. 

When habituation occurred, it remained whether the stimulus 

tested was a black drifting slit, a white slit, or a colored stimulus 

produced by using the red, green, blue, or yellow fi1tersn Attempts 

to defeat the habituation process by interleaving stimuli at a number 

of different orientations or by moving hands across the field between 

tests of the relevant stimuli proved futile. The inability to find 

regularly responsive cells during the afternoon was not related to 

factors involved in recording conditions because we regularly could 

drive cells in the striate cortex and in visual II at any time during 

the afternoon in another set of studies on these same animals. 

After these studies were completed, we followed a suggestion of 

Dr. Kent Foster and compared cell responsivity with the phase of the 

diurnal rhythm of the animal. We found that all inferotemporal 

neurons studied between 12:00 noon and 6:00 p.m. showed considerable 

habituation. This period corresponded to an interval within the 

normal sleep cycle of this nocturnal primate which had been maintained 

in the laboratory colony. 

Our successful quantitative studies were all done during the 

evening period when the owl monkey would normally be coming into an 

awake cycle, but even so less than half of the neurons could be 

strongly excited without habituation. This statistic is not very 

meaningful, however, because as soon as we found a neuron that 

responded well, we began studies which lasted many hours rather than 
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probing for additional neurons that might be excitable under the then 

present experimental conditions. 

Monocular and Binocular Stimulation 

Most cells, when they responded, responded reasonably well to 

either eye although the response was generally substantially stronger 

when the images to the two eyes had been binocularly converged. In 

t,~o experiments the horizontal disparity of one eye relative to the 

other was shifted in 0.25 deg steps on either side of zero disparity 

up to about 2 deg in order to determine whether the response to a 

drifting slit favored different retinal disparaties at different 

rositions in the receptive field. This was not the case since the 

disparity setting which produced the largest response for the central 

part of the receptive field produced the largest response for all 

parts of the field. 

Receptive Field Sizes 

Most receptive fields had comparable lengths and widths. Width 

estimates were quantitatively determined from histogram measurements 

using long and narrow slits moving in the preferred direction. The 

receptive field profiles generally failed to show abrupt changes in 

response density at different parts of the receptive field (Fig. 

4.3A). There was no evidence for significant suppressive zones as the 

slit either approached or left the receptive field. Receptive field 

widths ranged from 8 - 43.6 degrees. Receptive field widths of 

successive cells in a common penetration often varied by a factor 

close to two. For a population of 26 cells, the mean receptive field 
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A: Average response histogram of an inferotemporal neuron 
to a narrm., slit of light at the preferred orientation 
drifting across the receptive field. 
B-J: Responses of same neuron to Gabor stimuli of 
constant bandwidth (in octaves) drifting across the 
receptive field in order of decreasing spatial frequency. 
K-O: Responses of the same neuron to Gabor stimuli of 
constant Gaussian aperture in order of decreasing spatial 
frequency. 
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width was 15.7 degrees and the median receptive field width was 16.6 

degress. These receptive field widths are comparable to those 

described by Gross et al. (1972) in the inferotemporal cortex of the 

anesthetized macaque monkey. All fields included the central visual 

area within the accuracy of its localization estimated as 1 - 2 

degrees. 

Orientation Preferences and Orientation Selectivity 

Long and narrow (~ 0.50
) drifting slits of libht extending 

along the entire receptive field were first used to quantitatively 

test the orientation selectivity. The length of the slit used in the 

orientation studies was adjusted for maximal cell response. Cell 

responses increased with slit length until the full length of the 

field was reached. Such studies were usually done qualitatively, but 

in two cells (cells 18-1, 18-2) quantitative studies were carried 

out. Response increased reasonably linearly with increase in slit 

length until the field borders were reached and remained at maximal 

value after the field borders had been exceeded. This result 

indicates an absence of end-stopping inhibition. 

The half bandwidths at half-amplitude for orientation 

selectivity, as estimated for ten cells, varied widely, ranging from 

90 in one cell to 450 in several others. Neurons very closely 

spaced within the inferotemporal cortex and separated by 

interelectrode distances of less than 200u in depth might have very 

different half-bandwidths even though their orientation preferences 

were essentially identical (Fig. 4.4A,B,C - see also cells 18-1, 18-2, 



Figure 4.4 Orientation and spatial frequency tuning curves. 

A-C: Orientation selectivity curves using a slit as 
stimulus for three neurons successively encountered in a 
single penetration (records from cells 18-1, 18-2, and 
18-3 respectively). 
D-F: Curves for "spatial frequency" selectivity for three 
neurons in response to the Gabor stimuli of constant 
bandwidth (octaves) are indicated by open circles. The 
spatial frequency selectivity curves obtained when stimuli 
of constant Gaussian aperture are used are indicated by 
filled circles. Records from same three cells listed 
above respectively. 
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and 18-3 of Table 4.1). The orientation selectivity curves for these 

three successively encountered neurons yielded half bandwidths at 

half-amplitudes respectively of 430
, 280 and 140

• 

After the orientation selectivity had been determined over the 

entire field, we subdivided the large receptive fields into four 

quadrants of approximately equal size and qualitatively tested the 

orientation selectivity within each of the four quadrants. Given the 

propensity of these cells to habituate and the need for several hours 

more study to carry out the studies with elemental stimuli, we did not 

attempt to carry out detailed quantitative orientation studies in the 

four quadrants. However, we believe that the qualitative studies were 

highly reliable, particularly in the cells that were more narowly 

tuned for orientation. Thus, a principal finding is that we found no 

hint that the orientation preference or the directional preference 

'vithin each quadrant was any different than it was for the entire 

field. Although minor differences of 10 to 15 degrees in estimates of 

orientation selectivity within quadrants might have been missed, 

greater discrepancies are unlikely. 

Spatial Frequency Studies Using Gabor Stimuli 

Quantitative studies using Gabor stimuli were completed for 

eight cells in five different experiments. The high density of the 

data obtained, their reproducibility in repeated trials within each 

cell and the fact that results of the same type were found in all 

eight cells so studied suggests a high level of reliability for these 

results. Examples of the luminance profile of the Gabor stimuli used 



were shown in Figure 4.1. Both sets of stimuli were drifted across 

the receptive field at the same constant velocity within any given 

study. 

170 

Responses of an inferotemporal neuron to the two types of Gabor 

stimuli are shown in Figure 4.3. The responses to the Gabor stimuli 

of constant bandwidth are shown on the left (Fig. 4.3B-I) and the. 

responses to the stimuli of constant Gaussian apertu~e are shown in 

the right (Fig. 4.3K-O). Gabor stimuli of constant bandwidth with 

center spatial frequencies up to 2 octaves higher than the highest 

frequency shown in Figure 4.3B were also tested and failed to produce 

a detectable response. 

These results show the second principal finding; namely the 

peak response for all frequencies tested in the constant relative 

bandwidth series occur at the same position within the receptive 

field. Thus, there was no evidence either from this study or from the 

other seven studies that different spatial frequency bands produced 

selective responses in different parts of the receptive field. 

The preceding results do not preclude the possibility that more 

than one spatial frequency band projects to common loci within the 

receptive field. This possibility was examined by plotting the peak 

response versus the center spatial frequency tested (Figure 4.4D-F). 

The spatial frequency selectivity curves for the Gabor stimuli of 

constant bandwidth (open circles) show that peak values occurred at 

only one spatial frequency and that there was only one peak for each 

cell. These results indicate a third principal finding; namely, the 

receptive field receives input from only one spatial frequency band. 
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Peak responses of neurons to the Gabor stimuli of constant 

relative bandwidth at the preferred spatial frequency were 

substantial. Spontaneous firing rates usually ranged from 2 to 12 

responses per second. Peak firing rates of 35-40 spikes per second 

above the spontaneous firing rate were not unusual and two cells 

responded at peak rates as high as 70-77 responses/sec (Table 4.1). 

Such firing rates are comparable to the peak firing rates for simple 

cells in the visual cortex to sine-wave gratings at the preferred 

spatial frequency at comparable contrasts (Andrews and Pollen 1979). 

Thus, the inputs excited by the Gabor stimuli of con"tant relative 

bandwidth are apt to provide a substantial influence on the response 

characteristics of the inferotemporal neurons. 

The preferred spatial frequency for neurons tested with Gabor 

stimuli of constant relative bandwidth ranged from 0.2 - 0.6 c/deg. 

These spatial frequencies fall at the very low end of the spatial 

frequency selectivity curve of the owl monkey (Jacobs 1977b). 

The "bandwidth" for the tuning curves plotted with Gabor 

stimuli of constant bandwidth are shown in Table 4.1. These 

"bandwidths" were usually about two octaves. However, these figures 

do not represent the actual spatial frequency bandwidth either of the 

cells projecting onto the inferotemporal field or of the 

inferotemporal field itself because of the broad bandwidths of the 

stimuli themselves. Nevertheless, if the behavior of the subunits 

were essentially linear, one can calculate the amount of boradening 

caused by the use of these stimuli and obtain a first order 

approximation of what the actual bandwidths of the subunits might have 
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been. The section dealing with this calculation is provided in the 

appendix. We will note here only that the correction for bandwidth, 

assuming that the bandwidth tested with gratings of 0.8 octave 

bandwidth at half-amplitude is principally that of a single 

independent subunit projecting onto the inferotemporal neuron from the 

stimulated area of retina via the striate cortex, would be about 0.2 -

0.3 octaves less than the measured "bandwidths" provided in Table 

4.1. Thus, the subunits feeding into the inferotemporal cortex would 

generally have bandwidths of 1.3 - 2.0 octaves. These are common 

bandwidths of neurons in the striate cortex (Movshon et ale 1978c; 

Andrews and Pollen 1979; DeValois et ale 1982). 

Estimates for the proper spatial frequency selectivity of 

inferotemporal cells themselves are provided by the studies with Gabor 

stimuli of constant Gaussian aperture (Fig. 4.3K-0). The response 

patterns show the gradual increase in response density as the 

stimulus, with increasing contrast, enters and then fully covers the 

receptive field and then the gradual decrease as the response pattern 

leaves the field. The response pattern to these test stimuli is 

modulated by the Gaussian but is independent of the phase of the 

sinusoidal components. The spatial frequency tuning curves based on 

these studies are plotted in Figure 4.4D-F (closed circles). 

Three points are noted immediately upon comparing the tuning 

curves derived from the constant Gaussian aperture series with those 

derived from the constant bandwidth series. First, the peak spatial 

frequencies revealed by the two methods are very similar (Fig. 4.4E,F) 

or differ at most by one-half octave (Fig. 4D) Second, the full 



174 

bandwidths found in studies carried out with gratings of constant 

Gaussian aperture are substantially narrower than those found in 

studies with the gratings of constant bandwidth. This result would be 

expected if there were a number of cycles for a given spatial 

frequency within the receptive field and the processing was 

characterized by phase coherent linear summation. Bandwidths 

estimated by this method range from 0.87 - 1.3 octaves (Table 4.1). 

Actual bandwidth for fully extended sinewave gratings would be 

predicted to be narrower by only 0.001 - 0.005 octaves (see 

Appendix A). Third, in six of seven cases, the peak response to the 

preferred stimulus from the constant aperture series was less or even 

considerably less than the peak response to the preferred constant 

bandwidth stimulus (see also Table 4.1). This result suggests that 

the phase coherence mentioned above cannot be complete. 

The preferred spatial frequencies for the gratings from the 

constant Gaussian aperture series ranged from 0.2 cycles per degree to 

0.6 cycles per degree (in the cat, which has a contrast sensitivity 

function similar to that of the owl monkey, spatial frequencies in 

this range comprise the lowermost part of the range found in the 

primary visual cortex (Movshon et al. 1978c; Andrews and Pollen 

1979». The minimum number of full cycles within the receptive field 

was calculated by multiplying the receptive field width in degrees by 

the preferred spatial frequency (using the value derived from the 

constant Gaussian aperture series when this was available). The 

number of cycles within the receptive field ranged from 3.3 to 7.2 in 

seven cases and was 12.2 in the case of one cell (29-3) with an 
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enormous receptive field (Table 4.1). The number of full cycles 

within the field, usually close to 4 or 5 cycles, is substantially 

greater than the number of full cycles across the receptive field 

usually found for simple cells or complex cells in the striate cortex 

(Movshon et al. 1978c). The number of full cycles across the 

receptive field at that width at which the response had dropped to lie 

peak amplitude was also calculated (Appendix B, Table B-1). These 

latter values were used to predict the bandwidths that would be 

expected assuming phase coherent linear summation from contributing 

subgroups. Differences between the experimental results for bandwidth 

in Table 4.1 and the "predicted" results in Table B-1 will be 

considered in the Discussion. 

Time Interval Analysis of Response Patterns for Peak Response With 
Constant Bandwidth Stimuli Versus That for Constant Gausian Aperature 
Stimuli 

Cattaneo, Maffei, anrl,Mar~nne (1981) recently showed that 

complex cells in the striate cortex transiently increase their firing 

rate for short intervals when they are tested with stimuli close to 

their preferred orientation and spatial frequency. Here we applied 

this technique to see if inferotemporal neurons, on the basis of tile 

interval distribution of their firing pattern, could distinguish Gabor 

'stimuli with few cycles (i.e. constant relative bandwidth stimuli) 

from those with many cycles (i.e. the constant aperture stimuli) when 

both were tested at the preferred spatial frequency. Responses to 

both stimuli and spontaneous activity were subjected to time interval 

analysis using 1 msec bin widths. Analysis of the spontaneous 
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activity showed heavy clustering at short time intervals corresponding 

to firing rates between lOO-SOO/sec. The number of events at longer 

time intervals fell off in an approximately exponential manner for 

both the spontaneous and evoked activity, which is suggestive of a 

Poisson process. The time interval distribution for responses to the 

two types of Gabor stimuli were indistinguishable apart from relative 

response strength. Thus, the pattern of cell firing does not 

distinguish whether the cell is responding to few or many cycles of a 

grating pattern. 

Discussion 

Results Which Confirm Previous Work 

The difficulty of finding regularly responsive neurons in the 

lightly anesthetized preparation is consistent with Gross' work. 

However, Gross (personal communication) believes that the degree of 

habituation that we found in the owl monkey is much greater than he 

finds in the macaque. Whether this is due to a species difference or 

a technical difference is unknown. 

Our results on the sizes and location of receptive fields in 

the owl monkey are similar to those of Gross et al. (1972) in the 

macaque and suggest a functional similarity of this cortex in the two 

species. Furthermore, Gross et al. (1972) found that a stimulus which 

was "optimal" for one part of the field was optimal for other parts of 

the field as well. We confirm this result in the sense that the 

center frequency of the Gabor stimulus in the constant relative 

bandwidth series which elicited the strongest response in one part of 
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the field was also the preferred Gabor stimulus for other parts of the 

field as well. Moreover, when Gross et ale (1972) tested slits of 

different widths, they found that a slit of 10 width was generally 

optimal. This width is close to that of the half-period of the Gabor 

stimuli found to be preferred in the constant relative bandwidth 

series. Finally, our studies with long and narrow slits drifting 

across the receptive field perpendicular to the preferred orientation 

provided an estimate for the receptive field width but failed to 

provide any evidence for a discrete receptive field substructure in 

agreement with the results of Gross et ale (1972). 

The orientation selectivity studies confirm previous studies 

(Gross et ale 1972) that a considerable degree of orientation 

selectivity is still present for many inferotemporal neurons. 

Additionally, we made quantitative estimates of orientation 

bandwidth. Some cells had half bandwidths at half-amplitude 

comparable to those of striate neurons (9
0 

- 14
0

) and others, 

sometimes even those of adjacent neurons, were considerably broader 

(280 
- 480

). It is an intriguing question as to whether the 

greatly varying orientation bandwidths we found for three successive 

vertically oriented neurons (cells 18-1, 18-2, 18-3 of Fig. 4.3A-C and 

Table 4.1) are related to the need for the visual system to generalize 

for the identification of an object independently of its precise 

orientation and to determine the precise orientation of the object as 

well. 
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General New Results 

First, in careful qualitative testing, we found that the 

receptive field orientation preferences within quadrantic subdivisions 

of the receptive field were the same as the orientation preference of 

the entire field. Thus, for these inferotemporal neurons there is no 

evidence for inputs from more than one orientation band. 

Second, receptive field sizes of adjacent neurons commonly 

differed by a factor close to two. Thus, the spread in receptive 

field sizes for adjacent neurons first found at the level of the 

striate cortex (Hubel and lviesel 1962) remains a fac(or in functional 

organization as far central as the inferotemporal cortex. 

Third, inferotemporal neurons frequently gave substantially 

stronger responses to stimuli presented to the eyes in binocular 

convergence than to either eye alone. This is not surprising given 

the powerful binocular inputs and disparity selectivity of neurons in 

precedent visual cortices (Poggio and Fischer 1977). Moreover, a new 

result here, although one tested in only two cells, was that the 

retinal disparity setting which produced the largest response for a 

stimulus presented to the central part of the field produced the 

strongest response for presentation of the stimulus within all parts 

of the field. Thus, there is no evidence that different parts of 

these large receptive fields are selectively tuned to different 

retinal disparities. 

Results From Studies Using Gabor Stimuli 

From the tests with Gaussian elemental functions, we were not 

able to find any evidence that more than one spatial frequency band 
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fed onto an inferotemporal cell either in different or common parts of 

the receptive field. These studies also suggest that inputs from 

lower level neurons sensitive to a common spatial frequency band feed 

into a single inferotemporal neurons. The large receptive field of 

the inferotemporal neuron thus contains many cycles of that preferred 

frequency. When studies with extended gratings were carried out, the 

bandwidth for spatial frequency narrowed as might be expected, but the 

bandwidths were still only comparable to those in the lower range of 

those obtained for striate neurons (Movshon et al. 1978c; Andrews and 

Pollen 1979; DeValois et al. 1982). 

The difference between the bandwidths found for the constant 

aperture stimulus and those found for the constant bandwidth series 

were typically greater than could be predicted simply from the 

relative bandwidths of these stimuli (Appendix A). This argues either 

for some phase coherence in the summation process, somewhere between 

the striate cortex and the inferotemporal cortex, or for subunits with 

more cycles present than those in the constant relative bandwidth 

series used here, or for both. 

There does seem to be a tendency for relative bandwidths 

(measured in octaves) to narrow with increasing spatial frequency in 

striate neurons (Thompson and Tolhurst 1979a; Kulikowski and Bishop 

1981b; DeValois et al. 1982). If this is the case, then the full 

bandwidths for neurons in VI or VII in the very low spatial frequency 

range might be expected to be substantially broader than those 

recorded for comparable spatial frequencies in the inferotemporal 

cortex. No definite measurements for comparison are yet available in 
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this species so we cannot exclude the possibility that there has been 

some narrowing of bandwidth from striate levels. However, we can 

estimate the expected bandwidth for these cells tentatively assuming 

phase coherent linear summation based on the number of full cycles 

within a receptive field having an approximately Gaussian envelope. 

When this is done (Appendix B), we find that cells 18-2, 18-3, 19-2, 

and 18-1 should have had bandwidths of 0.82, 0.817, 0.54, and 0.47 

octaves respectively. Apart from one case (cell 18-2) for which the 

measured bandwidth (0.87 octaves) is close to the expected one (0.82 

octaves), the measured bandwidths were substantially larger than the 

ones predicted for the entirely phase coherent case (see Table 4.1). 

This result might indicate that summation from preceding subunits is 

not entirely phase coherent. 

Peak responses to an extended grating of the preferred spatial 

frequency were usually less than to Gabor stimuli of the same 

frequency from the constant bandwidth series. Had the system been 

linear and phase coherent, one would have expected the responses to 

the extended grating of the preferred spatial frequency to produce 

substantially greater responses than those produced by the wave 

packets. A phase incoherent addition of the inputs from adjacent 

subfields might explain the failure for the bandwidth to narrow to 

predicted values but would not explain the decreased peak response. 

A possible explanation for the lower response to the extended 

gratings is that adaptation or habituation occurred because of the 

longer exposure of the neurons to the stimulus. However, we think 

this is a very unlikely explanation because we carefully evaluated the 
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responses of these neurons to the very first test stimuli within each 

series and to the first part of the sweep. Any differences in 

response either to subsequent sweeps or to later parts of the same 

stimulus were not sufficient to explain our result. 

Still another possible explanation of the reduced response to 

the gratings of constant Gaussian aperture which extended beyond the 

receptive fields is that there might be a strong, perhaps phase 

incoherent, suppressive surround around the receptive fields of 

neurons at the level of the inferotemporal cortex. However, we do not 

believe that this is the case because when slits were drifted into the 

receptive field we never noted a decrease in the spontaneous activity 

prior to the slit entering the receptive field. When slits left the 

receptive field, we occasionally noted a very slight decrease in the 

spontaneous level but never any suggestion of strong inhibition. Even 

this slight decrease in spontaneous activity might be due to the fact 

that the cell previously fired at a high rate and experienced some 

adaptation rather than the decreased response being an indication of 

an inhibitory subzone. 

We, however, believe that there is a strong possibility that 

suppressive surrounds around receptive fields projecting to the 

inferotemporal cortex from earlier levels of the visual system may 

have been significant factors in the results that we observed. We do 

not know the cortical level or levels at which suppressive surrounds 

originate, but Maffei and Fiorentini (1976) have found that 

suppressive surrounds may have considerable influence even on many 

neurons as early as VI in the cat. If we suppose that neurons from VI 
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and successive visual cortices eventually influence inferotemporal 

neurons then it is entirely possible that the extended gratings evoked 

these suppressive surrounds and greatly diminished the responses of 

these neurons as they projected onto inferotemporal neurons. 

Maffei and Fiorentini (1976), in discussing the problem of the 

suppressive surround, noted that such a surround might function as a 

gain control mechanism for each individual neuron when a larg~ number 

of cells over a substantial visual region are responding to a common 

preferred orientation and spatial frequency. Their suggestion appears 

very reasonable for early levels of the visual system and might even 

be a factor here for those cells whose peak responses were midly 

facilitated (cells 18-1) or only minimally reduced (cells 18-2, 19-2) 

in response to extended gratings at the preferred spatial frequency. 

However, this explanation would seem less likely for those cells with 

drastically reduced responses (cells 18-4, 21-3, 29-3). We do not yet 

have a satisfying explanation for this result. 

We found only low spatial frequency inputs to these 

inferotemporal neurons. Frankly, we had expected to find middle or 

high spatial frequency inputs in either different parts of the 

receptive field or spatially overlapping the low spatial frequency 

inputs or preferentially projecting onto different neurons. We cannot 

however exclude the possibility that middle and high spatial frequency 

bands project to the inferotemporal cortex, but could not be detected 

under our experimental conditions. Perhaps middle and high spatial 

frequencies project onto those neurons which habituated too rapidly to 

be studied in detail. Another possibility is that inferotemporal 
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neurons require precisely specified combinations of input before the 

higher frequency bands can influence cell firing rate. These 

possibilities remain speculative. Resolution of these issues might 

require the use of alert behaving animals in which at least the 

frequent problem of rapid neuronal habituation may be overcome. 



APPENDIX A 

BANDWIDTH BROADENING AS A RESULT OF THE USE OF GABOR 
ELEMENTARY TEST SIGNALS 

The apparent spatial frequency bandwidth of a cell, as measured 

using Gabor signals, is broader than the actual bandwidth. In this 

appendix we evaluated the amount of this broadening. A deconvolution 

procedure cannot be applied in the case of constant relative bandwidth 

stimuli, since by design each stimulus has a different spatial 

extent. This is due to the fact that the bandwidth is fixed in 

octaves rather than on a linear scale. The deconvolution procedure 

could be used in the case of constant aperture Gabor test signals, but 

one should realize that the broadening, as expressed in octaves, 

changes with the center frequency (while still being constant on a 

linear frequency scale). 

The Gabor elementary signals which l~ere used as test stimuli 

(Fig. 4.1) are represented mathematically by the following equation: 

2 2 
() -nx fa cos(2nf x) g x =e 0 (Al) 
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where a is the half width of the Gaussian envelope as measured at 

e , and f is the center frequency. The Fourier transform of eq. 
o 

Al equals: 
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(A2) 

The spatial frequency bandwidth B as measured in octaves at 

F\VHM is: 

fu and fl being the upper and lower frequencies, respectively. 

The relationship between B, a, and f can be shown to be: 
o 

a=l/f {(b+I)/(b-I)}/ln2/n 
o 

B 
;b=2 (A3) 

The response of a cell is proportional to the overlap between 

the cell's tuning curve and the test signal's Fourier transform. By 

assuming that simple striate cells have the same functional form as 

Gabor elementary signals, the response as a function of the center 

frequency of the test stimuli (f
G

) is given by: 

00 2 222 
e-naG (f-fG) e-naC (f-fC) df T(fG)=aGaC J 

00 

(A4) 



186 

The subscripts G and C annotate test stimuli and studied cell 

parameter's, respectively. After some simple algebra we obtain: 

By calculating the frequencies at which T(fG) drops to one half of 

its peak value we can pr-edic.t the measured bandwidth for any choice of 

parameters. Two cases, as used during the experiments, are described: 

A: Constant Relative Bandwidth Stimuli (B = constant) 

From eq. 's A3 and AS, with the notationCo.+l)/(b.-l);i=C,G and 
1. 1. 

with normalization such that fC = 1 we obtain: 

(A6) 

During the constant relative bandwidth experiments the test signal was 

0.8 oct at FWHM. Table Al represents the theoretically expected 

bandwidth, as calcualated from eq. A6. We observe that measuring the 

neuronal frequency response with a 0.8 octave wide Gabor test signal 

broadens the measured bandwidth by 0.226 - 0.321 octaves over a large 

bandwidth range. 



Table AI. Bandwidth broadening due to finite bandwidth of test 
stimuli-constant relative bandwidth (0.8 octaves) 

Cell Bandwidth 
(octaves) 

0.8 
1.0 
1.5 
2.0 
3.0 

Anticipated Measurement 
Bandwidth (octaves) 

1.121 
1.284 
1. 735 
2.226 
3.276 

B: Constant Gaussian aperture stimuli (aG = constant) 

Difference 
(octaves) 

0.321 
0.284 
0.235 
0.226 
0.276 

In this case aG = const. independent of the center frequency 

f G• Equation AS reduces to an equation of a Gaussian whose width 

(in octaves) at half maximal amplitude is given by: 
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(A7) 

For a test signal with a width of 250 at FWHM, aG = 26.61 0
• The 

predicted measured bandwidth was calculated for several cases as shown 

in Table A2. We notice that the bandwidth broadening in all cases is 

negligible. This is attributed to the fact that a G contains a large 

number of cycles of the test signal and is thus quite close to an 

extendent sinewave grating. 
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Table A2. Bandwidth broadening due to finite bandwidth of test 
stimuli-constant aperture stimuli (250 ) 

Cell Bandwidth Anticipated Measurement Difference 
(octaves) Bandwidth (octave) (octaves) 

1. 4707 
fc - 1 a c = 1 1.4718 0.0011 
fc = 0.5 ac = 2 1. 4756 0.005 
fc = 2 a c = 0.5 1.4707 0.0001 

2.1215 
fc = 1 a c = 0.75 2.1228 0.0013 
fc 2 a c = 0.375 2.1218 0.0003 
fc 0.5 a c 1.5 2.1259 0.004 



APPENDIX B 

RELATIONSHIP BETWEEN THE BANDWIDTH AND THE NUMBER OF CYCLES 
CONTAINED IN A GABOR ELEMENTARY SIGNAL 

From eq. A2 (Appendix A) we calculate a bandwidth (B) in 

octaves, measured at full width half-maximal amplitude: 

2 f +l1n2/7ra 
o 

B=log2----------------

f -/ln2/7ra
2 

o 

If the number of cycles is desired in a total width of 2W as 

-1 measured at e , a calculation along the same line as above gives: 

and 

N=2Wf =2af / In 
o 0 

Nn+211n2 
B=log2 

Nn+2/1n2 

The full bandwidths for actual various values of N for eight 

inferotempora1 neurons are given in Table B1 below. 
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Table Bl. Comparison between the measured and theoretically predicted 
band~lidth for a given number of cycles. 

Cell II 

1B-2 
IB-3 

IB-4 
19-2 
1B-l 
17-1 
21-3 
29-3 

N 
(eye/field) 

1.9 
1. 92 

2.66 
2.B 
3.2 
3.45 
5.7 
9.3 

B 
Calculated 
(octaves) 

0.B2 
0.B17 

0.57 
0.54 
0.47 
0.44 
0.27 
0.16 

B 
Experimentally 

Measured 
(octaves) 

0.B7 
1.26 

1.25 
1.3 
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