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SUMMARY AND CONCLUSIONS 

1. Neurons in the posteromedial lateral su- 
prasylvian cortex (PMLS) of cats were re- 
corded extracellularly to investigate their re- 
sponse to stimulation by bars and by sinusoi- 
dal gratings. 

2. Two general types of cells were identified: 
those that modulated in synchrony with the 
passage of drifting bars and gratings and those 
that responded with an unmodulated increase 
in discharge. Both types responded to contrast 
reversed gratings with a modulation of activity: 
the cells that modulated to drifting gratings 
modulated to the first harmonic of contrast 
reversed gratings (at appropriate spatial phase 
and frequency), whereas those that did not 
modulate to drifting gratings always modu- 
lated to the second harmonic of contrast re- 
versed gratings. No cell had a clear null point. 

3. Nearly all cells were selective for spatial 
frequency. The preferred frequency ranged 
from 0.1 to 1 cycles per degree (cpd), and se- 
lectivity bandwidths (full width at half height) 
were around two octaves. Preferred spatial 
frequency was not correlated with receptive 
field size, but bandwidth and receptive field 
size were positively correlated. Preferred spa- 
tial frequency decreased with eccentricity, at 
about 0.05 octaves/deg. 

4. The response of all cells increased as a 
function of grating contrast up to a saturation 
level. The contrast threshold for response to a 
grating of optimal parameters was - 1% for 
most cells and the saturation contrast - 10%. 
The contrast gain was -25 spikes/s per log 
unit of contrast. 

S. All cells were tuned for temporal fre- 
quency, preferring frequencies from -3 to 10 

Hz, with a selectivity bandwidth -2 octaves. 
For some cells, the spatial selectivity did not 
depend on the temporal frequency and vice 
versa. Others were spatiotemporally coupled, 
with the preferred temporal frequency being 
lower at high than at low spatial frequencies, 
and the preferred spatial frequency lower at 
high than at low temporal frequencies. Pre- 
vious results showing broad velocity tuning to 
a bar were replicated and found to be pre- 
dictable from the combined spatial and tem- 
poral tuning of PMLS cells and the Fourier 
spectrum of a bar, Preferred temporal fre- 
quency steadily decreased with eccentricity, at 
0.025 octaves/deg. 

6. The results for PMLS cells are compared 
with those of other visual areas, Acuity and 
spatial preference and selectivity bandwidth is 
comparable to all areas except area 17, where 
they are a factor of about two higher. Temporal 
selectivity in PMLS is as fine as observed in 
other areas. The possibility that PMLS cells 
may be involved with motion detection and 
detection of motion in depth is discussed. 

INTRODUCTION 

The lateral suprasylvian visual cortex (LS 
or area of Clare-Bishop) is a large and impor- 
tant part of the cat’s visual system. It receives 
direct thalamic afferents from the medial in- 
terlaminar nucleus (MIN) and C laminae of 
the dorsal lateral geniculate body and lateral 
posterior-pulvinar complex nucleus of the 
thalamus (7, 30, 35, 38, 52, 62, 64). It also 
receives afferents from cortical areas 17, 18, 
and 19 (from both sides), as well as from the 
controlateral LS (8, 54). It can be considered, 
therefore, as a point of convergence of the 
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genicular-cortical and fugotectal visual path- 
ways. 

The area of LS most studied is the post- 
medial area (PMLS) (49). PMLS cells have 
very large receptive fields, often with a sub- 
stantial ipsilateral projection and are usually 
binocularly driven (l&33,43,49, 58,69). The 
fields have no distinct on-off regions, but in- 
hibitory flanks outside the receptive field have 
been described (15, 33). Cells are broadly 
tuned fur orientation, but most have a pre- 
ferred direction of motion (33, 58). They are 
said to respond well to moving stimuli over a 
wide range of velocities, but not to flashed 
stimuli (15,29,58,66). Despite the large extent 
of PMLS receptive fields, they have quite high- 
spatial acuity [2 cycles per degree (cpd) at best], 
about the same as all visual areas except area 
17 (23). 

To understand better the possible role the 
lateral suprasylvian areas play in vision, we 
investigated in detail the spatial and temporal 
properties of LS neurons, We did so using the 
now well-established technique of stimulation 
by sinusoidal gratings of variable spatial fre- 
quency, temporal frequency, and contrast. 
This technique has yielded fruitful results in 
various visual areas from retina to cortex in 
various species (3, 11, 16, 24, 32, 37, 39, 40, 
44, 45, 46, 53). 

METHODS 

Preparation 
Experiments were performed on 12 intact adult 

cats. The cats were initially anaesthetized with ket- 
amine hydrochloride (Ketalar 10 mg/Kg, im) for 
incanulation of a femoral vein, and then anesthe- 
tized with thiopental sodium (Pentothal, l-2 ml, 
2.5% solution iv). A small patch of skull and dura 
was removed for electrode insertion. Wounds and 
pressure points were treated with long lasting local 
anesthetic (Anocaine). During recording the animal 
was paralyzed (pancuronium bromide, O-2-0.3 
ml. kg-’ l h-l, iv) and artificially ventilated with NJ 
O2 (70:30%). End-tidal respiratory CO2 was kept 
constant at 3.5-4%, and body temperature, elec- 
troencelphalogram (EEG), and electrocardiogram 
(ECG) were constantly monitored. Small doses of 
thiopental were infused as needed to maintain slow- 
wave activity of the EEG (28). 

The corneas were protected with contact lenses 
(3-mm artificial pupil) and refraction corrected to 
57 cm. The position of the vertical meridian and 
area centralis was determined by the standard tech- 
niques of optic disk projection (9, 34). 

Electrode penetrations were made along the me- 
dial wall of the medial suprasylvian sulcus. The 
electrode was angled medially 25-35O from the 
vertical between A6 and APO stereotaxic coordi- 
nates, which define the area of PMLS (49). The 
electrodes were glass micropipettes ( 1 pm tip), filled 
with NaCl electrolyte. Electrical potentials were 
suitably amplified, filtered and pulse shaped, then 
led into both an auditory amplifier and a computer 
(Digital PDP- 1 l/ 10). 

For five cats the recording electrode was filled 
with pontamine in sodium acetate (OS M) that was 
applied iontophoretically ( lo-20 PA) after each 
penetration. These animals were perfused at the end 
of the experiment. Brain slices, stained with neutral 
red, were examined microscopically for electrode 
reconstruction. The histology always confirmed that 
the recording electrode was positioned in PMLS. 

Slim uli 
For locating cells, mapping receptive fields, and 

determining ocular preference, hand-held stimuli 
(such as bars and dots) were projected onto a tangent 
screen 57 cm from the cat with an overhead pro- 
jector. In general the most convenient stimuli 
proved to be dark bars against a bright screen (29). 

After initial hand plotting of receptive field, the 
tangent screen was replaced with an oscilloscope 
(Joyce Electronics) that displayed drifting or flick- 
ering bars or sinusoidal gratings. The oscilloscope 
had a mean luminance of 50 cd/m* and subtended 
30 X 30° at 57 cm. The gratings were produced by 
standard raster techniques (at 100 frames/s, 1,200 
lines/frame) from waveforms generated by com- 
puter (Digital PDP-1 l/10). A rotatable yoke on the 
oscilloscope allowed the raster to be rotated me- 
chanically to produce stimuli of appropriate ori- 
entation. Stimulus contrast was controlled by the 
computer by analogue multiplication. 

The computer also recorded the cell spike train. 
During the oscilloscope flyback, it computed and 
displayed poststimulus time histograms. At the end 
of a data set, it calculated mean firing rate and am- 
plitude of modulation, both at the fundamental 
frequency of the stimulus and at higher harmonics 
(by means of Fourier analysis). Cell response to 
gratings was taken either as the increase in mean 
firing rate with respect to the spontaneous discharge 
just prior to stimulation or as the amplitude of 
modulation at either the fundamental or second 
harmonic. Response to single bars was taken as the 
difference between peak response and spontaneous 
activity. 

To determine response dependency on contrast, 
or spatial or temporal frequency, the computer 
program automatically varied the parameter sys- 
tematically while recording the response. For ex- 
ample, to produce the contrast response curves of 
Fig. 9, the computer set the contrast to the lowest 
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desired level, displayed the grating stimulus and be- 
gan to average the response. After 100 sums, it in- 
creased the contrast and recommenced summing. 
The procedure was repeated, contrast increasing up 
to the desired maximum. Between conditions, a 
measure was taken of the spontaneous discharge to 
provide a base line of cell activity, against which 
the response could be normalized. The whole pro- 
cess was then repeated, reversing the direction of 
contrast change. The same sort of procedure was 
used to scan spatial frequency and temporal fre- 
quency. 

For important data, curve collection was often 
repeated several times during the life of the cell and 
several key points for each condition checked ran- 
domly. This meant that to obtain a complete and 
reliable set of data on all the variables that interested 
us would require that we held the cell for 12 h. In 
reality, it was possible to obtain complete curves 
on only two or three variables during the 3 or 4 h 
of cell life. Often, after excessive stimulation by op- 
timal stimuli, a cell became difficult to stimulate 
reliably: some adapted, responding only weakly to 
all stimuli, whereas others showed excessive increase 
of spontaneous activity. On these occasions, we al- 
lowed the cell to rest for 20-30 min before con- 
tinuing analysis. 

RESULTS 

Response to bars and gratings 
Compared with cells from many other vi- 

sual structures (such as LGN and cortical areas 
17 and 18) PMLS cells are difficult to record 
from reliably. They have high and variable 
spontaneous activity, which increases after 
prolonged stimulation by high contrast stim- 
uli. The response to stimuli is also variable 
and diminishes rapidly as the cell adapts. 
Many PMLS cells require binocular stimula- 
tion to elicit a strong response (4, 67). Our 
apparatus did not permit binocular stimula- 
tion (with appropriate alignment), and re- 
sponse to monocular stimulation was often too 
weak for detailed quantitative analysis. For 
these reasons, out of the 120 cells isolated, we 
were able to obtain quantitative data on 
only 57. 

For all cells, the general procedure was to 
study first the receptive field properties, such 
as position, size, binocularity, orientation, and 
direction preference with hand-plotting tech- 
niques and then to collect poststimulus time 
histograms in response to stimulation by bars 
or gratings. Figure 1 shows the poststimulus 

time histograms of two cells to stimulation by 
a drifting bar and by a drifting sinusoidal grat- 
ing. Consider first the response to the bar. Cell 
A responded with a fairly homogeneous in- 
crease in mean firing rate, Cell B, however, 
responded with a modulated discharge that 
increased as the bar passed some regions and 
decreased as it passed others, reflecting subre- 
gions of opposite polarity in the receptive field. 
In response to sinusoidal gratings cell A re- 
sponded with a homogeneous increase in 
mean firing rate, with no modulation of dis- 
charge. Cell B showed some overall increase 
in firing rate, but mainly a strong modulation 
of discharge in synchrony with the passage of 
grating bars. Cell A behaved like a complex 
cell of area 17 or 18 and cell B like a simple 
or simple-like cell of area 17 or 18 (2 1, 39, 
44, 45). 

To quantify better the different behavior of 
cells, we measured the ratio of the first har- 
monic modulation to the mean of the cell re- 
sponse for four or five of the optimal stimuli 
and then averaged the ratios to obtain a single 
value for each cell. This index of relative mod- 
ulation (RMI) of response is closely related to 
the index used by De Valois et al. (22) in the 
study of the macaque visual cortex and by 
Dean and Tolhurst (21) for area I7 of the cat. 

Figure 2 shows the distribution of the rel- 
ative modulation of the response. The distri- 
bution has two peaks: one for modulation in- 
dexes < 0.2 and another for indexes between 
0.8 and 1. Forty percent of the cells fall in the 
first peak (RMI < 0.2), implying weak or non- 
existent modulation. Thirty percent of the cells 
had RMI > 0.8, implying that the modulation 
is a major feature of their response. The other 
30% of cells had intermediate RMIs of 0.3- 
0,7. These cells usually modulated to only 
some particular stimuli and the modulation 
was accompanied with a pedestal increase in 
mean firing rate. 

In general, it was easier to study the recep- 
tive field properties with gratings than with 
bars. The precise response of the cell to bars 
depended critically on many factors, such as 
the magnitude and sign of the contrast (they 
usually prefer black bars on a light back- 
ground; 29), drift velocity (direction and 
speed), and bar width. Changing these vari- 
ables can alter drastically the apparent size of 
the receptive field and the apparent positions 
of the regions of differential sensitivity. The 
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FIG. 1. Poststimulus time histograms for 2 representative cells (A and B) in response to drifting black bars (/ej 
column) and to drifting sinusoidal gratings (right columvt). Parameters for cell in A: bar width 2.5 deg, drift speed 50 
deg/s; grating spatial frequency 0.2 cpd; temporal frequency 6.7 Hz (velocity 33.5 deg/s); contrast 8%; spontaneous 
activity 1.5 spikes/s. For cell in B: bar width 1 deg, drift speed 16 deg/s; grating spatial frequency was 0.8 cpd temporal 
frequency 13.3 Hz (velocity 16.6 deg/s); contrast 15%; spontaneous activity 15 spikes/s. Histograms are the average of 
75 sums. 

response to gratings tended to be far more ro- 
bust over the range of variable parameters. 

Flicker 
Sinusoidal gratings caused to reverse peri- 

odically are a useful tool for classifying cell 
properties. They provide a strong test of linear 
summation of the receptive field (24, 55). 
Quasilinear cells (like retinal and geniculate 
X-cells and areu 17 simple cells) respond to 
flickering gratings at the same frequency as 
the flicker rate (1st harmonic modulation). By 
varying the position of the grating (spatial 
phase), a point can be found where the re- 
sponse vanishes (“null point”). Nonlinear cells 
(such as Y-cells, complex-cells, and simple-like 
cells of urea Is), however, have no null point, 
and generally respond at twice the frequency 
of the flicker rate (second harmonic modula- 
tion), depending on spatial frequency and 
other parameters (24, 39, 55, 57, 59). 

Figures 3 and 4 show the response of two 
types of PMLS cells to flickering gratings. The 
cell in Fig. 4 responded at twice the flicker 
frequency, irrespective of the frequency or 
phase of the stimulus grating. This is clear ev- 
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RELATIVE MODULATION OF RESPONSE 

FIG. 2. Frequency distribution of the relative modu- 
lation index for 54 cells. Index is the average ratio of the 
first harmonic modulation to the increase in mean dis- 
charge, measured at 4 or 5 spatial frequencies. 
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FIG, 3, Response of 2 separate cells to a stationary si- 
nusoidal grating whose contrast is modulated sinusoidally 
over time. One cell is shown in the top of figure (A and 
B), the other in the bottom (C and D). L& column shows 
results for 1 spatial phase of the counter-phased grating, 
the right the response to the same grating shifted in phase 
by K For cell of A and B spatial frequency was 0.36 cpd, 
temporal frequency 4 Hz, and contrast 30%. Cell acuity 
was 0.9. For cell C and D the spatial frequency was 0.5 
cpd, temporal frequency 6.6 Hz, and contrast 35%. Cell 
acuity was 0.7 cpd. The poststimulus time histograms have 
been computed on 100 sums. At appropriate spatial phase 
both cells modulate to only the second harmonic (A and 
D). A phase shift of K causes a first harmonic component 
to appear in the modulation (13 and C), particularly for 
cell response B. 

idence of nonlinear summation of the recep- 
tive field. This cell had an on/off receptive field 
with no clear subregions and responded to 
drifting gratings with an unmodulated increase 
in discharge (like the cell in Fig. IA; RMI = 
0.03). In all these properties, this cell is similar 
to a classical cortical complex cell (45, 59). 

The two cells in Fig. 3, however, could re- 
spond at either the fundamental or second 
harmonic frequency of the stimulus, depend- 
ing on spatial phase of the grating. There was 
no clear null point, but at one phase the re- 
sponse had a strong component at the flicker 
frequency, and 90’ from this the modulation 
was all at twice the flicker frequency. These 
cells also showed nonlinear summation, but 
the nonlinearity was of the type observed by 
Spietzer and Hochstein (59, 60) for interme- 

diate and mixed complex cells, rather than for 
for classical complex cells. These cells had a 
partially discrete receptive field organization, 
and responded with modulated discharge to 
drifting gratings (RMI = 1.3 and 0.9). 

All the cells we measured behaved either 
like the two cells in Fig. 3 or that in Fig. 4. 
We found none with evidence of linear sum- 
mation, Of our population, 40% modulated 
at twice the stimulus frequency irrespective of 
spatial phase and 60% depended on spatial 
phase. All those that only modulated to the 
second harmonic had RMIs < 0.2, and those 
that showed first harmonic modulation at 
some phases had RMIs between 0.4 and 1.3. 

For some cells in our sample, we measured 
the spatial and temporal frequency selectivity 
using flickering as well as drifting gratings. The 
gratings were positioned to elicit maximum 
second harmonic response (if the response de- 
pended on position, like one cell on Fig. 3). 
For flicker as well as for motion (see next sec- 
tion), cells were highly selective to both tem- 
poral and spatial frequency. The tuning curves 
produced by the two methods were always 
similar (see for example Fig. 12C). 

Spatial frequency selectivity 

For 36 cells, we measured response as a 
function of grating spatial frequency. Figure 
5 shows the results for four representative cells. 
Like cells in other cortical areas, each of these 
cells responded best to gratings of a specific 
spatial frequency. For frequencies above or 
below this optimum, the response was pro- 
gressively weaker. That is to say, they behaved 
as spatial band-pass filters. 

Figure 5 reports response as increase in 
mean firing rate, rather than as modulation 
amplitude (although two cells did modulate 
with RMI < 1). Figure 6 shows tuning curves 
for two additional cells, plotted both as in- 
crease in mean firing rate and first harmonic 
modulation amplitude. For the cell of Fig. 6A 
the curves were similar for the two measures. 
However, for the cell in Fig. 6B the modula- 
tion tuning curve is double peaked, whereas 
the mean increase curve is not, Seven other 
cells behaved like cell in Fig. 6B, with double- 
peaked modulation tuning curves. For two of 
these cells the optimum spatial frequency was 
different when measured with the two dis- 
charge parameters. The remaining four cells 
that modulated behaved like the cell in Fig. 
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FIG. 4. A, B, and C poststimulus time histograms of the response of a posteromedial lateral suprasylvian cortex 
cell to a contrast reversed grating for 3 different spatial frequencies. Temporal frequency was 5 Hz and the contrast 
30%. Histograms have been calculated on 75 sums. D: amplitude of modulation on the second harmonic of the 
stimulus of the same cell as function of the spatial frequency of the contrast-reversed grating. 
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FIG. 5. Response (measured as increased in mean firing rate) for 4 cells as a function of the spatial frequency of 
the drifting sinusoidal grating. Temporal frequency and the contrast of the gratings were: for open circles 7 Hz, 20%; 
for open hang/es 10 Hz, 14%; forfzUed circles 4,8 Hz, 10%; for open squares 2 Hz, 20% Index of relative modulation 
and spontaneous activity (spikes/s) were for open circle 1.4 and 1, for open triangles 1.5 and 0.7, for closed circles 0.04 
and 2, for open squares 0.06 and 0, respectively. 
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SPATIAL FREQUENCY Wdeg) 

FIG. 6. Amplitude of first harmonic modulation and increase in mean discharge for 2 cells (A and B) in response 
to sinusoidal gratings of various spatial frequencies. Open circles: show first harmonic amplitude of modulation (right- 
hand scale). Closed circles: show the increase in mean discharge (left-hand scale), For both cells the stimulus contrast 
was 15% and the temporal frequency 7 Hz. 

6A. However, we cannot exclude completely 
the possibility that these cells actually had a 
dip in the modulation tuning curve that was 
not sampled during our measurements (our 
sample frequency was usually .O. 5 octaves). 

Given the discrepancy between the two dif- 
ferent tuning curves and the unusual shape of 
the modulation curve, we chose to use the in- 
crease in mean discharge as the primary mea- 
sure to characterize spatial frequency tuning 
and other cell properties. 

Figure 7A shows the distribution of pre- 
ferred spatial frequencies of all the sampled 
PMLS cells. They range from 0.1 to 1 cpd and 
are distributed fairly uniformly over this range. 
Optimal spatial frequencies of PMLS cells 
were well correlated with their spatial acuities 
(the highest spatial frequency that could elicit 
a response). The higher the preferred spatial 
frequency of a cell, the higher its acuity, with 
a correlation coefficient of r = +0,89. There 
was, however, no correlation between pre- 
ferred spatial frequency and receptive field size 
of PMLS cells; neither for the cell types that 
modulate nor for those that do not (see Fig. 
8B). For all sizes of receptive fields, there was 
a range of spatial frequency selectivity, with 
the correlation coefficient between field size 
and preferred spatial frequency being r = 
-0.027. This is perhaps to be expected as pre- 
ferred spatial frequency is correlated with acu- 
ity, and acuity has been shown to be uncor- 
related with receptive field size (23). 

In this sense, PMLS cells differ markedly 
from cells of areas 17 and 18 of both cat and 
monkey and also from X- and Y-LGN cells. 
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FIG. 7, Frequency distribution of the preferTed fre- 
quencies and of the bandwidths of spatial tuning curves. 
Spatial bandwidth is defined as the full width of the tuning 
curve at half height, expressed as the base 2 logarithm 
(octaves). LP class represents cells with no low-frequency 
attenuation. Cells with receptive field center located >30 
deg of eccentricity have been excluded from the distri- 
butions. 
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For those cell types, spatial frequency prefer- 
ence (as well as acuity) is well correlated with 
the size of the cell receptive field (37, 40, 57). 
Furthermore, in those areas, the product of 
spatial frequency preference and receptive field 
size tends to range from 1 to 3 in both cat (40) 
and monkey (26) [that incidently agrees well 
with psychophysical measurements (l)]. In 
PMLS, however, the product is far from con- 
stant (reflecting the lack of correlation) and is 
on average far higher: the average product is 
5, and is as high as 22 in the extreme. For 
example cell 3 of Fig. 5 (filled circles) has a 
receptive field that extends >9 O, yet prefers a 
grating of spatial frequency 0.5 cpd (i.e., pe- 
riodicity of 2”). At the optimal stimulation 
frequency, four and a half periods encompass 
the field. When the grating period is equal to 
the receptive field size (spatial frequency of 
0.11 cpd), the cell does not respond at all. 

Figure 7B shows the distribution of tuning 
bandwidths for the sampled PMLS cells. They 
range from one to three octaves and are typ- 
ically about two octaves. Tuning bandwidth 
was not significantly correlated with spatial 
frequency preference (r = -0.24). However, 
there was a strong correlation between spatial 
tuning bandwidth and receptive field size (see 
Fig. 8A). Cells with larger receptive fields were 

A 

I 

less selective to spatial frequency than those 
with small receptive fields (r = +0.89) and the 
correlation held for both cells that modulated 
and those that did not. The implications of 
this result will be considered in the discussion 
section. 

Contrast 

Like cells of other visual areas, PMLS cells 
respond more strongly to high contrast than 
to low contrast stimuli. Figure 9 shows the re- 
sponse of four typical PMLS cells to sinusoidal 
gratings as a function of grating contrast. At 
moderate contrasts (up to say 10%) the firing 
rate of all cells increased monotonically 
(roughly logarithmically) with contrast. At 
contrasts of > 10 times threshold, some cells 
(75%) saturated, showing uniform or even de- 
creased response to higher contrasts. For this 
reason and the fact that high contrasts tended 
to increase the spontaneous discharge of the 
cell’s activity, most of the results were recorded 
with gratings of - 10% contrast. 

Although the thresholds and saturation 
point of the four cells in Fig. 9 vary somewhat, 
the slope (before saturation) of all the cells is 
roughly equal, at 20 spikes/s per log unit con- 
trast. All 12 cells for which we measured con- 
trast response curves had this slope. In this 
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FIG. 8. Scatter diagrams of spatial bandwidth (A) and preferred spatial frequency (B) against cell receptive field 
size, RF size is expressed as the square root of the area. Dashed lines: show the linear least-square fit. Correlation 
coefficients were 0.89 for A and 0.03 for B. Open circles: represent cells with index of relative modulation (RMI) > 
0.6. Closed circles: show cells with RMI 4.6. No systematic difference between the 2 classes is apparent. Cells with 
receptive field centers of ~30 deg of eccentricity were excluded. 
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CONTRAST (percent) 

FIG. 9. Response of 4 cells as a function of the contrast of a drifting sinusoidal grating, Open circles: spatial frequency 
0.3 cpd, temporal frequency 4 Hz, cell spontaneous activity 10 spikes/s, index of relative modulation. (RMI) 0.73, 
Open squares: spatial frequency 0.08 cpd, temporal frequency 5 Hz, cell spontaneous activity 2 spikes/s, RMI 0.05. 
Open trbzgZes: spatial frequency 0,9 cpd, temporal frequency 6 Hz, RMI 0.9. Filled cirdes: spatial frequency 0,6 cpd, 
temporal frequency 5 Hz, spontaneous activity 3 spikes/s, RMI 0,65. Note that for this cell the spatial frequency of 
the grating was nonoptimal and near acuity, explaining the higher threshold. 

respect, PMLS cells behave differently from 
most other visual areas (such as LGN, areas 
I7 and 18, and colliculus), where the contrast 
gain varies considerably and depends critically 
on the stimulus (5, 11, 20, 39). 

Temporal frequency selectivity 

drift velocity of the grating (TF = SFv). In the 
next sections we report measurements of both 
temporal frequency and velocity selectivity. 

When a grating is caused to drift, the rate 

Figure 10 shows the response of four rep- 

at which its bars move past a particular point 
is its temporal frequency, which is directly 

resentative cells as the temporal frequency of 

proportional to both the spatial frequency and 

the drifting grating is varied. These cells all 

the majority of cells have no low-temporal 
frequency attenuation (10 3 46, 63) . 

Spatiotemporal coupling 
The curves of Fig. 10, and all the results of 

Fig. 11, were measured with gratings of opti- 
mal spatial frequency. Similarly, the spatial 
frequency tuning results of Figs. 5 and 6 were 
measured at optimal temporal frequencies. An 
interesting question is whether the spatial se- 
lectivity depends on the temporal frequency 

responded selectively to stimuli within an ap- 
propriate temporal frequency range, Frequen- 
cies too high or too low are ineffective in elic- 

Figure 12 reports tuning curves measured 
at various spatial and temporal frequencies. 

of the stimulus and the temporal selectivity 
on the spatial frequency of the stimulus. In 
area 17, the spatial and temporal properties 
are independent (10, 63), whereas in area 18, 
the preferred spatial frequency varies inversely 
with the temporal frequency of the test grating 
and vice versa ( 10). 

iting a strong response, implying band-pass On the left are plotted spatial tuning curves 
temporal tuning. measured with gratings of various temporal 

Figure 11 shows the distributions of pre- frequencies, and on the right temporal fre- 
ferred temporal frequency for PMLS cells, to- 
gether with their bandwidths. All cells prefer 
temporal frequencies from ~2 to 10 Hz, with 
bandwidths of -2 octaves (roughly equivalent 

quency tuning curves measured at various 
spatial frequencies. There were two general 
types of cell response: some were spatiotem- 
porally coupled and others not. A represen- 

to the spatial bandwidths described earlier). tative cell of each class is reported. 
The bandwidths are quite small in comparison Cell A has similar spatial frequency tuning 
with other areas, particularly area 17, where curves for all temporal frequencies. They de- 
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FIG. 10. Temporal frequency tuning curves for stimulation by drifting sinusoidal gratings, for 4 representative cells, 
Grating spatial frequencies were optimal for each cell. Spatial frequencies and contrasts were: for open squares 0.08 
cpd and 40%; for open circles 0.2 cpd and 10%; for open triangles 0.5 cpd and 30%; for JzIIed circles 0.1 cpd and 7%. 
Index of relative modulation and spontaneous discharge were: for open squares 0.02 and 13 spikes/s; for open circles 
1 and 1 spikes/s; for open triangles 0.15 and 3.6 spikes/s; for filled circles 0.09 and 15 spikes/s. 

40 

1 

3 10 
OPTIMUM TEMPORAL FREQUENCY 

n = 26 

n = 19 

0-k) 

1 2 3 
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FIG. 11. Frequency distributions of optimum temporal 
frequency and of temporal bandwidth. Bandwidth is de- 
fined as full width at half height. Only cells whose receptive 
fields were within 30 deg from area centralis have been 
included in the distributions. 

crease uniformly as the temporal frequency 
becomes less optimal, but there is no shift in 
the peak nor in the width. That is to say, spatial 
frequency preference is independent of tem- 
poral frequency. Similarly, the temporal fre- 
quency tuning curves do not change in peak 
frequency or width with varying spatial fre- 
quency, For cell B, however, as the temporal 
frequency was varied from the optimal, not 
only did the response level of the cell decrease, 
but the preferred spatial frequency changed. 
The higher the temporal frequency, the lower 
the preferred spatial frequency. Similarly, for 
temporal tuning, the higher the spatial fre- 
quency, the lower the preferred temporal fre- 
quency. 

Unfortunately we have complete spatio- 
temporal data on only six cells. Of these, three 
behaved like cell A of Fig. 12, and three like 
cell B, showing spatiotemporal coupling. Of 
our small sample, half were like area I7 and 
half like area 18 cells. The three spatiotem- 
porally coupled cells had relative modulation 
indexes of 0.1, 0.5, and 1 and the spatiotem- 
porally uncoupled cells 0.04, 0.06, and 1.3. 
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FIG. 12. Spatial frequency (Zej column) and temporal frequency (right column) tuning curves for 2 different cells 
(A and B) at various temporal (left) and spatial (right) frequencies. Grating contrast was 30% for A and 10% for B. 
Two cells were recorded from the same penetration and were only 200 pm apart. Cells A and B had a spontaneous 
activity of 8 and 2.7 spikes/s and an index of relative modulation of 0.04 and 0.1, respectively. 

There was no link between spatiotemporal 
coupling and cells type. 

Velocity selectivity 

taves. However, when the same cell is stimu- 
lated by sinusoidal gratings (upper curves), the 
velocity tuning curves are much sharper, more 
in the region of two octaves (Fig. 13). 

Selectivity to velocity is known to be broad To understand this result one must appre- 
for most PMLS cells (15, 58, 66). In Fig. 13 ciate the relationship between velocity, tem- 
(bottom curve) we show the velocity tuning poral frequency, and spatial frequency: v = 
curve of a PMLS cell to stimulation by a bar. TF/SF. For a fixed single spatial frequency, 
As Spear and Bauman (58) observed, selectiv- velocity is proportional to temporal frequency. 
ity is broad. Velocities between 15 and 300 Velocity tuning will therefore reflect temporal 
deg/s elicit a response greater than half the frequency tuning. As the spatial frequency of 
maximum, implying a bandwidth of 4.3 oc- the stimulus is changed, the constant of pro- 
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a 0.2 cideg 

RESPONSE TO A BAR 
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FIG. 13. Response of a cell to 2 sinusoidal gratings (0.61 and 0.2 cpd; top) and to a black bar (of 2 deg width; 
bottom), as a function of drift velocity. Grating contrast was 30%. Response to the bar is defined as the difference 
between the maximum and the spontaneous activity, whereas that for the grating is the difference between mean and 
spontaneous activity. 

portionality will change. Velocity tuning will profile generated by a bar may be expected to 
still reflect temporal frequency tuning, but the embrace all the tuning curves of sinusoids of 
whole tuning curve will be multiplied by a dif- different frequencies. Therefore, it may be ex- 
ferent constant. On a logarithmic scale mul- petted to be much broader than that for a sin- 
tiplication corresponds to a horizontal dis- gle sinusoidal grating. 
placement. The peaks of the two upper curves The cell of Fig. 13 was one of the type that 
of Fig. 13 are displaced by a factor of three, was not spatiotemporally coupled (like cell A 
corresponding to the ratio of stimulus spatial of Fig. 12). Cells that were spatiotemporally 
frequencies. coupled showed an even greater shift in ve- 

A bar comprises not a single spatial fre- locity peaks with spatial frequency and even 
quency, but many. Thus the velocity tuning broader velocity tuning to stimulation by a 
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bar. This is because for these cells, preferred 
temporal frequency varied inversely with spa- 
tial frequency, so the change in velocity pref- 
erence for different spatial frequencies was 
even greater than if temporal preference re- 
mained constant. 

Eccentricity 

Figure 14 shows how the spatial and tem- 
poral frequency preference for the cells in our 

sample varied with eccentricity from the area 
centralis. As may be expected, optimal spatial 
frequency decreases with increasing eccentric- 
ity, as does spatial acuity (23). The average 
rate of decrease is 0.053 octaves/deg of eccen- 
tricity. This agrees qualitatively with results in 
all other visual structures, including retina. 
Quantitatively, the decrease is less than area 
17 or 18 (46). 

What is perhaps more surprising is that op- 

A 

B 

I- 1 1 I I I I 

0 10 20 30 40 50 

ECCENTRICITY (degl 

HG. 14. Scatter diagrams of preferred spatial (A) and temporal (B) frequency against the eccentricity of the cell 
receptive field center. Lines are the linear least-square fits and have a slope of -0.053 octaves/deg for A (r = -0.65) 
and -0.025 octaves/deg for l3 (r = -0.60). 
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timal temporal frequency also decreases with 
eccentricity. At first glance this may seem to 
contradict the findings that more peripheral 
cells prefer high velocities (27, 48). However, 
it should be noted that the rate of decrease in 
temporal frequency preference is only 0.025 
octaves/deg, half that for spatial frequency 
preference. Thus the higher velocity preference 
of peripheral cells results from their lower spa- 
tial frequency tuning, not from higher tem- 
poral tuning. 

DISCUSSION 

Pallem of response 

Many investigators (15,29,33,56,58) have 
noted that although a few PMLS cells have 
receptive fields divided into distinct ON and 
OFF regions, the majority have an ON/OFF or- 
ganization, with homogeneous response to 
both ON and OFF stimuli placed anywhere 
within their receptive fields. We confirm this 
general observation, and report further data 
consistent with the existence of two general 
receptive field types. 

Cells with ON/OFF receptive fields responses 
gave a characteristic response to drifting bars 
and gratings and to flickering gratings. Drifting 
bars elicited an overall increase in firing rate, 
with no modulation. Drifting gratings similarly 
produced an unmodulated increase in firing 
rate, and flickering gratings caused second 
harmonic modulation, with no accompanying 
first harmonic modulation at any spatial 
phase. This pattern of response is very similar 
to that of complex cells in areas 17 and 18 of 
both cat (39,45,59) and monkey (22,26,53). 

Cells that showed some indication of sep- 
arate ON and OFF regions responded differently 
to all three stimuli: there was some response 
modulation to drifting bars, a stronger mod- 
ulation to drifting gratings (RMIs > 0.8), and 
for flickering gratings of appropriate phase 
there was a strong first harmonic modulation. 
There was, however, no clear null point, and 
some second harmonic modulation was al- 
ways present. These cells are not quite like 
classical simple cells for several reasons. Sim- 
ple cells behave in a quasilinear fashion in re- 
sponse to flickering stimuli (39,44,59). Simple 
cells in monkey (22) and cat (2 1) have a rel- 
ative modulation index > 1 with a distribution 
peaking - 1.5; only two cells in our sample 
had RMI > 1.4. For classical simple cells the 

spatial frequency tuning curve measured as the 
first harmonic modulation is similar in form 
to that measured as the increase in discharge, 
presumably reflecting the half-wave rectifica- 
tion (44). For PMLS cells that modulate to 
drifting gratings, the tuning curves of the first 
harmonic component are often of different 
form from those of the average discharge (see 
Fig. 6). 

Pollen and his co-workers (25, 50, 5 1) have 
observed a subclass of complex cells, called 
periodical complex cells, that modulate to 
drifting gratings and bars. The spatial fre- 
quency tuning curves of the modulation com- 
ponent of periodic complex cells is double 
peaked, whereas that of the mean discharge is 
typically single peaked (50). Dean and Tol- 
hurst (2 1) described a subclass of complex cells 
on the basis of the discreteness of subregions 
of the receptive field. Epstein and Hochstein 
(59, 60) classified complex cells as mixed or 
intermediate if they responded to flickering 
gratings with mainly second harmonic mod- 
ulation but showed first harmonic modulation 
at some spatial phases. The characteristic of 
periodical, mixed, or intermediate complex 
cells, and of those with high discreteness are 
all very similar to the class of PMLS cells with 
high relative modulation index. We shall refer 
to them as mixed complex cells, 

In practice not every cell could be neatly 
categorized into complex or mixed class on 
the basis of discreteness of receptive field 
subregions or on the basis of its response pat- 
terning to gratings. As in the primary visual 
cortex, many cells showed a weak modulation 
superimposed on a pedestal of general firing 
increase and these cells had intermediate 
modulation index. However, with this reser- 
vation, it is interesting to note that in all cor- 
tical areas studied to date, there exist, both in 
felines and primates, cells of both of the above 
two classes: one responding with a modulation 
of firing rate (pseudolinearity) and the other 
with an overall increase in activity (22,26,39, 
41, 44, 45, 53). It is possible that the two cell 
classes have separate roles in vision and encode 
different aspects of visual information (19). 

Contrasb sensitivity 
The response of PMLS cells, like that of cells 

of all other visual structures (5, 11, 39, 61), 
increases monotonically with increasing stim- 
ulus contrast up to the point of saturation. The 
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minimal (threshold) contrast to elicit a re- inputs vary slightly in their spatial frequency 
sponse of PMLS cells is quite low (w l%), sim- selectivity, the combined selectivity will be 
ilar to that for area 17 and 18 cells and also broader than each of the inputs. A greater 
for X- and Y-geniculate cells. However, su- number of inputs means a larger receptive field 
perior colliculus and geniculate W-cells, both and broader tuning, accounting for the positive 
of which form major direct and indirect inputs correlation. This suggests that much of the ob- 
to PMLS, have much higher thresholds, - 10% served tuning derives directly from the affer- 
(I 1, 6 1) Therefore, at low stimulus contrasts, ents, but does not preclude the possibility that 
superior colliculus and W-geniculate cells further spatial frequency selectivity is achieved 
should not influence cell behavior. by local circuitry. 

The majority of PMLS cells tended to sat- It is worthwhile noting that for both classical 
urate at moderate contrasts (m 10%) when and mixed complex cells the receptive field 
stimulated by the preferred stimulus. This is 
low compared with areas 17 and 18 cells, 

size is independent of spatial frequency pref- 
erence but is correlated with the selectivity 

where responses increase monotonically up to bandwidth. For both types of cells the RF size 
w 30%. Possibly the influence of the high- and the bandwidth could result from the ex- 
threshold input of superior colliculus (via pul- citation of multiple input or subunits as pre- 
vinar) and W-cells at about this contrast causes viously described. The different type of non- 
the saturation. linearity could derive from a different spatial 

overlap of the subunits. as Epstein and Hoch- 
Spatial properties 

Their model of the complex RF is based on 
linear subunits with different spatial overlap 
and a nonlinear summation stage between 
subunits. There is at present no evidence at 

stein (59, 60) suggest for urea’1 7 complex cells. 

interesting that nearly all the cells in our sam- 

Although PMLS cells are heterogeneous in 

ple were selective for spatial frequency. The 

many respects, including their spatial prop- 

preferred spatial periodicity of all the cells we 
studied was considerably smaller than the size 

erties [Camarada and Rizzolatti ( 15) report 5 

of the receptive fields. This agrees with pre- 
vious reports (33, 58) that cells respond to ob- 
jects much smaller than their receptive fields. 

classes based on spatial summation tests], it is 
strong linear input to PMLS, with the excep- 
tion perhaps of few simple cells, or linear W 
cells (3 1). However, many of the properties of 
PMLS cells could be reproduced using non- 
linear subunits of the type of Y-cells, that form 
a major input to PMLS (6). 

Another and perhaps more simple expla- 
nation for the two types of nonlinear behavior 
could be that the nonlinearity derives directly 
from the cortical input, mainly complex cells 
(31), and the input cells themselves already 
exhibit the nonlinarity. 

In the primary visual areas, the size of the 
receptive field determines the spatial frequency 
preference of the cell, especially for simple cells 
(22,40): the larger the field, the lower the pre- 
ferred spatial frequency. This results from the 
fact that the majority of receptive fields of a 
given cell type differ principally by a scaling 
factor, which determines both the field size 
and preferred spatial frequency. However, with 
PMLS cells, there is no such relationship. The 
spatial frequency preference is completely in- 
dependent of receptive field size and much 
higher than the size would suggest. 

A strong positive correlation was observed 
between receptive field size and selectivity 
bandwidth (expressed in octaves of full width 
at half height). The smaller the field, the finer 
the selectivity. One possible explanation for 
the observed correlation is that each PMLS 

The distribution of the preferred spatial fre- 
quency in PMLS cells is interesting. The range 
is between 01 

c&i 
and 1 cpd, 

ported for cal area 18 
similar to that re- 

(4, 46) and for su- 
perior colliculus (1 1 ), and about a factor of 
two lower than that for urea I7 (4, 40, 46). 
The distribution of frequency preference is 
much flatter in PMLS than in other areas, 
which are normally peaked around a central 
value. Thus PMLS has a relatively higher rep- 
resentation of cells preferring very low spatial 
frequencies. 

Temporal pruperties 

neuron was multiple inputs (possibly from 
several visual areas) that do not overlap exactly 
in space, creating large receptive fields. If these ways 

All PMLS cells that we studied were selec- 

-4- 10 Hz and all showed a heavy at- 
tive for temporal frequency. The peak was al- 
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tenuation for low as well as for high temporal 
frequencies (bandpass). This contrasts with 
area 17, where all cells respond well to very 
low temporal frequencies (lowpass) (10, 46, 
63). It is interesting that PMLS cells do not 
respond to low temporal frequencies, given the 
heavy area 17 projection. One possibility is 
that the indirect influence from superior col- 
liculus inhibits the low temporal frequency re- 
sponse. This would agree with Smith and 
Spear’s (56) observation that PMLS cells re- 
spond to lower velocities after collicular abla- 
tion. 

Previous studies report a wide variation of 
velocity preference for PMLS cells and that 
individual cells respond to a wide range of ve- 
locities (15, 58, 66). Our results show that the 
range of velocity preferences for PMLS cells 
result from a variation in spatial frequency se- 
lectivity rather than a variation in temporal 
frequency, or velocity selectivity. The response 
of individual cells to a wide range of velocities 
can be readily explained by considering the 
Fourier spectra of the bars or spots commonly 
used as stimuli. These stimuli comprise a large 
range of spatial frequency components. Each 
of the component frequencies (within the tun- 
ing range of the cell) can elicit independently 
a response and will do so when the component 
frequencies are modulated at appropriate 
temporal frequency. As temporal frequency is 
equal to the product of spatial frequency and 
velocity, the optimal velocity for the low spa- 
tial frequencies will be higher than for the high 
spatial frequency components. Thus, by stim- 
ulation with a broad spectrum stimulus like a 
bar, we expect a broad velocity tuning. 

For six cells we investigated in detail the 
spatial and temporal responses. For three of 
these cells, the spatial properties were not de- 
pendent of the temporal tuning (spatiotem- 
porally uncoupled) and for the other three the 
spatial and temporal properties were coupled: 
the higher the temporal frequency, the lower 
the spatial preference, and vice versa. The 
coupled cells were like those of area 18 ( 10) 
and the uncoupled like those of area 17 (10, 
63). The coupling could therefore simply re- 
flect the input properties of PMLS cells. In 
area 17 and 18 spatiotemporal coupling does 
not vary between simple-like and complex-like 
cells. Similarly, in PMLS there is no distinction 
on the basis of cell classification. 

Note that this spatiotemporal coupling does 
not lead to velocity tuning, as the correlation 

is negative. For constant velocity tuning, spa- 
tial and temporal preference should be posi- 
tively correlated (v = TF/SF), as Newsome et 
al. (47) observe for some cells of monkey area 
MT. The functional role of the PMLS coupling 
is not clear and may simply reflect the struc- 
ture of PMLS cells and their inputs. Alterna- 
tively, it may assist in maintaining velocity 
constancy with varying viewing distance. We 
found no evidence for cells being tuned for 
velocity: velocity tuning was simply a conse- 
quence of their spatial and temporal frequency 
characteristics. This agrees with measurements 
in other visual areas (26) and also with psy- 
chophysical measurements in man (2). 

Cur&ding remarks 

The high selectivity for spatial and temporal 
frequency is surprising, given the lack of se- 
lectivity for spatial localization, orientation, 
and velocity. Although there is not a great deal 
of evidence at this stage, it is worth speculating 
on the functional significance of the properties 
of PMLS cells. 

One possibility is that the area is involved 
with stereopsis, particularly for motion in 
depth. Most PMLS cells are binocular and 
many cannot be driven by one eye alone (65, 
67). They respond well to changing disparity, 
which occurs with movement towards or away 
from the animal. Large receptive fields would 
be an obvious advantage for this type of anal- 
ysis, as a single cell could track an object for 
a considerable time, which is necessary for any 
disparity matching system. Orientation spec- 
ificity is not required for this task, but as Marr 
and Poggio (42) have demonstrated, spatial 
frequency selectivity can be advantagous in 
solving the binocular matching problem. 

Another possibility difficult to exclude is 
that the LS area is involved in motion percep- 
tion. In human vision, motion detectors ex- 
tend over a wide range of spatial frequencies, 
down to 0.03 cpd (1, 2, 13), but do not seem 
to be prevalent at high spatial frequencies ( 17, 
18, 36, 68). All motion detectors seem to be 
finely tuned for temporal and spatial frequency 
(2) the narrow tuning aiding in velocity de- 
tection and in analysis of the object in motion 
(12, 14). With the obvious reservations in 
passing from psychophysics to single unit 
physiology and from one species to another, 
we suggest that characteristics of PMLS neu- 
rons, with the high representation of low spa- 
tial frequencies and the relatively narrow spa- 

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (133.006.082.173) on July 30, 2018.
Copyright © 1986 American Physiological Society. All rights reserved.



PROPERTIES OF LS NEURONS 985 

tial and temporal selectivity, make them likely from the University of Pisa and M. C. Morrone from the 

candidates for some of the tasks involved in Scuola Normale Superiore, Pisa. D. Burr received a QEII 

motion perception. Fellowship from the Australian Department of Science, 
and the Australian National Health and Medical Rmch 

ACKNOWLEDGMENTS 

Council provided partial support for 
Australia donated the contact lenses. 

the project. Hydron 

We thank Peter Meyer, Tony Gibbs, Alex Wilkie, David Present address of M. Di Stefano: Istituto di fisiologia 
Ray, and Keith Leppard for expert technical assistance umana, Via S. Zen0 35, Pisa, Italy. 
and John Ross for support and helpful discussions, We 
also thank an anonymous referee for his thorough reading Received 25 March 1985; accepted in final form 1 May 
and critism of the manuscript. M. Di Stefano was on leave 1986. 

REFERENCES 

1. ANDERSON, S. J. AND BURR, D. C. Receptive field 
size of human motion detection units. vision Res. In 
press. 

2. ANDERSON,~. J. ANDBURR, D.C.Spatialandtem- 
poral selectivity of the human motion detection system 
Vision Res. 25: 1147-l 154, 1985a. 

3. ANDREWS, B. W. AND POLLEN, D. A. Relationship 
between spatial frequency selectivity and receptive 
field profile of simple cells. J. Physiol. Land. 287: 163- 
176, 1979. 

4. BERARDI, N., BISTI, S., J~ORENTINI, A,, AND MAFFEI, 
L. Correlation between the preferred orientation and 
spatial frequency of neurones in visual areas 17 and 
18 of the cat, J. Physid. Lond. 233: 603-618, 1982. 

5. BERARDI, N. AND MORRONE, M. C. The role 
of y-aminobutyric acid mediated inhibition in the re- 
sponse properties of cat lateral geniculate nucleus 
neurones. J. Physiol. Land. 357: 505-523, 1984. 

6. BERSON, D. M. Cat lateral suprasylvian cortex: Y-cell 
inputs and corticotectal projections. J. Neurophysiol. 
53: 544-556, 1985, 

7. BERSON, D, M. AND GRAYBIEL, A. M. Parallel tha- 
lamic zones in the LP-pulvinar complex of the cat 
identified by their afferent and efferent corrections 
Brian Res. 147: 139-148, 1978. 

8. BERSON, D. M. AND GRAYBIEL, A. M. Subsystems 
within the visual association cortex as delineated by 
their thalamic and transcortical affiliations. In: Vision, 
Brain, and Cooperative Computation, edited by M. 
Arbib and A. Hanson. Cambridge, MA: MIT Press. 
In press. 

9. BISMOP, P. O., KOZAK, W., em VAKKUR, G. J. Some 
quantitative aspects of the cat’s eye: axis and plane of 
reference, visual field coordinates and optics. J. Phys- 
iol. Land. 163: 465-502, 1962. 

10. BISTI, S., CARMIGNOTTO, G., GALLI, L., em MAFFEI, 
L. Spatial frequency characteristics of neurons of area 
18 in the cat: dependence on the velocity of the visual 
stimulus. J. Physioi. Land. 359: 259-268, 1985. 

11, BISTI, S. AND SIRETENAU, L. Sensitivity to spatial fre- 
quency and contrast of visual cells in cat superior col- 
liculus. Vision Res. 16: 247-25 1, 1976. 

12. BURR, D. C. AND ROSS, J. Visual processing of motion. 
Trends in Neurosci. 9: 304-307, 1986. 

13. BURR, D. C. AND ROSS, J. Contrast sensitivity at high 
velocities. Vision Res. 23: 3567-3569, 1982. 

14. BURR, D. C., Ross, J., AND MORRONE, M, C, Seeing 
objects in motion Proc. Roy. Sot. Land. B227, 249- 
265, 1986. 

15. CAMARDA, R. AND RIZZOLATTI, G. Visual receptive 
fields in the lateral suprasylvian area (Clare-Bishop 
area) of the cat. Brain Res. 10 1: 427-443, 1976. 

16, CAMPBELL, F. W., COOPER, G. F., AND ENROTH-CU- 
GELL. The spatial selectivity of the visual cells of the 
cat. J. Physiol. Land. 203: 223-235, 1969. 

17, CAMPBELL, F. W. AND MAFFEI, L. Stopped visual 
motion. Nature Land. 278: 55, 1979. 

18. CAMPBELL, F. W. AND MAFFEI, L. The influence of 
spatial frequency and contrast on the perception of 
moving patterns. Vision Res. 2 1: 7 13-72 1, 198 1. 

19. CATTANEO, A., MAFFEI, L., AND MORRONE, M. C. 
Patterns in the discharge of simple and complex visual 
cortical cells. Proc. Rot. Sot. Lond. B 2 12: 279-297, 
1981. 

20. DEAN, A. F. The relationship between response am- 
plitude and contrast for cat striate cortical neurones. 
J. Physiol. Land. 318: 413-427, 1981. 

21. DEAN, A. F. AND TOLHURST, D. J. On the distinctness 
of simple and complex cells in the visual cortex of the 
cat. J. Plzysiol. Land. 344: 305-325, 1983. 

22. DE VALOIS, R. L., ALBRECHT, D. G., AND THORELL, 
L, G. Spatial frequency selectivity of cells in macaque 
visual cortex. Vision Res. 22: 545-559, 1982. 

23. DI STEFANO, M., MORRONE, M. C., AND BURR, 
D. C. Visual acuity of neurones in the cat lateral su- 
prasylvian cortex. Brain Res. 33 1: 382-385, 1985. 

24, ENROTH-CUGELL, C. AND ROBSON, J. The contrast 
sensitivity of retinal ganglion cells of the cat. J. Physiol. 
Land. 187: 5 17-522, 1966. 

25. FELDON, S. E., ANDREWS, B. W,, AND POLLEN, 
D. A. Periodic complex cells in cortical area 19 of the 
cat. Vision. Res. 18: 347-350, 1978. 

26. FOSTER, K. H,, GASKA, J. P., NAGLER, M., AND POL- 
LEN, D. A. Spatial and temporal frequency selectivity 
of neurones in visual cortical areas V 1 and v2 of the 
macaque Monkey. J. Physiol. Land. 365: 33 l-336, 
1985. 

27, FRISHMAN, L. O., SCHWEITZER-TONG, D. E., AND 
GOLDSTEIN, E. B. Velocity tuning of cells in dorsal 
lateral geniculate nucleus and retina of the cat. J. 
Neurophysiol. 50: 1393- 14 14, 1983. 

28. HAMMOND, P. Inadequacy of nitrous oxide/oxygen 
for maintaining anaesthesia in cats: satisfactory alter- 
natives. Pain 5: 143-152, 1978. 

29. HARUTIVNIAN-KOZAK, B. A., DJAVADIAN, R. L., AND 
MELKUMIAN, A. V. Responses of neurones in cat’s 
Lateral Suprasilvian area to moving light and dark 
stimuli. Vision Res. 24: 189-195, 1984. 

30. HEATH, C. J. AND JONES, E. G. The anatomical or- 
ganization of the suprasylvian gyrus of the cat. Ergeb. 
Anat. Entiwicklungsgesch. 45: l-64, 197 1, 

31. HENRY, G. H., LUND, 1. B., AND HARVEY, A. R. 
Cells of the striate cortex projecting to the Clare-Bishop 
area of the cat. Brain Res. 15 1: 154-l 58, 1978, 

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (133.006.082.173) on July 30, 2018.
Copyright © 1986 American Physiological Society. All rights reserved.



986 MORRONE, DI STEFANO, AND BURR 

HOCHSTEIN, S. AND SHAPLEY, R. M. Quantitative 
analysis of retinal ganglion cell classifications. J. 
Physiol. Lund. 262: 237-264, 1976. 
HUBEL, D. H. AND WIESEL, T. N. Visual area of the 
lateral suprasylvian gyrus (Clare-Bishop area) of the 
cat. J. Physiol. Land. 202: 25 l-260, 1969. 
HUGHES, A. A supplement of the cat schematic eye. 
Vision Rex 16: 149-l 54, 1976. 
HUGHES, H. C. Efferent organization of the cat pul- 
vinar complex with a note on bilateral claustrocortical 
and reticula cortical connections. J. Comp. Neural. 
193: 937-963, 1980. 
KULIKOWSKI, J. J. AND TOLHURST, D. J. Psycho- 
physical evidence for sustained and transient neurones 
in the human visual system. J. Physiol. Land. 232: 
149-162, 1973, 
LEHMKUHLE, S., KRATZ, K. E., MANGEL, S. C., AND 
SHERMAN, S. M. Spatial and temporal sensitivity of 
X- and Y-cells in dorsal lateral geniculate nucleus of 
the cat. J. Neurophysiol. 43: 520-54 1, 1980. 
LEVENTAL, A. G,, KEENS, T,, AND TORK, I. The af- 
ferent ganglion cells and cortical projections of the 
retina recipient zone (RRZ) of the cat’s “pulvinar 
complex.” 1. Comp. Neural. 194: 535-554, 1980. 
MAFFEI, L. AND FIORENTINI, A. The visual cortex as 
a spatial frequency analyzer. Vision Res. 13: 1255- 
1267, 1973. 
MAF-FEI, L. AND FIORENTINI, A. Spatial frequency 
rows in the striate visual cortex. I/‘ision Rex 17: 257- 
264, 1977. 
MAFFEI, L., MORRONE, M. C., PIRCHXO, M., AND 
SANDINI, G. Response of visual cortical cells to pe- 
riodic and non-periodic stimuli. J. Physiol. Land. 296: 
27-47, 1979. 
MARR, D. AND P-IO, T. A computational theory 
of human stereo vision. Proc. R. Sot. Land. B Biol. 
Sci. 204: 30 l-323, 1979. 
MARZI, C. A., ANTONINI, A., DI STEFANO, M., AND 
LEGG, C. R. The contribution of the corpus callosum 
to receptive fields in the LSA of the cat. Behav. Brain 
Rex 4: 155-176, 1982. 
MOVSHON, J. A., THOMPSON, I. II,, AND TOLHURST, 
D. J. Spatial summation in the receptive fields of sim- 
ple cells in the cat’s striate cortex. J. Physioi. Land. 
283: 53-77, 1978, 
MOVSHON, J. A., THOMPSON, I. II., AND TOLHURST, 
D. J. Receptive field organization of complex cells in 
the cat’s striate cortex. J. Physiol. Lond. 283: 79-99, 
1978. 
MOVSHON, J. A., THOMPSON, I. ID., AND TOLHURST, 
D. J. Spatial and temporal contrast sensitivity of neu- 
rones in area 17 and 18 of the cat’s visual cortex. J. 
Physiol. Land. 283: 101-120, 1978. 
NEWSOME, W. T., Grzzr, M. S., AND MOVSHON, 
J. A. Spatial and temporal properties of neurones in 
macaque MT. Invest. Opthalmol. 24: 106, 1983. 
ORBAN, G. A., KENNEDY, H., AND MAES, H. Re- 
sponse to movement of neurons in area 17 and 18 of 
the cat: velocity sensitivity. J. Neurophysiol. 45: 1043- 
1058, 1981. 
PALMER, L. A., ROSENQUIST, A. C., AND TUSA, 
R. J. The retinotopic organization of lateral supra- 
sylvian visual areas in the cat. J. Comp. Neural. 177: 
237-256, 1978. 
POLLEN, II, A., ANDREWS, B. W., AND FJZLDON, 
S, E. Spatial frequency selectivity of periodic complex 

51. 

52. 

53. 

54, 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67, 

69. 

cells in the visual cortex of the cat. Vision Res. 18: 
665-682, 1978. 
POLLEN, D. A. AND RONNER, S. F. Periodic excit- 
ability changes across the receptive fields of complex 
cells in the striate and parastriate cortex of the cat. J. 
Physiol. Land. 245: 667-697, 1975. 
RACZKOWSKI, D. AND ROSENQUIST, A. C. Connec- 
tions of the parvocellular laminae of the dorsal lateral 
geniculate nucleus with the visual cortex in the cat. 
Brain Res. 199: 447-45 1, 1980. 
SCHILLER, P. H., FINLAY, B. L., AND VOLMAN, S. 
Quantitative studies of single cells properties in man- 
key striate cortex. III. Spatial frequency. J. Neuro- 
physiol. 39: 1334-1351, 1976. 
SEGRAVES, M. A. AND ROSENQUIST, A. C. The dis- 
tribution of the cells of origin of callosal projections 
in cat visual cortex. J. Neurosci. 2: 1079-1089, 1982. 
SHAPLEY, R. AND HOCHSTEIN, S. Visual spatial sum- 
mation in two classes of geniculate cells, Nature Land. 
256: 41 I-413, 1975. 
SMITH, D. C. AND SPEAR, P. D. Effects of superior 
colliculus removal of receptive-field properties of 
neurons in lateral suprasylvian visual area of the cat. 
J. Neurophysiol. 42: 57-75, 1979. 
So, Y. T. AND SHAPLEY, R. Spatial tuning of cells in 
and around lateral geniculate nucleous of the cat: X 
and Y relay cells and perigeniculate interneurons. J. 
Neurophysiol. 45: 107- 120, 198 1. 
SPEAR, D, AND BAUMANN, T. P. Receptive-field 
characteristics of single neurons in lateral suprasylvian 
visual area of the cat. J Neurophysiol. 38: 1403- 1420, 
1975. 
SPITZER, H. AND HOCHSTEIN, S. Simple- and com- 
plex-cell response dependences on stimulus parame- 
ters. J. Neurophysiol. 53: 1244-1265, 1985, 
SPTTZER, H. AND HOCHSTEIN, S. A complex-cell re- 
ceptive field model. J. Neurophysiol. 53: 1266-1286, 
1985. 
SUR, M. AND SHERMAN, S. M. Linear and nonlinear 
W-cells in C-laminae of the cat’s lateral geniculate 
nucleus. J. Neurophysiol. 47: 869-884, 1982. 
SYMONDS, L. L, AND ROSENQUIST, A, C, Projections 
of the pulvinar-lateral postirior complex to visual cor- 
tical areas in the cat, Neuroscience 6: 1995-2020, 198 1. 
TOLHURST, D. J. AND MOVSHON, J, A. Spatial and 
temporal contrast sensitivity of striate cortical neu- 
rones. Nature Land. 257: 674-675, 1975. 
TONG, L., KALIL, R, E., AND SPEAR, P. D. Thalamic 
projections to visual areas of the middle suprasylvian 
sulcus in the cat. J. Comp. Neural. 2 12: 103- 117, 1982. 
TOYAMA, K. AND KOZASA, T. Responses of Clare- 
Bishop neurones to three dimensional movement of 
a light stimulus. Vision Rex 22: 57 l-574, 1982. 
TURLEJSKI, K. Visual responses of neurones in the 
Clare-Bishop area of the cat. Acta Neurobiol. 35: 189- 
208, 1975. 
VON GRUNAU, M. W., POULIN, C., AND RAus- 
CHECKER, J. P. Binocular facilitation in lateral supra- 
sylvian visual area of normal and strabismic cats. Proc. 
Int. Union Physiol. Sci. 15: 1983. 
WATSON, A. B., THOMPSON, P. G., MURPHY, B. J., 
AND NACHMIAS, J. Summation and discrimination 
of gratings moving in opposite directions. Vision Rex 
20: 34 l-347, 1980. 
WRIGHT, M. J, Visual receptive fields of cells in a 
cortical area remote from the striate cortex in the cat. 
Nature Land. 223: 973-975, 1969. 

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (133.006.082.173) on July 30, 2018.
Copyright © 1986 American Physiological Society. All rights reserved.


