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Figure 2. Size and position of the receptive fields of D (dot), S (tri- 
angle), and R (circle) cells. Upper, Seven receptive fields of each of three 
classes of cells. Lower, Size of the receptive field plotted against the 
eccentricity of its center. There is neither a positive nor negative cor- 
relation between the two. N = 111, 52, 33 for D, S, and R cells, re- 
spectively. The extent of the receptive field was expressed by azimuth 
and elevation, adopting the spherical polar coordinate (axis vertical) 
system (Bishop et al., 1962). The size of the receptive field is expressed 
by the square root of area in this and succeeding figures. 

sponses to the unidirectional straight movement of patterns in 
the frontoparallel plane, detailed descriptions have been given 
in the preceding paper (Tanaka et al., 1986), comparing their 
response characteristics with those ofdirectionally selective cells 
in MT. This paper reports the receptive-field properties of S 
and R cells, which responded selectively to size change and 
rotation of patterns, with additional observations on D cells. 
The site and extent of the DSR region are also described. 

Response properties of cells in the DSR region 
The cell types recorded in the DSR region and their populations 
are listed in Table 1. The great majority (3661422, 86.7%) of 
the cells in the DSR region were activated by photic stimuli. 
Auditory and somesthetic stimuli (such as voice, pure tone, 
noise, touching the skin, etc.) were also given to visually un- 
responsive cells and to some visually responsive cells, but none 
of them responded to these stimuli. Therefore, this region may 
concern mainly visual analysis. However, whether the cells of 
the DSR region receive other nonvisual signals, such as those 
of eye movements and vestibular inputs, remains to be seen. 

When a cell was isolated, the effective stimulus for its acti- 
vation was determined by the use of hand-held and/or projected 
patterns; the extent of the receptive field was then plotted on 
the screen. The spatial extent of the receptive field of D cells 
was determined by the method of “minimum response field” 
(Barlow et al., 1967): an oscillating slit or textured square board 
was slowly shifted from the central region of the receptive field 
towards the periphery, and the position of the trailing edge of 

Table 1. Types and populations of cells recorded in the DSR regiow 
and the ventral par@ of MST (figures in parentheses indicate 
percentages) 

Ventral part 
DSR region of MST 

D celp 217 (51.4) 68(70.1) 

S celld 66(15.7) 4 (4.1) 

Expansion 46 4 

Contraction 20 0 

R celp 58 (13.7) 0 (0.0) 
Clockwise 19 
Counterclockwise 22 

Depth 17 

Directionally biased cell 3 (0.7) 2(2.1) 

Pandirectional cell 4 (1.0) l(l.0) 
Bidirectional cell 5 (1.2) l(l.0) 
Jerky cell 5 (1.2) 3 (3.1) 

Dynamic disparity cell 2(0.5) 0 (0.0) 

Bi-R cell’ 0 (0.0) l(l.0) 
ON-cell 5 (1.2) 0 (0.0) 

OFF-cell 1 (0.1) 0 (0.0) 
Unclassified 56(13.3) 17(17.5) 

Total 422 97 

a Cell count was made for the recording sites plotted by filled and open circles 
which appeared dorsal to the upper broken line shown in Figure 12. 

b Cell count was made for the recording sites plotted by open circles (including 
one “u”-marked site surrounded by open circles) between two broken lines in 
Figure 12. 

c Directionally selective cells that responded to unidirectional straight movement 
of patterns in the equidistant plane. 

d Directionally selective cells that responded to size change of patterns. 

c Directionally selective cells that responded to rotation of patterns. 

‘Cell that responded to both clockwise and counterclockwise rotations of patterns. 

the pattern was defined as a border if the cell gave no detectable 
response when the pattern was shifted a little further towards 
the periphery. The extent of the receptive fields of S and R cells 
was determined by the use of the preferred stimuli, i.e., changing 
size and rotating stimuli. The subtending angle of the stimuli 
was taken to be as small as possible, and the position of the 
center of the stimuli, instead of the edge, was defined as a border. 
Using these methods, the field size of the cells for which si- 
multaneous stimulation of a large part of the receptive field is 
required for activation may be somewhat underestimated. The 
many receptive fields thus determined included the fovea1 region 
and extended into the ipsilateral visual field. As shown in the 
scatter diagram in Figure 2, there was a great variety in the size 
of the receptive fields, with no simple correlation between the 
size of the receptive field and the eccentricity. The average square 
roots of the receptive-field areas of D, S, and R cells were 4 1.4”, 
40.9”, and 33.4”, respectively. There was a tendency for succes- 
sively recorded cells to have similar sizes and locations of the 
receptive fields. However, no simple retinotopic organization 
has been noted in the DSR region. 

Properties common to the cells of the DSR region were that 
most responded strongly to monocular stimuli presented to either 
eye and had similar receptive fields in both eyes. For several 
cells, binocular stimuli were given with various values of the 
static disparity, but a large change in the response magnitude 
was not observed. The exceptions were two cells that responded 
only to a change in binocular disparity (described in a later 
section). 

D cells. About half of the cells of the DSR region (2341422, 

MST receptive fields are very large (Saito et al., 1986)
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Figure 4. Response properties of S cells. Left column, Cell responding to expanding stimulus size. Size and eccentricity of the receptive field, 27” 
and 30“, respectively. Right column, Cell responding to contracting stimulus size. Size and eccentricity of the receptive field, 45” and 299 respectively. 
Middle two truces, The widening or narrowing of a slit elicited a weak or no response. Changing brightness (3 log unit) of a circle of constant size 
was not effective in activating them, either (bottom PSTHs). Black arrows in the upper three PSTHs, Expansion; white arrows, contraction. For 
the bottom PSTHs, brightness changes are indicated by ramped lines. 

Animals may experience the radial movement of patterns not 
only by the movement of objects in depth, but also by their own 
movement in depth. These two cases generally induce very dif- 
ferent motion patterns. In the latter case, all the elements of the 
whole visual field move radially with a size change of each 
element. Such a unique motion pattern will be referred to as 
“radially directed visual flow,” to distinguish it from a size 
change of a nontextured simple pattern. An essential difference 
between the two stimuli is in the area1 extent that is stimulated 
at any moment. We also tested whether S cells responded to the 
“radially directed visual flow.” To mimic such a motion pattern, 
a projected wide dot pattern was zoomed out or zoomed in. 
Care was taken that the fringe of the dot pattern never entered 
the cell’s receptive field. As is shown in Figure 5, we found cells 
that showed a clear preference for the radially directed visual 
flow over the size change of a nontextured simple pattern (cell 
2). Since the visual-flow stimulus produced by the zoom system 
accompanied a change in brightness of the pattern in inverse 
proportion to the area1 change, the cell was also stimulated with 
a dot pattern whose size was kept constant, whereas the bright- 
ness was changed by the use of a pair of polarizing filters. It was 
confirmed that no S cell was activated by the brightness change. 
These S cells were classified as Field type, analogous to the Field- 
type D cells that preferred parallel-flow stimulus. As is shown 
in Figure 5, there were also Figure-type S cells that preferred 
size change of a nontextured simple pattern (cell l), and Non- 
selective-type S cells that responded equally well to both stimuli 
(cell 3). The ratio of the frequencies of Figure, Field, and Non- 
selective types, classified in the same way as D cells, was roughly 
2:2:3. 

Next we examined the positional invariance of the directional 
selectivity within the receptive field of the S cell. This could be 
tested only for cells of the Figure and Nonselective type, for the 
same reason given for D cells. Typical results obtained for a 
Figure-type S cell are shown in Figure 6. The left half of the 

figure demonstrates positional consistency. That is, at any po- 
sition within the large receptive field (square root of area, 27“), 
the cell responded consistently to the expansion of images. Fur- 
thermore, as shown in the right half of Figure 6, a small change 
from any initial size was effective in activating the cell. From 
similar observations of many Figure-type and Nonselective- 
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Figure 5. Comparison of responses to changing size of a circle and to 
zooming of a wide-field dot pattern. CelI I, Figure type; cell 2, Field 
type; cell 3, Nonselective type. The diameter of the circle was changed 
between 10” and 35”. The wide-field dot pattern was expanded or con- 
tracted by about 30%. Sizes of the receptive fields of cells 1, 2, and 3 
were 27”, 27”, and 34”, respectively. 
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cell 1 cell 2 
300 

patterns (textured flat board) in depth in one direction (Rd cells). 
The preferred axis of rotation differed for different cells; either 
horizontal (10 cells), vertical (four cells), or oblique (three cells) 
in the frontoparallel plane. Tuning of these cells to the orien- 
tation of the axis of rotation seemed not to be very sharp: for 
instance, cells with horizontal preferred axis did not respond to 
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Figure 9. Position invariance of selectivity of Rf cells. Upper, At any 
region within the large receptive field (shown by broken line), the cell 
responded consistently to the counterclockwise rotation of the pattern. 
Lower, A slight shift in position of the rotating pattern caused the di- 
rection reversal in a large part of the receptive field, but the cell’s se- 
lectivity for the direction of motion as well as the response magnitude 
did not change. Black arrows, Counterclockwise rotation; white arrows, 
clockwise rotation. Receptive-field size and eccentricity, 63” and 16” for 
the cell of the upper figure; 46” and 18” for the cell of the lower figure, 
respectively. 

Figure 8. Examples of two types of 
Rf cells. CelI 1, A Field-type Rf cell 
that responded strongly to the rota- 
tion of a textured wide pattern but 
only feebly to that of a single black 
rectangle and the circular movements 
of black disks. Cell 2, A Nonselective 
type Rf cell that responded strongly 
to the rotation of any pattern. The 
bottom PSTHs of cell 2 demonstrate 
the high sensitivity of the cell to a 
subtle rotary movement. Only 3” ro- 
tation (about 1 cm shift at the outer 
edge of the circular board) elicited 
strong responses. Textured board 
subtended 40” in diameter for cell 1, 
30” (top) and 40” (bottom) for cell 2. 
The large black rectangle was 5” 
wide x 30” long; the diameter of the 
black spot was I”. White arrows, 
Counterclockwise rotation; black ar- 
rows, clockwise rotation. Receptive- 
field size and eccentricity, 45” and 18” 
for cell 1, 34” and 30” for cell 2, re- 
spectively. 

the rotation around the vertical axis, but responded weakly to 
the rotation around the 45” axis. An example of cells with a 
horizontal preferred axis is shown in Figure 10. Neither straight 
movement in depth nor frontoparallel movement was effective. 

What cues, then, do these cells use to detect the rotation in 
depth? Since all of the Rd cells responded strongly to monocular 
stimulation, the cue is not a binocular disparity. As the rotation 
of the flat board inevitably accompanied a change of the whole 
subtending angle of the board itself, we prepared another ro- 
tating stimulus, using a drum with a textured surface. A rotation 
of this drum produced a stimulus whose subtending angle was 
kept constant, while the texture-size changed continuously. It 
was found that this stimulus also activated Rd cells strongly 
when the axis and direction of the rotation were the same as 
those of the preferred rotation of the flat board. This suggests 
that a combination of size changes (simultaneous expansion and 
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Figure IO. Response properties of the Rd cell. Cell’s preferred axis of 
rotation was horizontal, and the cell responded selectively to the direc- 
tion of rotation, such that the upper half of the pattern moved towards 
the animal (top). Straight movement of the same textured plate in depths 
between 57 and 42 cm from the animal (middle), as well as in the 
frontoparallel plane (bottom), did not activate the cell. Receptive-field 
size, 43”, eccentricity, 10”. 

MST cells respond to changing size and rotation (Saito et al., 1986)
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MST cells respond selectively to optic flow components

“Spiral space” representation
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Why study eye movements?

• Eye musculature is relatively simple

• Eye movement can be recorded and natural 
stimuli provided quantitatively

• If you know what the eye is doing, you know 
what the motoneurons are doing

• You don’t pick things up with your eyes

• Final motor mechanisms are in the brainstem 
– don’t need the heroism of Fetz



Why have eye movements?

• Things move

• We move

• Want to keep fovea pointed at things to see them clearly

• Want to keep things stabilized on retina to see them clearly

• As a motor system, think of eye movements as a way to 
control how the eye “grasps” the sensory inputs?

• There are many different components to this task, and there 
seem to be different kinds of eye movements for the 
different components



Saccades 
and 

fixations

We take in the world in 200-ms fixations that are interrupted by 
brief, rapid eye movements called saccades.  Vision is disrupted 
during saccades, but the 200 ms of fixation is long enough to 
allow the visual system to recover from the disruption and 
process information.  This scanning pattern allows us to point 
the fovea sequentially at different objects and places, and 
maximize our knowledge of visual detail.

From Kandel, Schwartz, & Jessell, 3rd edition



Typical scanning of a scene with saccades 
and fixations

From Purves et al, Neuroscience, 2nd Edition



Smooth pursuit 
eye movements 

track target 
motion.

In primates, pursuit tracks a small object as it moves across a stationary background.  This is made 
easier by the fact that the background is usually at a different distance than the target, and therefore has 
different disparity.  Note that the onset of pursuit takes the eye in the direction of target motion, and 
away from the position of the target.  The later saccade corrects position error.

Lisberger & Westbrook J. Neurosci 5: 1662-1673, 1985.



The angular vestibulo-ocular reflex (VOR) 
stabilizes gaze in the face of head turns

Even in darkness, the VOR has a 
latency of about 10 ms and 
compensates really well for head 
turns – “gain”, defined as eye 
velocity divided by head velocity is 
close to one.

Lisberger & Pavelko J. Neurosci. 6: 346-354, 1986



In the real world, the angular VOR 
depends on viewing distance

Snyder & King, J. Neurophysiol. 67: 861-874, 1992



The translatory 
VOR stabilizes 

gaze in the face of 
linear motion

Think about natural 
viewing conditions. Should 
the translatory VOR 
depend on fixation 
distance?

Schwarz & Miles J. Neurophysiol. 66: 
865-878, 1991



Translatory VOR 
depends strongly 

on viewing 
distance

This experiment is done by having the 
monkey fixate at a given distance and 
then extinguishing the fixation spot 
when the sled moves.  The fixation 
distance is preset, and so is the gain of 
the translatory VOR.  Note the 
translatory VOR is very weak with far 
fixation, as it should be.  [Please don’t 
call this the “linear” VOR – it isn’t 
“linear”.

Schwarz & Miles J. Neurophysiol. 66: 865-878, 1991



“Optokinetic responses as visual backups 
for the VORs?This is what happens if you 

turn on the lights an have 
the monkey view a drum 
that is rotating at constant 
speed.  Note that there are 
two components – and early 
step increase in eye velocity 
and a late gradual increase.  
Adaptation of the VOR 
differentially affects the two 
components, suggesting 
separate neural control 
(more on this later). Note 
also that the response 
persists for many seconds 
after the lights go out (and 
the drum stops).

Lisberger et al. J. Neurophysiol. 45: 
869-890, 1981.



“Ocular following” is the rapid component of the 
optokinetic response – it depends on viewing distance.

Sample traces

Averages from 
2 monkeys

Busettini et al. J. Neurophysiol. 6: 
865-878, 1991



Three visual tracking systems with three 
different functions? 

Miles & Busettini. Annals N.Y. 
Acad. Sci. 656: 220-232, 1992



Vergence and accomodation

• We have 2 eyes and things can be very close to us or 
very far away

• Retinal correspondence is achieved by horizontal 
vergence

• Good focus is achieved by accomodation, which 
changes the shape of the lens

• Accomodation and vergence are hardwired together 
so that doing one right gets the other one right too.



Summary of eye movements and their functions

• Fixations: image processing

• Saccades: image capture
• VOR: image stabilization in presence of self-

movement

• Pursuit: image stabilization in spite of object 
movement

• Optokinetic and ocular following: backup for VOR
• Vergence/accomodation: image quality and unity


