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Single Visual Neurons Code Opposing Motion 
Independent of Direction 

Abstract. Cells in intermediate and deeper layers of the pigeon optic tectum 
respond best when a textured background pattern is moved in the opposite direction 
to a moving test spot. Complete inhibition occurs when the background moves in the 
same direction as the test stimulus. Most noteworthy issthe invariance of this 
relationship over a wide range of test spot directions. These cells represent a higher 
level of abstraction in a motion-detecting system and may play a role in jigure- 
ground segregation or the discrimination of the motion of an object from self- 
induced optical motion. 

One of the fundamental tasks required audition, this entails segregating the neu- 
of any sensory system is to "parse," or ral patterns produced by the complex 
decompose, patterns of stimulation into pressure wave reaching the ears into 
clusters of attributes that represent the separate "streams" representing their 
distal sources giving rise to  them. In separate sound sources. This "auditory 
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stream segregation" (I) is complex, in- 
volving spatial, temporal, and harmonic 
relationships. Nevertheless, our experi- 
ence in the everyday world of sounds 
attests to their efficiency. They enable us  
to untangle many concurrent sounds, 
even when their spectra seem hopelessly 
intertwined. 

In vision also, the neural patterns pro- 
duced by complex retinal images must be 
parsed into objects, and their three-di- 
mensional locations and motion charac- 
teristics preserved separate from ambi- 
ent variations. Figure-ground segrega- 
tion has been studied extensively in rela- 
tion to stereopsis (2) and computer 
"scene analysis" (3). Gibson's early 
work (4), however, has been followed by 
a growing awareness that image motion 
characteristics may play a key role in 
this process. For  example, visual psy- 
chophysical experiments with coherent- 
ly moving dots show vivid emergence of 
figures among other incoherently moving 
dots (5). Differentially moving dots also 
lead to compelling and accurate sensa- 
tions of depth (6). Recent theoretical 
accounts have also shown that retinal 
flow patterns, generated by an observer 
moving through space, can provide, in 
principle, information about object rigid- 
ity, boundaries, and orientation (7, 8), 
also suggesting how neural mechanisms 
might make some of these computations 
(8). 

In this report we describe single cells 
that might perform such functions. 
These units, which have very large in- 
hibitory receptive fields, are inhibited by 
the in-phase movement (same direction, 
same velocity) of a test stimulus and 
background and are often facilitated by 
anti-phase movement (opposite direc- 
tion, same velocity) (9). We have demon- 
strated that these results hold, within an 
individual cell, for test spot directions 

Fig. 1. (A) Schematic diagram representing 
visual stimulating conditions presented to in- 
dividual pigeon tectal cells. The white spot 
indicates the test stimulus, and the textured 
pattern represents the background. Arrows 
indicate the direction of motion of these corn- 
ponents used to measure the responses por- 
trayed in the corresponding polar plots. (B) 
Polar response plots obtained from a single 
cell showing the mean number of impulses as 
a function of background direction. Each plot 
was obtained by choosing a fixed test spot 
direction (bold arrows) and varying back- 
ground direction. Despite changes in test spot 
direction, cells responded best when the 
background motion was opposite test motion 
in all three cases. (C) Hypothetical scheme to 
account for the results. Concentrically over- 
lapping subunits having different preferred 
directions and with opponent center-surround 
organization converge onto a cell of higher 
order. 
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differing by 180". That is, it is the rela- 
tionship between the motion directions 
of the test stimulus and the background, 
rather than the absolute directions, that 
determines the responsivity of the cell. 

Conventional extracellular recording 
techniques were used to study tectal 
cells of anesthetized white Carneau pi- 
geons. Details of preparation, recording, 
and stimulus control have been reported 
(9). Upon successful isolation of a cell, 
the optimal size and velocity of a single 
test spot was chosen and swept in sever- 
al different directions through the excit- 
atory receptive field (ERF). In agree- 
ment with previous studies (lo), these 
cells exhibited broad directional tuning 
curves. After qualitative assessment of 
their directional selectivity, large tex- 
tured background patterns (101' by 47") 
were back-projected onto a tangent 
screen, while the test spot was front- 
projected. As reported previously (lo), 
the in-phase movement of a test spot and 
background pattern produced profound 
inhibition, whereas anti-phase move- 
ment often produced facilitation. 

Since the primary focus of this study 
was the relationship between test spot 
and background directions of movement, 
we assessed the effect of background 
direction for one particular test spot di- 
rection and obtained a polar tuning func- 
tion. We then altered the test spot direc- 
tion and again varied background direc- 
tion (Fig. 1A) and obtained other polar 
tuning functions. Poststimulus time his- 
tograms for eight sweeps of the test spot, 
for each direction of background move- 
ment, were obtained with the total spike 
count for each separate condition. The 
mean number of spikes per condition 
was computed to form the polar plots. 

A total of 119 cells below a depth of 
0.4 mm from the tectal surface have been 
studied in 37 birds. Full sets of quantita- 
tive data were obtained for 40 cells and 
partial or qualitative observations made 
on the remainder. All 40 cells responded 
as illustrated in Fig. lB,  where it can be 
seen that when the background patterns 
were moving in the opposite direction 
(anti-phase) to the test spot, the cell 
responded strongly. When the back- 
ground pattern was moved in the same 
direction (in-phase) as the test spot, the 
response was inhibited. This relationship 
held for three different directions of the 
test spot motion through the ERF. For 
example, in Fig. 1B the test spot was 
moved up through the ERF (middle pan- 
el); downward or near downward move- 
ment of the background movement re- 
sulted in a clear response to the test spot. 

When the test spot was moved down, 
(right panel of Fig. lB), it was the up- 
ward directions of background move- 
ment that permitted a clear response, 
whereas downward directions of the 
background inhibited the response. For- 
ward motion of the test spot required 
backward motion of the background for 
the best response (11). The remaining 79 
cells showed the same qualitative char- 
acteristics. Each shared the selective in- 
phase inhibition of background for test 
spot motion, which was preserved when 
the direction of test spot motion was 
reversed. 

These cells were also exposed to other 
conditions not shown here. For example, 
the central portion of the rear-projected 
textured pattern was occluded through a 
large stationary mask attached to the 
back of the screen; this treatment pro- 
duced identical results to those de- 
scribed above, which indicates that 
background inhibition and facilitation is 
mediated by processes outside of the 
excitatory receptive field center. The 
response produced by the moving test 
spot was the same whether it was pre- 
sented alone or swept over stationary 
background patterns. Furthermore, no 
excitatory responses were ever pro- 
duced in any of these cells by any direc- 
tion of movement of the textured back- 
ground patterns themselves. In previous 
studies we showed that no eye move- 
ments are produced in anesthetized ani- 
mals by any of these stimulus conditions. 

Figure 1C illustrates a possible mecha- 
nism to account for these results. Lower 
order, directionally specific neurons are 
assumed to have an antagonistic, center- 
surround organization with respect to 
motion (9). If several units of this type, 
each with a different preferred direction, 
were to converge on a higher order neu- 
ron (8), it would have response charac- 
teristics similar to those found in this 
study. 

These results indicate a new level of 
complexity and abstraction in the pro- 
cessing of motion information by single 
neurons. Because this characterizes the 
response properties of all tectal neurons 
recorded in the deeper layers, they must 
perform an important visual function. 

Two possibilities seem most likely. (i) 
Nakayama and Loomis (8) suggested the 
possible existence of center-surround 
cells (Fig. lC), which could play a criti- 
cal role in delineation object boundaries 
for a moving observer in a stationary 
environment. The cells we recorded 
from could perform this function if aided 
by compensatory head and eye move- 

ments that occur during walking (12). (ii) 
Retinal image motion resulting from the 
birds' own movements must be segregat- 
ed from that produced by actual moving 
objects. Translation of the retinal image 
produced by eye, head, or body move- 
ment would result in similar motion pat- 
terns (in-phase) in the center and sur- 
round regions of these receptive fields 
and thus inhibit any response. In con- 
trast, movement of an object relative to 
its surround would be signaled by these 
units over a wide range of object direc- 
tions. 
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