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Neuronal Correlates of Subjective Visual Perception 

Neuronal activity in the superior temporal sulcus of monkeys, a cortical region that 
plays an important role in analyzing visual motion, was related to the subjective 
perception of movement during a visual task. Single neurons were recorded while 
monkeys (Macaca mulatta) discriminated the direction of motion of stimuli that could 
be seen moving in either of two directions during binocular rivalry. The activity of 
many neurons was dictated by the retinal stimulus. Other neurons, however, reflected 
the monkeys' reported perception of motion direction, indicating that these neurons in 
the superior temporal sulcus may mediate the perceptual experience of a moving 
object. 

'EURONS IN THE VISUAL CORTEX 

of higher mammals respond only 
to specific properties of visual stim- 

uli (1). One way to distinguish neuronal 
activity related to perceptual processes rath- 
er than to physical stimulus characteristics is 
to expose the visual system to stimuli that 
allow more than one percept. When the 
visual cues provided are enough to dictate 
one description of the visual scene, percep- 
tion is unique and stable. But when the 
sensory data are insufficient for just one 
interpretation, rival possibilities are enter- 

related to the conscious perception of move- 
ment. To investigate this possibility, we 
used rhesus monkeys because they experi- 
ence binocular rivalry (4). 

Three rhesus monkeys were trained in a 
motion discrimination task. Two vertically 
drifting horizontal gratings were generated 
on a video monitor and presented indepen- 
dently to the two eyes through a stereoscop- 
ic viewer. Eye movements were monitored 
with a scleral search coil, and a disparity 
calibration was performed to position the 

taine' and perception becomes Department of Brain and Cognitive Science* Massachu- 
switching between the alternatives. Binocu- setts Institute of Technology, Cambridge, MA 02139. 
Iar rivalry3 a percept that when dis- "Present address: Department of Psychology, Vanderbilt 
similar stimuli are presented to the two eyes, University, Nashville, T N  37240. 
is a typical instance of perceptual instability 
(2). Because such stimuli cannot be fused by A 
the cyclopean visual system, the perception 
alternates between the stimulus seen by the 
right eye alone or the left eye alone. For 
example, when the right eye is presented 
with upward movement and the left eye 270" 

with downward movement, the perceived Reported up Reported down 
motion alternates between up and down. 

The middle temporal (MT) and medial 
superior temporal areas in the superior tem- 

p poral sulcus (STS) contain neurons that E , , 
, , . , - . , : , .  . , , '  . , . . , ,  analyze visual motion (3), but it is not .... - . , ,  . .. - . ( ;  .. ,. ,,. .. . . . '. . :  ' $ 1  .. 

known whether such activity can be directly 

Fig. 1. Response of single unit in the STS to 
nonrivalrous and rivalrous stimuli. (A) Receptive 
field position. This cell had a small central recep- 
tive field. (8) Direction tuning curve. Each point 
represents the average discharge rate in response 
to drifting gratings. Each concentric circle repre- 
sents 30 spikes per second. The cell preferred 
upward motion. (C and D) Responses during 
nonrivalrous (C) and rivalrous (D) grating pre- 
sentation when the monkey reported seeing up 
(left) and down (right). The gratings depict the 
type of motion presented to each eye. Beneath the 
gratings, the vertical eye movement traces are 
superimposed for each trial. Single unit activity is 
illustrated by rasters and time histograms of the 
average firing rate. The eye position traces, ras- 
ters, and histograms are aligned on the onset of 
the nonrivalrous or rivalrous grating presenta- 
tions. 

Time after stimulus 
(ms) 
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gratings so that they overlapped (5 ) .  A trial 
began with the appearance of a fixation spot. 
After the monkey fixated on the spot, drift- 
ing gratings were presented for 400 to 1500 
ms. The gratings were replaced by two spots 
on the left and right of the fixation spot. If 
the monkey perceived upward motion, he 
was required to execute a saccade (quick eye 
movement) to the right spot; a saccade to 
the left spot was required after downward 
movement. In half of the trials the gratings 
drifted in the same direction, and in the 
other half they were rivalrous, containing an 
equal number of up-down and down-up 
presentations. In the rivalrous trials the 
monkeys were rewarded for either response. 
Also, in half of the trials the fixation spot 
was removed when the gratings appeared to 
allow optokinetic responses. The various 
trial types were pseudorandomly inter- 
leaved. 

Overall, the perceptual choice in rivalrous 
trials was as likely to correspond to the 
stimulus presented to one eye as to the 
other. As observed in humans ( 6 ) ,  in 93% of 
the rivalry trials in which the monkeys ex- 
hibited measurable pursuit ( 7 ) ,  its direction 
corresponded to the reported perceived 

C Reported up Reported down 

4a a4 t~ a t  

0 250 0 250 
Time after stimulus 

(ms) 

Fig. 2. Response of another STS unit during 
nonrivalrous and rivalrous grating presentation. 
Conventions are as in Fig. 1. 

movement. The gain of pursuit during rival- 
ry was significantly lower (mean 2 SEM = 
0.30 + 0.01 for rivalrv versus 1.00 + 0.01 
for nonrivalry), and the latency was signifi- 
cantly longer than normal (average of 296 + 
1.9 ms for rivalrv versus 189 + 2.5 ms for 
nonrivalry) . 

A total of 66 neurons were recorded from 
two monkeys (8) .  Seven had receptive fields 
that did not include the fovea; therefore, 
they were not used in this analysis. The 
remaining units exhibited directional speci- 
ficity, and even if their preferred direction 
was not vertical on initial inspection, they 
had unequal responses for upward versus 
downward motion. Their receptive fields 
included the fovea, and their size was com- 
parable to their eccentricity. According to 
&ese receptive field these units 
were probably in MT. All of the neurons 

analyzed in this report were binocular and 
approximately equally driven by stimulation 
of either eye. 

A variety of neuronal responses was ob- 
served in STS, and different populations of 
neurons could be distinguished by compar- 
ing their modulation during nonrivalrous 
and rivalrous trials. The responses of one 
neuron with activity that was correlated 
with the perceived direction of motion dur- 
ing rivalry is shown in Fig. 1. When the 
gratings were moving in the same direction, 
the response of the cell reflected its upward 
preference. However, when the gratings 
presented to each eye were moving in oppo- 
site directions (that is, the grating presented 
to one eye moved downward and that pre- 
sented to the other eye moved upward), 
then the cell discharged on those trials in 
which the monkey indicated that he per- 

" 
perceptual choice corresponded to 
the preferred direction. Values in , n 

Fig. 3. Scatter plot of the direction- 

the lower half indicate that the neu- 1 3 I u 

ronal response was greater when Modulation during nonrivalry 

the behavioral choice was in the (preferredinonpreferred direction) 

al modulation with nonrivalrous 
and rivalrous st~mulus presentation. 10 - 
The response of each neuron (n  = 
59) was defined as the number of 
spikes discharged in the first 100 
ms after grating presentation in 5 - 
each trial. The abscissa represents - 
the ratio of the average response of 

- 

a cell in a block of nonrivalrous 
trials to gratings in its preferred '- 

direction divided by the average $P - 
response to gratings in its nonpre- .= = 
ferred direct~on. The ordinate rep- ;% 
resents the modulation of the cell '2 = 
during rivalrous stimulus presenta- 3 1 
tion. This modulation was defined .i % 
as the ratio of the average response 5 in trials in which the monkey re- ; g ported seeing the direction of mo- z - 
tion corresponding to the preferred 
direction of the cell divided by the f - 

nonpreferred direction. This analy- 
sis does not reflect the overall level of activity of the cells but rather the ratio of activities for the two 
directions. Lower half of the ordinate is a mirror image of the upper half and reflects movement 
preference in the opposite direction. A t test was used to determine whether the directional modulation 
of a cell was significant. All of the cells in the plot were derived from the same sample, but symbols 
illustrate the different types of modulation. Small solid dots (@) represent cells that were not directional 
in the vertical access during either the nonrivalrous or the rivalrous trials. The open triangles (A) 
represent cells that were not significantly directional during the nonrivalrous presentation but were 
directional during rivalry. Hence, the assignment of these points to the upper half of the plot was 
arbitrary. The open circles (0) represent cells that exhibited significant directional modulation during 
the nonrivalrous presentation, but during rivalry their response was independent of the perceptual 
choice of the monkey. The solid squares (M) and circles (@) signify cells that exhibited significant 
directionality during both rivalrous and nonrivalrous trials. Cells designated by solid squares responded 
more during rivalry when the perceptual choice of the monkeys corresponded to the preferred direction 
of the cell, while those signified with solid circles responded when the perceptual choice corresponded 
to the nonpreferred direction. (Insets) Spike histograms of examples of the four modulated cell classes. 
The type of symbol at the upper left of each inset indicates the cell class. The arrows at the top of each 
panel indicate the nonrivalrous and rivalrous trial types, and the arrows on the left indicate trials in 
which the monkey reported upward or downward motion. 
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the monkey reported seeing the di- • • 
rection of motion in the nonpre- 
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per half indicate that the response 
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ceived upward movement. In contrast, this 
unit did not discharge on trials in which the 
monkey responded that he perceived down- 
ward motion, even though the optimal, 
upward-moving stimulus was being present- 
ed to one or the other eye. Although only 
250 ms of activity is shown in Fig. 1, the 
differential activity was present as long as the 
gratings were presented (up to 1500 ms). 
The activity of another STS unit is shown in 
Fig. 2. This unit was more active in rivalry 
trials in which the monkey reported the 
direction of motion corresponding to the 
nonpreferred direction of the cell. 

A quantitative analysis of the modulation 
of each neuron was performed (Fig. 3). 
Twenty-five percent of the neurons showed 
insignificant directionality in the vertical 
axis; another 21% of the cells, which had 
horizontal or  oblique preferred directions, 
displayed directionality during rivalrous but 
not nonrivalrous trials. Thirty-two percent 
of the units exhibited directionality for non- 
rivalrous gratings, but their response during 
rivalry was independent of the perceptual 
choice of the monkeys; these units dis- 
charged whenever their optimal stimulus 
was present. Finally, 22% of the cells were 
modulated during rivalry according to their 
direction preference exhibited during nonri- 
valry. Half of these units responded when 
the perceptual choice of the monkey corre- 
sponded to the preferred direction of the cell 
(Fig. l), and the other half responded when 
the preferred direction of motion was pre- 
sent in the suppressed eye (Fig. 2). 

Because neuronal activity related to pur- 
suit eye movements has been recorded in 
STS (9), the modulation of this last class of 
neuron could be a consequence of the pur- 
suit eye movements, which are themselves 
correlated with the perceived direction of 
motion. Several arguments refute this inter- 
pretation. First, during trials in which the 
fixation spot was visible, the monkey did not 
exhibit measurable nystagmus, but the pat- 
tern of neuronal response was the same as 
that elicited in trials in which no fixation 
spot appeared. Second, the quantitative 
analysis of neuronal modulation (Fig. 3) 
included only the first 100 ms after grating 
presentation, well before pursuit was initiat- 
ed. Finally, the relation of neuronal onset 
time to stimulus or pursuit onset was deter- 
mined (10); this analysis confirmed that the 
neuronal discharge was related to stimulus 
presentation and not the execution of pur- 
suit eye movements. Hence, the differential 
neuronal activity of these units during rival- 
ry reflects a perceptual and not an oculomo- 
tor process. Studies reveal comparable prop- 

erties of MT neurons in a different visual 
task (11). 

During rivalry the stimulus presented to 
one eye is periodically invisible even though 
it still impinges on the retina. Psychoana- 
tomical experiments have shown that this 
suppression occurs at a relatively advanced 
station in the visual pathway (12). Our 
results provide information about the site 
and mechanism of binocular rivalry by indi- 
cating that the STS contains elements that 
might mediate the periodic suppression and 
dominance characterizing binocular rivalry. 

The neurons that discharged regardless of 
whether their optimal stimulus was in the 
suppressed or the dominant eye may be first- 
order neurons receiving afferents that are 
not inhibited during rivalry suppression. 
When the neurons that were differentially 
responsive in the vertical axis only during 
rivalry were mapped conventionally, they 
had a horizontal or oblique preferred direc- 
tion. Thus, their directional tuning might be 
dynamic and adaptable to the perceptual 
requirements. The units that were specifical- 
ly active when the optimal stimulus was 
present in the dominant eye (Fig. 1) could 
mediate the perception of motion that was 
expressed in the behavioral response of the 
monkeys. Finally, the neurons that were 
active when their optimal stimulus was pres- 
ent in the suppressed eye (Fig. 2) might 
provide the inhibition to lower or higher 
visual centers to suppress the view of one 
eye during rivalry. 

This interpretation of the results is by no 
means conclusive. The differential modula- 
tion of these STS neurons in response to 
rivalrous stimuli was evident much earlier 
than subjects typically resolve the rivalrous 
perception. Thus, further processing is clear- 
ly involved, and the data do not exclude the 
possibility that the perception-related mod- 
ulation observed in these neurons may be a 
result of feedback from higher centers. 

In conclusion, the results of this study 
suggest the possibility of experimentally re- 
lating the activity of single neurons in the 
visual system to the internal perceptual state 
of the subjects. Such experiments may lead 
to a better understanding of how the pro- 
cesses that result in an internal representa- 
tion of the visual world are instantiated in 
the structure and fhction of the visual 
pathways. 
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