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Recanzone, G. H., R. H. Wurtz, and U. Schwarz. Responses of the receptive field of a neuron by using either grating stimuli
MT and MST neurons to one and two moving objects in the re- (Movshon et al. 1985; Rodman and Albright 1989) or ran-
ceptive field. J. Neurophysiol. 78: 2904–2915, 1997. To test the dom dot patterns (Qian and Andersen 1994; Snowden et al.
effects of complex visual motion stimuli on the responses of single 1991, 1992) and have shown that the introduction of a sec-
neurons in the middle temporal visual area (MT) and the medial ond stimulus can affect the response of most cells in MT.superior temporal area (MST) of the macaque monkey, we com-

Qian and Andersen (1994) suggest that MT neurons sup-pared the response elicited by one object in motion through the
press the inputs from local regions within the receptive fieldreceptive field with the response of two simultaneously presented
of the neuron that contain stimuli moving in opposite direc-objects moving in different directions through the receptive field.
tions and Movshon et al. (1985) and Rodman and AlbrightThere was an increased response to a stimulus moving in a direction

other than the best direction when it was paired with a stimulus (1989) have suggested that MT is the first cortical area
moving in the best direction. This increase was significant for all in which different directions of motion of the individual
directions of motion of the non-best stimulus and the magnitude components of a complex stimulus are combined to form a
of the difference increased as the difference in the directions of representation of the global motion of the stimulus.
the two stimuli increased. Similarly, there was a decreased response In addition to processing information related to the percep-to a stimulus moving in a non-null direction when it was paired

tion of such global motion, MT provides the oculomotorwith a stimulus moving in the null direction. This decreased re-
system with the appropriate motion information to codesponse in MT did not reach significance unless the second stimulus
smooth pursuit and saccadic eye movements to moving tar-added to the null direction moved in the best direction, whereas

in MST the decrease was significant when the second stimulus gets (Dursteler and Wurtz 1988; Dursteler et al. 1987; Erick-
direction differed from the null by 907 or more. Further analysis son and Dow 1989; Komatsu and Wurtz 1988; Newsome et
showed that the two-object responses were better predicted by al. 1985; Yamasaki and Wurtz 1991). In contrast with the
taking the averaged response of the neuron to the two single-object large pattern stimuli used in the experiments on global mo-
stimuli than by summation, multiplication, or vector addition of tion, these experiments on MT and its neighbor, MST, usedthe responses to each of the two single-object stimuli. Neurons in

isolated moving spots as targets. Neurons in these areasMST showed larger modulations than did neurons in MT with
discharge in relation to pursuit eye movements and damagestimuli moving in both the best direction and in the null direction
to these areas alters the control of pursuit. All of these oculo-and the average better predicted the two-object response in area
motor experiments used single pursuit targets and, in lightMST than in area MT. This indicates that areas MT and MST

probably use a similar integrative mechanisms to create their re- of the striking interactions demonstrated between multiple
sponses to complex moving visual stimuli, but that this mechanism global stimuli, we investigated the responses of neurons
is further refined in MST. These experiments show that neurons when two discrete spots of light moved through the receptive
in both MT and MST integrate the motion of all directions in field. Because both MT and MST contribute to pursuit, we
their responses to complex moving stimuli. These results with the

also determined whether or not these responses to spot stim-motion of objects were in sound agreement with those previously
uli changed between MT and MST. Comparison of the inter-reported with the use of random dot patterns for the study of
actions between such object stimuli with the interactionstransparent motion in MT and suggest that these neurons use simi-
between multiple larger field global stimuli should indicatelar computational mechanisms in the processing of object and

global motion stimuli. whether or not processing is similar for the two types of
stimuli. In short, can the same neuronal mechanisms account
for the processing of two distinct types of motion informa-

I N T R O D U C T I O N tion?
The results of this study indicate that most neurons inA subset of neurons in the middle temporal visual area

both MT and MST are strongly influenced by the presence(MT) of monkey extrastriate cortex provides important mo-
of a second stimulus moving in a direction different fromtion information about large stimuli, such as random dot
the first. The responses to the two-object stimuli were great-patterns (Newsome and Pare 1988; Qian and Andersen 1994;
est when one of the two simultaneously presented stimuliSnowden et al. 1991, 1992) and sinewave or squarewave
moved in the best direction and smallest when one of thegratings (Movshon et al. 1985; Rodman and Albright 1989;
two stimuli moved in the null direction, yet were alwaysStoner and Albright 1992, 1996). Recent studies have con-

centrated on the interaction of two such stimuli moving in greater than when a single stimulus moved in the non-null
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direction. The magnitude of the response was directly related
to the relative strength of single stimuli moving through the
receptive field and could be accurately predicted by taking
the average of the two single-object stimulus responses. The
overall effects and the strength of the averaging prediction
were stronger in MST than in MT. Thus single neurons in
MT and MST weigh inputs across all directions of motion
in generating their response to complex moving stimuli. We
think these results are consistent with previous reports of
modulation of MT neurons to either moving gratings (Movs-
hon et al. 1985; Rodman and Albright 1989) or random dot
patterns (Qian and Andersen 1994; Snowden et al. 1991),
indicating that similar computational mechanisms are used
in these cortical areas for the different stimuli.

A brief report of these results has appeared previously
(Recanzone and Wurtz 1994).

M E T H O D S

FIG. 1. Stimulus configuration. Each column shows stimulus positionBehavioral tasks
at 3 successive times for a single-object trial ( left) and a 2-object trial
(right) . Filled circle, stimulus; plus sign, fixation point (FP); dashed line,We recorded single neurons from three hemispheres of two adult
receptive field (RF) of a hypothetical neuron; arrow, direction of motion

male rhesus monkeys (Macaca mulatta) . The monkey sat in a of each stimulus object. At start of each trial ( time 0) a stimulus appeared
primate chair facing a tangent screen placed 57.4 cm from the near the edge of receptive field in motion toward center of receptive field.
animal. Visual stimuli were back-projected onto the 100 1 1007 At time 150 ms, all stimuli were present at center of receptive field. On 2-
screen using a video projector (Electrochrome, SVGA, 1024 1 object trials, these 2 objects exactly superimposed to create a single object

identical to other single objects for 1 frame and then moved away from768 pixel resolution). Individual pixels subtended a visual angle
each other as they continued on their trajectory. Neuronal activity wasof 0.127 vertically and 0.137 horizontally. Images were created on
recorded and all data were analyzed from 0–300 ms, when all stimuli werean 80486-based PC with software specifically designed to generate
again near the edge of receptive field.moving stimuli and were presented at a rate of 72 Hz. Stimuli

were brighter (1.8 cd/m2) than the background (0.2 cd/m2) . Five
different objects were used (circle, square, diamond, plus sign, and analyzed separately and showed no statistically significant differ-
triangle) but only one type of object was used in recording from ences or apparent trends when compared with the remaining MT
each neuron. Each object subtended a maximum visual angle of neurons on any aspect of this report, so all MT neurons were
1.87 and all were equal in luminance and size (equal numbers of pooled.
pixels/stimulus) . Objects were moved by displacing the illumi- The stimuli were located at the center of the receptive field 150
nated pixels by one or two pixels between each frame in either the ms after stimulus onset. In the case of the two-object stimuli, the
horizontal, vertical, or both directions. Stimuli moved at 1, 1.5, or two objects merged to become completely overlapping, making a
2 pixels/frame corresponding to Ç9, Ç13.5, or Ç187 /s along the single object with the same dimensions and luminance as each
horizontal and vertical directions and 12, 18.5, or 257 /s along the individual stimulus for one video frame (Fig. 1) and then continued
obliques, respectively. For velocities at 1.5 pixels/frame the image their trajectories through the receptive field to once again become
would alternate between displacement of 1 and 2 pixels per frame. two distinct objects. These stimuli gave the perception of two
At these frame rates the perception by human observers was that superimposed opaque objects moving across the visual field.
these stimuli moved at a constant velocity. The particular object Stimuli consisted of a single stimulus in each of eight directions
and the stimulus velocity chosen were those that elicited the most of motion (0, 45, 90, 135, 180, 225, 270, and 3157) and all possible
vigorous response during preliminary characterization of the cell’s combinations of two different directions (36 stimuli total) . All
receptive field and direction tuning properties. stimuli were presented on randomly interleaved trials. A complete

Each monkey was trained to look at a projected fixation stimulus data set had a minimum of 8 completed trials for each of the 36
(0.57 square) for a variable period of time for a fluid reward. Eye stimuli, but most commonly there were 10 correct trials for each
position was recorded by using the magnetic search coil technique stimulus, yielding a total of 288–360 total stimuli.
(Fuchs and Robinson 1966; Judge et al. 1980). The monkeys
were rewarded for keeping their eyes within {0.757 of the fixation Physiological procedures
stimulus. After acquiring the fixation target, there was a variable
delay of 300–500 ms before one or two visual objects were pre- Before the behavioral training was initiated, magnetic resonance
sented in motion in a direction toward the center of the receptive imaging (MRI) scans in the sagittal and frontal planes were taken
field of the neuron under study (hereafter referred to as one-object in each monkey to aid in aligning the recording cylinder and in
and two-object stimuli) . We attempted to locate the stimuli within electrode reconstruction. Under general anesthesia a scleral search
the receptive field of the neuron at stimulus onset to avoid present- coil was implanted in each eye and a head holder was attached to
ing the stimuli in the potentially inhibitory surround of the excit- the skull for restraining the head, following the procedures detailed
atory receptive field center (Allman et al. 1985; Tanaka et al. in Duffy and Wurtz (1995). After the animal was trained on a
1986). The stimulus objects were located within the receptive field visual discrimination task that was the focus of a different study,
at stimulus onset for all MST neurons and 29/48 MT neurons. The recording cylinders were implanted over the parietal cortex directly
remaining MT neurons had the smallest receptive fields and the over MT and MST in the stereotaxic vertical plane. The head
stimulus was initially presented outside of the excitatory receptive holder, cylinders, and plugs for the eye coils were embedded in a

dental acrylic cap that covered the top of the skull. All materialsfield boundary. The response properties of these neurons were

J303-7/ 9K22$$DE31 11-07-97 13:55:08 neupa LP-Neurophys



G. H. RECANZONE, R. H. WURTZ, AND U. SCHWARZ2906

except the eye coil wire and eye coil connector were made of lus onset for those trials in which the monkey maintained fixation
plastic or titanium to allow the MRI scans. All protocols were throughout the stimulus presentation sequence. The spontaneous
approved by the Institute Animal Care and Use Committee and activity was defined as the activity during the 300 ms preceding
complied with Public Health Service policy on the humane care the onset of the moving visual stimuli while the monkey was
and use of laboratory animals. fixating. This activity was subtracted from the subsequent driven

Horizontal and vertical eye position information was digitized activity unless otherwise noted in the text. The time window used
at 500 Hz with a resolution of 0.17. The experiments were con- for the visual response extended from stimulus onset for 300 ms.
trolled by a real-time experimental system (REX) (Hays et al. Stimulus onset was used as time 0 so that all neurons in our sample
1982), which was run on a PDP 11/73. Both target and eye posi- could be compared over the same time period.
tion could be observed on-line and the digitized eye position and The best direction for each neuron was defined as the direction
target position were stored for subsequent off-line analysis. of motion of the one-object stimulus that resulted in the largest

Tungsten microelectrodes were advanced into the brain toward number of action potentials. The null direction was defined as the
MT and MST by using guide tubes positioned in a grid within direction of motion 1807 from the best direction.
the recording cylinder (Crist et al. 1988). Neuronal signals were The suppression index (Isupp ) was computed by using the formula
amplified, filtered, and displayed on an oscilloscope and audio provided by Snowden et al. (1991): Isupp Å 1 0 [response to the
monitor by using conventional methods. Single neurons were iso- 2-object stimulus (best and null) / response to the 1-object stimulus
lated with a time-amplitude window discriminator (Bak). The oc- (best)] .
currence of each action potential for each trial was time stamped The direction index (DI) was computed from the one-object
at 1 kHz and stored for off-line analysis. Neurons selected for stimuli by using the method of Baker et al. (1981): DI Å 1 0
study met three criteria: 1) the activity of the neuron was altered by (null direction response / best direction response) .
the presence of visual stimuli (but not necessarily moving stimuli)
within the receptive field, 2) isolation was sufficient to be confident

R E S U L T Sthat only a single neuron was being recorded, and 3) the center of
the receptive field was between 5 and 257 in eccentricity. This last

Interactions of two objects in the receptive fieldcriterion was necessary as these monkeys were also trained to
perform a smooth pursuit eye movement and visual discrimination

A full dataset was obtained from 48 neurons in area MTtasks as part of another study and were unable to do so for stimuli
and 67 neurons in area MST, in which at least eight trialsat eccentricities outside this range. Receptive fields were defined
of each of the 36 possible stimuli were presented while theby using hand-manipulated spots, bars, and random dot patterns

of light. Receptive field edges were defined as the locations in the monkey maintained fixation for the entire trial. The principal
visual field in which the neuron no longer responded to either finding of this study is that two stimuli within the receptive
stationary, flashed, or moving visual stimuli. The visual stimulation field of a single neuron in MT and MST interact to produce
parameters were set such that the two-object stimuli intersected at a predictable increase or decrease in the response of the
the approximate geometric center of the receptive field estimated neuron. A typical example from an MT neuron is shown in
from these receptive field borders. Fig. 2. Each post stimulus time histogram (PSTH) showsWe identified MST and MT by their location and by the charac-

the response of the neuron to stimuli moving in the directionteristics of the visual stimuli required to maximally alter their
indicated by the arrows. The PSTHs along the diagonal edgeactivity. MT cells responded best to small moving spots of light
on the right represent the responses to the one-object stimuli.and had smaller receptive fields than MST cells, whereas MST

cells usually responded slightly better to moving random dot pat- Inspection of these histograms shows that the addition of a
terns than to moving spots. Neurons with very large receptive fields second stimulus (PSTHs not on the diagonal) virtually al-
that responded best to large random dot patterns similar to those ways modulated the response of the neuron, as can be seen
described in the dorsal region of MST (MSTd) (Komatsu and by comparing the responses along a single column or across
Wurtz 1988; Tanaka and Saito 1989; Tanaka et al. 1989, 1993) a single row to the PSTH at the top of a column or the far
were rarely encountered and the vast majority of our sample con- right of a row.sisted of neurons characteristic of the lateral portion of MST

Figure 3A shows polar plots of the same data to allow a(MSTl) . However, we cannot exclude the possibility that some
comparison of the responses of the neuron to different setsneurons located in the dorsal regions of MST are included in this
of stimuli. The center polar plot shows the response of thesample.

At the end of the entire experimental series, the monkeys were neuron to each of the eight single stimuli (direction tuning
deeply anesthetized with pentobarbital sodium and perfused with curve) . This neuron had its largest response at 457. The
saline and 10% Formalin. Parasagittal sections through the region other eight polar plots show the response of this neuron to
of the superior temporal sulcus were stained for cells with thionin two stimuli in motion, with one always in the direction indi-
or for fibers with a modified silver stain (Gallyas 1979). MT was cated by the arrowhead along one radial arm of the plot, and
identified on the posterior bank by its dense myelination. Orienta- the direction of the other stimulus indicated along the othertion for the general region of MST was provided by the region of

seven arms of the polar plot. These plots show that thedense myelination on the anterior bank. Drawings of the sections
addition of a second stimulus had two major effects. First,showed that the guide tubes were directed toward the superior
when one of the two objects moved in the best directiontemporal sulcus and that the electrode tracks passed through or

below the densely myelinated area on the anterior bank (MST) (457 in Fig. 3A , top right) , the response was consistently
and the myelinated area on the posterior bank (MT). The categori- greater than the response to motion of single objects moving
zation of each cell as falling into MT or MST however, was based in the non-best direction. As the difference between the best
on the physiological criteria described above and was consistent direction and the non-best direction increased, the difference
with the cytoarchitectonic definition of these two cortical areas. in the response between the one- and two-object stimuli
Single neuron analysis increased. Second, when one of the two stimuli moved in

the null direction (2257 in Fig. 3A , bottom left) , the responsePeristimulus time histograms were constructed with 3-ms time
bins. All data presented here represent the first 300 ms after stimu- to the two-object stimuli was consistently smaller than the
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FIG. 2. Poststimulus time histograms (PSTH)
for all stimuli from a representative middle tempo-
ral visual area (MT) neuron. First 300 ms of re-
sponse to each of 36 stimuli is shown. Columns
show direction of motion of one stimulus and rows
show direction of motion of the other stimulus.
Panels where both arrows are in same direction
(top of each column and rightmost PSTH of each
row) had only 1 stimulus in receptive field. Com-
parison of response, either down a column or
across a row, shows effect of 2nd stimulus. Verti-
cal axis: instantaneous firing rate (each tic mark
at 3 spikes/s). Horizontal axis: time (each long
tic mark is 100 ms).

one-object stimuli in these non-null directions. The same direction alone. A similar case could usually be made for
the decreased response for the two stimuli with one movinginteractions occurred for the second neuron shown in Fig.

3B , but compared with the neuron in Fig. 3A the neuron in in the null direction. Both sets of plots also show that there
was some variability across neurons, with some showingFig. 3B showed a greater difference in the response when

the reference stimulus moved in the best direction (2707, obvious modulation by the second stimulus, whereas others
showed little or no obvious modulation (e.g., Fig. 4D) .middle left) and was also somewhat greater when the refer-

ence stimulus moved in the null direction (907, middle right) These results indicate that there is an effect on the re-
sponses of both MT and MST neurons when more thanwhen compared with the responses to stimuli off the best-

null axis. Most of the neurons showed interactions some- one stimulus was presented simultaneously in the receptive
field. To determine how consistently the neuronal responseswhere between these two examples where the response to

the two-object stimulus was intermediate to the response to were affected by the addition of a second stimulus, we
created polar plots derived from the responses pooledeither of the two directions of motion presented singly.
across all neurons. The response of each neuron was plotted
so that the best direction was positioned at 07 and all re-Comparison of MT and MST
sponses were normalized to the response to the one-object

We saw these response modulations to two simultaneously stimulus moving in the best direction. Figure 5 plots the
presented stimuli throughout our sample of MT and MST averaged response across the sample of recorded neurons.
neurons. Figure 4 shows examples of two single neurons The dashed line shows the response when only one stimulus
from each area. In these polar plots, the dashed line shows was presented and the dark line shows the response to two-
the response to the one-object stimuli, the thin dashed circle object stimuli when one object was moving in the best
indicates the response in the best direction, the heavy line direction (A and C ) or the null direction (B and D ) . The
shows the response for two-object stimuli when one object thin dashed circle has a radius equal to the response to
moved in the best direction, and the thin line shows the either the best direction alone (A and C ) or the null direc-
response for two-object stimuli when one object moved in tion alone (B and D ) .
the null direction. In the examples from both MT and MST, Three points are clear for two-object stimuli when one
the presence of a stimulus moving in the best direction con- object moved in the best direction (Fig. 5, A and C) : 1)
sistently resulted in a greater response compared with the there was an increased response to the two-object stimuli
response to a non-best stimulus alone, indicating that motion compared with the one-object stimulus moving in the non-
in the best direction increased the neuronal response relative best direction in both MT and MST and the effect was sig-
to the object moving in a non-best direction. Similarly, the nificant for all directions (P õ 0.001, paired t-test) ; 2) the
response when a second stimulus was moving in a non- absolute magnitude of the difference between the one-object

and two-object stimuli increased as the difference in direc-best direction was nearly always less than that for the best
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tical significance for all two-object stimuli in which one
object was moving at ¢907 from the null direction. This
reduction of the response was greater in MST than in MT
for each direction and across all directions pooled [analysis
of variance (ANOVA), P õ 0.001].

In summary, there was a clear interaction between differ-
ent objects moving simultaneously through the receptive
field of both MT and MST neurons compared with the one-
object stimuli—a greater response when one object moved
in the best direction and a smaller response when one of the
two objects moved in the null direction, compared with the
one-object stimuli presented off the best-null axis. The dif-
ferences were greater in MST than in MT. This indicates
that stimuli moving within the receptive field boundaries of
these neurons can enhance or inhibit the activity to other
moving stimuli, depending on the direction of motion of the
two stimuli.

Comparison of response magnitudes

The magnitude of the responses to the combined stimulus
motions may be related to the strength of the response of a
given neuron to the best direction or to the null direction of
stimulus motion. To test for this possibility for motion in the
best direction, we compared the magnitude of the response to
the combined stimuli with the responses to the non-best
direction relative to the best direction presented alone. The
scatter plots of this analysis are shown in Fig. 6. To obtain

FIG. 3. Polar plots of 2 representative neurons. Comparison of responses
to 1-object and 2-object stimuli for same neuron illustrated in Fig. 2 (A)
and a 2nd MT neuron (B) . Polar plots A and B (middle) show response
to single stimuli moving in receptive field of neuron. Each subsequent plot
shows response to 2-object stimuli, one moving in direction indicated (r )
on one arm of plot and one moving in direction indicated on other 7 arms
of polar plot. Spontaneous activity averaged across trials was 0.4 and 1.3
spikes/300 ms for A and B , respectively. Each arm of plot has a length of
100 spikes.

tion between the two stimuli increased; and 3) the increased
responses to the two-object stimuli were statistically signifi-
cantly larger in MST than in MT (P õ 0.01).

FIG. 4. Representative polar plots of 2 neurons from MT (A and B) andA similar pattern was seen for neurons recorded while
2 from medial superior temporal area (MST) (C and D) . Dashed line:one of the two objects in the two-object stimuli moved in
response to a single object moving in receptive field of neuron. Thin line:

the null direction (Fig. 5, B and D) but the effects were not response to 2 objects in receptive field when 1 object is moving in null
as robust. The response to the two-object stimulus was direction. Heavy line: response to 2 objects in receptive field when 1 object

is moving in best direction. Thin dashed circle: magnitude of response tosmaller than for the one-object stimulus moving in the non-
single stimulus moving in best direction (183, 177, 140, and 83 spikes/snull direction. In area MT, these decreases did not reach
for A– D , respectively) . These 4 examples are representative of range ofstatistical significance unless the second stimulus added to responses observed across our sample of MT and MST neurons. Spontane-

the null direction moved in the best direction. In area MST, ous activity of these neurons was 1.3, 26.3, 2.3, and 9.4 spikes/s for A–
D , respectively.the magnitude of the reduction in the response reached statis-
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moving in the receptive field of these neurons would have
a minimal effect on the response of the cell, particularly
when the second object is moving at or near the null direc-
tion.

Mechanisms of two stimulus interactions

To determine what kinds of computations give rise to the
responses observed in the two-object stimulus condition on
the basis of the responses to each of the two stimuli presented
alone, we considered four potential algorithms: summation,
probability multiplication, vector addition, and averaging.

The first algorithm was to simply compare the sum of the
responses to each of the two single objects in motion to the
response when both objects were presented simultaneously.
From a cursory inspection of the data it was clear that this
algorithm would overestimate the response. For example, a
simple summation would predict all responses in Fig. 5, A
and C to be greater than the thin dashed circle ( the response
in the best direction) and all responses in Fig. 5, B and D
to be greater than the thicker dashed line. Linear regression
analysis was performed between two dependent variables
(Mosteller et al. 1983) and the response summed for the
two stimuli presented alone against the measured two-object
stimulus. This analysis showed an overestimation of the re-
sponse by a factor of 2.4 and 2.0 for area MT and MST,
respectively (data not shown), although there was a statisti-

FIG. 5. Polar plots representing response for 300 ms period beginning
at stimulus onset averaged across all neurons recorded in area MT (A and
B) and area MST (C and D) . Dashed line: response to single-object stimuli.
Dashed circle: maximal response to best direction alone (A and C) or null
direction alone (B and D) . Dark line: response to 2-object stimuli. Best
direction of all neurons was normalized to 07 on plots and amplitude of
responses is averaged activity for each neuron normalized by activity in
best direction measured in 1-object condition. P-value from 1-tailed t-test:
*P õ 0.05; **P õ 0.01; ***P õ 0.001.

a measure of the relative strength of the best response, the
response to single stimulus motion in the best direction was
divided by the response to motion in each of the non-best
directions (Fig. 6, abscissa) . The measure of the magnitude
of the increased response for the two-object stimuli was the
response to two-object motion divided by the response to
one-object motion in the non-best direction (Fig. 6, ordi-
nate) . If the relative magnitude of the response in the best
direction is important, larger responses should be correlated
with larger relative responses to the two stimuli and the
points on the graphs in Fig. 6, A and B should fall near the
dashed line. For both MT and MST there was a statistically
significant correlation between these two measures (r Å
0.958 and 0.944 for MT and MST, respectively) . The slope
of these regression lines were 0.723 and 0.642 for MT and
MST, respectively, and both crossed the y-axis near the
origin.

These results indicate that the relative strength of the stim-
ulus moving in the best direction is linearly related to the FIG. 6. Regression analysis of response ratio between 2-object stimulus
magnitude of the response when the best direction stimulus is and 1-object stimulus. A (area MT) and B (area MST) show ratio of

response to a stimulus moving in best direction divided by response ofpaired with one moving in a non-best direction. This further
stimulus moving in other, non-best direction. These plots show effectivenessindicates that individual MT and MST neurons weigh inputs
of best direction to modulate response of neuron for a stimulus moving infor stimuli moving in all directions and are not selectively a non-best direction, as a function of difference in response of neuron to

responding to individual components of complex moving single stimuli moving in best and non-best directions. Inset : equation for
best fit regression line, r-value, and P-value.stimuli. If the latter were true, the effect of a second object
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cally significant correlation between the predicted and mea-
sured response (r Å 0.940 and r Å 0.952 for MT and MST,
respectively; P õ 0.001 for both) .

The second algorithm was a multiplicative one in which
the probability of a neuronal response was calculated for
each single object in 1-ms time bins and these probabilities
were multiplied to predict the response when both stimuli
were presented simultaneously. For this analysis the sponta-
neous activity was not subtracted in the calculation of the
probability of the response, as the probability of a spontane-
ous response in 1-ms time bins was negligible even for the
neurons with the highest overall spontaneous activity. We
chose this method as we reasoned that if the response of a
neuron was near saturation during a particular time period
for both single-object stimuli, it would not be possible for
the neuron to fire two action potentials within 1 ms as the
summation algorithm produces. Thus, the prediction would
be somewhat reduced from a simple summation algorithm
and would be closer to the physiological membrane proper-
ties of these cortical neurons. For both MT and MST, there
was a statistically significant, robust correlation between the
predicted and observed responses. (Fig. 7, A and B ; r Å
0.959; P õ 0.001 for both MT and MST). Although the
correlation is quite robust, it is clear that this method overes-
timates the actual response (slope of the regression line is
1.52 and 1.41 for MT and MST, respectively) .

A third algorithm that seemed likely to replicate the re-
sponses of these neurons was vector addition. In this method,
the response to each one-object stimulus was described as
a vector with the length equal to the response of the neuron
and direction equal to the direction of the stimulus. These
vectors were then added and the length of the resultant vector
was compared with the response measured when both stimuli
were presented simultaneously. Figure 7, C and D shows

FIG. 7. Regression analysis for spike rate predicted by using 3 differentthe correlation between these two values for MT and MST. methods. All possible tests for 28 2-object stimuli (all of combinations with
Again, although there was a robust correlation that was sta- 2 separate moving stimuli, see Fig. 2) for all recorded neurons in a given

area are shown in each plot. In each plot measured response is plotted ontistically significant (P õ 0.001), this method consistently
x-axis and predicted response is plotted on y-axis. Inset : equation for regres-overestimated the response of the neuron when the two stim-
sion line, r-value, and P-value. A and B : regression analysis of measureduli were presented together by a factor greater than two response and predicted response on the basis of probability multiplication.

(slope Å 2.54 and 2.92 for MT and MST, respectively) . C and D : regression analysis of measured response and predicted response
The final potential algorithm we tested is that the neurons on the basis of vector addition. E and F : regression analysis of measured

response and predicted response based on averaging.average the response of the two independent stimuli to pro-
duce the response when both are presented simultaneously.
For this analysis, we summed the response from the two rates because we used all possible directions of motion, so

we used an index that takes into account the overall firing ofone-object stimuli and divided by two. We then compared
this predicted value to the measured value when those two the cell: (predicted 0 measured) / (predicted / measured).

The results are shown in Fig. 8, where the mean andstimuli were presented simultaneously. Figure 7, E and F,
shows the regression plots for all stimuli and all recorded standard errors for all MT and MST neurons are shown for

each two-object separation, as well as all two-object stimulineurons. The averaging method did accurately predict the
responses that were observed in both MT and MST. The combined (Fig. 8, ALL). Statistical analysis between the

two populations of neurons showed that the averagingslope of the regression line for both MT and MST was very
near 1.0, in contrast with the higher slopes seen with the method was consistently more accurate at predicting the re-

sponse across the population of MST cells than for MT cells,multiplicative and vector addition regression analysis. This
algorithm better predicted the responses of MT neurons than although even in area MT the averaging method predicted

the neuronal response very accurately.MST neurons (slope of the regression lines, 1.20 and 0.99;
r Å 0.940 and 0.952; P õ 0.001 for MT and MST, respec- Therefore, although all four algorithms predict responses

that are well correlated with the measured response, onlytively) .
We further analyzed these data to determine whether the the averaging method accurately predicted the magnitude of

the response. This prediction was more accurate across theaveraging method better predicted the neuronal response for
neurons located in area MST as compared with area MT. population of neurons tested in cortical area MST than the

population of neurons recorded in area MT. These data fur-Many of the responses in our sample had very low firing
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sharply tuned the neuron, the greater the suppression by a
stimulus moving in the null direction. A similar statistically
significant (Põ 0.05) positive correlation was also observed
in area MST neurons, which also had a greater slope of the
regression line (0.295 and 0.705 for MT and MST, respec-
tively) .

These data indicate that the presence of a stimulus moving
in the null direction does significantly suppress the response
to a stimulus moving in the best direction across the sample
of neurons tested in both MT and MST. This result is consis-
tent with the above analysis that showed that the magnitude
of the effect was related to the difference in the responses
of the neuron to the two stimuli presented in isolation (Fig.
6) . These results are also consistent with the results reported
for random dot pattern stimuli (Qian and Andersen 1994;
Snowden et al. 1991), indicating that similar stimulus inter-

FIG. 8. Accuracy of averaging prediction. Accuracy index for all 2- actions to these different classes of complex stimuli are pres-
object responses of all neurons recorded in area MT (j) and MST (h) was ent in these two cortical areas.
calculated and mean and standard deviation are plotted. For this index, a
value of 0.01 is approximately within 1% and a value of 0.05 corresponds
to Ç10%. P-values for a 2-tailed t-test: *P õ 0.05; **P õ 0.01; ***P õ D I S C U S S I O N
0.001. A 2nd analysis was done with the use of absolute value of accuracy
(making all values positive) with same overall result. The presentation of two stimulus objects moving in differ-

ent directions in the receptive field of MT and MST neurons
ther indicate that MT and MST neurons are influenced by modulated the response relative to the response to either
the direction of all motion within their receptive fields. object presented alone in the vast majority of neurons studied.

There was a greater response to a stimulus moving in a
direction other than the best direction when it was pairedComparison to measures of random dot interactions
with a stimulus moving in the best direction. The increase

Previous studies of MT and MST using two random dot in the response was significant for all directions of motion
patterns moving in the best and null directions used a sup- of the non-best stimulus and the magnitude increased as the
pression index to describe these interactions (Qian and An-
dersen 1994; Snowden et al. 1991). To make a direct com-
parison between these two different classes of stimuli, we
computed this suppression index for the response of all neu-
rons in the present study. This suppression index, like the
commonly used direction index (Baker et al. 1981), sub-
tracts from one the ratio of the response to the two stimuli
to the response to the single stimulus (see METHODS). Thus
the larger the number, the greater the suppression by the
second stimulus and a negative suppression index indicates
a larger response (enhancement) to the two-object stimulus.
To compute both the suppression and direction indexes,
stimuli moving in only the best and null directions were used.
Figure 9 shows the frequency distribution of the suppression
index computed for all neurons in area MT (A) and MST
(B) . The dashed line separates neurons having a negative
suppression index ( left) and a positive suppression index
(right) . For both MT and MST, the distribution was signifi-
cantly different from a distribution with a mean of 0 (2-
tailed t-test) . The overall distributions showed a greater sup-
pression index in area MST than in area MT (P õ 0.05, 2-
tailed t-test) .

To determine the relationship between the magnitude of
FIG. 9. Suppression index for all studied neurons. Top : frequency distri-the suppression index and the directional tuning, we per-

bution of neurons with different values of suppression index for MT (A)
formed a regression analysis between these two measures and MST (B) when 2 stimuli are moving in best and null directions. Dashed
by using the procedures outlined in Snowden et al. (1991). vertical line: division between negative ( left) and positive (right) values

for suppression index. Inset : means and standard deviations. P-values takenFigure 9, C and D shows the scatter plots for all neurons
from t-test against a population with a mean of 0 (no suppression). C andrecorded in MT and MST. In agreement with the results
D : regression analysis between suppression index and direction index forusing random dot patterns, MT neurons did show a statisti- each recorded neuron. Dashed line: difference between negative suppres-

cally significant (Põ 0.05) positive correlation between the sion index (below) and positive suppression index (above). Solid line:
best fit linear regression; equation given in inset , along with r and P values.direction and suppression indexes, indicating that the more
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difference in the directions of the two stimuli increased. The we determined the receptive field center and response prefer-
ences of the neuron to optimize the stimuli. Although wemagnitude of the increased response was directly related to

the relative responses of the neurons to the best and non-best attempted to place the stimuli so that they were located at
the geometric center of the receptive field at 150 ms afterstimuli presented in isolation. There was a decreased response

to a stimulus moving in the non-null direction, when it was motion onset, the precise placement was likely to be slightly
off-center in some neurons. Also the response profiles ofpaired with a stimulus moving in the null direction. In MT,

the decreased response did not reach significance unless the MT neurons are not necessarily uniform throughout the ex-
citatory receptive field (Raiguel et al. 1995). Neither ofsecond stimulus added to the null direction moved in the best

direction; whereas in MST the decrease was significant once these factors should be critical for our results because com-
parisons were consistently made for the same stimuli pre-the second stimulus direction differed from the null by 907.

These experiments show that neurons in both MT and MST sented either singly or in pairs. Thus if in a particular direc-
tion of motion the stimulus did not move through the peakintegrate the motion of all directions in their response to

complex moving stimuli. We will discuss the differences in active zone of the receptive field, that same stimulus was
still the one paired with the second moving stimulus. Giventhese responses between MT and MST, the use of the average

response as the best predictor for the responses, the compari- the high percentage of neurons that showed similar effects
when two stimuli were presented, it is likely that these re-son of these results with those for global motion, and their

relevance for the oculomotor system. sponses are not affected by the precise location of the stimuli
within the receptive field.

We also attempted to restrict the analysis to time periodsComparison of responses in MT and MST
in which the stimulus was within the receptive field of the
neuron. This meant that the stimuli were presented within theWe used the same experimental paradigms and the same

stimulus conditions to investigate the responses in cortical receptive field at stimulus onset in the majority of neurons.
However, 19 neurons in MT were too small for this to beareas MT and MST, which enabled us to see several key

differences in the responses in these two cortical areas. The accomplished and still had the stimulus at the center of the
receptive field at 150 ms after stimulus onset. Separate analy-main difference between the samples of MT and MST neu-

rons was that MST neurons showed greater and more consis- sis of these MT neurons showed no statistically significant
differences in any aspect of the present report when com-tent responses. For MT neurons, only stimuli moving in the

best direction were statistically significantly affected by a pared with the remaining MT neurons. Given that evidence,
the inclusion or exclusion of a potential onset response doesstimulus also moving in the null direction. In contrast, neu-

rons in area MST were affected by all directions except for not likely contribute to the overall result.
A final consideration is that the velocities of the stimulithose at õ907 from the null direction. Thus although there

is a very small or no overt response to a stimulus moving were likely to be nonoptimal for many neurons. The activity
of MT and MST neurons is known to be modulated by thein the null direction in area MST neurons, this stimulus can

nonetheless exert a very powerful effect on the respon- velocity of the stimulus (Lagae et al. 1993, 1994; Maunsell
and van Essen 1983; Tanaka et al. 1986). We only chosesiveness of many cells to stimuli moving in other directions.

This suggests that a difference between the response of neu- three different velocities based on the video display frame
rate, and therefore were most likely presenting the stimulirons in MT and MST might be a stronger inhibitory response

in MST. This strong inhibitory effect of stimuli moving in at suboptimal velocities. Again, given that the comparisons
were made between the one stimulus and the paired stimuli,the null direction is consistent with the strong inhibitory

responses recently suggested to play a role in the response it is unlikely that these differences in velocity would make
a significant difference in the results.of MSTd neurons to optic flow stimuli (Duffy and Wurtz

1997). The general similarity of the responses in MT and
MST suggest that both MT and MST may well use a similar Prediction of two-object stimulus responses
integrative mechanisms to create their responses to complex
moving visual stimuli, but that inhibition may play a larger Four different algorithms were tested to determine the

relationship of the two-object stimulus responses on the basisrole in MST than in MT.
Another key difference between the MT and MST neurons of the single-object stimulus responses: a summation, multi-

plication, vector addition, and the average of the responseswas that the averaging algorithm was much more accurate
in predicting the response of MST neurons than for MT to each of the two single-object stimuli. The averaging

method was the most accurate at predicting the response toneurons. This indicates that MST neurons are more strongly
influenced by the motion of multiple components of a com- the two-object stimuli of the four tested. Simple summation,

multiplication of the response probabilities at the two differ-plex stimulus moving through the receptive field than are
MT neurons. ent directions, and a vector addition of the two single-object

stimuli all overestimated the two-object stimulus response.Finally, the suppression index and the correlation between
the suppression and direction indexes was greater for the These procedures assume that the responses to the two stim-

uli are independent processes and the overestimation of thesampled neurons in area MST than the sampled neurons in
area MT as we will consider below. actual response by this method indicates that the inputs cod-

ing different directions of stimulus motion to individual MTSeveral factors in our experiments could potentially limit
these results and their effects should be considered. The first and MST neurons are dependent on each other. Similar types

of studies, that use either random dot patterns or two stimuliquestion is whether the stimulus motion was centered on the
receptive field of the neurons. At the start of the experiment, moving in the best direction at different locations within
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up the cortical hierarchy from V1 to MT to MST. It is alsothe receptive field of MT neurons, demonstrated a similar
apparent from these studies that the suppression index isaveraging output (Britten and Newsome 1990; Britten
correlated with the direction index, which is predicted by an1995). A recent study of complex cells in cat primary visual
averaging algorithm. Neurons with high directional selectiv-cortex has shown that the responses of single neurons to
ity would necessarily show a greater suppression of the re-two random dot patterns moving in different directions are
sponse when the null direction stimulus is presented in addi-closely predicted by the average of each individual random
tion to the best stimulus, as the responses to these two stimulidot pattern moved in isolation (van Wezel et al. 1996).
in isolation are very different. It is probably not the case,Similarly, the average of the preferred and anti-preferred
however, that the differences in the suppression by non-bestresponses of neurons recorded was in sound agreement with
direction stimuli can be entirely accounted for by an increasethe averaged response to transparent motion stimuli for both
in direction selectivity between cortical areas. If this werethe population of MT neurons studied (Qian and Anderson
the case, the correlation between directional selectivity and1994; Fig. 11A) and the most directionally selective neurons
the suppression index would be constant across corticalin the primary visual cortex (V1) (Qian and Andersen 1994;
areas. This was not directly observed between cortical areasFig. 17). It is possible that at least a subset of the inputs to
MT and MST in this study (Fig. 9) and the correlationMT, and therefore MST, are already coded into this averag-
between these two measures appears even weaker (Qian anding response from the primary visual cortex. Regardless of
Andersen 1994) or nonexistent (Snowden et al. 1991) inwhere the averaging takes place, a test of the global nature
cortical area VI. It is more likely that areas MT and MSTof this algorithm would be to see how well the averaging
are progressively refining the processing of their inputs withmethod predicts the responses to three- or four-object stimuli
many different best directions and direction selectivities,and similarly how well such a method predicts the responses
through a process closely predicted by an averaging algo-of complex stimuli in other cortical areas.
rithm, to create the responses described in this report. AsHow exactly the cerebral cortex would produce such an
cortical area MST is largely believed to process more com-averaging response is not presently clear. Several models
plex moving stimuli, particularly global motion stimuli re-have been proposed that incorporate some form of simple
lated to self-motion (e.g., see Duffy and Wurtz 1995; Tanakadivision by the neurons (e.g., Carandini and Heeger 1994;
and Saito 1989), it will be interesting to test this hypothesisHeeger 1993; Heeger et al. 1996), which is biologically by determining if the averaging algorithm accurately predictsplausible based on biophysical properties of the cell mem- the responses of MST neurons to different classes of globalbrane (Carandini and Heeger 1994). Similar kinds of aver- stimuli.

aging responses are produced for random dot patterns and Previous studies recording the responses of cortical neu-
sinewave grating stimuli moving in two directions (Heeger rons to moving random dot patterns have been interpreted
et al. 1996), although this model slightly overestimates the to indicate that area MT is providing important information
response for low firing rates and underestimates the response allowing the segregation of different objects in the percep-
for higher firing rates relative to the averaging prediction. tion known as transparent motion and also that area MT is
The difference between the predicted responses by the model the first cortical region in which suppression of local motion
of Heeger et al. and the present study may be accounted for signals is achieved to reduce the noise of a motion stimulus
by the difference in stimuli (single vs. multiple objects) or (Qian and Andersen 1994). The data of this report suggest
it may be the result of slight differences in the weighing that similar mechanisms are being employed for discrete
functions for the inputs from other MT and MST neurons objects as well as for larger (background) objects that are
in the model relative to the neurons studied in this report. moving independently.

The responses of area MT neurons to two moving gratings
are also consistent with an averaging algorithm (MovshonRelation to global and transparent motion
et al. 1985; Stoner and Albright 1992). Our single-object
stimuli give rise to a strong perception of two distinct objectsThe responses of MT and MST neurons to two salient,
moving in different directions, which is most similar to thedistinct objects within the receptive field were qualitatively
noncoherent gratings that give rise to the component typesimilar to the responses observed when large field global
of response in area MT (Stoner and Albright 1992). Themotion stimuli are presented (Qian and Andersen 1994;
averaging algorithm using single objects moving at 1357Snowden et al. 1991). A direct comparison between these
from each other would produce the bilobed tuning function,two classes of data showed generally sound agreement in
similar to that described for component neurons. As thethe suppression index and the relationship between the sup-
averaging prediction was more robust for neurons in areapression and direction indexes (Fig. 9) . Our sample did,
MST, it will be interesting to determine if there is a differ-however, have a slightly lower suppression index than de-
ence between neurons in these two cortical areas when thescribed previously for random dot patterns (Qian and Ander-
perception of the stimuli is one of a single moving largesen 1994; Snowden et al. 1991). This may well be because
object, for example a shift from the component type to theof the larger number of broadly tuned and weakly driven
pattern type of responses observed to noncoherently andneurons in our sample.
coherently moving grating stimuli (Stoner and AlbrightThe similarity between the results with random dot pat-
1992).terns and the two-object stimuli of this study and previous

studies in cat and monkey V1 neurons (Qian and Andersen
Effect on oculomotor control1994, 1995; Snowden et al. 1991; van Wezel et al. 1996)

The results of this study, along with those using largerindicates that the modulation of responses for stimuli moving
in non-best directions progressively increases as one moves global motion stimuli, suggest that the responses of MT and
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MST neurons can best be predicted by an average of the categorical perception. The data of this report support that
hypothesis.response to the individually perceived components. Al-
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