Downloaded from symposium.cship.org on June 4, 2013 - Published by Cold Spring Harbor Laboratory Press

CSHY Cold Spring Harbor Symposia
B9 on Quantitative Biology

Visual Cortical Signals Supporting Smooth Pursuit Eye
Movements

J.A. Movshon, S.G. Lisberger and R.J. Krauzlis

Cold Spring Harb Symp Quant Biol 1990 55: 707-716
Access the most recent version at doi:10.1101/SQB.1990.055.01.066

References This article cites 19 articles, 5 of which can be accessed free at:
http://symposium.cshlp.org/content/55/707.refs.html

Article cited in:
http://symposium.cshlp.org/content/55/707#related-urls

Email alerting Receive free email alerts when new articles cite this article - sign up in
service the box at the top right corner of the article or click here

To subscribe to Cold Spring Harbor Symposia on Quantitative Biology go to:
http://symposium.cshlp.org/subscriptions

Copyright © 1990 Cold Spring Harbor Laboratory Press


http://symposium.cshlp.org/lookup/doi/10.1101/SQB.1990.055.01.066
http://symposium.cshlp.org/content/55/707.refs.html
http://symposium.cshlp.org/content/55/707#related-urls
http://symposium.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=sqb;55/0/707&return_type=article&return_url=http://symposium.cshlp.org/content/55/707.full.pdf
http://symposium.cshlp.org/subscriptions
http://symposium.cshlp.org/
http://www.cshlpress.com

Downloaded from symposium.cship.org on June 4, 2013 - Published by Cold Spring Harbor Laboratory Press
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*Center for Neural Science and Department of Psychology, New York University, New York, New York 10003
tDepartment of Physiology, WM. Keck Center for Integrative Neuroscience, and Neuroscience Graduate Program
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The visual world is filled with moving objects, and it
is therefore no surprise that the visual system contains
special mechanisms for the analysis of motion (Hildreth
1983; Nakayama 1985). Visual motion processing has
recently been the subject of vigorous neurobiological,
psychophysical, and computational analysis. We now
have a good understanding of the neuronal mechanisms
that represent motion signals in the cerebral cortex
{Maunseli and Newsome 1987) and sophisticated mod-
els of their function on a number of different levels
(Hildreth and Koch 1987). Much interest in visual mo-
tion processing mechanisms has come from a desire to
link psychophysical studies of motion analysis to their
physiological substrate (Newsome et al., this volume).
Other investigators have sought to relate computation-
al approaches to motion sensing to biological mecha-
nisms (Adelson and Bergen 1985; Watson and
Ahumada 1985). Relatively liftle attention has been
paid to the role that motion signals play in the genera-
tion of eye movements. Visual mechanisms that ana-
lyze form perform optimally only when the retinal
image is stationary or slowly moving (see Graham
1990). One of the main roles of the oculomotor system
is to steady the images of moving objects so that they
can be properly seen; to perform this stabilization, the
oculomotor system must have accurate information
about retinal image motion. Signals about motion drive
several kinds of eye movements, including the smooth
pursuit eye moveraents that match the velocity of eye
movement to the velocity of an attended moving visual
target.

There is now good evidence for a cortical pathway
specialized for the analysis of visual motion (Maunsell
and Newsome 1987). This pathway originates in the
M-type (broad-band) cells of the retina and the lateral
geniculate nucleus (LGN), passes into the cerebral
cortex through V1, and then courses through a complex
set of cortical connections to the middle temporal area
(MT or V5) and the medial superior temporal area
(MST or V5a), which straddle the boundary between
the occipital and parietal lobes. The link between the
visual motion pathway and pursuit was suggested by the
anatomical connections from these areas to the pontine
nuclei and accessory optic system, and thence to re-
gions of the cerebellum known to be involved in pursuit
eye movements (Brodal 1978, 1979). Focal lesions of
MT and MST selectively disrupt pursuit eye move-

ments (Newsome et al. 1985; Diursteler et al. 1986),
producing deficits consistent with the idea that these
areas are responsible for providing visual motion sig-
nals that support pursuit commands. Although these
motion-analyzing neurons are at least six synapses away
from the photoreceptors, and the motion information
must traverse at least five more synapses to reach extra-
ocular motoneurons, the study of visual motion pro-
cessing and of the oculomotor system has narrowed the
sensorimotor link to the cortico-ponto-cerebellar
pathways.

Just as students of motion processing have typically
paid little attention to the motor functions assoctated
with motion signals, so those who study pursuit have
largely ignored the consequences of visual processing
for the kinds of signals available to control pursuit. For
example, Robinson et al. (1986) offer a control-theory
model of the pursuit system in which the role of the
visual system is to produce a replica (delayed 50 msec)
of the retinai motion signal. Because their model of
visual processing is so simple, Robinson and his col-
leagues must attribute the dynamic features of pursuit
to properties of the motor pathways. Recently, how-
ever, it has become clear that many features of pursuit
may depend not on motor processing, but on the sen-
sory analysis that precedes it (Lisberger and Westbrook
1985; Lisberger et al. 1987). These insights have come
largely from studies that concentrate on analyzing the
first “‘open-loop” phase of pursuit, during which the
effects of the pursuit eye movement on retinal target
velocity have not yet made themselves felt. Krauzlis
and Lisberger (1989) analyzed many of these data and
proposed a model with a more elaborate visual “front
end.” The properties of the visual processing in the
model largely account for the dynamics of both open-
and closed-loop pursuit, suggesting that much of the
detail of the pursuit eye movement response might
reflect constraints arising from visual processing, rather
than motor output pathways.

The experiments reported in this paper seek to un-
cover the degree to which signals in the motion sensing
pathway can by themselves explain the behavior of the
pursuit system. Our approach was to study neurons at a
high level in the cortical motion pathway, in area MT,
with target motion profiles that reveal interesting fea-
tures of the pursuit system. Our results show that
neurons in MT carry signals having many features in
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common with pursuit, and they suggest that visual,
rather than motor, processes may be the determinants
of many features of smooth pursuit eye movements.

METHODS

Unit recording. We used conventional methods to
record the activity of single isolated units in area MT of
anesthetized, paralyzed macaque monkeys (M. fas-
cicularis). Tungsten-in-glass microelectrodes (Merrill
and Ainsworth 1972) were introduced hydraulically
into MT through a craniotomy and durotomy placed
over the overlying parietal cortex; unit activity was
conventionally amplified and displayed; standard
pulses triggered by each action potential were sent to a
PDP11 computer for analysis and storage.

The monkeys were anesthetized with an opioid
(sufentanil citrate, 4-12 pg/kg/hr) and paralyzed with
a curariform muscle relaxant (vecuronium bromide, 0.1
mg/kg/hr), given together with isotonic lactated dex-
trose in Ringer’s solution in intravenous infusion at
10.4 ml/hr. EEG, EKG, end-expiratory P..,, and body
temperature were continuously monitored and main-
tained in a suitable state to verify that the animal
remained properly anesthetized and in good physiologi-
cal condition.

The corneas were protected with +2D clear contact
lenses; supplementary lenses chosen by direct ophthal-
moscopy and by optimizing the visual responses of
visual units were used to make the retinae conjugate
with a CRT display between 30 and 57 cm distant.
Visual stimuli were generated on this display by the
same PDP11 computer that monitored unit activity and
controlled the sequence of stimulus presentations. In
the experiments described here, the stimuli were al-
ways texture fields consisting of 300-500 randomly
positioned bright dots on a dark background; the mean
luminance of the display was 10 cd/m? and the frame
rate was 250 Hz. Suitable motion targets were gener-
ated by moving all the dots in a selected region. For
most cells, the entire field of dots (subtense: 10-18°)
moved; for the minority of cells for which peripheral
suppression was noticeable, the motion was confined to
the excitatory receptive field, and the dots in the
periphery remained stationary. We used extended tex-
ture stimuli rather than the single spots typically used in
oculomotor work so that we would not need to be
concerned in the design of experiments with the loca-
tion and the timing of the movement of the target; it
seems unlikely that this difference would have an im-
portant effect on our results. We first established the
neuron’s direction tuning for our targets; in all the
experiments described here, the targets moved in the
preferred direction.

The stimuli in a particular experimental series were
presented by the computer in a randomly interleaved
sequence to attenuate the effects of response vari-
ability; average response histograms were calculated
and viewed on-line, and the data were stored on disk
for later off-line analysis.

We studied 45 neurons from five monkeys in suffi-
cient detail to include in the analysis. All receptive
fields were centered within 5° of the fovea. The position
of each electrode track was marked with a small elec-
trolytic lesion made by passing current through the
electrode tip (2 pA, 2 sec, tip negative). At the end of
each experiment, the monkey was killed with an over-
dose of thiopental sodium and perfused with 4% buf-
fered paraformaldehyde. The region of cortex contain-
ing the electrode tracks was blocked, sectioned, and
stained for Nissl substance and for myelin. All record-
ing sites were verified to lie within the myeloarchitec-
tural boundaries of MT (Van Essen et al. 1981).

Eye movement recording. Oculomotor data were
obtained from a trained rhesus monkey (Macaca mulat-
ta), using methods described elsewhere (Lisberger and
Westbrook 1985). During experiments, the monkey,
with its head restrained, sat in a primate chair facing a
tangent screen 114 cm distant, onto which visual targets
were projected. The monkey was rewarded for keeping
his eye position within 2° of a visual target whose
motion was unpredictable from trial to trial; the target
was a white spot 0.1-0.3° in diameter viewed against a
dark background, and its intensity was set to be several
hundred times the threshold of visibility for a human
observer. Before the test portion of the trial began, a
stationary red 0.1° fixation target of comparable inten-
sity was presented for an unpredictable period of 600-
900 msec.

Eye position was recorded using a magnetic search
coil technique. Eye position signals were suitably low-
pass-filtered, sampled at 1-msec intervals, and stored
(along with other relevant timing information) by a
PDP11 computer, which also controlled the stimulus
display and the behavioral contingencies.

RESULTS

It has long been known that the principal visual
signal that drives pursuit is an encoded representation
of target direction and speed. Recent analyses have
suggested that in addition to signals purely related to
speed, the pursuit system also makes use of information
about target acceleration and also that its behavior
depends on the time course of target presentation. To
learn whether these kinds of information were usefully
represented in the activity of MT neurons, we ex-
amined their responses to targets moving with con-
trolled timings, speeds, and accelerations and com-
pared the results with eye-movement data.

Effects of Target Speed

Representation of target speed. The most useful in-
formation on the effect of target speed on pursuit
comes from studies using variants of the “step-ramp”
paradigm introduced by Rashbass (1961). In experi-
ments of this kind, a stationary visual fixation target
simultaneously jumps and begins to move at a constant
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speed. The pursuit response to step-ramp stimuli con-
sists of a rapid acceleration of the eye to a velocity
approximating the target velocity; “‘catch-up’ saccades
designed to foveate the moving target can be elimi-
nated by suitable choices of step and ramp parameters.
Figure 1 shows pursuit data from a monkey working in
a modified step-ramp task. The paradigm is indicated
on the left (Fig. 1a): The fixation target was turned on
to initiate the trial; then, after an unpredictable inter-
val, the tracking target appeared, stood still for 300
msec, and then moved at a constant speed. The onset of
target movement coincided with the offset of the fixa-
tion target, which cued the monkey to begin tracking.
The traces in Figure 1b show averages of the monkey'’s
eye speed for 400 msec following the beginning of the
motion, for seven target speeds. Note that the pursuit
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response is graded with speed, becoming both more
vigorous and more extended in time at higher target
speeds.

Figure lc shows an analysis of these traces to ex-
amine the effects of target speed on eye acceleration
during the open-loop phase of pursuit. The value of eye
acceleration is plotted for each target speed for an early
interval (the first 40 msec of pursuit) and a later inter-
val (the next 60 msec) in each averaged record. Both
components of eye acceleration grow monotonically
with target speed, with the earliest acceleration compo-
nent (lower curve) saturating around 15°/sec. At much
higher target speeds (in excess of 120°/sec, not shown),
the later component of the pursuit response falls off
(Lisberger and Westbrook 1985).

This sort of monotonically graded response to target
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Figure 1. Pursuit eye movement responses to targets moving at different speeds in a modified step-ramp task. (a) The monkey
viewed a central fixation target before the beginning of each trial. After an unpredictable interval of 600-900 msec, the pursuit
target appeared; 300 msec later, the fixation target disappeared and the pursuit target began to move, signaling to the monkey the
beginning of the pursuit task. (b) Averaged eye-speed traces from trials of the type shown in a, for leftward pursuit. Each trace is
the average of between 10 and 20 responses. The vertical calibration next to the bottom record is 20°/sec. (c) Eye acceleration
values derived from the records shown in b and similar data for rightward pursuit. The curve marked “‘early™ plots acceleration in
the first 40 msec of pursuit; the curve marked “late” plots acceleration in the following 60 msec.
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speed has led to the notion that the visual representa-
tion of target speed might be similarly graded (see,
e.g., Robinson et al. 1986; Krauzlis and Lisberger
1989). Interestingly, the representation of target speed
by MT neurons is not graded in this way but is instead
based on a multiple-channel strategy in which each
neuron is selective for a range of speeds, and neurons
having different speed preferences are intermingled
(Maunsell and Van Essen 1983). Thus, the visual mo-
tion signal driving pursuit responses to different target
speeds cannot come from a single neuron or pool of
neurons but must derive instead from separate groups
of speed-tuned neurons. This transformation of signals
from an array of speed-tuned channels to a pursuit
command remains unexplored.

Latency dependence on speed. Pursuit responses to
targets of different speeds are graded, but responses to
low and high speeds are not scaled replicas of one
another—there is a systematic effect of target speed on
pursuit latency. Inspection of the traces in Figure 1b
shows that pursuit begins with a shorter latency for
higher target speeds. Figure 2 shows an analysis of this
effect, plotting the latency of pursuit against the inverse
of target speed; the dependence of latency on speed is
approximately linear when represented in this way. The
intercept of the plotted regression line is the expected
pursuit latency at high target speeds, and the slope may
be thought of as the distance through which the target
must move before pursuit signals arise. The values for
the data shown are 81 msec and 4.1 min of arc, respec-
tively. We were interested to determine whether the
onset responses of MT neurons depended on latency in
a way that could be related to this aspect of pursuit.

Figure 3 shows data obtained from a single MT
neuron. Figure 3a shows averaged response histograms

IZOW

100~

Pursuit latency (msec)

60 T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5
Inverse speed (sec/deg)

Figure 2. Influence of target speed on pursuit latency (derived
from the data shown in Fig. 1b). Latency was determined by
identifying the first point in averaged eye-speed records at
which speed exceeded the resting value. Speed is plotted on an
inverse scale. When represented in this way, the relationship
between latency and speed is roughly linear; the solid line is
the least-squares regression through the data. The intercept of
this function is 81 msec, and its slope is 4.1 min of arc.

to a target that remained stationary for 256 msec after it
was turned on, and then began to move with the speed
indicated under each histogram at the time indicated by
the speed trace (bottom) and vertical line. The speed
tuning of the cell is evident in the dependence of re-
sponse magnitude on speed (Fig. 3b). It is also clear
that response latency decreased systematically with in-
creasing target speed. This relationship is plotted
(again representing speed on an inverse axis) in Figure
3c. The intercept in this case is 49 msec, and the slope is
1.8 min of arc.

Figure 4 compares the derived slope and intercept
parameters for 32 MT neurons with the values obtained
from the monkey (Fig. 2). The distribution of the value
of latency/speed slope for the MT neurons varies fairly
widely. but it is centered on the value obtained for the
monkey. The shortest asymptotic latencies in the MT
cell population are 25-30 msec shorter than the be-
havioral asymptotic latency, but this difference should
be interpreted with caution because of the somewhat
different conditions of visual stimulation in the two sets
of experiments.

Motion onset delay. Krauzlis and Lisberger (1987,
1989, and unpubl.) have studied an additional factor
that influences both the latency and the briskness of
pursuit eye movement responses to step-ramp targets:
the duration of illumination of the pursuit target before
it begins to move. Figure 5 shows the nature and mag-
nitude of this effect. Figure Sa shows a schematic repre-
sentation of the oculomotor paradigm. At the begin-
ning of a trial, the fixation light was illuminated. The
pursuit target then was illuminated; after an unpredict-
able delay (dashed line}, the fixation light was extin-
guished and the pursuit target began to move at 5°/sec.
The monkey was obliged to maintain fixation on the
fixation target until it disappeared.

The traces in Figure 5b show averaged eye speed
records for the series of delay values indicated beside
each histogram. The beginning of each record corre-
sponds to the onset of target motion. The eye-speed
records all have the same general form: a rapid rise in
eye speed to or slightly beyond the target speed, fol-
lowed by a more gradual approach to the 5°/sec target
speed. Inspection of the records reveals that the onset
of the response is delayed and the initial eye accelera-
tion is reduced when the motion onset delay is less than
100 msec or so. This impression is confirmed by Figure
Sc, which plots the eye acceleration during the first 40
msec of pursuit as a function of the delay of motion
onset from target onset.

Krauzlis and Lisberger (1989) interpreted these data
in the context of a mechanism that signals transient
acceleration by differentiating an internal representa-
tion of target speed, but it is also possible to view this
effect in more basic visual terms. When a target flashes
on, the transient spreads spatiotemporal energy over
the entire range of speeds and directions. If the target
starts moving as soon as it appears, one might imagine
that accurate information about motion would be
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Figure 3. Influence of target speed on the response of a single MT neuron. () Average response histograms showing the
responses to the onset of motion at different speeds (indicated under each histogram). At time 0 (the left end of each histogram), a
stationary field of random dots appeared on a previously dark screen. After 256 msec (step in the speed trace at bottom, line
through the histograms), the dots began to move at the indicated speed. The vertical calibration beside the bottom histogram is
500 impulses/sec. (b) Speed tuning curve for the same neuron, derived from measurements of the neuron’s steady-state responses
to dot fields drifting at different speeds. The dashed line indicates the maintained discharge measured in the presence of a
stationary random dot field. (c) Relationship between the latency of neuronal response and stimulus speed, derived from the
histograms shown in a. As in Fig. 2, speed is plotted on an inverse scale, and the solid line is the least-squares regression line. The

intercept in this case is 49 msec, and the slope is 1.8 min arc.
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Figure 4. Distributions of the slope and intercept parameters
derived from regression fits (Figs. 2 and 3c) for 32 MT neurons
(O) compared with the data for the monkey (®).

masked or attenuated by the spatiotemporal “splatter”
produced by the flash. If, on the other hand, enough
time elapsed between target onset and motion onset for
this transient signal to die away, the beginning of target
motion could produce an unmasked response. With this
explanation in mind, we decided to examine the re-
sponses of MT neurons as a function of the delay
between target onset and motion onset.

Figure 6 shows the responses of the same MT neuron
whose data were shown in Figure 3 to the onset of the
motion of a random-dot target that was illuminated for
a variable period before it began to move. The extent
of the stationary foreperiod is indicated by the leftward
extension of each histogram before the time (deflection
in the bottom trace) at which target motion began.
Clearly, the neuron’s response shows an effect of vary-
ing motion onset delay that is qualitatively similar to
that shown in the eye movement data of Figure 5,
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Figure 5. Pursuit eye movement responses to targets whose motion onset was delayed by different amounts. {2) Monkey viewed a
central fixation target before the beginning of each trial. After an unpredictable interval of 600-900 msec, the pursuit target
appeared; a variable delay later, the fixation target disappeared and the pursuit target began to move at 5°/sec. (b) Averaged
eye-speed traces from trials of the type shown in a, for leftward pursuit. Each trace is the average of between 10 and 20 responses.
The vertical calibration next to the bottom record is 5°/sec. (¢) Eye acceleration values during the first 40 msec of pursuit, derived
from the data shown in b, and from other data for rightward pursuit.

becoming brisker and shorter in latency as the motion
onset delay is increased.

To analyze this similarity, we took each histogram,
aligned it to the motion onset, and then calculated the
difference between the response and the response
measured with no onset delay (the bottom record in
Fig. 6). We then calculated the peak of this difference

firing rate function as a function of delay. The results of
this analysis are shown in Figure 7. Figure 7a shows
data from the neuron whose responses are illustrated in
Figure 6; Figure 7b shows data from a second neuron
that was studied over a wider range of delays. Plainly,
both neurons show an effect of motion onset delay that
is similar in time course to the effect of such delays on
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Figure 6. Responses of an MT neuron to target motion beginning with a variable delay after target onset. The target appeared at
the beginning of each average response histogram; the histograms have been shifted so that they are aligned on the subsequent
onset of target motion (speed trace at bottom). The vertical line marks a time 44 msec after motion onset to facilitate comparison
of latency across the histograms. The vertical calibration on the bottom histogram is 400 impulses/sec; the speed for all targets was

37.1°/sec.

eye acceleration (Fig. 5). All the neurons we studied in
this way showed similar effects of motion onset delay,
although the time course of the effect varied slightly
from neuron to neuron.

Effects of Target Acceleration

The data and simulations of Krauzlis and Lisberger
(1987, 1989) suggested that the pursuit system might
have access to information about both the speed and
acceleration of visual targets. We therefore explored
the responses of MT neurons to targets whose speed
and acceleration varied.

Figure 8 shows the responses of the same MT neuron
(data shown in Figs. 3 and 6) to a series of target
accelerations and decelerations. The histograms on the
left show responses to a 128-msec acceleration pulse
that produced a ramp of target speed, from a base
speed of 0 (bottom trace). The histograms on the right
show responses to a similar deceleration pulse that
brought target speed from some value down to 0. The
acceleration values are shown under the left-hand
histogram of each pair, and the terminal speeds (for
acceleration trials) or initial speeds (for deceleration
trials) are given under the right-hand histogram. For

low acceleration values, the neuron responded with a
simple increase or decrease in firing (for acceleration
and deceleration, respectively), suggesting that only
speed-related signals were present. When the accelera-
tion values increased, however, the neuron’s response
developed a distinct pulse coinciding with the period
during which speed changed. This response pulse could
represent the kind of acceleration-related signal needed
to account for the sensitivity of the pursuit system to
target acceleration.

Note that the acceleration-related responses do not
suggest any particular tuning for acceleration on the
part of the neuron. For example, response pulses were
evident both for target acceleration and deceleration.
Inspection of the data, in combination with the speed
tuning of the neuron (Fig. 3b), suggests that these
acceleration-related responses could arise as a simple
consequence of the neuron’s speed tuning. Notice that
acceleration-related response pulses occur when the
stimulus speed ramps between values that straddle the
neuron’s optimal speed (roughly 15°/sec; Fig. 3). This
response pattern could arise because the stimulus’
speed traverse begins at a low (or high) speed ineffec-
tive for the neuron, changes to an intermediate value
that is more effective, and then ends at a high (or low)
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greater response to target acceleration than to decele-
ration.

Another way to determine whether MT neurons are
especially sensitive to target acceleration is to try to
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Figure 7. Response enhancement produced by delaying the
onset of target motion in two MT neurons. Response histo-
grams like those shown in Fig. 6 were aligned to motion onset
and subtracted; the value piotted is the peak of the resulting
difference histogram and represents the degree of response
enhancement produced by motion onset delay. (a) Responses
of the neuron whose data are shown in Fig. 6. (b) Responses
of a second neuron studied over a wider range of delays.
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learn whether their acceleration-related responses are
invariant when other stimulus conditions change. Fig-
ure 9 shows data (again for the same neuron as in Figs.
3, 6, and 8) from an experiment of this kind, in which
we studied the effect of varying the base speed on
acceleration-related responses. The left-hand histo-
grams show responses to target accelerations whose
durations were adjusted so that speed increased from a
base speed of 0°/sec to 18.5°/sec (a value close to
optimum: Fig. 3c). The right-hand histograms show
responses to an identical acceleration series, but with a
base speed of 18.5°/sec and a terminal speed of 37.1°/
sec (above optimum). It is clear, first, that base speed
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Figure 8. Responses of an MT neuron to target acceleration (left) and deceleration (right). The trace at the bottom of each
column gives the time course of stimulus speed throughout the trial; acceleration or deceleration occurred in a 128-msec interval
delayed 384 msec from stimulus onset. Stimulus acceleration (or deceleration) is given under the left-hand histogram of each pair;
the terminal (or initial) target speed is given under the right-hand histogram of each pair. The initial speed for acceleration trials
was 0°/sec, as was the terminal speed for deceleration trials. The calibration next to the bottom histograms is 500 impulses/sec.
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Figure 9. Effect of base speed on acceleration-related responses in an MT neuron. The trace under each histogram shows stimulus
speed throughout the trial. For the histograms on the left, the initial speed was 0, and the acceleration duration was adjusted so
that the terminal speed was 18.5°/sec. For the histograms on the right, the initial speed was 18.5°/sec and the terminal speed was
37.1°/sec. The acceleration for each pair of histograms is given under the left-hand member of the pair. The calibrations on the
lowest histograms and speed traces are 500 impulses/sec and 40°/sec, respectively.

had an important effect on the response. When the
target accelerated from 0 to near optimal speed, there
was a brisk response including a modest acceleration-
related pulse. However, when the target accelerated
from near optimal speed to a much higher speed, there
was a mild decrease in response. Second, the specific
acceleration value had little influence on the
response—all the histograms on the left or on the right
are rather similar. This pattern of results can again be
predicted from the neuron’s simple speed tuning (Fig.
3b), by noting that the left-hand histograms show re-
sponses to speed modulation between two speeds of
very different effectiveness, whereas the right-hand his-
tograms show responses to speed modulation between
two speeds of roughly similar effectiveness.

These experiments suggest that MT neurons are not
*“acceleration-tuned” in the same sense that they are
direction- or speed-tuned, because direction and speed
tuning depend very little on other stimulus parameters.
However, all the neurons we studied showed brisk
acceleration-related discharge pulses for suitable
choices of base speed and acceleration. These response
pulses might well serve the purpose of providing signals
like those hypothesized by Krauzlis and Lisberger’s
{1989} model, in which acceleration signals serve most-
ly to enhance pursuit commands when retinal velocity
changes. They could not serve, however, as the basis
for a comprehensive representation of target accelera-
tion in MT.

DISCUSSION

The experiments in this paper were designed to ex-
plore the notion that many of the dynamic features of
pursuit eye movements are a consequence of fun-
damentally visual, rather than motor, processes. The
results reveal that the response properties of neurons in
area MT do indeed have many features in common with
the pursuit command signals inferred from studies of
the open-loop phase of pursuit in monkeys. In particu-
lar, the dependence of MT response latency on target
speed is similar to the dependence of pursuit latency on
target speed; the effects of introducing delays between
the onset of a target and the onset of its motion are
similar for MT responses and for pursuit; MT neurons
produce acceleration-related responses that may pro-
vide the target acceleration signal inferred from analy-
sis of the pursuit system.

A natural question about these results is whether the
interesting features of MT responses arise in MT or
whether they might be present even earlier in the visual
pathway. We have not studied the responses of neurons
in V1 to the kinds of stimuli used in these experiments,
but it is reasonable to suppose that neurons there might
give similar responses. Supporting this is evidence from
a series of simulations in which we explored the re-
sponse of a modified version of the motion energy
sensor model of Adelson and Bergen (1985) to motion
profiles of the kind used in our experiments. Adelson
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and Bergen’s model is an idealized model of directional
mechanisms in primary visual cortex (cf. Emerson et al.
1987). Interestingly, the motion energy simulation
seems to capture the dependence of response latency
on target speed (Fig. 3) and to generate acceleration-
related response pulses under conditions similar to
those used to collect the data shown in Figures 8 and 9.
The motion energy model does not, however, seem to
show any effect of motion onset delay (Fig. 6). Our
suggestion that the effect of motion onset delay might
arise through interference from transiently elicited sig-
nals in sensors having other preferred speeds and direc-
tions suggests that interactions among motion sensitive
neurons—not included in the Adelson and Bergen
model—might be necessary to account for this effect.

A second question concerns the nature of the further
processing needed to transform the visual motion signal
provided by MT into pursuit commands. Qur results
suggest that relatively little transformation of the neu-
ral signal would be required, other than the transforma-
tion from the channel-based representation of speed in
MT into the monotonic representation needed to drive
eye acceleration (Figs. 1 and 3). A major component of
pursuit control, however, is its dependence on con-
scious decision and motivational processes. For exam-
ple, the pursuit system must select the components of
the visual image that are the target to be tracked and
exclude signals related to the movement of other
targets or the background. Pursuit also depends strong-
ly on the alertness and attentional state of the animal.
Studies of the discharge of cortical neurons during
pursuit initiation suggest that few signals of this kind
are present in MT neurons. It is possible to imagine
that the visual motion signals from MT are combined
with or gated by decision-related signals arising
elsewhere in the cerebral cortex, to provide suitably
formulated signals passing into the ponto-cerebellar
pathways, and thence into the cerebellum and brain-
stem to form motor commands. This scheme would
place MT just on the sensory side of the sensory-motor
link, and the ponto-cerebellar pathways at the begin-
ning of a set of fundamentally motor pathways. It
would appear that by continuing to study visual motion
processing in the areas associated with MT, in combina-
tion with the decision-related processes arising else-
where in the pursuit pathways, we can come in time to a
full account of the sensory-motor interactions that give
rise to this basic class of visuomotor behavior.
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