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SUMMARY AND CONCLUSIONS

1. Previous experiments have shown that
punctate chemical lesions within the middle
temporal area (MT) of the superior temporal
sulcus (STS) produce deficits in the initiation
and maintenance of pursuit eye movements
(10, 34). The present experiments were de-
signed to test the effect of such chemical
lesions in an area within the STS to which
MT projects, the medial superior temporal
area (MST).

2. We injected ibotenic acid into localized
regions of MST, and we observed two deficits
in pursuit eye movements, a retinotopic
deficit and a directional deficit.

3. The retinotopic deficit in pursuit initia-
tion was characterized by the monkey’s in-
ability to match eye speed to target speed or
to adjust the amplitude of the saccade made
to acquire the target to compensate for target
motion. This deficit was related to the initia-
tion of pursuit to targets moving in any direc-
tion in the visual field contralateral to the side
of the brain with the lesion. This deficit was
similar to the deficit we found following dam-
age to extrafoveal M T except that the affected
area of the visual field frequently extended
throughout the entire contralateral visual
field tested.

4. The directional deficit in pursuit main-
tenance was characterized by a failure to
match eye speed to target speed once the fo-
vea had been brought near the moving target.
This deficit occurred only when the target
was moving toward the side of the lesion, re-
gardless of whether the target began to move
in the ipsilateral or contralateral visual field.
There was no deficit in the amplitude of sac-
cades made to acquire the target, or in the
amplitude of the catch-up saccades made to
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compensate for the slowed pursuit. The di-
rectional deficit is similar to the one we de-
scribed previously following chemical lesions
of the foveal representation in the STS.

5. Retinotopic deficits resulted from any
of our injections in MST. Directional deficits
resulted from lesions limited to subregions
within MST, particularly lesions that invaded
the floor of the STS and the posterior bank of
the STS just lateral to MT. Extensive damage
to the densely myelinated area of the anterior
bank or to the posterior parietal area on the
dorsal lip of the anterior bank produced min-
imal directional deficits.

6. We conclude that damage to visual mo-
tion processing in MST underlies the retino-
topic pursuit deficit just as it does in MT.
MST appears to be a sequential step in visual
motion processing that occurs before all of
the visual motion information is transmitted
to the brainstem areas related to pursuit. The
directional deficit, on the other hand, might
reflect damage to a directional visual signal
found in MST but notin MT.

7. Deficits in optokinetic nystagmus
(OKN) were also produced by the chemical
lesions in MST. The slow buildup of OKN
velocity was reduced for drum motion to-
ward the side of the lesion. This deficit tended
to be associated with the injections producing
the clearest directional pursuit deficits. Le-
sions in MST also reduced the initial rapid
rise in OKN. This reduction was for stimulus
motion both toward and away from the side
of the lesion, with initial OKN for motion to-
ward the lesion showing the greatest reduc-
tion. This deficit tended to be associated with
those lesions that showed a prominent retino-
topic deficit.

8. We conclude that the areas within the
STS included within our chemical lesions
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make two contributions to the optokinetic
system, one via the indirect pathway to the
velocity storage mechanism of OKN, the
other via a direct pathway shared with the
pursuit system. Areas within MST and MT
are likely to be differentially related to these
two contributions.

INTRODUCTION

Two deficits in pursuit eye movements
have been identified following lesions limited
to the superior temporal sulcus (STS) of the
old world monkey. A retinotopic deficit for
initiation of pursuit has been identified fol-
lowing injection of ibotenic acid into the
middle temporal area (MT): the monkey is
unable to match the speed of its pursuit eye
movements to that of a target or to adjust the
amplitude of its saccades to compensate for
target motion (34). This retinotopic deficit is
limited to pursuit initiation for targets mov-
ing in the visual field contralateral to the side
of the brain with the damaged MT. The direc-
tion of target motion is unimportant, but the
area of the visual field in which the target
moves is critical. A directional deficit in
maintenance of pursuit follows injection into
the foveal representation of MT and the adja-
cent medial superior temporal area (MST):
the monkey is unable to maintain pursuit af-
ter the fovea has been brought near the target
when the target moves toward the side of the
brain with the lesion (10). The area of the vi-
sual field in which the target moves is unim-
portant, but the direction of motion is crit-
ical.

The retinotopic deficit can be readily un-
derstood if it is assumed that the lesion affects
visual motion processing in area MT. The re-
striction of the deficit to the same contralat-
eral visual field as the visual receptive fields
of MT cells, and the alteration of both pursuit
and saccadic movements when they are de-
pendent on motion information is consistent
with this interpretation. The directional
deficit is not so easily understood. One hy-
pothesis, however, is that damage to the adja-
cent area, MST, leads to this directional defi-
cit (10). MST receives a direct projection
from MT (30, 51) and has cells like those in
MT that show directional selectivity (1, 8, 20,
46, 53). MST also has cells that discharge dur-
ing pursuit eye movements, and because this

discharge is in many cases independent of the
visual stimulation from retinal slip occurring
during pursuit, it seems to result from an ex-
traretinal source (35, 41).

One way to test this hypothesis that MST
is related to the directional deficit is to selec-
tively damage this area while sparing MT. We
have made such lesions in MST using a neu-
rotoxin, ibotenic acid, and have found direc-
tional deficits. We also found that lesions of
MST, unlike those of MT, frequently pro-
duce retinotopic deficits affecting a large por-
tion of the contralateral visual field.

Another type of oculomotor response that
is dependent on visual motion is the optoki-
netic response that aids in producing a stable
image on the retina in spite of motion of the
head and body. The large size of the visual
field affected by our lesions suggested that op-
tokinetic nystgamus (OKN), which is depen-
dent on large field stimulation, might also be
altered by the lesion. We found two distinct
deficits in OKN: a decrease in the slow
buildup of OKN velocity and a decrease in
the initial rapid rise in OKN.

A brief report has appeared previously (9).

METHODS

Experiments were performed on five monkeys
(Macaca mulatta) and consisted of three method-
ological steps: behavioral training, injection of
ibotenic acid, and data analysis.

Behavioral task

The step-ramp paradigm for initiation and
maintenance of pursuit was identical to that de-
scribed in a previous report (34), and our proce-
dures need only be outlined here. In each trial, af-
ter the monkey began to fixate on a small spot of
light in the center of the tangent screen in front of
it, this light went out and a second light appeared
at one of several possible locations on the horizon-
tal meridian. This target light either remained sta-
tionary (step trial) and the monkey then made a
rapid or saccadic eye movement to the target, or
the target moved away from or toward the fovea
along the horizontal meridian (step-ramp trial)
and the monkey made a saccade followed by pur-
suit of the target. The size and direction of the tar-
get step, the direction of target motion, and
whether the trial was a step or step-ramp were ran-
domized. The monkey was required to keep its eye
within an electronic window around the target and
to detect the dimming of the target in order to ob-
tain a liquid reward. In one experiment (WW2) the
reward was given just for keeping the eye within
the window.
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The stimulation conditions were also identical
to those used previously (10). In addition to the
usual dark background, we also used a patterned
background that consisted of random dots (taken
from Ref. 16) that was back-projected onto the
screen in front of the monkey. The smallest dots
subtended about 0.5° and luminance in the light
areas was 0.2 cd/m>.

We tested optokinetic nystagmus (OKN) by
placing the monkey in a drum with a radius of 34
cm that had alternating black and white stripes at
1.6 or 15.6°/cycle. Blocks of five trials at a given
speed and in a given direction were usually run
with alternation of clockwise and counterclock-
wise rotation. A 5-s period of recording in the dark
was followed by 30 s of exposure to the rotating
drum in the light, to observe buildup of OKN, and
then by another 60-120-s period in the dark for
recording optokinetic after-nystagmus (OKAN).
The drum rotated continuously during periods of
darkness, and visual stimulation was started or
stopped by turning on or off the light. To maintain
a roughly constant level of alertness, we rewarded
the monkey every 0.5 s if he kept his eyes within
10° of the horizontal meridian. We found that
such a reward was essential for obtaining consis-
tent records. To study the effect of stimulation of
one eye, a patch was attached to the monkey’s
head holder which allowed occlusion of one or the
other eye during a series of tests.

The monkey’s weight was checked each day and
supplementary water and fruit were provided if
needed throughout both the training and experi-
mental periods. The monkeys sat in primate chairs
during experiments, but each day after the experi-
mental session they were returned to their home
cages.

Injection of ibotenic acid

We used the same fairly standard procedures de-
scribed in a preceding paper (20) for implantation
of a headholder, recording cylinder, and magnetic
search coil. These procedures were performed un-
der general anesthesia (pentobarbital sodium) fol-
lowing pretreatment with ketamine hydrochlo-
ride. After surgery, monkeys were given analgesia
for several days and allowed to recover for at least
1 wk before beginning experiments.

Before doing injections we first located area MT
within the STS and then explored areas on the an-
terior bank and floor of the sulcus. Penetrations
were made in the stereotaxic plane which meant
the electrode entered the parietal cortex, advanced
through the anterior bank of the STS, and then
into the posterior bank or floor of the sulcus. Once
the area was localized we implanted a guide tube
so that the tip was 3 mm above the area of interest.
We confirmed this location of the guide tube by
recording neuronal activity with a tungsten elec-
trode (Haer) introduced through the guide tube
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and confirmed the location again at the time of
injection by recording through a fine wire within
the barrel of the 10-ul syringe (Hamilton) used for
injection.

Prelesion data were obtained over a period of
several days after the guide tube was in place; any
effect due to implantation of the guide tube was
included in the prelesion observations. Following
this behavioral testing we injected 2—5 ul of 10-15-
ug/ul ibotenic acid in a basic saline solution. The
monkeys showed no signs of discomfort during or
after injection. In one case (/2) we made only one
injection, in four cases (B, B2, P, NI) we followed
the injection on one day by a second injection on
the next day, and in two cases (W1, Y) we made a
third injection on the following day. Multiple in-
jections were used to insure a histologically clear
lesion. In one monkey (B2) we inserted two guide
tubes in order to produce a lesion over a larger
area, and we made injections in each of these tubes
on each of 2 days. All postlesion results reported
were taken after the last of the series of injections.

Recovery of function followed all of the injec-
tions and was largely complete in ~2 wk, as had
been the case in our previous experiments with
ibotenic acid lesions in the STS (10, 34). In the
present experiments, we concentrated on localiz-
ing deficits within the STS, we did no further ex-
periments on the nature of the recovery, and we
will consider recovery no further. The recovery
did, however, allow us to use the second hemi-
sphere of each monkey for a second series of exper-
iments after recovery from the first injection was
complete. In monkeys in which injections were
made in both hemispheres, the first injection was
designated as experiment 1, the second as experi-
ment 2. A total of seven injections were made, and
they were designated as W1, W2, Bl, B2, N1, Y,
and P.

At the end of the experiments, the monkeys
were deeply anesthetized and perfused with saline
and 10% Formalin. Maps of the STS region of cor-
tex were created based on the method of Van Es-
sen and Maunsell (52) using sagittal sections as de-
scribed previously (20). The extent of the lesions
were drawn on these maps.

Data analysis

Horizontal and vertical eye position, recorded
using the magnetic search-coil technique, were fil-
tered using a Bessel filter with a bandpass of 0-200
Hz (—3 dB). These channels were then digitized at
500 Hz; the system had a resolution of 0.1°. Eye
and mirror position were also available for on-line
display. Mirror position was also digitized and
stored. The behavior of the monkey, stimulus pre-
sentation, as well as the storage and display of the
data, were controlled by a real-time experimental
system (REX), developed by Hays et al. (14),
which ran on a PDP-11/40 computer.
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Analysis of eye movement records was done off-
line. The position record was first differentiated
using a finite impulse response filter (37) with a
high-frequency cutoff of 13.6 Hz (—3 dB). To ob-
tain acceleration the position record was filtered
once but differentiated twice. An acceleration cri-
terion was used to identify saccades. If acceleration
exceeded 450°-57'.s7! and if within a 100-ms pe-
riod acceleration reached a second criterion
(550°-s7'.s71), onset of a saccade was recognized.
We adopted these dual criteria to reduce false posi-
tives due to noise. The beginning of the saccade
was marked where the initial eye acceleration
reached 80% of the maximal saccadic acceleration.
The end of the saccade was marked where the final
acceleration fell below 80% of the maximal accel-
eration. These criteria for the beginning and end
of the saccade were used for identifying both the
initial saccade to a moving target, and the subse-
quent catch-up saccades. The error in amplitude
of a saccade to a target, the saccadic error, was
taken as the difference between the eye position at
the end of the saccade and the target position at
that time.

Once the saccade had been identified, a time pe-
riod of 28 ms was eliminated before and after the
saccade to insure that the influence of the saccade
on the digital filter was not included in the remain-
ing records. The velocity of pursuit after a saccade
was then averaged over successive 100-ms periods,
out to 500 ms beyond the initial saccade. Records
from trials were eliminated if the saccade to the
step-ramp target occurred before the target came
on, or if the monkey made a saccade in the oppo-
site or a grossly inappropriate direction. In addi-
tion, data from trials were not stored in the experi-
ment if the monkey’s eye did not arrive in the win-
dow around the step-ramp target within 350 ms
after the target came on. No other records were
removed from the data.

Analysis of the records obtained during optoki-
netic nystagmus experiments used the same
differentiation procedures to produce velocity and
acceleration records. Records were stored in 500-
ms epochs and the analysis program removed all
eye movements that were not part of the slow
phase of OKN. The acceleration criteria used for
keeping slow phase records was therefore set delib-
erately low: eye acceleration had to remain below
300°-s7'.s7! for at least 100 ms. For display of the
OKN records the slow phase periods were broken
up into 100-ms periods (or leftover periods > 50
ms) and the mean velocity taken for each period.
Means and standard errors were then computed
for each of the periods over 5-10 OKN trials.

RESULTS
Pursuit deficits

We found two deficits following injections
of ibotenic acid into area MST that we have

described previously (10, 34): a retinotopic
deficit and a directional deficit. We will first
define these two deficits briefly by illustrating
them with one experiment, then show how
the deficits vary with the location and extent
of the lesion within the STS, and finally
briefly describe several additional observa-
tions.

RETINOTOPIC AND DIRECTIONAL DEFICITS.
We used a step-ramp task that allowed us to
place the moving target on successive trials
at different points on the horizontal meridian
depending on the size and direction of the
step. We then tested pursuit with targets mov-
ing either to the left or to the right. Figure 1
shows an example of the deficits observed fol-
lowing an injection into the right hemisphere
of a monkey with target motion towards the
side of the injection. The 10 superimposed
eye position records at the top of Fig. 1 show
the saccades made to the target and the subse-
quent pursuit of the target both before (pre-)
and 24 hours after (post-) the injection of ibo-
tenic acid into MST. The step placed the tar-
get in the visual field contralateral to the
hemisphere with the lesion (referred to subse-
quently as the contralateral visual field). Pur-
suit speed decreased as shown by the mean
and standard error of speed in the lower sec-
tion of Fig. 1. The decrease in speed was evi-
dent just after the saccade (which is removed
from the record and appears as a gap in the
speed trace). In this experiment the decrease
in pursuit speed was small but still statisti-
cally significant as indicated by the lines
above the abscissa showing the times when
differences between pre- and postlesion speed
had a P < 0.01. In prelesion trials pursuit be-
gan before the saccade to the target, and this
pursuit was also abolished. Furthermore the
amplitude of the saccade did not compensate
for the motion of the target; compared to pre-
lesion trials, the saccade was too long. These
deficits in pursuit initiation (speed and sac-
cadic amplitude) for targets moving in the
contralateral visual field we have referred to
as retinotopic pursuit deficits (10, 34).

We would expect the retinotopic deficit in
Fig. 1 to decrease rapidly after the monkey
made the saccade to the target since the sac-
cade moved the target from the contralateral
visual field onto the fovea. Only the first 100-
to 200-ms period after the saccade should be
relevant for this deficit; because of the latency
of the pursuit system, pursuit at this time is
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FIG. 1. Retinotopic and directional pursuit deficits. Records show sample position (fop) and speed (bottom) traces
for a lesion in the right hemisphere as indicated by the schematic drawing in the upper lefi. The target stepped 5° into
the left (contralateral) visual field and moved back toward the fovea at 16°/s. Top eye position trace (pre-) shows 10
superimposed trials; dashed line: target position. The lower set of position traces shows 10 superimposed trials 24 h
after injection of ibotenic acid (post-). The eye speed traces in the lower part of the figure show the mean and standard
error for the same position traces pre- and postlesion. Where the mean speed before and after the lesion was signifi-
cantly different at the P < 0.01 level (using a Student’s ¢ test) a solid line was drawn just above the abscissa. There
was an initial deficit in pursuit after the target was acquired in the visual field contralateral to the lesion (largely a
retinotopic deficit) and a continuing failure to match eye speed to target speed (directional deficit). In this and subse-
quent figures, the experiment number is indicated in the lower right corner.

dependent upon target motion at least 80 ms
earlier (23, 28). However, in Fig. 1 the eye did
not match target speed even several hundred
ms after the saccade to the target. This failure
to match eye and target speeds occurred only
when the target moved toward the side of the
lesion, but it persisted even with target steps
into the ipsilateral visual field where no reti-
notopic deficit was observed. We have re-
ferred to this deficit as a directional pursuit
deficit (10).

These deficits can be more clearly defined
if we consider different directions of motion
following different size steps of the target into
the ipsilateral and contralateral visual fields.
Figure 24 shows eye speed for target motion
to the left (away from the side of the lesion) in
order to illustrate the retinotopic deficit. The
abscissa shows pursuit speed for a series of
steps into the contralateral (left) and ipsilat-

eral (right) visual fields for the same experi-
ment shown in Fig. 1. The mean and stan-
dard error for eye speed averaged over the
first 100 ms after the saccade to a target are
shown for 10 prelesion ( filled circles) and 10
postlesion trials (filled triangles). Eye speed
decreased significantly after steps of 1 and 5°
into the contralateral visual field, whereas
speeds following steps beyond 5° were mini-
mally affected. Figure 2B shows the change in
pursuit speed over time after the initial sac-
cade to the target and shows that the retino-
topic deficit in the left visual field has disap-
peared by the 200-300-ms period after the
saccade to the target. Thus we found a small
retinotopic deficit in the first few hundred ms
after the target was acquired when the step
placed the target in a limited region of the
contralateral visual field. We have illustrated
the retinotopic deficit for motion away from
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FIG. 2. Visual field specificity of the retinotopic and directional pursuit deficits. 4: deficit for pursuit away from
the side of the lesion. Target motion was to the left at 16°/s. Abscissa: step size from the primary position with
rightward steps positive, leftward steps negative. Ordinate: horizontal eye speed averaged over the first 100 ms follow-
ing identification of the end of initial saccade. In this and subsequent figures, the means and standard errors for each
point were derived from 10 pursuit responses for each step location before (pre-) and 24 h after (post-) the injection.
** along the abscissa: significance level of P < 0.001 as determined by a Student’s 1 test, *: level of P < 0.01. The
retinotopic deficit was small: 1 and 5° on the left and was accompanied by a significantly increased pursuit speed at
1° on the right. B: pursuit deficit throughout the visual field at successive time periods after the initial saccade to the
pursuit target. Pursuit was always away from the side of the lesion as in A. Axes: target step, the mean and standard
error of eye speed, and the time after the end of the saccade at which eye speed was computed. The 0-100-ms range
shown (indicated by the arrow) is the same as that in A. The mean of any time range on the graph is plotted at the
middle point so that the 0-100-ms mean is plotted at 50 ms. The retinotopic deficit (in the left visual field contralateral
to the side of the lesion) disappeared by the 200-300-ms period. C: pursuit deficit for target motion towards the side
of the lesion. Pursuit speed is for the 200-300-ms period after the monkey acquired the target moving to the right.
The decreased pursuit speed was clear for target steps extending throughout the visual field, was significant for all
points but one, and illustrates the directional pursuit deficit. D: eye speed for different target steps at different times
after the monkey made saccades to a target moving toward the side of the lesion. The 200-300-ms period on this
graph (indicated by the arrow) is the same as the record in C. At all times the eye speed for this direction was reduced,
but the amount of decrease clearly declined as time after the initial saccade increased.

the side of the lesion, but the deficit was pres-  eral to the lesion above what it was before the

ent for motion toward the side of the lesion
as well, as long as that motion was in the con-
tralateral visual field.

Figure 2B also shows a tendency to in-
crease pursuit speed in the visual field ipsilat-

lesion. This increase in speed might reflect an
attempt by the monkey to compensate for the
pursuit deficit by turning up the gain of the
pursuit system in general. A compensatory
increase in gain of the pursuit system has re-
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FIG. 3. Comparison of retinotopic and directional deficits with location and extent of the ibotenic acid lesion in
the superior temporal sulcus. On the /ef of each section of the figure, the upper graph shows the retinotopic deficit in
the 0-100-ms period following the initial saccade to the target moving away from the side of the lesion, and the lower
graph shows the directional deficit for a target moving towards the side of the lesion with the mean time taken 200—
300 ms after the initial saccade (with the exception of C where time is 0-100 ms). Same conventions as in Fig. 2, 4
and C. The right side of the figure shows the areas within the superior temporal sulcus and the damage done by the
injections of the ibotenic acid. The brain area has been mapped using the procedures described in METHODS. The
drawings show the superior temporal sulcus (STS), the lunate sulcus (LS), the intraparietal sulcus (IPS), and the
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sylvian fissure (SF). Dashed lines: fundi of sulci including the expansion of the fundus to become the floor of the STS
as in C-G. Solid lines: crests of the sulci. Regions damaged throughout all cortical layers are in solid black; regions
with only partial damage in some layers are indicated by hatching. MT is outlined with uncertainty at the edges shown
by fine stippling. The area of uncertainty at the lateral edge of MT on the floor of the STS is, if anything, somewhat
exaggerated to make certain the area of MT is adequately outlined. This uncertainty is particularly large at the lateral
edge of MT due both to the sharp angle of the floor of the sulcus to the plane of the histological section and to
increased ambiguity when the chemical lesion invades this area. MST includes a densely myelinated area on the
anterior bank (DMZ) and is shown enclosed by the dotted lines on all drawings. Area FST is indicated more laterally.
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cently been observed in humans with ocular
muscle weakness (36). This would produce
the higher pursuit speed where no deficit was
present in the ipsilateral field. This increase is
also evident in the field ipsilateral to the reti-
notopic deficits in some of the other experi-
ments (see graphs in Fig. 3, D and F), and
might reflect the strategy of the individual
monkey in dealing with its pursuit deficit.

Figure 2C shows the directional pursuit
deficit for target motion toward the side of the
lesion, also for the same experiment shown in
Fig. 1. Here the mean speed taken is 200-300
ms after the initial saccade to the target so
that, where present, the contribution of the
retinotopic deficit is minimized. The striking
feature of Fig. 2C is the reduced pursuit speed
following steps throughout the visual field,
with all points but one showing a significant
difference between pre- and postlesion re-
cords. The time course of the pursuit after the
initial saccade to the target (Fig. 2D) shows
that for pursuit toward the lesion the deficit
persisted throughout the period studied (up
to 500 ms after the saccade). The magnitude
of the deficit does, however, decline over time
(compare, e.g., 0-100 with 400-500 for the
right, ipsilateral, field where no retinotopic
deficit is evident). Note also in Fig. 2D that
the deficit is largest in the left, contralateral,
visual field in the first several hundred ms af-
ter the initial saccade (compare 0-100 with
200-300); we interpret this as a combination
of the directional and retinotopic deficits in
this part of the visual field.

PURSUIT DEFICIT AND LESION LOCATION.
Figure 3 compares the magnitude of the reti-
notopic and directional deficits to the area
within the STS damaged by the ibotenic acid
lesions. The /left side of Fig. 3 shows the mag-
nitude of the pursuit deficits by using graphs
for each lesion identical to those described in
Fig. 2, 4 and C. The retinotopic deficit is
summarized by showing the reduction in
pursuit speed after the monkey acquired a
target moving away from the side of the le-
sion (see the drawing in the upper right corner
of the graph). The relevant side of the graph
for the retinotopic deficit is that showing the
contralateral visual field. The directional
deficit is indicated by showing target motion
toward the side of the lesion. The relevant
side of the graph for the directional deficit is
that related to the ipsilateral visual field.

The right side of Fig. 3 shows maps that

unfold the superior temporal sulcus (STS)
and aid in localizing the lesions. Black areas
indicate damage by the injections to all layers
of cortex; striped areas indicate only partial
damage. MT is identified on all sections of
Fig. 3 by outlining the densely myelinated
area on the posterior bank of the STS. MST
includes the densely myelinated zone (DMZ)
on the anterior bank and extends posteriorly
to MT on the posterior bank of the STS. MST
is labeled on Fig. 34 as the area including the
DMZ on the anterior bank, bordering on MT
on the posterior bank, and falling between the
dotted lines connecting these two areas. This
definition of MST is generally comparable
to that introduced by Desimone and
Ungerleider (8) and refers to that fraction of
the projection zone of MT within the STS
having a high proportion of directionally se-
lective cells (see Ref. 20 for discussion). This
definition is more restrictive than the original
definition of MST as the entire projection
zone of MT within the STS (30), and because
this definition depends on both anatomic and
functional information, which we have not
obtained in these experiments, the dotted line
outline of MST shown in each section of Fig.
3 can only be regarded as an estimate based
on previous experiments in our laboratory
(20). The remaining area of the MT projec-
tion zone within the STS has a high propor-
tion of cells that are visually responsive but
not such a high proportion that are direction-
ally selective. This area is lateral to MT on the
floor of the STS, has been named FTS (8),
and is so labeled on Fig. 34.

In Fig. 3 the experiments are arranged so
that the most striking directional deficits are
placed first (Fig. 34), the least, last (Fig. 3G).
The first major point that is evident from a
comparison of pursuit deficits with lesion lo-
cations is that the directional deficits follow
lesions associated with subregions of MST.
The most striking directional deficits are as-
sociated with damage to the floor of the STS,
including extension onto the lateral posterior
bank. Figure 3, A-D (W2, N1, Bl, WI),
shows this relationship. The lesions mapped
in Fig. 3, 4 and B, damaged the floor and pos-
terior bank of the STS lateral to MT with the
lesion in Fig. 3B being limited to this area.
The lesions shown in Fig. 3, C and D, dam-
aged the floor of the STS, but instead of ex-
tending onto the lateral posterior bank, they
extended onto the anterior bank. The lesion
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in Fig. 3E shows an injection that damaged
primarily the border between MT and MST,
which is on the floor of the STS. While little
directional deficit is evident at this speed, a
directional deficit becomes evident at higher
target speeds (considered later in RESULTS
and in Table 1). The next illustrated lesion
(Fig. 3F) is associated with a small but highly
significant directional deficit and, while the
lesion invades the fundus of the STS, it
should be noted that the damage is much
more medial than that of the other lesions.
The last case shown in Fig. 3G has only mini-
mal damage to the fundus and floor of the
STS and only produces a minimal directional
deficit. Damage to the densely myelinated
area and the more dorsal anterior bank of the
STS does not in itself produce the directional
deficit as shown by the last injection
(Fig. 3G).

The second major point is that the direc-
tional deficit does not require damage to MT.
Two injections that led to directional deficits
spared MT (Fig. 3, A and B) and one other
barely touched MT (Fig. 3C). Damage to MT
(particularly the foveal region in lateral MT)
is not a necessary condition for the direc-
tional deficit. On the other hand, damage to
MT fovea might also contribute to the deficit
since two of the lesions that invade MT (Fig.
3, D and E), show directional deficits.

The third major point that is evident from
Fig. 3 is that a retinotopic deficit follows all
of the injections that include damage to
MST. This deficit is clear even when the le-
sion does not invade area MT as is the case
in Fig. 3, A and B. Thus, like the directional
deficit, the retinotopic deficit can result also
from lesions of MST that spare MT. How-
ever, in contrast to the localized retinotopic
deficits following damage to MT (34), most
lesions of MST produce a retinotopic deficit
throughout the contralateral visual field. This
widespread effect is consistent with the larger
visual receptive fields found for many MST
cells, particularly for cells on the anterior
bank of the STS (20, 46). The exception to
the widespread retinotopic deficit is the lesion
of Fig. 34. This is also the only lesion to spare
totally the anterior bank region of MST ex-
cept for some spread to a point high on the
anterior bank of the sulcus.

PURSUIT DEFICITS AND TARGET SPEED. We
tested pursuit at higher speeds both to deter-
mine whether the deficits became more se-

vere at higher speeds and to measure the gain
of pursuit (eye speed/target speed). Figure 4
shows examples from two experiments illus-
trated earlier, one that showed a clear direc-
tional deficit (#2), and another that showed
primarily a retinotopic deficit (P).

Figure 4, A and B, top, emphasizes the reti-
notopic deficit by showing pursuit for target
motion away from the side of the lesion into
the contralateral visual field. For an injection
that showed a limited retinotopic deficit (Fig.
44, top), the deficit over the speeds tested was
small and roughly constant. In contrast, for
an injection that showed a clear retinotopic
deficit (Fig. 4B, top), the deficit at higher
speeds was substantially greater than at lower
speeds. The slope of these lines is the gain of
the pursuit (eye speed/target speed), and Fig.
4B, top, shows that for the retinotopic deficit
the gain of pursuit was reduced; the reduction
of pursuit speed was proportional to target
speed.

Table 1 shows the changes in pursuit gain
for all experiments (calculated as in Fig. 4)
and allows a more quantitative comparison
of the deficits. The experiments in Table 1 are
in the same order from the largest to the least
directional deficit as in Fig. 3. The upper sec-
tion of Table 1 shows the pursuit gains for tar-
get motion into the contralateral visual field
(away from lesion). The gain for the pursuit
shown in Fig. 44, which was the most re-
stricted retinotopic deficit (W2 in Fig. 34)
changes little, from 0.76 to 0.82. This might
reflect mainly the small area of the visual field
affected and the minimal time spent by a
high-speed target moving across the affected
area. The gain for the case shown in Fig. 4B,
which had a retinotopic deficit extending
throughout the contralateral visual field (P in
Fig. 3F), declined substantially from 0.64 to
0.21. Injections that produced the smallest
retinotopic deficits as shown in Fig. 3 for W2,
B1I, and W1, also showed the smallest (if any)
reductions in gain. The other experiments
showed reductions in gain ranging from
~67%-30%. Thus for the retinotopic deficit
the change in gain gave about the same esti-
mate of severity of the lesion as did the deficit
in pursuit at 16°/s.

Pursuit of targets moving toward the side
of the lesion into the ipsilateral visual field
provided a measure of gain for the directional
deficit (Fig. 4, bottom). The gain reduction in
Fig. 44 was 48% and in Fig. 4B was 38%, and
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FIG. 4. Pursuit deficit for different speeds of target motion, in A4 for an experiment showing primarily a directional
deficit (W2) and in B for an experiment showing both retinotopic and directional deficits (P). Target motion was in
total darkness, and speeds tested were 16, 32, 48, and 64°/s. There was either no target step or a step of only 1°, and
target motion was always away from the fixation point. Upper graphs: pursuit for target motion away from the side
of the lesion; the means of ten trials pre- and postlesion are the mean speeds in the first 100 ms after the saccade.
Lower graphs: pursuit for target motion toward the side of the lesion. The speed here was also measured in the first
100 ms after the saccade; this kept the pursuit measured close to the center of the visual field, and since the motion
was in the ipsilateral visual field the pursuit speed was minimally affected by any retinotopic deficit. The regression
lines are a least-squares fit, and their slopes indicate the gain of pursuit: eye speed/target speed. A: difference in slopes
of the bottom graph (directional deficit) was significant at the 0.005 level. B: differences in slopes both in the top graph
(retinotopic deficit) and in the bottom graph (directional deficit) were significant at the 0.005 level.

the gains for all injections are listed in the
lower section of Table 1. Gains were reduced
in two cases in which there were clear changes
in pursuit at 16°/s (W2 and NI) but only
slightly reduced in two cases (BI, WI) in

TABLE 1. Pursuit gains
Pursuit
gain: w2 NI Bl Wi P B2 Y
Away from lesion
Pre 0.76 0.85 0.81 0.73 064 0.76 0.78
Post 0.82 047 0.67 0.88 021 0.36 0.55
% Change +8 —45 —-17 420 —-67 -53 =30
Toward lesion
Pre 0.85 099 0.84 0.74 084 0.89 0.70
Post 044 0.69 0.77 0.62 0.52 0.86 0.75
% Change —48 -30 -—-13 -—16 -—38 -3 +7

which directional deficits were clear at low
speeds. A clearer directional deficit is indi-
cated by the change in gain in one case (P)
that showed little directional deficit at 16°/s.
This lesion also included damage to the floor
of the STS as did the other cases showing a
directional deficit.

DIRECTIONAL DEFICIT AND RETINAL SLIP.
One possible mechanism that might underlie
the directional deficit is a reduced sensitivity
to visual motion, a failure to respond to slip
of the target on the retina. If this were the
case, any slip superimposed during pursuit
should produce less change in pursuit speed
when pursuit is toward the side of the lesion
than when it is away from the side of the le-
sion. We tested this possibility by first stabi-
lizing the image on the retina during pursuit,
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as described in a previous paper (10), and
then superimposing a constant slip of the vi-
sual target—a velocity step. Figure 5 shows
the result of one of two such experiments (on
BI and B2) that gave the same results. After
the monkey was pursuing the target moving
at 16°/s, we stabilized the image and then su-
perimposed a velocity step of 4°/s. This 4°/s-
step was close to the slip that occurred during
pursuit toward the ipsilateral side after a le-
sion. For example, in the postlesion pursuit
of this monkey shown in Fig. 2C, the target
was moving at 16°/s, the eye at ~10°/s. In
Fig. 54, the monkey pursued a target moving
to the right toward the side of the lesion, and
the superimposed increase in velocity was
also toward the right. The schematic drawing
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above Fig. 54 indicates the step of the target
to the left, rightward pursuit, and then a su-
perimposed increase in velocity (dashed line);
the shading indicates the contralateral visual
field. An increase in pursuit speed occurred
under these conditions before the lesion
(solid lines—mean and standard error) but
much less after (dashed lines). Note that the
reduced response to the velocity step occurs
with target motion in the ipsilateral visual
field. When we added this velocity step dur-
ing pursuit away from the side of the lesion
(Fig. 5B), little difference between pre- and
postlesion pursuit was evident.

This deficit in the response to retinal slip
could be due to reduced sensitivity to visual
motion toward the side of the lesion, or it
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FIG. 5. Sensitivity to retinal slip during pursuit toward the side of the lesion (/efi column) and away from the side
of the lesion (right column). During pursuit the image was stabilized on the retina (0 on the abscissa) and a constant
target velocity was superimposed on the pursuit eye velocity. The schematic drawings at the zop of each section (A4-
D) illustrate the direction of the 15° step and the 16°/s ramp, the direction of the superimposed velocity (dashed line),
and the side of the visual field contralateral to the lesion (shading). The traces in each section show mean and standard
error before (solid lines) and after (dashed lines) the lesion for a superimposed velocity of 4°/s. Differences in the
traces at the 0.01 level using a Student’s ¢ test are indicated by the horizontal lines above the abscissa. A: pursuit
toward the side of the lesion with superimposed stimulus motion in the same direction. B: pursuit away from the side
of the lesion. Note that the initial pursuit speed before the addition of the velocity step in A is less than that in B since
the step in A4 is into the contralateral visual field where the retinotopic deficit for both directions of movement is
evident. C: pursuit toward the lesion but with superimposed stimulus motion away from the side of the lesion. D:
pursuit away but stimulus motion toward the side of the lesion.
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could be due to a gating of the visual sensitiv-
ity by pursuit movements toward the side of
the lesion. In the experiments of Fig. 5, C and
D, we tried to dissociate these two factors by
adding a velocity slip in the direction opposite
to the direction of pursuit. In Fig. 5C, even
though pursuit was toward the side of the le-
sion, there was little reduction in sensitivity
to motion away from the side of the lesion;
the added velocity slowed the pursuit both
before and after the lesion. With a higher su-
perimposed velocity (16°/s), the deficit was
clearer, but a deficit was not evident at either
velocity in the other experiment (B1). In con-
trast in Fig. 5D, where pursuit was away from
the side of the lesion but slip was toward the
side of the lesion, there was a larger deficit.
While this deficit was still small, it was also
clear in the other experiment and clearer in
both cases with a higher superimposed veloc-
ity (16°/s). These results indicate that there is
a reduced sensitivity for visual slip after the
lesion, and that it seems to be greater for vi-
sual motion toward the side of the lesion.

PURSUIT OVER PATTERNED BACKGROUND.
All pursuit described so far has been on a ho-
mogeneous background, at least within the
central 80° of the visual field. We thought that
pursuit over a background might be a more
difficult task and might amplify the deficit re-
lated to the lesion. Furthermore, some of the
cells in the areas we have damaged are more
sensitive to stimulation by large field stimuli
than they are to small spots (21, 46), and the
discharge of many of these cells is facilitated
during pursuit over a patterned background
(21, 41). We therefore compared the effects of
the lesions on pursuit in the dark with pursuit
across a pattern of stationary random dots.
Figure 6 shows the effects of such a patterned
background on pursuit for the experiment we
have considered previously (W#2). For sim-
plicity just the means and the regression lines
are shown for the dark and patterned condi-
tions. In the normal monkey, we found pur-
suit across a patterned background to be only
slightly less efficient than pursuit in the dark.
This is consistent with the observation in
both humans and monkeys that the effect of
a patterned background on pursuit mainte-
nance is slight (7, 18). For pursuit initiation,
however, we would have expected a larger re-
duction in pursuit speed on a patterned back-
ground judging from the recent experiments
of Keller and Khan (18). We do not know
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FIG. 6. Effect of a patterned background on pursuit
and the deficits in pursuit following ibotenic acid lesions.
The points and the regression lines were derived as de-
scribed in Fig. 4. Solid lines and circles: prelesion, dashed
lines and squares: postlesion. Closed symbols: pursuit of
the target against the patterned background; open sym-
bols: pursuit of the same target in the dark. The patterned
background made little difference in pursuit either before
or after the lesion for target motion either away from (4,
top graph) or toward (B, bottom graph) the side of the
lesion. The gains (slope) prelesion for pursuit over a pat-
terned background were 0.87 and 0.96 for the two direc-
tions, and for pursuit in the dark they were 0.76 and 0.85.
The differences in slopes pre- and postlesion are signifi-
cant at the 0.005 level (using a ¢ test) in the lower but not
the upper graph.

what accounts for the difference, but use of
the target dimming task or extent of over-
training may be factors. The ibotenic acid le-
sion reduced pursuit to the same extent re-
gardless of background or direction of pursuit
(Fig. 6, A and B). The only exception to this
lack of effect of a patterned background in
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three monkeys tested (W2, W1, and P) was a
slight increase in the deficit in one monkey
(P) for pursuit at higher speeds, and this mon-
key was also less consistent in its pursuit be-
fore the lesion.

AMPLITUDE OF SACCADES DURING PURSUIT.
As mentioned earlier, the amplitudes of sac-
cades were affected under some conditions,
and Fig. 7 quantifies these effects for the ex-
periment (W2) used to illustrate the deficits
in pursuit speed (Figs. 1 and 2). The ordinates
in Fig. 7 show the difference in eye and target
position at the end of the saccade (saccadic

Initial Saccade

&— pre
a--- post
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error) for the same target step sizes shown on
previous graphs. For the initial saccade to the
target (Fig. 74), there was clearly a deficit
when the target moved in the contralateral vi-
sual field. For target motion away from the
side of the lesion (Fig. 74, top) or toward it
(Fig. 74, middle), the saccades to the moving
targets were either too short or too long, re-
spectively. No such deficit was seen in the ip-
silateral visual field (right half of each graph).
The deficit in saccadic amplitude therefore
appears to be limited to target motion in the
contralateral visual field where we observed
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FIG. 7. The effect of an ibotenic acid lesion on the amplitude of saccades. A: amplitude of the initial saccades made
to acquire targets are shown for motion away from the side of the lesion in the fop graph, for motion toward the side
of the lesion in the middle graph, and for stationary targets in the lower graph. The same steps into the left and right
visual fields are shown on the abscissa as were shown previously (Fig. 2). Ordinate: difference in eye and target
position at the end of the initial saccade (eye position error). An overshoot of the target by the saccade is positive,
undershoot is negative. After the lesion, saccades into the contralateral (left) visual field were short for targets moving
away from the side of the lesion, and long for target motion towards the side of the lesion. B: saccadic errors for catch-
up saccades, those made after the initial saccade to the target. Catch-up saccades are grouped according to where the
target started within the visual field. No consistent deficit was evident in any case.
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the retinotopic deficit. Furthermore, the
deficit was limited to moving targets since
saccades to stationary targets in either visual
field remained accurate after the lesion (Fig.
7A, bottom). This is similar to the deficit in
amplitude of saccades following MT lesions:
it is limited to those saccades made to moving
targets (34).

Figure 7B shows saccadic errors for the
catch-up or corrective saccades made after
the initial saccade to the target. The differ-
ences pre- and postlesion in these cases were
slight for target motion toward or away from
the side of the lesion, (Fig. 7B, top and mid-
dle) or for stationary targets (Fig. 7B, bottom).
The saccadic error was limited to the retino-
topic deficit; it was evident in neither the ini-
tial saccade to establish the pursuit that
showed a directional deficit nor was it evident
with small catch-up saccades.

Figure 8 shows the change in saccadic error
with increasing target speed. For target steps
into the contralateral visual field and target
motion away from the side of the lesion (Fig.

e&— pre
&--- post
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8, top), the saccadic errors showed the same
trend as the speed errors in Fig. 4: a constant
error in W2 (Fig. 84) and an increasing one
in P (Fig. 8 B). For the target motion that pro-
duced a directional deficit (Fig. 8, 4 and B,
bottom), however, we saw little eye position
error at the end of the saccade regardless of
the speed of target motion. Thus the ampli-
tudes were altered for saccades made to tar-
gets in the contralateral visual field (where we
observed the retinotopic deficit) but not for
targets moving toward the side of the lesion
in the ipsilateral visual field (where we ob-
served the directional deficit). Higher speeds
of target motion, therefore, do not reveal
deficits in saccadic amplitude related to the
directional deficit.

OKN deficits

We obtained quantitative measures of the
optokinetic response before and after the in-
jection of ibotenic acid in five of the seven
experiments already described. In normal
monkeys, the slow phase of OKN consists of
two components: an immediate rapid rise
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FIG. 8. Saccadic errors for different speeds of target motion. Target steps are 1° or less with motion away from the
fixation point. Same target step sizes, speeds, and conventions as described in Fig. 4. The example in 4 had primarily
a directional deficit in pursuit (case W2) and in B both a retinotopic and pursuit deficit (case P). The difference in
slopes pre- and postlesion is significant at the 0.01 level (using a ¢ test) only for the top graph in B.
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FIG. 9. Deficits in OKN and OKAN for stimulus motion toward the side of the lesion in an experiment (N/) that
showed a prominent direction pursuit deficit. 4: motion is toward the side of the lesion; B: it is away from the side of
the lesion (traces are inverted in this case—left is up). OKN is shown on the /eft; 0 on the abscissa is time of drum
illumination. OKAN is on the right; 0 is the time drum illumination was turned off. The solid and dashed lines
represent the mean and standard error of the slow phase eye speed (see METHODS for details of derivation) for 5
superimposed prelesion trials and five superimposed postlesion trials. Solid lines on the abscissa: significant difference
at the P < 0.01 level between the mean pre- and postlesion means (Student’s ¢ test). Such differences were clear in the
slower buildup of OKN with stimulus motion toward the side of the lesion (4, /eff) and in the lower OKAN level (4,
right), but not with stimulus motion away from the side of the lesion (B). The experiment was done binocularly with
drum rotation of 72°/s and a period of stripes of 15.6°/cycle.

that might share common neural mecha-
nisms with the pursuit system, and a slow
buildup of response that is dependent on a
velocity storage mechanism (6, 38). We
found deficits in both responses.

DEFICITS IN FINAL OKN. Figure 9 shows the
results of a lesion that produced a decrease
primarily in the slow buildup of OKN. The
records indicate the mean and standard error
of 100-ms periods of the slow phase of nystag-
mus averaged over 5 trials. The solid lines
show prelesion values, and the dashed lines
show postlesion values. The records on the
left show the slow rise in OKN over a 30-s
period after illumination of the drum rotating
at 72°/s toward the side of the lesion (Fig. 94)
or away from the side of the lesion (Fig. 9B).
The records on the right show the succeeding
60-s period of optokinetic after-nystagmus
(OKAN) in the dark. Fig. 94 shows a decrease
in the buildup of OKN in the 30-s period of
stimulation; the difference was consistently
significant after the first 8 s of OKN stimula-

tion. Similarly, the initial OKAN was re-
duced, and the decrease was statistically sig-
nificant throughout the entire period. In con-
trast, for drum motion away from the side of
the lesion (Fig. 9B), we saw no difference be-
tween pre- and postlesion records.

To compare results across monkeys we
quantified the observations from the OKN
tests in three experiments where we recorded
OKN for several speeds of drum rotation and
where a deficit in the slow buildup was evi-
dent. We took the maximum slow-phase eye
speed in the first 2 s of OKN as an indication
of the initial rapid rise in OKN, the mean of
the final 10 s of the 30-s OKN period as an
indication of the maximum slow phase speed
achieved, and the maximum speed in the sec-
ond 2-s period in the dark as a measure of
initial OKAN. We did not measure the time
constant of the slow rise of OKN since the
shape of this curve varied markedly before
and after the lesion. Also, we did not measure
the duration of OKAN because we found that
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FIG. 10. Deficit in final OKN and initial OKAN for three experiments that showed a directional pursuit deficit.
The initial OKN, final OKN and initial OKAN are shown for experiment N/ (4), W2 (B) and W1 (C). Dashed line
on each graph: where eye speed equals drum speed. In all cases, the initial OKN is little affected, but final OKN and
initial OKAN are reduced for motion toward the side of the lesion (dark circles and triangles). Filled squares on the
abscissa: significance level of P < 0.01 for motion toward the lesion; open squares: motion away from the lesion.
Initial OKN is the maximum slow phase speed in the first 2 s after the OKN drum was illuminated. This period is
inappropriately long for the initial phase but because the onset of drum illumination was not synchronized with the
presence of eye position in the center of the field, we lengthened this interval to include all of the initial pursuit
response. Final OKN is the mean of the last 10 s of drum illumination. Initial OKAN is the maximum speed in the
second 2-s period after the light was turned off. These values represent the means for the entire slow phase segments,
not for the 100-ms periods shown in Fig. 9 so that the tests of statistical significance in Fig. 9 and this figure are based
upon different sample periods.

this changed with repeated testing (as we de-
scribe later in Fig. 11).

Figure 104 shows OKN measures for the
same drum speed shown in Fig. 9 (72°/s) and
one speed above and one below. Filled sym-
bols are for drum motion toward the side of
the lesion, open symbols for motion away
from the side of the lesion; circles are for pre-
lesion, triangles are for postlesion. Symbols
along the abscissa indicate the statistical sig-
nificance between the pre- and postlesion re-
sponses: filled for motion toward, open for

motion away from the side of the lesion. Final
OKN (middle column in Fig. 10) showed a
striking reduction at higher speeds for motion
toward the side of the lesion (although the
difference was statistically significant at all
speeds). Initial after nystagmus (OKAN—
right column in Fig. 10) was similarly re-
duced. Motion away from the side of the le-
sion (open symbols) was not similarly re-
duced: the two symbols indicating signifi-
cance at 36 and 72°/s were for small increases
in final OKN speed. Initial OKN (left column
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FIG. 11. Reduction in initial OKN for stimulus motion toward (4) and away (B) from the side of the lesion in an
experiment (P) showing both retinotopic and directional pursuit deficits. Same conventions as Fig. 9 except that the
means are for 10 prelesion trials and 5 postlesion trials. Slower initial rise in the OKN is evident from the traces and
the statistical significance indicated by the solid line above the abscissa. Final OKN and OKAN show no differences
in pre- and postlesion records. Variation in prelesion OKAN time course is indicated in A4, right, where two groups
of prelesion trials (five each) are shown, indicating that with repeated exposure the time course of OKAN decreases
even in the absence of any lesion. Drum rotation was 72°/s and the period of the stripes was 1.6°/cycle.

in Fig. 10) was not reduced except for the
highest speed.

Figure 10, B and C, shows the effects of the
lesion in two other experiments, W2 and W1
for drum motion ranging from 18 to 72°/s
(note change in abscissa between Fig. 104
and Fig. 10, B and C). Again, final OKN and
initial OKAN showed a reduction for motion
toward the side of the lesion, and most of
these differences were statistically significant.
Case W1 in Fig. 10C also shows a substantial
reduction in final OKN and initial OKAN for
motion away from the side of the lesion, but
these differences are usually not statistically
significant.

In net, these three experiments (NI, W2,
and W1) show a similar pattern of deficits, a
decrease in final OKN and initial OKAN for
motion toward the side of the lesion, al-
though other deficits may also be present.
These three monkeys also showed the most
striking directional pursuit deficits (see Fig. 3,
A, B, and D) and the lesion in each case in-
cluded the floor of the STS. The remaining
monkey that had a prominent directional

pursuit deficit (Fig. 3C—case BI) showed
qualitatively the same effect in final OKN
and initial OKAN but we did not collect a
sufficient number of trials for quantification.
These limited cases suggest that the slow
OKN buildup, which is indicative of the
charging of a velocity storage mechanism, is
related to the directional pursuit mechanism
and that both are related to damage to the
floor of the STS.

DEFICITS IN INITIAL OKN. Figure 11 shows
the clearest example of a second type of defi-
cit: a decrease in the initial rapid rise of eye
speed seen in the first few seconds of OKN.
This phase of OKN was reduced for drum
motion in both directions, although the de-
crease for motion away from the side of the
lesion was not as clear possibly because the
prelesion eye speed in this direction was low.
The final OKN and initial OKAN values
were unaffected, in contrast to the example
shown in Fig. 9.

In Fig. 114 we show the prelesion OKAN
for drum rotation toward the lesion for two
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conventions as in Fig. 10. Effect of these lesions is primarily on initial OKN in both directions. Note that in these
two experiments, OKN continued at higher drum speeds (144°/s) than was the case for 2 of the 3 experiments shown

in Fig. 10.

separate days to indicate the changes in time
course we encountered on successive days of
testing. If we had compared postlesion
OKAN (dotted line, middle trace) to just the
first prelesion day (solid line, upper record),
the more rapid postlesion decay of OKAN
would have led us to conclude that the lesion
had produced a change in time course. When
we made the comparison to the second prele-
sion day (dashed line, lower trace), no deficit
was evident. Because of this variation in
OKAN time course in the absence of any le-
sion we did not analyze it in relation to the
lesion. We saw no such variation in the slow
rise in OKN.

Figure 124 shows quantitative data for the
lesion illustrated in Fig. 11. For initial OKN
only two points (at 72 and 144°/s) for motion
toward the side of the lesion are statistically
significant—possibly due to the prelesion
asymmetry in this monkey. Final OKN and
initial OKAN are not significantly altered.
Figure 12B shows the results of the other ex-
periment that also showed a decline in initial
OKN (B2), but again the decrease was statisti-
cally significant only for motion toward the
lesion. While this monkey also had some
asymmetry in initial OKN before the lesion,
it seems unlikely that this slight asymmetry
accounts for the much greater deficit for mo-
tion toward the side of the lesion. The deficit

in initial OKN seems to occur for both direc-
tions of stimulus motion but to be more pro-
nounced for motion toward the side of the le-
sion. A deficit in final OKN was also evident
in some cases in this latter experiment.

In net, while these lesions produced a mix-
ture of deficits, there was a tendency for these
latter monkeys (Fig. 12—cases P and B2) to
show a decrease in the initial rapid rise of
OKN primarily for motion toward the side of
the lesion. These monkeys also had promi-
nent retinotopic pursuit deficits and minimal
directional pursuit deficits, at least at slow
pursuit speeds (see Fig. 3, FE and F). In con-
trast, the monkeys that tended to show a di-
rectional deficit in final OKN and initial
OKAN (Fig. 10-cases N1, W2, and W1) also
showed clear directional pursuit deficits (Fig.
3, A, B, and D). Both pursuit and OKN defi-
cits in these latter cases were for stimulus mo-
tion toward the side of the lesion.

MONOCULAR STIMULATION. A striking fea-
ture of the optokinetic system in afoveate
mammals, such as the rabbit, is that with
monocular stimulation, temporal to nasal
motion is effective for producing the slow
buildup of OKN, while nasal to temporal is
not. Furthermore, cats that show more sym-
metrical OKN to monocular stimulation are
able to do so because of the contribution of
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visual motion processing in the cerebral cor-
tex (15, 44, 55). To investigate this aspect of
OKN in the monkey, we tested OKN monoc-
ularly, using the second highest speed to
which the particular monkey responded. We
did not see consistent results for initial OKN.
For final monocular OKN with motion to-
ward the lesion, the decrease was striking in
three experiments (N1, W2, and W1), but for
both temporal to nasal and nasal to temporal
motion. For motion away from the side of the
lesion, a clear pattern of deficits was not evi-
dent. Our experiments did not reveal any
preference for temporal to nasal motion un-
der monocular stimulation.

DISCUSSION

Chemical lesions of MST produce deficits
in both pursuit and optokinetic eye move-
ments. We identified two deficits in pursuit:
a retinotopic deficit for initiation of pursuit
to targets moving in the contralateral visual
field and a directional deficit for maintenance
of pursuit for targets moving towards the side
of the brain with the lesion. We also observed
two deficits in OKN: a decrease in the slow
buildup phase of OKN and initial OKAN
and a decrease in the initial rapid rise in
OKN. The same lesions that produced the
clearest directional deficits in pursuit also
tended to produce the clearest deficits in the
slow buildup of OKN. We will discuss the
possible neuronal basis of these deficits and
their relationship to each other.

Retinotopic pursuit deficits

All of our injections of ibotenic acid were
centered on the area we have referred to as
MST. Within this MST area, all of our injec-
tions produced a retinotopic deficit in pursuit
initiation for targets moving in the visual field
contralateral to the side of the injection. The
deficit was a failure to match initial eye speed
to target speed and to adjust the amplitude
of the saccade made to acquire a target. This
deficit was present for any direction of mo-
tion, was more severe for higher speeds, and
recovered almost completely within 2 wk. In
these respects, the retinotopic deficits follow-
ing injections in MST were identical to those
following injections in extrafoveal MT. We
therefore consider these MST retinotopic
deficits to result from a disruption of visual
motion processing for the same reasons we
enumerated for the MT lesions (34).
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The major difference in the retinotopic
deficits following MT and MST injections
was the extent of the visual field that was
affected. Injections of extrafoveal regions of
MT led to pursuit deficits restricted to one
area of the contralateral visual field that could
be predicted from the location of the visual
receptive fields of cells at the site of the injec-
tion. Injections of MST frequently led to a
deficit spreading throughout the extent of the
extrafoveal visual field that we tested, usually
out to 15-20°. The extent of the retinotopic
deficit for a given injection bore some rela-
tionship to the distribution of receptive field
sizes that we found in different subregions of
MST (20). Receptive field sizes in lateral
MST (MSTl—on the posterior bank and
floor of the STS) were only slightly larger than
in MT while those in more dorsal medial ar-
eas of MST (MSTd—on the anterior bank of
the STS) were substantially larger, frequently
covering a quadrant of the visual field. Our
lesions that invaded MSTd produced deficits
throughout the contralateral visual field
tested (Fig. 3). In contrast, the lesion that
most clearly spared the entire anterior bank
of the STS related to MSTd (W2 in Fig. 34)
also produced the most restricted retinotopic
pursuit deficit.

The similarity of the retinotopic deficits be-
tween MT and MST is in itself significant. An
efferent pathway from the cortex, which is al-
most certainly relevant for the pursuit sys-
tem, is the projection to the dorsolateral pon-
tine nuclear area (3, 13, 31). This pontine
area has cells that discharge during pursuit
eye movements (33, 45) and probably in turn
projects to the contralateral flocculus of the
cerebellum (4, 22). The flocculus has been
demonstrated to have cells that discharge in
relation to pursuit eye movements (26, 32).
The projection from the STS to the dorsolat-
eral pontine nuclei is from a wide area of
extrastriate cortex (13) including regions
that would include both MT and MST
(M. Glickstein, personal communication).
Therefore, the consistent retinotopic deficit
following MST injections suggests that a
functionally significant proportion of the out-
put related to visual motion processing in the
STS reaches these pontine areas, not only di-
rectly from area MT, but in parallel via MST
or beyond. If the functionally significant pro-
jection to the pons were only directly from
MT, then damage to the next sequential area,
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MST, should have minimal effect since the
information should already have been trans-
mitted to the pons directly from MT. The
prominent retinotopic deficit following dam-
age to MST indicates that this is not the case.
An alternative interpretation might be that
damage to MST interrupts the projection
back from MST to MT and that this in turn
disrupts visual activity in MT. In either case,
the retinotopic deficit following damage to
MST emphasizes the role of MST in the vi-
sual motion processing necessary for pursuit
initiation.

We draw two conclusions related to the ret-
inotopic deficit following lesions of MST.
First, damage to visual motion processing in
MST underlies the retinotopic deficit just as
it does in MT. The major difference between
the areas is the size of receptive fields and size
of the area showing the retinotopic deficit.
Second, MST is probably a sequential step in
visual motion processing that is critical for
pursuit, and this step might well occur before
this motion information is conveyed to the
pontine areas of the brain stem.

Directional pursuit deficits

The directional deficit in the maintenance
of pursuit was characterized by a failure to
match eye speed to target speed after the
monkey had made a saccade to place the tar-
get on or near the fovea. This deficit was evi-
dent whenever pursuit was toward the side of
the brain with the lesion, regardless of the vi-
sual field in which the target began to move,
and was similar to the directional deficit we
observed previously following lesions di-
rected at the foveal representation within MT
(10). Similar deficits follow large cortical le-
sions in monkeys (29, 57) and hemispherec-
tomy or lesions of the parietal-occipital lobe
in the human (2, 5, 11, 24, 25, 43, 48). In hu-
mans a distinction between directional and
retinotopic deficits following unilateral corti-
cal lesions has recently been made (47). Re-
versible lesions of the dorsolateral pontine
nuclei (45) also produce such a directional
pursuit deficit.

In contrast to the retinotopic deficit, the di-
rectional deficit in pursuit maintenance
tended to follow damage to restricted areas
within MST. Lesions that invaded the floor
and posterior bank of the STS adjacent to
MT produced the greatest deficits. Part of this

M. R. DURSTELER AND R. H. WURTZ

subregion of MST seemed to correspond to
an area where cells have a directionally selec-
tive visual response and discharge during pur-
suit. This lateral-anterior area was designated
as MSTI by Komatsu and Wurtz (20). Some
pursuit cells in this area continue to discharge
during pursuit even in the absence of a visual
pursuit target, suggesting that these cells have
an extraretinal input (35). In addition, dam-
age to regions lateral to MT and on the floor
and posterior bank of the STS also produced
directional deficits. This damaged area must
certainly have included an area designated as
FST by Desimone and Ungerleider (8). That
damage to FST is associated with a direc-
tional deficit is surprising since FST does not
have a large proportion of directionally selec-
tive cells and these cells do not discharge dur-
ing pursuit. The directional deficit might also
be the result of damage to areas beyond FST
where the visual response of neurons and
their discharge during pursuit have not been
adequately investigated.

Damage limited to areas on the anterior
bank of the STS, which would include in
large part the dorsal-medial area of MST—
MSTd (20), produced minimal directional
deficits. Extension of the damage onto the
dorsal lip of the anterior bank of the STS,
which would include area PP of Desimone
and Ungerleider (8), also produced only slight
directional pursuit deficits.

Given this relationship of a directional
deficit and damage to a restricted region of
the STS (MSTI and FST), the next question
is whether this deficit results from an invasion
of the adjacent foveal MT. Our previous
study (10) showed that injections in foveal
MT produce directional pursuit deficits, and
in that study we hypothesized that the direc-
tional deficit resulted from an invasion of
MST. In the present experiments there were
two cases with small lesions in MST that pro-
duced a directional deficit (Fig. 3, 4 and B,
cases W2 and N1) but did not invade MT. In
a third case, the directional deficit was also
clear, and the invasion of MT was minimal
(Fig. 3C, case BI). In contrast, a lesion cen-
tered on MT, which includes MT fovea (Fig.
3E, case P), produced a directional deficit
only at higher pursuit speeds. Our working
hypothesis, therefore, is that the directional
deficit is due to damage to MST although the
possible halo effects of chemical lesions,
which we have outlined previously (10), do
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not allow a definitive differentiation between
such contiguous areas as MT fovea and
MSTI.

Regardless of the exact substrate within the
STS that underlies the directional deficit, the
nonretinotopic nature of the deficit poses in-
teresting questions about the cortical mecha-
nisms controlling this movement. Lesions
separated by only a few millimeters within
the STS produce deficits that have shifted
from being understandable as scotoma for
stimulus motion in a retinotopic map to be-
ing related only to a direction of eye move-
ment.

The characteristics of neurons within MT
and MST suggest that reduction of either of
two possible signals might underlie the direc-
tional deficit. One is the visual signal carried
by cells in both MT and MST. The other is a
signal related to eye movement that probably
results from the addition of an extraretinal in-
put (probably a corollary discharge) to the vi-
sual signal and that is largely limited to cells
in MST (35). We have argued previously (10)
that the directional deficit might result from
reduction of the movement signal rather than
the visual signal. The logic of this argument
is that because the directional deficit is inde-
pendent of the contralateral visual field, it
should be related to a neuronal correlate that
is also independent of that visual field. The
extraretinal input is dependent only on the
direction of the pursuit movement, and
would therefore serve as an ideal candidate
for the neural substrate which, if damaged,
would lead to the pursuit deficit.

The other signal whose reduction could
lead to a directional pursuit deficit would be
a directionally selective visual one. Because
cells in MST have large receptive fields that
extend well across the vertical meridian, a
loss of these visual cells would also be consis-
tent with a directional deficit that is related to
both the ipsilateral and the contralateral vi-
sual fields. The experiments that have tested
the sensitivity to visual slip during pursuit be-
fore and after the lesions (Fig. 5) provide
some evidence for this visual mechanism.
Sensitivity to retinal slip was reduced more
for visual motion toward the side of the lesion
than for motion away from the side of the le-
sion. This decreased sensitivity was indepen-
dent of the direction of pursuit, showing that
the direction of visual slip is important, not
the direction of pursuit per se. Further evi-
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dence on this point comes from experiments
in which these areas of the STS were electri-
cally stimulated during pursuit (19). Stimula-
tion produced an acceleration of pursuit to-
ward the side of the brain being stimulated.
For pursuit toward the side of stimulation,
this was an increase in pursuit speed; for pur-
suit away from the side of stimulation, this
was a decrease in pursuit speed. Furthermore,
because the stimulation was equally effective
when retinal slip was present and when it was
not (when the image was stabilized), the stim-
ulation acted as if it replaced the normal vi-
sual input. Thus both these observations on
sensitivity to slip and those on the effect of
stimulation are consistent with the hypothe-
sis that the lesions remove a visual signal and
that it is the removal of this visual signal that
leads to the directional deficit.

We have not come close to answering the
most interesting question, namely, why the
deficit is directional. The simplest explana-
tion for the directional effect would be that
neurons on one side of the brain are related to
pursuit with a horizontal component in one
direction while those on the other side are re-
lated to the opposite direction. This possibil-
ity can be rejected by our single cell recording
experiments (20) because cells related to all
directions of visual motion or pursuit were
found on both sides of the brain. A more sub-
tle explanation for the directional pursuit
deficit would be a bias in the population of
cortical cells that would not be apparent if a
small sample of cells were studied, as was the
case in our experiments, but would become
apparent if the population of cells were dam-
aged. For example, groups of cells in primate
motor cortex have been shown to convey
more precise information about the trajec-
tory of an arm movement than is evident
from the discharge of individual cells (12). A
slight bias has been observed in small samples
of cells within the STS (20, 41), but we do not
know if the bias in fact accounts for the direc-
tional deficit. An alternative to such a bias is
a selective projection of a subset of cortical
cells with a uniform direction preference to
an area of the brain related to only one direc-
tion of movement. In this case, we would not
expect to find any bias in preferred direction
in the population of cortical cells. This latter
possibility emphasizes the importance of un-
derstanding the functional connections of
particular cells.
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Optokinetic deficits

Raphan and Cohen (39) have recently
summarized the evidence that optokinetic
nystagmus results from the activation of two
processes, one direct and one indirect. The
initial rapid rise in OKN is regarded as re-
flecting the direct process; the eye movement
output is related to the velocity of stimulus
motion input. The slow buildup phase is
taken to reflect an indirect process; it exhibits
a memory or velocity storage that is related
not only to the velocity of visual motion but
to its duration as well. We find deficits in both
of these components of OKN following the
chemical lesions of MST.

The most consistent optokinetic deficit was
related to the indirect process, a reduction in
the slow buildup of OKN, a deficit that can be
interpreted as a failure to charge the velocity
storage mechanism. This suggests that in the
normal monkey, cortical area MST contri-
butes to the charging process. We think that
it would be surprising if MST acted directly
on the velocity storage mechanism that prob-
ably is located in the vestibular nuclei (39).
What seems more likely is that the cortex acts
on the visual input that is usually thought to
drive the velocity storage, the accessory optic
system. In the cat, visual cortex has identified
projections to the pretectal region of the brain
stem, but in the monkey such projections
from MST have not been investigated and
from MT have not been found (30, 50).
While any such input from cortex can proba-
bly best be regarded as a modulation of brain
stem visual activity, the extent of the deficit
emphasizes the importance of the visual in-
put from cortex to the velocity storage phase
of OKN in the monkey.

The deficit in buildup of OKN was more
severe for motion toward the side of the brain
with the lesion than for motion away from
that side. This suggests that velocity storage is
separate for each horizontal direction and
that the cortex acts only on the mechanism
related to one direction of motion. This is en-
tirely consistent with the argument for two
horizontal velocity storage mechanisms that
was based on the asymmetry of OKN buildup
in normal monkeys (6), which we have con-
firmed (e.g., see Fig. 9).

Lesions that produced this directional
OKN deficit also tended to produce a direc-
tional pursuit deficit. Like the directional
pursuit deficit, eye speed did not approach

stimulus (target or drum) speed, even after an
extended period of visual stimulation. This
overlap of the two deficits in the same area of
the cortex raises the possibility that the same
mechanism underlies both deficits, but this
overlap might be fortuitous and requires veri-
fication using more restricted lesions within
the STS.

Ablation experiments on the visual cortex
of the cat have led to the conclusion that the
contribution of cerebral cortex to the slow
buildup of OKN is at least twofold: I) facilita-
tion of OKN at higher speeds of stimulus mo-
tion and 2) production of symmetric re-
sponses for monocular visual stimulation in
the nasal-to-temporal and temporal-to-nasal
directions (15, 44, 55). The first expectation
of the role of cortex in OKN is fulfilled in our
experiments on the monkey since the deficits
in buildup of OKN were always more severe
at higher speeds of drum rotation. The
difference in response at higher and lower
speeds might have been even more striking
had we used drum speeds lower than our
usual 18°/s minimum. Furthermore, the
buildup of OKN after the lesion seemed to
reach an asymptote, with further increase in
drum speed producing little increase in final
OKN eye speed (as in Fig. 10). This apparent
limiting of the final OKN at higher speeds is
in contrast to the proportional reduction in
pursuit speed with increased target speed as
indicated by the reduced pursuit gain. The
second expectation, a directional asymmetry
with monocular viewing following cortical le-
sions, has not been fulfilled, possibly because
our small and unilateral lesions within the
STS affected too small a fraction of the corti-
cal input to the optokinetic system.

The other deficit in OKN, the decrease in
the initial rapid rise, can be regarded as acting
on the direct process. This deficit was for both
directions of drum motion but was somewhat
stronger for motion toward the side of the le-
sion. It tended to be associated with those in-
jections that also showed a marked retino-
topic pursuit deficit. One possible reason for
this association of deficits might be that the
clearest retinotopic deficits were associated
with lesions that affected large areas of the vi-
sual field, and damage to large areas of the
visual field might be necessary to produce the
clearest OKN deficits. Another more interest-
ing possibility is that the same mechanism
underlies the initiation of pursuit and the ini-
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tial rapid rise of OKN. That this early phase
of OKN and the pursuit system share the
same underlying neural mechanisms has
been suggested previously (6, 27, 40, 54, 56).
The present experiments support this conclu-
sion since lesions within the STS in some
cases altered the initial rapid rise of OKN
without affecting the slow buildup. These le-
sions appear to act on the visual motion pro-
cessing stage on which both pursuit initiation
and the rapid rise of OKN are dependent. It
would be interesting to see the deficit follow-
ing lesions within the STS in those Macaca
fascicularis recently reported to have normal
pursuit but no rapid rise in OKN (17).

We think that the salient point from the
present experiments is that restricted damage
to cortex reveals a possible differential rela-
tionship of subregions within the STS to the
two phases of OKN. Our hypothesis is that
the initial rapid rise, reflecting the direct pro-
cess, shares cortical visual processing and
probably the same output pathway with the
pursuit system. In contrast, the subsequent
slow buildup, reflecting the indirect process,
acts on the velocity storage of OKN through
the accessory optic system. This specificity
suggests a substantial degree of functional lo-
calization within the STS. However, since the

REFERENCES

1. ALBRIGHT, T. D. Direction and orientation selectiv-
ity of neurons in visual area MT of the macaque. J.
Neurophysiol. 52: 1106-1130, 1984.

2. BALOH, R. W., YEE, R. D., AND HONRUBIA, V. Op-
tokinetic nystagmus and parietal lobe lesions. Ann.
Neurol. 7:269-276, 1980.

3. BRODAL, P. The cortico-pontine projection in the
rhesus monkey. Origins and principles of organiza-
tion. Brain 101: 251-283, 1978.

4. BRODAL, P. Further observations on the cerebellar
projections from the pontine nuclei and the nucleus
reticularis tegmenti pontis in the rhesus. J. Comp.
Neurol. 204: 44-55, 1982.

5. CoGaN, D. G. AND LOEB, D. R. Optokinetic re-
sponse and intracranial lesions. Arch. Neurol. Psy-
chiatry 61: 183-187, 1949,

6. COHEN, B., MATSUO, V., AND RAPHAN, T. Quanti-
tative analysis of the velocity characteristics of op-
tokinetic nystagmus and optokinetic after-nystag-
mus. J. Physiol. Lond. 270: 321-344, 1977.

7. COLLEWUN, H. AND TAMMINGA, E. P. Human
smooth and saccadic eye movements during volun-
tary pursuit of different target motions on different
backgrounds. J. Physiol. Lond. 351: 217-250, 1984.

8. DESIMONE, R. AND UNGERLEIDER, L. G. Multiple
visual areas in the caudal superior temporal sulcus of
the macaque. J. Comp. Neurol. 248: 164—-189, 1986.

9. DURSTELER, M. R., WURTZ, R. H., AND YAMA-

deficits in OKN (and pursuit) recover within
several weeks, the information conveyed by
these areas within the STS can be provided
by other areas as well, as we have discussed
previously (10, 34). Because following larger
unilateral lesions of monkey cerebral cortex
recovery of pursuit or OKN proceeds much
more slowly (42, 49), other areas of cortex
would seem to be the source of the informa-
tion. Whether this information is derived
from areas of MT and MST that were spared
by our restricted lesions, or from cortical ar-
eas outside of the STS, remains to be deter-
mined.

ACKNOWLEDGMENTS

We are grateful to D. S. Yamasaki for his participation
in one of these experiments, his aid in analyzing the re-
sults, and his comments on the manuscript. We are also
grateful to H. Komatsu for valuable discussions and to
S. Lisberger and J. Lynch for critical suggestions. We also
thank C. Crist, A. Ziminsky, and T. Ruffner for construc-
tion of the optokinetic drums, L. Cooper and G. Creswell
for histology, and J. Steinberg for typing the manuscript.

M. R. Diirsteler was supported by Schweizerische Stif-
tung fiir medizinisch-biologische Stipendien. Present ad-
dress: Neurologische Universitétsklinik, Frauenklinikstr.
26, CH-8091 Ziirich, Switzerland.

Received 8 September 1987; accepted in final form 6
April 1988.

sAKI, D. S. Pursuit and OKN deficits following ibo-
tenic acid lesions in the medial superior temporal
area (MST) of monkey. Soc. Neurosci. Abstr. 12:
1986.

10. DURSTELER, M. R., WURTZ, R. H., AND NEWSOME,
W. T. Directional pursuit deficits following lesions
of the foveal representation within the superior tem-
poral sulcus of the macaque monkey. J. Neurophys-
iol. 57:1262-1287, 1987.

11. Fox, J. C. AND HOLMES, G. Optic nystagmus and
its value in the localization of cerebral lesions. Brain
49:333-371, 1926.

12. GEORGOPOULOS, A. P., CAMINITI, R., KAIASKA,
J. F., AND MASSEY, J. T. Spatial coding of move-
ment: a hypothesis concerning the coding of move-
ment direction by motor cortical populations. Exp.
Brain Res. 7, Suppl.: 327-336, 1983.

13. GLICKSTEIN, M., COHEN, J. L., DIXON, B., GIBSON,
A., HOLLINS, M., LABOSSIERE, E., AND ROBINSON,
F. Corticopontine visual projections in macaque
monkeys. J. Comp. Neurol. 190: 209-229, 1980.

14. HAYS, A. V., RICHMOND, B. J., AND OPTICAN,
L. M. A UNIX-based multiple process system for
real-time data acquisition and control. WESCON
Conf. Proc. 2: 1-10, 1982.

15. HOFFMANN, K. P. Cortical versus subcortical contri-
butions to the optokinetic reflex in the cat. In: Func-
tional Basis of Ocular Motility Disorders, edited by



964

16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

M. R. DURSTELER AND R. H. WURTZ

G. Lennerstrand, D. S. Zee, and E. L. Keller. Ox-
ford, UK: Pergamon, 1982, p. 303-310.

JULESZ, B. In: Foundations of Cyclopean Perception.
London: Univ. of Chicago Press, 1971.

. KATO, 1., HARADA, K., HASEGAWA, T., IGARASH]I,

T., KOIKE, Y., AND KAawaAsAKI, T. Role of the nu-
cleus of the optic tract in monkeys in relation to op-
tokinetic nystagmus. Brain Res. 364: 12-22, 1986.

. KELLER, E. L. AND KHAN, N. S. Smooth-pursuit ini-

tiation in the presence of a textured background in
monkey. Vision Res. 26: 943-955, 1986.

. KOMATSU, H. AND WURTZ, R. H. Electrical stimu-

lation of area MT and MST in the monkey cerebral
cortex: effects on pursuit eye movements. Soc. Neu-
rosci. Abstr. 13: 625, 1987.

KoMmaTsu, H. AND WURTZ, R. H. Relation of corti-
cal areas MT and MST to pursuit eye movements.
I. Localization and visual properties of neurons. J.
Neurophysiol. 60: 580-603, 1988.

KoMATsU, H. AND WURTZ, R. H. Relation of corti-
cal areas MT and MST to pursuit eye movements.
III. Interaction with full field visual stimulation. J.
Neurophysiol. 60: 621-644, 1988.

LANGER, T., FUCHS, A. F., SCUDDER, C. A., AND
CHUBB, M. C. Afferents to the flocculus of the cere-
bellum in the rhesus macaque as revealed by retro-
grade transport of horseradish peroxidase. J. Comp.
Neurol. 235: 1-25, 1985.

LANMAN, J., Bizzl, E., AND ALLUM, J. The coordi-
nation of eye and head movement during smooth
pursuit. Brain Res. 153: 39-53, 1978.

LEIGH, R.J. AND TusA, R. J. Disturbance of smooth
pursuit caused by infarction of occipitoparietal cor-
tex. Ann. Neurol. 17: 185-187, 1985.

LEIGH, R. J. AND THURSTON, S. E. Recovery of ocu-
lar motor function in humans with cerebral lesions.
In: Adaptive Process in the Visual and Oculomotor
Systems, edited by E. Keller and D. S. Zee. New
York: Elsevier, 1986, p. 231-238.

LISBERGER, S. G. AND FUCHS, A. F. Role of primate
flocculus during rapid behavioral modification of
vestibuloocular reflex. I. Purkinje cell activity during
visually guided horizontal smooth-pursuit eye
movements and passive head rotation. J. Neuro-
physiol. 41: 733-777, 1978.

LISBERGER, S. G., MILES, F. A., OPTICAN, L. M.,
AND EIGHMY, B. B. Optokinetic response in mon-
key: underlying mechanisms and their sensitivity to
long-term adaptive changes in vestibuloocular re-
flex. J. Neurophysiol. 45: 869-890, 1981.
LISBERGER, S. G. AND WESTBROOK, L. E. Proper-
ties of visual inputs that initiate horizontal smooth
pursuit eye movements in monkeys. J. Neurosci. 5:
1662-1673, 1985.

LYNCH, J. C. AND MCLAREN, J. W. The contribu-
tion of parieto-occipital association cortex to the
control of slow eye movements. In: Functional Basis
of Ocular Motility Disorders, edited by G. Lenners-
trand, D. S. Zee, and E. L. Keller. Oxford, UK: Per-
gamon, 1982, p. 501-510.

MAUNSELL, J. H. R. AND VAN ESSeN, D. C. The
connections of the middle temporal visual area
(MT) and their relationship to a cortical hierarchy
in the macaque monkey. J. Neurosci. 3: 2563-2586,
1983.

MaAY, J. G. AND ANDERSEN, R. A. Different patterns
of corticopontine projections from separate cortical

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

fields within the inferior parietal lobule and dorsal
prelunate gyrus of the macaque. Exp. Brain Res. 63:
265-278, 1986

MILES, F. A., FULLER, J. H., BRAITMAN, D. J., AND
Dow, B. M. Long-term adaptive changes in primate
vestibuloocular reflex. III. Electrophysiological ob-
servations in flocculus of normal monkeys. J. Neuro-
physiol. 43: 1437-1476, 1980.

MUuUSTARI, M. J., FUCHS, A. F., AND WALLMAN, J.
The physiological response properties of single pon-
tine units related to smooth pursuit in the trained
monkey. In: Adaptive Processes in the Visual and
Oculomotor Systems, edited by E. Keller and D. S.
Zee. Oxford: Pergamon, 1986, p. 253-260.
NEWSOME, W. T., WURTZ, R. H., DURSTELER,
M. R., AND MikaMlI, A. Deficits in visual motion
processing following ibotenic acid lesions of the mid-
dle temporal visual area of the macaque monkey. J.
Neurosci. 5: 825-840, 1985.

NEwWSOME, W. T., WURTZ, R. H., AND KOMATSU,
H. Relation of cortical areas MT and MST to pursuit
eye movements. II. Differentiation of retinal from
extraretinal inputs. J. Neurophysiol. 60: 604-620,
1988.

OPTICAN, L. M., ZEE, D. S., AND CHU, F. C. Adap-
tive response to ocular muscle weakness in human
pursuit and saccadic eye movements. J. Neurophys-
iol. 54: 110-122, 1985.

RABINER, L. R. AND GoOLD, B. Theory and Applica-
tion of Digital Signal Processing. New Jersey: Pren-
tice-Hall, 1975.

RAPHAN, T., MATSUO, V., AND COHEN, B. Velocity
storage in the vestibulo-ocular reflex arc (VOR).
Exp. Brain Res. 35:229-248, 1979.

RAPHAN, T. AND COHEN, B. Velocity storage and
the ocular response to multidimensional vestibular
stimuli. In: Adaptive Mechanisms in Gaze Control,
edited by A. Berthoz and G. Melvill-Jones. New
York: Elsevier, 1985, p. 123-143.

ROBINSON, D. A. Linear addition of optokinetic and
vestibular signals in the vestibular nucleus. Exp.
Brain Res. 30: 447-450, 1977.

SAKATA, H., SHIBUTANI, H., AND KAawANO, K.
Functional properties of visual tracking neurons in
posterior parietal association cortex of the monkey.
J. Neurophysiol. 49: 1364-1380, 1983.

SEGRAVES, M. A., GOLDBERG, M. E., DENG, S.-Y.,
BRUCE, C. J., UNGERLEIDER, L. G., AND MISHKIN,
M. No notion of motion: permanent velocity deficits
induced by unilateral striate lesions in the monkey.
In: Adaptive Process in the Visual and Oculomotor
Systems, edited by E. Keller and D. S. Zee. Oxford,
UK: Pergamon, 1986, p. 217-221.

SHARPE, J. A., LO, A. W., AND RABINOVITCH, H. E.
Control of the saccadic and smooth pursuit systems
after cerebral hemidecortication. Brain 102: 387-
403, 1979.

STRONG, N. P., MALACH, R., LEE, P., AND VAN-
SLUYTERS, R. C. Horizontal optokinetic nystagmus
in the cat: recovery from cortical lesions. Dev. Brain
Res. 13:179-192, 1984.

Suzuki, D. A., MAY, J, AND KELLER, E. L.
Smooth-pursuit eye movement deficits with phar-
macological lesions in monkey dorsolateral pontine
nucleus. Soc. Neurosci. Abstr. 10: 58, 1984.
TANAKA, K., HIKOSAKA, K., SAITO, H.-A., YUKIE,
M., FUKADA, Y., AND IwAl, E. Analysis of local and



47.

48.

49.

50.

5L

PURSUIT AND OKN DEFICITS

wide-field movements in the superior temporal vi-
sual areas of the macaque monkey. J. Neurosci. 6:
134-144, 1986.

THURSTON, S. E., LEIGH, R. J., AND KENNARD, C.
Two distinct deficits of visual tracking caused by
unilateral lesions of cerebral cortex in man. Ann.
Neurol. 23: 266-273, 1988

TROOST, B. T., DAROFF, R. B., WEBER, R. B., AND
DELL’0Oss0, L. F. Hemispheric control of eye move-
ments. II. Quantitative analysis of smooth pursuit in
a hemispherectomy patient. Arch. Neurol. 27: 449-
452,1972.

Tusa, R.J., ZEE, D. S., AND HERDMAN, S. J. Recov-
ery of oculomotor function in monkeys with large
unilateral cortical lesions. In: Adaptive Processes in
the Visual and Oculomotor Systems, edited by E.
Keller and D. S. Zee. Oxford, UK: Pergamon, 1986,
p. 209-216.

UNGERLEIDER, L. G., DESIMONE, R., GALKIN,
T. W., AND MISHKIN, M. Subcortical projections of
area MT in the macaque. J. Comp. Neurol. 223:
368-386, 1984.

UNGERLEIDER, L. G. AND DESIMONE, R. Cortical
connections of visual area MT in the macaque. J.
Comp. Neurol. 248: 190-222, 1986.

52.

53.

54.

55.

56.

57.

965

VAN EsseN, D. C. AND MAUNSELL, J. H. R. Two-
dimensional maps of the cerebral cortex. J. Comp.
Neurol. 191: 255-281, 1980.

VAN ESSEN, D. C., MAUNSELL, J. H. R., AND BIXBY,
J. L. The middle temporal visual area in the ma-
caque: myeloarchitecture, connections, functional
properties and topographic organization. J. Comp.
Neurol. 199:293-326, 1981.

WAESPE, W. AND HENN, V. Neuronal activity in the
vestibular nuclei of the alert monkey during vestibu-
lar and optokinetic stimulation. Exp. Brain Res. 27:
523-538, 1977.

Woob, C. C., SPEAR, P. D., AND BRAUN, J. J. Direc-
tion-specific deficits in horizontal optokinetic nys-
tagmus following removal of visual cortex in the cat.
Brain Res. 60: 231-237, 1973.

ZEE, D. S., YAMAZAKI, A., BUTLER, P. H., AND
GUCER, G. Effects of ablation of flocculus and para-
flocculus on eye movements in primate. J. Neuro-
physiol. 46: 878-899, 1981.

ZEeg, D. S., Tusa, R. J., HERDMAN, S. J., BUTLER,
P. H., AND GUCER, G. Effects of occipital lobectomy
upon eye movements in primate. J. Neurophysiol.
58: 883-907, 1987.



