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SUMMARY AND CONCLUSIONS 

I. Intracortical microstimulation of a portion of the monkey 
frontal eye field (FEF) lying in the floor and posterior bank of the 
arcuate sulcus evokes smooth, rather than saccadic eye move- 
ments. To further explore this region’s involvement in pursuit, we 
recorded from FEF neurons in the vicinity of sites from which 
smooth eye movements ( SEMs) were elicited electrically and stud- 
ied their responses during smooth-pursuit and saccadic tasks. In 
this report, we describe the neurons’ responses during visually 
guided smooth pursuit and compare their locations and response 
properties with those of elicited SEMs. 

2. One hundred and ninety-three neurons, recorded from the 
FEF region in six hemispheres of three rhesus monkeys, were clas- 
sified as “pursuit neurons”. These neurons responded during 
smooth-pursuit tracking of moving visual stimuli but had no, or 
only minimal, responses in conjunction with visually guided sac- 
cades. Pursuit neurons were located in a small region of the ar- 
cuate fundus and posterior bank that overlapped, and extended 
slightly beyond, the region from which SEMs were elicited with 
microstimulation. 

3. All pursuit neurons had a preferred pursuit direction, and all 
directions were represented with no strong bias toward ipsilateral, 
contralateral, up, or down. The directional tuning of 80 pursuit 
cells was measured quantitatively by testing pursuit in several di- 
rections and fitting the responses to a Gaussian function. Tuning 
indices (the 0 parameter of the Gaussian fit) varied between 13” 
and 136’. The median tuning index, 44.5”, corresponds to a full 
width at half maximum of 105”. The ubiquity of selectivity for 
pursuit direction and the wide distribution of preferred directions 
indicates that pursuit direction uses a place-code type of represen- 
tation in FEF; however, the broad directional tuning of most neu- 
rons suggests that pursuit direction is given by a weighted average 
of optimal directions across the population of pursuit neurons 
active at any given time. 

4. In general, the responses of pursuit neurons increased with 
pursuit velocity. Of 13 neurons formally tested with 2 s of con- 
stant-velocity tracking in their preferred direction across a range of 
target speeds, pursuit velocity sensitivity ranged from 0.24 to 1.42 
spikes l s-’ l deg-’ . s-l, with an average sensitivity of 0.70. This 
relationship suggests that pursuit neurons represent pursuit mag- 
nitude using a rate code; this parallels our previous observation 
that at most SEM sites, the velocity and acceleration of the electri- 
cally elicited eye movements increased as a function of the stimula- 
tion current. 

5. Pursuit responses began at a median latency of 103 ms (n = 
69) after target motion began. When latencies were computed 
relative to the initiation of smooth pursuit, the majority (6 1%) 
discharged before pursuit in their preferred direction and the me- 
dian relative latency was - 19 ms (with negative meaning that the 
discharge preceded pursuit). Thus significant FEF activity could 
contribute to the early stages of pursuit initiation, consistent with 

the previous observation that FEF stimulation elicits SEMs from 
stationary fixation. 

6. We recorded pursuit responses and subsequently tested mi- 
crostimulation at 1 13 sites. Of these, the electrical stimulation 
yielded SEMs at 27, saccades at 12, and no eye movements at the 
remaining 74 sites. The response latencies of neurons at SEM sites 
did not differ from those at sites yielding no elicited eye move- 
ments; however, SEMs were elicited more often from sites where 
neurons preferred pursuit directed ipsilateral to the recording 
hemisphere, relative to those with contralateral preferred direc- 
tions. 

7. The direction of elicited SEMs were correlated with the best 
tracking direction of neurons recorded at the SEM site (r+ = 
0.7 1). Despite this highly significant overall correlation, however, 
elicited SEM direction varied by m40°, on average, from the best 
pursuit direction of the neuron. This discrepancy may reflect the 
broad directional tuning of pursuit neurons and the relatively 
large currents, 50- 100 PA, that were often used to obtain these 
elicited SEMs. 

8. The correspondence between the location and direction pref- 
erences of pursuit neurons and those of elicited SEMs, as well as 
the short latencies of the pursuit responses, suggest that FEF pur- 
suit neurons participate in the generation of pursuit eye move- 
ments and that microstimulation of this region elicits SEMs by 
activating these pursuit neurons, and hence their projections to 
other parts of the smooth pursuit system. 

INTRODUCTION 

A large number of behavioral and physiological studies 
have implicated the primate frontal eye field (FEF) in the 
generation of saccades- eye movements specialized for 
rapid capture of targets of interest (for reviews see Bruce 
1990; Goldberg and Segraves 1989). However, recent ex- 
periments have shown that the FEF also contributes to the 
control of smooth-pursuit eye movements, a distinct class 
of voluntary eye movements specialized for tracking mov- 
ing visual targets. Experimental FEF lesions can compro- 
mise pursuit gain as well as the ability to track predictively 
(in anticipation of, rather than in response to target mo- 
tion) (Keating 199 1, 1993; Lynch 1987; MacAvoy et al. 
199 1). Additionally, we (Gottlieb et al. 1993; MacAvoy et 
al. 199 1) have shown that low-intensity microstimulation 
in a circumscribed region of the monkey FEF elicits slow, 
continuous eye movements (SEMs) that are quite distinct 
from the rapid, discrete eye movements electrically elicited 
from the saccadic FEF. These elicited SEMs are predomi- 
nantly ipsilateral in direction, in agreement with the princi- 
pally ipsilateral nature of pursuit deficits caused by unilat- 
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era1 lesions of both the monkey and human FEF ( MacAvoy 
et al. 199 1; Morrow and Sharpe 1990; but see Keating 
199 1). Moreover, the location of this SEM region-in the 
fundus of the arcuate sulcus and neighboring posterior 
bank-is consistent with the observations that only FEF 
lesions involving the arcuate fundus produce pursuit defi- 
cits, whereas lesions confined to the anterior arcuate bank 
and lip leave pursuit intact (Keating 1993; MacAvoy et al. 
1991). 

To further investigate the FEF contributions to pursuit, 
we recorded neuronal activity in the vicinity of SEM sites. 
We find that many neurons in this SEM sector of the ar- 
cuate respond during smooth pursuit, but not in relation to 
saccadic eye movements, and that the best tracking direc- 
tion of such pursuit neurons generally matches the direc- 
tion of SEMs elicited from their site. Moreover, most pur- 
suit neurons start responding before the start of the pursuit 
movement, consistent with the previous observation that 
FEF stimulation readily elicits SEMs from stationary fixa- 
tion and suggesting that FEF could contribute to both the 
initiation and maintenance of pursuit and hence be an inte- 

. gral part of neocortical circuitry for smooth pursuit. 
Preliminary reports of these data have appeared previ- 

ously (Gottlieb et al. 1989, 199 1; MacAvoy et al. 199 1). 

METHODS 

Surgery and animal care 

Three adult female rhesus monkeys (Macaca mulatta) were 
prepared for chronic single-neuron recording and microstimula- 
tion in aseptic surgical procedures under sodium pentobarbital 
anesthesia. A search coil for monitoring eye movements (3 turns 
of Teflon-coated stainless steel wire) was implanted under the 
conjunctivum of one eye using standard methods (Judge et al. 
1980). A craniotomy (2 cm diam) was trephined over the right 
frontal lobe, and a stainless steel recording chamber was placed 
over the craniotomy. To secure the implant, stainless steel bolts 
with flattened heads were run along slots in the skull with the bolt 
head under the skull and secured with nuts above the skull. The 
chamber, bolts, connector for the search coil, and a steel receptacle 
for attaching the monkey’s head to the monkey chair were bound 
together with dental acrylic. Analgesics [pentazocine lactate, 5 
mg/ kg im or oral acetaminophen (Tylenol)] were given postopera- 
tively as indicated. After several months of recording in the right 
hemisphere, a recording cylinder was placed over the left frontal 
lobe in a shorter additional surgery. 

During the course of the physiology experiments, the monkeys 
obtained liquid to satiety each day by performing oculomotor 
tasks and had restricted access to water in their home cages. The 
experimental and surgical protocols were approved by the Yale 
University Animal Care and Use Committee and complied with 
United States Public Health Service policy on the humane care 
and use of laboratory animals. 

Physiological methods 
Eye position was recorded using the search coil method (Robin- 

son 1963). The field coil, power oscillator, and phase detectors 
were made by CNC Engineering (Seattle, WA). The search coil 
signals were calibrated while the monkey fixated small lights at 
different locations. Horizontal and vertical eye position signals 
and their differentiated counterparts, horizontal and vertical eye 
velocity traces, were sampled by the computer every 2 ms. 

Single units were recorded with glass-coated Elgiloy electrodes 
having tip exposures of 20-50 pm and in vivo impedances of 

OS-2 MQ at 1 kHz, or glass-coated Tungsten electrodes with tip 
exposures of lo-20 pm and impedances of 0.5-l MQ at 1 kHz. 
The microelectrode signals were amplified by X 10 using a pream- 
plifier close to the monkey and subsequently low-pass filtered at 
10 kHz and high-pass filtered at 200 Hz to eliminate 60-kHz coil 
driver artifact, 60-Hz noise, and slow DC shifts. Signals were mon- 
itored on a digital oscilloscope, and a time/amplitude-window 
discriminator (DIS- 1, BAK Electronics) was used to recognize 
action potentials and provide acceptance pulses to the computer. 

After the study of most cells, we tested for electrically elicited 
eye movements as described later. 

Behavioral tasks 

During experimental sessions, the monkeys sat in a primate 
chair with their heads restrained, facing a gray tangent screen 57 
cm distant. Experiments were conducted either with low-level 
background illumination or in complete darkness (except for the 
visual targets). Visual targets (red lights, 0.5 O diam) were back- 
projected and moved on this screen by a X- Y mirror system (Gen- 
eral Scanning). The monkeys were trained to fixate or follow these 
lights, and their oculomotor behavior was monitored using a posi- 
tion (fixation) window centered on the target. A PDP-11 com- 
puter (DEC) presented and moved the visual targets, stored the 
neuronal spike times and eye movement traces, and rewarded 
correct behavior with drops (0.1 ml) of fruit drink. 

The data presented here were obtained in several tasks. 
SMOOTH PURSUIT TASKS. The monkey initiated each trial by 
achieving and maintaining fixation of a stationary target for a 
variable interval (0.9- 1.3 s). After this initial epoch, the fixation 
target began to move, and the monkey was required to track it 
closely to receive rewards. Target motion could be either constant 
velocity (CV), with velocities of 2.5-50° /s and durations of 0.75- 
2 s, or sinusoidal, with peak-to-peak amplitudes of 20-40”, fre- 
quencies of 0.25-l .25 Hz, and a duration of 2-3 cycles. The tar- 
get’s direction and velocity (or sinusoidal amplitude) were deter- 
mined on each trial either through an experimenter-manipulated 
joystick (“interactive tasks”) or by a coordinate array specified at 
the beginning of the experiment, whose members were tested in 
pseudorandom order. 

Generally the initial fixation position was located opposite the 
impending target motion with its eccentricity such that the total 
target excursion was symmetrical about the center of the screen. 
However, in a step-ramp variant of the CV pursuit task, the target 
always first appeared at the center of the screen and, after being 
fixated by the monkey, jumped to an eccentric location (the step) 
and instantaneously began moving with constant velocity (the 
ramp). Thus the step determined the retinal locus of the initial 
visual stimulation, whereas the ramp determined the direction 
and speed of pursuit. 
VISUALLY GUIDED SACCADE TASK. The initially central fixation 
target jumped to a peripheral location and remained visible and 
stationary. The monkey was rewarded for reacquiring the target 
with an appropriate saccade of reasonable latency (e.g., 5500 ms). 
MICROSTIMULATION TASKS. Intracortical microstimulation 
was tested during attentive fixation using 75- to 500-ms trains of 
biphasic (negative-positive) pulses (0.2-ms duration, 25- 100 PA, 
300 Hz) delivered through the recording electrode. After the mon- 
key had fixated a stationary target light for a variable interval 
(0.5- 1.75 s), the stimulation train was gated by the computer. The 
fixation requirement was relaxed during the stimulation so that 
the monkey was not penalized for elicited movements; however, 
the monkey was required to reacquire the target after the end of 
the stimulation train and fixate for an additional 0.25-0.5 s before 
obtaining a reward. In a stimulation-and-stabilization variant, the 
fixation light was stabilized electronically on the fovea for the 
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duration of the stimulation train, thus eliminating the retinal slip 
caused by an elicited eye movement in the presence of a stationary 
target. For further details regarding these microstimulation tasks 
and parameters, see Gottlieb et al. ( 1993 ). 

Sampling of cortical sites 

Electrodes were introduced through the intact dura and ad- 
vanced through the cortex using a Narishige hydraulic microdrive 
system. In monkeys HN and DN, electrodes were positioned rela- 
tive to the millimeter grid affixed to the drive stage. In monkey 
HZ, we introduced the grid system made by Crist Instrument 
(Crist et al. 1988). In this system, a plastic grid with 1 -mm spacing 
between holes along each orthogonal axis determined the brain 
surface coordinates, and the electrode was advanced into the cor- 
tex through a guide tube (a fine-gauge stainless steel hypodermic 
tube) introduced into the grid at the desired coordinates at the 
beginning of each recording session. This arrangement reduced 
the variability in electrode paths arising from different electrode 
bends and penetration angles and improved the accuracy and re- 
producibility of penetrations, especially at sites deep in the arcuate 
sulcus. 

Histological techniques 

Selected sites were marked either by iron deposits ( lo- 14 PA of 
positive current for 2-3 min through the Elgiloy electrodes) or by 
electrolytic lesions (20 PA of negative current for 30 s) made with 
both types of electrode. At the completion of the experiments, 
each monkey received an overdose of sodium pentobarbital and 
was perfused transcardially with saline followed by a 1.25% glutar- 
aldehyde- 1 .O% paraformaldehyde mixture. The brains were sec- 
tioned at 40 pm on a freezing microtome. The brain of monkey 
DN was sectioned in the coronal plane; each hemisphere of mon- 
keys HZ and HN was sectioned approximately perpendicular to 
the arcuate sulcus at its caudal limit, a plane more appropriate for 
visualizing the sulcal cortex. Every second or third section through 
the arcuate sulcus region was reacted with ferrocyanide (Perl’s 
reaction) for visibility of the iron deposits, then counterstained 
with neutral red or cresyl violet. Outlines of the lateral aspect of 
the frontal cortex were reconstructed from drawings of selected 
histological sections. The locations of electrode penetrations were 
reconstructed with reference to histologically identified penetra- 
tions. 

Data acquisition and analysis 

Data were stored in two types of computer records. Analog rec- 
ord files contained the horizontal and vertical components of stim- 
ulus position, eye position, and eye velocity sampled each 4 ms 
during tracking trials together with corresponding unit spikes. Unit 
b@& files contained the time of occurrence of each spike and also 
events that could be used as triggers for response histograms. Possi- 
ble triggers included any computer-controlled event, such as the 
appearance or disappearance of visual stimuli, the beginning or 
ending of stimulus motion, and the four movement phases of 
sinusoidal motion cycles (0, 90, 180, and 270” ). In addition, his- 
tograms could be triggered on oculomotor events such as the be- 
ginning or ending of saccades of specified dimensions or the 
achieving or leaving of a fixation window. 

Response magnitude for CV tasks was estimated typically by 
averaging the activity over the entire duration of target motion. 
For sinusoidal tasks, a partial Fourier transform of the activity 
over the entire duration of target motion was first computed to 
obtain the average rate (F,), and the amplitude (& ), and phase 
shift at the frequency being tested. Response magnitude then was 
estimated as the sum of the F0 and Fi components of this decom- 
position. Error trials in which the monkeys’ gaze exited the fixa- 

tion window always were excluded from the histograms used to 
obtained these response-magnitude numbers. 

For quantitative testing of a cell’s directional preference, re- 
sponse magnitude during pursuit of four to eight different direc- 
tions were fit to the Gaussian functionf( d) = B + R e-0*5(1d-41/a)2 
wheref( d) is discharge rate at a given direction (d), B represents 
the background rate and can either be the cell’s true baseline firing 
or an estimate provided by the fitting algorithm, 4 is an estimate of 
the cell’s best direction, and R estimates the cell’s response at its 
best direction. g is an index of tuning width, equal to the distance 
from best direction, 1 d - @ 1, for which the cell responds at 60%, 
(e-‘12) of its maximal response above baseline. The fit was imple- 
mented by finding the combination of parameters B, R, 4, and 0 
that minimized the least squared errors using the Levenberg-Mar- 
quardt method. The covariance matrix at the estimated parameter 
values provided a standard error for each estimate, which was used 
to compute 95% confidence intervals for the estimates. To com- 
pare the tuning index 0 to other reports, we also computed the 
distance z at which the Gaussian curve is half of its maximal re- 
sponse above baseline. The formula is z = 0 \( (2 In 2) = 1.177 0, 
and thus the full width of the tuning curve at half-maximal re- 
sponse (2 z) is 2.354 X 0. 

As described in RESULTS, this Gaussian fit of directional tuning 
was obtained for 80 pursuit cells. On average, these fits were based 
on 6.9 different pursuit directions, with the majority being based 
on 8 different pursuit directions; however, for 2 1 cells, this fit was 
based on only 4 directions. For these fits, we used the fixed parame- 
ter B at the cell’s baseline rate so that the number of data points (4) 
still exceeded the number of parameters being fit ( 3 ). The CJ (tun- 
ing index) obtained from these cells is probably less accurate than 
estimates of CJ obtained with a larger set of data, but omitting these 
2 1 cells changed the median 0 by < 1 O. Likewise, the 4 (best direc- 
tion) obtained from fitting only 4 directions is probably less accu- 
rate than those obtained with 8 directions, but nevertheless these 
estimates of 6 generally confirmed the interactive estimates of the 
unit’s best direction. 

To quantify the SEMs elicited by microstimulation, horizontal 
and vertical smooth eye velocity traces were generated by remov- 
ing any saccades and interpolating eye velocity through the sac- 
cade. The polar direction and velocity of the elicited SEM was 
computed in each trial from the horizontal and vertical smooth 
eye velocity components, and the median polar direction of the 
elicited SEM then was calculated from blocks of 5-l 5 trials with 
identical stimulation conditions (see Gottlieb et al. 1993 for fur- 
ther details). 

RESULTS 

FEF pursuit neurons 

Neurons in the FEF region of frontal cortex were classi- 
fied as “pursuit neurons” if they responded during smooth 
pursuit of moving visual targets, but did not respond, or 
responded only minimally, in relation to saccadic eye move- 
ments or to fixation of stationary targets. Furthermore, we 
required that pursuit neurons be directionally selective, and 
that they have excitatory responses for pursuit in their pre- 
ferred direction. Figure 1 shows responses of a representa- 
tive pursuit neuron with a preferred tracking direction of 
down and slightly right (polar 290’ ). During CV tracking 
along its preferred direction (bottom left), the neuron be- 
gan responding - 100 ms after the light began to move and 
discharged tonically throughout the remaining excursion. 
The neuron was silent during CV tracking in the opposite 
direction ( 11 O” ), having only a small, transient response 
after extinction of the target at the end of that excursion. 
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FIG. 1. Pursuit responses of a frontal eye field (FEF) neuron (DNI03, right hemisphere). Responses during tracking 
sinusoidal motion (top), with 0.762-Hz frequency and 15’ peak-to-peak amplitude, directed along the 11 O-290’ axis. Only 
the vertical components of the eye traces are shown because this motion is principally up and down. The histogram (Zefi) is 
averaged from 6 trials and aligned on the beginning of target motion in each trial; the other ( right) shows the same responses 
aligned by phase on each movement cycle (average of 18 cycles). Notice that the neuron’s response profile is approximately 
sinusoidal, slightly leading the 180’ phase (corresponding with the onset of motion in its preferred direction) and peaking 
before the 270” phase (corresponding with the peak target velocity in its preferred direction). Same neuron’s responses 
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in the single records, between the neural activity and the saccades made during tracking. Also note the lack of response 

Target Off 

during stationary fixation. 

During sinusoidal tracking, the neuron responded in phase 
with the target motion, with its peak response occurring 
after the onset of target motion in its preferred direction 
(corresponding with the 1 80° phase on the figure), but be- 
fore the target reached its maximal velocity in that direction 
(corresponding with the 270’ phase). As is evident in the 
histograms, the cell did not respond during fixation of the 
stationary light prior to target motion. Furthermore as seen 
in the single-trial records, these responses were not related 
to the saccades the monkey made during tracking. In other 
testing (not shown), the neuron was unresponsive when 
the visually guided saccade task was used to elicit small 
downward saccades similar to the catch-up saccades that 
often occurred during tracking in its preferred direction. 

Thus on the basis of its responses on the standard pursuit 
and saccade tasks described above, the cell of Fig. 1 satisfied 
our definition of a pursuit cell. Altogether, we recorded 193 

such pursuit neurons in the FEF regions of the six hemi- 
spheres of the three rhesus monkeys. In this report, we de- 
scribe these neurons’ responses during smooth pursuit in- 
cluding their direction and speed preferences, their re- 
sponse latencies relative to stimulus events and eye 
movements, and the correspondence between their pre- 
ferred pursuit directions and the directions of SEMs electri- 
cally elicited at their sites. 

For many of these pursuit cells, we also performed addi- 
tional control experiments to dissect their functional activi- 
ties. In Fig. 2 we show an example of such control experi- 
ments for the purpose of demonstrating that these FEF pur- 
suit responses cannot be accounted for trivially by a single, 
isolated sensory or motor aspect of the pursuit situation, 
such as the stimulation of a discrete, motion-selective visual 
receptive field by the pursuit target or the modulation of a 
sensitivity to eye position within the orbit by the pursuit 
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excursion. For the cell of Fig. 2, which preferred pursuit to 
the left and down ( ~2 10’ polar ; see also Fig. 12), we 
arranged the step-ramp experiment diagrammed in the top 
of the figure. After the monkey achieved fixation at the 
screen center, the target jumped (the step) to one of nine 
different sectors of the screen and immediately began mov- 
ing (the ramp) at 15 O /s in the cell’s preferred direction. The 
monkey typically made a saccade to reacquire the target 
with a latency of 200-300 ms after the step and then tracked 
the ramp motion with smooth pursuit aided by a few small 
catch-up saccades. The monkey made no presaccadic 
smooth pursuit as described by Rashbass ( 196 1) ; however, 
it usually had achieved a significant smooth velocity by the 
end of the first saccade. 

RETINAL SLIP. The pursuit-related responses of this cell 
(shown in the single-trial records and the step-ramp histo- 
grams of Fig. 2) cannot exclusively reflect stimulation of a 
motion-selective visual receptive field by the retinal slip of 
the pursuit target. The visual motion control experiment 
(Fig. 2, bottom left) used the same nine step-ramp coordi- 
nates; however, the central light was not extinguished and 
the monkey was required maintain its fixation and thus not 
pursue the peripheral moving stimuli. Although this cell, 
like most pursuit cells, did respond to such peripheral visual 
motion tested during continued fixation, its response in the 
step-ramp task was far stronger and more long lasting. We 
measured neural responses in a lOO-ms interval starting 90 
ms after the peripheral motion began; because saccade la- 
tencies were usually >200 ms, these neural responses reflect 
the same peripheral retinal stimulation in both tasks. The 
average discharge in the visual motion control task was 34 
Hz versus 59 Hz in the step-ramp tracking task. The dis- 
charge disparity in the next IOO-ms interval was even 
greater as the visual motion rate fell to 24 Hz, whereas the 
tracking rate rose to 128 Hz; this interval should still reflect 
fairly identical peripheral motion across the two tasks when 
the neural response latency as well as the eye-movement 
latency is considered. Finally, as is evident in the records of 
this cell and of most other cells shown in this paper, pursuit 
responses usually continued long after the monkey had 
greatly reduced the target’s retinal slip by achieving a 
smooth-pursuit velocity that roughly matched the target ve- 

locity. In this example, the tracking response remained 
fairly high, being 65 Hz in the last 100 ms of the tracking 
period. In contrast, there was no discernible response in the 
last 100 ms of the visual motion stimulation period, the 
discharge rate having dropped to the cell’s baseline ( -2 
Hz). Note that this absence of response cannot simply re- 
flect the moving stimulus leaving a discrete visual receptive 
field because in the pursuit situation, the cell not only re- 
sponded for targets moving near the fovea but also for tar- 
gets moving in the upper, lower, left, and right visual fields 
as shown by the step-ramp experiment. 
BACKGROUNDVISUALMOTION. Becausethiscellresponded 
well before the smooth-pursuit eye movement began, its 
responses could not simply reflect stimulation by the op- 
posing motion of the visual background that is brought 
about by the pursuit movement itself. As documented be- 
low, most FEF pursuit cells responded before pursuit eye 
movements began. Furthermore all pursuit cells tested 
while tracking a target light in otherwise complete darkness 
(n = 12) had responses comparable with their responses 
during pursuit with standard dim background illumina- 
tion. 

EYE VELOCITY. The fact that pursuit responses began well 
before the onset of the smooth eye movement (see also the 
section on response latencies) also argues against pursuit 
activity simply being a corollary discharge derived from 
smooth eye velocity signals in the brain stem. Moreover, as 
already mentioned, most pursuit cells also had some re- 
sponses to peripheral visual motion tested during fixation 
of a stationary light. 
ORBITALPOSITION. The step-ramp responses of the neuron 
in Fig. 2 also demonstrate that traversing a particular range 
of eye positions is not critical because the cell’s discharge 
continued following saccades that brought the eye to quite 
different orbital sectors. Furthermore there was no response 
to roughly the same set of saccades made during the sac- 
cade-only control (Fig. 2, bottom right). Conversely within 
a particular orbital path, the response critically depended 
on the pursuit direction; this was verified in all pursuit cells 
by testing tracking along the same path but in opposite di- 
rections, as can be seen in Figs. 1, 3, and 12. Thus pursuit 
cells are not simply those FEF cells that are sensitive to the 

FIG. 2. Activity of a pursuit neuron (DN303, left hemisphere) that responded in conjunction with smooth pursuit 
directed to the left and down. A step-ramp experiment (top) with 9 different steps with the same ramp (speed: 15” /set, 
direction: 2 10” polar) is depicted. Step movements (- - -) are shown from the center to where the small black spots are 
located and arrows represent the subsequent ramp movements lasting 750 ms (excursion 11 O ). Nine records ( middle) show 
target motion and eye movements (H, V), eye velocity (e), and neuronal activity (tics below the eye velocity trace) for a 
representative trial associated with each of the 9 steps. Each record begins at the step and lasts 1 s, thus including the 750-ms 
ramp and 250 ms after the target disappeared. For all 9 steps, the cell began responding before the initial saccade and 
continued to respond while the monkey tracked the ramp. Notice that smooth pursuit typically did not begin until during or 
after the initial saccade. Raster histograms (bottom) showing the cell’s activity on all trials of the step-ramp task and on 
matching control tasks. Cell (bottom left) responded much more on the step-ramp task (above) than in a visual motion 
control task (below) employing the same ramp motion starting at the same 9 peripheral locations. In this control task, the 
central light remained on and the monkey was required to maintain central fixation and not track the peripheral targets. 
Raster histograms are aligned on the onset of peripheral target motion; the histogram sums all trials correctly performed (56 
step-ramp, 27 control), and the rasters show the first 25 such trials for both tasks (for trials 7- 15 of the step-ramp task the 
ramp duration was temporarily shortened to 500 ms to encourage the monkey-note the shortened discharge period in the 
corresponding raster lines). Cell responded very little (bottom right) in a visually guided saccade paradigm using the same 9 
steps as used in the step-ramp task, but with the targets remaining stationary (0 ramp velocity) after the steps. Here the raster 
histogram is aligned on the start of the saccadic eye movements, the histogram sums all correctly performed trials, and the 
raster shows all 22 such trials in this control task. Fig. 12 has additional data of this cell and shows the smooth eye movements 
that were obtained by microstimulation at the site of this cell. 
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position of the eye in the orbit (Bizzi 1968; Bruce and Gold- 
berg 1985; Schall 199 1). Even though some pursuit neu- 
rons were clearly modulated by orbital position during sta- 
tionary fixation and/or during tracking, we judged this or- 
bital effect to be in addition to, rather than the cause of, 
their pursuit responses. 

In summary, the discharges of these FEF cells in conjunc- 
tion with smooth-pursuit tracking are not trivially related 
to a single sensory or motor factor. However, the factors 
discussed above are related to pursuit performance and, as 
we will describe in a subsequent report, most do have signifi- 
cant correlations with or effects upon the activity of FEF 
pursuit neurons. 

Directional selectivity of pursuit responses 

Each neuron’s “best tracking direction” (the direction 
eliciting the strongest response) was estimated initially in 
an interactive task wherein pursuit direction was varied 
from trial-to-trial using an experimenter-controlled joy- 
stick. For 80 neurons, directional tuning was studied fur- 
ther quantitatively by measuring responses during tracking 
in four to eight different directions flanking the neuron’s 
interactively estimated best direction, and then fitting a 
Gaussian function of direction to these responses (see 
METHODS). Such a formal direction test of one neuron is 
shown in Fig. 3. This cell responded strongly during up- 
ward tracking, especially at 90° and 135”, and was inhib- 
ited during downward tracking, especially at 270° and 
3 15O. The Gaussian fit of its tracking responses indicated a 
best direction (4) of 106’ with a 95% confidence interval of 
(103”, 109”) and a tuning index (a) of 46O. Like many 
other pursuit neurons, including the one in Fig. 1, this cell 
also was excited transiently after the end of tracking in its 
off direction and transiently inhibited after on-direction 
tracking. 

Figure 4 shows the directional tuning data and Gaussian 
curve fits for five additional pursuit neurons. As illustrated 
in this figure, responses of different pursuit cells ranged 
from narrowly tuned ( u = 13O ) to broadly tuned ( CT = 
136’ ). The median CT was 44.5O (n = 80), which translates 
to an average full width at half-maximal response of 
104.75’ (see METHODS for the conversion formula) and 
indicates that the directional selectivity of pursuit cells was 
generally broad. 

Figure 5 shows the best pursuit directions of all 193 pur- 
suit neurons, including the 80 that were estimated by the 
Gaussian fits and the remaining 113 whose directions were 
only estimated by the experimenter using the interactive 
task. Directions of left hemisphere neurons were mirror re- 
versed to allow grouping of all data points as “contralat- 
eral” or “ipsilateral”. Notice that all possible directions ap- 
pear to be represented, with no apparent bias toward hori- 
zontal or vertical, nor toward contralateral or ipsilateral 
pursuit. 

Latencies of pursuit responses 

Response latency relative to the start of target movement 
was measured from cumulative histograms averaged across 
several CV tracking trials (typically 5- 10) in a neuron’s 
preferred direction. Neurons that were tested exclusively 

with sinusoidal tasks, in which the gradual buildup of target 
velocity was likely to complicate identification of latencies, 
as well as neurons with high baseline rates or with unclear 
response onsets, were not included in this analysis. Neuron 
response latencies relative to the start of target motion 
ranged from 28 to 352 ms (n = 69), with a median of 
103 ms. 

To determine whether these neurons could participate in 
pursuit initiation, we compared each neuron’s latency rela- 
tive to target motion with the average pursuit eye move- 
ment latency on the same sets of trials. This comparison is 
illustrated in Fig. 6 for four neurons. For each neuron are 
shown individual response rasters, cumulative response 
histograms, and averaged smooth eye velocity traces (sac- 
cades were removed from these traces before averaging). 
Neurons A-C began responding, respectively, at 7 1, 70, 
and 104 ms after target motion began, and led pursuit initia- 
tion by 90,48, and 2 1 ms. Neuron D began responding 125 
ms after target motion began and lagged pursuit initiation 
by 10 ms. 

The latency difference distribution for all 69 neurons is 
shown in Fig. 7. Neural activity led pursuit initiation for 42 
(6 1%) neurons and started only after the smooth-pursuit 
movement began for the remaining 27 neurons, with the 
overall median latency difference being - 19 ms (negative 
signifies that the neural discharge leads the pursuit). Thus 
most FEF pursuit neurons could contribute to early stages 
of pursuit initiation and almost all could contribute to late 
stages of pursuit initiation. 

The idea that different neurons participate in different 
stages of pursuit processing also is supported by observa- 
tions of the neural response profiles during CV tracking. 
Thus some neurons responded best before and during the 
start of pursuit, which is characterized by high retinal slip 
and eye accelerations, suggesting that they contribute prefer- 
entially to pursuit initiation (e.g., the neuron in Figs. 2 and 
12). Others had tonic response profiles and thus could con- 
tribute both to pursuit initiation and maintenance (e.g., the 
neuron in Fig. 3). 

Velocity sensitivity 

High tracking velocities were usually not needed to elicit 
robust neural responses; however, most neurons responded 
more in conjunction with faster pursuit. Figure 8 shows one 
neuron’s responses and the corresponding sets of eye move- 
ments during tracking of target ramps at speeds ranging 
from 2.5 to 25”/s. This neuron had tonic responses that 
clearly increased in parallel with the increases in target and 
eye velocity. 

Response rates of this and of three additional neurons as 
functions of pursuit velocity are plotted in Fig. 9 and fit 
with regression lines. For this analysis, the average spiking 
rate and the average pursuit velocity over the 2-s tracking 
interval was computed for each trial. For 13 neurons for- 
mally tested, including the 4 shown in Fig. 9, spike rate was 
significantly correlated with pursuit velocity (P < 0.05; 
one-tailed). Velocity sensitivities (the slopes of the linear 
regression fits) ranged from 0.24 to 1.42, with an average 
sensitivity of 0.70 spikes. s-l . deg-’ l s-l. Responses of an 
additional neuron tested for sensitivity to pursuit velocity 
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FIG. 3. Directional tuning of a pursuit neuron (DN084, right hemisphere). Outerpane[s show individual raster lines and 
response histograms averaged from 4-6 trials during constant-velocity tracking in 8 different directions. The target moved at 
2O”/s for 2 s with initial fixation at 20’ eccentricity opposite impending tracking direction. Neuron responded tonically 
during upward and leftward tracking, between 45” and 1 80°, and did not respond or was inhibited during tracking in other 
directions. Note the transient inhibition following tracking in preferred directions (especially at 90° and 135’ ) and the 
excitation after tracking in nonpreferred directions (especially at 3 15 O and 270’ ) . Center is a polar plot of pursuit responses 
and their Gaussian tuning curve fit. Response rates ( l ) were averaged over the epoch of lOO-2,000 ms after target motion 
began, across 25 trials in each direction. The tuning curve baseline (inner circle) was the average fixation rate in all trials, 
measured in the 250 ms preceding target motion onset. Tuning curve fit indicates a best direction of 106’ (-) with a 95% 
confidence interval of ( 103”, 109”; - - - ) and tuning index (a) of 46’. 

decreased with target velocity, however, this decrease re- 
flected the interaction of a strong gaze preference of this 
neuron with how the velocity tests were arranged (to have 2 
s of tracking, the faster trials were begun at more eccentric 
fixations, and this particular neuron was inhibited at the 
eccentric fixations away from its best tracking direction). 

Quite similar sensitivity coefficients were obtained when 
the target velocity, as opposed to the monkey’s average pur- 
suit velocity, was used as the independent variable in the 
regression analysis. Sensitivities to target velocity ranged 
from 0.22 to 1.67, with an average of 0.77 spikes. - 
s l . deg -1. s-l Because target velocity and eye velocity 
were highly correlated in these tests, we cannot know to 
which velocity variable the neuronal responses are most 
closely related. Furthermore pursuit gain (the ratio of eye 
velocity to target velocity) usually decreased at higher pur- 
suit/target velocities, implying a concomitant increase in 
retinal slip velocity. For example, in the data of Fig. 8, pur- 

suit gain was high for the 2.5 and 5O /s conditions, but was 
smaller than 0.6 for the 25’ /s condition, where eye velocity 
did not exceed 15 O /s. Thus the target’s increased retinal slip 
also could have contributed to the positive relationship be- 
tween pursuit velocity and response rates. 

Locations of pursuit neurons in relation to elicited SEA4 
Figure 10 shows the locations of pursuit neurons and of 

elicited SEMs in the three hemispheres that yielded the larg- 
est numbers of pursuit neurons. The smaller frontal cortex 
outlines show the entry points of all penetrations that en- 
countered pursuit neurons, and the enlarged arcuate out- 
lines summarize the recording and stimulation findings ob- 
tained in several penetrations (typically 2- 10) at each of 
these locations. On the arcuate outlines, coordinates of pur- 
suit neurons are marked by large black circles, those where 
smooth or saccadic eye movements, or both, were elicited 
electrically are marked by smaller circles (shaded, white, or 
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FIG. 4. Directional tuning of 5 pursuit neurons shown u~st 5 panels). Directional tuning was tested with constant-veloc- 
ity tracking, and response rates were averaged across the tracking period (2 or 0.75 s) as described in METHODS. Baseline rates 
(- - -) represent the average activity during fixation before target motion. Each tuning curve is centered on the neuron’s best 
direction (4; center tic on the abscissa), and other directions are indicated in a ( C$ - 180”, 4 + 180”) convention. The 95% 
confidence intervals (brackets on the abscissa) also are indicated. These 5 examples were chosen to span the range of 
directional specificities seen and are arranged in order of increasing tuning index (a). Last paneZ shows the distribution of 
tuning indices for all 80 pursuit neurons with quantitatively determined directional tuning. 

shaded-and-white circles, respectively), and those where of these sites. Purely saccadic eye movements (without 
skeletal movements were elicited are marked by squares. SEMs) were evoked at 12 sites, and no eye movements 
Pursuit neurons were recorded in a circumscribed region in were elicited from the remaining 74 sites using currents 
the arcuate fundus and posterior bank, lying approximately 5100 PA. 
at the level of the principal sulcus. These neurons were To further investigate the relation between the recording 
found at virtually all coordinates that yielded elicited SEM and stimulation findings, we compared the directions of 
and also at several locations adjacent to those of elicited elicited SEMs with the preferred directions of pursuit neu- 
SEM, where the microstimulation elicited saccadic eye rons recorded at the stimulation sites. An example of such a 
movements, skeletal movements, or no movements. How- comparison is shown in Fig. 12. The neuron recorded at 
ever, pursuit neurons were not encountered at coordinates this site had pursuit responses that were largest for tracking 
clearly rem oved from the SEM region. Conversely, SEMs 
were never obtai ned from the vicinity of neurons with sac- 

to the left and slightly down. A quantitative direction test 
involving eight different tracking directions yielded an esti- 

cade-related responses. mated best direction of 2 12O with a tuning index ( a) of 45 O. 
Figure 11 shows two reconstructed electrode penetra- Microstimulation elicited SEMs that lasted throughout the 

tions that coursed through the posterior arcuate bank and stimulation train with eye velocities exceeding 20’ /s at 50 
contained both pursuit neurons and elicited SEMs. Pursuit PA. The elicited SEMs were directed down and to the left, 
neurons were recorded at several sites and microstimula- regardless of the eye’s orbital position at the time of stimula- 
tion at some of these sites evoked SEMs. As described be- tion, and the median direction of the elicited SEMs was 
low, the microstimulation elicited SEMs at only a small 
number of pursuit neuron sites, and the directions of these 

2070, very close to the neuron’s prefer& pursuit direction. 

elicited SEMs generally matched the preferred directions of 
For both these eye velocity traces and for the 2-I) plots 

the pursuit neurons studied at their sites. 
above, we used the stimulation and stabilization task; as we 
reported previously (Gottlieb et al. 1993), SEM velocities 

Correspondence bet ween neurons’ preferred pursuit 
direction and elicited SEA4 direction 

obtained in the stabilized condition usually exceed those 
obtained with stationary fixation targets. 

As shown in Fig. 13, the preferred direction of most pur- 
In total, microstimulation was tested at 113 sites with suit neurons predicted the direction of the SEMs subse- 

pursuit neurons. Of these, SEMs were evoked at 27 sites, quently elicited at their sites. Because these are both “cir- 
with some elicited saccades accompanying the SEMs at 13 cular” measures, the circular correlation coefficient r, 



PURSUIT-RELATED ACTIVITY IN PRIMATE FEF 

0" 

270” 

-contralateral ipsilateralp 

FIG. 5. Preferred tracking directions of 193 pursuit neurons. Preferred 
direction of each neuron, whether determined quantitatively (n = 80) or 
estimated with the interactive tasks (n = 113), is represented by the angle 
of one line. Directions of left hemisphere neurons are mirror-reversed to 
allow grouping of all data points as “contralateral” or “ipsilateral”; the 
horizontal component of the preferred tracking direction was ipsilateral in 
93 neurons and contralateral in 97 neurons (the other 3 were judged verti- 
cal, 2 down and 1 up). Note that all tracking directions are represented 
fairly evenly with no apparent bias toward a major axis, nor toward contra- 
lateral or ipsilateral pursuit. 

( Batschelet 198 1, page 179) was used to measure their rela- 
tionship. The resulting coefficient, 0.7 1, is highly signifi- 
cant(P<O.OOl fern= 17) by the Rayleigh test (Batschelet 
198 1, Table H). This agreement in direction, together with 
the agreement between the location of pursuit neurons 
and that of elicited SEMs, strongly suggests that 
microstimulation elicits SEMs by activating FEF pursuit 
neurons and, conversely, that FEF pursuit neurons are in- 
volved in pursuit generation under physiological condi- 
tions. 

Despite the high overall correlation, however, at any 
given site the neuronal and elicited directions could differ 
substantially, with a mean discrepancy of 40° (median 42”; 
range 0-9S” ). This discrepancy may reflect errors in our 
estimation of neuronal preferred directions, caused in part 
by the broad directional tuning of pursuit neurons. In addi- 
tion, the high current intensities often required to elicit 
SEMs (5 100 PA) may have activated remote pursuit neu- 
rons with somewhat different preferred directions from 
those of neurons near the electrode; however, stimulation 
current and directional discrepancy were not correlated in 
this sample. 

As seen in Fig. 13, both the preferred pursuit direction of 
pursuit neurons where SEM was obtained, as well as the 
direction of the elicited SEM obtained at the sites of pursuit 
cells, were predominantly ipsilateral ( 11 of 17 in both cases 
fall between 90 and 270° in the Fig. 13 plot, in which the 
directions of sites in the right hemisphere are mirror re- 
versed). This finding is not surprising, given that the SEMs 
elicited from the FEF are predominantly ipsilateral (Gott- 

lieb et al. 1993). However, because FEF pursuit neurons 
appear to represent all directions fairly uniformly, this data 
suggests that pursuit neurons with ipsilateral preferences 
are involved more directly in pursuit generation than those 
with contralateral preferred directions. 

In the saccadic part of FEF, saccades are elicited more 
readily (i.e., have lower thresholds) at the site of neurons 
with presaccadic responses relative to neurons with only 
postsaccadic responses ( Bruce and Goldberg 1985 ) . To de- 
termine whether an analogous effect might obtain in the 
SEM sector of FEF, we compared the response latencies 
relative to pursuit initiation of neurons at sites with elicited 
SEM to latencies at sites without elicited SEM. Pursuit 
units did tend to have longer leads at sites with elicited 
SEM, where their responses preceded pursuit onset by an 
average of 19.4 ms (~2 = 23; median 29.0 t 72.4 ms mean t 
SD), relative to those with no elicited movements, where 
unit responses preceded pursuit onset by an average of 15.7 
ms (n = 27; median 19.0 t 83.9 ms). However, these differ- 
ences are not very large compared with the SD and were 
found not to be statistically significant by a Mann-Whitney 
U test. This lack of a robust effect may reflect some funda- 
mental differences between processing in the saccadic and 
SEM parts of the FEF (see DISCUSSION). 

DISCUSSION 

Smooth-pursuit eye movements are thought to be con- 
trolled by cortico-ponto-cerebellar pathways, originating in 
primary visual cortex, involving extrastriate cortical areas 
specialized for visual motion processing, and effecting pur- 
suit via a Purkinje cell discharge coding pursuit eye velocity 
(Lisberger et al. 1987). Figure 14 shows this basic pursuit 
circuit based on Leigh and Zee’s findings ( 199 1). Cells that 
discharge during smooth-pursuit tracking have been de- 
scribed in most parts of this circuit, including the medial 
superior temporal area (MST) (Komatsu and Wurtz 1988; 
Newsome et al. 1988; Thier and Erickson 1992), the poste- 
rior parietal lobule (Kawano 1984), the dorsolateral pon- 
tine nucleus (DLPN) (Mustari et al. 1988; Suzuki et al. 
1990a; Thier et al. 1989)) the dorsomedial pontine nucleus 
(DMPN) (Keller and Crandall 1983; Keller and Heinen 
199 1 ), and in floccular (Miles and Fuller 1975; Stone and 
Lisberger 1990ab) as well as the parafloccular (Noda and 
Mikami 1986) and vermal (Suzuki and Keller 1988ab) re- 
gions of cerebellar cortex. 

In this report, we describe a class of neurons in the pri- 
mate FEF that respond in relation to smooth pursuit but 
not to saccadic eye movements. These pursuit neurons 
were located in a circumscribed zone of the arcuate fundus 
and posterior bank, confirming and extending the earlier 
observation of several neurons deep in the arcuate sulcus 
that discharged in relation to smooth pursuit (Bruce et al. 
1985 ) . This report also complements our recent descrip- 
tion of electrically elicited slow SEMs obtained by micro- 
stimulation in the arcuate sulcus (Gottlieb et al. 1993). 
Pursuit cells often were found at sites where SEMs were 
elicited, and the direction of elicited SEMs tended to match 
the preferred direction of pursuit neurons at that site. The 
properties of the pursuit neurons and their correspondence 
with SEMs support the hypothesis that these neurons con- 
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FIG. 6. Response latencies relative to smooth-pursuit initiation in 4 pursuit neurons. For each cell’s experiment are 
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from 5- 10 constant-velocity tracking records after removing saccades (only the initial 750 ms of tracking are shown regard- 
less of total track duration). Neural response latencies (- - - ) shown as read from the inflection points in the cumulative 
histograms; arrows indicate estimated beginning of pursuit. Neurons are arranged in order of decreasing lead time of their 
response relative to pursuit initiation. Neurons A-C began responding, respectively, at 7 1,70, and 104 ms after target motion 
began, and led pursuit initiation by 90,48, and 2 1 ms. Neuron D began responding 125 ms after target motion and lagged 
pursuit initiation by 10 ms. Eye records represent tracking along the neuron’s best directions ( 90,453 15, and 90° in neurons 
A-D, respectively). Raster lines and cumulative histograms were taken during tracking in 8 different directions for neurons 
A and B, during tracking at 3 15” for neuron C, and during upward tracking at different speeds (2.5-25O 1s) for neuron D. 
This arrangement departs from our usual analysis, where we considered only neural activity associated with a neuron’s 
preferred direction or speed. 
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tribute to the generation of pursuit and, conversely, that 
microstimulation in this part of FEF evokes SEMs by acti- 
vating such neurons and hence their connections to other 
parts of the pursuit system. Thus these data help provide a 
physiological substrate for the pursuit deficits obtained with 
experimental lesions involving the arcuate fundus (Keating 
199 1, 1993; Lynch 1987; MacAvoy et al. 199 1 ), and agree 
with existing anatomic evidence connecting FEF into the 
pursuit circuitry of Fig. 14, as discussed further later. 

Nature and speciJicity of pursuit responses in FEF 

FEF pursuit neurons responded during smooth-pursuit 
tracking of visual stimuli moving in a particular, preferred 
direction. Responses typically began shortly after the start 
of target motion usually just before the eye actually started 
to move, as discussed further later. When tracking con- 
stant-velocity target motion, some neurons responded toni- 
cally throughout the entire track across the screen, some 
responded only or primarily at the start of the track, and 
some were intermediate in that their response diminished 
after a few hundred milliseconds but did not completely 
stop until after the target was extinguished at the end of the 
trial. During the tracking of sinusoidal target motion, most 
cells responded in a very phase-locked fashion. 

We are certain that these cells have bona-fide smooth- 
pursuit responses that are not based on other previously 
reported responses of FEF cells. First, we were careful to 
rule out saccade-related responses inasmuch as Bruce and 
Goldberg ( 1985) reported that 50% of cells in the main part 
of FEF, where saccades can be elicited electrically, had pre- 
saccadic responses, visual or motor or both, and that many 
of the remaining cells responded postsaccadically (see also 
Bruce et al. 1985; Goldberg and Bruce 1990; Schall 199 1). 
Unlike the saccade-related cells, pursuit cells did not re- 
spond when tested on standard visually guided saccade 
tasks. Furthermore, their pursuit responses were not corre- 
lated with catch-up saccades made during pursuit. Thus 
saccadic and pursuit responses seem to be found on exclu- 
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ties from pursuit-eye movement latencies, both measured relative to the 
start of target motion. Thus negative (n = 42) and positive (n = 27) values 
represent, respectively, lead and lag times of neuron responses relative to 
pursuit initiation. 
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FIG. 8. Velocity sensitivity of a pursuit neuron (DN218, left hemi- 
sphere). Tracking targets moving at constant velocities of 2.5, 5, 10, 15, 
and 25 O /s, all at polar direction 45 O (close to the neuron’s preferred direc- 
tion) were presented in random order. Individual response rasters shown 
(top) grouped according to target velocity. Four trials ( l ) were conducted 
for each velocity. Neuron did not respond during the last 2 trials in the 
2.5”/s condition. Superimposed eye velocity traces (bottom), that were 
averaged from 4 trials taken at 1 target speed after removing the saccades. 
Note that, because pursuit gain fell with increasing target velocity (being 
slightly ~0.6 for the 25O/s condition), the average retinal slip also in- 
creased in parallel with target and eye velocities. 

sive sets of FEF cells, largely in different sectors. This find- 
ing also indicates that electrical elicitation of combined sac- 
cades and SEM seen at some sites probably reflects current 
spreading into both sectors. 

Similarly, the FEF pursuit neurons are distinct from the 
orbitally sensitive FEF units first described by Bizzi ( 1968 ), 
and later by Bizzi and Schiller ( 1970), Bruce and Goldberg 
( 1985), and Schall ( 199 1). Bizzi ( 1968) noted that such 
units seemed to have a pursuit response; however, they re- 
sponded only when the pursuit movement carried the eye 
into their preferred orbital location. In contrast, all of our 
pursuit cells were selective for pursuit direction and did not 
respond, or were suppressed below baseline, when the same 
orbital space was retraversed by pursuing opposite to their 
preferred direction. The discharge of some pursuit neurons 
was modulated significantly by the eye’s orbital position; 
however, these cells remained tuned for pursuit direction 
regardless of the orbital location of the pursuit. 

Likewise, FEF pursuit responses do not appear to be en- 
tirely controlled by any single component of the general 
pursuit situation, such as visual activation of a discrete, mo- 
tion-sensitive receptive field by the retinal slip of the pursuit 
target, or an activation by an efferent copy of eye velocity 
signals in the brain stem. Most FEF pursuit cells had at least 
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FIG. 9. Velocity sensitivities of 4 neurons with pursuit responses, with neurun A the same as that in the previous figure. 
Each neuron was tested during constant-velocity tracking directed along its preferred direction, at velocities ranging from 2.5 
to 50° /s. Response rates and eye velocity were averaged across the entire 2 s of tracking for each trial. Regression equation (y 
= a + bx) and the correlation (R) are given above each plot. All the correlations and multiplication coefficients (b) are 
significant at the 0.05 level. 

some responses to peripheral visual motion in their pre- 
ferred pursuit direction during continued stationary fixa- 
tion; however, when identical retinal motion was used to 
initiate smooth pursuit, then the responses were stronger 
and more sustained. In having such passive visual-motion 
responses, FEF pursuit cells are similar to cells throughout 
the pursuit circuit of Fig. 14, even in structures clearly 
downstream from FEF. For instance, most pursuit cells in 
DLPN have such visual-motion responses (Mustari et al. 
1988; Suzuki et al. 1990a; Thier et al. 1988), and even the 
floccular Purkinje cells that discharge in proportion to ipsi- 
lateral pursuit velocity (Miles and Fuller 1975) are now 
known to have a phasic response to visual motion (Krauzlis 
and Lisberger 199 1; Stone and Lisberger 1990a,b). Con- 
versely, the pursuit responses could not be understood as 
simply deriving from an efferent copy of smooth eye veloc- 
ity projected along the cell’s preferred pursuit direction. 
Not only did the responses usually precede the start of the 
smooth movement, but they usually diminished as eye ve- 
locity approached target velocity. Furthermore as just dis- 
cussed, most pursuit cells still responded to peripheral vi- 
sual motion during continued fixation at 0 eye velocity. We 
defer a detailed analysis of the sensitivity of FEF pursuit 
cells to visual motion (i.e., retinal slip), and of their sensitiv- 
ity to extraretinal factors such as orbital position and eye 
velocity, for a separate report in preparation. 

Coding of pursuit direction 

All pursuit neurons were tuned directionally, that is, their 
responses were strongest during pursuit in one (preferred) 
direction, and declined progressively with pursuit at larger 
angles from that direction. Fitting the responses during pur- 
suit in different directions to a Gaussian function revealed 
that these neurons had a wide range of tuning widths, with a 
median tuning index of 44.5 O, corresponding to an average 
full width at half maximum of 105 O. 

The broad overall directional tuning implies that most 
FEF pursuit neurons respond during pursuit in many dif- 
ferent directions (e.g., most still gave ~50% of their maxi- 
mal rates during tracking removed by 45’ from their opti- 
mal directions) and, consequently, that a large number of 
FEF pursuit neurons are likely to be active during pursuit in 
a single given direction. The direction of a pursuit eye move- 
ment thus may be coded by a weighted vector average of the 
optimal directions of all the neurons active at that time, as 
has been suggested for coding of reaching movement direc- 
tions in the motor cortex (see Georgopoulos 1986). Under 
this hypothesis, pursuit direction would be closest to the 
optimal direction of the pursuit neurons responding most 
strongly at a given time, or, during microstimulation, to the 
optimal directions of the neurons nearest the electrode. 
Consistent with this prediction, each SEM site has a charac- 
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FIG. 10. The entry points and physiological findings of all penetrations in the FEF region of 3 hemispheres. Maps are 

reconstructed with reference to the entry points of penetrations directly identified on the basis of iron deposits or marking 
lesions. Locations relative to frontal lobe landmarks of penetrations in which pursuit neurons were encountered are depicted 
(insets). Enlarged outlines of the arcuate sulci show in more detail the physiological findings at each surface coordinate 
explored, typically summarized from 2 to 10 penetrations. Level and planes of the sections shown in the next figure (-) on 
frontal lobe outlines). Neurons with pursuit responses ( l ) were recorded in circumscribed regions of both arcuate banks, 
approximately posterior to the principal sulcus. Within this region, eye movements (smooth, saccadic, or both smooth and 
saccadic) were often elicited. Pursuit neurons were recorded at all coordinates from which smooth eye movements ( SEMs) 
were elicited electrically, however, SEMs were not elicited from a number of locations with pursuit-responsive neurons. At 
these coordinates, we elicited saccadic movements, skeletal movements (at one location in the left hemisphere of monkey 
HZ), or did not elicit eye movements. Right hemisphere of monkey HZ was distorted by a brain edema that developed 
during recording. 

teristic SEM direction that is relatively independent of stim- 
ulation current (Gottlieb et al. 1993). 

The significant correlation between elicited SEM direc- 
tions and the optimal directions of pursuit neurons at the 
stimulation sites strongly supports the hypothesis that stim- 
ulation in this part of FEF elicits SEMs by activating pur- 
suit neurons and hence their connections to the pursuit 
system. The relatively large discrepancy, -40’ on average, 
between elicited SEM direction and the optimal directions 
of neurons at the stimulation sites was probably due to the 
large currents (50- 100 PA) typically required to elicit 
SEMs. These current intensities were likely to activate more 
distant neurons and fibers whose directions varied from the 
neurons we actually recorded. These currents were about 
twice those used in the saccadic FEF, where the differences 

between the directions of elicited saccades and the optimal 
directions of neurons at the stimulation sites were smaller 
than those we report (Bruce et al. 1985, Fig. 4). Errors of 
estimation of neuronal best directions caused by the broad 
directional tuning of pursuit neurons also may have contrib- 
uted to this discrepancy. 

The finding that FEF pursuit neurons represent all possi- 
ble pursuit directions, whereas FEF microstimulation 
elicits predominantly ipsilateral SEMs (Gottlieb et al. 
1993 ) suggests that ipsilaterally tuned FEF pursuit neurons 
are relatively more directly involved in pursuit generation 
than the contralaterally tuned units. The latter neurons 
may serve instead to inform the ipsilateral FEF of ongoing 
contralateral pursuit or visual motion or may be relatively 
weakly connected to the pursuit system. This hypothesis is 
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FIG. 11. Examples of individual penetra- 
tions where pursuit neurons and elicited 
SEMs were obtained. Planes and locations of 
the sections outlined here are indicated (+ ) 
in the corresponding hemispheres of Fig. 10. 
Note that the brain of monkey HZ was sec- 
tioned in a plane approximately perpendicu- 
lar to the arcuate sulcus at its most posterior 
extent, whereas the coronal plane was used 
in monkey DN. Locations of these penetra- 
tions (both in the posterior bank of the ar- 
cuate sulcus) were reconstructed on the basis 
of iron deposits made in subsequent penetra- 
tions at the same coordinates. Depths of pur- 
suit neurons (-) were obtained by compar- 
ing the depth of each recording site with en- 
trance and exit from gray matter as well as 
with the depth of the iron deposits. Top pen- 
etration ended when the electrode exited 
gray matter and no more neurons were re- 
corded, whereas the bottom track was dis- 
continued while the electrode was still in 
gray matter. Expanded drawings of the 
tracks (right) show the neurons’ preferred 
tracking directions (-) ) and the elicited 
SEM directions (- - --+ ) . Note that the pre- 
ferred directions of these neurons could be 
contralateral or ipsilateral relative to their 
hemisphere and that SEMs were elicited 
from a subset of sites with pursuit neurons, 
whereas at other sites no eye movements 
were elicited ( X ). When obtained, elicited 
SEMs were usually directed along the pre- 
ferred tracking directions of neurons at the 
stimulation site. 

consistent with the finding that unilateral FEF lesions com- Komatsu and Wurtz 1989), but the pursuit neuron popula- 
promise primarily ipsilateral pursuit (MacAvoy et al. tions in these areas show little or no bias for ipsilateral direc- 
1991). tions (Komatsu and Wurtz 1988). Similar results are ob- 

Similar to the findings in FEF, lesions and microstimula- tained in the DLPN (May et al. 1985, 1988; Mustari et al. 
tion in MST and the fovea1 representation of area MT pri- 1988 ) . A clear bias in neural responses first appears in the 
marily affect ipsilateral pursuit (Dursteler and Wurtz 1988; cerebellum, with ipsilateral pursuit preferred by 80% of the 
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the eye’s orbital position, with a median direction of 207” (+ ). Horizontal and vertical eye velocity traces ( bottom right) of 
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cell’s responses were shown in Fig. 2. 

floccular Purkinje cells (Lisberger and Fuchs 1978; Stone 
and Lisberger 1990a,b) and 60% of the vermal pursuit cells 
(Suzuki and Keller 1988a,b). It would be interesting to 
know if the ipsilaterally tuned FEF cells provide most of the 
corticopontine fibers from the pursuit part of FEF. The 
ultimate laterality of the multisynaptic pathway from pur- 
suit-FEF through the pons to cerebellar cortex also needs to 
be determined. 

Coding of pursuit velocity 

Many FEF pursuit neurons were sensitive to tracking ve- 
locity, their responses increasing with target velocities in the 
range tested ( 2.5-50° /s). The lack of an “optimal” velocity 
for pursuit neurons (at least in the optimal velocity range 
for smooth pursuit eye movements) (see Lisberger et al. 

1987) suggests that pursuit magnitude is coded by the in- 
tensity of neural activity (“rate code”) and not by the loca- 
tion of neural activity (“place code”). This rate code hy- 
pothesis is consistent with our previous finding that elicited 
SEM velocities and accelerations are increasing functions 
of the stimulation current intensity and thus are not con- 
stant at a given site (Gottlieb et al. 1993). However, it is 
unclear whether the neurons’ increasing response rates with 
increasing target speed reflected the higher pursuit veloci- 
ties or the higher eye accelerations elicited by faster targets. 
In addition, because the monkeys’ pursuit gain (the ratio of 
eye velocity to target velocity) generally decreased with 
higher target velocities, thereby producing larger retinal 
slips, these increasing responses may have reflected a sensi- 
tivity to retinal slip magnitude. 

The velocity sensitivity (the linear regression slope) of 
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FIG. 13. Relationship between the preferred tracking direction of pur- 
suit neurons and the direction of electrically elicited SEMs. For each of 17 
sites, the median direction of the elicited SEM is plotted against the pre- 
ferred tracking direction of a neuron recorded at that site. Directions of 
right hemisphere sites were mirror reversed so that ipsilateral directions fall 
between 90” and 270’ for both right and left hemisphere sites. Preferred 
tracking direction either was estimated using the interactive versions of the 
constant velocity or sinusoidal tracking tasks ( 7 sites, o) or was determined 
from Gaussian fit of quantitative data ( 10 sites, l ) . As explained in the 
text, the circular correlation coefficient r+ (Batschelet 198 1, p. 179) was 
used to measure their relationship. Resulting coefficient, 0.7 1, is highly 
significant (P < 0.001 for n = 17). In contrast, the conventional correla- 
tion of the direction pairs as plotted ( Y = 0.89) exaggerates their agreement 
because for some directions an equivalent value >360 was used to empha- 
size their relation in the plot. 

FEF pursuit neurons, 0.24- 1.42 spikes l s-’ . deg-’ . s-l, 
was similar to the sensitivities of floccular gaze velocity Pur- 
kinje cells (0.90- 1.02 spikes l s-l l deg-’ l s-’ ) (Lisberger 
and Fuchs 1978; Stone and Lisberger 1990a) and of DLPN 
eye movement neurons (0.2-2.0 spikes l s-l l deg-’ . s-l) 
( Mustari et al. 1988). FEF neurons responded better to 

higher tracking velocities than posterior parietal pursuit 
units, which are maximally sensitive to tracking velocities 
up to 10’ /s and saturate thereafter (Kawano et al. 1984). 

The use of a rate code to represent tracking velocity in the 
pursuit part of FEF contrasts with the saccadic part of FEF, 
where both saccade directions and amplitudes are repre- 
sented in place codes ( Bruce and Goldberg 1985; Robinson 
and Fuchs 1969). This difference may reflect a closer partic- 
ipation of pursuit-FEF neurons in the ongoing control of 
smooth-eye movements. Saccadic-FEF neurons can trigger 
saccades but are not thought to control directly the dura- 
tion or velocity profile of the saccade via the duration or 
intensity of their burst ( Segraves and Park 1993 ) . Instead, 
saccade amplitude is represented in a topographic manner 
across the saccadic FEF: small saccades are represented 
ventrally and deep in the sulcus whereas large saccades are 
represented dorsally and near the sulcal lip (see Bruce et al. 
1985 ). This difference in the coding of the eye movement’s 
magnitude dimension ( smooth-velocity / saccade-ampli- 
tude) may help explain how the pursuit FEF can be so 
much smaller than saccadic FEF, the explanation being 
that pursuit FEF only represents one parameter (pursuit 
direction) with a place code whereas saccadic FEF appears 
to represent all combinations of two parameters (saccade 
direction and size) with a place code. 

Coding of pursuit initiation 

Most FEF pursuit neurons began responding before the 
onset of the pursuit eye movements indicating that they 
could participate in pursuit initiation. This possibility is 
supported by the finding that stimulation in this part of 
FEF elicits SEMs from stationary fixation and that in- 
creases in stimulation current increase smooth-eye accelera- 
tion (Gottlieb et al. 1993 ) . 

The finding that lead times of neuronal responses relative 
to pursuit onset tended to be longer at sites with elicited 
SEMs than at those with no elicited eye movements lends 

Smooth Pursuit Anatomical Structures and Pathways 
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FIG. 14. Cortico-ponto-cerebellar circuitry thought to underlie the smooth pursuit system in the primate. Diagram 
follows Fig. 4.6 of Leigh and Zee ( 199 1). FEF connectivity, including the feedback to the extrastriate box, is based on known 
connections of the saccadic part of FEF and of the general FEF region without physiological specification; further delineation 
of specific cortico-cortical and cortico-pontine pathways involving FEF awaits tracer injections into the smooth pursuit part 
of FEF. LGN, lateral geniculate nucleus; MT, middle temporal area; MST, medial superior temporal area; DLPN, dorsolat- 
era1 pontine nucleus; DMPN, dorsomedial pontine nuclei. Additional structures could be included at most levels. At the 
cortical level, motion sensitive neurons in the fundal superior temporal area ( FST), the ventral intraparietal area (VIP), and 
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further support to the above hypothesis. This result seems 
analogous to the finding that, in the saccadic FEF, the low- 
est thresholds for evoking saccades are obtained at sites of 
presaccadic neurons (those responding before the saccade), 
whereas higher thresholds characterize sites of purely post- 
saccadic neurons (those responding only after saccades) 
( Bruce et al. 1985 ) . The failure of this latency difference to 
reach significance in the pursuit FEF may be explained in 
part by the wide variations in response latencies among 
pursuit neurons. Alternatively, it may reflect the fact that, 
whereas FEF presaccadic neurons are believed to act pri- 
marily as triggers for stereotyped saccades, pursuit neurons 
are likely to participate in the on-line guidance of pursuit. 
Thus neurons that begin firing after pursuit onset still may 
contribute to late stages of pursuit initiation and to pursuit 
maintenance. Interestingly, some DLPN units also begin 
firing only after pursuit onset ( Mustari et al. 1988 ) . 

The present experiments do not establish whether the 
early, prepursuit responses of FEF neurons were primarily 
visual (in other words, conditional upon the pursuit target 
beginning its movement in the neuron’s receptive field) or 
primarily related to the initial smooth-eye acceleration. It is 
clear that most pursuit cells have at least a weak response to 
visual motion in the absence of pursuit; however, because 
pursuit onset is almost always visually driven and initial 
smooth-eye accelerations correlate with the retinal slip ve- 
locity immediately preceding pursuit onset (Lisberger et al. 
1987)) if these responses correlated with the retinal slip dur- 
ing the pursuit latency period, they are also likely to corre- 
late with the initial smooth-eye accelerations. 

FEF S place within the smooth-pursuit system 

As mentioned earlier, smooth-pursuit eye movements 
appear to be controlled by a cortico-ponto-cerebellar path- 
way. Although the anatomic connections specific to the 
pursuit part of FEF have not yet been described, the larger 
FEF region is connected with important parts of this 
smooth pursuit circuit. First, FEF is reciprocally connected 
with the middle temporal and middle superior temporal 
areas MT and MST (Boussaud et al. 1990; Huerta et al. 
1987; Leichnetz 1989; Stanton et al. 1994; Ungerleider and 
Desimone 1986) that appear to provide the visual motion 
information used for pursuit (Dursteler and Wurtz 1988; 
Komatsu and Wurtz 1989; Newsome et al. 1985 ). The FEF 
is also connected with the parietal lobe area VIP and tem- 
poral lobe areas FST and STP. Like MT and MST, these 
cortical areas also have many cells sensitive to visual mo- 
tion, although it is less clear that they are involved in 
smooth pursuit. The MT and MST areas appear to provide 
the visual motion information used for pursuit (Dursteler 
and Wurtz 1988; Komatsu and Wurtz 1989; Newsome et 
al. 1985). 

Like MT and MST, FEF projects to basilar pontine nu- 
clei, including the dorsolateral and dorsomedial pontine 
nuclei (DLPN and DMPN) (Huerta et al. 1986; Leichnetz 
1989; Stanton et al. 1988). Based on this connectivity, we 
located the pursuit-FEF box in Fig. 14 such that it is down- 
stream of the extrastriate motion areas and yet projects to 
the pons in parallel with them. 

In several ways, the situation of FEF in the Fin. 14 circuit 

is supported by functional, as well as anatomic, consider- 
ations. First of all, its placement in a parallel pathway agrees 
with the effects of experimentally removing FEF. In mon- 
keys, FEF lesions involving the arcuate fundus where the 
pursuit FEF is located cause profound tracking deficits 
(Keating 1993; Lynch 1987; MacAvoy et al. 199 1); how- 
ever, this deficit involves a substantial reduction in pursuit 
gain, but not a complete loss of pursuit. Moreover, there 
can be considerable, though not complete, recovery of pur- 
suit gain over several months following the lesion (Lynch 
1989; MacAvoy et al. 199 1). FEF lesions in humans also 
reduce smooth pursuit gain without eliminating pursuit 
( Pierrot-Deseilligny 1994). Similarly, the eye-tracking im- 
pairment associated with schizophrenia ( Holzman 1987; 
Levy et al. 1993), and which may reflect a frontal lobe 
dysfunction (Levin 1984; Weinberger et al. 1986), is pri- 
marily characterized by a diminished smooth-pursuit gain 
(e.g., Abel et al. 1991). 

Our physiological data so far suggests that FEF provides 
an acceleration-type signal related to pursuit initiation and 
maintenance. However, it is not clear how, in the context of 
the closed-loop pursuit system, an acceleration deficiency 
would significantly diminish asymptotic pursuit velocity. 
Grasse and Lisberger ( 1992) recently hypothesized that the 
FEF is separate from the signals used to drive pursuit, but 
can potentiate high pursuit gains by closing a “switch”, 
which completes the pursuit circuit. Thus the FEF pursuit 
responses would represent a pursuit decision, rather than a 
signal directly controlling or reflecting pursuit magnitude. 
Further research will be necessary to see if this is the mecha- 
nism by which FEF cortex helps govern pursuit gain. 
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