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SUMMARY AND CONCLUSIONS 

I. We electricallv stimulated the macaque monkey’s frontal 
eye field (FEF) region to localize and to analyze the smooth pur- 
suit eye movement representation. Rhesus monkeys were trained 
to fixate stationary spots of light, and trains of stimulation 
( usually 350-500 ms at 1 O- 100 PA ) were applied while the fixa- 
tion targets remained lit and stationary. This paradigm was used 
in a total of 485 electrode penetrations through the arcuate sulcus 
region of six hemispheres in three adult monkeys. Smooth eye 
movements ( SEMs), clearly distinct from saccades, were elicited 
at 86 sites in 53 of these penetrations. These SEMs had an average 
peak velocity of 1 1 O/s and an average latency of 39 ms. 

2. The initial acceleration and peak velocity of elicited SEMs 
increased with stimulation intensity at any given site. On the other 
hand, SEM direction was characteristic of a given stimulation site 
and did not vary with stimulation intensity. These findings indi- 
cate that SEM amplitude is coded by the intensity of neural activ- 
ity, and SEM direction is coded by the location of this activity 
within the cortex (“rate” vs. “place” codes). 

3. SEMs elicited in the presence of a stationary fixation target 
(closed-loop conditions) typically reached a plateau velocity early 
in the stimulation and maintained that velocity throughout most 
of the stimulation train. However, when retinal slip was elimi- 
nated by artificially stabilizing the fixation target on the fovea 
( open-loop conditions), the electrical stimulation caused the eye 
to accelerate for longer periods and to attain higher velocities than 
in the closed-loop condition. Eye velocities obtained at the same 
site in open- and closed-loop conditions diverged from one an- 
other - 100 ms after SEM onset, consistent with the visual latency 
of the pursuit system. These findings suggest that the FEF primar- 
ily conveys an eye acceleration signal, rather than an eye velocity 
goal, to the pursuit system, and that this signal can be affected by 
visual retinal errors before effecting the smooth eye movements. 

4. SEMs were elicited from a small portion of the arcuate fun- 
dus and neighboring posterior bank lying directly posterior to the 
principal sulcus. Functionally, this SEM region was surrounded 
by the saccadic FEF and by somatic premotor cortex. 

5. Even though ipsilateral. contralateral, and vertical SEMs 
were elicited, the distribution of SEM directions was skewed to- 
ward ipsilateral movements. This tendency was more pronounced 
for sites in the arcuate fundus, whereas SEMs elicited from the 
posterior arcuate bank were often directed contralaterally and ver- 
tically. These tindings are consistent with the predominantly ipsi- 
lateral smooth pursuit deficits obtained after FEF lesions involv- 
ing the arcuate fundus. 

6. At some sites, the direction of the elicited SEM changed as a 
function of initial orbital position. Quantitative analysis revealed 
that the magnitudes of these orbital perturbations varied continu- 
ously across stimulation sites. SEMs elicited in the posterior bank 
tended to have larger orbital perturbations than those elicited in 
the arcuate fundus: however, this difference may have reflected 
the larger stimulation currents that were used at posterior bank 
relative to fundus sites. 

7. These fmdings show that a restricted periarcuate region lo- 
cated in the arcuate fundus and in the neighboring posterior bank, 
between the saccadic FEF and the somatic premotor cortex, is 
likely to be involved in the execution of smooth pursuit. We hy- 
pothesize that this region contributes to smooth pursuit initiation 
and to the specification of smooth eye acceleration. 

INTRODUCTION 

The primate frontal eye field (FEF) is defined as that 
portion of the dorsolateral prefrontal cortex from which 
rapid eye movements can be elicited with low-intensity in- 
tracortical microstimulation. Anatomically, this definition 
corresponds with the tissue along the anterior bank and 
part of the lip of the arcuate sulcus (Bruce et al. 1985; 
Huerta et al. 1986, 1987; Stanton et al. 1988), which is also 
distinguished from neighboring areas by cytoarchitectonic 
criteria (Stanton et al. 1989). Many observations strongly 
argue that the FEF is an important component of the sac- 
cadic oculomotor system. Thus the rapid movements elic- 
ited from this area are indistinguishable from natural sac- 
cades (Robinson and Fuchs 1969). Most neurons in this 
region respond in relation to visually guided saccades 
( Bruce and Goldberg 1985) and their presaccadic move- 
ment fields are in register with the directions of elicited 
saccades obtained at their sites (Bruce et al. 1985). Finally, 
lesions of this area can create deficits in the planning and 
execution of saccades (Bruce and Borden 1986; Deng et al. 
1986; Latto 1978) especially when combined with lesions 
of other structures ( Lynch et al. 1986; Schiller et al. 1980). 

More recent reports suggest that the FEF also participates 
in the control of smooth pursuit eye movements, a class of 
slow, prolonged eye movements distinct from saccades and 
specialized for fovea1 tracking of moving visual targets. 
Thus FEF ablations degrade smooth pursuit gain (Lynch 
1987, 1989; MacAvoy et al. 199 1) and the ability to track 
predictively (in anticipation of, rather than in response to 
visual target motion; Keating 199 1; MacAvoy et al. 199 1). 
A region buried in the arcuate sulcus, lying in or near the 
saccadic FEF, seems to be most critical for smooth pursuit, 
because destruction of the arcuate fundus is necessary for 
obtaining pursuit deficits ( MacAvoy et al. 199 1). Whereas 
unilateral FEF ablations primarily affect contralateral sac- 
cades, they primarily impair smooth pursuit directed ipsilat- 
era1 to the effective lesion ( MacAvoy et al. 199 1). 

Little is known so far about smooth pursuit physiology in 
the periarcuate region. In the course of mapping the sac- 
cadic FEF, Bruce et al. ( 1985) reported that microstimula- 
tion at several sites deep in the arcuate sulcus elicited 
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smooth, rather than saccadic eye movements. In the pres- 
ent experiments we used intracortical microstimulation to 
more completely delineate and localize the periarcuate 
smooth eye movement (SEM) representation and to ana- 
lyze the mechanisms underlying this region’s possible in- 
volvement in smooth pursuit. Our findings show that SEMs 
can be electrically evoked from a small region in the fundus 
and posterior bank of the arcuate approximately at the level 
of the principal sulcus. These SEMs are predominantly, al- 
though not exclusively, directed toward the stimulated 
hemisphere. Several characteristics of the elicited SEMs 
suggest that the stimulation effects primarily smooth eye 
acceleration and does not mimic or substitute for a target 
velocity signal. 

Preliminary reports of these experiments have appeared 
previously (Gottlieb et al. 199 1; MacAvoy et al. 1988, 
1991). 

METHODS 

Slrrger~ und animal c’uw - 
Three adult female rhesus monkeys ( A~U~YKU mrrlu~tu) were 

prepared for chronic single-neuron recording and microstimula- 
tion in aseptic surgical procedures under pentobarbital sodium 
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 then secured with nuts above the skull. 
The chamber, bolts, connector for the search coil, and a steel re- 
ceptacle for attaching the monkey’s head to the monkey chair 
were bound together with dental acrylic. During l-2 wk of postop- 
erative recovery, monkeys were given extra fruit and analgesics 
(pentazocine lactate 5 mg/ kg im or oral Tylenol) as indicated. 
After several months of recording in the right hemisphere, a record- 
ing cylinder was placed over the left frontal lobe in a shorter addi- 
tional surgery. 

Bchaviorul methods 

During experimental sessions, the monkeys sat in a primate 
chair with their heads restrained, facing a gray tangent screen 57 
cm in front of them. Visual targets (red lights ~0.5’ diam) were 
back-projected and moved on this screen by an X-Y mirror sys- 
tem. A PDP-1 1 computer presented the visual targets, rewarded 
correct behavior, gated the microstimulation trains, and stored the 
eye movement traces and unit activity. All experiments were con- 
ducted in low-level background illumination. During the course 
of experiments, the monkeys obtained liquid to satiety each day 
by performing oculomotor tasks and were given limited access to 
water in their home cages. 

The monkeys were trained on a battery of fixation, saccade, and 
smooth pursuit tasks, and the data presented here derived primar- 
ily from two fixation tasks: 

STIMULATION DURING FIXATION. The computer presented a 
stationary spot of light and gated the stimulation trains (typically 
250 or 500 ms) after the monkey fixated this target for a variable 
interval of 0.5- 1.75 s (see below for specifics of stimulation param- 
eters). The fixation requirement was relaxed during stimulation; 
however, the monkey was required to reobtain the target after the 
end of the stimulation train and fixate it for an additional interval 
of 0.25-0.5 s, after which the trial was terminated with a juice 

reward. The fixation target location was determined either by an 
experimenter-controlled joystick or by a coordinate array speci- 
fied at the beginning of each experiment. Except for experiments 
wherein the fixation location was systematically varied to examine 
orbital perturbations of the elicited movements, this location was 
generally kept constant during a given experiment, typically near 
the monkey’s primary position. 

STIMULATION DURING FIXATION AND STABILIZATION. This 
task was identical to the fixation task, except that the fixation light 
was electronically stabilized on the fovea for the entire length of 
the stimulation train. Several steps were taken to ensure accurate 
stabilization. I) The eye coil calibration was rechecked before 
each stimulation and stabilization experiment. 2) All trials began 
with the target near the center of the screen. 3) Control trials using 
zero current were tested. 4) Trials that showed evidence of calibra- 
tion errors, such as small saccades made during stabilization, were 
omitted from the analysis. 

Additional data was obtained by stimulating during spontane- 
ous behavior, that is, when the monkey was not performing a task. 
We did this while directly observing the monkey’s eyes and body 
to establish that the elicited eye movements, monitored in one eye 
only, were bilateral and conjugate, and to test for elicited skeletal 
movements. Because eye records taken during spontaneous behav- 
ior were often difficult to interpret, little quantitative data from 
this condition is included in the present paper. 

Ph vsiologicul met hod&r r 
Horizontal and vertical components of eye position were re- 

corded using the search coil method ( Robinson 1963 ) and differ- 
entiated using an analog circuit to obtain horizontal and vertical 
eye velocity traces. The signals were calibrated while the monkey 
fixated small lights at different locations on the screen. Position 
and velocity signals were sampled by the computer at a rate of 500 
Hz and stored for off-line analysis. 

Single units were isolated, and stimulation was delivered 
through glass-coated tungsten or Elgiloy electrodes with tip expo- 
sures of lo-20 pm (tungsten) or 20-50 ,ccrn ( Elgiloy ) and in vivo 
impedances of 0.5-2 mQ at 1 kHz. Stimulation consisted of 75 to 
500-ms trains of biphasic (negative-positive) pulse pairs with 0.2- 
ms duration per pulse and 300-Hz frequency. Current was moni- 
tored by measuring the voltage drop across a 1 -k62 resistor in series 
with the microelectrode. Currents < 100 ,uA were routinely used 
during the search for elicited SEM: currents between 100 and 150 
PA were used at a small minority of sites. 

Electrodes were introduced through the intact dura and ad- 
vanced through the cortex using a Narishige microdrive hydraulic 
system with a micrometer scale. In rnonkq~s HN and DN, we 
positioned electrodes relative to the millimeter grid affixed to the 
microdrive stage. In monkq~ if%, 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 orthogo- 
nal axis determined the brain surface coordinates, and the elec- 
trode was advanced into the cortex through a guide tube (fine- 
gauge stainless steel hypodermic tubing) inserted at the desired 
grid coordinates before each recording session. This system re- 
duced the variability in electrode paths arising from different elec- 
trode bends and penetration angles, and it improved the accuracy 
and reproducibility of penetrations, especially for sites deep in the 
sulcus. 

During each penetration, we recorded neuronal activity and 
tested microstimulation at intervals of <0.5- 1 mm; we stimulated 
at intervals ~0.25 mm above and below any site from which SEMs 
were elicited. At the majority of the SEM sites, we recorded single- 
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or multiunit activity before stimulation and thus were assured of 
stimulating the cortical gray and not the underlying white matter. 

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). At the 
completion of the experiments, each monkey received an over- 
dose of pentobarbital sodium and was perfused transcardially with 
saline followed by a 1.25% glutaraldehyde- 1 .O% paraformalde- 
hyde mixture. The brains were sectioned at 40 pm on a freezing 
microtome. The brain of one monkey (DN) was sectioned in the 
coronal plane; each hemisphere of the other two monkeys was 
sectioned approximately perpendicular to the aicuate sulcus at its 
posterior 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. 

E vc rmmi unu/ ysis . - 
Stored records of eye movements were analyzed on a Micro 

VAX computer. Horizontal and vertical smooth eye velocity 

traces were generated by removing saccades and interpolating eye 
velocity through the saccadic period. Horizontal and vertical 
smooth eye acceleration traces were generated by differentiating 
these smooth velocity traces. For each trial, the polar direction of 
SEM was defined as the arc tangent of the average horizontal and 
vertical smooth velocities across the stimulation period, and the 
“peak” SEM velocity was defined as fastest 100 ms of polar veloc- 
ity. The median polar direction and median peak velocity were 
then calculated from blocks of 5- 15 identical trials. 

For selected sets of trials, we also computed “median profiles” 
of eye velocity and acceleration by I) dividing each elicited SEM 
into 25-ms bins, 2) measuring the average horizontal and vertical 
eye velocity and acceleration in each bin, and 3) for each bin, 
taking the median velocity and acceleration across a block of trials 
with identical experimental conditions. Initial eye acceleration 
was measured by averaging the second, third, and fourth median 
values ( spanning the epoch of 25- 100 ms after stimulation onset). 

RESULTS 

Characteristics ofelicited SEM . 

In this paper, we consider data obtained in a total of 485 
electrode penetrations through the periarcuate regions of 

Elicited smooth movements 
Site HN05 1 

Horizontal 0” - 
eye & 
target 
poSi tion -10” - 

Vertical 
eye & 
target +lO” - 
position 

Horizontal ;z;ocity 

eye +5oo’s -::L% Vertical 

vcloci ty ahnO .003-5 

-5O”/s - 

5 additional trials 
horizontal eye velocity 

+5O”/s - 

I I I I I 

Elicited saccadic movements 
Site HN143 

+5” - 
\ \ / 

+O” - 

+15” 

+5” - 
- - 

1m 
J- - 

- 

5 additional trials 
vertical eye velocity 

FIG. 1. Smooth and saccadic eye movements 
elicited at 2 separate sites in the right hemisphere of 
monkq~ I/N. For both the smooth eye movement 
( SEM ) site ( k,fi ) and the saccadic site ( rQ@ ), posi- 
tion and velocity traces of 1 trial (first 4 rows) are 
followed by superimposed velocity traces from 5 
additional trials (hot~ot~~ row). All eye velocity 
traces are truncated at *50”/s, and for all trials 
shown, the microstimulation trains (shaded bars) 
lasted 250 ms. Note the clear distinction between 
the relatively slow, prolonged SEMs on the kfi and 
the staircases of much faster, discrete saccades on 
the right. For both position and velocity traces, the 
positive (upward ) deflections represent right or up, 
and the negative ( downward ) deflections represent 
left or down. Note that the elicited SEMs are directed 
ipsilateral to the stimulated hemisphere. The fixation 
target remained on throughout the duration of these 
records and was refixated by voluntary return sac- 
cades made after the stimulation train ended. Note 
the difference in the timing of the refixation saccade 
for the saccadic and SEM site. Prolonged stimulation 
at the saccade site appeared to delay the refixation 
saccade, which seldom occured until 150 ms after 
the stimulation train ended. In contrast, refixation 
saccades occured immediately after stimulation at 
the SEM site and sometimes during the stimulation 
(see superimposed traces at the bottom). 

0 100 200 300 400 ms 0 100 200 300 400 500 ms 

Stimulation: 250 ms @ 30 PA Stimulation: 250 ms @ 50 PA 
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six hemispheres in three rhesus monkeys. SEMs were elic- 
ited at 86 different locations (“SEM sites”) in 53, or nearly 
1 lo/o, of these penetrations. (We distinguish between 
“SEMs” elicited by microstimulation and “smooth pursuit 
eye movements” made when tracking moving targets.) 

Figure 1 contrasts typical elicited SEMs with elicited sac- 
cades obtained at two separate locations in the right hemi- 
sphere of rvlonkq HN. As shown in the figure, the elicited 
SEMs were relatively slow, continuous movements that 
lasted as long as the stimulation train. In contrast, elicited 
saccades were fast and brief, similar to natural saccades 
(Robinson and Fuchs 1969). Prolonged stimulation did 
not prolong the elicited saccades as it did the elicited SEMs. 
Instead, it either triggered a single, brief saccade, or pro- 
duced a staircase of several discrete movements characteris- 
tic of the site, as shown in Fig. 1. At 16 of our SEM sites, 
small, single saccades were also elicited; these saccades typi- 
cally preceded, and were clearly distinct from, the elicited 
SEMs. 

The distributions of velocities and latencies of elicited 
SEMs are shown in Fig. 2. Because fovea1 target stabiliza- 
tion can lead to higher SEM velocities (see below), and 
because we did not systematically test the effects of stimulat- 
ing during spontaneous behavior (without a fixation tar- 
get), only SEMs elicited with the standard stimulation task 

NulnbeI- 

0 1‘ 

sites 

N=66 
mean=1 1.1 
median= 10.0 

Elicited smooth eye movement velocity (deg/sec) 

N=SO 
mean=39.2 
median=M.S 

20 40 60 80 100 
Elicited smooth eye movement latency (ms) 

120 

FIG. 2. Elicited smooth eye movement ( SEM ) velocities and latencies. 
The distribution of elicited smooth velocities (WI?) and of latencies to the 
start of the elicited smooth movement (hottom) for 66 SEM sites (for 
selection criteria, see text) are shown. For each site, the best (fastest) set of 
eye movements obtained with stationary, nonstabilized fixation targets 
and with currents 5 100 PA was used. Velocities are the median across 
trials of the peak smooth velocity. Latencies (from the onset of the stimula- 
tion irain) were measured from averaged velocity traces computed from 
the same sets of records. Sixteen sites where short-latency saccades were 
elicited along with the elicited SEM were excluded from the latency histo- 
gram. The SD of the latency distribution was 17.8 ms. 

( in the presence of a stationary fixation target) were in- 
cluded in these histograms. To avoid oversampling, we fur- 
ther excluded sites separated by ~0.25 mm along the elec- 
trode track. For 64 ofthe 66 sites thus selected, we chose the 
best (fastest) sets of SEMs elicited with currents 5 100 PA, 
and at the remaining two sites, we chose records taken with 
125 and 140 PA (with eye velocities ~7” /s). The velocity 
distribution thus obtained is skewed toward 5-10°/s, with 
mean of 11.1 O/s and median of lO.O”/s. 

We measured SEM latencies from the velocity traces of 
the averaged eye records of 50 of these 66 SEM sites at 
which no saccades were also elicited (bottom histogram). 
Average latency was 39.2 ms after stimulation onset 
(SD = 17.8). 

Dependence of‘SEM acceleration and velocity c 
on current intensity 

In contrast with saccades elicited from the FEF, whose 
dimensions (velocities, amplitudes, and directions) do not 
vary much with stimulation intensity (Robinson and Fuchs 
1969), the velocities and initial accelerations of elicited 
SEMs usually increased with current intensity at a given 
stimulation location. SEM directions, on the other hand, 
remained constant for a given site over the same intensity 
ranges. Figure 3 illustrates this finding at one site from the 
left hemisphere of rnonkeJ1 IIN. At this location, the hori- 
zontal eye velocity and hence the total horizontal excursion 
monotonically increased with current intensity, whereas 
vertical velocity remained close to zero for currents be- 
tween 10 and 75 PA. Elicited movement direction thus re- 
mained horizontal, close to 1 SO0 (to the left). Fitting the 
plot of peak eye velocity versus current (last panel) gave a 
correlation coefficient of 0.95 and a linear regression of 
0.27O l s-l l PA-‘, indicating an increase of ~7~ /s for each 
25-PA increment. 

The dependence of peak eye velocity on current at 11 
SEM sites is shown in Fig. 4, top, and the corresponding 
initial eye accelerations (measured between 25 and 100 ms 
after stimulation onset) are plotted in the bottom part of the 
figure. For clarity of presentation, sites are divided into 
those with peak velocities below or above 10” /s (“low”- 
and “high’‘-velocity sites). At eight of these sites, experi- 
ments were conducted with stationary fixation targets, and 
at the remaining three (asterisks) fixation targets were sta- 
bilized on the fovea during stimulation. Eye velocities in- 
creased monotonically at most sites, with correlation coeffi- 
cients ranging from 0.10 to 0.98 ( mean of 0.74) and exceed- 
ing 0.70 at all but two of these sites. The average slope of all 
11 regressions was 0.13’ l s-l l PA-* (range -0.01 to 0.35) 
showing that, on the average, eye velocity increased by 3’ /s 
for each 25-PA increment in current intensity. However, 
the effects of increasing current intensity appeared to di- 
minish with higher currents, particularly at high-velocity 
sites. 

Eye accelerations in most of these experiments also in- 
creased with current intensity. At a given site, acceleration 
and velocity often had similar profiles (corresponding sym- 
bols in top vs. bottom panels in Fig. 4), suggesting that 
much of the velocity changes were due to changes in the 
magnitude of the initial eye acceleration. The average lin- 
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FIG. 3. Effects of current intensity on elicited smooth eye movement (SEM) at 1 site. First 5 panels: eye position traces of 
representative individual records and “median velocity profiles” (see METHODS) of SEMs elicited at different current intensi- 
ties. Horizontal (leftward) eye velocity increased with current intensity, whereas vertical velocity remained close to 0, 
maintaining a constant direction ( - 180” ) for the elicited SEM. Last panel: plot of median peak eye velocity as a function of 
current intensity. The stimulation site was located in the left hemisphere of monkey HIV. 

Low velocity sites High velocity sites 

0 HVO24 0 HN240 A DNlOo H HN051 0 HN286 A DN303* 

0 HN122 3~ HN243 A HN199 0 DN302* 0 DN305* 
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6 _ 

(deg/sec) 

4- 
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acceleration 
(deg/sec/sec) 60 - 

Current (pA) Current @A) 

36.5 - 
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FIG. 4. Effects of current intensity on elicited smooth eye movement (SEM) velocity and acceleration. Median peak eye 
velocities (to1p) and eye accelerations in the first 75 ms of movement (bottom) are plotted for 1 1 sites tested with different 
current intensities. Sites are grouped into those with peak eye velocities below and above loo/s (/qfi and right columns, 
respectively). At the 3 sites indicated by asterisks ( right column), the experiments were conducted with foveally stabilized 
fixation targets: at all other sites, the fixation targets were stationary. 
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ear-regression slope across all 11 sites was 0.74” l s-l l ,uA-’ the foveally stabilized target, however, the eye continued to 
(range 0.25-l .86), indicating an average increase of accelerate throughout the stimulation epoch and reached a 
18O . s-l l s-l for each 25-PA increment. peak velocity of >30” /s. The stabilization did not affect 

elicited SEM direction, which, in this example, remained 

The above findings suggest that the FEF contains an in- 
tensity-coded signal of either an eye velocity goal or of in- 
stantaneous eye acceleration. Whereas the acceleration hy- 
pothesis predicts that the eye would continue to accelerate 
throughout the stimulation train, SEMs elicited in the pres- 
ence of a stationary fixation target usually reached a plateau 
velocity well before the end of the stimulation train (see 
Figs. 1 and 3). In this paradigm, it is possible that the retinal 
slip (visual motion signal) of the fixation target, which was 
equal and opposite to the elicited SEM, partially cancelled 
the electrically induced eye acceleration command and 
caused a movement with shorter accelerations and lower 
peak velocities. The plateau velocity could thus represent 
an equilibrium between the opposing microstimulation 
and visual signals. To test this hypothesis, we compared the 
SEMs elicited in the stationary target (nonstabilized) task 
with those elicited in the stimulation-and-stabilization task, 
in which the retinal slip was eliminated by stabilizing the 
fixation target on the fovea during stimulation. 

At most sites, target stabilization had profound effects on 
the elicited SEM, as illustrated in the single trial examples 
in Fig. 5. At this site, in the nonstabilized condition, the eye 
reached a peak velocity of 7” /s soon after SEM onset. With 

Horizontal 
eye 
and target 
position 

Stimulation with stationary target 

down and to the left. 
If the target stabilization indeed unmasked an accelera- 

tion signal, we would expect to see eye accelerations lasting 
throughout most of the stimulation-and-stabilization 
epoch. Further, smooth eye velocities obtained from the 
same site in the stabilized and nonstabilized conditions 
should become different from each other at - 100 ms after 
SEM onset, at approximately the visual latency of the pur- 
suit system. To test these predictions, we compared “me- 
dian velocity profiles” (see METHODS) obtained in each of 
the two conditions at the same site. Figure 6 shows the me- 
dian profiles of horizontal eye velocity (the main velocity 
component) for five stimulation sites. Consistent with the 
above predictions, target stabilization usually caused the 
eye to accelerate longer and to reach much higher velocities 
relative to the nonstabilized condition. With the exception 
of site DN303 and possibly DN302, the eye accelerated for 
as long as the stimulation and stabilization were applied. 
Eye velocities diverged at the fourth or fifth time bins, or 
between 75 and 125 ms, at four of the sites shown, and 
between 50 and 75 ms at site DN302. These observations 
are consistent with the hypothesis that the electrical stimula- 
tion produces mainly a signal of eye acceleration, which is 
then modified by retinal visual feedback. 

Figure 7 compares the peak eye velocities obtained in the 

Stimulation with foveally-stabilized target 

End of 

+lS”--- - stabilization 

+ls”- 
Vertical 
eye 
and target 
position -15” - - 

+lO”/s - 
Horizontal 
eye 
velocity 

FIG. 5. Effects of fovea1 stabilization on elicited smooth eye movement (SEM ). The eye traces show 1 trial in which 
stimulation was applied with a stationary fixation target (l& and 1 trial with the fixation target foveally stabilized during 
stimulation delivery (r$~). In the stabilized condition, the eye velocity steadily increased throughout the stimulation and 
reached much higher values than in the nonstabilized experiment (peak velocities of 30 vs. 7”/s). This stimulation site was 
located in the left hemisphere of rnonkq DIV. Conventions as in Fig. 1. 
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Site DN302 Site DN303 Site HZ1 18 

Horizontal 
eye 
velocity 
(deghec) 

Horizontal 
eye 
velocitv 
(deg/sec) 

Site DN305 Site DN320 

stimulation with 
stationary target 

stimulation with target 
stabilized on fovea 

end of 
train 

stimulation 

FIG. 6. Median velocity profiles obtained with and without fixation target stabilization. The absolute values of the 
horizontal (the main) velocity components at 5 sites that showed large effects of stabilization are plotted in each panel; 500 
ms of eye movement are always plotted, although the stimulation could last 250 or 500 ms (+ ). Note that, in most cases, eye 
velocity continued to increase throughout the stimulation in the stabilized ( l ) but not in the nonstabilized experiments (o), 
and that the velocities in the 2 conditions typically diverged from each other between 75 and 100 ms after stimulation onset. 

stabilized and nonstabilized conditions at fifteen SEM sites. 
Each point represents one site, and the abscissa and ordi- 
nate represent eye velocities for sets of records obtained 
without and with target stabilization, respectively. The 45’ 
line illustrates these points’ expected distribution had the 
SEM velocities in both conditions been equal. Stabilization 
was effective for most sites with nonstabilized eye velocities 

40-- 

above -8’ /s, with much smaller effects at sites with lower 
velocities. This is to be expected if the decrement in eye 
velocity (and the benefit resulting from stabilization) were 
related to retinal slip magnitude, which was equal to the 
elicited SEM velocity in the nonstabilized condition. Elic- 
ited eye velocity was not, however, the sole determinant of 
the stabilization effects, as is seen by the wide range of ef- 
fects for movements of similar velocities. Other factors in 
addition to the velocity error signal, perhaps characteristics 
of a given site, may also influence the effects of target stabi- 
lization on the elicited SEM. 

Locations of SEM sites . 

30 - 0 
Smooth eye velocity 
elicited during fixation o! 
foveally-stabilized targets 
(deg,/sec) m  

20- 

0 

0 

IO- 

0 f? I I I I 
0 10 20 30 40 SO 

Smooth eye velocity elicited during fixation of stationary tnrgcts (deg/sec) 

FIG. 7. Eye velocities elicited with and without fixation target stabiliza- 
tion at 15 smooth eye movement (SEM) sites. The ordinate and abscissa 
coordinates for each site represent the median of the peak eye velocities for 
tests with and without target stabilization, respectively. Each point was 
obtained using identical stimulation parameters for both conditions 
(currents of 50- 100 PA, train durations of 250 or 500 ms). The 45” line 
illustrates the expected distribution if the SEM velocities elicited in both 
conditions were equal. Note that elicited eye velocities in the stabilized 
condition surpass those in the nonstabilized condition for most sites in 
which the nonstabilized velocity was larger than -So /s, with little or no 
difference between the 2 conditions for sites with lower velocities. 

The entry points of all penetrations made in five of the six 
hemispheres we studied and the elicited movements at each 
surface coordinate are shown in Fig. 8. These locations 
were reconstructed with reference to the entry points of 
penetrations directly identified by iron deposits. (Because 
of extensive tissue damage, we could not recover the iron 
deposits made at SEM sites in the right hemisphere of mon- 
key DN.) Locations are marked with an X if no eye move- 
ments were elicited in any penetration at those coordinates; 
other symbols indicate coordinates at which ocular-sac- 
cadic or smooth-or skeletal movements were elicited in at 
least one penetration. Saccades were mostly elicited from 
the anterior, and rarely from the posterior, arcuate banks. 
Skeletal movements (of the fingers, wrist, arm, shoulder, or 
face) were sometimes obtained from the posterior banks. 
SEMs were elicited from penetrations entering both banks 
within a small area (52 X 3 mm in surface projection) 
located approximately posterior to the principal sulcus in 
all five hemispheres. In all monkeys, we made repeated 
penetrations in and immediately around this region. At 
many coordinates marked as SEM in the anterior banks, we 
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x No elicited movement 
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FIG. 8. Location of the pet-iarcuate smooth eye movement (SEM ) rep- 
resentation revealed by microstimulation. These dorsolateral views of the 
frontal lobe show the entry points and the elicited movements of nearly all 
electrode penetrations made in 5 hemispheres of 3 rhesus monkeys. Maps 
were reconstructed with reference to the entry points of electrode penetra- 
tions directly identified on the basis of iron deposits or marking lesions. 
SEMs were obtained from a small portion of both arcuate banks, approxi- 
mately at the level of the principal sulcus. Saccades were obtained mostly 
from the anterior, and rarely from the posterior arcuate banks, and were 
often also elicited from sites superficial to those yielding SEMs along the 
same penetration (these penetrations are marked by l only). Skeletal 
movements (of the wrist, forearm, upper arm, shoulder, or face) were 
elicited at, or immediately posterior to coordinates yielding SEMs. At 
other locations ( marked by x ) stimulation at 100 PA failed to elicit eye 
movements. The right hemisphere of monkey II% was distorted by a brain 
edema that developed during recording. For clarity, a few penetrations in 
rnodq HIV's left hemisphere that yielded no movements or saccades are 
omitted. 

also elicited saccades in other penetrations, at more superfi- 
cial locations in the same track as that yielding SEMs, or at 
SEM sites themselves. 

Examples of reconstructed electrode penetrations that 
were marked by iron deposits immediately after eliciting 
the eye movements are shown in Fig. 9. The planes and 
locations of the sections outlined are indicated by the 
arrows in the corresponding hemispheres in Fig. 8. Beneath 
each section is the averaged SEM obtained at the location 
identified by lowercase letters in the section. In monkey 
HN, we typically accessed the arcuate fundus at the end of 
long penetrations along the anterior arcuate bank and often 

elicited SEMs immediately below low-threshold saccadic 
sites, as shown in the top kfi panel. In monkeys HZ and 
LNV, on the other hand, most penetrations coursed through 
the posterior arcuate bank and appeared to exit the gray 
matter before reaching the arcuate fundus (last 3 panels). 
In these monkeys, we elicited SEM with higher currents 
(75- 100 PA) from both superficial and deeper sites in the 
posterior bank and almost never obtained saccades in the 
same penetrations. Many penetrations yielding SEMs in 
these two monkeys entered the cortex immediately anterior 
to those from which skeletal movements were obtained 
(Fig. 8). In both arcuate banks, we recorded single neurons 
responsive during smooth pursuit at or near SEM sites. 

C’haractcristics of‘untcrior und posterior SEM sites 

We sought to determine whether the SEM elicited from 
the arcuate fundus differed from those obtained from the 
posterior arcuate bank. A small number of stimulation sites 
were directly localized as illustrated above, on the basis of 
iron deposits or of marking lesions. The remaining SEM 
sites were classified as “fundus” sites if they were obtained 
at the end of penetrations that entered the cortex through 
the anterior bank and as “posterior bank” sites if their pene- 
trations started above the posterior bank. Although the 
electrode entry points do not correspond exactly to the lo- 
cations of sites deeper in the sulcus, this classification is 
justified by our observations of directly identified penetra- 
tions and of electrode marks in the cortex showing that 
electrode tracks remained within the bank (anterior or pos- 
terior) in which they had entered the cortex throughout 
their lengths. We typically stimulated with currents of 150 
PA at fundus sites (in monkq~ HN) and with currents 
of 75- 100 PA at posterior bank sites (in monkevs DN e 
and HZ). 

DIRECTIONS. Figure 10 shows the median directions of the 
same 66 sites used in Fig. 2, now divided into posterior 
bank sites (n = 35) fundus sites (n = 27) and sites with 
unidentified locations from the right hemisphere of mon- 
k~v DN (n = 4). Directions of SEMs elicited in the left 
hemispheres were mirror-reversed to allow grouping of all 
data points as “contralateral” or “ipsilateral.” There was a 
clear difference between the direction distributions of the 
fundus and posterior bank sites. The horizontal compo- 
nents of SEMs obtained in the fundus were predominantly 
ipsilateral, and few of these SEMs had large vertical compo- 
nents. SEMs obtained from the posterior bank, on the other 
hand, were nearly as often contralateral as ipsilateral, with a 
much larger proportion having large vertical components. 
Overall, although ipsilateral SEMs clearly predominated, 
all movement directions were represented in our sample. 
VELOCITIES AND LATENCIES. Because elicited SEM velocity 
is sensitive to stimulation intensity, the wide range of stimu- 
lation intensities used had to be considered in comparing 
elicited eye velocity across stimulation sites. We used the 
ratios of eye velocity (obtained in the stationary target con- 
dition) to stimulation current as a measure of the 
“strength” of a site. These ratios did not differ significantly 
between posterior bank and fundus SEM sites. There were 
also no differences between the mean latencies of SEM elic- 
ited in the fundus and in the posterior bank. 



arcuatc /-- 

Monkey DN 
Left hemisphere 
Pass 148, 
Section 488 

site a ----------------------- H ------l l\ [ 5O 
V -- 

250 ms @ 100 pA 
adn186.001 ahn248.001 

arcuatc 

250 ms @ 50 PA 

h/lonkcy 11% 
I clt hemisphcrc 
I’asscs 146, 149, 

Monkey HZ 
Right hemisphere 
Pass 154, 
Section 330 Section 230 

site 
1 

5” 

H--------------- L 

ahz339.002 
250 ms @ 100 PA 

ahz352.001 

l Iron deposit 1 O”/s 1 mm 
I Neurons rcsponsivc 4 

0 Location of clicitcd saccadc 
+ Location, direction and velocity of clicitcd SEM 

X No movcmcnt clicitcd with currents up to 100 PA to smooth pursuit 

FIG. 9. Smooth eye movements obtained at identified locations. Examples of reconstructed electrode tracks and smooth 
eye movements obtained in 4 hemispheres are shown. Top of each panel: sections shown here are taken at the locations and 
planes indicated by arrowheads in the corresponding hemispheres in Fig. 8. Note that brains were sectioned approximately 
perpendicular to the arcuate sulcus at its most posterior point in monkeys HZ and HN and in the coronal plane in monkq 
DN (note that the section shown for monkey DN, tc~p I@$~, cuts through the posteriorly directed “spur” of the arcuate 
sulcus-see bottom of Fig. 8). All physiological data shown are from the same penetration as that on which iron deposits were 
made: however, in the bottom /c$ panel (monkey HZ, left hemisphere) data from 2 consecutive penetrations at the same 
coordinates (each identified by a deposit) are combined. On each track are indicated the locations of saccadic sites (o ), the 
locations and polar dimensions ( median peak velocities and median directions) of the elicited smooth eye movement ( SEM ) 
(-+ ), sites from which no eye movements were obtained (x ), and locations of neurons responsive during smooth pursuit 
( * ). Bottom of each panel: averaged eye traces of the SEM identified by the corresponding letter in the section. Traces are, 
from top to bottom, horizontal and vertical eye positions ( H and V) and eye velocities ( H and V). Eye position traces are 
shown with reference to initial eye position, which varied from site to site and was not always coincident with the center of 
the screen. Note the different velocity scale used for site a. Other conventions as in Fig. 1. 
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q Posterior bank sites, N=3S ments were directed contralaterally (to the left) if the initial 
n Fundus sites, N=27 eye position was rightward, and ipsilaterally (to the right) if 
0 Sites with uncertain locations, N=4 the monkey initially looked leftward. Similarly, their down- 

ward components were much diminished as the eye’s initial 
position was lowered. 

To quantify these orbital effects, we chose 5 1 sites where 
stimulation was tested with a large range of initial eye posi- 
tions along the horizontal or vertical axis, or both. At each 
site, we plotted the horizontal and vertical smooth eye ex- 
cursions during the first 250 ms of stimulation against the 
respective initial eye coordinates in each trial. We then cal- 
culated horizontal and vertical linear-regression coeffi- 
cients, Kh and K,, for each site. Because these coefficients 
were partially dependent on elicited eye velocity, we nor- 
malized them by the median velocity components (Z&r 

+------ Ipsilateral- +------ Contralateral- 

Elicited smooth eye movement polar direction (deg) 

FIG. 10. Elicited smooth eye movement (SEM) directions. The distri- 
bution of the median direction of elicited SEM obtained at 66 sites (same 
records as in Fig. 2) is shown. Directions of SEMs elicited from the right 
hemisphere are represented in a - 180”- + 180” convention. Directions of 
SEMs elicited from the left hemisphere are mirror-reversed, so that all 
SEMs can be grouped as ipsilateral or contralateral. Note that eye move- 
ments elicited from the fundus were predominately ipsilateral, whereas 
those elicited from the posterior bank were more often directed contralat- 
erally and more often had large vertical components. 

and Vvel) and multiplied the result by 100 for ease of han- 
dling. The orbital coefficients thus defined 

Horizontal coefficient = 100 * K,, / II,,, 

and 

Vertical coefficient = 100 * k; / I &, 

are plotted in Fig. 1 1, hotto~n. Negative coefficients de- 
scribe negative relationships between initial eye position 
and elicited velocity (as at site HZ067), positive coeffi- 
cients correspond to positive relations (as at HN 199)‘) and 
coefficients close to zero indicate little or no orbital effect. 

- 
Most orbital coefficients were negative, with means of 
1.20 and -0.84 for the horizontal and vertical groups, 

At some stimulation sites, the directions of elicited SEM 
clearly varied as a function of the eyes’ orbital position at 

respectively. Both coefficients were significantly smaller 
(more negative) for posterior bank than for fundus sites 

stimulation onset. Figure 1 1 shows two-dimensional repre- (horizontal coefficients: t = 2.64, df = 45, P < 0.02; vertical 
sentations of SEMs elicited from two different sites with 
different degrees of orbital perturbations. The movements 

coefficients: t = 2.94; df = 33, P < 0.0 1). Thus orbital posi- 

at site HN 199 had constant directions over a wide range of 
tion affected SEMs elicited from the posterior bank signifi- 
cantly more than it did those elicited from the arcuate 

initial orbital positions. However, at site HZ067, move- fundus. 

Orbital pert whations 

Site HN 100 (Fundus) Site I I%067 (Posterior bank) 

Hommml cocfIacnL= I  .54 
Vcrt~cdl cxxt ticmr=O.2 

! 20” ahnlY9.000 
down 

Number 
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i 
klorl/.onul cocfflcicilt=- i.?? 
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20” 
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FIG. 1 1. Orbital perturbations of elicited 
smooth eye movements (SEMs). Top: SEMs elic- 
ited from 2 stimulation sites, with different 
amounts of orbital perturbations. Individual elic- 
ited movements are shown on 2-dimensional plots, 
with eye position at stimulation onset indicated by 
the small boxes. Site HN 199, in the arcuate fundus, 
was somewhat unusual in having positive orbital 
coefficients (i.e., rightward and downward eye ex- 
cursions increased as the eye’s initial position was 
more deviated to the right or down, respectively). 
Site HZ067 (in the posterior bank) showed a large 
degree of orbital dependence and had large negative 
coefficients. BOZZOWZ : distributions of the horizontal 
and vertical orbital coefficients of SEMs obtained 
in the posterior arcuate bank and in the fundus. 
Note that most horizontal and vertical coefficients 
are negative, and that coefficients at posterior bank 
sites tend to be larger (more negative) than those 
obtained in the fundus. 

-4 -3 -2 -1 0 1 2 3 4 
Horizontal orbital coefficient Vertical orbital coefficient 
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DISCUSSION 

Until recently, it remained unclear whether electrical 
stimulation of the frontal eye field region could elicit slow 
eye movements. Several investigators reported that such 
movements could be elicited from this region in anesthe- 
tized rhesus monkeys (Crosby et al. 1952; Wagman 1964) 
and also in anesthetized marmosets and squirrel monkeys 
(Blum et al. 1982). However, Robinson and Fuchs ( 1969), 
comparing eye movements electrically elicited from awake 
and anesthetized macaque monkeys, found that intracorti- 
cal stimulation of the FEF of awake macaques never pro- 
duced “centering, smooth pursuit or vergence movements 
or nystagmus” ( p. 638). They concluded that elicited “. . . 
smooth pursuit . . . movements may all be produced by 
the combination of anesthesia and the large stimulus 
currents its use necessitates” (p. 64 1). However, while 
studying the saccadic FEF, Bruce et al. ( 1985) elicited 
SEMs, rather than saccadic eye movements, from several 
sites in awake macaque monkeys, and noted that these sites 
lay deep in the arcuate sulcus at or near locations yielding 
small saccades. 

Our results confirm and extend those of Bruce et al. 
( 1985 ). We elicited slow, continuous eye movements with 
low-intensity microstimulation ( lo- 100 PA) from a total 
of 86 sites in six hemispheres tested. Because these SEMs 
were elicited while the monkey’s eyes were stationary, 
usually fixating a target light, they are neither ocular drifts 
nor slow saccades sometimes elicited during light sleep. 
These SEMs, elicited from a small portion of the arcuate 
fundus and neighboring posterior bank approximately at 
the level of the principal sulcus, seem to define a discrete, 
functionally distinct region between the saccadic FEF and 
premotor cortex (area 6). 

Several recent experimental lesion studies have revealed 
the importance of the FEF for smooth pursuit eye move- 
ments. Comparisons of our findings with these reports 
strongly suggest that the elicited SEMs represent a physio- 
logical involvement of the periarcuate region in smooth 
pursuit rather than in other types of slow eye movements, 
such as the slow phases of the optokinetic or vestibular re- 
flexes, or unphysiological movements. Monkeys with FEF 
lesions can suffer lasting impairments in smooth pursuit 
gain and in their abilities to predictively initiate or continue 
smooth tracking (Keating 199 1; Lynch 1987, 1989; Mac- 
Avoy et al. 199 1). In agreement with the location of the 
SEM region defined by microstimulation-ventral and pos- 
terior to the saccadic FEF-pursuit deficits are not ob- 
tained with FEF lesions confined to the lip and anterior 
bank of the arcuate sulcus that spare its fundus and poste- 
rior bank ( MacAvoy et al. 199 1). In fact, this buried loca- 
tion may explain why previous physiological and lesion 
studies did not locate a smooth pursuit representation in 
the FEF (e.g., Robinson and Fuchs 1969; Schiller and Lo- 
gothetis 1987). The SEMs we elicited from this region were 
mostly ipsilateral, consistent with the predominantly ipsilat- 
era1 tracking deficits produced by unilateral lesions ofboth 
the monkey and human FEF (MacAvoy and Bruce 1989; 
MacAvoy et al. 199 1; Morrow and Sharpe 1990a,b; but see 

Keating 199 1). Finally, neurons recorded at periarcuate 
SEM sites respond in relation to smooth pursuit but not 
saccadic eye movements (present results; Bruce et al. 1985; 
Gottlieb et al. 1989, 199 1). Moreover, their responses often 
start before the pursuit movements, and their best tracking 
directions correlate with the directions of the SEMs elicited 
from the same site (Gottlieb et al. 199 1). 

The initial accelerations and the peak velocities of elic- 
ited SEMs usually increased with current intensity at a 
given stimulation site, whereas their directions remained 
independent of current intensity, characteristic only of the 
stimulation location. These findings suggest that smooth 
pursuit acceleration or velocity are coded by the intensity of 
neural activity, whereas pursuit direction is coded by the 
location of neural activity (“rate” and “place” codes, re- 
spectively). This organization differs from the saccadic 
FEF, where both saccade directions and amplitudes are 
specified in place codes ( Robinson and Fuchs 1969). Along 
with other observations, the place representation of sac- 
cades has been cited in support of the notion that the FEF 
acts primarily as a trigger for saccades, only specifying the 
overall movement metric and not other details such as its 
acceleration, velocity, duration, or trajectory ( Bruce 1990). 
In contrast, the SEM region may participate continuously 
in the specification of the acceleration, velocity, and dura- 
tion of the pursuit movements. 

Acwkrat ion VVKYUS whcit 1~ signals * 

To initiate slow eye movements from stationary fixation, 
the microstimulation may have signaled either an eye veloc- 
ity goal or an instantaneous eye acceleration. The velocity 
goal hypothesis predicts that the eye will reach a plateau 
velocity and maintain it throughout the stimulation train. 
The acceleration hypothesis, on the other hand, predicts the 
eye will continue accelerating for all or most of the stimula- 
tion train. 

Stimulation in the presence of a stationary fixation target 
(closed-loop conditions) typically caused the eye to reach a 
plateau velocity and maintain it throughout the stimula- 
tion, apparently supporting the former hypothesis. How- 
ever, when the fixation target was stabilized on the fovea, 
thus eliminating the retinal slip it had produced in the 
closed-loop condition, the eye continued to accelerate for as 
long as the stimulation train was applied. The resulting in- 
crease in eye velocity in the stabilized relative to the nonsta- 
bilized condition started - 100 ms after stimulation onset, 
close to the estimated visual latency of the pursuit system. 
These results suggest that the FEF stimulation triggers an 
eye acceleration signal, and that this signal can be modified 
by visual signals before effecting the eye movement. 

The triggering of an acceleration signal by cortical stimu- 
lation is consistent with models that postulate that the 
smooth pursuit command is elaborated in a series of succes- 
sive transformations of retinal error signals (Goldreich et 
al. 1992; Lisberger et al. 1987). Drawing from analyses of 
visually guided pursuit (e.g., Lisberger et al. 198 1 ), these 
models propose that retinal signals, mainly velocity errors 
(differences between target and eye velocities), but also ac- 
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celeration and position errors, are translated rather directly 
into smooth eye accelerations appropriate for correcting 
these errors. The acceleration signals are then integrated 
twice to obtain first a representation of smooth eye velocity 
and then one of eye position, and summed position and 
velocity commands are relayed to motor neurons. We pos- 
tulate that the FEF participates in the first of these transfor- 
mations, the derivation of smooth eye acceleration from 
visual information and from task demands. The position of 
the FEF in the brain’s smooth pursuit network is consistent 
with this hypothesis. Thus the FEF lies downstream from 
the middle temporal (MT) and medial superior temporal 
(MST) areas thought to provide most ofthe visual informa- 
tion for smooth pursuit, and it lies upstream from ponto- 
cerebellar and brain stem circuits believed to effect the accel- 
eration-to-velocity and velocity-to-position integrations 
(for reviews, see Eckmiller 1987; Keller and Heinen 199 1; 
Lisberger et al. 1987). 

Alternative smooth pursuit models propose that an inter- 
nal representation of eye velocity is added to the retinal slip 
signal, constructing a representation of target velocity with 
respect to the head relatively early in the pursuit system 
(e.g., Robinson et al. 1986; Yasui and Young 1975). This 
target velocity signal is then used as an eye velocity goal for 
the smooth pursuit controller. On the basis of their findings 
that pursuit responses of MST neurons persist in the ab- 
sence of retinal slip, Newsome et al. ( 1988) postulated that 
such a target velocity representation may be found in the 
MST. As discussed above, we do not think that electrical 
stimulation of the FEF mimics an eye velocity goal; how- 
ever, the acceleration signal provided by the FEF could 
serve as an additional input to models of this type. 

Stimulation in MT and MST produces eye accelerations 
during ongoing pursuit movements, but, unlike FEF stimu- 
lation, generally does not evoke slow eye movements from 
stationary fixation. Also unlike FEF stimulation, smooth 
eye accelerations evoked from MT and MST are insensitive 
to concomitant retinal slip (Komatsu and Wurtz 1989). 
These differences suggest that electrical stimulation of MT 
and MST activates primarily a visual motion signal, and 
that it can “take over,” or block the visual input pathway, 
thus temporarily disconnecting retinal signals from the pur- 
suit system ( Komatsu and Wurtz 1989). In contrast, elec- 
trical stimulation of the FEF leaves open the pursuit sys- 
tem’s visual feedback pathway. Thus the FEF seems to be 
one stage removed from MT and MST and to encode not a 
purely visual, but an oculomotor acceleration signal. This 
signal may combine with visual motion information in the 
dorsolateral pontine nucleus (DLPN) or in the nucleus re- 
ticularis tegmenti .pontis ( nRTP), where neurons respond 
to passive visual motion in addition to their pursuit re- 
sponses ( Keller and Crandall 1983; Mustari et al. 1988). 

Orhitul pcrf what ions of’t~licitcd SEM I 

At some stimulation sites, the directions of elicited SEMs 
varied as a function of initial eye positions, sometimes ap- 
pearing to converge toward a particular “orbital goal.” Or- 
bital effects apparently similar to the ones we report were 
described for SEMs elicited from the nRTP (Yamada et al. 

199 1) and from the cerebellum (Ron and Robinson 1973). 
This phenomenon also seems analogous with the orbital 
effects reported for elicited saccades in several structures 
(e.g., Bruce 1990; Schlag and Schlag-Rey 1990). 

A possible interpretation of these effects is that neurons 
at some stimulation sites specify an orbital goal, or end 
point for pursuit, rather than a pursuit vector. However, 
this interpretation is difficult to reconcile with the primary 
function of the pursuit system-to accurately match eye 
velocity to target velocity independently of orbital location. 
Thus pursuit neurons in the nRTP and cerebellum are con- 
ceived of as coding pursuit direction, despite the orbital 
effects on elicited SEMs mentioned above. These perturba- 
tions may reflect stimulation artifacts, such as conjoint acti- 
vation of neurons that are not normally synchronously ac- 
tive, or engagement of the pursuit system in an unbalanced 
or nonphysiological pattern. Alternatively, they may be re- 
lated to the gaze-related neural activity observed in the FEF 
( Bizzi 1968; Bruce and Goldberg 1985 ) that often coexists 
with pursuit responses in single neurons (Gottlieb et al. 
1989, 199 1). A final distinction among these possibilities 
must be based on analysis of the gaze- and pursuit-related 
neuronal responses in this region. 

The orbital effects were greater at sites located in the pos- 
terior bank than at those in the arcuate fundus. Although it 
is possible that posterior and fundal pursuit neurons have 
distinct functions and efferent targets, we cannot rule out 
the possibility that this difference was simply due to the 
higher stimulation currents used at posterior bank relative 
to fundus sites. 

Connect ions mcdiat ing the clicitcd SEMs 

As mentioned above, the main pathway for smooth pur- 
suit is thought to comprise projections from several neocor- 
tical areas (striate cortex, MT, MST, and FEF) to the pons 
and from there to the cerebellum (for reviews see Eckmiller 
1987; Keller and Heinen 199 1; Lisberger et al. 1987; Tusa 
and Ungerleider 1988). The periarcuate cortex (including 
both arcuate banks) most likely can influence smooth pur- 
suit through its projections to the pontine nuclei, especially 
to the DLPN and to the nRTP (Huerta et al. 1986; Leich- 
netz et al. 1984b; Stanton et al. 1988). The DLPN contains 
neurons responsive during smooth pursuit (Mustari et al. 
1988), its microstimulation causes smooth eye accelera- 
tions ( May et al. 1985 ), and small chemical lesions cause 
ipsilateral pursuit deficits (May et al. 1988). The nRTP has 
been implicated in smooth pursuit on the basis of similar 
evidence (Suzuki et al. 1990, 199 1; Yamada et al. 199 1). 
The DLPN and nRTP project to the flocculus and to the 
oculomotor vermis of the cerebellum (Langer et al. 1985; 
Yamada and Noda 1987) both known to be crucial for 
pursuit (Lisberger and Fuchs 1978; Ron and Robinson 
1973; Stone and Lisberger 1990; Suzuki and Keller 1988; 
Zee et al. 198 1). Finally, both arcuate banks project to the 
paramedian pontine reticular formation (PPRF; Leichnetz 
et al. 1984b; Schnyder et al. 1985) whose microstimula- 
tion produces SEMs similar in appearance to FEF SEMs 
(Cohen and Komatsuzaki 1972; Keller 1974). However, 
the slow eye movements elicited from the PPRF may not 
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The latency of SEMs evoked from the FEF, -40 ms, is 
consistent with a transcerebellar pathway, because SEMs 
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elicited from the cerebellum have shorter latencies of - 15 
ms (Ron and Robinson 1973). Smooth eye velocities ob- REFERENCES 

tained from the cerebellum are similar to the ones we ob- 
tain, typically 12- 15O /s ( Belknap and Noda 1987; Ron and 
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ments induced by electrical stimulation of the frontal eye fields of mar- 
mada et al. 199 I). In contrast, as mentioned above, micro- 
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