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SUMMARY AND CONCLUSIONS 

I. The purpose of this study was to analyze the response proper- 
ties of neurons in the frontal eye fields (FEF) of rhesus monkeys 
(Macaca mulatta) and to compare and contrast the various func- 
tional classes with those recorded in the supplementary eye fields 
(SEF) of the same animals performing the same go/no-go visual 
tracking task. Three hundred ten cells recorded in FEF provided 
the data for this investigation. 

were more restricted to the contralateral hemifield than were their 
counterparts in SEF. The temporal discharge characteristics of the 
presaccadic eye movement cells in FEF and SEF were not distin- 
guishable, however. 

2. Visual cells in FEF responded to the stimuli that guided the 
eye movements. The visual cells in FEF responded with a slightly 
shorter latency and were more consistent and phasic in their acti- 
vation than their counterparts in SEF. The receptive fields tended 
to emphasize the contralateral hemifield to the same extent as 
those observed in SEF visual cells. 

7. Postsaccadic movement cells discharged specifically after 
saccades had been initiated. These comprised a significantly larger 
proportion than in SEF. They tended to respond best for targets in 
the contralateral hemifield. In addition the onset of activity after 
the saccade was later in FEF than in SEF. 

8. No cells were recorded in this study of FEF that were modu- 
lated according to eye position. 

3. Preparatory set cells began to discharge after the presentation 
of the target and ceased firing before the saccade, after the go/no- 
go cue was given. These neurons comprised a smaller proportion 
in FEF than in SEF. In contrast to their counterparts in SET;, the 
preparatory set cells in FEF did not respond preferentially in rela- 
tion to contralateral movements, even though most responded 
preferentially for movements in one particular direction. The time 
course of the discharge of the FEF set cells was similar to that of 
their SEF counterparts, except that they reached their peak level of 
activation sooner. The few preparatory set cells in FEF tested with 
both auditory and visual stimuli tended to respond preferentially 
to the visual targets, whereas, in contrast, most set cells in SEF 
were bimodal. 

9. Although low-intensity (40 PA) electrical microstimula- 
tion of SEF as well as of FEF evokes saccadic eye movements, the 
elicited eye movements have markedly different characteristics. 
Saccades evoked by microstimulation of FEF do not vary with eye 
position, whereas those evoked from SEF do. In addition, whereas 
prolonged stimulation of FIEF often elicits a series of saccades all of 
the same vector, prolonged stimulation of most sites in SEF elicits 
a single saccade to a particular orbital position followed by main- 
tained fixation. 

4. Sensory-movement cells represented the largest population 
of cells recorded in FEF, responding in relation to both the presen- 
tation of the targets and the execution of the saccade. Although 
some of these sensory-movement cells resembled their counter- 
parts in SEF by exhibiting a sustained elevation of activity, most of 
the FEF sensory-movement cells gave two discrete bursts, one 
after the presentation of the target and another before and during 
the saccade. Like their counterparts in SEF, the sensory-move- 
ment cells tended to be tuned for saccades into the contralateral 
hemifield, but this tendency was more pronounced in FEF than in 
SEF. The FEF sensory-movement cells discharged more briskly, 
with a shorter latency relative to the presentation of the target, 
than their counterparts in SEF. In addition, the FEF sensory- 
movement neurons reached their peak activation sooner than SEF 
sensory-movement neurons. Most FEF sensory-movement cells 
exhibited different patterns of activation in response to visual and 
auditory targets 

IO. No cells were encountered that discharged specifically in 
no-go trials that required withholding the saccade. However, pre- 
paratory set cells and sensory-movement cells in FEF exhibited 
patterns of differential modulation in no-go trials that were not 
observed in SEF. Many of these neurons exhibited sustained acti- 
vation after the no-go cue until the reward was delivered. In addi- 
tion, the visual responsiveness of the phasic sensory-movement 
cells was attenuated if the no-go cue was presented simulta- 
neously. 

11. The results of this investigation indicate that, although 
there may be specific substantial differences between FEF and 
SEF, the two cortical areas also have much in common. On the 
one hand, it seems clear that FEF and SEF serve in parallel in 
generating goal-directed but not spontaneous saccades. On the 
other hand, both single-unit and microstimulation data suggest 
that SEF represents eye position in a more explicit fashion than 
FEF. Although there were several pieces of evidence showing that 
FEF responds more robustly and specifically to visual and audi- 
tory stimuli, it does not seem correct to make a rigid distinction 
between these two regions in terms of externally versus internally 
guided saccades. However, the results are consistent with the spec- 
ulation that SEF may be more involved in regulating when a goal- 
directed saccade will occur, whereas FEF may be more involved in 
targeting and initiating the gaze shift. 

5. The pause-rebound cells that were identified in SEF were not 
observed as commonly in FEF. No further analysis was therefore 
possible. INTRODUCTION 

6. Presaccadic movement neurons that discharged before goal- 
directed saccades were encountered in FEF. These cells comprised 
a similar proportion to that found in SEF. The presaccadic move- 
ment cells in FEF appeared to have smaller movement fields that 

At least two regions in frontal cortex are invol ved in gen- 
erating visually guided eye movements-the prearcuate 
frontal eye field (FEF) (reviewed by Bruce 1990; Goldberg 
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TABLE 1. Cell types recorded in FEF 

Monkey 

Cell Type M Q Total % 

Sensory 21 16 37 17 
Preparatory set 5 7 12 5 
Sensory movement 30 62 92 41 
Pause-rebound 2 1 3 2 
Presaccadic 29 21 50 22 
Postsaccadic 11 19 30 13 
Eye position 0 0 0 0 
Suppressed I1 1 12 
Modulated but unclear 32 21 53 
Unmodulated/inactive 17 3 20 

Sensory cells responded to the visual and/or auditory stimuli. Prepara- 
tory set cells discharged from the appearance of the target until the presen- 
tation of the cue to execute or withhold the movement. Sensory-move- 
ment cells discharged in association with both the appearance of the target 
and the execution of the saccade. Seventy percent of these were transient 
sensory-movement cells, which exhibited 2 discrete bursts-l for the tar- 
get and 1 for the saccade. The remainder were sustained sensory-move- 
ment cells, which displayed a sustained elevation from the target until the 
saccade. Pause-rebound cells are suppressed at the appearance of the target 
and discharge at the saccade. Presaccadic cells burst before and during 
saccades. Postsaccadic cells discharged after saccades had been initiated. 
Eye position cells would be those for which discharge varied according to 
position of eye in orbit. Suppressed cells showed reduced activity during a 
trial but could not be otherwise characterized. Modulated but unclear cells 
showed some apparently systematic modulation during the trial, but insuf- 
ficient data were collected to allow further analysis. Unmodulated/inactive 
cells did not discharge or did not modulate their activity during trial. FEF, 
frontal eye fields. Percentages represent values of task-specific modulated 
neurons. 

and Segraves 1989; &hall 199 1 a) and the dorsomedial sup- 
plementary eye field (SEF) (Mann et al. 1988; Schall 199 1 b; 
Schlag and Schlag-Rey 1987). The presence of these two 
fields implies that each makes a unique contribution to vi- 
suomotor behavior. The first step in delineating the specific 
role of each area is to compare the patterns of neuronal 
activation in both regions. Thus this paper will report the 
results of a direct comparison between neuronal activity in 
FEF and SEF of rhesus monkeys making visually and audi- 
tory-guided saccadic eye movements under the same task 
conditions. 

A preliminary report of some of these data has appeared 
(Schall et al. 1987). 

METHODS 

Two juvenile male rhesus monkeys (Macaca mulatta) provided 
the data for this investigation. They will be referred to as M and Q. 
These monkeys were also used for the SEF/supplementary motor 
area (SMA) recordings reported in the preceding paper. The ani- 
mals were cared for in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals and the 
guidelines of the Massachusetts Institute of Technology Commit- 
tee on Animal Care. The details of training, surgery, and data 
collection and analysis are described in the preceding paper. The 
reaching task was not used because preliminary results indicated 
that, at least in this paradigm, neural activity in FEF is not modu- 
lated any differently in relation to saccades made with or without 
forelimb movements. 

RESULTS 

A total of 85 penetrations into prearcuate cortex yielded 
309 cells. 224 of which exhibited activitv modulated in rela- 

tion to some component of the task. The cells could be 
separated into various groups on the basis of their modula- 
tion in relation to the different events. The number of cells 
identified in the different groups is given in Table 1. 

The locations of the penetrations made in the FEF that 
encountered visually responsive and saccade-related neu- 
rons in monkeys IM and Q are shown in Fig. 1. Visually 
responsive neurons were found over a widespread area of 
the prearcuate gyrus, as observed previously (e.g., Suzuki 
and Azuma 1983). Presaccadic movement-related units 
were encountered over the same region, although they 
tended to be concentrated in the anterior bank of the ar- 
cuate sulcus, where low-intensity microstimulation evoked 
contraversive saccades. These results are in agreement with 
recent work that delimits FEF to the rostra1 bank of the 
arcuate sulcus (e.g., Bruce and Goldberg 1985; Bruce et al. 
1985). However, neurons that discharged in association 
with saccadic eye movements were found on the crown of 
the gyrus. 

Sensory cells 

Sensory cells were distinguished by their discharge in re- 
sponse to visual or auditory stimuli combined with a lack of 
activation associated with the saccade. The neuron illus- 
trated in Fig. 2 responded specifically to stimuli falling in 

VISUALLY RESPONSIVE 
Q M 

NEURONS 

--\-- 

SACCADE RELATED NEURONS 

1 mm 

FIG. 1. Location of electrode penetrations in monkqts M (rig-h ‘) 
(left). Arc, arcuate sulcus; Pri, principal sulcus. Rostra1 is I& and 1, a 
down. Location of each penetration that encountered phasic and tonic 
visually responsive neurons is illustrated in the top 2 panels. Locations of 
penetrations that encountered neurons with a presaccadic burst are illus- 
trated in the bottom 2 pan&. Sizes of circles indicate numbers of units 
recorded at each site according to the respective legend for each monkey; 
triangles indicate penetrations in which none of these particular cell types 
were recorded. 
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FIG. 2. Sensory visual cell. Responses to the contralateral visual (A) and acoustic (B) target are shown. Neuronal activity 

is illustrated in a raster and histogram of firing frequency. Eye position traces, raster, and histogram are aligned on the time of 
presentation of the target, indicated by the 1st tick mark in the eye position trace. The 2nd tick mark indicates the time of 
occurrence of the go cue, and the inflection in the eye movement trace is the saccade to the appropriate target. Each tick mark 
on the time scale represents 200 ms, and the histogram scale bar represents 50 Hz. Trials have been sorted for display 
according to the interval between presentation of the target and execution of the saccade. 

the contralateral hemineld and was only minimally acti- 
vated by the auditory stimulus. Also notice the consistency 
of the response compared with its more variable counter- 
part in SEF (Fig. 3 of Schall 199 1 b). Seventeen percent of 
the task-related cells recorded in FEF were sensory, which 
was similar to the 16% observed in SEF. Fourteen of the 
sensory cells included the fovea in their receptive field, and 
10 of these did not respond to the peripheral targets, which 
indicates that their receptive fields extended ~8” from the 
fovea. 

Quantitative measures of FEF sensory cell responses are 
shown in Fig. 3. The relative responsiveness of the units to 
the targets in the different directions is shown in Fig. 3A. 
Cells with receptive fields restricted to the central light- 
emitting diode, of course, did not exhibit directional tun- 
ing. The mean t SE response direction bias of these units 
was 0.07 t 0.02. Although a few sensory cells with periph- 
eral receptive fields were omnidirectional, most responded 
preferentially to the target in one direction. The mean re- 
sponse direction bias for the FEF sensory cells with periph- 
eral receptive fields was 0.42 t- 0.04, which was not signifi- 
cantly different from the SEF sensory cells with peripheral 
receptive fields. The FEF sensory cells that did exhibit signif- 

icant directional tuning tended to prefer the contralateral 
targets (mean angle = 173 O, V test u = 5.08, df = 26, P < 
0.0001) (Fig. 3B). This tendency was not different between 
sensory cells in FEF and SEF (Watson U2 = 0.175). These 
results indicate that sensory cells in FEF and SEF empha- 
size the contralateral hemifield to the same extent. 

The mean response latency for sensory cells in FEF was 
77 + 8 ms (Fig. 3C). Although apparently shorter, this dis- - 
tribution was not significantly different from the onset 
times observed for sensory cells in SEF. The time between 
the onset of activity and the peak of activity, the rise time, 
for FEF visual cells (Fig. 30) averaged 48 t 7 ms, which was 
significantly shorter than the corresponding value for SEF 
sensory cells (t = 3.65, df = 94, P < 0.001). The time of 
response cessation for the FEF sensory units is shown in 
Fig. 3E; its mean value was 2 15 t 16 ms, which was also 
significantly shorter than that of SEF sensory cells (t = 3.25, 
df = 94, P < 0.0 1). Thus, in response to visual stimuli, both 
SEF and FEF initiate activity at essentially the same time, 
but neurons in FEF respond more quickly and more briefly 
than their counterparts in SEF. 

The response to visual and auditory stimuli was tested in 
only five sensory cells in FEF. Just one cell had a visual/au- 
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FIG. 3. Quantitative measures of sensory cell re- 
sponses. A: distribution of direction bias, which mea- 
sures the relative response to targets in each direction; 
it can range from 0 to 1, with 0 signifying equal re- 
sponses for all directions. Top: neurons with recep- 
tive fields that did not include the fovea; bottom: fo- 
veal receptive fields. B: distribution of preferred direc- 
tion. An angle of 0” represents ipsilateral, and 180” 
represents contralateral to the hemisphere in which 
the unit was recorded. Only cells with direction bias 
~0.1 are illustrated. C: distribution of onset times, 
which are times of inflections in the cumulative sum 
of spikes relative to the presentation of the target. D: 
distribution of rise times, which are times between 
the onset and peak of activity, which was defined by 
the steepest slope of the cumulative sum. E: distribu- 
tion of response termination times, which are times 
of 2nd inflections in the cumulative sum of spikes 
after target presentation. 

ditory response contrast ratio of 0.0, and it had a fovea1 
receptive field. The remainder were either predominantly 
visual (n = 3) or predominantly auditory (n = 1). These 
limited data, although certainly not irrefutable, are consis- 
tent with the interpretation that sensory cells in FEF are 
more modality specific than their counterparts in SEF. 

Preparatory set cells 

This class of cell was specifically active during the period 
when the eye movement can be programmed but was not 
yet executed, i.e., after the target was presented until the 
go/no-go cue was given (Fig. 4). Although tonic neurons 
have been reported in FEF (Bruce and Goldberg 1985), this 
particular pattern of modulation has not been described 
before. The cell illustrated in Fig. 4, even though it ap- 
peared to have a moderately high spontaneous discharge 
rate, displayed elevated activity after the target appeared. 
The level of activation was the same whether the target was 
visual or auditory. The activity of this neuron decayed after 
the go cue was given, and the cell was essentially silent 50 
ms before the saccade was initiated. This population com- 
prised a smaller percentage of the modulated units recorded 
in FEF (5%) than in SEF (12%). 

To identify preparatory set cells, it was necessary to delay 
the initiation of the movement relative to the presentation 
of the target. Figure 5 illustrates the pattern of activity of 
another set neuron when the delay between presentation of 
the target and of the cue was long and when it was short. 
The decay of activity in the long delay condition (Fig. 5, A 
and B) appeared the same for this neuron as it did for the 
one shown in Fig. 4. When the cue was presented immedi- 
ately after the target (Fig. 5, C and D), however, this unit 
seemed to burst just before the saccade. Close inspection of 
Fig. 5D, though, indicates that the duration of activation 
was correlated with the saccade latency. Also, whereas in 
the long-delay case the activity of this unit had decayed 
considerably within 100 ms before the saccade, in the short- 

delay case the activity was more abruptly reduced at the 
initiation of the saccade. 

A quantitative analysis of preparatory set cell activity is 
shown in Fig. 6. Set cells in FEF tended to respond preferen- 
tially for targets in one direction; the mean response direc- 
tion bias was 0.36 t 0.05, which was not significantly differ- 
ent from that observed for set cells in SEF. However, in this 
small population there was no tendency to respond prefer- 
entially for any particular direction (Rayleigh test for ran- 
domness r = 0.15, df = 11, P = 0.788). Thus, although the 
set cells recorded in FEF were as well tuned for saccade 
direction as were those in SEF, unlike in SEF there was not 
a significant tendency to respond best for contraversive 
movements. 

Three FEF set cells displayed anticipatory activity, dis- 
charging from 25 to 100 ms before the stimuli were pre- 
sented. In SEF a higher proportion of the set cells exhibited 
anticipatory activity. The average response latency for the 
FEF set cells that discharged after the target was presented 
was 93 t 13 ms (Fig. 6C). This was not different from the 
latency of FEF sensory cells or SEF set cells. The rise time of 
the FEF set cells (Fig. 6D), which was quite variable, aver- 
aged 117 t 29 ms; this was significantly longer than that of 
FEF sensory cells (t = 3.42, df = 47, P < 0.01) but was 
significantly shorter than the rise time of SEF set cells (t - 
2.46, df = 58, P < 0.02). 

The time at which their activation was terminated was 
the key feature of preparatory set cells that distinguished 
them from the other tonic neurons in FEF, the sustained 
sensory-movement cells (see below). Whereas set cells 
stopped firing after the cue but before the movement, sen- 
sory-movement cells stopped firing after the movement. 
The times of termination of activation after presentation of 
the go cue (Fig. 6E) had a mean value of 147 t 12 ms, 
which was not different from that of SEF set cells. Figure 6F 
illustrates the distribution of times of cessation relative to 
the initiation of the saccade; the average value was - 115 t 
19 ms which was not significantly diRerent from the corre- 
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. . . elevation of activity. In FEF these two patterns of modula- 

FIG. 4. Preparatory set cell. Eye position traces and rasters are aligned 
on the time of presentation of the visual target (A), the auditory target (B), 
the go cue (C), or the execution of the saccade (Q. Time scale in A and B is 
200 ms, whereas that in Cand n is 50 ms. Although there was moderately 
high spontaneous activity, presentation of either the visual or the auditory 
target elicited a clear elevation in the discharge rate. This neuron ceases 
firing after the cue and before the saccade, after which there is a period of 
suppressed activity. 

tion probably represent ends of a continuum; that is, it was 
not uncommon to find sensory-movement neurons that ex- 
hibited clearly defined bursts while also having an elevated 
discharge rate throughout the trial. In the following analy- 
sis, however, units showing additional discrete bursts for 
the target and the saccade, representing 70% of all the sen- 
sory-movement cells, were distinguished from the re- 
mainder that gave a single period of activation. 

sensory-movement cells described below. Set cells had quit 
firing by the time the saccade was initiated. 

To summarize, preparatory set cells in FEF begin to re- 
spond at the same time as their counterparts in SEF as well 
as the sensory cells in FEF or SEF. The FEF set cells reach 
their peak activation faster than SEF set cells but slower 
than FEF sensory cells; and they stop discharging at the 
same time, after the cue but before the saccade, as those 
in SEF. 

Only seven set cells were analyzed in blocks of no-go 
trials (Fig. 7). The mean time that the discharge terminated 
for this subpopulation of cells after the go cue was 112 t 50 
ms, whereas the average after the no-go cue was 291 t 50 
ms. Thus, when a saccade must be withheld, the set cells in 
FEF continued to fire for longer than if a saccade were to be 
generated. This is different from what was observed in the 
population of SEF set cells, which ceased firing as soon as 
either the go or the no-go cue was presented. 

Four set cells were recorded with both visual and audi- 
tory targets. Three were predominantly visually responsive, 
and the remaining cell responded equally to the visual and 
auditory targets. This limited data does not permit any con- 
clusions about the modality specificity of FEF preparatory 
set cells. 

Finally, all the set cells were activated specifically during 
the task. None of these units were modulated to the same 
degree for saccades in the inter-trial interval, although a few 
of the neurons exhibited a measure of activation in relation 
to occasional saccades in the intertrial interval. 

Sensorv-movement cells 4 

The largest group of the modulated neurons recorded in 
FEF discharged in association with both the presentation of 
the target and the execution of the saccade. This population 
constituted a higher proportion of the modulated cells in 
FEF (4 1%) than in SEF (28%). Examples of these cells are 
shown in Figs. 8 and 9. Two subtypes could be distin- 
guished: sustained sensory-movement cells discharged con- 
tinuously from the appearance of the target until the execu- 
tion of the saccade (Fig. 8) whereas transient sensory- 
movement cells exhibited two discrete bursts, the first after 
the presentation of the target and the second before the 
execution of the saccade (Fig. 9). These two subpopulations 
were most clearly distinguished in trials in which the presen- 
tation of the cue to move was delayed relative to the presen- 
tation of the target; otherwise, both groups of cells displayed 
a single elevation of activity. The pattern of two transient 
bursts was never observed in SEF, where, instead, all of the 
sensory-movement neurons exhibited a single sustained 

sponding value for SEF set cells. Comparing this distribu- 
tion with that shown in Fig. lOA. reveals the fundamental 
distinction between preparatory set cells and the sustained 

The quantitative analysis of the activity of FEF sensory- 
movement neurons is shown in Fig. 10. Most of the sen- 
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FIG. 5. Preparatory set cell activity with long and short target-cue delays. A and C are aligned on the presentation of the 

cue; B and D are aligned on the saccade. Time scale is 100 ms. A and B were collected with a long delay between presentation 
of the target and delivery of the go cue; the neuron ceases firing after the cue but before the saccade. C and D were collected 
with short target-cue delays. In this case the cell began to discharge - 100 ms after the target was presented and quit firing 
when the saccade was initiated. 

sory-movement cells responded preferentially for targets in 
one direction; the mean response direction bias for sus- 
tained sensory-movement cells (0.34 t 0.04) was not signifi- 
cantly different from the response direction bias for tran- 
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FIG. 6. Quantitative measures of set cell. Conventions as in Fig. 3, ex- 
cept that 2 distributions of response termination time are shown. E: distri- 
bution relative to the time that the cue was delivered; F: distribution of 
times relative to the time that the saccade was initiated. 

sient cells (0.38 t 0.02) and neither was different from SEF 
sensory movement cells. Both sustained and transient sen- 
sory-movement cells tended to respond best in association 
with saccades to the contralateral hemineld (sustained: 
mean angle = 169”, u = 1.39, df = 25, P < 0.1; transient: 
mean angle = I72”, u = 3 25, df = 60, P < 0.001). The . 
tendency of FEF sensory-movement cells to respond prefer- 
entially in association with contralateral saccades was more 
pronounced than that in SEF ( U2 = 0.6 15, P < 0.001). 
Thus, although the sensory-movement cells in FEF and 
SEF appear to have the same degree of spatial tuning, FEF 
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FIG. 7. Comparison of preparatory set cell activity in go and no-go 
trials. Horizontal tick marks in the raster display indicate the time of occur- 
rence of the labeled event. Tick mark between Go cue and Reward repre- 
sents the saccade. Contrast the decay of activity before the saccade in go 
trials with the prolonged activity in no-go trials, lasting until the stimuli 
were turned off when the reward was given. Note the especially protracted 
discharge in the 4 trials numbered 6, 10, 15, and 20 from the fop raster. 
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FIG. 8. Sustained visuomovement cell. Eye position traces, rasters, and histograms are aligned on the time of presenta- 
tion of the visual (left) and auditory (right) targets. After the visual target, this cell showed a sustained elevation of activity, 
which decayed after the saccade was in flight. After delivery of the acoustic target, the sensory component of the response was 
diminished, even though a rise in activity preceded the saccade. 

sensory-movement cells are more likely to respond to stim- 
uli in the contralateral hemifield and less likely to respond 
to ipsilateral stimuli. 

One sustained and six transient sensory-movement cells 
exhibited activity before the appearance of the target; these 
cells discharged from 20 to 100 ms before the target. The 
incidence of anticipatory activity in FEF was lower than 
that in SEF sensory-movement cells. The mean response 
latency of the sustained sensory-movement cells with posi- 
tive response latencies, 98 t 9 ms, was significantly longer 
than the onset time of the transient sensory-movement 
cells, 65 t 4 ms (t = 3.78, df = 80, P -C 0.001). However, the 
latencies of the sustained and of the transient sensory- 
movement FEF cells were not statistically different from 
the FEF sensory cell response latency. On the other hand, 
the onset time of the transient but not of the sustained FEF 
sensory-movement cells was significantly shorter than the 
onset time of the SEF sensory-movement cells (t = 5.63, 
df = 158, P < 0.001). 

Not surprisingly, the rise time of sustained sensory- 
movement FEF neurons, 104 t 17 ms, was significantly 
longer than that of the transient sensory-movement cells, 
56 t 6 ms (t = 3.37, df = 90, P < 0.01). The rise time of 
transient sensory-movement FEF cells was not different 
from the rise time of the FEF sensory cells, but the rise time 
of the sustained FEF sensorv-movement cells was longer 

than that of the FEF sensory cells (t = 3.28, df = 63, P < 
0.01). Finally, the rise times of both the sustained and the 
transient sensory-movement FEF cells were shorter than 
that of the SEF sensory-movement cells (worst case, t = 
4.96, df = 131, P < 0.001). 

To summarize these results on the activation of the vi- 
sually responsive neurons in FEF and SEF, Table 2 presents 
the sequence of activation of the different cell types in the 
two areas. It should be noted that these values can vary 
according to where the stimuli fall relative to the most sen- 
sitive part of each unit’s receptive field. Still, two points 
seem worthy of attention. First, the FEF has a consistent 
lead in responding to the visual target. Second, although the 
initial response latency for each cell class is rarely > 100 ms, 
the delay until each population of cells is fully activated is 
considerably longer. 

Two measures of response termination time were deter- 
mined: the first was measured relative to the presentation of 
the target for the transient sensory-movement cells and the 
second relative to the saccade for both sensory-movement 
types. The cessation time for the first burst of the transient 
sensory-movement FEF cells relative to the presentation of 
the target averaged 208 t 11 ms, which was not signifi- 
cantly different from the termination time of the FEF sen- 
sory cells but was significantly shorter than that of the SEF 
sensors cells (t = 4.43, df = 120, P < 0.000 1). Hence, the 
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FIG. 9. Transient sensory movement cells. A: eye position traces, raster, and histogram are aligned on the saccade. Note 
the 2 discrete bursts associated with presentation of the target and execution of the saccade. B: eye position traces and rasters 
are aligned on the presentation of the visual (top) or auditory (bottom) target. Note that, although this cell exhibited 2 discrete 
bursts associated with visually guided saccades, the 1st burst was replaced by an indistinct activation preceding the saccade- 
related burst for auditory-guided saccades. 

phasic visual response in FEF is briefer than that in SEF. ing five sustained sensory-movement cells ceased to dis- 
The sustained sensory-movement FEF cells ceased firing, charge on average 88 t 3 1 ms after the no-go cue, in con- 

on average, 92 t 13 ms after execution of the saccade. The trast to their termination at 364 t 3 1 ms after the go cue. 
second burst of the transient sensory-movement FEF cells Thus only a fraction of the sustained sensory-movement 
was concluded 87 t 7 ms after the saccade was initiated; cells in FEF resembled their counterparts in SEF during 
these values were not significantly different from one an- no-go trials. The prolonged activation that was observed in 
other or from the mean termination time of SEF sensory- most of the sustained sensory-movement cells in FEF was 
movement cells. rarely if ever seen in SEF. 

The different subpopulations of sensory-movement cells Sufficient data were collected in 35 transient sensory- 
responded in a variety of ways in no-go trials. A sufficient movement to compare responses in go and no-go trials. 
amount of data to analyze was collected in go and no-go Three of these sensory-movement units had a sustained 
trials for 15 sustained sensory-movement cells. Most (lo/ component to their response, and these cells displayed the 
15) of the sustained sensory-movement cells continued to same prolonged activation that was described above. In all 
discharge after the no-go cue until the reward was delivered. of the remaining transient sensory-movement cells there 
This is illustrated in Fig. 1 IA. These units ceased firing was little if any response after the no-go cue, as illustrated in 
when the first posttrial saccade was initiated. The remain- Fig. 12. 
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FIG. 10. Quantitative analysis of sustained (A) and transient (R) sensory-movement cells. Conventions as in Fig. 3. In 
addition, a measure of the relative responsiveness to visual and auditory stimuli is shown. Values can range from -- 1 
(exclusively auditory) to + 1 (exclusively visual). B8, top: ratio for the phasic target response; bottom: ratio for the saccade-re- 
lated response. 

In 12 of these transient sensory-movement cells, data 
were collected in no-go trials with no delay between appear- 
ance of the target and presentation of the cue. In these trials 
the go/no-go distinction was made evident at the same time 
that the target was presented. The response of 10 of these 
neurons to the target varied according to whether the simul- 
taneous cue was go or no-go. As illustrated in Fig. 12B, the 
response to the target in no-go trials was attenuated relative 
to that observed in go trials. Of all of the units subjected to 
this analysis, the cell illustrated in Fig. 12B initially gave the 

most robust response in no-go trials. Still, it is of interest to 
note that in successive no-go trials the visual response of 
this unit was reduced until, in the final no-go trials of this 
block, there was no visual response. It should be noted that 
there was also some reduction in response to the target + go 
cue during this same block of trials. Even so, the response 
attenuation was much more pronounced when the target 
was paired with the no-go cue. The remaining two transient 
sensory-movement cells had a sustained component, and 
their target response was not attenuated in no-go trials with 
simultaneous target and cue presentation. This lack of atten- 
uation was also observed in all of the sustained sensory- 
movement cells tested in this fashion (Fig. 1lH). 

The responses of FEF sensory-movement cells to visual 
and auditory stimuli proved interesting and varied. Unlike 
in SEF, where most of the sensory-movement cells re- 
sponded equally to visual and acoustic stimuli, none of the 
sustained sensory-movement cells in FEF were bimodal; all 
but one responded preferentially for visual stimuli (as illus- 
trated in Fig. 8). In trials in which the auditory target was 
presented, there was no sensory response, although these 
neurons gradually became activated before the saccade. In 
contrast, one sustained sensory-movement cell responded 
exclusively for auditory-guided saccades (Fig. 13), but un- 
like its visual counterpart in FEF, this cell had no saccade- 
related activation. This modality specificity is in general 

TABLE 2. Sequence ufactivation 0fvimalZy responsive cells 
in FEF and SEF 

Cell Type 
Response Rise Time to Peak 

Latency, ms time, ms Activation, ms 

FEF transient 
sensory-movement 

FEF sensory 
SEF sensory 
FEF set 
FEF sustained 

sensory-movement 
SEF set 
SEF sensory-movement 

65 121 186 
77 125 202 
92 176 268 
93 210 303 

98 202 300 
106 293 399 
116 335 451 

Values are averages and are listed in rank order. FEF, frontal eye fields; 
SEF, supplementary eye fields. 
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FIG. 1 1. Response of a sustained sensory-movement cell in go and no-go trials. A: eye position traces and rasters are 
aligned on the presentation of the go cue (top) or no-go cue (bottom). Contrast the prolonged activation in no-go trials until 
the reward is delivered to the abrupt decay after the saccade in go trials. B: eye position traces and rasters are aligned on the 
simultaneous presentation of the target and the go cue (top) or no-go cue (bottom). Contrast the robust visual response 
followed by the perisaccadic burst in go trials with the equally robust visual response followed by weak modulation until the 
reward in no-go trials. 

200 msec 
quafef.281 

different from the population of sensory-movement cells 
recorded in SEF, although visual and auditory specific ex- 
amples were encountered in SEF. 

The transient sensory-movement cells tended to respond 
preferentially to visual targets, with only weak and inconsis- 
tent activation after the auditory target (Fig. 9B). At the 
same time, the saccade-related component of the response 
did not distinguish visual from auditory guidance. It was 
possible to determine a value for the visual/auditory re- 
sponse ratio contrast for both the sensory and the motor 
component of the response of transient sensory-movement 
cells. The average sensory visual/auditory response contrast 
ratio was 0.33 t 0.06, which was significantly different 
from 0.0 (t = 5.92, df = 33, P < O.OOl), indicating a visual 
bias. On the other hand, the visual/auditory response con- 
trast ratio of the motor component was 0.02 t 0.04, which 
was not different from 0.0. This result shows that, although 
the sensory component of these neurons’ response is modal- 
ity specific, the motor component is not. 

All of the sensory-movement cells recorded in FEF were 
either exclusively or significantly more active in relation to 
the goal-directed saccades made in performance of the task 
than in relation to spontaneous saccades executed in the 
inter-trial interval. 

Pause-rebound cells 

Only three neurons were recorded in FEF that exhibited 
a biphasic pattern of modulation resembling the pause-re- 
bound cells that were observed more frequently (n = 18) in 
SEF. The small number prohibited further analysis. 

Presaccadic movement cells 

A presaccadic movement neuron from FEF is illustrated 
in Fig. 14. This type of unit was characterized by its dis- 
charge associated solely with and beginning before the exe- 
cution of the saccade. Twenty-two percent of the modu- 
lated neurons sampled in FEF fell into this category; this 
was comparable with the incidence in SEF (17%). 

The quantitative analyses of presaccadic movement activ- 
ity are illustrated in Fig. 15. Presaccadic movement cells in 
FEF tended to respond preferentially for movements in one 
direction. The mean direction bias, 0.38 t 0.03, was signifi- 
cantly greater than that of SEF presaccadic movement cells 
(t = 3.87, df = 93, P < 0.001) but not different from the 
direction tuning of the other FEF cell types. The presac- 
cadic movement units exhibited a significant tendency to 
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FIG. 12. Response of a transient sensory-movement cell in go and no-go trials. Conventions are as in Fig. 1 1. .4: contrast 
the strong perisaccadic burst after the go cue with the absence of activity after the no-go cue. B: these trials were not sorted for 
display but instead are shown in the relative order of occurrence from top to bottom. Interleaved trials with other targets are 
not shown. Contrast the consistent visual and perisaccadic burst after the target + go cue with the progressively attenuated 
visual response after the target + no-go cue. In the final 2 no-go trials there was no visual response. 

prefer contralateral eye movements (mean angle = 188 O, cessation of discharge for FEF presaccadic movement cells 
u = 5.14, df = 40, P < O.OOOl), which was more pro- was 75-100 ms, whereas the most common termination 
nounced in FEF than in SEF ( U2 = 0.412, P < 0.001). time in SEF was O-50 ms. The saccade duration ranged 
Taken together, these results indicate that the presaccadic from 45-55 ms in this data. Thus, whereas SEF presaccadic 
movement cells in FEF have more restricted movement movement cells ceased firing at the initiation of the sac- 
fields that are more likely to be confined to the contralateral cade, FEF presaccadic movement cells discontinued firing 
hemineld than their counterparts in SEF. after the termination of the saccade. 

The onset time of the presaccadic burst was determined 
relative to saccade initiation. The mean onset time for the 
FEF presaccadic movement neurons was 126 t 13 ms, and 
some cells began to discharge >300 ms before the saccade. 
This was not different from the onset time of the presacca- 
die component of the transient sensory-movement cells 
(130 t 12 ms) or the SEF presaccadic movement cells (144 
t 7 ms). Hence, both FEF and SEF generate a saccade com- 
mand signal at the same time. 

Postsaccadic culh 

The average time that the FEF presaccadic movement 
burst concluded after the saccade was launched was 106 t 
12 ms, which was not different from that of transient sen- 
sory-movement cells (87 t 7 ms) or SEF presaccadic move- 
ment cells ( 103 t 112 ms), However, the times of termina- 
tion of activity were distributed differently for FEF and SEF 
presaccadic movement cells. The most common time of 

A number of the units recorded in FEF discharged specifi- 
cally after the initiation of the saccade (Fig. 16). In FEF 13% 
of the cells were postsaccadic, whereas in SEF only 2% were. 
The FEF postsaccadic cells were preferentially responsive 
after saccades in a particular direction; the mean response 
direction bias was 0.36 t 0.03. Furthermore, the postsac- 
cadic cells tended to respond best for contralateral saccades 
(mean angle = 184”; u = 1.87, df = 24, P c 0.05). The 
average onset time for FEF postsaccadic cells was 41 -t- 7 
ms, which was later than that of their SEF counterparts (t = 
2.5 1, df = 37, P < 0.02). The time that the discharge con- 
cluded was 22 1 t 14 ms after the saccade, which was not 
different from that of the SEF postsaccadic units. 
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FIG. 13. Auditory-movement cell. Eye position traces and rasters are 

aligned on the visual (top) or auditory (bottowz) target. 

To summarize these data, the sequence of activation in 
FEF and SEF relative to a goal-directed saccade is given in 
Table 3. It should be noted that the precise values can vary 
according to whether the saccade was directed to the most 
sensitive point of each unit’s movement field (e.g., Sparks 
1975). Nevertheless, it is evident that the presaccadic burst 
is issued by both FEF and SEF at essentially the same time. 
It is interesting that the discharge of the pause-rebound neu- 
rons in SEF occurs so much later than that of the presac- 
cadic movement neurons. The postsaccadic cells in SEF 
appear to fire after the initiation of the saccade, whereas the 
postsaccadic cells in FEF appear to fire around the conclu- 
sion of the saccade. 

Eye position cells 

In this investigation of FEF no units with activity related 
to eye position were recorded, unlike previous studies (Bizzi 
1968; Bizzi and Schiller 1970; Bruce and Goldberg 1985). 
In contrast, a small number were observed in SEF of the 

same monkeys. Unfortunately, this experiment was not de- 
signed to look specifically for eye position effects on neural 
responses. 

Microstimulation-evoked saccades 

Additional evidence that an eye position signal is more 
prominent in SEF than in FEF is provided through intra- 
cortical microstimulation, which is illustrated in Fig. 17. As 
observed many times before (Bruce et al. 1985; Marrocco 
1978; Robinson and Fuchs 1969; Schiller 1977; Schiller et 
al. 1979) the amplitude and direction of saccades evoked 
by stimulating FEF does not vary with initial orbital posi- 
tion. The lack of dependence on orbital position of the elec- 
trical stimulation elicited saccades is evident in Fig. 17, B 
and D, which plots the eye movements from a common 
starting position. Note the significant overlap in the eye 
position traces for each stimulation trial; also notice that a 
saccade was elicited in every trial. Another characteristic of 
FEF microstimulation is that prolonged stimulation (500 
ms) often results in multiple saccades, all of the same ampli- 
tude and direction. In the example shown in Fig. 17, A and 
B, a sequence of two leftward saccades was elicited from all 
initial positions except the most leftward one. 

In marked contrast to these data from FEF, stimulation 
of many sites in SEF tends to elicit saccades that bring the 
eyes to a specific location in the orbit (see also Mann et al. 
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FIG. 14. Presaccadic movement cell. Eye position traces, raster, and 

histwram are aliened on the saccade. 
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FIG. 15. Quantitative analysis of presaccadic movement cells. Conven- 
tions as in Fig. 3. 

1988; Mitz and Godschalk 1989; Schlag and Schlag-Rey 
1987). Consider first Fig. 17, E and F. The dependence on 
orbital position of the saccades elicited by stimulation of 
this SEF site is made evident in Fig. 17F, which plots the 
eye movements from a common starting position; the spa- 
tial arrangement of the initial positions appears replotted in 
the arrangement of final positions. When the eyes were at 
the right initial position, a horizontal-leftward saccade of 
- 30° amplitude was elicited in eight of eight trials in this 
particular block. When the eyes were at the top initial posi- 
tion, a down-leftward saccade of - 15 O amplitude was elic- 
ited in eight of eight trials. Similarly, when the eyes were at 
the bottom initial position, an up-leftward saccade of - 15 O 
amplitude was elicited in seven of seven trials. When the 
eyes were at the central initial position, a leftward saccade 
of slightly < 15 O amplitude was elicited in six of seven trials; 
however, in one trial no saccade was evoked from this posi- 
tion. Finally, when the eyes were at the left initial position, 
within the region to which the eye was moved by stimula- 
tion from other initial positions, then the same stimulation 
elicited no saccade in seven of seven trials. 

Contrast this pattern of results with that obtained from 
FEF, shown in Fig. 17, C and D. The saccades were of 
-4OO amplitude. Even when the eyes were fixated on the 
leftward target, a saccade was elicited. Whereas stimulation 
at many sites in SEF fails to elicit a saccade if the eye is at a 
particular location, in no case does stimulation of an effec- 
tive site in FEF fail to evoke a saccade. 

Figure 17, G and H, illustrates this last observation in a 
more exaggerated fashion from another site in SEF. In 35 

100 msec 

quafef.078 

FIG. 16. Postsaccadic cell. Eye position traces, raster, and histogram 
are aligned on the saccade, and the time scale is expanded. 

out of 36 trials when the eyes were at the top, center, bot- 
tom, and left targets, no saccade was elicited. In contrast, 
leftward saccades were evoked by stimulation of this site 
when the monkey was fixating the right target in nine of 
nine trials. In one trial with the initial fixation directed at 
the left target, the saccade evoked was in the opposite, ipsi- 
lateral direction. 

In further contrast with FEF, prolonged stimulation of 
SEF rarely evokes multiple saccades. The duration of elec- 
trical stimulation of the SEF sites, illustrated in Fig. 17, was 
800 and 1,000 ms. Stimulation of this duration in FEF con- 
sistently elicits “staircase” saccades. As illustrated for SEF, 
however, this period of stimulation serves only to keep the 
eye fixed at a particular orbital position. 

Other cells 

Three other classes of cells were identified. One class was 
suppressed throughout the trial, from when the monkey 

TABLE 3. Sequence of activation ofperisaccadic cells 
in FEF and SEF 

Cell Type Onset Time, ms 

SEF presaccadic -144 
FEF transient sensory-movement -130 
FEF presaccadic -126 
SEF pause-rebound -38 
SEF postsaccadic 17 
FEF postsaccadic 41 

The average values of onset time relative to saccade initiation are shown 
in rank order; negative values indicate presaccadic discharge. Abbrevia- 
tions, see Table 2. 
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FIG. 17. Eye movements elicited by in- 
tracortical microstimulation of FEF (4-O) 
and SEF (E-11). ‘4, C, l?, and G: absolute 
eye position; B, n, F, and II: eye position 
relative to a common starting point. Cross 
represents the central fixation spot. Hori- 
zontal bar in B, n, F, and H represents 
10”. A square is drawn around the final 
eye position. Initial positions correspond 
to the locations of the 1 central and 4 pe- 
ripheral LEDs. -4 and B: saccades evoked 
from 1 site in FEF; stimulation was 40 PA 
for 500 ms. Prolonged stimulation elicited 
a sequence of 2 leftward saccades from 
each initial position except the most left- 
ward one, from which a single leftward 
saccade resulted. As shown in B, the direc- 
tion and amplitude of each saccade were 
essentially the same. C’ and D: saccades 
elicited from stimulation of another site in 
FEF (40 PA, 500 ms). Multiple saccades 
were not evoked, presumably because the 
saccades were of such large amplitude. Al- 
though there is a degree of curvature in the 
trajectories, D shows that the saccades 
were essentially all of the same amplitude 
and direction. E and IF;: saccades evoked 
from a site in SEF (90 ,uA, 1000 ms). Pro- 
longed stimulation elicited a single sac- 
cade from each initial position except the 
leftward one. Direction and amplitude of 
the saccades varied in such a manner that 
the eye tended to be moved to 1 general 
orbital position. G and Ii: saccades evoked 
from another site in SEF (20 PA, 800 ms). 
Prolonged stimulation elicited a leftward 
saccade from the right initial position. In 
contrast, no saccades were evoked when 
the eye was at the top. central, or bottom 
initial positions, as indicated by the square 
around a constant fixation eye position in 
G and by the number of squares around 
the central point in 11. Two trials are illus- 
trated with the eye at the left initial posi- 
tion. In the typical trial illustrated, no sac- 
cade was elicited. However, in a single trial 
a reversal, right-upward saccade was 
evoked from the left initial position. 

fixated the central spot until after the saccade. The fixed 18). The present results will be compared with previous 
nature of the stimuli (limited number of embedded LEDs) studies of FEF. Then the similarities and differences be- 
prohibited further evaluation of these cells. Some of this tween FEF and SEF will be highlighted. 
group seemed to be responsive for saccades of larger ampli- 
tude than were required by the task. Units that were clearly 
modulated during the task, but for which insufficient data 
were obtained, were grouped in the modulated but unclear 
category. This designation was in contrast to the final class, 
which was either inactive or unmodulated during the trial. 
Presumably this last population would have been active 
had the task required the additional element of behavior 
that these cells subserve. 

DISCUSSION 

This study has described the discharge properties of a 
number of neuronal types in the FEF (summarized in Fig. 

Relation to previous work 
There have been a number of single-unit recording stud- 

ies of FEF in monkey (Bizzi 1968; Bizzi and Schiller 1970; 
Bruce and Goldberg 1985; Goldberg and Bushnell 198 1; 
Mohler et al. 1973; Pigarev et al. 1979; Segraves and Gold- 
berg 1987; Wurtz and Mohler 1976). Within the limits of 
differences in experimental design, the results of the present 
study are in good agreement with this previous work. 

The percentages of the major cell types that were ob- 
served in this study were similar to those reported by Bruce 
and Goldberg (1985) and Segraves and Goldberg (1987) 
using similar tasks. However, differences in experimental 
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FIG. 18. Summary of FEF cell types. Top: traces for the fixation spot 
(F), target (T), and eye (E). Cumulative times for the onset and termina- 
tion of activity of the different cell types are illustrated. Magnitude of 
response is not reflected in this figure. 

paradigm allowed these previous studies to identify neu- 
rons that were not found in this experiment (for example, 
pursuit-related and eye position cells). At the same time, 
certain neurons were described for the first time in this in- 
vestigation. 

Although they were rarely encountered, the preparatory 
set cells have not been described as such in FEF before. 
Bruce and Goldberg ( 1985) described neurons that were 
tonically activated by the target for the saccade, but differ- 
ences in experimental paradigm make comparison of their 
results with the present ones difficult. On the one hand, by 
having their monkeys generate a goal-directed saccade with 
no visual target, Bruce and Goldberg were able to distin- 
guish tonic visual cells from visuomovement cells. Such a 
task condition was not used in this study, so it is likely that 
some of the units identified with sustained activity in the 
present study would have been characterized as tonic visual 
cells by ce and Goldberg. On the other hand, in the 
delayed- ade task used by these investigators, they did 
not identify cells that stopped firing after the fixation spot 

ut before the saccade was initiated. 
In the present study an attempt was made to provide 

various quantitative measures to characterize the spatial 
and temporal response properties of the different popula- 
tions. Because the present experiment was limited in design 

by having four immovable visual stimuli, the spatial tuning 
of the cells was grossly underestimated relative to the data 
of Bruce and Goldberg ( 1985). Thus this element of these 
data is difficult to compare with the corresponding mea- 
sures obtained with stimuli that could be positioned arbi- 
trarily. Nevertheless, because the same stimulus configura- 
tion was used in recordings from SEF, the comparison be- 
tween areas in this study is acceptable. 

The present report includes more quantitative data on 
the temporal properties of the different FEF cell types than 
has been published heretofore. The possibility that the stim- 
uli may not have always been stimulating the most sensitive 
spot in each unit’s receptive field might introduce some 
additional variability in the temporal response numbers. 
Nevertheless, the values of visual response latency found in 
this study are in agreement with those observed previously 
(Bruce and Goldberg 1985; Goldberg and Bushnell 1981; 
Mohler et al. 1973; Pigarev et al. 1979). The measure of 
how quickly cells reached their peak level of activation was 
not previously studied. This value of rise time varied across 
the different visually responsive subpopulations; in general, 
the more phasic the response, the faster the rise time. This 
measure of activity is important for providing a complete 
description of the time course of activation of the different 
populations of cells. Such information is necessary to un- 
derstand how the buildup in neural activity in these areas is 
related to saccade latency (see Carpenter 198 1; Reulen 
1984; Schall 1988). 

Auditory responses were noted in this study and have 
been observed before in prearcuate cortex (Azuma and Su- 
zuki 1984; Bruce and Goldberg 1985; Newman and Lind- 
sey 1976; Vaadia 1989; Vaadia et al. 1986). These earlier 
investigations have demonstrated that the incidence of audi- 
tory responses increases as one explores more medially in 
prearcuate cortex, in regions representing more peripheral 
receptive fields and longer saccades. The incidence of audi- 
tory-responsive neurons, identified in this study, appears 
lower than what has been reported previously. One reason 
for this is that most of the penetrations in FEF in this study 
were aimed at regions representing smaller eccentricities 
because of the placement of the stimuli. 

New observations were made in the present study of sen- 
sory-movement units that responded in different fashions 
to the visual and auditory stimuli. For example, some vi- 
suomovement units did not discharge when an acoustic tar- 
get was presented and began to fire only before the saccade 
(Fig. 9). In contrast, other units fired in a prolonged fashion 
specifically for auditory-guided saccades but not for vi- 
sually guided saccades (Fig. 13). Similar modality-specific 
response patterns have been observed in the superior collic- 
ulus (Jay and Sparks 1987a). Furthermore, recent results 
have demonstrated that the receptive field of auditory cells 
in FEF shift with gaze (Russo and Bruce 1989) in a fashion 
similar to that observed in the superior colliculus (Jay and 
Sparks 1987b). The behavior of SEF cells in such a para- 
digm requires testing. 

Previous physiological investigations of FEF have not 
used a go/no-go task. Evidence from ablation studies impli- 
cates prearcuate cortex in the performance of such tasks 
(e.g., Van Hoesen et al. 1980). In addition, no-go-specific 
activity has been recorded in prearcuate prefrontal cortex 
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(Sasaki and Gemba 1986; Watanabe 1986). Two basic re- 
sults were observed in the present study during no-go trials. 
First, neurons with tonic activation like preparatory set 
cells and sustained sensory-movement cells exhibited pro- 
longed activity after the no-go cue until the reward was 
delivered. The second result in no-go trials was found in 
transient sensory-movement cells that, not surprisingly, 
failed to discharge after the no-go cue when no saccade was 
executed, even though they displayed the same target re- 
sponse. In contrast, these phasic cells tended to show an 
attenuated response when the target was presented simulta- 
neously with the no-go cue. This result seems to be simply 
the converse of the saccade-related enhancement of visual 
responses described previously (Goldberg and Bushnell 
198 1; Wurtz and Mohler 1976). An interesting element of 
this particular finding is the fact that even though the go 
and no-go trials were not in blocks but were interspersed, 
the initial response of most of the phasic cells in these trials 
distinguished the go and no-go trials. In other words, the 
transient sensory-movement cells did not respond to the 
target in their receptive field when it was presented simulta- 
neously with the no-go cue. Moreover, this modulation ap- 
pears to be specific to the phasic and not the tonic visual 
cells. Further work is required to substantiate this result and 
clarify the mechanism. 

Similarities between FEF and SEF 

The limited comparative data available indicate that 
these two cortical areas share much in common, in terms of 
both connectivity (most recently, Huerta and Kaas 1990; 
Huerta et al. 1986, 1987; Shook et al. 1990, 199 1; Stanton 
et al. 1988a,b) and physiological properties. The results of 
the present experiment show that SEF and FEF both con- 
tain a number of cell types, including sensory, sustained 
sensory-movement, presaccadic eye movement, and post- 
saccadic eye movement. 

The sensory cells represented approximately the same 
proportion of the task-related population in each area. The 
receptive field size and tendency to be localized in the con- 
tralateral hemifield were the same in each area. In addition, 
even though the mean response latency in FEF was less 
than that in SEF, the distributions of response onset times 
were not statistically different. This result suggests that both 
areas might share a common source of visual input. In fact, 
both regions receive intracortical af5erents from extrastriate 
visual areas in the superior temporal sulcus and inferior 
parietal lobule (Huerta and Kaas 1990; Huerta et al. 1987), 
as well as thalamic nuclei, including medial dorsal, ventral 
anterior, and intralaminar (Huerta and Kaas 1990; Huerta 
et al. 1987), where visual activity has been recorded (Schlag 
and Schlag-Rey 1984). 

A hallmark observation of the visual cells in FEF is that 
their response is enhanced if the stimulus is the target for a 
saccade (Goldberg and Bushnell 198 1; Wurtz and Mohler 
1976). The present experiment did not perform this test, so 
it was not possible to discriminate the visual cells in FEF 
from their counterparts in SEF on this basis. It will be very 
interesting to determine whether visual cells in SEF exhibit 
the saccade-related response enhancement or, indeed, the 
attention-related enhancement that is seen in posterior pari- 
eta1 cortex (Bushnell et al. 198 1) but not in FEF. 

Neurons were recorded in both FEF and SEF that 
showed a sustained elevation of activity after the presenta- 
tion of the target. In SEF two subpopulations of these cells 
were identified on the basis of the time that their activity 
terminated; preparatory set cells quit firing 50- 100 ms be- 
fore the saccade, whereas sensory-movement cells contin- 
ued to discharge until after the saccade. The same distinc- 
tion could be made in FEF. The directional tuning of set 
cells in FEF and SEF was not distinguishable. Also, whereas 
the mean onset time in FEF was slightly shorter than that in 
SEF, the distributions of response latencies were not differ- 
ent. Finally, the time of activity decay relative to both the 
cue and the saccade was not different. 

Sustained sensory-movement cells were recorded in both 
FEF and SEF. They had similar visual response latencies, 
and the directional tuning was similar in the two areas. Also 
the time of activity decay after a saccade was not different 
between FEF and SEF in this population. This pattern of 
modulation has been observed in a number of other struc- 
tures-including nucleus reticular-is tegmenti pontis (Cran- 
da11 and Keller 1985), superior colliculus (Mays and Sparks 
1980), the substantia nigra pars reticulata (Hikosaka and 
Wurtz 1983b), caudate nucleus (Hikosaka et al. 1989) infe- 
rior parietal lobule (Gnadt and Andersen 1988) and pre- 
frontal cortex (Funahashi et al. 1989; Joseph and Barone 
1987)-in association with saccades to remembered loca- 
tions or with saccades to the second of a double-step target. 
Because neither of these tasks were included in this investi- 
gation, it is not possible to distinguish members of this cell 
class in FEF and SEF on these grounds. 

Presaccadic bursting neurons were found in both areas. 
The temporal characteristics of the presaccadic eye move- 
ment cells in the two areas were not diRerent. These units in 
both areas begin to discharge 100-400 ms before a goal-di- 
rected saccade made by a motivated monkey but not before 
spontaneous saccades. This contingency has been reported 
in a number of other preoculomotor structures, including 
the substantia nigra pars reticulata (Hikosaka and Wurtz 
1983a), the caudate nucleus (Hikosaka et al. 1989) and 
certain units in the superior colliculus (Mohler and Wurtz 
1976). Thus it appears that a command is generated in both 
FEF and SEF for intentional saccades. This is consistent 
with the fact that low-intensity intracortical microstimula- 
tion elicits saccades from both FEF (e.g., Bruce et al. 1985) 
and SEF (e.g., Schlag and Schlag-Rey 1987). However, this 
data from SEF must be reconciled with the earlier observa- 
tion that combined ablation of FEF and the superior collicu- 
lus results in an essentially complete loss of eye movements 
(Schiller et al. 1980). Evidently the saccade command gen- 
erated in SEF must be combined with that from FEF or the 
superior colliculus. Preliminary data indicate that saccades 
can be evoked from SEF after either unilateral FEF or supe- 
rior colliculus ablation (Schall et al. 1987). 

Dlflerences between FEF and SEF 
Certain cell types were found to be somewhat unique to 

each area in this study. SEF contained pause-rebound cells, 
preparatory set cells, and eye position cells that were ob- 
served less frequently in FEF. In addition, modulation that 
was apparently specifically related to withholding the sac- 
cade in no-go trials seemed more evident in SEF than in 
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FEF. In contrast, the transient sensory-movement cells 
found in FEF had no counterpart in SEF. The double-burst 
pattern of modulation that characterized the transient sen- 
sory-movement cells has been observed in a number of 
other structures, including nucleus reticularis tegmenti 
pontis (Crandall and Keller 1985), substa,ntia nigra pars re- 
ticulata (Hikosaka and Wurtz 1983a), superior colliculus 
(Mays and Sparks 1980; Mohler and Wurtz 1976; Wurtz 
and Goldberg 1972), extrastriate visual area V4 (Both and 
Fischer 1983), the inferior parietal lobule (Andersen et al. 
1987, 1990b), and prefrontal cortex (Both and Goldberg 
1989). An understanding of the significance of the absence 
of this particular cell type in SEF awaits an understanding 
of its role in saccade generation. Finally, postsaccadic cells 
were much more common in FEF than in SEF. Clearly, 
much more experimental work is needed to ascertain what 
role the different neuron classes might serve in saccade gen- 
eration; even so, the fact that there are different neuron 
classes in these two areas indicates that they do indeed con- 
tribute to different aspects of saccade generation. At pres- 
ent, however, it is possible only to speculate about possible 
functional differences. 

ORBITAL VERSUS RETINAL COORDINATES. One ofthe most 
compelling differences that might distinguish FEF and SEF 
is the evidence for a representation of eye position in SEF 
that is absent or less pronounced in FEF. This observation 
is based on two results. 

First, as reported already (Mann et al. 1988; Mitz and 
Godschalk 1989; Schlag and Schlag-Rey 1987), the sac- 
cades evoked by microstimulation of many sites in SEF 
tend to converge on a particular orbital position, whereas 
the saccades evoked from FEF are of a fixed vector. It 
should also be noted in this context that microstimulation 
of the posterolateral inferior parietal lobule also evokes sac- 
cades that vary with initial eye position (Shibutani et al. 
1984). The possibility must be considered that the orbital 
dependence that is apparent with microstimulation of SEF 
may be due simply to the constraints of the movement of 
the globe at extreme angles (see Segraves and Goldberg 
1984). Although the existing data do not exclude this possi- 
bility, stimulation of many sites in SEF brings the eye to a 
position in the orbit that is not very eccentric (compare Fig. 
17, C and E). More compelling evidence for different coor- 
dinate systems in FEF and SEF is obtained using long stimu- 
lus trains. Prolonged stimulation of FEF as well as of supe- 
rior colliculus elicits successive staircase saccades, all of the 
same direction and amplitude (Robinson 1972; Schiller 
and Stryker 1972; Schiller et al. 1979). In marked contrast, 
evidence was presented in this paper as well as by Schlag 
and Schlag-Rey (1987) that such protracted stimulation of 
many sites in SEF elicits a single saccade, which brings the 
eye to the specific orbital position, followed by sustained 
fixation until the electrical stimulation is turned off. Fur- 
thermore, if the eyes happen to be in the vicinity of the 
specified endpoint when the stimulation is delivered, then 
no eye movement is elicited. 

The second piece of evidence for an eye position signal in 
SEF is that neurons with activity modulated according to 
orbital position have been identified there. Such units in 
SEF were described in the preceding paper (Schall 199 la); 

they have also been identified by Schlag and Schlag-Rey 
(1985, 1986). These SEF units discharged before saccades 
directed to a particular range of endpoints; they also dis- 
charged during tracking eye movements that had the same 
endpoints as well during attentive fixation in the appro- 
priate direction. As detailed in the previous paper, this con- 
stellation of properties has not been reported before for ei- 
ther the fixation and tracking units of posterior parietal cor- 
tex (Erickson and Dow 1989; Komatsu and Wurtz 1988; 
Lynch et al. 1977; Robinson et al. 1978; Sakata et al. 1980, 
1983), for prefrontal fixation units (Suzuki and Azuma 
1977), or for the eye position units originally described in 
FEF (Bizzi 1968; Bizzi and Schiller 1970; Bruce and Gold- 
berg 1985). Having identified these neurons in SEF, how- 
ever, we must note that recent recordings in FEF have lo- 
cated units with these properties-but such units are less 
common than in SEF (J. Schlag and M. Schlag-Rey, per- 
sonal communication). To summarize, then, SEF appears 
distinct from FEF in having a greater proportion of neurons 
signally eye position, those neurons firing before gaze shifts 
that move the eyes into the appropriate orbital position. 

It is notable that anatomic evidence is accumulating that 
is consistent with these physiological observations. Specifi- 
cally, SEF but not FEF receives input from the central supe- 
rior lateral thalamic nucleus (Huerta and Kaas 1990), 
where Schlag-Rey and Schlag ( 1984) reported a high inci- 
dence of eye position cells. Moreover, those sites in SEF 
from which fixed-vector saccades were elicited by microsti- 
mulation were reciprocally connected to such sites in the 
intralaminar nuclei, whereas sites in SEF from which con- 
vergent saccades were elicited were connected to function- 
ally corresponding thalamic sites (Schlag-Rey et al. 1987). 

If further work validates the existence of an eye position 
signal in SEF, this would have important implications for 
our understanding of the neural basis of saccade genera- 
tion. There is now compelling evidence that the position of 
the eye in the orbit must be accounted for by the saccade 
generation mechanism (e.g., Hallet and Lightstone 1976; 
Sparks and Mays 1983). Exactly how this is done is un- 
known; indeed, an explicit eye position signal in the fore- 
brain has been somewhat elusive. However, there is now 
evidence for an eye position-related modulation of perisac- 
cadic and visual activity in extrastriate visual area V3A 
(Galletti and Battaglini 1989) and in the inferior parietal 
lobule (Andersen et al. 1985b, 1987, 1990a,b; Andersen 
and Mountcastle 1983; Lynch et al. 1977; Robinson et al. 
1978; Sakata et al. 1980) as well as in central thalamus 
(Schlag and Schlag-Rey 1984; Schlag-Rey and Schlag 
1984). It has been argued that a combination of the activity 
of a number of neurons with responses that vary with eye 
position can serve to guide saccades accurately (Andersen 
et al. 1990b; Zipser and Andersen 1988). It will be interest- 
ing to see whether a similar scheme might be appropriate 
for understanding SEF cell properties. 

On the other hand, an alternate point of view holds that 
an explicit spatial coordinate system is not necessary but 
that, instead, a combination of the present saccade vector 
with the next target vector maintains the spatial accuracy; 
cell activity consistent with this scheme has been described 
in FEF (Goldberg and Bruce 1990). One key neuronal ele- 
ment in the hypothesis of Goldberg and Bruce is the post- 
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saccadic cells, which are suggested to signal the vector of the 
last saccade. In this light, it is interesting to note that the 
incidence of postsaccadic cells in FEF was significantly 
higher than that in SEF. It is possible that eye position is 
registered in the inferior parietal lobule, FEF, and SEF all 
using different mechanisms. 

SELF-GENERATED VERSUS EXTERNALLY CUED MOVEMENTS. 

Another framework within which to understand the func- 
tional diBerences between FEF and SEF is by analogy to the 
comparative organization of the postarcuate premotor area 
(reviewed by Wise 1985) and the SMA (reviewed by Gold- 
berg 1985). It has been suggested that the SMA is responsi- 
ble for self-generated limb movements, whereas the postar- 
cuate premotor area is responsible for externally-triggered 
sensory-guided movements. By analogy it might be that 
corresponding roles are played by the SEF and FEF for eye 
movements. 

In some respects the present results might be consistent 
with this hypothesis. For example, FEF cells responded 
more consistently and robustly to the visual or auditory 
stimuli than did their counterparts in SEF. In addition, the 
fact that the tonic neurons in FEF continued to discharge 
after the cue was given in no-go trials indicated that they 
were responding to the stimulus in their receptive field, 
whether or not it was still the target for a saccade. By con- 
trast, their counterparts in SEF quit firing once the no-go 
cue was delivered, even though the stimulus was still pres- 
ent in their receptive field. Besides this, there were three 
other pieces of evidence showing that at least some of the 
neurons in SEF that appeared to be visually responsive were 
not actually stimulus-bound, that is, that their response was 
not necessarily linked to the actual physical presentation of 
the target. First, a higher proportion of the cells responding 
to the target in SEF than in FEF exhibited anticipatory ac- 
tivity. Second, some preparatory set and sensory-move- 
ment cells in SEF became activated in specific trials in 
which the target never appeared. Third, whereas most of the 
preparatory set and sensory-movement cells in SEF re- 
sponded equally to the visual or auditory targets, most of 
the set and sensory-movement cells in FEF responded pref- 
erentially for visual or auditory stimuli. 

Thus on these grounds it could be argued that FEF more 
faithfully represents the sensory input, whereas SEF may 
reflect more of an internally generated signal that combines 
stimulus location with whether it is the target for a saccade. 
This statement is not inconsistent with the well-docu- 
mented enhancement of the visual response of FEF cells to 
stimuli that are the target for an eye movement (Bruce and 
Goldberg 1985; Goldberg and Bushnell 198 1; Wurtz and 
Mohler 1976); indeed, it will be important to determine 
whether the same behavior is seen in SEF. Furthermore, the 
aforementioned findings are consistent with anatomic ob- 
servations that afferents from visual cortical areas are 
denser to FEF than to SEF, while at the same time SEF 
receives heavier input from prefrontal cortex and the me- 
diodorsal thalamic nucleus (Huerta and Kaas 1990; Huerta 
et al. 1987). 

Three independent experiments have been performed to 
test the hypothesis under consideration directly in the SMA 

and postarcuate premotor area (Kurata and Wise 1988; 
Okano and Tanji 1987; Romo and Schultz 1987). Although 
there may be some bias in the responses seen in the two 
areas consistent with the hypothesis, neurons were recorded 
in both areas that were active before both self-generated and 
externally triggered movements. Similar results have also 
been obtained in both FEF and SEF. Bruce and Goldberg 
(1985) showed that the presaccadic burst cells in FEF dis- 
charge before both self-generated and visually guided sac- 
cades, provided a reward is contingent on their perfor- 
mance. For SEF, Schlag and Schlag-Rey (1987) showed 
that presaccadic units are activated before rewarded, self- 
generated saccades, and the results reported in the previous 
paper (Schall 199 1 b) showed that such cells also fire in rela- 
tion to visually guided saccades. Therefore the distinction 
between FEF and SEF on these grounds is probably not the 
most fruitful point of view. 

REGULATING INITIATION VERSUS GUIDANCE OF SACCADES. 

Models of the brain stem saccade generator require two 
descending inputs, one being target location and the other a 
trigger signal (reviewed by van Gisbergen and van Opstal 
1990). In the search for a reasonable functional difference 
between these regions, it might be useful to consider the 
distinctions between the mechanisms responsible for select- 
ing the target, those for initiating a saccade, and those for 
regulating when the gaze shift will be launched (e.g., Car- 
penter 198 1). Now, it has long been recognized that the 
SMA does not play a role in the low-level programming of 
movements. Instead, data have accumulated showing that 
SMA is important in organizing sequences and regulating 
patterns of movement (reviewed by Goldberg 1985). Con- 
sistent with this, lesions of SMA in humans do not ad- 
versely affect visually guided saccades, antisaccades, or 
even single memory-guided saccades; instead these patients 
are impaired in generating a sequence of remembered sac- 
cades (Gaymard et al. 1990). In light of this finding, it is 
important to note that there is evidence that saccades can 
be generated as planned sequences (Zingale and Kowler, 
1987). Moreover, a recent report has shown that some neu- 
rons in SMA are specifically activated in relation to move- 
ments that are part of a sequence (Mushiake et al. 1990). 

Evidence from the present study about the respective 
roles of FEF and SEF in regulating saccade initiation was 
obtained by comparing the patterns of responses in go 
trials, requiring execution of a saccade, with the patterns of 
activation in no-go trials, requiring withholding of a sac- 
cade. Whereas the tonic neurons in SEF (preparatory set 
and sensory-movement) ceased firing after the no-go cue 
was given, the tonic neurons in FEF continued to discharge 
in no-go trials until the stimuli were turned off at the con- 
clusion of the trial. Furthermore, a number of units in SEF 
were specifically or differentially activated after the no-go 
cue. One interpretation of these results is that the activity of 
the SEF cells may signal target location only when a saccade 
is impending. Thus their response could represent not only 
stimulus location but also movement intention. In con- 
trast, the response of the FEF cells appeared to be more of a 
pure sensory activation. These results suggest that one way 
to functionally distinguish FEF from SEF is that the latter 
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structure has more to do with regulating saccade initiation, 
i.e., serving as a high-level control over when a gaze shift 
should occur. 

Although much more information about the connections 
of these two regions is necessary, unfortunately, the ana- 
tomic data collected to date neither confirm nor refute this 
idea. For example, it appears that both SEF and FEF have 
direct projections to the nucleus raphe interpositus (Huerta 
and Kaas 1990; Huerta et al. 1987; Shook et al. 1990; Stan- 
ton et al. 1988b), which consists of the omnipause neurons 
(Buttner-Ennever et al. 1988) that appear to be responsible 
for ultimately initiating saccades. Also, evidence has accu- 
mulated for a “triggering circuit” involving the caudate nu- 
cleus, substantia nigra, and superior colliculus (reviewed by 
Hikosaka and Wurtz 1989); and recent work has shown 
that FEF and SEF send only partially overlapping projec- 
tions to the striatum (Parthasarathy et al. 1990; Shook et al. 
199 1) The projections from SEF to striatum tended to be 
distributed somewhat rostrolaterally relative to those from 
FEF. In suggestive correspondence with these data is the 
observation that units in the striatum responding in rela- 
tion to memory-guided saccades and units exhibiting a grad- 
ual elevation of activity preceding saccades tended to be 
localized rostrolaterally relative to the neurons in the stria- 
turn that discharged in relation to visually guided saccades 
(Hikosaka et al. 1989). 

Other evidence that SEF may have relatively more than 
FEF to do with the regulating the time of initiation of a 
saccade is obtained from relating neuronal discharge rates 
directly to saccade latency on a trial-by-trial basis. In the 
delayed saccade task used for this study, there was a signifi- 
cant reduction in saccade latency as the foreperiod in- 
creased. To determine what role the tonic neurons in SEF 
and FEF played in generating saccades, we performed an 
analysis relating the level of activity of preparatory set and 
sensory-movement neurons during the foreperiod to the 
subsequent saccade latency. Preliminary evidence indicates 
that on a trial-by-trial basis the level of activity of any single 
unit in SEF or in FEF does not predict saccade latency 
(Schall 1988). However, further analysis of these data indi- 
cates that the time course of the reduction in saccade la- 
tency is correlated with the time course of activation of the 
preparatory set and sensory-movement cells in SEF but not 
those in FEF (unpublished observation). The observation 
that preparatory set cells are more numerous in SEF than in 
FEF is also consistent with the hypothesis that the activity 
of the tonic units in SEF regulates when a saccade that has 
been targeted by FEF can be initiated. 
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