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SUMMARY AND CONCLUSIONS 

1. The purpose of this study was to describe the response proper- 
ties of neurons in the supplementary motor area (SMA), including 
the supplementary eye fields (SEF) of three rhesus monkeys (Ma- 
caca mdatta) performing visually guided eye and forelimb move- 
ments. Seven hundred thirty single units were recorded in the 
dorsomedial agranular cortex while monkeys performed a go/no- 
go visual tracking task. The unit activity associated with rewarded, 
task-related movements was compared with that associated with 
unrewarded, spontaneous movements executed in the inter-trial 
interval or when the task was not running. A number of neuronal 
response types were identified. 

2. Sensory cells were characterized by their response to the vi- 
sual and/or auditory target stimuli combined with no discharge 
associated with eye or forelimb movements. New information was 
provided about the receptive fields of the visual cells; they varied 
in size and, although many included the ipsilateral hemifield, they 
tended to emphasize the contralateral. A significant proportion of 
the visually responsive cells had receptive fields restricted to 
within 8” of the fovea. The response latency was relatively long 
(140 ms) and variable. 

3. Preparatory set cells were activated from the appearance of 
the target until the presentation of the go/no-go cue. This subpop- 
ulation ceased firing 50- 100 ms before the movement was initi- 
ated. These cells tended to respond best in relation to contralateral 
movements. The response latency was similar to that of the sen- 
sory cells, although some of these units began to discharge in antici- 
pation of predictable target presentations. These neurons were not 
active before unrewarded, spontaneous saccades. 

4. Sensory-movement cells comprised the largest population of 
neurons identified in SMA. They were active from the appearance 
of the target until after the execution of the saccade. These neu- 
rons tended to respond preferentially in association with contra- 
versive saccades. The latency of response to the target was signifi- 
cantly longer than that of the sensory cells. There was a large 
amount of variability in the time to reach the peak level of activa- 
tion, and this population of units generally became inactivated 
shortly after the saccade was initiated. Although there were coun- 
terexamples, most sensory-movement cells responded equally in 
association with visually and auditory guided movements. In ad- 
dition, these neurons were not active in relation to self-generated 
eye movements made during the intertrial intervals. 

5. Pause-rebound cells were identified by their suppression at 
the appearance of the target and subsequent discharge associated 
with the saccade. These units tended to respond preferentially to 
contralateral targets. Although the onset of the suppression tended 
to be of sufficiently short latency to be considered anticipatory, the 
onset of the saccade-related burst did not occur until shortly be- 
fore the eye movement was initiated. 

6. Presaccadic movement neurons were identified by an ab- 
sence of any modulation associated with the targets combined 
with a discharge beginning as much as 300 ms before and decaying 
after the saccade was initiated. Many of these units were omnidi- 
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rectional, but those that responded preferentially in relation to 
saccades in one direction usually preferred contraversive eye 
movements. Furthermore, these neurons were activated only for 
the task-related saccades and not for spontaneous saccades. 

7. Postsaccadic movement cells were recorded infrequently. 
Detailed analysis of their properties was, therefore, not possible. 

8. Eye position cells were characterized by a statistically signifi- 
cant orbital dependence to their modulation. Such units dis- 
charged before saccades of different directions and amplitudes 
that brought the eye to a broadly specified orbital position These 
neurons were also active in relation to pursuit eye movements that 
ended in the particular position. In addition, once the eyes were at 
the specific angle of gaze, these neurons exhibited a sustained dis- 
charge that ceased before any eye movement away from that posi- 
tion. 

9. Forelimb movement cells discharged before and during the 
reaching movements. Even though each of the three monkeys 
used his right arm to perform the task, these neurons were identi- 
fied in both hemispheres. The forelimb movement cells typically 
responded preferentially for movements in one direction. Al- 
though a small number of these neurons were studied, the distri- 
bution of the preferred directions of movement was different for 
the units recorded in the left and right hemispheres. 

IO. No-go-specific neurons were modulated specifically when 
the monkeys withheld movements in no-go trials. These units 
tended to be activated in association with not moving into the 
contralateral hemifield. The response latency of these units was 
significantly longer than that of the sensory cells. 

11. A rough somatotopic arrangement was evident in SMA. 
Eye movement-related cells tended to be found rostra1 to forelimb 
movement-related cells. Units that were active during mouth 
movements were encountered in between the eye and forelimb 
regions. The sensory and preparatory set cells appeared to be dis- 
tributed over the entire region explored. 

12. These data provide new information about the involve- 
ment of the SMA and its constituent SEF in gaze control. On the 
basis of the different neuron classes that were identified, it appears 
that SEF/SMA provides a variety of signals for use in the sensori- 
motor integration that underlies volitional skeletal and oculomo- 
tor movements. 

INTRODUCTION 

Since the original investigations by Ferrier (1875) it has 
been recognized that frontal cortex participates in gaze con- 
trol. During voluntary, conjugate eye movements two loci 
of elevated blood flow can be distinguished in frontal cortex 
(Fox et al. 1985; Melamed and Larsen 1979; Orgogozo and 
Larsen 1979). The lateral locus corresponds to the frontal 
eye fields (FEF), and the dorsomedial locus corresponds to 
the rostra1 end of the supplementary motor area (SMA). 
Over the years, numerous investigators have demonstrated 
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the role of the prearcuate FEF in generating saccades in 
macaque monkeys (reviewed by Bruce 1990; Goldberg and 
Segraves 1989; Schall 199 1 a). Evidence that another region 
of frontal cortex is involved in the generation of conjugate 
eye movements comes from the original investigations of 
SMA in humans by Penfield and Welch ( 1949,195 1) and in 
monkeys by Woolsey et al. (1952), who described a repre- 
sentation of the eye therein. Furthermore, Brinkman and 
Porter (1979) and more recently Schlag and Schlag-Rey 
(1987) described neurons in rostra1 SMA that were modu- 
lated in relation to eye movements. Furthermore, a number 
of investigators have demonstrated that low-intensity mi- 
crostimulation of rostra1 SMA elicits conjugate eye move- 
ments (Gould et al. 1986; Mann et al. 1988; Mitz and God- 
schalk 1989; Schlag and Schlag-Rey 1987). These results 
indicate that it is useful and appropriate to define rostra1 
SMA as the supplementary eye field (SEF). 

The purpose of this study was to obtain more informa- 
tion about the role SMA plays in the generation of sensory- 
guided movements. This was accomplished by recording 
single-unit activity in SMA of rhesus monkeys performing 
a go/no-go visual or manual tracking task. By training the 
monkeys to withhold their response until given a cue, the 
task was designed to dissociate the processing involved in 
identifying the target, planning the movement, initiating or 
withholding the movement, and executing the movement. 
It was hoped that this operational dissociation would reveal 
different groups of neurons responsible for each phase of 
generating a movement. In addition, by providing a clearly 
separated task period and intertrial interval, this paradigm 
provides a test of the recent claim that saccade-related cells 
in SEF, in contrast to those in FEF, discharge before “spon- 
taneous” saccades (Schlag and Schlag-Rey 1987). Finally, 
the data obtained from SEF/SMA will be compared directly 
with similar data recorded in the FEF of the same monkeys 
in the accompanying paper (Schall 199 1 b). 

Having quite limited information with which to make 
any predictions of differences between SEF and FEF, my 
strategy in this investigation was to quantify the spatial and 
temporal response properties of the units as much as possi- 
ble. Such quantification provides a basis for comparison 
between the two cortical regions. In addition, these num- 
bers are necessary for understanding how the activation of 
these areas leads to the generation of a saccade. Specifically, 
a detailed description of the temporal patterns of activation 
and inactivation of the various cell classes will be necessary 
for understanding the neural basis of saccade latency (Car- 
penter 198 1; Reulen 1984). Finally, sufficient quantifica- 
tion must precede attempts to incorporate these areas into 
existing models of the oculomotor system (reviewed by van 
Gisbergen and van Opstal 1989). 

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

METHODS 

Subjects 

Three juvenile male rhesus monkeys (Macaca mulatta) pro- 
vided the data for this investigation. They will be referred to as A, 
iW, and Q, which is the order in which they were used. The animals 
were cared for in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and the guide- 
lines of the Massachusetts Institute of Technology Committee on 
Animal Care. 

Task 

By the use of operant conditioning techniques, the monkeys 
were trained to perform a go/no-go visual tracking task. The mon- 
keys were water deprived in their home cage and were rewarded 
with apple juice. The animals’ fluid intake was closely monitored; 
if on any day they did not perform the task until satiated, supple- 
mental fluid was given. 

The monkey faced a tangent screen in which five light-emitting 
diodes (LED) were embedded (Fig. 1). The targets for movement 
were positioned in one of two arrangements: 1) 15’ to either side 
and 8” above and below a central fixation spot or 2) on the corners 
of a 15 O horizontal by 8” vertical rectangle centered on the fixa- 
tion spot. A trial began when the central LED (fixation spot) ap- 
peared; initially it was yellow. The monkey was required to fixate 
the central LED for a specified interval (200-500 ms), after which 
one of the peripheral stimuli appeared. After the target appeared, 
the monkey was required to maintain fixation of the central LED 
for a variable interval (O-1,200 ms), after which the fixation spot 
changed color. I f  the fixation spot turned green, the monkey was 
required to make a saccade to the target (go trial). I f  the central 
spot turned red, the monkey was required to continue fixating the 
central spot for a specified interval (500- 1,000 ms) (no-go trial). 
For monkey Q two speakers were also mounted on either side to 
provide auditory targets (broad-band noise). The task was other- 
wise the same. 

Surgery 

All surgical procedures were accomplished with the animal 
under barbiturate anesthesia (pentobarbital sodium, 30 mg/kg) 
and with the use of sterile techniques. Initially, a scleral search coil 
was implanted subconjunctivally and a stainless steel post to re- 
strain the head was attached to the skull with acrylic cement. Once 
the task was mastered to a criterion of 90% correct, a record- 
ing chamber was implanted over a midline craniotomy that ex- 
posed SMA. 

Data collection 
The entire experiment was under the control of a computer 

(PDP 1 l/34), which presented the stimuli, collected the eye move- 

no-go 

FIG. 1. Go/no-go visual tracking task. Top: arrangement and state of 
the stimuli at different stages of a trial. Mia’dle: traces of the central fixation 
spot (F) and the target (T). Bottom: diagrams of eye position traces for the 
go and no-go trial types. Each trial began when the central spot turned on; 
initially it was yellow. After a specified interval 1 of the peripheral targets 
appeared. After a variable interval the central spot changed color to either 
green or red. If it turned green, the monkey was required to generate a 
saccade to fixate the target. If it turned red, the monkey was required to 
continue fixating the central spot. 
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ments and single-unit activity, and delivered the juice reward. Eye 
movements were monitored with a scleral search coil (Robinson 
1963). Eye position was sampled at 200 Hz. The primate chair 
included a panel that could be raised to allow forelimb move- 
ments. When the panel was raised, the monkeys had learned to 
perform the same task by touching the appropriate targets. 
Touches were registered by the use of an infrared scanning device 
(General Digital), which was sampled at 100 Hz. Electromyo- 
graphs (EMGs) were not recorded. Single units were recorded by 
the use of glass-coated platinum-iridium microelectrodes, which 
were introduced through the dura with a hydraulic microdrive. 
The action potentials were amplified, filtered, and discriminated 
conventionally and sampled at 1 kHz. Single units were admitted 
to the data base according to these criteria: the amplitude of the 
action potential was sufficiently above background to reliably trig- 
ger the window discriminator, the action potential waveshape was 
invariant, and the isolation could be sustained for a sufficient pe- 
riod to test. 

Data analysis 

Saccades were detected by the use of an algorithm that searched 
for significantly elevated velocity. Saccade initiation and termina- 
tion were defined as the beginning and end of the monotonic 
change in eye position. Forelimb movements were detected by 
comparing the coordinates from the infrared scanning device with 
electronic windows positioned around each target. The onset of 
movement was defined as the moment when the monkey moved 
out of the window surrounding the central fixation spot. 

Only successful trials were used for the data analysis. Perievent 
time histograms and rasters were constructed, aligned on the 
various events of the task. Neuronal modulation was defined by 
detecting changes in the slope of the cumulative sum of spikes 
(Falzett et al. 1985). The initiation and termination of modulation 
(either activation or suppression) were defined by the times at 
which the inflections in the cumulative sum of spikes occurred. 
The magnitude of response was given by average discharge rate 
during the period of modulation. 

Because the targets consisted of four immovable LEDs, it was 
not possible to effectively map the receptive and movement fields 
of the neurons. Nevertheless, it was possible to quantify the varia- 
tion in response with target direction. The directional specificity of 
the neurons was determined by vector summation of the response 
to each target (Batschelet 198 1). The angle of the resultant vector 
gave the preferred response direction of the cell. Directions ipsilat- 
era1 to the hemisphere in which a unit was recorded were signified 
by 0”; contralateral, by 180”. The normalized length of the resul- 
tant vector, which could range from 0 to 1, was defined as the 
response direction bias. A direction bias of 0 indicates equal re- 
sponse for all directions. 

As mentioned, for monkey Q two speakers were mounted on 
either side to provide acoustic targets for movements. Thus the 
responses of cells to the auditory and visual stimuli were com- 
pared. A measure of the modality specificity was provided by the 
following response contrast ratio: (visual response - auditory re- 
sponse)/(visual response + auditory response). This contrast ratio 
could range from + 1, signifying a response only to the visual stimu- 
lus, to - 1, for a pure auditory response. 

A variety of statistical tests were employed as required by the 
data. I used t tests to determine whether populations of cells dif- 
fered with respect to specific measures such as response latency. 
Other statistical tests have been devised to analyze distributions of 
angles (Batschelet 198 1). The V test determines whether a distri- 
bution of angles differs significantly from random; a significant 
test statistic, denoted U, indicates that the distribution is clustered 
about a given expected value. 

Histology 
After several months of recording, monkws /4 and iU’ were killed 

with a lethal overdose of pentobarbital and perfused through the 
heart with saline followed by buffered 4% paraformaldehvde. 
Guide pins were inserted with the hydraulic drive into the cortex 
at specific positions around the recording chamber. The brain was 
photographed and cut in either the coronal or sagittal plane on a 
freezing microtome into 50-pm sections that were stained with 
cresyl violet. Because individual electrode tracks could not be lo- 
calized, the approximate location of the penetrations was esti- 
mated relative to the pins by the use of the original penetration 
coordinates, correcting for tissue shrinkage. Monkey Q has been 
used in an anatomic tract-tracing experiment, which has been 
described in preliminary fashion (Parthasarathy et al. 1990). 

RESULTS 

The location of the recording chamber in monkey A is 
shown in Fig. 2. In monkey A the recording chamber was 
centered at Horsley-Clark coordinate AP25, in monke-y M 
at AP28, and in monkey Q at AP24. Figure 2 also illustrates 
the location of the electrode penetrations in one hemi- 
sphere. The giant layer 5 pyramidal cells observed caudally 
indicated the border of primary motor cortex (see Wise and 
Tanji 198 1). A granular layer 4 that gradually became evi- 
dent rostrally indicated the rostra1 border of area 6 (Walker 
1940). Thus the penetrations were located in the dorsome- 
dial agranular SMA. 

-4 total of 170 penetrations into SMA yielded a total of 
733 isolated single units, of which 542 exhibited activity 
modulated in relation to some element ofthe ta.sk. The cells 
could be separated into various groups on the basis of the 
nature and period of modulation in relation to the different 
events of the task. ‘The number of cells identified in each 
class is given in Table 1. It is apparent that there was consid- 
erable variation between monkeys in the proportions ofthe 
different cell types observed. Besides general individual dif- 
ferences, this variation can be attributed to at least two 
other experimental factors. First, as indicated by the posi- 
tion of the recording chambers, slightly different regions of 
SMA were explored in each monkey. Second, the task 
evolved as the recordings progressed. The forelimb move- 
ment task was added while recording from monkey A, and 
the go/no-go discrimination was added while recording 
from monkey M. 

Sensory cells 
One population of SMA cells was identified by their spe- 

cific response to visual or auditory stimuli. Examples of 
visually responsive neurons are shown in Fig. 3. Some neu- 
rons discharged when the fixation spot appeared (Fig. 3A). 
Because the monkeys fixated the central spot in anticipa- 
tion of the upcoming trial, such activity indicates that the 
cell has a fovea1 receptive field. Most of these neurons also 
discharged when the central spot changed color, giving the 
go/no-go cue. In addition, many of the sensory cells with 
fovea1 receptive fields responded after the target-was fixated 
by the saccade. Some sensory neurons exhibited a phasic 
suppression of activity after the onset of the stimulus (Fig. 
3B). Other units responded to the peripheral targets (Fig. 
3C); these were interpreted as sensory neurons having pe- 
ripheral receptive fields. Unfortunately, the vTisua1 stimuli 
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TABLE 1. Cell types recorded in SMA 

Monkey 

Cell Type A M Q Total % 

Sensory 5 37 23 65 16 
Preparatory set 9 22 17 48 12 
Sensory movement 27 47 41 115 28 
Pause-rebound 1 9 8 18 4 
Presaccadic 34 25 12 71 17 
Postsaccadic 6 0 3 9 2 
Eye position 3 3 <l 
Oral movement 9 7 11 27 7 
Forelimb movement 8 5 29 42 10 
No-go-specific 3 4 7 1 
Suppressed through trial 6 4 17 27 
Modulated but unclear 43 28 39 110 
Unmodulated/inactive 12 3 176 191 

Sensory cells responded to the visual and/or auditory stimuli. Prepara- 
tory set cells discharged from the presentation of the appearance of the 
target until the cue to execute or withhold the movement. Sensory-move- 
ment cells discharged from the appearance of the target until the execution 
of the saccade. Pause-rebound cells were suppressed at the appearance of 
the target and discharged at the saccade. Presaccadic cells burst before and 
during saccades. Postsaccadic cells discharged after saccades had been initi- 
ated. Eye position cells were modulated by the position of the eye in the 
orbit. Oral movement cells were active in relation to mouth movements 
during the juice reward. Forelimb movement cells were active in relation 
to forelimb reaching movements. No-go-specific cells discharged only 
after the no-go cue. Suppressed cells exhibited reduced activity throughout 
a trial but could not be further characterized. Modulated but unclear cells 
exhibited some apparent modulation, but insufficient data were collected 
to analyze them further. Unmodulated/inactive cells showed no modula- 
tion or discharge during any trial. SMA, supplementary motor area. Per- 
centages represent values of task-specific modulated neurons. 

used for the targets could not be moved; consequently, it 
was not possible to map the receptive fields of these neurons 
in sufficient detail. Another notable feature of the visual 
units in SMA is the extreme variability in their response. 
For many such neurons, the response was robust in some 
trials, but in others there was no response at all. It must be 
admitted outright that, because the stimuli were immov- 
able LEDs, it was not possible to determine what degree of 
this variability was due to not having a stimulus in the most 
sensitive part of the receptive field. 

These illustrated units represent the extreme examples of 
sensory cells with responses restricted to either the central 
spot, which was already fixated, or to the peripheral targets. 
The population of sensory cells was distributed between 
these extremes, however. For the purposes of this analysis, 
neurons that exhibited any response to the fixation spot 
were classified as possessing fovea1 receptive fields, and the 
remaining cells were classified as exhibiting peripheral re- 
ceptive fields. 

FIG. 2. Location of recordings in rvlonkey A. Tup: a dorsal view of the 
brain illustrating the location of the recording chamber; the principal (pri), 
arcuate (arc), central (ten), intraparietal (ip), superior temporal (St), and 
lunate (lun) sulci are labeled. Labeled lines through the right hemisphere 
indicate the levels at which the corresponding parasagittal sections (bot- 
tom) were drawn. Giant layer 5 pyramidal cells in primary motor cortex 
are indicated by solid spots. Short vertical lines show the position of the 
rostra1 granular layer. Long vertical lines indicate the location of individual 
microelectrode penetrations. In this monkey, as in the other 2, the penetra- 
tions were restricted to the dorsomedial agranular frontal cortex, which 
corresponds to SMA. 

Downloaded from journals.physiology.org/journal/jn at York Univ Libraries (130.063.063.214) on October 22, 2022.



534 

Fixspot 1--I-------- 

J. D. SCHALL 

quasma. 146 200 msec quasma. 070 200 msec 

FIG. 3. Sensory neurons. A: visually responsive cell with a fovea1 receptive field. Trace of the central fixation spot is 
shown on Top. In all of the illustrated trials, the monkey was fixating the central LED when it was illuminated. Mid& a 
raster display of neuronal activity, including the cumulative sum of the spikes. Change in neuronal activity is revealed by the 
change in slope of the cumulative sum of spikes. Bottom: poststimulus time histogram. Rasters and histogram are aligned on 
the onset of the central spot. This cell responded to the fixated LED but not to the peripheral target LEDs. B: sensory cell with 
suppressed activity. Rasters and histogram are aligned on the presentation of the target. C: visually responsive cell with 
peripheral receptive field. Each raster represents the activity of the cell after the onset of the visual target in 1 of the 4 different 
positions. Trace of the target and arrangement of the stimuli are drawn above each raster. This unit did not respond when the 
fixated central LED appeared. Receptive field of this cell is restricted to the left hemifield; this cell was recorded in the right 
hemisphere. 

Out of 65 sensory cells recorded, 47 units included the To summarize, the results of this spatial analysis indicate 
fovea in their receptive field, and 19 had peripheral recep- that the receptive fields of visual neurons in SMA range in 
tive fields. Sixty-three of the cells exhibited elevated activity size, some restricted to within the central 8” and others 
after target appearance, and only 2 cells were suppressed. extending > 15 O from the fovea. The peripheral receptive 
Sufficient data were collected from many of these cells to fields may extend into the ipsilateral hemifield but tend to 
allow 
tion i 

various quanti 
.n the response 

tative 
as a 

analyses. For 5 
function of the 

1 cells the 
direction 

varia- 
of the 

emphasize the contralateral hemifield. 
The tern poral parameters of the sen sory cell responses 

target was calculated; the response direction biases of these 
cells are illustrated in Fig. 4A. Not surprisingly, sensory 
cells with peripheral receptive fields tended to be more 
biased than those with fovea1 receptive fields. For example, 
the fovea1 sensory cell illustrated in Fig. 3A had a direction 
bias of 0.13, whereas the peripheral sensory cell illustrated 
in Fig. 3Chad a direction bias of 0.79. Whereas 53% of the 
cells that had peripheral receptive fields exhibited a direc- 
tion bias >0.2, only 17% of the cells with fovea1 receptive 
fields were so biased. The mean $- SE response direction 
bias for cells with peripheral receptive fields was 0.32 t 0.06 
and for cells with fovea1 receptive fields was 0.12 t 0.02. 
The fact that some of the neurons with receptive fields that 
included the fovea exhibited a degree of response direction 
bias can be interpreted to indicate that the receptive fields 

were also analyzed. Figure 4C shows the distribution of the 
response latencies for 58 sensory neurons. Four of these 
units became active before the target actually appeared, al- 
though this anticipatory activity was not as robust as what 
was observed in the other neurons classes that responded to 
the target (see below). The average response latency was 
92 t 4 ms. The distribution of the delay from the time of 
response onset to the time of peak activation is illustrated in 
Fig. 40; the mean rise time was 84 t 6 ms. The distribution 
of times after target appearance at which the activity de- 
cayed is shown in Fig. 4I?; the mean value was 275 t 11 ms. 

The contrasts in response to the visual and auditory stim- 
uli for the sensory cells with fovea1 and peripheral receptive 
fields from monkeL, Q are shown in Fig. 4F. Those cells that 
responded to the peripheral stimuli but included the fovea 

of these units extended across the visual field while being in their receptive field tended to respond equally to the 
more sensitive in one quadrant. peripheral visual or auditory stimuli; the visual/auditory 

The preferred target direction was determined for those contrast ratio ranged from 0.02 to 0.36. Cells that spared 
sensory cells that exhibited a response direction bias >0.2 the fovea tended to respond more selectively for either audi- 
(Fig. 4B). Although 
sponded for all target 

neurons 
direction 

were encountered that re- 
s, there was a significant ten- 

tory or visual stimuli; the visual/auditory contrast ratio 
ranged from -0.20 to 0.53, with four of seven having a 

dency for sensory cells to respond best to contralateral stim- contrast ratio greater than or equal to 20.20. 
uli(meanangle= 175”;Vtestu=3.11,df=23,Y<0.001). The spatial distribution of sensory cells in m~~G~el?,v M * 
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FIG. 3. (continued) 

and Q is shown in Fig. 5, ,4 and B. Sensory cells tended to be ery of the go/no-go cue signaling the monkeys to execute or 
found throughout the region of SMA explored. There was withhold the movement. These units were called prepara- 
no clear segregation or clustering of visual, bimodal, and tory set cells because they were specifically active during the 
auditory cells in monkey Q, nor was any topography evi- period in which the monkey could prepare the movement 
dent for cells with fovea1 and peripheral receptive fields (not (see Evarts et al, 1984; Kornblum and Requin 1984). 
shown). An example of a set cell is shown in Fig. 6. The rasters in 

the left panels of Fig. 6 represent the activity of the neuron 

Preparatory set cells while the monkey was performing the task using eye move- 
ments. The unit began to discharge after the target was pre- 

Another population of neurons had more prolonged ac- sented, and the duration of the activity was correlated with 
tivity than the sensory cells; they became active after the the delay of the cue: the longer the delay, the more pro- 
presentation of the peripheral target and decayed after deliv- longed the activity. Figure 6, B and C’, shows the relation- 
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FIG. 4. Quantitative measures of sensory cell 
activity. .4: distribution of direction biases, which 
measure the relative response to targets in each 
direction; values can range from 0 to I, with 0 
indicating equal response for all directions. Sepa- 
rate histograms for ceils with fovea1 and periph- 
eral receptive fields are shown. B: distribution of 
preferred directions. lpsilateral is represented by 
0” and contralateral by 180” in relation to the 
hemisphere in which the unit was recorded. c‘: 
distribution of onset times, defined as the time of 
the inflection in the cumulative sum of spikes 
measured after the target appeared. D: distribu- 
tion of rise times, defined as the delay from the 
onset time until the peak of activity, i.e., largest 
slope of the cumulative sum. 12 distribution of 
response termination times, defined as the mo- 
ment of the final inflection in the cumulative sum 
relative to target onset. F distribution of visual/ 
auditory response contrast ratio, computed as the 
difference divided by the sum of the response to 
visual and auditory targets. Values can range 
from - 1 for auditory to t 1 for visual. Separate 
histograms are shown for cells with fovea1 and 
peripheral receptive fields. Results are described 
in the text. 

0 I. 0 
Auditory Visual 
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Set 

FIG. 5. Spatial distribution of sensory and set cells in monkeys A4 and 
Q. A and B: distribution of sensory cells; C and D: distribution of prepara- 
tory set cells. Penetrations were spaced in a l-mm grid. A and C: distribu- 
tion in monkey M, which had the rostrally positioned recording chamber 
shown on the dorsal view of the brain; B and D: distribution in monkey (2, 
which had the caudally positioned recording chamber. Solid points signify 
penetrations in which no sensory or set cells were encountered. Different 
symbols represent responses of different sensory components as shown in 
the legend. Size of the symbol represents the number of such cells encoun- 
tered, as shown in the other legend. No clustering of either sensory or set 
cells was evident. 

ship of the cessation of activity to the presentation of the 
cue and the execution of the saccade, As was characteristic 
of all of the preparatory set cells studied, in general this unit 
quit firing after the cue but before the saccade. It appears, 
however, that the termination of activity was more closely 
related to when the saccade was initiated than to when the 
cue to move was given. For example, this cell quit discharg- 
ing before the cue on those few trials in which the monkey 
made anticipatory saccades. 

The rasters on the right side of Fig. 6 represent the activ- 
ity of the same cell recorded while the monkey was per- 
forming the task using forelimb movements. Fig. 6, E-G, 
indicates that the cessation of activity of this neuron is re- 
lated to the saccade and not to the reaching movement. In 
contrast to what was observed during the eye movement 
task, however, there appeared to be a significant elevation 
of activity before the target appeared in the reaching task. 
As can be seen by the eye position traces, though, the mon- 
key was making saccadic eye movements before presenta- 
tion of the target; these gaze shifts were directed at the dif- 
ferent possible target positions as the monkey anticipated 

where the next target for movement would be. In fact, on 
those trials in which the monkey happened to maintain 
fixation of the central LED, the unit did not begin to dis- 
charge until after the target was presented. Thus it seems as 
if this cell was activated in association with the scanning eye 
movements the monkey was making in anticipation of the 
upcoming trial. This pattern of results was observed in two 
other set cells. 

This explanation, however, does not hold for certain 
other preparatory set cells that became active before the 
presentation of the target in both the eye movement and the 
forelimb movement tasks. For example, anticipatory activ- 
ity was evident in five set cells during the eye movement 
task, in which the monkey was required to maintain fixa- 
tion of the central spot until the cue to move was given. In 
another five set cells anticipatory activity became evident 
only when the delay between the presentation of the fixa- 
tion spot and the onset of the target was prolonged such that 
the monkey could anticipate when the target would be pre- 
sented. 

A total of 48 preparatory set cells were recorded. The 
response direction biases of 44 of these cells are shown in 
Fig. 7A. It is evident that most of the cells exhibited a signifi- 
cant degree of directionality; the average response direction 
bias was 0.28 t 0.03, and 48% exhibited a bias >0.2. These 
values were not significantly different from those of sensory 
cells with peripheral receptive fields. The preferred direc- 
tions of the significantly biased set cells are shown in Fig. 
7B. All directions were represented, but there was a signifi- 
cant tendency for these neurons to respond preferentially in 
relation to contraversive movements (mean angle = 133”, 
u = 1.96, df = 37, P < 0.05). The contralateral bias was no 
different from that of visual sensory cells. 

The target response latency for all 48 set cells is shown in 
Fig. 7C. As discussed above, a number of cells consistently 
exhibited an elevation of activity before the presentation of 
the target. The average onset time for the remaining set cells 
was 106 t 12 ms. The latency of preparatory set cells was 
not significantly different from that of sensory cells, but the 
variability in the onset times for set cells was greater than 
that of sensory cells. This result suggests that activation of 
preparatory set neurons is not determined entirely by the 
presentation of the target. In fact, I noticed that when the 
task was made more predictable and the animal’s perfor- 
mance became more consistent, then the activity of most 
set cells became more uniform across trials. 

The distribution of activation rise times is shown in Fig. 
7D. This time measure was also relatively long and variable. 
The average value was 187 t 12 ms, which was significantly 
longer than that of sensory cells (t = 7.79, df = 105, P < 
0.00 1). 

The distinguishing feature that defined preparatory set 
cells in this study was the time at which their activation was 
terminated, after the cue but before the movement. This 
observation is illustrated by comparing Fig. 7E, which 
shows the distribution of times that the set cell activity ter- 
minated relative to the cue for movement, with Fig. 7F, 
which shows the times of cessation relative to the initiation 
of the saccade. The average termination time relative to the 
cue was 137 k 10 ms. It is important to note that in this task 
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FIG. 6. Preparatory set cell. Each panel il- 
lustrates the horizontal eye position traces and 
raster display of action potentials. Trials were 
sorted according to the duration of either the 
target-cue delay or the reaction time. Vertical 
tick marks in the eye position traces represent 
the events as labeled. Each tick mark on the 
time scale in A and D represents 200 ms; the 
time scale for the remainder is 50 ms. Lefl: 
activity of this unit collected during the eye 
movement task; r&$zt: activity ofthe same neu- 
ron collected during the reaching task. Eye po- 
sition traces and rasters in A and D are aligned 
on the time the target was presented; those in 
B and E, on the time the cue was given; those 
in c’ and F, on the time the saccade was exe- 
cuted; and those in G, on the time the reach 
was made. Note that this neuron began to dis- 
charge after the target was presented and 
ceased to fire after the cue to move was given 
but before the saccadic eye movement was ini- 
tiated. 

quasma.246 
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FIG. 7. Quantitative measures of preparatory set cells. A: direction 
biases. B: preferred direction. c’: onset times. Cells with anticipatory activ- 
ity are indicated by the bin ~0. D: rise times. E: response termination time 
relative to the cue. F: response termination time relative to the saccade. G: 
visual/auditory response contrast ratio. 

the typical saccade latencies ranged from 200 to 250 ms; 
thus the preparatory set cells, which began firing when the 
target was presented, quit firing before the target was extin- 
guished or was moved off of the receptive field by a saccade. 
The average time relative to the saccade was - 112 -t- 9 ms. 
Comparing the distribution illustrated in Fig. 7Fwith that 
shown in Fig. 12E: reveals the fundamental distinction be- 
tween preparatory set cells and the sensory-movement cells 

described below. By the time that the saccade is launched, 
set cells have ceased firing. 

During the delay period the monkey does not know 
whether he will be given the go cue to execute the move- 
ment or the no-go cue to withhold the movement. Once the 
cue is given, however, his response is dictated. Does the 
activity of set cells reflect the declaration of go versus no-go 
trials? In other words, is the activity of a set cell after the cue 
different when the cue results in a saccade versus when it 
does not? Figure 8 compares the response of a set cell during 
go and no-go trials. It is evident that the neuron quits firing 
- 100 ms after either the go or the no-go cue. In the entire 
population there were no differences between the time that 
the activity was terminated after the go cue in the eye move- 
ment task (147 t 12 ms) or the forelimb movement task 
(127 +- 16 ms) and the termination time after the no-go cue 
in the eye movement task (142 t 18 ms) or the forelimb 
movement task (18 1 t 24 ms). Hence, preparatory set cells 
in SMA do not appear to behave differently in go and no-go 
trials, at least with respect to the time course of their activa- 
tion. 

Because set cells could exhibit anticipatory activity and 
ceased discharging before the target was removed from their 
receptive field, it was of interest to determine whether they 
required the actual presentation of the target to become 
active. Therefore, in selected blocks of no-go trials ran- 
domly interspersed in normal go and no-go trials, the target 
stimulus was not turned on. Even though the go/no-go dis- 
tinction was compromised in these trials and no movement 
was ultimately required, the activity of the set cells tested 
remained essentially unchanged, as illustrated in Fig. 8. In 
the six preparatory set cells that provided sufficient data of 
this type, there was no change in the level of modulation 
between the many trials in which the target appeared and 
those few in which it did not. However, each of these partic- 
ular neurons exhibited a significant degree of anticipatory 
activity in the normal go trials. Even so, these data further 
indicate that the response of at least these preparatory set 
cells is not stimulus bound but rather may reflect the tem- 
poral properties of the task that the overtrained monkeys 
have learned. 

The contrast ratio of set neuron responses to visual and 
auditory stimuli is shown in Fig. 7G. The mean value 
(0.04 t 0.055) was not significantly different from 0. Thus 
preparatory set cells in SMA were bimodal, responding 
equally to visual and auditory targets. 

The spatial distribution of set cells in SMA of two mon- 
keys is illustrated in Fig. 5, C and D. This population of 
neurons was found throughout the region of SMA ex- 
plored. There was no obvious clustering or segregation, but 
the small number of units contributing to this analysis must 
make this result tentative. 

Saccadic eye movements can be made under a variety of 
circumstances, ranging from those made in response to ver- 
bal commands (e.g., “Look right”) to those made scanning 
some informative display (e.g., reading) to those made in a 
relaxed, absent-minded state. In the present experimental 
paradigm the monkeys made eye movements in at least two 
conditions, the first while performing the task and the sec- 
ond in the inter-trial interval or when the task was not run- 
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FIG. 8. Decay and onset of preparatory set cell activity. A and B: decay of activity of preparatory set cell after go cue (4) 
and no-go cue (B). The 1st horizontal tick mark on the Z& indicates the time of presentation of the target, the 2nd tick mark 
indicates the time of the go/no-go cue, and the last tick mark indicates the time of the saccade. Both rasters are aligned on the 
time of the cue. Cumulative sum of the spikes is superimposed on each raster. These data were collected from the same cell 
illustrated in Fig. 6. There is essentially no difference in the decline of activity in the 2 cases. C and D: activity of the 
preparatory set cell in trials in which the target appeared (C) and in interleaved no-go trials in which the target was not turned 
on (D). There is no significant difference in the neuronal activity in the two cases. 

ning. The saccades generated in this latter condition will be or not independent sensory and motor components are ex- 
referred to as spontaneous or seZ$generated, and they are pressed in these units. 
distinguished from the goal-directed eye movements made The pattern of activation of sensory-movement cells is 
during the task primarily by the fact that the reward was in shown in Fig. 10. The panels on the lef2 depict the activity 
no way contingent on where they directed the eyes. collected during the eye movement task. As shown in Fig. 

The activity of a set cell associated with goal-directed and 10, A and B, the sensory-movement cell begins to discharge 
spontaneous saccades is compared in Fig. 9; it is evident after the target is presented, whether it is visual or auditory. 
that this cell was modulated little if at all in relation to However, the buildup of activity is somewhat more variable 
spontaneous, unrewarded saccades. It is important that this than that observed in most of the sensory cells. Unfortuna- 
analysis use self-generated saccades of an amplitude and tely, the experiment was not designed to test the response of 
direction comparable with those of the goal-directed, task- these units in trials in which the monkeys were instructed to 
related saccades. Because of the idiosyncratic nature of the make no saccade, so it is not possible to distinguish whether 
eye movements each monkey made in the inter-trial inter- these neurons carry an independent sensory signal. 
val, it was sometimes difficult to collect a significant num- These units cease to fire when the saccade is initiated 
ber of such self-generated saccades. Nevertheless, in every (Fig. 10, C and 0). A similar pattern of modulation was 
case in which a sufficient number of similar self-generated observed when the monkey performs the task using fore- 
and goal-directed saccades were compared, the level of acti- limb reaching movements (Fig. 10, E-G). In the example 
vation associated with the spontaneous saccades was signifi- illustrated, there is a slow decay of activity that begins with 
cantly less. The few remaining set cells were also not clearly the saccade and continues until after the reaching move- 
activated in association with the occasional spontaneous ment. 
saccade having the correct vector. In interpreting the modulation of this cell, it is important 

to remember that the monkey looks before he reaches, so 
the cell activity cannot be dissociated from the saccade. In 

Sensory-movement cells fact, most of the sensory-movement cells appeared to be 
more intimately related to saccades than to forelimb move- 

Another population of the neurons in SMA exhibited a ments. Thus they ought to be called more properly sensory- 
longer period of activation than either sensory or set cells. eye movement cells. In contrast, an example of a sensory- 
These cells were active from the presentation of the target arm movement cell is shown in Fig. 11. The unit was modu- 
until the monkey initiated the movement. Because they re- lated during the forelimb movement task but not the eye 
sponded in this fashion, they have been called sensory- movement task. Because this cell became active after the 
movement cells. The present data do not indicate whether target appeared and peaked before the eye movement made 
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FIG. 9. Preparatory set cell activity associated with goal-directed (A) 

and spontaneous (B) saccades. Eye position traces and rasters are aligned 
on the saccade. Time scale tick marks represent 50 ms. Top: same data 
illustrated in Fig. 6, collected during the eye movement task. Bottom: activ- 
ity associated with spontaneous, unrewarded saccades made during the 
inter-trial interval that were matched for amplitude and direction to the 
goal-directed eye movements. Note the absence of modulation associated 
with spontaneous saccades. 

before reaching, it seems appropriate to interpret its activity 
as being associated with some skeletomotor activation pre- 
ceding the reaching movement, perhaps related to head 
turning (Biguer et al. 1982; Bizzi et al. 197 1). Only four 
sensory-arm movement cells of this type were recorded, all 
in a single penetration in the caudal portion of the region of 
SMA explored. 

It was also of interest to determine whether the response 
of sensory-eye movement cells required the actual presenta- 
tion of the visual or auditory target. As described above, it 
was possible in certain no-go trials not to present a target. 
Figure 13, C and D, compares the response in go trials with 
a visual or auditory target to that in selected no-go trials in 
which no target was turned on. There was considerable acti- 
vation anticipating the appearance of the target in both go 
and no-go trials; moreover, the level of response in no-go 
trials in which no target stimulus was presented was no less 
than that in the go trials. In seven of seven cells with suffi- 
cient data to be tested in this fashion, there was no reduc- 
tion in activity in no-go trials in which no target appeared; 
however, each of these units showed anticipatory activity in 
at least one block of trials. These data indicate that the 
response of at least these sensory-eye movement cells, like 
preparatory set cells, is not stimulus bound. Thus it may be 
more appropriate to describe the activation of these units as 
preparatory rather than sensory. 

Sensory-eye movement cells comprised the largest popu- The contrast ratio of responses to visual and auditory 
lation of task-related neurons recorded; a total of 115 were stimuli is shown in Fig. 12E. Although there were examples 
identified. Figure 12A shows the response direction bias of of visual- and auditory-specific cells, most sensory-eye 
99 sensory-eye movement cells. The mean bias was 0.20 t movement cells responded equally for visual and acoustic 
0.03; 38% exhibited a direction bias >0.2, which was not stimuli (see Fig. 10, A and B). An example of an auditory- 
different from that of set or sensory cells with peripheral specific sensory-eye movement cell is shown in Fig. 14. In 
retentive fields. There was a significant tendencv for the contrast to this modalitv snecificitv. the cell illustrated 

biased cells to respond best in association with movements 
toward contralateral targets (mean angle = 172”, u = 2.49, 
df = 78, P < 0.0 l), as illustrated in Fig. 12B. 

The target response latency is shown in Fig. 12C for 105 
sensory-eye movement neurons. Some exhibited anticipa- 
tory activity (see below). The average onset time for the 
remainder was 116 t 6 ms. The latency of sensory-eye 
movement cells was significantly longer than that of sen- 
sory cells (t = 2.7 1, df = 162, P < 0.005) but was not differ- 
ent from that of preparatory set cells. As illustrated in Fig. 
120, there was a large amount of variability in the rise times 
of sensory-eye movement cells; the mean value was 219 t 
11 ms. The mean rise time of sensory-eye movement neu- 
rons was significantly longer than that of sensory cells (t = 
8.70, df = 162, P < 0.0005) and was marginally longer than 
that of set cells (t = 1.75, df = 15 1, P < 0.05). Sensory-eye 
movement cells tended to exhibit reduced activity very 
soon after the saccade was initiated, as shown in Fig. 12E. 
The average time of cessation of discharge was 94 t 8 ms. 

Because sensory-eye movement cells were active until 
the saccade was executed, it was of interest to determine the 
nature of their response during no-go trials in which the 
monkeys were required to withhold the saccade. Figure 13 
compares the activity of a sensory-eye movement cell dur- 
ing go and no-go trials. In the go trials it is evident that the 
activity decays after the saccade is completed. In contrast, 
in the no-go trials the discharge decays sooner and faster. 
For all sensory-eye movement cells with sufficient data to 
be tested (n = 69) the activity terminated significantly 
sooner after the no-go cue (229 t 14 ms) than after the go 
cue (290 t 10 ms) (t = 3.45, df = 631, P< 0.001). Ten ofthe 
69 sensory-movement cells submitted to this analysis exhib- 
ited the sharp suppression in activity that is illustrated in 
Fig. 13B; the remainder decayed more gradually. 
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FIG. 10. Sensory-eye movement cell. Each 
panel illustrates the horizontal eye position 
traces and raster display of action potentials. 
Conventions as in Fig. 6. Time scale in A, B, and 
E represents 200 ms; time scale for the other 
panels is 50 ms. L@ activity of this unit col- 
lected during the eye movement task. A: re- 
sponse of the cell to the visual target; B: re- 
sponse to the spatially corresponding auditory 
target. C and D: this unit ceased to discharge 
once the saccade was initiated. Right: activity of 
another unit during the reaching task. Cumula- 
tive sum of spikes and histograms in F and G 
indicates that this unit has the most pronounced 
reduction of activity in relation to the eye move- 
ment as opposed to the reaching movement. 

quasma.426 

Downloaded from journals.physiology.org/journal/jn at York Univ Libraries (130.063.063.214) on October 22, 2022.



542 J. D. SCMALL 

Target Cue Reach 

quasma. 312 200 msec 

-  

I  

200 msec 

L 

z In - 

1 

FIG. 1 1. Sensory-arm movement cell. Eye position trace and top histo- 
gram show the neural activity collected while the monkey was performing 
the forelimb movement task. Bottom histogram shows the activity of the 
same unit collected while the animal performed the eye movement task. 
Note the difference in the scales of the histograms. 

in Fig. 10 had a visual/auditory response contrast ratio 
of 0.02. 

The activity of a sensory-eye movement cell associated 
with goal-directed and spontaneous saccades is compared 
in Fig. 15. Most of the spontaneous saccades selected in this 
analysis were the first posttrial saccade; thus the elevation of 
activity that is evident at the beginning of the raster in Fig. 
15B is the tail of the discharge associated with the goal-di- 
rected saccade. All of the sensory-eye movement cells dis- 
charged preferentially for task-related eye movements and 
were not as active in relation to spontaneous saccades made 
in the intertrial interval while the monkey was not perform- 
ing the task. 

Pause-rebound cells 

Another population of neurons was identified by its 
unique, biphasic pattern of modulation (Fig. 16). These 
cells exhibited a moderate level of spontaneous activity in 
the intertrial interval; when the target appeared, the activity 
was suppressed until the initiation of the saccade, at which 
time there was a burst of activity followed by a decay to the 
baseline level. These groups will be referred to as pause-re- 
bound cells to describe their modulation. Such a pattern of 
modulation has been reported before in the internal medul- 
lary lamina of the thalamus (Schlag-Rey and Schlag 1984) 
and in the pulvinar (Robinson et al. 1986). 

In all, 18 pause-rebound cells were recorded in SMA. 
Most of the units were directional; the mean response direc- 

tion bias was 0.20, and 46% had a response bias >0.2. Al- 
though the mean angle, 196”, was contralateral, there were 
not enough cells to demonstrate a significant tendency. The 
average time relative to target onset at which the activity 
was suppressed was 12 t 16 ms. This exceedingly short 
average latency is a result of the fact that many pause-re- 
bound cells exhibit a significant anticipatory capacity. This 
was possible because the time of presentation of the target 
stimulus was predictable within blocks of trials. The re- 
bound burst occurred 38 t 24 ms before the saccade. Fi- 
nally, this cell class was not modulated before spontaneous 
saccades in the intertrial interval. 

Presaccadic movement cells 

Another population of neurons recorded in SMA was 
specifically active in relation to saccadic eye movements 
(Figs. 17 and 19). Presaccadic movement cells showed no 
measurable response to the visual or auditory stimuli, nor 
did they fire in no-go trials when no saccade was executed. 
These cells began to discharge shortly before the saccade 
was initiated and did not decay until well after the eye move- 
ment was completed. The units illustrated indicate the 
range of response magnitude observed in these cells; some 
presaccadic movement neurons exhibited a brisk response 
(Fig. 19), whereas others gave a no less consistent but less 
robust response (Fig. 17). 

A total of 71 presaccadic movement cells was encoun- 
tered. Although many presaccadic movement cells exhib- 
ited a significant degree of response directionality, several 
such units responded equally for all directions of move- 
ment (Fig. l&4). The average response direction bias was 
0.23, and 46% of the presaccadic movement cells had a 
response direction bias >0.2. The distribution of the pre- 
ferred directions of the significantly biased presaccadic 
movement neurons is illustrated in Fig. 18B. Although a 
percentage of the presaccadic movement cells responded 
best in association with ipsilateral saccades, there was a sig- 
nificant tendency for the population of cells to prefer con- 
traversive movements (mean angle = 159O, df = 35, u = 
1.82, P < 0.05). 

The time of onset of activity before the visually triggered 
saccades is illustrated in Fig. 18C for 70 presaccadic move- 
ment neurons. Cells were found that were active >300 ms 
before the visually triggered saccades; the mean value was 
144 t 7 ms. Most presaccadic movement neurons stopped 
firing within 100 ms of the initiation of the saccade; the 
mean value was 103 t 11 ms (Fig. 180). The duration of 
the saccades in this data was very consistent at 50 ms. Ac- 
cordingly, the inactivation of these units was not closely 
related to the termination of the eye movement. 

The visual/auditory response contrast ratio is shown in 
Fig. 18E. The mean value, 0.18 t 0.066, was marginally 
different from 0 (t = 2.7 1, df = 9, P < 0.05). So few cells 
contributed to this particular analysis, however, that a firm 
conclusion does not seem warranted. One would expect 
complete bimodality because, to a first approximation, the 
metrics of the saccades to the visual and auditory targets are 
the same (but see Zambarbieri et al. 1982). 

Figure 19 shows the activity of a presaccadic movement 
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FIG. 12. Quantitative measures of sensory-eye 
movement cells. A: direction biases. B: preferred di- 
rections. C: onset times after target appearance. D: 
rise times. E: response termination times relative to 
saccade. F: visual/auditory response contrast ratio. 
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FIG. 13. Decay and onset of sensory-eye movement cell activity. A and B: histograms representing the activity collected 
during go and no-go trials, respectively, aligned on the cue. Notice the sharper cessation of activity after the no-go cue, which 
required the monkey to withhold a saccade. C and D: activity collected under the same conditions, except that during these 
no-go trials the target never appeared. Histograms are aligned on the presentation of the target. Notice the pronounced 
activity anticipating the onset of the target in both go and no-go trials. During the no-go trials, the cell’s activity was elevated 
at the time the target would have appeared. 
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FIG. 14. Auditory-specific sensory-movement cell. Histograms are 
aligned on the presentation of the target. Top: activity recorded in response 
to the acoustic targets; Bottom: activity recorded in response to the visual 
target. 

cell in relation to goal-directed and unrewarded, spontane- 
ous saccades. This example is typical of the presaccadic 
movement cells in SMA, showing little if any activation in 
association with self-generated saccades that the monkey 
made when he was not performing the task or during the 
intertrial interval. Thus, for the presaccadic movement cells 
as well as for the sensory-eye movement and preparatory 
set cells described above, the report of Schlag and Schlag- 
Rey ( 1987) that presaccadic cells in SMA fire for “spontane- 
ous” as well as goal-directed saccades is not verified. The 
reasons for this discrepancy, which is more apparent than 
real, are reviewed in the DISCUSSION. 

Postsaccadic movement cells 

Other eye movement-related cells discharged specifically 
after saccades; an example of such a postsaccadic cell is 
shown in Fig. 20. Just nine postsaccadic cells were encoun- 
tered in SMA. They did not tend to be directional. The 
mean onset time was 17 t 9 ms after the saccade was initi- 
ated, and they ceased firing, on average, after 2 13 t 18 ms. 

Eve position cells w 

Other neurons in SMA displayed activity that appeared 
to be modulated according to the position of the eye in the 
orbit. These units were unusual in that they discharged be- 
fore and during both saccadic and pursuit eye movements. 
However, these neurons were active only in relation to gaze 
changes that brought the eyes to a particular orbital posi- 
tion. In addition, these units also discharged during fixation 
in a particular range of orbital positions. The behavior of 
one such cell is illustrated in Fig. 2 1. This cell was not very 
active while the monkey performed the task; a broader 
range of eye movements was required. Thus the investiga- 
tor elicited a range of pursuit and saccadic eye movements 
by passing various objects before the monkey. 

From the numerous eye movements that were collected 
while recording from this cell, a limited number were se- 

lected to illustrate the pattern of activity of this neuron. 
Figure 2 1, A-D, illustrates the activity of this cell in relation 
to saccades matched for amplitude and direction in differ- 
ent orbital positions. It is difficult if not impossible to reli- 
ably describe a movement field for this cell because of the 
marked orbital dependence of its activity. This unit dis- 
charged for saccades of widely varying directions and am- 
plitudes that brought the eyes to the upper right quadrant. 
In other words, the activity of this neuron could be ac- 
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FIG. 15. Comparison of sensory-eye movement activity associated 

with matched goal-directed (A) and spontaneous (B) saccades. Rasters and 
histograms are aligned on the initiation of the saccade. Each tick mark on 
the time scale represents 50 ms, and the histogram scale signifies 100 Hz. 
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FIG. 16. Pause-rebound cell. Raster and histogram are aligned on the 

initiation of the saccade. Each tick mark on the time scale represents 200 
ms, and the histogram scale signifies 50 Hz. Note the suppression of activ- 
ity after the presentation of the target and the burst synchronized with the 
initiation of the saccade. 
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FIG. 17. Presaccadic eye movement cell. Eye position traces, raster, FIG. 18. Quantitative measures of presaccadic eye movement cells. A: 
and histogram are aligned on the initiation of the saccade. Time scale is direction biases. B: preferred directions. c’: onset times after target appear- 
200 ms, and histogram scale in 30 Hz. Note the absence of any modulation ance. D: response termination times relative to saccade. E: visual/auditory 
after the target presentation and the rise of activity before the saccade. contrast ratio. 
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FIG. 19. Comparison of presaccadic eye movement activity associated 
with goal-directed (-4) and spontaneous (B) saccades. Time scale is 50 ms, 
and histogram scale is 100 Hz. Activity illustrated in this figure is from a 
different cell from that shown in Fig. 17. Activity is significantly modu- 
lated in relation to goal-directed but not spontaneous saccades. 

J. D. SCHALL 

saccades, the discharge was accounted for by the endpoint 
of the eye movement rather than by the trajectory. Also, the 
change in discharge rate for this cell occurs as early as the 
change in eye position” 

Figure 21, F and I, shows data indicating that this unit 
seems to also signal fixation eye position. Figure 21 F de- 
picts the maintained discharge rate during fixation at differ- 
ent positions. It is evident that this unit exhibited a higher 
level of activity when the monkey’s gaze was directed to- 
ward the upper right quadrant. Figure 2 11 shows that, as 
long as the monkey’s gaze is directed in the appropriate 
quadrant (up to 4,000 ms), this unit discharges. 

These data were analyzed using a multiple linear regres- 
sion According to this analysis, 58% of the variation in 
spike rate can be accounted for by eye position. As indi- 
cated by this unit’s response in relation to saccadic and 
pursuit eye movements, another source of variation in the 
firing rate was the direction and amplitude of the subse- 
quent eye movement. Nevertheless, the average discharge 
frequency during fixation was significantly related to eye 
position (F(2,223) = 154.22, P c 0.00 1). The spike rate at 
the fixation point was 6.1 Hz; the slope of discharge rate 
parallel to the horizontal meridian was 0.42 Hz/deg, and 
the slope parallel to the vertical meridian was 0.18 Hz/deg. 
These values are in good agreement with corresponding val- 
ues published for cells recorded in the inferior parietal lob- 
ule (Andersen et al. 1990a,b). 

Several qualifications must be placed on this description. 
First, the relation of the activity of this cell to orbital posi- 
tion would have been better demonstrated had a wider 
range of trajectories been tested; unfortunately the experi- 
mental paradigm did not afford this. The eye movements 
that comprise this data were evoked by the experimenter 
moving various objects before the monkey. Moreover, the 
orbital position for which the cell was most active was fairly 
eccentric and broadly defined. Second, these data were not 
collected in darkness, so it is possible that there was a sen- 

-- 

counted for more clearly by the endpoint of the eye move- 
ment than by its vector. Moreover, as illustrated in Fig. 
2 1 G, the unit begins to fire before saccades with the appro- 
priate endpoint in a manner reminiscent of the presaccadic 
movement neurons. In addition, it can be seen in Fig. 2 1) G 
and I, that the unit also ceases to discharge before saccades 
taking the eyes away from the appropriate quadrant. 

This unit was also active in relation to pursuit eye move- 
FIG. 20. Postsaccadic cell. The 1st tick mark in the raster indicates the 

ments, as shown in Fig. 21, E and H, although, as with the 
time of the go-cue. Raster and histogram are aligned on the saccade. This 
neuron’s activity follows saccade initiation. 
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sory component to the activity. Third, because the task 
used in this study was not designed to study these cells, only 
two other eye position cells of this type could be reliably 
identified in these recordings from SMA. The other task-re- 
lated presaccadic cells that were analyzed for this study 
were tested for orbital dependence, but either their activity 
did not vary with gaze angle or the range of eye movements 
was not broad enough to show any relation. Fourth, in con- 
trast to the previous classes of eye movement-related cells, 
the present data do not indicate whether or not the activity 
of these eye position units is contingent on the performance 
of a task-although it should be noted that the experi- 
menter was eliciting gaze changes directly to obtain data 
from these units, so it seems possible that the eye move- 
ments may have been derived from a more motivated state. 
Finally, because the head was restrained, it is not possible to 
state whether this activity is related directly to orbital posi- 
tion or the true angle of gaze in space. 

Forelimb movement cells 

Another population of neurons in SMA was related to 
forelimb movements. Such a neuron is illustrated in Fig. 
22; it became active after the saccade but before the arm 
movement was detected and remained active while the 
monkey touched the target. It is interesting to note the tem- 
poral correlation between the saccade and the forelimb 
movement, which has been observed previously (Biguer et 
al. 1982; Fischer and Rogal 1986; Fisk and Goodale 1985; 
Gielen et al. 1984; Herman et al. 198 1). Forty-two cells 
related to forelimb movements were recorded. Some of the 
cells seemed to be related to proximal movements and 
others to distal. These differences, however, could be distin- 
guished only informally, because EMG was not recorded. 

As shown in Fig. 23A, most forelimb movement cells 
exhibited a significant degree of response directionality. 
The mean bias was 0.25; 53% had a direction bias >0.2. 
Each of the three monkeys spontaneously used his right 
arm to perform the task. Neurons that were active in associ- 
ation with forelimb movements were recorded in SMA in 
both hemispheres. As illustrated in Fig. 23B, there was a 
difference in the distributions of preferred response direc- 
tions of cells recorded in the two hemispheres. Cells in the 
right hemisphere responded for either ipsilateral or contra- 
lateral movements of the right arm, but there was no signifi- 
cant bias in the distribution. In contrast, cells in the left 
hemisphere tended to prefer ipsilateral movements, i.e., 
leftward movements of the right forelimb (mean angle = 
342”, u = 4.75, df = 12, P < 0.0001). A larger sample of 
units, however, is required to verify this curious difference. 

Figure 23C illustrates the distribution of onset times for 
the population of forelimb movement cells. There was no 
difference between the cells recorded in the two hemi- 
spheres. Neurons could be active as much as 400 ms before 
the visually triggered arm movements; the mean onset time 
was 174 t 13 ms before the movement was detected. Fi- 
nally, Fig. 230 shows the visual/auditory contrast ratio re- 
sponse for 18 forelimb movement cells. Overall, the arm 
movement cells were as active for reaches to targets of ei- 
ther modality. It was not possible to test task contingency of 

the arm movement cells because the monkeys did not make 
spontaneous reaching movements. 

Other movement cells 

Other cells were recorded that were active in relation to 
movements of the mouth. They were particularly active 
when the monkey received the juice reward but could be 
not further characterized. I also had the impression that 
another population of neurons was active in association 
with trunk or hindlimb movements. These cells were active 
in the intertrial interval when the monkeys made postural 
adjustments, but when the trial began and the monkey be- 
came still, attending to the task, the activity of this group of 
cells was reduced. These cells are classified as suppressed 
through trial in Table 1. Because EMG was not recorded 
and the task did not require or control trunk or hindlimb 
movements, these neurons could not be further studied. 

The spatial distribution of cells responding in relation to 
eye, mouth, and forelimb movements in two of the mon- 
keys is illustrated in Fig. 24. This figure was compiled from 
both sensory-movement and premovement cells. The few 
postsaccadic cells were not included. Although there is in- 
termingling, somatotopy is evident. Eye movement cells 
tended to be found rostrally; forelimb movement cells were 
found caudally, and oral cells were recorded in between. 

No-go-specijic cells 

Neurons in SMA were encountered that were modulated 
specifically after the no-go cue, which required the mon- 
keys to withhold movement. An example of a no-go-spe- 
cific cell is shown in Fig. 25. This cell gave a burst after the 
no-go cue, but only when the saccade would have been 
directed to the contralateral targets. It gave no response 
after the go cue, which resulted in a movement. 

Seven cells were encountered that exhibited specific mod- 
ulation after the no-go cue. Four showed elevated activity, 
and three showed suppression. The average response la- 
tency was 12 1 t 16 ms, which is slightly longer than the 
latency of sensory cells. This no-go-specific modulation is 
transient; the time of cessation averaged 382 t 48 ms, 
which was also slightly longer than that of sensory cells. It is 
conceivable that this modulation is actually a sensory re- 
sponse to the changing color of the central spot. This inter- 
pretation does not seem plausible, however, because these 
no-go-specific neurons do not respond to the color change 
that represented the go cue and there is no evidence for 
color-selective cells in SMA. Furthermore, the fact that they 
respond preferentially in association with targets in differ- 
ent directions is not consistent with a simple sensory re- 
sponse. 

Unmodulated cells 

Other units were clearly modulated but in a less straight- 
forward manner that could not be characterized, or they 
were not recorded for a sufficiently long period. These are 
listed as modulated but unclear in Table 1. Many neurons 
were encountered in SMA that were unmodulated or inac- 
tive. They constituted 26% of the total population of cells in 
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1000 msec 
FIG. 21. Eye position cell. A-E: eye movements with a box centered on the endpoint of the movement; the size of the box 

is proportional to the discharge rate associated with the eye movement, according to the scale shown at the bottom. The cross 
in each panel indicates the central position of gaze. G-I: selected examples of unit discharge associated with different eye 
positions and movements. Horizontal eye position is shown above and vertical below. A: 6 upward saccades of the same 
amplitude; significantly more activity was associated with the 3 saccades that brought the eyes to the upper right quadrant 
than with the other 3 that ended in the left quadrant. B-D: similar data for saccades of different amplitudes and directions. In 
each case the level of neuronal activation is accounted for better by the endpoint of the saccade than by its vector. G: 
individual horizontal, oblique, and vertical saccades with which this unit was active. Saccades with which this unit was not 
active can be seen in each of G-I. E: 5 pursuit eye movements; the 3 movements that ended in the upper right quadrant were 
associated with much more activity than the 2 that ended in the left quadrant. H: temporal relationship of this neuron’s 
discharge and the pursuit eye movements; the activity gradually builds as the eyes move into the appropriate quadrant. l? 
variation in maintained discharge rate as a function of orbital position for 226 fixation periods ranging in duration from 200 
to 4,000 ms, with an average of 75 1 ms. Location of each square corresponds to actual fixation position, and the size of each 
square is proportional to the average discharge rate during that fixation period. Mean discharge rate across all fixation 
periods was 7.4 Hz. Although there was variation, this unit was most active when the monkey’s gaze was directed in the upper 
right quadrant. k fixation periods during which this unit was active; as long as the monkey looked up and to the right, this cell 
fired. 
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FIG. 22. Forelimb movement cell. Conventions as in Fig. 6. Eye posi- 
tion traces, rasters, and histogram are aligned on the time that the monkey 
began reaching for the target, and the trials have been sorted in order of 
increasing reaction time. 
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FIG. 23. Quantitative measures of forelimb movement cells. A: direc- 
tion bias. B: preferred direction for cells recorded in the right hemisphere 
(top histogram) and for cells recorded in the left hemisphere (bottom). Each 
monkey spontaneously used his right arm to perform the task. C: onset 
times. D: visual/auditory response contrast ratio. 
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FIG. 24. Location of penetrations in monkeys 1M and Q encountering 
sensory-movement and movement cells related to eye, mouth, and fore- 
limb movements. Conventions as in Fig. 5. It is evident that, although 
there is much intermingling, eye movement cells tend to be found rostrally 
and forelimb movement cells caudally. Mouth movement cells are found 
in between. 
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FIG. 25. No-go-specific cell. Perievent time histograms are shown for go trials and no-go trials to the left and right. 
Histograms are aligned on the onset of the cue. This cell was specifically active when the no-go cue prohibited saccades to the 
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left but not to the right. This cell was recorded in the right hemisphere. 

the three monkeys. The proportion of unmodulated or in- 
active cells is apparently higher in monkey Q because a spe- 
cial effort was made to identify such units as well as the 

left but not to the right. This cell was recorded in the right hemisphere. 

the three monkeys. The proportion of unmodulated or in- 
active cells is apparently higher in monkey Q because a spe- 
cial effort was made to identify such units as well as the 
task-related neurons. task-related neurons. 

Figure 26 shows the spatial distribution of the unmodu- 
lated cells in the SMA of monkey Q. Two results are evi- 
dent. First, unmodulated cells were encountered in most 
penetrations. Second, the most lateral penetrations tended 
to encounter only unmodulated or inactive cells. In mon- 
key A& in which the recording chamber was positioned 

Figure 26 shows the spatial distribution of the unmodu- 
lated cells in the SMA of monkey Q. Two results are evi- 
dent. First, unmodulated cells were encountered in most 
penetrations. Second, the most lateral penetrations tended 
to encounter only unmodulated or inactive cells. In mon- 
key A& in which the recording chamber was positioned 
more rostrally, the most rostra1 penetrations also encoun- more rostrally, the most rostra1 penetrations also encoun- 

FIG. 26. FIG. 26. Spatial distribution of penetrations encountering unmodu- Spatial distribution of penetrations encountering unmodu- 
lated cells in monkey Q. Rostra1 (A-anterior) is to the left. Small spots lated cells in monkey Q. Rostra1 (A-anterior) is to the left. Small spots 
represent penetrations in which only task-related units were isolated. Open represent penetrations in which only task-related units were isolated. Open 
squares represent the number of unmodulated or inactive cells encoun- squares represent the number of unmodulated or inactive cells encoun- 
tered in penetrations that also encountered task-related units. Solid tered in penetrations that also encountered task-related units. Solid 
squares represent penetrations in which no task-related modulated cells squares represent penetrations in which no task-related modulated cells 
were recorded. were recorded. 

IOOmsec 

tered only unmodulated neurons. This result is consistent 
with the cytoarchitecture, which suggests that these rostra1 
penetrations were in the frontal granular cortex, beyond the 
border of SMA. Further, it appears that the region of cortex 
lateral to SMA, which is in the frontal agranular region, 
does not participate in the task that these monkeys were 
performing. 

DISCUSSION 

A summary of the results provided by this study is illus- 
trated in Fig. 27. A number of response profiles were ob- 
served in the SMA of monkeys performing visually guided 
movements. Sensory cells responding to either visual or au- 
ditory stimuli were recorded. Preparatory set cells were ac- 
tive from the appearance of the target until the monkeys 
were given the go/no-go cue to either move or not move. 
Sensory-movement cells were active from the appearance 
of the target until the saccade was executed. Pause-rebound 
cells were suppressed at the appearance of the target and 
burst at the saccade. Presaccadic eye movement cells burst 
before the saccade; other cells were postsaccadic. Other eye 
movement-related cells were modulated by the position of 
the eye in the orbit. Neurons with activity associated with 
eye movements tended to be found rostrally; cells with activ- 
ity related to forelimb movements were found caudally. 
Neurons related to oral movements were interspersed be- 
tween the eye and forelimb regions. Certain cells exhibited 
specific activity in relation to withholding the movement in 
no-go trials. Finally, many neurons were not modulated 
while the monkey performed the task. 

Relation to previous work 

The SMA has received much attention because of its ap- 
parent role in the preparation and execution of intentional, 
goal-directed movements. One line of evidence is based on 
the observation that, before the execution of a limb move- 
ment, a “readiness potential” is observed in the electroen- 
cephalogram recorded over SMA (Deecke and Kornhuber 
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FIG. 27. Summary of the different cell types recorded in SMA. Timing 
of the task is shown on the top. Cumulative distributions of response acti- 
vation and inactivation for each cell type is illustrated; the magnitude of 
activity is not reflected in this figure. 

1978; Deecke et al. 1985). This readiness potential also ap- 
pears when a human subject plans a limb movement that is 
subsequently withheld (Libet et al. 1983b). Further, the 
readiness potential recorded before preplanned, externally 
cued movements is different from that recorded before self- 
generated movements (Libet et al. 1982); and, finally, the 
readiness potential begins before the subject reports being 
aware of the intention to act (Libet et al. 1983a). A readi- 
ness potential is also observed over SMA before voluntary 
saccadic eye movements (Deecke et al. 1985; Kurtzberg 
and Vaughan 1982; Moster and Goldberg 1990). 

Another line of evidence is provided by regional cerebral 
blood flow studies in human subjects performing a variety 
of movement tasks. These have demonstrated that SMA is 
activated during complex, intentional movements and not 
during sustained muscular contraction or simple, repetitive 
movements (Orgogozo and Larsen 1979; Roland et al. 
1980; but see Fox et al. 1985). Moreover, blood flow in 
SMA is also elevated when subjects only imagine a complex 
movement sequence without actually executing it (Roland 
et al. 1980). 

Yet another line of evidence is provided by single-unit 
recordings in SMA of alert, behaving monkeys that have 
demonstrated a variety of response properties. The re- 

mainder of the DISCUSSION will focus on the new informa- 
tion that the present single-unit recording study provides. 
SENSORYCELLS. Neurons responding to visual (Brinkman 
and Porter 1979; Schlag and Schlag-Rey 1987; Tanji and 
Kurata 1982), auditory (Tanji and Kurata 1982; Wise and 
Tanji 198 l), and tactile stimuli (Tanji and Kurata 1982) 
have been reported in SMA. In this study new information 
about the visual receptive field arrangement was presented. 
It was demonstrated that some sensory cells include the 
fovea in their receptive fields, whereas others do not. Al- 
though they extend into the ipsilateral hemifield, receptive 
fields that exclude the fovea tend to emphasize the contralat- 
era1 hemifield. Cells with fovea1 receptive fields tended to 
respond equally to visual and auditory stimuli, whereas 
cells with peripheral receptive fields tended to respond pref- 
erentially to visual or auditory stimuli. 

The response of these units after the presentation of the 
stimuli could be quite variable from trial to trial. At least 
two sources for this variation can be imagined: first, the 
stimuli may not have been situated in the most sensitive 
part of the receptive field; second, the attentional state of 
the monkey may have wavered. Because just four fixed 
LEDs were used as the stimuli, it was not possible to map 
the receptive field as has been done in the FEF (Bruce and 
Goldberg 1985). Thus the contribution of the first factor is 
not known at this time, and further experimental work is 
therefore required to describe more clearly the receptive- 
field organization of SMA visual cells. Nevertheless, extra- 
retinal input to these units also should not be ignored in 
future studies. 

In this study, the temporal parameters of the sensory re- 
sponses were reported. The latency of response observed 
corresponds to what has been described in the aforemen- 
tioned reports. However, the values of response rise and 
cessation times have not been previously reported. These 
data are necessary to provide a complete description of the 
sequence and pattern of activation of this area in the prepa- 
ration of a visually guided saccade. Although it seems self- 
evident that the sensory responses must be involved in spec- 
ifying the target of an eye movement, further work is re- 
quired to elucidate the nature of their involvement. 

Recent anatomic studies indicate possible sources for the 
visual and auditory input to the SEF (Huerta and Kaas 
1990; Jurgens 1984). The eye movement representation in 
rostra1 SMA appears to receive intracortical afferents from 
the medial superior temporal (MST) and superior temporal 
polysensory (STP) extrastriate visual areas, as well as from 
the ventral intraparietal area (VIP) of the inferior parietal 
lobule and the frontal eye fields. Rostra1 SMA also gets in- 
put from thalamic regions in which visually evoked activity 
has been recorded (Schlag and Schlag-Rey 1984) including 
certain intralaminar nuclei, the lateral portion of the me- 
diodorsal nucleus, and the medial portion of the ventroan- 
terior nucleus. 
PREPARATORY SET CELLS. After the target appeared, the 
monkeys could prepare the movement, i.e., the amplitude 
and direction of the saccade or forelimb movement could 
be programmed. This preparatory process or motor set has 
been the focus of many studies (reviewed in Evarts et al. 
1984; Kornblum and Requin 1984). Neurons that are spe- 
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cifically active during this preparatory period have been 
observed in primary motor cortex (Tanji and Evarts 1976), 
the postarcuate premotor region (Godschalk and Lemon 
1983; Weinrich and Wise 1982; Weinrich et al. 1984; Wise 
and Mauritz 1985), and prefrontal cortex (Kubota and 
Funahashi 1982). A similar pattern of modulation asso- 
ciated with forelimb movements has been observed before 
in SMA (Tanji et al. 1980; Tanji and Kurata 1985). 

In the present investigation, a key defining feature of the 
preparatory set cell class was the cessation of activity before 
the movement, usually after the go/no-go cue. This time 
course of activation distinguishes this population of neu- 
rons from the sensory-movement neurons that continue to 
fire until the eye has moved. The termination of activity of 
the set neurons appears to be related more closely to initia- 
tion of the saccade rather than to presentation of the cue. 
This relationship has been observed previously in the post- 
arcuate premotor cortex (e.g., Weinrich et al. 1984) and is 
being analyzed in more detail for the SMA cells (see Schall 
1988). 

Several results indicate that the activity of set cells is not 
stimulus bound, that these neurons receive a potent extra- 
retinal input. First, a significant number of these units be- 
came active in anticipation of the target presentation. Sec- 
ond, the response latency and rise time of preparatory set 
cells were longer and more variable than those of sensory 
cells. Third, set cells in SMA ceased firing with essentially 
the same time course after the no-go cue, which instructs 
the monkey to withhold a movement, as after the go cue. In 
no-go trials these units quit discharging even though the 
target stimulus was still present. Moreover, set neurons 
cease discharging before the target is removed from the re- 
ceptive field by an eye movement. Fourth, this population 
displayed equivalent responsiveness to visual and auditory 
stimuli. Finally, a number of preparatory set neurons dis- 
played elevated activity synchronized on the expected time 
of presentation of a target that was not actually turned on. 

Set cell activity was associated with goal-directed and not 
spontaneous saccades. This result indicates that these neu- 
rons are involved in generating only particular kinds of sac- 
cades (discussed below). It has been proposed that set cells 
play a key role in the preparation of a movement. The pre- 
cise nature of this function, however, requires investigation. 
For example, the level of activity of a set cell on any trial 
does not predict saccade latency (Schall 19 8 8). Analyses are 
currently underway to determine whether temporal param- 
eters of set cell activity predict eye movement latency. 

SENSORY-MOVEMENT CELLS. Sensory-movement cells have 
also been observed in FEF (Bruce and Goldberg 1985), pre- 
frontal cortex (Both and Goldberg 1989; Joseph and Bar- 
one 1987), and the inferior parietal lobule (Andersen et al. 
1987, 1990b; Colby et al. 1988) in relation to visually 
guided saccades. A corresponding pattern of neuronal mod- 
ulation has also been recorded in relation to visually guided 
forelimb movements in the postarcuate premotor region 
(Godschalk and Lemon 1983; Godschalk et al. 1985; 
Weinrich and Wise 1982). This pattern of modulation has 
also been observed in a number of subcortical structures, 
including the caudate nucleus (Hikosaka et al. 1989a,b), the 
substantia nigra pars reticulata (Hikosaka and Wurtz 

1983a), the superior colliculus (Mays and Sparks 1980; 
Mohler and Wurtz 1976), and the nucleus reticular-is teg- 
menti pontis (Crandall and Keller 1985). It will be of inter- 
est to determine whether any of these sensory-movement 
cells in SMA are active for memory-guided saccades, as are 
cells in prefrontal cortex and FEF (Funahashi et al. 1989), 
the inferior parietal lobule (Gnadt and Andersen 1988), 
caudate nucleus (Hikosaka et al. 1989a), and substantia ni- 
gra (Hikosaka and Wurtz 1983b) or whether they respond 
in a double-step task like the quasivisual cells of the supe- 
rior colliculus (Mays and Sparks 1980). 

Separate populations of sensory-eye movement and sen- 
sory-arm movement cells were distinguished in SMA; this 
has not been emphasized in earlier investigations. Because 
no clear changes in activity were observed in the activity of 
these two subpopulations during the eye movement task 
versus the forelimb movement task, it is not possible to 
implicate these neurons directly in eye-hand coordination. 
But it seems that recording from these units in monkeys 
performing more demanding eye and limb movement tasks 
is necessary (e.g., Baedeker and Wolf 1987; Fischer and 
Rogal 1986; Georgopoulos and Massey 1987; Gielen et al. 
1984; Herman et al. 198 1). 

The behavior of these units under a variety of circum- 
stances indicates that they are neither purely sensory nor 
purely motor, but instead signal higher level elements of 
sensorimotor integration. First, sensory-movements cells in 
SMA became active during the period that a target nor- 
mally was presented even when that target was not turned 
on. Second, some sensory-movement neurons exhibited 
anticipatory activity. Third, the sensory-movement cells 
tended to respond equally to visual and auditory targets. 
Thus this population of cells receives an extraretinal input 
that can signal that a target will or ought to be present. 
Indeed, it might be more appropriate to describe the activa- 
tion of these neurons as preparatory rather than sensory. 
Moreover, sensory-movement cells were not modulated in 
relation to spontaneous saccades; their activation was con- 
ditional. These properties of the sensory-movement cells in 
SMA may arise through input from areas of prefrontal cor- 
tex (Huerta and Kaas 1990) where corresponding neuronal 
response patterns are observed (reviewed by Fuster 1985; 
Goldman-Rakic 19 8 7). 

PAUSE-REBOUND CELLS. In an earlier report from this labo- 
ratory, Mann et al. (1988) noted that many units in SMA 
exhibited reductions in firing rate during visually guided 
movements. In subsequent recordings and in further analy- 
sis of their data, the pause-rebound class was identified in 
the present study. Pause-rebound cells have also been ob- 
served in the thalamic internal medullary lamina (Schlag- 
Rey and Schlag 1984) and the inferior and medial pulvinar 
(Robinson et al. 1986) which are reciprocally connected to 
SMA (Huerta and Kaas 1990; Jiirgens 1984; Schell and 
Strick 1984; Schlag-Rey et al. 1987; Wiesendanger and 
Wiesendanger 1985). The pause-rebound units recorded in 
the central thalamus exhibited a pause at different times 
relative to the saccade, whereas in the present study the 
pause was observed from the appearance of the target until 
the saccade. Because the study by Schlag-Rey and Schlag 
(1984) did not use a delayed response paradigm, it is diffi- 
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cult to compare these populations of cells more directly. It 
is possible that this population of cells is in some sense the 
inverse of sensory-eye movement cells, although the addi- 
tional burst associated with the saccade has no counterpart 
suppression in sensory-movement cells. 

Centers involved in visual processing need to be in- 
formed of the execution of a saccade so that their processing 
can be halted or modified while the rapid eye movement 
degrades the image (e.g., Matin 1974). It has been proposed 
that this might be one function of the pause-rebound cells 
in the intralaminar nuclei (Schlag and Schlag-Rey 1983) 
and thus, by extension, in SEF. If the pause-rebound cells 
provided inhibitory input to visual processing neurons, 
then such cells would be disinhibited when a potential tar- 
get was asserted until the subsequent saccade. For SEF, how- 
ever, the potential extrinsic cortical targets for this signal 
appear to be limited to FEF and VIP (Huerta and Kaas 
1990). 
EYE MOVEMENT CELLS. Presaccadic bursting neurons have 
been observed in SMA previously by Brinkman and Porter 
(1979) and Schlag and Schlag-Rey (1987). However, these 
investigators did not make the distinction between sen- 
sory-eye movement and purely eye movement cells be- 
cause they did not use a task that temporally separated the 
sensory and the motor components of the response. A fun- 
damental difference in the results of Schlag and Schlag-Rey 
( 1987) and the present investigation concerns the activity of 
SMA neurons associated with spontaneous, self-generated 
saccades. Schlag and Schlag-Rey demonstrated that units in 
rostra1 SMA discharged before self-generated saccades with 
no visual target. The onset of activity occurred earlier and 
was more gradual than that observed with visually triggered 
saccades. In the present study, however, it was found that 
preparatory set, sensory-eye movement, pause-rebound, 
and presaccadic burst cells were not modulated in relation 
to spontaneous saccades. 

The report by Schlag and Schlag-Rey (1987) of presac- 
cadic activity in SEF associated with spontaneous saccades 
was especially interesting in comparison with FEF. In the 
initial observations of FEF (Bizzi 1968; Bizzi and Schiller 
1970), presaccadic activity was not recorded in alert but 
untrained monkeys making unrewarded, spontaneous eye 
movements. This result was a puzzle because stimulation of 
the FEF elicited saccades (Ferrier 1875; Robinson and 
Fuchs 1969) and a presaccadic EEG shift could be recorded 
over FEF (Kurtzberg and Vaughan 1973). The apparent 
inconsistency was clarified by training monkeys to make 
saccades to visual targets (Bruce and Goldberg 1985; Gold- 
berg and Bushnell 198 1; Wurtz and Mohler 1976). Many 
cells exhibit an enhanced response to visual stimuli that 
were targets for saccades. After such training, other cells 
have been recorded in FEF that were active specifically be- 
fore purposive, goal-directed saccades, even in the dark 
(Bruce and Goldberg 1985). The apparent functional differ- 
ences revealed between the different studies of FEF re- 
flected differences in experimental paradigm and reward 
contingency. 

A similar interpretation may explain the apparent incon- 
sistency between the results of Schlag and Schlag-Rey 
(1987) and those of this investigation. It is critical to under- 

stand the nature of the tasks that were used by Schlag and 
Schlag-Rey and in the present study. Schlag and Schlag-Rey 
trained monkeys to fixate spots of light that appeared at 
unpredictable locations and times. In their paradigm the 
monkeys were required to be vigilant constantly; each suc- 
cessful saccade to a target was rewarded. Under these cir- 
cumstances “spontaneous,” i.e., self-generated, saccades 
would seem to be generated in a more motivated state. In 
the task used for the present investigation, each trial re- 
quired a specific pattern of eye movements to be success- 
fully completed, and each trial was separated by a defined 
intertrial interval. Saccades during the intertrial interval or 
when the task was not being run were considered spontane- 
ous. These self-generated saccades were unrewarded and 
had no relation to the task; thus, it can be argued that they 
are derived from a less motivated state. Hence, the results 
presented by Schlag and Schlag-Rey and by the present re- 
port provide alternative views of the same neuronal system 
and should be seen as complementary rather than con- 
flicting. 

Before leaving this point, it is interesting to note that the 
activity of cells in SMA associated with visually triggered 
and self-generated forelimb movements has been described 
recently (Kurata and Wise 1988; Okano and Tanji 1987; 
Romo and Schultz 1987). These studies demonstrate that 
the activity of single units in SMA before visually triggered 
movements begins at the appearance of the target, whereas 
the onset of activity before self-generated movements is ear- 
lier and more gradual. This pattern of modulation appears 
to be the same as Schlag and Schlag-Rey (1987) have ob- 
served associated with saccades. Again, in each of these stud- 
ies the monkeys were rewarded for making self-generated as 
well as visually triggered movements. 

Although it seems self-evident that presaccadic move- 
ment cells probably participate in triggering a saccade, the 
route of access to the saccade-generating network in the 
brain stem has yet to be worked out. Because low-intensity 
(~50 PA) microstimulation elicits saccades with a relatively 
short latency (30 ms) (Gould et al. 1986; Mann et al. 1988; 
Mitz and Godschalk 1989; Schall 199 lb; Schlag and 
Schlag-Rey 1987), it seems that these units must have 
rather direct access to the brain stem saccade generator. In 
fact, as mentioned above, projections from SEF to brain 
stem oculomotor regions have been described (Huerta and 
Kaas 1990; Shook et al. 1990). 
EYE POSITION CELLS. Another population of cells recorded 
in the present study were modulated by the position of the 
eye in the orbit. These units discharged in association with 
both saccadic and pursuit eye movements that brought the 
eyes to the particular orbital position; they also fired during 
fixation in the particular direction. Schlag and Schlag-Rey 
( 1985, 1986) have also reported neurons in SMA that were 
active during fixation both with and without orbital depen- 
dence. The properties of the few units of this type observed 
in the present survey corresponded precisely to those de- 
scribed by Schlag and Schlag-Rey. 

The present data, although admittedly limited both in 
quantity and quality, are relevant to the current attempts to 
understand the precise nature of the supranuclear saccade 
command signals. On the one hand, a number of investiga- 
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tors have argued that an eye position signal of some sort is 
required to generate accurate saccades under a variety of 
circumstances (e.g., Andersen et al. 1990b; Mays and 
Sparks 1980); on the other hand, others assert that saccades 
can be programmed without such information (e.g., Gold- 
berg and Bruce 1990). If substantiated, the existence of an 
explicit eye position signal in SMA would be an important 
contribution to this debate. Furthermore, the properties of 
the eye position units identified in SMA are distinct from 
their counterparts in other brain regions. 

Various neurons recorded in posterior parietal cortex 
show an orbital dependence (Andersen et al. 1985, 1987, 
1990a,b; Lynch et al. 1977; Robinson et al, 1978; Sakata et 
al. 1980). Some units are activated during attentive fixation 
in limited directions of gaze; others are active during track- 
ing eye movements (e.g., Lynch et al. 1977; Robinson 
1978). However, in contrast to the units observed in SEF, 
these neurons in posterior parietal cortex do not also dis- 
charge before saccades; instead their activity is interrupted 
by saccadic eye movements. On the other hand, orbital po- 
sition has also been shown to affect the magnitude of the 
visual and saccade-related responses of posterior parietal 
neurons (Andersen et al. 1990b). It is difficult to compare 
the present results directly with those obtained in the pari- 
eta1 lobe because the experimental paradigms were so dif- 
ferent. Nevertheless, the multiple linear regression analysis 
of the variation of neuronal activity with fixation position 
for the units in SEF yielded values for the slope of discharge 
rate as a function of eye position that were comparable with 
what has been described in parietal cortex. 

Neurons with activity modulated by eye position have 
also been described in FEF; these are all related to tracking 
and fixation in particular directions (Bizzi 1968; Bizzi and 
Schiller 1979; Bruce and Goldberg 1985). These units ap- 
pear to differ, however, from what was observed in SEF by 
the lack of presaccadic modulation [compare Fig. 3 of Bizzi 
( 1968) or Fig. 4 of Bizzi and Schiller (1970) with Fig. 2 1 of 
the present paper]. The time course of modulation of the 
eye position cells in SEF relative to saccadic and pursuit eye 
movements indicates that their signal may be more of a 
command than a correlate. In the first place, these cells 
display a burst that begins before saccades that have the 
appropriate endpoint. In the second place, during fixation 
of the appropriate point, the sustained activation is in- 
terrupted well before the eye movement that carries gaze 
from that point. 

FORELIMB MOVEMENT CELLS. Other cells in SMA were asso- 
ciated with reaching movements of the forelimb. Neurons 
related to movements of the forelimb (Brinkman and 
Porter 1979; Okano and Tanji 1987; Romo and Schultz 
1987; Sakai 1978; Smith 1979; Tanji and Kurata 1979, 
1982; Tanji and Tanaguchi 1978; Tanji et al. 1980, 1988; 
Wise and Tanji 198 1) and hindlimb (Tanji and Kurata 
198 1, 1982) have been observed previously in SMA. In the 
present study each monkey spontaneously used his right 
arm to perform the task; this was not imposed on them. As 
observed in another recent study (Tanji et al. 1988), single 
units in both hemispheres of SMA are related to move- 
ments of the right arm. Moreover, the data obtai ned i n the 
present investigati on sh owed that these neurons tend ed to 

respond best for movements in a particular direction. Cells 
in primary motor cortex are also tuned for the direction of 
forelimb movements (Georgopoulos et al. 1982, 1986). 
These authors found a tendency for cells in the hemisphere 
contralateral to the moving arm to respond best for contra- 
lateral movements. Although this was not observed in the 
present data, the sample was too small to determine this 
issue reliably for SMA. The results of the present investiga- 
tion also suggest that the population of forelimb movement 
cells in the two hemispheres tended to be tuned for different 
directions of movement of the same limb, which has not 

An earlier report from this laboratory (Mann et al. 1988) 
proposed that there were neurons in SMA that were active 
in association with both eye and forelimb movements. 
These cells were called motor equivalent because they were 
thought to be involved in generating either eye or forelimb 
movements. The results of the present investigation do not 
support this conclusion. The earlier investigation did not 
use a delayed-response forelimb movement task; instead, 
the monkeys were allowed to initiate a reaching movement 
as soon as the target appeared. As shown in the present 
results and by other studies (Biguer et al. 1982; Fischer and 
Rogal 1986; Fisk and Goodale 1985; Gielen et al. 1984; 
Herman et al. 198 1), saccades are temporally correlated 
with these reaching movements, so it is likely that saccade- 
related activity may appear to be associated with the fore- 
limb movements. In the recordings from monkey; Q, a de- 
layed response reaching task was used. No units were re- 
corded that were truly motor equivalent; instead, units that 
were active before saccades could appear to be active in 
relation to forelimb movements if the response delay were 
very short. Moreover, a reexamination of the data used in 
that previous study revealed that the cells classified as mo- 
tor equivalent actually were sensory-eye movement or pre- 
saccadic movement cells. 

NO-GO CELLS. A few neurons were recorded in SMA that 
were specifically active only after the no-go cue to withhold 
movement (see also Mann et al. 1988). Using more sophis- 
ticated tasks, other investigators have demonstrated neu- 
rons in SMA that were specifically active for a cue for move- 
ment (Kurata and Tanji 1985; Sakai 1978) or for a particu- 
lar instruction stimulus during the task (Tanji et al. 1980; 
Tanji and Kurata 1985). In fact, cells have been recorded in 
SMA that were specifically active after stimuli that in- 
structed a monkey not to trigger a movement (Tanji and 
Kurata 1985). No-go-specific activity has been recorded in 
the periarcuate prefrontal cortex (Sasaki and Gemba 1986; 
Watanabe 1986); the latency of a field potential response in 
prefrontal cortex was 1 lo- 150 ms, and the latency of the 
single-unit responses was 200-400 ms. The latency of the 
no-go response in SMA was also - 100 ms. These time rela- 
tionships do not allow one to conclude that the no-go-spe- 
cific activity in SMA is derived from prefrontal cortex. The 
nature of the specific suppression these cells might exert 
requires further investigation. 

Topography of SMA 

It has taken some time to acquire data to show the soma- 
totopy in SMA (compare Macpherson et al. 1982 with 
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present investigation, monkeys performed eye movements 1985. 
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limb, mouth, and eyes could be studied. Histological recon- 
structions of the penetration sites indicated that the record- 
ings were made in the agranular frontal cortex, rostra1 to the 
giant layer 5 pyramidal cells and caudal to the prefrontal 
granular layer. Neuronal activity related to eye movements 
tended to be found rostrally and cells related to forelimb 
movements tended to be found caudally. This result con- 
firms the reports of somatotopy in SMA based on micro- 
stimulation (Mitz and Wise 1987), regional cerebral blood 
flow (Fox et al. 1985), and single-unit recordings (Brink- 
man and Porter 1979; Tanji and Kurata 1982). 

Evidence has recently been presented showing that sac- 
cades can be elicited from cortical regions extending lat- 
erally from SMA/SEF to FEF (Mitz and Godschalk 1989). 
The present single-unit recordings appear to be inconsistent 
with this stimulation data. The most laterally placed pene- 
trations encountered only cells that were not modulated in 
relation to saccadic eye movements. Evidently, more work 
is needed to resolve this discrepancy. 
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