734

37. Roranp, P. E., LarsEN, B., SkINHO, E., AND
LASSEN, N. A. Regional cercbral biood flow in-
crease duc to treaiment of somatosensory and au-
ditive information in man. Acta Neurol. Scand.
Suppl. 64: 540-541, 1977.

38. ROLAND, P. E., LASSEN, N. A., AND SKINH®J, E.
Focal activation of the cerebral cortex during visual
discrimination in man. Braein Res. In press.

39. RoLaND, P. E,, SKINHG), E., AND LASSEN, N. A,
Focal activation of the human cerebral cortex dur-
ing auditory discrimination. J. Neurophysiol. 45:
1139-1151, 1981.

40. RoLAND, P. E., SkINH@J, E., LAaSSEN, N. A, AND
LARSEN, B. Different cortical areas in man in the
organization of voluntary movements in extraper-
sonal space. J. Neurophysiol. 43: 137-150, 1980,

41. ROLAND, P. E., VAERNET, K., AND LASSEN, N. A,
Cortical activations in man during verbal report
from visual memory. Neurosci. Let1. Suppl. 5: 478,
1980,

42. Roy, C. 5. AND SHERRINGTON, C. S. On the reg-
ulation of the blood-supply of the brain. J. Physiol.
London 11: 85-108, 1980.

43. SotGiu, M. L. AND CESA-BIANCHI, M. G. Primary
afferent depolarization in the cuneate nucleus in-

P. E. ROLAND

44,

45.

46.

47.

48.

¢
duced by stimulation of cerebeliar and thalamic sy
specific nuclei. Electroencephalogr. Clin. Neus,
physiol. 29: 156-165, 1970.
SVYEINSDOTTIR, E., LARSEN, B., ROMMER, P., ax;.
LASSEN, N. A. A multidetector scintillation came.
with 254 channels. J. Nucl. Med. 18: 168-1%!
1977, i
TALAIRACH, J., SZIKLA, G., TOURNOUX, P., Pros
SALENTIS, A., BORDAS-FERRER, M., COVELLO,L
Iacos, M., AND MEMPEL, E. Atlas d’Anatom.
Stéréotaxique du Télencéphale (st ed.). Pa
Masson, 1967, p. 326
VaLLBo, A, B. Afferent discharge from humy'
muscle spindles in non contracting muscles. Steady-
slate impulse frequency as a function of joint angk
Acta Physiol. Scand. 90: 303-318, 1974,
VALLBO, A. B. AND JOHANSSON, R. 8. Skin meck
anoreceptors in the human hand: neural and p
chophysical thresholds. In: Sensory Functions y
the Skin in Primates. edited by Y. Zotterman. (. ;
ford: Pergamon, 1976, p. 185-199.
Wapa, J. A new method for the determinationd ’
the side of cerebral speech dominance: a prelim :
nary report on the intracarotid injection of sodiu
amylal in man. Med. Biol. 14: 221-222, 1945 :

;
h
!

o

- s

bqsl/w}

e (A 15 4 W)

anaL OF NEUROPHYSIOLOGY )
‘V:, 46, No. 4, October 1981 Printed in US.A.

Behavioral Enhancement of Visual
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. Modulation in Posterior Parietal Cortex |
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SUMMARY AND CONCLUSIONS

1. Clinical and experimental data suggest
that area 7 of posterior parietal cortex plays
a role in visual attention and eye movements.
We have operationally defined attention as
a stimulus-selection process independent of
the specific movement used to respond to the
stimulus. We trained monkeys to make var-
ious hand or eye movements and recorded
from single neurons in area 7 while the mon-
keys were performing these tasks.

2. As demonstrated previously (19, 20,
46, 47, 63), many cells in area 7 respond to
visual stimuli independent of any behavior.
The discharge to a stimulus may be en-
hanced when the animal makes an eye move-
ment 1o the stimulus.

3. We used two paradigms to study the
modulation of visual responses when the an-
imal used a stimulus without making an eye
movement. The first was a peripheral-atten-
tion task in which the animal had to signal
the occurrence of a peripheral stimulus with-
out making an eye movement to it. Half of
the cells studied gave an enhanced response
in this task. In the second task, the animal
had to reach out and touch a stimulus with-
out making an eye movement to it, Visually
responsive parietal neurons also yielded en-
hanced responses in this task.

4. The enhancements demonstrable in the
saccade, peripheral-atteation, and hand-
reach tasks probably represent the same un-
derlving process because their frequency of

occurrence in our sample is almost identical,
the intensities are quite similar, and cells
that give an enhanced response on one task
give an enhanced response in the others. |

5. These results show that in posterior
parietal cortex, the behavioral enhancement
of a visual response is independent of the
specific movement used to respond to the
stimulus. The physiological mechanism of
enhancement, which is movement indepen-
dent and spatially selective, resembles the
psychological phenomenon of selective spa-
tial attention. We suggest that the role of
area 7 in visual attention may be mediated
by the enhancement of visual responses to
selected stimuli.

INTRODUCTION i

Since the 19th century clinical and ex-
perimental studies have suggested that pos-
terior parietal cortex plays a role in the
neural processes underlying visual attention
{9). Humans with lesions in posterior pari-
etal cortex neglect their contralateral visual
fields, and this had been considered to be an
attentional deficit {24). When a patient with
damage to the right parietal lobe is presented
with a visual stimulus in each visual hemi-
field, he reports seeing only the one contra-
lateral to the normal hemisphere. However,
when he is presented only with a stimulus
contralateral to the damaged hemisphere
and is instructed to attend to that field, he
can detect the stimulus. Thus the deficit is



not purely sensory, since under certain cir-
cumstances the patient can perceive the
stimulus, nor is it motor, since the patient
is capable of making all movements required
for orientation and response. Instead, it is
an inability 1o select the stimulus from a
complex environment, and it is this deficit
that we and others (9, 24, 59) consider to
be an attentional one.

Monkeys with posterior parietal lesions
also display deficits that appear to be related
to visual attention. These include a failure
to avoid noxious stimuli in the field contra-
lateral to the lesion (10, 25), deficits in vi-
sually guided reaching (23, 34, 42, 52), and
difficulties in performing discriminations
that require rapid shifts in attention (37).

Other work has associated posterior pa-
rietal cortex with eye movements under sev-
eral experimental and clinical situations.
Thus humans with posterior parietal lesions
have difficulty making eye movements to
explore the visual environment (54). Mon-
keys with posterior parietal cortex lesions
have difficulty beginning to track moving
targets and have increased latencies for sac-
cade initiation (35). Transcortical stimula-
tion of this area results in eye movements
{15, 55). Single neurons have been identified
whose activity is associated with eye move-
ments (26, 36, 39). Mountcastle and col-
leagues (36, 39) suggested the inferior pa-
rietal lobule mediates the process of visual
attention by directing eye movements. Since
the primate retina can best analyze visual
stimuli in the fovea, the process of attention
is intertwined with the process of gaze shifi-
ing (62), and the eye movement relationship
for area 7 may be related to shifting atten-
tion rather than shifting the eyeball.

In a previous study (47), we found that
in our sample every neurcn associated with
eye movements could be driven by some vi-
sual stimulus. The response of half these
neurons was enhanced when the animal
made the appropriate eye movement to re-
spond to the stimulus. The neurons did not
discharge when the animal made the same
response in the absence of the stimulus. Be-
cause the activity of the neurons depended
on the stimulus and did not depend on the
movement, we proposed that their activity
did not serve as a direct and exclusive pre-
cursor of the eye movement. Instead, we

|

postulated that it indicated a response to '
attended stimulus and, since the animg!
made eye movements to attended stimuli, t
cells discharged in association with those ey
movements. i
This presaccadic enhancement of visud’
responsiveness was first described in the sy’
perior colliculus (21) and has been found it,
other areas of the monkey visual system, i
cluding striate cortex (60), prestriate corte’
{45), frontal eye fields {17, 18, 60), posterix’
parietal cortex (47, 63), and pulvinar {28):
It was first suggested that the enhancemen’
process could be an excellent physiologici
mechanism for the psychological process !
attention, since attention intensifies the ¢f
fect of a stimulus on an animal's behavix’
{21). However, for each area it is importan
to determine whether enhancement is related
to the eye movement or to the shift of a
tention that precedes and facilitates the ey,
movement. In the superior colliculus, fronts
eye fields, and pulvinar, enhancement of v
sual responses occurs only before eye mov.
ments, not before other modes of attentin
behavior (17, 18, 28, 61). Therefore, in thes
areas enhancement may be an excelien
mechanism for facilitating a visually guide
eye movement, but it cannot by itself be:
mechanism underlying a more general pre’
cess of visual attention. _
In all previous studies of area.7, eye mave-
ments were an integral part of attentive k-
havior. It was impossible to determin
whether the relationship of neuronal re
sponse to eye movements was specific to thy-
movement or more related to the attention
mechanisms that are associated with the eyt
movement. We therefore used a series o
tasks in which the animals made an ey
movement to a stimulus or performed othe
behaviors in which they had to attend to i
stimulus but not make an eye movement i
it. We found that in area 7 response er
hancement is easily dissociable from the o
ulomotor process and occurs in several cor
ditions in which the stimulus is importan
to the animal but is not the target for an ey
movement. These results imply that area ’i
has a role in selective visual attention tha;
is frequently intertwined with the oculome;
tor processes but dissociable from them'
Brief reports of these results have been pre
sented previously (6, 46, 59). !

METHODS

Behavioral training

Four rhesus monkeys, weighing 3.5-5.0 kg,

were trained on several visual tasks similar to
those developed by Wurtz (58) and subsequently
modified by others (21, 47). A PDP-11 computer
was used for animal training and behavioral con-
rol.
l A leather harness was piaced around the chest
of cach monkey under ketamine anesthesia (47).
The monkey was trained to jump from its home
cage into a primate chair, restrained only by a
cane attached to the harness. Monkeys remained
in the chair only during actual training and re-
cording periods, and rested unrestrained in the
home cage each day. The animals were water de-
prived and their weight monitored daily to prevent
excessive dehydration. Water was used as a re-
ward, and the monkeys were allowed to work to
satiation each day.

The monkeys were trained on four tasks: fixa-
tion, saccade, peripheral attention, and hand
reach. They were first trained on the fixation task.
In this task (shown in Fig. 1.4) the monkey pressed
a lever to bring a small spot of light (5 of arc)
onto a tangent screen 57 cm in front of him. After
avariable and unpredictable interval (1-4 s), this
fixation point dimmed and remained dim for 400-
600 ms. If the monkey released the bar while the
light was dim, he received a drop of water. If the
monkey released the bar either before or after the
dim period, he received neither reward nor pun-
ishment, At the end of a variable and unpredict-
able interval (usually 400-1,200 ms) after the
lixation-point onset, a second visual stimulus came
unlu the screen. This second stimulus was behav-
wrally irrelevant to the monkey. If the animal
broke fixation to look at the peripheral stimulus,
the computer automatically aborted the trial and
extinguished the fixation point and second stim-
ulus, thus depriving the animal of a chance to earn
areward on that trial. The peripheral stimuli were
produced by a Leitz projector with a quartz-iodide
bulb and were adjusted to an intensity of 1.0-1.5
log units above a background illumination of 1
<d/m? using Kodak Wratten neutral-density fil-
ters. The size, shape, hue, and location of the stim-
uli were easily changed so that receptive fields and
response characteristics of neurons could be de-
termined. Trials were separated by an intertrial
interval of 0.5 s, during which the monkey's lever
presses had no effect.

All other tasks began like the fixation task, with
the monkey pressing the lever and fixating a cen-
tral point. In the saccade task (Fig. 18), the cen-
tral fixation point went out and a small peripheral
stimulus came on simultaneously. The monkey

i then made a saccade to fixate the second stimulus
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FIG. . Schematic illustration of the behavioral tasks
used to study parietal neurons. In the fixation task (A4),
the monkey is required to fixate a spot of light (FP)
turned on by pressing a lever. The animal learns not to
respond 10 the subsequent onset of a stimulus light and
releases the lever when the fixation point dims to obtain
a reward (R). After the reward the monkey is free to
make spontaneous eye movements. Horizontal and ver-
tical electrooculogram traces (HEOG, VEOG) docu-
ment that no eye movements were made to break fix-
ation. For the saccade task (B), the trial begins similarly
but the fixation point is turned off when the stimulus
comes on, and the monkey makes a saccadic eye move-
ment to fixate the stimulus. The deflection of HEOG
depicts this eye movement: the monkey releases the bar
when the stimulus dims, During the peripheral-attention
task (C). the monkey initiates trials as before but the
animal must release the lever when cither the fixation
point or the stimulus dims. Each dims 50% of the time
in random distribution, and the monkey cannot make

a saccadic cye movement to the stimulus. The lack of -

deflection on EQG traces indicates continued fixation.
The hand-reach task () begins with a lever press, re-
sulting in appearance of the fixation point. Next a panel

switch is illuminated and the monkey must release the
lever and contact the panel without making an eye move- !

ment. As a control against inappropriate cye move-
ments, the computer terminates trials (extinguishes the
fixation point and the stimulus) whenever a saccade
greater than 2° is made during a fixation period (E).
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in expectation that it would dim so that he could
release the bar and get a reward. In order 10 pre-
vent predictive saccades, we varied the time at
which the fixation point changed and we main-
1ained a 0.25 probability that no fixation-point
change would occur.

The peripheral-attention task (Fig. 10) resem-
bled Wurtz and Mohler’s (61) hand-response
task. This paradigm required the monkey to detect
a dimming of a peripheral stimulus while he con-
tinued to look at the central fixation point. The
task was like the fixation task except that on 50%
of trials the peripheral stimulus dimmed but not
the fixation point. The monkey had to release the
lever in response to dimming of either the fixation
point or the peripheral stimulus. The monkeys
learned the task without eye movement control,
and all monkeys spontaneously adopted the strat-
egy of looking at the fixation point and allowing
the peripheral stimulus to fall on peripheral retina.
During the actual experiments the computer mon-
itored the monkey's eye movements and aborted
the trial whenever an eye movement greater than
2° occurred (Fig. 1E). This ensured fixation on
every trial.

In the hand-reach task (Fig. 1.D), asin all tasks,
the monkey pressed the lever to initiate the trial
and illuminate the fixation point. On 25% of the
trials, the central fixation point dimmed and a
correct lever release was rewarded. Cn the re-
maining 75% of trials at a random interval after
fixation, the Leitz projector illuminated a touch
panel. In these cases the monkey had to reach up
through the hand hole in the primate chair and
touch the illuminated panel without moving his
eyes from the fixation point. Monkeys would nat-
urally solve this hand-reach task by looking at the
stimulus and then touching it, but the computer
program forced them to reach without looking by
aborting any trial in which a saccade greater than
2° was made. If we relaxed the eye movement
restriction, the monkeys quickly resumed making
the eye movement before the hand movement.
This suggests that the hand-reach task requires
a rather artificial behavior, whereas the other
three tasks are naturally occurring behaviors in
the monkey’s normal repertoire. Monkeys were
overtrained for several weeks on the three natural
tasks. They learned to switch with relative ease
from task to task, and they learned that the same
stimulus might be irrelevant during one series of
trials, a saccade target during another, and a sig-

nificant peripheral stimulus during a third. In
these cases, the behavioral context endowed iden-
tical stimuli with different significances for the
monkey.

Experiments were usually run in blocks of no
fewer than 16 trials of onc task. We provided no
cue or interruption between trials when we

switched tasks. The only way the animal coud
discover that the task had changed was by ap
preciating differences in the action of the fixatios
point or receptive-field stimulus. The monkey
seldom missed the frst saccade trial. For the trar
sition from fixation to saccade this was simple: tk
fixation point disappeared as the peripheral stim-
ulus came on. For the transition from fixation 4
peripheral attention this was difficult: the only
clue was that the fixation point did not dim an
the peripheral stimulus did. The monkeys fre
quently missed the first trial or two on which (i
peripheral stimulus dimmed. In order to preven
predictive behavior on the monkey’s part, we di
not use a standard sequence of tasks.

Physiological methods

We used standard recording techniques (47

Briefly, monkeys were prepared under ketamine
pentobarbital anesthesia for chronic single-un
recording, using the methods of Evarts (13, H;
and their modifications (39, 58). Recording ¢
inders, 2 cm in diameter, were placed normal ‘.c:
the skull approximately over the intraparietal su!
cus. The position of the cylinder relative to th;
underlying sulci was verified using a mold of tk;
sulcal markings on the underside of the calvariut’
(57). A single pair of bolts was implanted and
broad base of Codman neurosurgical acrylic wa
attached to these bolts and to the recording o
inder. A socket for attachment to the head-holdie
apparatus was attached to the first layer of acrylic’
and the skin was left open around the acrylic ey
The acrylic kept the bolts rigid, and the bone .
mained intact. Silver-silver chloride electrod’
were implanted on the outer canthi and aboveax
below one eye for electrooculographic (EOG) »
cording {(4). After each monkey recovered fror
surgery he was placed each day in a primate cha'
with head restrained, and a platinum-iridium (5
microelectrode was advanced through the di
into the cortex for extracellular single-unit 1
cording. The recording cylinder was irrigated wit
antibiotic solutions. Daily electrode placems
and single-unit recording were performed withs
anesthesia. The EOG records were accurate (off
in the horizontal plane and 2° in the vertical. Tk
EOGs were calibrated by having the monke
make eye movements 20° apart on the tange
screen.

On-line data analysis and storage !

On-line analysis of single-unit discharge pi.
terns was performed with the PDP-11 computs
This allowed the neuronal discharge pattern tob
synchronized with various events such as stimuk
onset, eye movement initiation or termination, b
ver press, or fixation-point onset. Sixteen-line r#

ters or their histograms were continually available
for display on an oscilloscope, as was a running
display of monkey behavior, eye movements, and
unit discharge. The computer could be set to dis-
card automatically trials in which extraneous eye
movement or inaccurate lever release occurred,
or these erroneous trials could be examined ex-
clusively. For each block of 16 trials the computer
stored three rasters on the magnetic disk. The
rasters were calculated from the same trials but
synchronized on different events or calculated
using different time bases.

Calculation of enhancement index

The rasters were subsequently used off-line as
data for the calculation of a measure of enhance-
ment of visua! responses, the enhancement index,
E. E is the ratio of the number of discharges
evoked by the stimulus in an active task, such as
saccade or peripheral attention, to the number of
discharges evoked by the same stimulus in the
fixation task. Background activily is subtracted
from the responses in each condition. The en-
hancement index provides a measure of how be-
havior modulates the intensity of the response to
a visual stimulus. It aliows a comparison of the
effects of different tasks on the same cell or the
same 1ask on different cells. Since it is a measure
of the relative intensity of responses, it reveals
nothing about the qualitative nature of the re-
sponse of a neuron. It does not describe the ab-
solute intensity of an individual response, its reg-
ularity or length, or any fine structure within a
train of discharges.

Figure 3 shows the technique of computation
of E. The neuron used as an example in the figure
gave an enhanced response to a saccade targel.
The computer was used to display a cumulative
histogram, and the investigator positioned cursors
by hand o define a window around the neuronal
response. To minimize experimenter bias, we used
several procedural rules. The window was opened
just before the inflection in the cumulative his-
togram line that signified the onset of the response
to the stimulus. For the saccade task the window
was closed at either the end of the neuronal re-
sponse or the beginning of the eye movement,
whichever came first. For the peripheral-attention
1ask the window was closed at the end of the neu-
ronal response. On those celis in which enhance-
ment indices were studied for both saccade and
atlention tasks, the smaller of the above-deter-
mined windows was used for both tasks. A window
qf ¢qual width for background activity was posi-
lioned to end less than 100 ms before the onset
of the stimulus. The computer then counted the
total number of discharges in each window for the
16 trials and subtracted the number in the back-
ground window from the number in the response

window. This yielded the number of action po-
tentials above background evoked by the stimulus.

Using identical window placements, we computed
a similar number for the response to the same '
stimuius in the fixation case. The ratio of the re-

sponse number in the active task to the response
number in the fixation task was defined as E, the
enhancement index.

The enhancement index was only computed for

blocks of trials in which the behavior was suc- .
cessful in ail cases. If the monkey failed to release |

the bar or make the proper eye movement, that
trial was not included in the raster.

An enhancement index of 1.0 signifies equiva-
lent responses in the active and fixation tasks, and
an enhancement index of 2.0 indicates that the

response to a relevant stimulus in an active task -

is twice that in the fixation task. We selected an
enhancement index of 1.5 to represent an en-
hanced response. This increase is always beyond
the variability of indices calculated between two
repetitions of the same task. In addition, Mann-
Whitney U tests calculated on a limited number
of cells were always significant at least to P < 0.05

for E> 1.5. When we calculated enhancement ‘

indices between blocks of different trials of the

H

same task, the enhancement index was always less -
than 1.5. Therefore, we selected 1.5 as the cri- :

terion to signify an enhanced respense.

A few cells had enhancement indices less than
0.67, which would signify a 50% decrement in the
active case. This attenuation of the visual response
may reflect an underlying partial suppression

mechanism active under certain circumstances. ’

However, in these experiments we could not dis-
tinguish a physiological attenuation related to the -
task from two other possibilities: the first is that :
the responses of many neurons in the parietal cor- ;
tex tend to habituate after multiple stimulus pre-
sentations. Consequently, a decrement of neuronal -
response as the monkey performs various tasks
could be due to the animal’s behavior or due to
habituation. We did not examine this distinction
in the present experiments. The second is that in
our sample, Mann-Whitney U tesls in cases of E
< 0.67 were not significant. This may be because
the small number of discharges in each trial re-
sulted in enough overlap to preclude significant
rank ordering. '
A negative enhancement index would imply
that the cell was excited by the stimuius in the
active task and inhibited by the same stimulus in
the fixation task, or vice versa. We never saw this
phenomenon. :

Anatomical technique

For ecach monkey, many penetrations were '
made over a period of several months of neuronal
recording. Consequently, not every penetration




wus marked. Instead, the areas that were phys-
iologically responsive to visual stimuli were lo-
cated and these areas recorded on a grid map of
the cylinder. Near the end of experimentation on
a given monkey a few electrolytic lesions (10 uA
X 60 s) were made at the sites of visual cells in
the margins of the grid map of the visually active
area. For control purposes we also marked ante-
rior penetrations where we could evoke activity
by somatosensory but not visual stimulation.
These penetrations were in area 5. Just before
perfusion, the animal was deeply anesthetized
with pentobarbital and four pins were inserted
into the brain at the margins of the cylinder, using
a specially designed cap that fit over the cylinder
and kept the pins parallel 10 the longitudinal axis
of the cylinder. The animal was perfused with
saline and Formalin with the pins in place. The
gross brains were photographed with the pin
placements marked and then sectioned and stained
with cresyl violet. The areas from which the re-
cordings were made were extrapolated from the
location of the border-marking lesions, the pin
placements, and the cylinder chart. Figure 2
shows the reconstructions of the two most dispa-
rately placed cylinders. The aggregate properties
of visual cells did not differ among the cylinders.

RESULTS

A total of 534 neurons were recorded in
area 7 of four monkeys. The recording area
included the dorsum of the inferior parietal
lobule and the posterior bank of the intra-
parietal sulcus. The surface of the visually
responsive area is shown diagrammatically
in Fig. 2. Of these neurons, 404 cells (75%)
produced an excitatory visual response, 11
(2%) showed an inhibitory visual response,
26 cells (5%) showed beth visual and so-
matosensory responses, and 61 cells {12%)
showed only a somatosensory response, We
were unabie to drive 32 cells (6%). Since we
were particularly interested in visual cells,
we tended to spend more time studying
them, frequently using up the monkey’s ap-
petite for water before we exhausted the cells
available for study in a particular penetra-
tion. We rarely made penetrations at the
same point twice, so0 we may have exagger-
ated the percentage of visually responsive
neurons. Nonetheless, we did not find any
neurons associated with eye movements that
could not be driven by some visual sti-
mulus (47).

F1G. 2. Reconstruction of the two disparate-placa;
recording cylinders, superimposed on an outtine of t}
lateral surface of the monkey brain. LU, lunate sulcuss

LA, lateral sulcus; IP, intraparietal sulcus; and ST, -

perior temporal sulcus. The dashed outlines delincat;
the parts of area 7 within which visual cells were found :
x’s, penctrations in which lesions were made at sitesd;
enhanced visual cells; 3, locations of two penctration,
that had only somatosensory receptive-field propertic .

Presaccadic enhancement of
visual responses

We obtained enhancement indices for 100,
cells with excitatory responses in the saccad:’
task. We did not test enhancement in cels
inhibited by visual stimuli. As shown in Tz|
ble 1, 39% (39 of 100) of neurons tested o*
the saccade task produced an enhancemen
index of at least 1.5, indicating a 50% ir
crease in neuronal response when the stim
ulus was the saccade target. Such presaccadt

f
'

TABLE 1. Percentage of enhanced neuron

No-Saccade Tasi-

Monkey Saccade Task
!
006 38 (8/21) 42 (11/26) !
008 33 (12/36) 37 (9/24)
009 50 (9/18) 50 (5/10)
010 40 (10/25) 39 (14/36)
Total 39 (39/100) 41 (39/96)

Figures in parentheses arc number of neurons e
hanced/number tested.

enhancement has been observed previously
{19, 20, 47, 63) and is illustrated by the cell
analyzed in Fig. 3. Figure 4, top, shows dis-
tribution of enhancement indices for the sac-
cade task. Distribution is unimodal with a
peak around 1.0 (no enhancement) and a
skew into the enhanced region. On those cells
for which we were able to calculate enhance-
ment indices for several sets of fixation and
saccade trials, the indices remained in the
same range.

A small percentage of the cells had a re-
sponse attenuation large enough to produce
enhancement indices of less than 0.67. This
attenuation could indicate a mechanism ac-
tively suppressing the visual response under
certain task conditions. However, these dif-
ferences are not significant by Mann-Whit-
ney U tests, and could be due to habituation

or the fluctuation inherent in low back.
ground rates. Further work is under way to
determine if there is indeed a statistically
significant task-related response attenuation
in certain parietal neurons.

Enhancement of visual responses in l
absence of saccades

peripheral-attention task. Figure 5 shows th,

response of a cell that gave an enhanced re-
sponse in the peripheral-attention task. Fig-‘
ure 54 shows the response of the neuron to
onset of a behaviorally irrelevant spot of
light in its receptive field. There is a burst
of activity beginning approximately 100 ms
after onset of the receptive-field stimulus
Figure 58 shows response of the same neu-:

We studied responses of 96 cells in th;
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saceade response) respectively, in the saccade histo i
A ; \in gram, and FB (for fixation background) and FR (for fixation i
;?:IF:HSC). respectively, in l_hc ﬁxz:mqn histogram. Windows are identical with respect to width and p05i(tion in ca:ch
u mﬁ_l:n}. Numbers of‘splkes within each window are shown on diagrams. The enhancement index E is defined
of number of spikes above background evoked by the stimulus in the saccade case to the number of spikes |

:vb:‘lllﬂn bat;ﬁground evok,:d by the slimulus in fixation case. In this example, E ~ 1.80 and P < 0.01 by Mann-
€y U test. The height of the trigger line in the cumulative histogram corresponds to 921 discharges total.




ron to an identical receptive-field stimulus
during the peripheral-atiention task. When
the monkey must detect a change in recep-
tive-field stimulus without making a saccade
to it, there is a larger discharge than when
the stimulus is behaviorally irrelevant. Note
that the receptive-field stimulus provides the
signal for lever release in only half the trials,
and the fixation point provides the signal for
lever release in the remaining trials. Since
the animal cannot predict whether the fix-
ation point or the receptive-field stimulus
will be significant at onset of the stimulus,
it must attend to both all the time; the stim-
ulus evokes in an enhanced response at each
presentation.

Figure 4, bottom, shows distribution of
enhancement indices for the cells studied in
the peripheral-attention task. Thirty-eight
cells (40%) had an enhancement index of 1.5
or greater.

Spatial specificity of enhancement

Enhancement in area 7 studied using the
saccade task is spatially specific; the visual
on-response is enhanced only when the an-
imal makes a saccade to the stimulus in the
receptive field but not when it makes a sac-
cade to a stimulus outside the receptive field
of the neuron (47). We therefore designed
an experiment to see if the enhancement
demonstrable with the peripheral-attention
task is also spatially specific. We used a
modification of the peripheral-attention task.
While the monkey fixated the central fixa-
tion point, two peripheral stimuli appeared
simultaneously: one in the receptive field of
the neuron and one outside the receptive
field. Trials were run in blocks of at least 32.
In some blocks the fixation point or the re-
ceptive-field stimulus dimmed, and in other
blocks the fixation point or the stimulus out-
side the receptive field dimmed. Visual stim-
ulation in all these types of trials was the
same: the same two stimuli and the fixation
point always appeared on the screen. How-
ever, significance of the stimuli changed
from block to block. Figure 64 shows the
response of a neuron in area 7 to the onset
of two behaviorally irrelevant stimuli: one
within and one without the receptive field.
Figure 68 shows the lack of enhanced re-

PERCENT OF CELLS

ey !
500 msec

FiG. 5. Enhancement independent of any eye movement. A: response of a parietal neuron to the onset of a spot
of light in its receptive ficld while the monkey fixated. B: enhanced response to the onset of same stimulus when
the monkey was required to detect a dimming of the peripheral stimulus while fixating. Vertical line denotes when
stimulus was turned on, and histogram sums data in adjacent raster. Conventions and format of this figure will
be used for subsequent figures. Enhancement index is 1,65. The height of the vertical line corresponds to a discharge
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FIG. 4. Distribution of enhancement indices. Tk’
abscissa is range of enhancement indices as compuled;
according to technique illustrated in Fig. 3, and ordinat
represents number of cells in sample with that inde
The top graph shows distribution of indices for cclh
studied when the animal made an eye movement toslin
ulus; the botiom shows distribution when monkey ha

freguency of 114 Haz.

therefore unrelated to general behavioral
effects such as arousal.

This experiment could be performed only
| on neurons with limited receptive fields that
* responded to fairly small stimuli, since one
" stimulus had to be placed outside the recep-
1o use stimulus but not make an eye movement it ! tive field. The stimuli had to be small and
Dashed.linc marks an enhancement index of 1.5, o ‘ far apart so that the monkeys could not eas-
rcs_pondmg to a 50% increase in ﬁrmg. the sel.cctcd s attend to both sti li B
terion for an enhanced response. This graph illustrate l)‘. atten i o bot Sl,]mu 1 at once. Hecause
cells for which cither enhancement index was calculated t this experiment requ“ed_ the monkey to learn
Not every cell has enhancement indices calculated fr 1o attend to first one stimulus and then the
both saccade and periphcral-attention tasks. other while the single neuron remained iso-
lated, we were able to test successfully only
eight enhanced cells, Seven of those cells
produced an enhanced response only when
the receptive-field stimulus dimmed, and one
cell showed enhancement when either stim-
ulus dimmed.

sponse of the same neuron to the same stinr
uli after the animal had learned that tk
stimulus outside the receptive ficld migh
dim. Figure 6C shows the enhanced responst
of the neuron to the same stimuli after th
animal had learned that the stimulus insid
the receptive field might dim. The enhance
ment index computed for Fig. 64 and B wa;
1.13, and that computed for Fig. 64 and(
was 2.04. We conclude that the enhance|
ment that is independent of saccadic eyti
movements is also spatially selective. ltis|

|

Equivalence of saccade and saccade-
independent enhancement

Several aspects of our data suggest that
celis with discharges enhanced before eye
movements are the same population as those
enhanced during attentional processes not

involving eye movements. First, the percent
of enhancements on the saccade task and
peripheral-attention task are similar for each
monkey (Table 1). Second, the distribution
of enhancement indices for the peripheral-
attention task resembles that for the saccade
task (Fig. 4). Both distributions are uni-
modal with peaks around 1.0 (no enhance-
ment) and skew into the enhanced region.

In order to test directly if the enhance-
ment before eye movements and the en-
hancement in association with eye move-
ment-free attention were indeed the same,
we studied the responses of 31 neurons in
both the saccade and peripheral-attention
tasks. Comparison of these two tasks re-
quired a visual stimulus large enough for the
monkey to detect its dimming peripherally
yet small enough for the monkey to use as
a saccade target. Figure 7 shows the re-
sponse of a cell to the receptive-field stimulus
on the fixation task (Fig. 74) and the en-
hanced response to the same stimulus used
in the saccade task (Fig. 78) or the periph-
eral-attention task (Fig. 7C). For this cell
the response was slightly larger on the pe-
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FIG. 6. Spatial selectivity of eye movement-independent enhancement. The monkey looked at the fixation po&ni
(FP) and was presented with two stimuli: RF in the receptive field and CON, a control stimulus beyond l?.‘.;
receptive field. A: discharge of a parietal neuron to the onset of both stimulj while the rponkcy fixated and dclmdg
the dimming of only the fixation point (circled). 8: response of this cell to the same stimuli whr:n the monkey va
required to use the stimulus outside the receptive field without making any eye movement 1o it. In this case the;
fixation point or the control stimulus might dim (both are circled). C: enhanced response under the same stimuhs
conditions when the monkey used the stimulus in receptive field. Either the fixation point or the rcccptlvc»ﬁfk

stimulus could dim. Enhancement indices are 1.13 for 4/8 and 2.04 for AJC. The height of the vertical hm'
corresponds to discharge frequency of 152 Hz.
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ripheral-attention task than on the saccade an enhanced response on both tasks, 15;_
task, but for other cells the reverse was true.  (58%) did not produce an enhanced responst ;
Twelve (39%) of the cells studied produced on either task, and one cell had an enhanc-
!

C. :fm ?

p—{
U#008-075 500 msec

FIG. 7. Demonstration of presaccadic and eye movement-independent enhancement in the same cell. Data i
A show response of a celi to the onset of a visual stimulus while monkey fixated; & illustrates the enhanced respoms
to onset of the same stimulus when monkey is going to make an cye movement {o it. C shows Lh_at the same o
has an enhanced response when animal must attend to it but cannot make an eye movernent tofvard it. Enhancermest
indices are 2.54 for 4/C and 1.97 for A/B. The height of the vertical line corresponds to discharge frequency d
114 Hz.
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FIG. 8. Scatler diagram for saccadic and attentional enhancement. Each circle represents a cell tested for both
saccadic and attentional enhancement. The ordinate corresponds to enhancement indices determined for the saccade
1ask: abscissa lists indices for the peripheral-attention task. The horizontal and verstical lines withir: the graph at

1.3 depict criterion level for classifying cells as enhanced.

ment index of 1.52 on the saccade task and
an enhancement index of 1.46 on the pe-
ripheral-attention task. Figure 8 is a scatter
diagram showing the enhancement indices
for the saccade and the saccade-free tasks
for each cell studied on both tasks. The cor-
relation coefficient is 0.85 between the two
indices. In general, cells either yielded en-
hanced responses for both tasks or neither.
We did not find a population of cells with
altention-only or saccade-only enhancement.
This differs from the frontal eye fields (17)
and the superior colliculus (61) where all
enhancement is saccade only. Thus, the pro-
cesses of presaccade and eye movement-free
cnhancement in area 7 are either identical
or very tightly linked.

Hand-reack enhancement

As a further test of the independence of
enhancement from the €ye movement re-
Sponse, eight cells in two monkeys that pro-

duced an enhanced response on the saccade
task were tested on the hand-reach task. All
of these neurons produced an enhanced re-
sponse when the monkey touched the recep-
tive-field stimulus without making an eye
movement. Figure 9 shows the results of a
typical hand-reach experiment during fixa-
tion. The neuron gave a weak response to
the stimulus onset (Fig. 9.4) and a much
more robust response to the stimulus when
it was the target for a saccade (Fig. 9B8) and
also when it was the target for a hand reach _
(Fig. 9C). It is important to emphasize that
in the hand-reach task the visual situation
is changed by the hand traveling through the
receptive field to reach the panel. However,
the enhancement clearly begins before the
hand begins to move. '

Independence of latency and enhancement

The latencies of responses to receptive-
field stimuli ranged from 40 to 236 ms, with
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F1G. 9. Enhancement in same cell for cye and hand-reaching movements. The cell responds weakly to onsel of
a visual stimutus while monkey fixates (4). The response to onset of same stimulus was enhanced when the stimulys
was target for a saccadic eye movement (B) or a hand reach (C). Enhancement indices are 2.37 for A/B and 247
for A/C. The height of the vertical line corresponds to discharge frequency of 114 Hz.

a mean of 98 ms and a mode of 76 ms. This
unimodal latency distribution has been re-
ported previously (47). There was no cor-
relation between response latency and en-
hancement index. Figure 10 is a scatter
diagram showing the latency and the en-
hancement index for each cell studied. There
is no correlation between latency and sac-
cade enhancement {r = 0.097) or between
latency and peripheral-attention enhance-
ment (r = 0.001).

DISCUSSION

Attention as a physiologically
approachable phenomenon

Psychologists have used attention to mean
various things, all of which probably have
different psychological correlates (3, 43).
Attention may refer to intensive phenomena
such as alertness, vigilance, or arousal that
regulate how the organism interacts with the
environment as a whole. Alternatively, at-
tention may refer to selective phencmena
that involve how the organism responds to
competing stimuli. This type of attention can
select among different sensory modalities:
for example, choosing auditory stimuli over
visual stimuli. It can also invoive the ab-

o

-
200 mix

straction of a specific stimulus property, such
as a color or one conversation at a cocktai
party. Finally, attention can be selective in
terms of stimulus location; one can pay at-
tention to a specific part of his visual field !
Qur experiments deal only with the latter
form of spatially selective visual attention. .
Usually, when an animal directs its attes 1
tion to a specific location it makes a receptor ;
adjusting or orienting response. This may b ;
a gaze shift, but it may also involve pinm
orientation (8, 53) or hand orientation to
further tactile exploration (22). 1t is alw:
possible to direct one’s attention withost”
making an orienting response (30, 44). Re
sponding to tachistoscopically flashed stim-
uli is one example of this sort of dissociation.
Posner and his group (43, 44) have shown
that human subjects have faster manual re- -
action times to the onset of a peripheral stin-
ulus when they are told to attend to the lo-:
cation of that stimulus while they fixate 1§
light elsewhere than when they are told o
attend elsewhere. Thus, there must be 1|
neural mechanism that underlies spatially |
selective visual attention that is not obli
gately tied to a receptor-adjusting response
We suggest that enhanced visual response
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FIG. 10. Scatter diagram for visual on-response latency and enhancement index. The ordinate corresponds to
the range of enhancement indices with the horizontal line at 1.5 indicating the criterion level for classifying a cell!
as enhanced. The abscissa represents range of visual response latencics. The filled circles correspond to data for
cells tested with cyc movement task; the open circles indicate resuits from the peripheral-attention task. Cells tested

for both tasks are represenied by two circles.

in area 7 may participate in such a mech-
anism,

Enhancement of visual response in area
7 was first described in association with eye
movements (19, 20, 47, 63). Qur experi-
ments now show that when an animal at-
tends to a visual stimulus the response to
that stimulus is enhanced. This enhancement
occurs when the monkey makes a saccade
10 a stimulus, when he reaches to touch it,

or when he might have to use it as a cue for
some behavior that does not require a tar-,
geted movement. If a cell in area 7 yields.
an enhanced response in one task the over-:
whelming probability is that it will yield an:
enhanced response in all tasks studied. Con-{
versely, a cell that does not yield an en-|
hanced response on one task will not yield.
an enhanced response on any task. This is
markedly different from the superior collic-




ulus (61) and the frontal eye fields (17)
where cells that do not give an enhanced
response in the peripheral-attention task
may well give an enhanced response in the
saccade task. Since enhancement is spatially
selective, it does not occur when the monkey
attends to or makes a saccade to a stimulus
far from the receptive field of the neuron
{47). Thus, activity in area 7 is not asso-
ciated with general arousal or specific move-
ment, but is associated with selective spatial
attention. Since purposeful movement is usu-
ally associated with spatial attention, it is
not surprising that the enhancement occurs
in association with eye or hand movements
to the attended stimulus. The fact that the
enhancement occurs with three different
kinds of behavior in which the animal at-
tends to the stimulus makes it likely that the
enhancement is involved in a very general
process of selective visual attention. Of
course it is always possible to consider the
parietal signal as an oculomotor signal,
which is canceled later on. This is unlikely
for two reasons. The first is that it occurs in
the peripheral-attention task, a task that the
animals naturally learn to perform without
ever making eye movements to the stimulus.
Second, the general attentional nature of
parietal enhancement contrasts strongly with
the specific oculomotor enhancement of the
frontal eye fields (17) and the superior col-
liculus (61). It would be strange indeed if
the brain were forced constantly to cancel
a specific parietal oculomotor signal yet pro-
duce a frontal signal sufficiently differen-
tiated not to require such cancellation.

Varieties of response enkancement

Mountcastle and his group (36, 39, 63)
described neurons in area 7 that discharge
in association with saccadic eye movements,
and they postulated that these neurons direct
attention by commanding saccades to at-
tended stimuli. They also stated that these
neurons were not light sensitive, although
they subsequently described light-sensitive
cells that they considered to provide a visual
input for the oculomotor mechanism (63).
In our previous study (47) we demonstrated
that some passive visual response could be
found for every saccade-related neuron that

we encountered. We now show that there is
an eye movement-independent process of
enhancement in area 7 that may certainly
underlie visual attention. We did not, in the
population studied, find evidence for a sac-
cade-related process that was absent when
the animal attended to the stimulus without
making an eye movement to it. It is possible
that such a mechanism does occur in area
7 and that its representatives cluded our
sample. Such a sparse distribution would be
in dramatic distinction to the preponderance
of cells exhibiting saccade-specific enhance-
ment in the frontal eye fields (17, 18) and
the superior colliculus (61). Conversely,

these areas that contain the specific ocule- !

motor enhancement give no evidence of a
more general attentional enhancement. Of
course, the attentional processes in area 7
play an important part in the guidance of
eye movements, just as the visual processes
in the retina play an equivalently important
role. However, neither plays a specific rok
in the sense that one cannot predict from the
discharge of an enhanced visual neuron in
area 7 that an eye movement will take place.

In order to understand the significance of
enhancement of visual responses in the pos-
terior parietal cortex, it is important to con-
sider the characteristic of enhancement in
other areas in which it has been studied.
Enhancement was first demonstrated in the
superior colliculus (21). Enhancement in the
frontal eye fields has properties similar to
collicular enhancement (17, 18, 60). In both
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of these cases, since the enhancement occurs
only before an eye movement, it has been :
considered as a mechanism by which the
visual information implicit in the neuron’s

discharge can be efficiently transmitted to

-

the oculomotor system (47, 59). Enhance- -
ment has been described in striate cortex -
(60) and prestriate cortex (45), where it is

spatially nonselective and response indepen-
dent. Thus, if the discharge of a neuron in
striate cortex is enhanced before a saccade
to the stimulus in the receptive field, it will

be enhanced before all saccades, even those l

to targets far from the receptive field. Thus
the enhancement does not encode the direc-
tion of eye movement. In addition, the dis-
charge to the stimulus will also be enhanced
when the animal attends to the stimulus

without making an eye movement (60). This
kind of enhancement clearly cannot partic-
ipate in spatially selective attention or in a
specific motor behavier, but it could easily
be involved in the processes underlying
arousal. Recently the pulvinar has been
shown to have spatially nonselective en-
hancement that occurs in association with
¢ye movements but not in association with
other attentive behavior. Such enhancement
may be used in processing the changes in
visual information associated with an eye
movement (28).

We have shown that enhancement in area
7 is associated with visual attention, but in
order to direct the monkey’s attention to a
stimulus we paired that stimulus with a re-
ward. Rolls and his colleagues (48) showed
that area 7 neurons respond equally well to
attended stimuli that are aversive. These
findings suggest that enhancement that we
observe in area 7 is dependent more on the
monkey’s selective attention than on the
stimulus’ specific motivational significance.

Anatomic substrates of
visual enhancement

The behavioral enhancement of visual re-
sponsiveness in area 7 has two different com-
ponents. The first is the visual input respon-
sible for driving the cell. The second is a
behavioral input that modulates the visual
response. Previous studies have shown that
the parietal neurons do not discharge when
the proper eye movements spontaneously are
made in total darkness (36, 47). Therefore,
the behavioral input does not excite the cell
by itself: only the visual input can serve that
purpose.

Anatomic studies of the afferents to area
7 can provide candidates for the sources of
both the visual and behavioral components
of the enhanced visual response. Visual re-
sponses could come from several areas: me-
dial and oral pulvinar, lateral posterior nu-
cleus (1, 2, 11, 27, 38, 50, 51), the frontal
eye fields (31, 50, 51), and prestriate cortex
(11, 33} all send projections to area 7.

Enhancement has been demonstrated in
the striate cortex (60), prestriate cortex
(45}, and the pulvinar (28), but does not
have the properties of spatial selectivity and

task independence that we described in area
7. Consequently, the enhancement in area
7 probably arises from another source. Such
a source couid be the rich limbic inputs to
area 7, those from the substantial innomi-
nata, claustrum, and cingulate gyrus (29, 38,
50, 51). Neurons in the cingulate gyrus re-
spond to the onset of a reward-asscciated
stimulus with a latency of 80-120 ms (40).
Other neurons in this area discharge when
the monkey anticipates the onset of a re-
ward-associated stimulus and cease dis-
charging when the stimulus appears. Some
neurons in substantia innominata respond to
stimuli not associated with food (49). Others
respond specifically to aversive stimuli with
comparable latencies. Activity of these lim-
bic neurons could set up a tonic state of
readiness in area 7 so that when the attended
stimulus appears the visual response would
be enhanced. Since the limbic neurons seem
to be specific for quality of the motivation,
that is, whether it is appetitive or aversive,
area 7 may serve to integrate motivation-
specific information into a general atten-
tional mechanism (48). The fact that the
latency distribution of enhanced neurons is
similar to that of unenhanced neurons im-
plies that there is not a large amount of serial
processing occurring in area 7 before the
enhancement is manifest.

Functional considerations for area 7

Area 7 projects to arcas involved with eye
movement (the intermediate and deep layers
of the superior colliculus and the frontal eye
fields) (32), other movements { premotor cor-
tex (41) and basis pontis {16)), and to the
prefrontal areas involved with integration of
complicated behaviors such as delayed re-
sponse (7). Presumably, a target that results
in an enhanced visual response in area 7
could then contribute to an eye movement,
a hand movement, or the sensory data for
a delayed response. We have not found pop-
ulations of neurons that are movement spe-
cific in their discharge pattern. Since differ-
ent parts of area 7 do have different
projection fields (7), it is possible that dif-
ferent areas that give the same sort of visual
and behavioral discharges have different
functions by virtue of their different projec-




tions (12). A weakness of the extracellular
method is that we do not know the anatom-
ical efferents of the cells from which we rec-
ord, and the functional significance of these
cells may be limited by their efferent con-
nections as well as by their discharge pat-
terns.

In studying neuronal discharge patterns,

we can only propose that area 7 participates
in a general mechanism for visual attention
by providing an amplified signal correspond-
ing to an important visual stimulus. The na-
ture of the response that the animal will
make to that stimulus is generated by other
areas.
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II. Modulation in Frontal Eye Fields
Specifically Related to Saccades
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SUMMARY AND CONCLUSIONS

1. We studied the activity of visually re-
sponsive neurons in the frontal eye fields of
awake rhesus monkeys while the animals
performed a variety of visual tasks in order
to assess the role of these neurons in visually
guided behavior.

2. The majority of neurons in a small re-
gion of the most posterior part of the prear-
cuate gyrus have visual receptive ficlds. The
visual response of over half of these neurons
is enhanced when the animal uses the stim-
ulus in the visual receptive field as a target
for an eye movement. This burst of enhanced
visual activity is time-locked to the stimulus
onset, and it precedes the eye movement.

3. The response of these neurons is not
enhanced when the monkey performs a task
that requires it to attend to the stimulus
without making an eye movement toward it.
In addition there is no enhanced response
when the animal reaches out and touches the
stimulus if he is not allowed to make a con-
current eye movement.

4. When the monkey makes an eye move-
ment to a Stimulus that is on continuously,
there is a burst of activity that precedes the
¢ye movement even though the visual re-
sponse to the stimulus may have already
adapted. However, there is no discharge be-
fore similar eye movements when a visual
stimulus is absent.

3. These results suggest that the visnally
responsive cells in frontal eye fields may pro-

vide a retinal error signal to the brain stem
gaze-shift centers, and the presaccade en-
hancement of these visual responses may be
a cortical component of the neural events
preceding purposeful, visually guided saF
cades. :

INTRODUCTION

Since the 19th century the frontal eye
fields have been thought to be involved in
the neural events preceding eye movements
(8). Supporting evidence comes from both
clinical and electrophysiological observa-
tions. Thus, Holmes (18) noted that frontal
tumors result in seizures that begin with con-
traversive eye movements and that patlen]ts
with frontal lesions tend not to make eye
movements into the visual field contralateral
to their lesions. Ferrier (13) observed eye
movements into the contralateral field with
electrical stimulation of the monkey frontal
eye fields. More recently, Robinson and
Fuchs (40), Schiller {44), and Marrocco
(30) produced saccades by stimulation of
monkey [rontal eye fields. These saccades
are stereotyped and their direction depends
on the location of the stimulating electrode
in the frontal eye fields. Prolonged stimu-
lation leads to multiple, defined saccades
rather than single, prolonged ones. Simul-
taneous stimulation of two frontal eye field
sites result in an eye movement that is the
vector sum of the eye movements produced
from either site alone (40). |
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