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The Responses of Visual Neurons in the Frontal Eye Field

Are Biased for Saccades

Bonnie M. Lawrence' and Lawrence H. Snyder?

Department of Psychology, Case Western Reserve University, Cleveland, Ohio 44106, and 2Department of Anatomy and Neurobiology, Washington

University School of Medicine, St. Louis, Missouri 63110

Previous research suggests that visually responsive neurons in the frontal eye field (FEF) respond to visual targets even when they are not
the goal of a saccadic eye movement. These results raise the possibility that these neurons respond to visual targets independent of the
effector that is to be used to acquire the target locations. In the present study, we examined whether a plan to execute a saccade or areach
to a visual target influenced the response to and the representation of targets in the FEF. We recorded single unit responses to the onset
of the target, during the delay period, and around the time of the movement, on interleaved saccade and reach trials of a delayed-response
task. We found that the responses of approximately equal percentages of visual, visuomovement, and movement neurons (50%, 58%, and
58%, respectively) were greater on saccade trials than on reach trials in at least one interval of the delayed-response task. Converse biases,
in favor of reaches, were much less frequent (13%, 10%, and 19%, in visual, visuomovement, and movement neurons respectively). Thus,
although visual neurons may not be directly involved in triggering saccadic eye movements, they are nonetheless highly saccade-biased,
with percentages comparable to neurons that are directly involved in triggering saccadic eye movements.

Introduction

The frontal eye field (FEF), located on the anterior bank of the
arcuate sulcus in monkey, is involved in transforming sensory
signals into motor commands for saccadic eye movements (for
review, see Tehovnik et al., 2000). Within FEF there is a contin-
uum of responses, from visual neurons that respond to the onset
of a visual target in the receptive field, to movement neurons that
respond around the time of a saccade (Bruce and Goldberg,
1985). Visual neurons remain tonically active when a delay is
introduced between target presentation and saccade onset,
suggesting that they are involved in the maintenance of spatial
information (Funahashi et al., 1989; Lawrence et al., 2005). It
is unclear, however, whether this maintenance occurs primar-
ily or exclusively for saccades.

It is possible that FEF visual neurons are saccade biased, pref-
erentially responding to and maintaining visual information for
saccades relative to other purposes, such as reaches. Consistent
with this possibility, Goldberg and Bushnell (1981) found en-
hanced responses from visual neurons when a target was the goal
of a saccade compared to the object of a discrimination, and in at
least one neuron, they found enhanced responses for a saccade
compared to a reach. Because they did not use a delayed-response
task, however, the extent to which this enhancement characterizes
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the maintenance of visual information is unknown. Mushiake et al.
(1996) examined modulation in movement-related neurons and
found that the presaccadic responses were uneffected by a simul-
taneous reach. While suggestive, these results do not rule out the
possibility that reaches in the absence of a saccade drive FEF
movement neurons. Moreover, because they examined only
movement-related neurons, the extent to which these findings
characterize visual neurons in FEF is not known.

It is also possible that visual neurons are not saccade biased.
Consistent with this possibility, recent research confirms that
visually responsive neurons in FEF respond to salient targets even
when they are not the goal of a saccade (Thompson et al., 1997;
Murthy et al., 2001; Sato et al., 2003). In a visual search task in
which saccades are executed to an “oddball” target, visually re-
sponsive neurons signal the target before the saccade (Schall et al.,
1995). However, this signal is not temporally correlated with the
saccade onset (Thompson et al., 1996), occurs even when the
saccade is mistakenly executed to a target other than the oddball
stimulus (Murthy et al., 2001), and persists when the behavioral
response is a lever press rather than a saccade (Thompson et al.,
2005). These results suggest that visual neurons in FEF respond to
and maintain visual targets in an unbiased manner.

We revisited this issue using a delayed-response paradigm in
which the animal was required to look at or reach toward the
remembered location only after a short memory period. We
found biases for saccades that were comparable across cell types,
including visual neurons. Thus, our data support a saccade-
specific model of FEF.

Materials and Methods

Recording procedure. Animals were seated in a custom-designed monkey
chair (Crist Instruments) with a fully open front that allowed for uncon-
strained arm movements to visual stimuli. Stimuli were back-projected
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bya CRT projector (Electrohome) onto a mod-
ified touch panel (Keytec) located 25 cm in
front of the animal. Arm position was mon-
itored using the touch panel, and eye posi-
tion was monitored using a scleral search coil
(CNC Engineering). The experiment took
place in complete darkness in a sound-
attenuated room.

FEF recordings were made from two adult
male Rhesus macaque (Macaca mulatta) mon-
keys. Recording chambers were placed flush
with the skull (25 mm anterior and 20 mm
lateral, Horsley—Clarke coordinates), con-
tralateral to the preferred hand. The determi-
nation of handedness, and as a result, chamber
location, was based upon which hand the ani-
mal used more frequently early in training. An-
imals were viewed remotely to ensure the use of
the dominant hand throughout a session. If, on
the very rare occasion, the animal used the
nondominant hand, lights were flashed to
warn the animal, and the experiment resumed
only when the animal reached for the fixation
point with the dominant hand. Structural mag-
netic resonance imaging (MRI) was used to
confirm the placement of each chamber with
respect to the arcuate sulcus and also to localize
recording sites [see the study by Lawrence et al.
(2005) for recording site reconstruction].

Stimulation procedure. Neurons recorded
within 200 wm of sites at which electrical microstimulation of <50 wA
evoked a consistent saccadic eye movement were defined as FEF neurons
(Bruce et al., 1985). To make this determination, the animal began by
fixating a blue target for 400 ms. The fixation target was extinguished,
and 100 ms later there occurred, with equal probability, a 70 ms interval
of either stimulation or no stimulation. The fixation point reappeared
230 ms later on stimulation (biphasic, 250 microseconds/phase, 350 Hz,
70 ms duration) and on no-stimulation trials. The animal was rewarded
on every stimulation trial, and also on no-stimulation trials in which the
eyes remained within 4.5° of the extinguished fixation point. Because it is
possible to elicit small eye movements at low thresholds in regions out-
side of FEF, only neurons recorded near stimulation sites resulting in
perturbations greater than 2° were used in the analyses. Significant per-
turbations (t test, p < 0.05) ranged from 2.2° to 28°, with a mean pertur-
bation of 8.2 £ 0.3°.

Receptive field mapping procedure. Spatially selective FEF neurons were
then identified, and their receptive fields mapped, using a non-delayed
center-out task. This task consisted of interleaved saccade trials, and
combined saccade and reach trials. Movements were executed to eccen-
tric stimuli presented in one of 8 possible directions, spaced 45° apart, at
arange of 3 eccentricities, for a total of 24 possible targets. This mapping
determined the provisional “preferred” direction (the direction with the
largest response) and the “null” direction (the direction with the smallest
response, with the constraint that the null direction was 180° from the
preferred direction) based on the response of the neuron in the 100200
ms interval following the onset of the target on the combined saccade and
reach trials. From the responses obtained 100-200 ms after target ap-
pearance in the center-out movement task, and from the size of the
stimulation-evoked eye movement, two target locations were chosen for
further testing in the target-delay-cue paradigm (see below): one target in
the preferred direction and one in the opposite (null) direction.

The preferred and null directions of spatially selective neurons were
then confirmed using a target-delay-cue task. In this task, a target is
presented, and following a delay period, a cue is presented signaling the
effector (saccade or reach) in which the animal is to move to the target
location (for additional details, see Lawrence and Snyder, 2006). The
preferred direction of a neuron was defined as the direction associated
with the largest response in any of the following three intervals of the
target-delay-cue task: the early visual response (50—150 ms), the late
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Delayed-response task. Each trial began when the animal fixated and touched a centrally located fixation point. A red
or green target was then briefly presented, signaling the type of trial (saccade or reach, respectively) and the to-be-remembered
location. Following the offset of the target, the monkey was required to maintain fixation on—and touch of—the dark blue
fixation point. Following a delay period, the fixation point was extinguished, and the animal responded by executing either a
saccade or reach to the remembered target location.

visual response (150-250 ms) (both averaging across saccade and reach
trials), and the movement-related response on saccade trials (—100 to 0
ms before the onset of the saccade). Data from 87 spatially selective FEF
cells (62 from the left hemisphere of M1, 25 from the right hemisphere of
M2) were recorded. Animals then completed interleaved saccade and
reach trials of the delayed-response task. Results of delayed-saccade trials
have been previously reported (Lawrence et al., 2005).

Delayed-response task. A trial of the delayed-response task began when
the animal fixated and touched a central blue fixation point for 500 ms
(see Fig. 1). A red or green target, signaling a saccade or reach trial, was
then presented for 300 ms in one of two symmetric locations, chosen to
fall either inside the receptive field (RF), or outside of the RF (the color
mapping was reversed in the two animals). Eccentricity was adjusted
based on the size of the stimulation-evoked a saccadic eye movement and
the responses during the saccade-plus-reach and mapping tasks. The
animal was required to maintain central fixation throughout the delay
period (800 ms). The end of the delay period was signaled by the offset of
the fixation point. The animal then had up to 700 ms to move the appro-
priate effector (the median reaction time was 142 ms on saccade trials and
187 ms on reach trials) to within 7° (saccade trials) or 10° (reach trials) of
the location at which the target had previously appeared. Plots of both
saccade and reach endpoints can be found in the supplemental material
(supplemental Fig. S1, available at www.jneurosci.org).

Correct trials were rewarded and incorrect trials were aborted, incur-
ringa ~1 s time out. Animals failed to acquire the initial fixation or touch
targets, or broke fixation during the delay period, on ~10% of trials. On
saccade trials, animals moved too late, made a reach instead of or in
addition to a saccade, or failed to move into the window on another
10.2% of trials. The equivalent error rate on reach trials was higher
(23.7%). After the reward was given on correct reach trials, on only a
small percentage of the trials (2.0%) did the eyes move 4° or more toward
the arm when it was positioned at the remembered target location. Ani-
mals performed 10 or more interleaved repetitions of each of the four
types (reaches or saccades into or out of the RF of the neuron).

Data analyses. To examine whether the tuning on trials which required
reaches was different from the tuning on trials which only required sac-
cades, we compared the tuning of both visual and movement responses
on the saccade trials and combined saccade and reach trials of the center-
out task (see Materials and Methods). We used the center out task not
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Movement

low-pass filtered at 24 Hz. Divergence was de-
fined as the start of the first interval at which 25
consecutive pairs of points differed by at least 3
SEs from one another. For all other analyses,
no filtering was used. For presentation pur-
poses only, we low-pass filtered the neuronal
data in Figures 2 (4 Hz low pass filter) and 4 (9
Hz low pass filter).

Results

Single neurons

The majority of single neurons in FEF
demonstrated greater activity on saccade
trials compared to reach trials during at
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Figure 2.  Activity of example visual (left panel), visuomovement (middle panel), and movement (right panel) neurons on

saccade (black) and reach (gray) trials of the delayed-response task. Rasters and histograms representing data from each trial are
aligned on the presentation of the target (left) or on the onset of movement (right). Each analysis epoch: target, delay, and
movement (T, D, and M, respectively), is indicated. Horizontal eye position (top traces) and arm position (bottom traces) for each

individual saccade and reach trial are represented at the bottom of the figure.

only because it provided the basis for the selection of RFs, but also be-
cause it contained a higher resolution mapping of preferred direction
than the main task: in the center out task we collected data from 8 differ-
ent target directions and 3 different target eccentricities for a total of 24
targetlocations. For each neuron, we calculated visual responses (interval
50 to 250 ms following the onset of the target) and movement responses
(the 200 ms interval surrounding the onset of the movement) on saccade
trials and on combined saccade and reach trials. Separate cosine tuning
curves were then fit to the visual responses and the movement responses
for each neuron for both saccade and combined saccade and reach trials
(see supplemental Material, Fig. S2, available at www.jneurosci.org). We
found that there was no significant difference in the tuning of the visual
or movement responses (Watson’s Two-Sample Test of Homogeneity
p > 0.05; median difference = 10.5° and 19.6°, for visual and movement
responses, respectively). Thus, the tuning on combined saccade and reach
trials was not significantly different from the tuning on saccade trials.

Delayed-saccade and delayed-reach trials were divided into three in-
tervals: target (50 to 350 ms interval following the onset of the target),
delay (450 to 950 ms following the onset of the target), and movement
(100 ms interval preceding the onset of the movement), unless otherwise
noted. Paired  tests were performed on raw spike counts for single unit
and population data, comparing the activity on saccade and reach trials
(in which the target appeared in the RF), for each of the intervals of the
delayed-response task.

Detailed information on the classification of FEF neurons into visual,
visuomovement, and movement cell types can be found in Lawrence et
al. (2005). Briefly, for each neuron, the classification was based on the
contrast ratio between visual and motor responses ([motor — visual]/
[motor + visual]) on saccade trials of the delayed-response task for each
neuron. Neurons with a contrast ratio of —1.0 had purely visual-related
responses, while neurons with a contrast ratio of 1.0 had purely
movement-related responses. Correlation was used to examine the rela-
tionship between the effector-bias in the response (saccade minus reach)
and the visuomotor index. Separate correlations were performed for each
interval of the delayed-response task (target, delay, movement).

Individual neurons with visuomotor indices ranging from —1.0 to
—0.4 were classified as visual neurons, those with indices between —0.4
and 0.4 were classified as visuomovement neurons, and those with indices
from 0.4 to 1.0 were classified as movement neurons. Separate one-way
ANOVAs were then performed, one on each interval of the delayed-
response task, to determine whether effector biases differed across the three
cell types. For ANOVAs with significant F values, one-sample ¢ tests were
performed to identify which cell types showed significant effector biases.

To determine whether the activity on saccade and reach trials into the
RF diverged during the delayed-response task, the data were digitally

least one interval of the delayed-response
task. Examples of the activity of single visual,
visuomovement, and movement neurons
on saccade trials (black) and reach trials
(gray) are presented in Figure 2. For each
neuron, the activity is aligned both on the
presentation of the target (left) and on the
onset of the movement (right).

An example visual neuron, presented
in Figure 2 (left panel), exhibited a burst of activity in response to
the onset of the target with significantly greater activity on saccade
trials than on reach trials (53.33 = 6.15 sp/sand 35.33 £ 5.24 sp/s,
respectively; mean * SE; t test, p < 0.05; interval 100-200 ms
following the onset of the target in the RF). This response was main-
tained throughout the delay period with significantly greater activity
on saccade trials than on reach trials (46.13 % 2.0 sp/s and
32.13 = 2.02 sp/s, respectively; p < 0.0001; interval 450-950 ms
following the onset of the target in the RF). In the two-hundred-
millisecond interval before the onset of the movement, the activity
on saccade trials, but not on reach trials, decreased precipitously.
In fact, there was no significant difference in activity on saccade
and reach trials in the 100 ms interval before the onset of the
movement into the RF (41.33 = 5.33 sp/s and 50.00 = 4.14 sp/s,
respectively; p > 0.20). Following the onset of movement into the
RF, the response reversed, with significantly greater activity on
reach trials than on saccade trials (32.00 = 3.80 sp/s and 1.0 *
0.72 sp/s, respectively, p < 0.0001, interval 200 —400 ms following
the onset of the movement into the RF). Thus, this visual neuron
demonstrates an early bias for saccade targets that was main-
tained throughout the delay period but was reversed following
the onset of the movement.

An example visuomovement neuron, presented in Figure 2
(middle panel), exhibited a similar burst of activity in response to
target onset on saccade and reach trials (85.0 = 9.57 sp/s and
71.0 * 10.80 sp/s, respectively; p > 0.30). Following the transient
burst, there was an increase in activity during the delay period on
saccade trials but not on reach trials. The delay period activity on
saccade trials was significantly greater than the delay period activity
onreach trials (36.60 = 5.55 sp/sand 11.80 * 1.92 sp/s; p < 0.001).
In the final 100 ms of the delay period, activity was 70.0 = 8.03
sp/s on saccade trials but only 13.0 = 3.35 sp/s on reach trials
(p < 0.0001). Before the onset of the movement, activity re-
mained significantly greater on saccade trials (87.0 = 9.32 sp/s) than
on reach trials (29.0 = 5.47 sp/s; p < 0.0001). Activity decreased
precipitously with the onset of movement on saccade trials. Thus,
this visuomovement neuron demonstrates a bias for saccades during
the delay period and around the time of the movement.

An example movement neuron, presented in Figure 2 (right
panel), was unresponsive on both saccade and reach trials after
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target onset (5.33 = 2.15 sp/s and 6.00 = 2.35 sp/s, saccade and
reach trials respectively, p > 0.84) and during the early delay
period (3.67 £ 1.24 sp/s and 1.33 % 0.77 sp/s, saccade and reach
trials respectively, p > 0.10; interval 450 — 650 ms following the
onset of the target in the RF). However, late in the delay period, a
differential response emerged, with significantly greater activity
on saccade trials than on reach trials (10.33 = 2.51 sp/s and
2.00 = 0.82 sp/s, p < 0.01; interval 750-950 ms following the
onset of the target in the RF). In the 100 ms interval before the
onset of the movement into the RF, this neuron responded ro-
bustly on saccade trials but not at all on reach trials (107.33 =
7.40 sp/s and 2.00 = 1.07 sp/s, respectively; p < 0.0001). Thus,
this neuron demonstrates an overwhelming bias for saccades very
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Table 1. The percentage (and number) of neurons with a statistically significant
( p=0.05)saccade (S > R) or reach (R > S) bias for visual, visuomovement, and
movement neurons during any one interval of the delayed-response task

Significant bias
Cell type S>R R>S
Visual (N = 30) 50% (15) 13% (4)
Visuomovement (N = 31) 58% (18) 10% (3)
Movement (N = 26) 58% (15) 19% (5)

Table 2. The percentage (and number) of visual, visuomovement, and movement
neurons with a significant or a nonsignificant saccade (S > R) or reach (R > S)
bias, presented separately for each interval of the delayed-response task

late in the delay period and around the time of the movement. S>R R>S
Delayed-saccade and delayed-reach trials were divided into  Cell type/interval Significant ~ Nonsignificant ~ Significant ~ Nonsignificant
three intervals: target (50 to 350 ms interval following the onsetof . -\ (N = 30)
the target), delay (450 t0 950 ms followipg the onset of the target), Target 26.7%(8)  46.6% (14) 0.0%(0)  26.7%(8)
and movement (100 ms interval preceding the onset of the move- Delay 30.0% (9)  43.3% (13) 0.0% (0)  26.7% (8)
ment), unless otherwise noted. Table 1 presents the percentage Movement B3%(7)  46.7%(14) 133% (4)  16.7% (5)
(and number) of visual, visuomovement, and movement neu-  Visuomovement (N = 31)
. . . 0 0 0, 0,
rons that were significantly biased ( p = 0.05) for saccades (S > Target 129%(4)  484% (15) 9.7%(3)  29.0% (9)
R) or reaches (R > S) during any one interval of the delayed- Delay 258%(®) - 290%(9) 65% () 387%(12)
g any : Wy Movement 48.4% (15)  38.7% (12) 32%(1)  97%03)
response task. We found that similar percentages of visual, VISUO- Movement (N = 26)
movement and movement neurons showed a significant bias for Target 0.0% (0)  46.2% (12) 7.6%(2)  46.2% (12)
saccades over reaches (50%, 58%, and 58%, respectively; left Delay 15.4% (4)  30.8% (8) 15.4% (4)  38.4% (10)
hand column) during at least one interval of the delayed- Movement 57.7% (15)  30.8% (8) 0.0%(0)  11.5%(3)
response task. While a few cells showed
the reverse pattern, that is, significantly Target Delay Movement
greater responses on reach compared to .
saccade trials (right-hand column), the S g vs VM MV B
number of cells with a significant reach @ g - e g4 | . o e o 8
1 & | ° o S - Q
bias was not greater than would be ex- g | o s Jb L o = Q8
8 » l;. < b ol < %
pected by chance for any of the three cell Fo P ¢ [o o . . g o e -
types (proportion test, all p values >0.5). € o~ [ o o ) o . v I b T3
S ] % & - @ oo vo = o
Table 2 further presents separately, for g o | . ° o . o e oo s g
each interval of the delayed-response task, s | S » Ly g o ° Lo~
the percentage (and number) of visual, o T T T b T T T T 1'0 0'5 0'0 0'5 1'0
. 40 05 00 05 10 40 05 00 05 10 410 05 00 05 1.
Vlsuomovemept, and movement ‘I‘le,ur(?ns Visuomotor Index Visuomotor Index Visuomotor Index
that were significantly biased (see “Signifi-
cant”, p = 0.05) for saccades or reaches. The ~ Figure3. Theresponse (saccade minus reach) of individual neurons plotted as a function of the visuomotorindex, for the target

percentage (and number) of neurons for
which the saccade or reach bias did not
reach significance is also presented (see
“Nonsignificant”).

As is evident in Table 2, in visual neu-
rons, the response to the target and during

(left panel), delay (middle panel), and movement (right panel) intervals of the delayed-response task. Filled and unfilled circles
represent the responses of individual neurons from each monkey (M1and M2, respectively). For illustration purposes, one outlier
is excluded from the left panel (visuomotor index = —0.44, effector bias value = 51 sp/s), and one from the center panel
(visuomotorindex = — 1.0, effector bias value = 61sp/s). Vertical lines represent the boundaries for the visual (VS), visuomove-
ment (VM), and movement (MV) cell types. Bars and error bars indicate the means and SEs, respectively, for each cell type; note the
different scales for means (right-hand axis) compared to individuals (left-hand axis). *p << 0.05, ***p < 0.001.

the delay period was significantly greater

on saccade trials than on reach trials in almost one-third of these
neurons. The percentage of neurons with a significant bias for
saccades decreased to less than one- fourth of all visual neurons
around the time of the movement. In visuomovement neurons,
the response to the onset of the target was significantly greater on
saccade trials than on reach trials in just over one-tenth of all
neurons. The percentage of neurons with a significant bias in-
creased to slightly more than one-fourth of all visuomovement
neurons during the delay period, and to almost one-half of all
visuomovement neurons around the time of the movement.
Movement neurons, by definition, were relatively nonresponsive
to the onset of the target. Not surprisingly, then, there no neurons
with significantly greater activity on saccade trials than on reach
trials around the time of target onset. During the delay period,
however, a significant bias for saccades developed in one-sixth of
all movement neurons, and increased sharply around the time of

the movement to almost two thirds of all movement neurons. It
should be noted that, because we were interested the activity that
could be directly involved in triggering a movement, we quanti-
fied the movement-related response in the 100 ms interval before
the onset of the movement (see Materials and Methods). Four
movement neurons demonstrated a bias for saccades only after
the onset of the saccade (300 to 500 ms following the onset of the
movement) (see supplemental Material, Fig. S3, available at
www.jneurosci.org as supplemental material, for an example
neuron). As a result, these neurons were not included in the total
percentage of movement neurons with saccade-biased responses
during the movement interval.

To examine the relationship between cell type and saccade
bias, we plotted the difference in activity between saccade and
reach trials for individual neurons as a function of the visuomo-
tor index, for target, delay, and movement intervals of the
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delayed-saccade task (Fig. 3). The visuomotor index was con-
structed by calculating the contrast ratio between visual and mo-
tor responses for each neuron (see Materials and Methods for
additional details). Neurons with indices from —1.0 to —0.4 were
classified as visual neurons (on the left of each panel), those with
indices between —0.4 and 0.4 as visuomovement neurons (center
of each panel), and those with indices from 0.4 to 1.0 as move-
ment neurons (on the right of each panel). Data points above the
horizontal line represent cells with a saccade bias, while points
below the line represent cells with a reach bias. Filled and unfilled
data points represent cells from M1 and M2, respectively.

Significant negative correlations were found between the sac-
cade bias and the visuomotor index for the target and delay in-
tervals (r = —0.25, p < 0.05, both intervals) as the saccade bias
decreased from visual to movement neurons during these inter-
vals, and a significant positive correlation was found for the
movement interval as the saccade bias increased from visual to
movement neurons (r = 0.36, p < 0.001). For each of the three
intervals, data were then binned by cell type (see superim-
posed bar graphs in Fig. 3) and subjected to an ANOVA. All
three ANOVAs were significant (all F, g5, > 4.0, all p <0.05). For
the target and delay intervals, there was a significant saccade bias
in visual neurons (f,9) > 2.5, p < 0.05), but not in visuomove-
ment (f3, < 1.35, p > 0.30) or movement neurons (f 5y < 1, p >
0.30). In contrast, for the movement interval, there was a significant
saccade bias in visuomovement and movement neurons (55, =
4.76, p < 0.001, t(,5, = 4.24, p < 0.001, respectively), but not in
visual neurons (f,9) = 1.43, p > 0.15). Thus, the saccade bias to
the onset of the target and during the delay period decreases
from visual to movement neurons, while the saccade bias
around the time of the movement increases from visual to
movement neurons.

Populations

Population averaged responses on saccade trials (red) and reach
trials (green) are presented in Figure 4 (see supplemental Mate-
rial, Fig. $4, available at www.jneurosci.org as supplemental ma-
terial, for the population averaged responses shown separately for
each animal). The top panel shows that visual neurons are biased
to respond to, and maintain, visual information for saccades.
More specifically, there was significantly greater activity on sac-
cade trials than on reach trials in response to the onset of the
target (saccade minus reach: 5.28 * 1.91 sp/s; t,9) = 2.76; p <
0.01) and during the delay period (saccade minus reach: 6.40 =
2.37 spls; t(,9) = 2.70; p < 0.05), but not around the time of the
movement (4.88 * 3.41 sp/s; t,5) = 1.43; p > 0.15). Following
the movement into the RF (300 to 500 ms following the onset of
the movement), the pattern of activity was reversed, with greater
activity on reach trials than on saccade trials (saccade minus
reach: —5.88 * 2.71 sp/s; t,9,=-2.17; p < 0.05).

In contrast to the population of visual neurons, the popula-
tion of visuomovement neurons (Fig. 4, middle panel) did not
show a bias for saccades until late in the delay period. While the
population of visuomovement neurons was responsive to target
onset in the RF, there was no significant difference in the response
on saccade and reach trials (saccade minus reach: 1.75 = 1.77
SP/s; t30) = 0.99; p > 0.30). In fact, visuomovement neurons did
not become saccade biased until late in the delay period (saccade
minus reach: 10.44 * 2.91 sp/s; t (55, = 3.58; p < 0.01; 950-1150
ms interval following the onset of the target in the RF). These
neurons were highly saccade biased around the time of the
movement (saccade minus reach: 15.02 * 3.16 sp/s; t3o, =
4.76; p < 0.0001). Following the movement into the RF, there
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Figure4. Thepopulation averaged responses on saccade (red) and reach (green) trials of the
delayed-response task in visual (top), visuomovement (middle), and movement neurons (bot-
tom). For each plot, data are aligned on the presentation of the target (left) or on the onset of
movement (right). The gray shading indicates the SE for both types of trials. Horizontal eye
position (top red traces) and arm position (bottom green traces) for saccade and reach trial,
respectively, are represented at the bottom of each figure. Reach position is averaged across
trials in which the animal maintained contact with the touch screen during the movement as
well as those trials in which the animal did not maintain contact during the movement. For
illustration purposes only, data were low-pass filtered (9 Hz low pass filter).

was no difference in the response on saccade and reach trials
(saccade minus reach: —1.83 * 2.11 sp/s; t(3, = 0.86; p < 0.35).

The population of movement neurons (Fig. 4, bottom panel)
showed little task-related modulation until just before the onset
of movement. Thus, there was no difference between saccade and
reach trials in response to the presentation of the target (saccade
minus reach; —0.32 * 0.61 sp/s; t(,5,=-0.52; p > 0.60), or during
the delay period (saccade minus reach; 0.92 * 0.93 sp/s; t(,5, =
0.99; p > 0.33). A saccade bias emerged late in the delay period
(interval 950 — 1150 ms following the onset of the target; saccade
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minus reach; 10.02 * 2.40 sp/s; t,5) =
4.17; p < 0.001), and increased dramati-
cally around the time of the movement
(saccade-reach; 28.11 = 6.62 sp/s; t(,5, =
4.24; p < 0.0001). Following the move-
ment into the RF, the response on saccade
and reach trials returned to baseline levels
(saccade minus reach: 1.21% 2.13 sp/s;
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tas) = 0.57; p > 0.50).
A direct comparison of the time course
of activity on saccade and reach trials con-
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(Thompson et al., 2005)

firmed these findings. On average, activity
on saccade and reach trials first became
biased for saccades in visual neurons 116
ms after the onset of the visual stimulus
(see Materials and Methods for details of
the analysis). Activity in visuomovement
neurons, in contrast, did not show a sus-
tained bias until 953 ms after target onset,
or 147 ms before the end of the memory
period. Similarly, a sustained bias did not
emerge in movement neurons until 1016

30

Activation (sp/s)
|
\

= Saccade
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ms after target onset. Thus, the responses
of visual neurons became biased for sac-
cades shortly after the onset of the visual
target (Fig. 4, top panel). In contrast, the
responses of visuomovement and move-
ment neurons did not become biased for
saccades until late in the delay period
(Fig. 4, middle and bottom panels,
respectively).

While the response around the time of the movement was
biased for saccades, there was nonetheless an increase in activity
just before reaches, especially in visuomovement neurons. This
reach-related activity (in the 100 ms interval preceding the onset
of the movement) was significantly greater on trials in which the
reach was executed to a remembered target in the RF than out of
the RF in visuomovement neurons (difference of 6.04 *= 1.95
sp/s; p < 0.01), but not in visual (1.77 % 1.59 sp/s; p > 0.25) or
movement neurons (1.52 = 2.03 sp/s; p > 0.45). While the func-
tional significance of response around the time of the reach is
difficult to interpret, these results suggest that the response in
visuomovement neurons was spatially specific and was not due to
nonspatial factors such as arousal.

Figure5.

Discussion

The present results demonstrate that visual neurons in FEF are
biased to respond to and maintain visual targets for saccadic eye
movements. Fifty percent of visual neurons were significantly
more active on saccade trials than on reach trials during at least
one interval of the delayed-response task, and only 13% of visual
neurons showed the reverse effect (Table 1). These percentages
are similar to the corresponding values for visuomovement
and movement cells (58% and 10%, and 58% and 19%, respec-
tively). A strong bias for saccade compared to reach trials is
also seen in the population-averaged responses of all three cell
types, including visual neurons (Fig. 4). While the saccade bias
in the population of visuomovement and movement neurons
occurred primarily during the movement period, the saccade bias
in the population of visual neurons emerged shortly after target
onset and was maintained throughout the delay period. These
results suggest that while visual neurons are not directly involved
in triggering saccadic eye movements, they are nonetheless highly

100

A comparison of the present results with those of Thompson etal. (2005), reprinted with permission. In both the study
by Thompson et al. (2005) and the present study (top and bottom, respectively), there was an initial transient response on all trial
types followed by a divergence at ~100 ms. On target and saccade trials (thick traces), activity was sustained above baseline for
the duration of the task. In contrast, on distractor and reach trials (thin traces), the activity declined rapidly to baseline or
near-baseline levels (dashed lines).

biased to respond to, and maintain, target locations for saccades
compared to reaches.

Relation to previous research

The present results are consistent with the results of the classic
study of Bruce and Goldberg (1985) which compared FEF re-
sponses during saccade and reach trials and concluded that
“frontal eye field visual activity is best understood as providing
targets for visually guided saccades, and not as participating in a
more general analysis of the visual world.” However, several re-
cent lines of inquiry have suggested that visual neurons in FEF do
play a more general role in visual processing. In particular, a
number of studies have argued that visual neurons are involved in
allocating visual attention to salient target locations independent
of whether such locations are the goal of a saccade (Thompson et
al., 1997, 2005; Murthy et al., 2001; Sato et al., 2003).

One such study, the results of which are reprinted in Figure 5
(top), found that visual neurons in FEF discriminate between a
target (thick trace) and a distractor (thin trace), even when the
required response to the target is a lever turn and not a saccade
(Thompson et al., 2005). These results suggest that visual neu-
rons do not preferentially respond to targets for upcoming sac-
cades, but instead respond to any task-relevant target regardless
of how that target will be used. In contrast, the results of the
present study suggest that visual neurons preferentially respond
to targets for upcoming saccades (Fig. 5, bottom). Indeed, the
target-evoked activity on reach trials declined rapidly to baseline
or near-baseline levels, despite the fact that the target was clearly
important to the animal’s performance of the task. Thus, the
Thompson et al. (2005) study suggests that the response of a
visual neuron in FEF is determined by whether or not the stimu-
lus is task-relevant (i.e., salient), whereas the current study sug-
gests that the response is determined by whether or not the
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stimulus is the target of an upcoming saccade. How can this
discrepancy be resolved?

One possibility is that, despite being task relevant, attention is
not allocated to reach targets (Bisley and Goldberg, 2003). The
results of Deubel and Schneider (2003), however, suggest that
attention is allocated to reach targets, at least initially (see also
Deubel et al., 1998). They probed the locus of attention shortly
after the cue to move in delayed-saccade and -reach trials. The
discrimination of a probe away from the movement endpoint was
impaired on saccade trials, consistent with the well known find-
ing that attention is coupled to the saccade endpoint around the
time of the movement (Shepherd et al., 1986; Hoffman and Sub-
ramaniam, 1995; Deubel and Schneider, 1996). This was not the
case for long delayed reach trials (>300 ms). For these trials, a
probe appearing 80 ms after a cue to initiate a reach was discrim-
inated equally well at all locations, both at and away from the
reach endpoint. These results suggest that attention is not sus-
tained at reach targets. They are not conclusive, however, since
they quantify attention as the movement is initiated and not dur-
ing the delay period. Thus, while it is possible that monkeys do
not attend to reach targets during a delay period and that visual
neurons in FEF reflect the attended locations in space in both the
current study and in Thompson et al. (2005), the evidence is
inconclusive.

A related possibility is that attention is allocated to reach tar-
gets, but that the neuronal correlates of this attentional allocation
are not found within the saccade system (FEF), but are found
instead within the reach system (e.g., dorsal premotor cortex).
Such a possibility would necessitate different attentional systems
for different effectors. While this may seem improbable, Rizzo-
latti et al. (1994), in their formulation of the “premotor theory of
attention,” which hypothesizes that the circuitry for shifts of at-
tention and goal-directed movements is one and the same, raise
this very possibility. (A strict interpretation of the premotor the-
ory of attention would dictate that the neuronal correlates of
attentional allocation would be found in neurons that are
thought to be directly involved in triggering a movement, for
example, FEF movement neurons. The present results suggest
instead that while the neuronal correlates of attentional allo-
cation may be found within the circuitry of a movement sys-
tem, they are not found in those neurons directly involved in
triggering the movement.)

The premotor theory of Rizzolatti et al. (1994) hypothesizes
that shifts of spatial attention before saccades result from the
activation of the saccade circuitry, and similarly, that shifts of
spatial attention before reaches result from the activation of the
reach circuitry. This would necessitate, however, that the activity
in visual neurons in Thompson et al. (2005) is saccade related.
How could this be the case when a saccade was never executed to
a target in their study? It is possible that the target in the visual
search task used in Thompson et al. (2005) not only attracts
attention but also evokes a plan for a saccade. In both the search
and the reach task, the subject is explicitly and carefully trained to
suppress the natural impulse to look at the target. A residual
saccade plan may nonetheless remain. This plan may be stronger
in the search task, where receiving a reward requires making a
difficult discrimination. In contrast, target identification and lo-
calization in the reach task is quite easy, and therefore a plan to
saccade to the target may be present only transiently. Thus, the
results of both Thompson et al. (2005) and the current study
could be explained if FEF visual neurons specifically encode the
location of targets for saccades.
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Relation to other areas

Previously, Snyder and colleagues have found that the responses
of neurons in the lateral intraparietal area (LIP) and in the pari-
etal reach region (PRR) of the parietal cortex are biased for plan-
ning saccades and reaches, respectively (Snyder et al., 1997;
Quian Quiroga et al., 2006), and that there is a nonspatial com-
ponent to these planning signals, since the bias appears even
when the spatial target of the movement is not yet known (Calton
et al., 2002; Dickinson et al., 2003). They hypothesized that LIP
and PRR are nodes in a saccade and reach network, respectively,
that also includes frontal and subcortical saccade centers (e.g.,
frontal eye fields, superior colliculus, cerebellum) and reach cen-
ters (e.g., dorsal premotor cortex) (Snyder et al., 2000). They
further hypothesized that the relationship between areas within
each network may be either hierarchical or distributed. Frontal
cortex may elaborate nascent saccade and reach plans from the
parietal cortex (a hierarchical or serial architecture), or frontal
and parietal cortex may work in parallel to produce saccade and
reach plans (a distributed architecture) (Snyder et al., 2000). Re-
cently, we have shown that nonspatial saccade planning signals
are present in FEF, but that neither the onset nor the magnitude
of these signals are earlier, or larger, respectively, in frontal cortex
than in parietal cortex, consistent with a distributed model (Law-
rence and Snyder, 2006). The fact that saccades and reaches are
coordinated suggests that saccade and reach networks interact.
This interaction could begin as early as parietal cortex (Cohen
and Andersen, 2002). Neurons in the frontal cortex, the supple-
mentary eye field, the pre-supplementary motor area (pre-SMA),
and the SMA all respond differently to isolated eye or arm move-
ments compared to coordinated movements, but this is not true of
FEF (Mushiake et al., 1996; Fujii et al., 2002). Although the present
study was not designed to examine the interaction between saccades
and reaches, the lack of FEF modulation during reach trials shown in
the current study, combined with the results of Mushiake et al.
(1996), suggests that saccade-reach interactions do not occur in the
FEF.

The saccade bias in visual neurons in FEF could provide a
“top-down” attention signal to earlier visual areas. Indeed,
presaccadic enhancement of visual responses have been found in
V4 (Fischer and Boch, 1981a,b; Tolias et al., 2001; Mazer and
Gallant, 2003; Moore and Chang, 2009). Also consistent with
top-down attentional modulation, Moore and Armstrong (2003)
have found that stimulation of FEF neurons enhances visual re-
sponses in retinotopically corresponding locations of V4. It
seems likely that V4 neurons would be similarly biased during a
delay period before a saccade. Indeed, the results of recent func-
tional MRI studies are consistent with a saccade bias in the extra-
striate cortex of humans (Levy et al., 2007; Beurze et al., 2009). An
interesting question for future research is whether V4 neurons
are also enhanced during the delay period before a reach in the
absence of a saccade. Such an effect would presumably be medi-
ated by projections from areas other than FEF.
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