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Lawrence, B. M., R. L. White III, and L. H. Snyder. Delay-period
activity in visual, visuomovement, and movement neurons in the frontal
eye field. J Neurophysiol 94: 1498–1508, 2005. First published April
20, 2005; doi:10.1152/jn.00214.2005. In the present study, we exam-
ined the role of frontal eye field neurons in the maintenance of spatial
information in a delayed-saccade paradigm. We found that visual,
visuomovement, and movement neurons conveyed roughly equal
amounts of spatial information during the delay period. Although
there was significant delay-period activity in individual movement
neurons, there was no significant delay-period activity in the averaged
population of movement neurons. These contradictory results were
reconciled by the finding that the population of movement neurons
with memory activity consisted of two subclasses of neurons, the
combination of which resulted in the cancellation of delay-period
activity in the population of movement neurons. One subclass con-
sisted of neurons with significantly greater delay activity in the
preferred than in the null direction (“canonical”), whereas the other
subclass consisted of neurons with significantly greater delay activity
in the null direction than in the preferred direction (“paradoxical”).
Preferred direction was defined by the saccade direction that evoked
the greatest movement-related activity. Interestingly, the peak sac-
cade-related activity of canonical neurons occurred before the onset of
the saccade, whereas the peak saccade-related activity of paradoxical
neurons occurred after the onset of the saccade. This suggests that the
former, but not the latter, are directly involved in triggering saccades.
We speculate that paradoxical neurons provide a mechanism by which
spatial information can be maintained in a saccade-generating circuit
without prematurely triggering a saccade.

I N T R O D U C T I O N

The frontal eye field (FEF), located on the anterior bank of
the arcuate sulcus, is an important component of a cortical and
subcortical network involved in the execution of visually
guided and memory-guided saccades (see Munoz 2002; for a
recent review of this network). This is evidenced by the fact
that stimulation of the anterior bank of the arcuate sulcus at low
electrical currents (�50 mA) generally results in fixed-vector
saccadic eye movements, the amplitude of which decreases
from medial to lateral locations (Bruce et al. 1985) and by the
fact that either ablation or temporary inactivation results in a
variety of deficits in both visually and memory-guided sac-
cades (for a review, see Tehovnik et al. 2000).

FEF neurons are active around the time of onset of a visual
stimulus (“visual” responses) and also immediately prior to a
visually guided saccade (“movement” responses). This pattern
is consistent with a role for the FEF in the sensory to motor
transformation underlying visually guided eye movements

(Bruce and Goldberg 1985). A subset of these neurons also
responds in a delayed-saccade task in which the location of a
transiently presented visual stimulus must be temporarily
maintained for the execution of a memory-guided saccade
(e.g., Funahashi et al. 1989). Such delay-period activity is often
considered to be the neuronal substrate of spatial “short-term”
or “working” memory (e.g., Fuster 1973; Fuster and Alexander
1971; Goldman-Rakic 1990).

Surprisingly, the role of visual, visuomovement, and move-
ment neurons in memory-guided behavior has not been clearly
defined. Funahashi and colleagues (1989) reported delay-pe-
riod activity primarily in visual and visuomovement neurons,
but this conclusion was based on a small sample of cells. More
recently, Sommer and Wurtz (2000) found significant delay-
period activity in 44% of the movement neurons with direct
projections to the superior colliculus. This percentage ap-
proached the percentages found in visual and visuomovement
neurons in the same study (47 and 57%, respectively). How-
ever, these responses were obtained late in a delay period and
therefore may have been contaminated by anticipatory re-
sponses (e.g., Bruce and Goldberg 1985).

In the present study, we examined the role of FEF visual,
visuomovement, and movement neurons in the maintenance of
spatial information in a delayed-saccade paradigm. We quan-
tified the response to the presentation of the visual target, the
response during the delay period, and the response at the time
of a memory-guided saccade. We found that the percentage of
neurons with significant delay-period activity was similar
across cell types. When neurons with significant delay-period
activity were averaged together separately for each cell type,
however, significant modulation was found in the population-
averaged response of visual and visuomovement but not move-
ment neurons. This seemingly contradictory finding was rec-
onciled by the fact that the population of movement neurons
was composed of two subclasses of neurons with complemen-
tary patterns of delay-period activity. Potential implications for
the role of these subtypes in memory-guided behaviors are
explored.

M E T H O D S

Recording procedure

Animals were seated in a monkey chair (Crist Instrument, Hagers-
town, MD). Stimuli were back projected by a CRT projector (Elec-
trohome, Kitchener, Ontario, Canada) onto a touch panel located 25
cm in front of the animals. Unlike an LCD projector, a CRT projector
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casts no extraneous light, so that other than the visual stimuli,
experiments took place in complete darkness.

Recordings were made from three adult male Rhesus macaques
(Macaca mulatta). Recording chambers were placed flush with the
skull at Horsley-Clarke coordinates of 25 mm anterior and 20 mm
lateral. Structural MRI was used to confirm the placement of each
chamber with respect to the arcuate sulcus and also to localize each
recording site (Fig. 11; Caret and Surefit software packages; http://
brainmap.wustl.edu/caret) (Van Essen et al. 2001).

Neurons recorded within 200 �m of sites at which electrical
microstimulation of �50 �A (biphasic stimulation, 250 �s/phase, 350
Hz, 70-ms duration) (Bruce et al. 1985) evoked a consistent saccadic
eye movement were defined as FEF neurons. To make this determi-
nation, the animal began by fixating a blue target for 400 ms. The
fixation target was extinguished and 100 ms later was followed with
equal probability by either a 70-ms interval of stimulation or no
stimulation. The fixation point reappeared 230 ms later on stimulation
and no-stimulation trials. The animal was rewarded on every stimu-
lation trial, and also on each no-stimulation trial in which the eyes
remained within 4.5° of the extinguished fixation point. The same
electrode was used for both microstimulation and unit recording
within a given session.

Spatially selective FEF neurons were identified using a non-delayed
saccade-plus-reach task. On a given trial, this task required the animal
to execute a combined movement to one of 24 targets presented in one
of eight directions at 14, 20, or 28° of eccentricity. The response field
(RF) of each spatially selective neuron was then carefully mapped
using a delayed-response task (Dickinson et al. 2003) (target-delay-
cue task). In two animals, memory responses were then tested during
interleaved delayed-saccade and -reach trials (only the results of
delayed-saccade trials are presented; see following text). As a control,
memory responses were also obtained during delayed-saccade trials in
a third animal that had never been trained on reach-related tasks. In
this animal, spatially selective neurons were identified and mapped
using saccade-only trials.

Delayed-saccade task

Each delayed-saccade trial began when the animal fixated and, in
two of the three animals, touched a central blue fixation point for 500
ms. A red target was then presented for 300 ms in one of two
symmetric locations, chosen to fall either inside of the RF or on the
opposite side of the fovea, outside of the RF. Eccentricity was
adjusted based on the size of the stimulation-evoked eye movement
and the responses during the saccade-plus-reach and mapping tasks.
Each monkey was required to maintain central fixation throughout the
delay period (800 ms in the 1st 2 animals; 1.4–5.6 s in the control
animal). The end of the delay period was signaled by the offset of the
fixation point. Each monkey then had �700 ms to saccade to within
7° of the location at which the target had previously appeared.
Saccade reaction time was 162 � 33 (SD) ms in constant delay period
trials (1st 2 animals) and 225.3 � 14 ms in variable delay period trials
where the timing of the movement could not be anticipated (3rd
animal). Saccades terminated within 3.30 � 1.34° (mean � SD) of the
target location.

Because the data reported in the present study were collected as a
part of a larger study examining effector specificity in FEF, delayed-
reach trials were interleaved with delayed-saccade trials in two mon-
keys. (Again, it is important to note that the 3rd animal performed
only delayed-saccade trials.) Delayed-reach trials were similar to
delayed-saccade trials but were signaled with a green rather than a red
peripheral target and required a peripheral reach while maintaining
central fixation. In the present study, however, we examine only the
results from the delayed-saccade trials. In each animal, correct trials
were rewarded and incorrect trials (e.g., trials on which the animal
moved prematurely, moved too late, or landed outside the target
window) were aborted (�20% of all trials). Aborted trials incurred a

short (�1 s) time out. Animals performed 10 interleaved repetitions of
each of two trial types (saccades into or out of the RF). Eye position
was monitored using a scleral search coil (CNC Engineering, Seattle,
WA). All tasks were conducted in a dark sound-attenuated room.

Data analyses

The classification of FEF neurons into visual, visuomovement, and
movement cell-types was based on visual and motor responses in the
delayed-saccade task. The visual response (the interval spanning
50–300 ms after target appearance) was measured relative to baseline
activity (the interval spanning 200–400 ms before target appearance)
and the peri-saccadic response (100-ms interval prior to saccade
onset) was measured relative to late delay-period activity (the interval
spanning 200–300 ms prior to saccade onset). Measurements of
movement responses relative to late delay activity prevented pro-
longed delay-period responses from being misinterpreted as move-
ment-related responses (see Sommer and Wurtz 2000 for a similar
subtraction). Changes in the duration or alignment of the intervals
used to measure the responses (e.g., 50 to 150 or 150 to 300 ms visual
interval; 100 ms presaccadic interval aligned on the onset of the
saccade or �100 to 100 ms interval surrounding the peak velocity of
the saccade) had minimal effect on the classification of cell types and
had no effect on the conclusions of the study.

A visuomotor index (Fig. 1A) was then constructed for each neuron
by calculating the contrast ratio between visual and motor responses
([motor–visual]/[motor�visual]). For this purpose, visual responses
that were less than baseline and peri-saccadic responses that were less
than the late delay-period activity were rounded to zero. In addition to
this continuous measurement, we also employed a discrete categori-
zation. Neurons with indices from �1.0 to �0.4 were classified as
visual neurons, those between �0.4 and 0.4 as visuomovement
neurons, and those from 0.4 to 1.0 as movement neurons (Fig. 1B).
Visual neurons were largely responsive to the presentation of the
target and were largely nonresponsive immediately prior to the sac-
cade, whereas visuomovement neurons were equally responsive dur-
ing both intervals. Movement neurons, in contrast, were largely
nonresponsive to the presentation of the target but were largely

FIG. 1. Cell-type classification. A: the frequency distribution of cells across
the visuomotor index. Neurons with indices less than �0.4 or �0.4 were
classified as visual and movement neurons, respectively, whereas neurons with
intermediate indices were classified as visuomovement neurons. B: mean
visual and motor responses in the delayed-saccade task, with SEs, plotted for
each cell type.
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responsive immediately prior to the saccade. It is important to note
that although we separated continuous data into discrete categories,
we would not argue that these categories necessarily represent three
distinct subtypes of FEF neurons. Indeed, even Bruce and Goldberg
(1985) noted in their classic paper, which defined visual, visuomove-
ment, and movement neurons, that the categorization of these sub-
types is somewhat arbitrary because the underlying distribution is
continuous. It is also important to note that while the criterion value
of � 0.4 was selected post hoc to approximate previously reported
percentages of each cell type (Bruce and Goldberg 1985), large
changes in the criterion values used for classification (e.g., 0.1 or 0.8
instead of 0.4) had no effect on our conclusions (see RESULTS).

Delay-period activity was measured as the difference in activity
between preferred and null trials in the interval spanning 450 to
950 ms after the presentation of the target unless otherwise noted. This
interval begins late to minimize the contribution of transient visual
responses to the onset or offset of the target and ends early to
minimize the contribution of anticipatory presaccadic responses at the
end of the delay period. Significance of the delay-period activity was
assessed by comparing the activity in preferred and null trials using
2-tailed t-test (P � 0.05). Correlation was used to examine delay-
period activity as a continuous function of the visuomotor index.
Because the populations of visual, visuomovement, and movement
neurons of both monkeys exhibited similar patterns of activity, data
were pooled across monkeys. For display purposes only, traces were
smoothed using a 181-point digital low-pass filter with a transition
band spanning 2–15 Hz (�3 dB point � 9 Hz); all statistics, however,
were obtained from unsmoothed data.

R E S U L T S

Data in the delayed-saccade task were first collected from 87
FEF cells in two animals. Two interleaved trial types were
examined: delayed saccades to a location inside (preferred
trials) or outside (null trials) the RF of the neuron being
recorded. In each case, animals fixated a central target while a
peripheral target signaling a to-be-remembered location was
presented for 300 ms, followed by an 800-ms delay period. At
the end of the delay, the fixation target was extinguished, and
the animal responded by executing a saccade to the remem-
bered peripheral target location.

To examine the relationship between delay-period activity
and FEF cell type, the activity on preferred trials was used to
classify cells into visual, visuomovement, and movement cat-
egories, after Bruce and Goldberg (1985) (see METHODS). Vi-
sually related responses were quantified using the interval
spanning 50 to 300 ms after the onset of the target. Motor-
related responses were quantified using the 100-ms interval
prior to the memory-guided saccade. Visuomotor index values,
calculated as the contrast ratio between visual and motor
responses, spanned the interval from �1 to �1, with peaks at
�1, 0, and �1 (Fig. 1A). A random pairing of the FEF visual
and movement responses would produce a bimodal distribution
of indices with peaks at �1 and �1 (not shown). We tested the
hypothesis that the seemingly tri-modal distribution that we
observed reflected a nonrandom pairing of visual- and motor-
related responses. Although the actual distribution was signif-
icantly different from uniform (Kolmogorov-Smirnov test, P �
0.003), it was not significantly different from the bimodal
distribution that would be obtained by a random pairing (Kol-
mogorov-Smirnov, P � 0.87).

Neurons were further tested for the presence or absence of
significant delay-period activity (assessed as the difference in
activity between preferred and null trials in the 450–950 ms

after target onset). Fifty-seven percent (17 of 30) of visual
neurons, 32% (10 of 31) of visuomovement neurons, and 58%
(15 of 26) of movement neurons had significant delay activity.
The population-averaged time course of activity is presented
for each cell type in Fig. 2. Responses from neurons with and
without significant delay activity are separated (left and right,
respectively). Solid traces represent activity on preferred trials
and dashed traces represent activity on null trials.

As is evident in Fig. 2, visual and movement responses were
larger in neuronal populations with significant delay activity (left)
compared with those without significant activity (right). Visual
responses were 14.7 (P � 0.02) and 23.0 sp/s (P � 0.03) larger in
visual and visuomovement neurons, respectively, and movement
responses were 12.1 (P � 0.049) and 28.7 sp/s (P � 0.03) larger
in visuomovement and movement neurons, respectively, for neu-
rons with significant delay activity compared with those without
(P � 0.05 for all comparisons). These larger responses suggest
that neurons with significant delay activity play a particularly
prominent role in the FEF compared with those neurons without
delay activity.

At the population level, delay-period activity was strongest
in visual neurons and weakest in movement neurons (Fig. 2,
left). Delay activity in visual neurons was maintained at a
constant level (preferred minus null � 15.0 � 6.1 spike/s, P �
0.02) and continued through the execution of the saccade (top
left). Visuomovement neurons maintained slightly weaker de-
lay activity (12.6 � 2.2 spike/s; P � 0.0003) that increased
markedly just prior to the execution of the saccade (middle
left). Surprisingly, despite the fact that the population-averaged
response of movement neurons consisted of only those move-
ment neurons with significant delay-period activity, the popu-
lation-averaged response of these neurons was not significant
(0.4 � 2.2 spike/s, P � 0.87; bottom left).

What could account for the presence of delay activity in
individual movement neurons, and the absence of delay activ-
ity in the population-averaged response of these neurons? To
examine the activity of individual neurons more closely, we
plotted the delay-period activity of individual neurons as a
function of the visuomotor index (Fig. 3A). Neurons with
significant delay activity are represented by filled circles,
whereas neurons without significant delay activity are repre-
sented by unfilled circles. There was a significant inverse
correlation between delay-period activity and the visuomotor
index among neurons with significant delay activity (r � �0.4;
P � 0.01). Closer examination, however, reveals an interesting
pattern. Overall, similar percentages of visual and movement
neurons (�60%) showed significant delay activity (Fig. 3B,
unfilled bars). But whereas most visual and all visuomovement
neurons had greater delay activity in the preferred than in the
null direction (black bars), this was true of less than half of
movement neurons. Fully 60% of the movement neurons with
significant delay activity (9 of 15) were more active during the
delay preceding saccades in the null direction than during the
delay preceding saccades in the preferred direction (gray bars).
We will refer to those neurons with greater delay activity in the
preferred direction than in the null direction as “canonical”
neurons (solid black circles and black bars in Fig. 3) and those
neurons with the reverse pattern as “paradoxical” neurons
(gray circles and gray bars). When only canonical cells were
considered, there was no longer a significant relationship
between delay activity and visuomotor index.
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An example of a movement neuron with canonical delay
activity is presented in Fig. 4A. A saccade-related burst of
activity establishes the preferred direction (leftward; left),
whereas the absence of a saccade-related burst establishes the
null direction (rightward; right). On preferred direction trials,
there was an increase in activity during the delay period,
hundreds of milliseconds prior to the saccade-related burst of
activity. In contrast, on null direction trials, there was no
change in delay activity. Delay activity for the preferred
direction was significantly greater than delay activity for the
null direction (difference of 12.8 spike/s; P � 0.0008). In
contrast, an example of a movement neuron with paradoxical
delay activity is presented in Fig. 4B. Once again, the presence
of a saccade-related burst establishes the preferred direction
(left), whereas the absence of a saccade-related burst estab-
lishes the null direction (right). In the preferred direction,
activity did not increase until just prior to the saccade-related
burst of activity. However, in the null direction, activity in-

creased shortly after the presentation of the target and termi-
nated around the onset of the saccade. The delay-period activ-
ity in the null direction was significantly greater than the
delay-period activity in the preferred direction (15.1 spike/s;
P � 0.00001).

While the activity of most visual and visuomovement neu-
rons was canonical, the activity of a few visual neurons was
paradoxical. An example of such a neuron is presented in Fig.
5. Notice that the presence of a visual burst of activity estab-
lishes the preferred direction (left), whereas the absence of a
visual burst establishes the null direction (right). Although
there was no delay activity during preferred direction trials,
there was delay activity on null trials. This delay activity began
well after target onset and ended just prior to the onset of the
saccade. Similar to the paradoxical movement neuron, the
delay-period activity in the null direction was significantly
greater than the delay-period activity in the preferred direction
(16.7 spike/s; P � 0.00001).

FIG. 2. Population-averaged responses. These pop-
ulation-averaged responses are composed of individ-
ual neurons that were classified as having visual,
visuomovement, or movement responses and were
further classified as having significant or nonsignifi-
cant delay-period activity (left and right, respectively).
Activity on trials in which the target appeared in the
RF (preferred trials) is represented by solid traces
while activity on trials in which the target appeared
out of the RF (null trials) is represented by dashed
traces. Shaded regions represent the interval in which
the delay-period activity was averaged (450 to 950 ms
after the onset of the target). F, T, and D (top),
fixation, target, and delay-period intervals.

1501FRONTAL EYE FIELD ACTIVITY

J Neurophysiol • VOL 94 • AUGUST 2005 • www.jn.org

 on M
arch 8, 2006 

jn.physiology.org
D

ow
nloaded from

 

http://jn.physiology.org


http://jn.physiology.org













