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Abstract The brain’s sensitivity to self-generated move-
ments is critical for behavior, and relies on accurate internal
representations of movements that have been made. In the
present study, we stimulated neurons below saccade threshold
in the frontal eye fields of monkeys performing an oculomotor
delayed response task. Stimulation during, but not before,
the memory period caused small but consistent displace-
ments of memory-guided saccade endpoints. This displace-
ment was in the opposite direction of the saccade that was
evoked by stronger stimulation at the same site, suggesting
that weak stimulation induced an internal saccade signal
without evoking an actual movement. Consistent with this
idea, the stimulation effect was nearly absent on a task
where an animal was trained to ignore self-generated eye
movements. These findings support a role for the frontal
eye fields in accounting for self-generated movements, and
indicate that corollary discharge signals can be manipulated
independent of motor output.
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Introduction

Neurons in the frontal eye fields (FEF) are believed to play
arole in the planning and execution of saccades (Bruce and
Goldberg 1985; Schall etal. 1995). FEF has also been
implicated in the maintenance of spatial working memory
(Deng et al. 1986; Funahashi et al. 1989, 1993; Sommer
and Tehovnik 1997; Chafee and Goldman-Rakic 1998). It
has been proposed that neurons in this area store a short-
term representation for the spatial location of an upcoming
eye movement.

Short-term spatial memories are not static. When an
observer shifts their gaze, the locations of remembered
objects shift relative to the center of gaze. Many visuospa-
tial brain areas have gaze-centered representations (e.g.,
Colby et al. 1995). In order for a gaze-centered representa-
tion to encode accurate information about a remembered
spatial location that is fixed in the world (world-fixed), the
representation must be updated each time gaze shifts. For
example, if an intervening saccade is made to a new fixa-
tion point while a subject remembers the location of a tar-
get, neurons in FEF (Goldberg and Bruce 1990; Tian et al.
2000) and other brain areas (Goldberg and Bruce 1990;
Duhamel etal. 1992; Walker etal. 1995; Batista and
Andersen 2001; Nakamura and Colby 2002) change their
activity to represent the gaze-centered coordinates of the
remembered location relative to the new eye position. As a
result of this computation, these neurons encode remem-
bered world-fixed spatial information that is accurate
despite shifts in gaze. Similar results have been found for
other types of self-movement, not just saccades (McKenzie
and Lisberger 1986; Schlag et al. 1990; Powell and Gold-
berg 1997; Baker et al. 2002). Updating of gaze-centered
representations appears to be important in guiding oculo-
motor behavior (Baker et al. 2003).
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Spatial updating relies on corollary discharge, or effer-
ence copy, signals to compensate for self-generated move-
ments (Guthrie et al. 1983; Bridgeman 1995; Lewis et al.
2001). For neurons to update accurately for saccades, they
must receive input signals that convey the direction and
magnitude of the intervening saccade. A number of models
have shown that this computation can be performed in a
simple network of neurons receiving a gaze position, gaze
velocity or gaze displacement signal (Droulez and Berthoz
1991; Xing and Andersen 2000; White and Snyder 2004a).
However, the source and nature of the specific signals used
for spatial updating in the brain are yet to be fully deter-
mined. Neurons that project to FEF from the mediodorsal
nucleus of the thalamus (MD) appear to convey corollary
discharge signals for saccades (Sommer and Wurtz 2004a).
Thus, FEF could be an important locus for combining
stored spatial information with corollary discharge signals.

At the behavioral level, spatial updating is not obliga-
tory. Many objects move, and in particular many objects
move with the gaze of the observer. For example, when a
moving object is tracked, all features of the tracked object
maintain their locations on the retina. In the laboratory, ani-
mals can be trained to suppress updating, keeping memo-
ries fixed with respect to the center of gaze (gaze-fixed)
(Baker et al. 2003). In this case, information about where
the eyes have moved must be ignored to maintain a spatial
memory in a gaze-fixed frame. One might expect to see a
neural correlate of this at the level of FEF: updating of neu-
ronal representations should occur for world-fixed but not
gaze-fixed targets, so corollary discharge signals should be
effective in modifying world-fixed representations but not
gaze-fixed representations.

We examined the role of FEF neurons during a memory
task by using electrical microstimulation. Microstimulation
of sites within FEF elicits saccades of fixed direction and
amplitude in both monkeys and humans (Bruce et al. 1985;
Blanke et al. 2000). Saccades of smaller amplitude are elic-
ited from the ventrolateral FEF and those of larger ampli-
tude from progressively more dorsomedial locations
(Robinson and Fuchs 1969; Bruce et al. 1985). Stimulation
can also affect spatial processing without evoking saccades
(Burman and Bruce 1997; Schiller and Tehovnik 2001).
Recent studies have shown that subthreshold stimulation at
sites within FEF improves contrast threshold for detection
(Moore and Fallah 2004) and enhances V4 visual responses
(Moore and Armstrong 2003) at the retinal location corre-
sponding to the response field of the FEF site and not at
locations outside of this field, consistent with a role of FEF
in directing covert spatial attention.

We hypothesized that if FEF were involved in maintain-
ing a memory trace for a saccade target, then subthreshold
stimulation might enhance, degrade or otherwise systemati-
cally bias the memory trace, resulting in a systematic bias
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of memory-guided saccades. If FEF were instead involved
in updating saccade plans for changes in gaze direction,
then subthreshold stimulation might bias memory-guided
behavior via a corollary discharge pathway, and mimic an
eye movement that was not actually performed. We found
that memory-guided saccades were biased by stimulation,
and that the effect was more consistent with spatial updat-
ing in response to an corollary discharge signal than with a
direct perturbation of the memory trace itself.

To confirm this result, we performed two additional
experiments to verify that stimulation in FEF specifically
affects corollary discharge signals. In the first, stimulation
was applied either during or before a memory period, and
resulted in changes in memory-guided saccade endpoints
only when applied during the memory period. The results
of this experiment indicated that subthreshold microstimu-
lation specifically modified stored spatial information, and
did not produce a more generalized effect on the motor pro-
cesses involved in saccade execution.

In the second control experiment, we stimulated in either
a world-fixed or gaze-fixed context, and found that stimula-
tion affected memory-guided endpoints when world-fixed
targets were remembered, but not when gaze-fixed targets
were remembered. We found evidence suggestive of con-
textual control over the effects of FEF microstimulation.
This finding demonstrates that the effects introduced by
microstimulation may not be fixed, but can be influenced by
the cognitive state of the subject.

A preliminary version of these results has been presented
in abstract form (White and Snyder 2004b).

Methods
Subjects

Two male Macaca mulatta (M1, 7.5 kg; M3, 9.4 kg) and
one male Macaca fascicularis (M2; 4.4 kg) were used as
subjects. Monkeys were fitted with a prosthetic device to
stabilize the head, a single scleral search coil for eye move-
ment recording (Robinson 1963; Judge et al. 1980), and
recording chamber over either the left or right arcuate sul-
cus. Sterile surgery was performed under inhalation anes-
thesia (isoflurane, 0.5-2.0%). Post-operative analgesics
were provided as necessary. All surgical and behavioral
procedures conformed to National Institutes of Health
guidelines and were approved by the Washington Univer-
sity Institutional Animal Care and Use Committee.

Recording and stimulation procedures

During experiments, the monkey was seated in a Lexan box
(Crist Instruments). Eye movements were monitored using
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Fig. 1 a Schematic of delayed saccade task. The monkey fixated a
central fixation point (FIX). A peripheral target (TARGET) was flas-
hed for 200 ms. The animal withheld a response during the delay.
When the fixation target was turned off, the monkey made a saccade to
the location of the previously flashed target. b Target locations were

earth-mounted 4’ rectangular field coils (CNC Engineer-
ing). Visual stimuli were projected (Electrohome, Model
ECP 4100) onto a 100 x 80 cm screen placed 58 cm from
the animal. The room was otherwise completely dark, as
confirmed by a dark-adapted human observer. All aspects
of the experiment were computer-controlled (custom soft-
ware). Eye position was logged every 2 ms. Visual stimulus
presentation times were accurate to within one video
refresh (17 ms).

Electrophysiological recording and stimulation were
performed with tungsten microelectrodes (FHC; 0.2—
2.0 MQ). Extracellular potentials were amplified (FHC)
and filtered (band pass 400-5,000 Hz; Krohn-Hite). Single
units were isolated with a dual time-amplitude window dis-
criminator (BAK Electronics). Bipolar stimulation pulses
(negative leading, 250 ps/phase) were applied with a stimu-
lus isolator (FHC). Prior to electrical microstimulation at a
cortical site, we recorded the responses of single and/or
multiple units from the microelectrode.

Frontal eye fields sites were defined as those at which
electrical microstimulation with current less than 50 uA
evoked consistent saccadic eye movements (333 Hz, 70 ms
duration; Bruce et al. 1985), to facilitate comparison with
previous studies. In a screening task, animals began by
fixating a central target for 400 ms. The target was extin-
guished, and in half of trials, stimulation began 100 ms
later. The fixation point reappeared 300 ms after the initial
offset. The animal was rewarded on all stimulation trials
and on control trials in which the eyes remained at the fixa-
tion target.

Subthreshold microstimulation was delivered at 93 uA
and 1 s duration. For five sites in M1, stimulation was
delivered at 50 ptA. The threshold for evoking saccades as a
function of stimulation frequency was measured at each site

grouped by proximity to the MF, shown for an example MF at 0°
(arrowhead). Shading indicates category (black, towards; dark gray,
adjacent; gray, orthogonal; light gray, distal). ¢ Timing of events in the
delayed saccade task. Subthreshold stimulation (gray bar) was applied
at one of two time points during the delay for 1 s

while the animal fixated. The frequency of stimulation was
then adjusted to below this threshold. Although manipula-
tion of stimulation current has been typically used to
achieve subthreshold stimulation in FEF (Bruce et al. 1985;
Moore and Fallah 2004), manipulation of frequency has
been used to bias saccade metrics in the superior colliculus
(Glimcher and Sparks 1993). The rationale for stimulation
at a constant current with variable frequency was to activate
a constant pool of neurons at a variable rate. With increases
in stimulation current, current density around the micro-
electrode increases, resulting in a greater pool of stimulated
neurons over a larger cortical region (Tehovnik 1996). In
theory, stimulation at constant current would be more likely
to activate a fixed number of neurons at a rate determined
by the stimulation frequency.

Stimulation frequency was initially set to the highest
level at which no saccades were evoked in a series of four
trials. However, we found that the threshold could change
over the course of a block of trials, indicated by break-
through saccades at the onset of stimulation during the
delayed saccade task (see below). We adjusted the stimula-
tion frequency stepwise in 5, 10, or 20 Hz increments until
breakthrough saccades were no longer evident. The average
stimulation frequency across all experiments was 77 Hz
(range: 10-333 Hz). Stimulation frequency decreased by an
average of 16 & 2.5 Hz over each session. Stimulation fre-
quency decreased in 63% of sessions, remained constant in
34%, and increased in 2.4%.

Delayed saccade task
A schematic of the delayed saccade paradigm is illustrated

in Fig. 1a. Monkeys were trained to fixate a central target to
within 2°. Once the animal had maintained fixation for
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600 ms, a peripheral target appeared for 200 ms in one of
eight directions at either 10° or 20°eccentricity (farget).
After the target was extinguished, the animal was required
to continue fixation of the central target for 2.8 s (delay).
The fixation target was then extinguished, cuing the animal
to make a saccade to within 3.5-6.8° of the target’s loca-
tion. During the delay, subthreshold microstimulation
(stimulate) lasting 1s was applied at one of two time
points: either early (400 ms after target offset; 1,400 ms
before the fixation offset) or late (1,400 ms after target
offset; 400 ms before the fixation offset). On control trials,
no stimulation was applied. The 400 ms offset was used to
avoid memory-nonspecific effects either on the initial
encoding of the target’s location or on the preparation of a
saccade before/during the cue to move. The three types of
trials (early, late, control) were fully interleaved. The
peripheral target never reappeared on stimulation trials to
prevent the animals from receiving feedback on any stimu-
lation-induced inaccuracies. The target reappeared on 50%
of unstimulated trials. Feedback was used in this case to
motivate animals to maintain a high level of accuracy
throughout the experiment. We found that behavior did not
differ significantly between the feedback and no-feedback
conditions on unstimulated trials, and these data were com-
bined for analysis.

The data revealed an equivocal difference between the
early and late stimulation conditions. Where significant dis-
placement vectors were found, there was no difference
between the mean size of the vectors in the early and late
conditions (2.55° vs. 2.30°, P> 0.2); however, there were
more significant vectors found in the late condition (42/354
vs. 64/354, P < 0.05, }52 test). We combined data from early
and late stimulation trials for analysis.

Data analyses

Saccade endpoints were measured as the average eye posi-
tion in the interval 100-300 ms following the end of the
saccade to the memorized target location. Presaccadic eye
positions were measured in the 200 ms interval preceding
the offset of the fixation point. Saccades on error trials were
excluded. To measure displacements between stimulated
and unstimulated endpoints, we projected the two-dimen-
sional saccade endpoints onto an axis that connects the
mean stimulated and unstimulated endpoints for each target
location. To determine if stimulation produced an effect on
saccade endpoints in each experiment, differences between
the two distributions of endpoints along this axis were
assessed with the 7 test, corrected for multiple comparisons
across target locations (Bonferroni method).

Displacements were not artifacts of eye movements dur-
ing the delay. Effects were similar when either absolute sac-
cade endpoints or endpoints relative to presaccadic eye
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positions were analyzed. Furthermore, when we eliminated
trials post hoc in which small, detectable saccades occurred
during the stimulation interval, similar results were
obtained.

To pool data across the population, we defined the mean
endpoint of saccades evoked by microstimulation as the
movement field (MF) of at a site and the vector between
fixation and the MF as the evoked saccade (Fig. 1b, arrow).
Data from each stimulated site were aligned to the target
closest to the MF measured at the site. Occurrence and
magnitude of stimulation effects were then grouped by tar-
get location: “towards” targets closest to the MF, “adja-
cent” for targets +45°, “orthogonal” for targets £90°, and
“distal” for targets >135° (Fig. 1b).

Our preliminary observations indicated that extensive
stimulation quieted neurons surrounding the microelectrode
(Tehovnik 1996). Therefore, in most experiments we bal-
anced the number of targets presented and trials collected
per target to avoid stimulation for more than 200 trials.
Experiments were performed with 3-8 target directions
possible and with 8-20 trials per direction. In 50% of ses-
sions (29/58), targets were presented uniformly throughout
the visual field. In the remainder of sessions, we either
tested targets in a quadrant centered on the evoked vector
direction plus a null direction target (20%, 11/58), or we
tested two targets at the “adjacent” target locations and one
target in the null direction (31%, 18/58). In total, 52
“towards”, 122 “adjacent”, 70 “orthogonal”, and 110 “dis-
tal” target locations were sampled (see Results).

We classified FEF neurons recorded at each stimulation
site based on their visual and motor responses in a delayed-
saccade task. For each response (visual, motor), the spike
rate in each interval was subtracted from the spike rate in
the preceding baseline interval. The visual response was
measured in the interval 50-300 ms after target appearance,
relative to baseline activity (200-400 ms before target
appearance). The motor response in the perisaccadic inter-
val (100 ms interval prior to the time of peak saccade
velocity) was measured relative to late delay period activity
(200-300 ms prior to peak saccade velocity). A visuomotor
index was constructed for each neuron by calculating the
contrast ratio between visual and motor responses
([motor — visual]/[motor + visual]). Small manipulations
(<200 ms) in the length and location of the intervals used
to calculate the visual and motor responses did not qualita-
tively alter any of the results.

Memory-related effects of stimulation: hypothesis testing

One possible outcome of subthreshold microstimulation
would be to bias saccades towards the MF, by preferentially
stimulating neurons that encode the MF. If saccade direction
were decoded from FEF activity as a population vector aver-
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age (Georgopoulos et al. 1986), microstimulation of a subset
of similarly tuned neurons near the electrode tip might be
expected to bias the population vector towards the MF of
stimulated neurons. In fact, this phenomenon was very
clearly not observed (see Results). A second possible out-
come would be for microstimulation to shift saccades away
from the MF. Transient microstimulation in FEF can be fol-
lowed by a prolonged hyperpolarization of cortex (Seide-
mann etal. 2002). This phenomenon might effectively
silence neurons during and after stimulation in our experi-
ment. In this case, we might expect saccades to deviate away
from the MF (Fig. 2a, “REPULSE”). Such repulsion is evi-
dent when small regions of the superior colliculus (SC) are
inactivated, consistent with the idea that these neurons con-
tribute to a “population average” of activity that determines
the endpoint of a saccade (Lee et al. 1988). If subthreshold
microstimulation results in a subsequent transient reduction
in neuronal excitability, then saccades to targets adjacent to
the MF should be deviated roughly orthogonal to the sac-
cade vector. Saccades to targets beyond the MF should be
deviated even more eccentrically.

A third possible outcome is that stimulation might shift
saccade endpoints in a direction anti-parallel to the direction
of the evoked saccade. This phenomenon would result if sub-
threshold stimulation mimics a signal indicating that a small
saccade has occurred (Fig. 2b, “UPDATE”), and could occur
if stimulation introduced a corollary discharge signal. In this
case, stimulation should deviate saccades in the opposite
direction of the evoked saccade at all target locations.

To test predicted outcomes two and three (above), we
compared two different rotations of the data. For each stim-
ulation site and target location, we rotated the observed dis-
placement vector such that, if the predicted outcome were
correct, the vector would point directly to the left (polar
angle of 180°). For the REPULSE hypothesis, the 0° polar
axis was oriented along the line connecting each mean
unstimulated endpoint and the MF. For example, for the

target and MF illustrated in Fig. 2a, the observed displace-

ment vector would be rotated 30° counterclockwise, point-

ing the MF directly to the right and the predicted

REPULSE displacement vector directly to the left. In order
to test the UPDATE prediction, the 0° polar axis was ori-
ented in the same direction as the evoked saccade (Fig. 2b).
For the example shown, no rotation of the data would be
necessary, since the evoked saccade direction points
directly to the right. For each possible outcome, the rotated
displacement vectors were averaged (Fig. 6a, b). The mag-
nitude and direction of the resultant vector indicates the
extent to which the data conform to the predicted outcome

(see Results).

Motor-related effects of stimulation: hypothesis testing

In addition to, or instead of, biasing saccades by altering
spatial memory, subthreshold microstimulation could
directly bias the motor processes involved in saccade exe-
cution. In order to distinguish a motor effect from an effect
on memory, we applied microstimulation either during or
prior to the memory period. The memory-based hypotheses
described in the previous section predict that saccades will
be altered only when stimulation occurs during a memory
period. In contrast, a motor-based effect of stimulation
would occur regardless of whether memory is engaged at
the time of stimulation.

We constructed a control experiment to test the motor
and memory hypotheses. With two monkeys, we inter-
leaved two variants of the delayed saccade task (Fig. 3a).
The goal of this experiment was to hold constant the time
between stimulation offset and the ‘go’ cue, while applying
microstimulation either during the memory period (in
which case the target was flashed before stimulation onset),
or before the memory period (in which case the animal
fixated while stimulation was applied, and the target was

presented afterwards).

a \_REPULSE b
.0
. UPDATE
N target . target

_-' memory-guided _-' memory-guided

: saccade X saccade
N )
i fix evoked saccade

fix evoked saccade

Fig. 2 Possible effects of stimulation for a hypothetical FEF site with
a movement field (MF) at 0°. The memory-guided saccade endpoint
without stimulation (light gray circle) is accurately directed from the
fixation point (gray cross) towards the target (gray square). Stimula-
tion could possibly bias saccades away from MF (a, black circle), indi-
cated by the endpoint shifted in the direction away from the MF.

Stimulation could also shift saccades anti-parallel to evoked saccade
(b black circle), indicated by the endpoint shifted antiparallel to the
evoked saccade vector (large arrow). Coarse dashed lines indicate the
axes of alignment used to examine the REPULSE and UPDATE

hypotheses and correspond to the 0° polar axis in Fig. 6a and b, respec-
tively
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Fig. 3 a Timing of events in the stimulate during/before memory task.
The spatial target was flashed either before (stimulation during the
memory period) or after (stimulation before the memory period) the
onset of stimulation. b Timing of events in the world-fixed/gaze-fixed
stimulation task. After an initial task instruction (either world-fixed or
gaze-fixed), the target was briefly flashed, and a 1,700-2,100 ms delay
period followed. ¢ Schematic of the world-fixed/gaze stimulation task.
The animal fixated a leftward or rightward fixation point (leftward
shown here). The motion of the initially presented flanking bars and the
color of the fixation point (solid points, yellow; open circles, purple)
indicated whether the target would be world-fixed or gaze-fixed. A
peripheral target was then flashed, and the animal withheld a response
during the delay. In half the trials, stimulation was applied during a

In the “during memory” condition, the peripheral target
was flashed for 150 ms and extinguished 400 ms before the
onset of stimulation. A 2.5-2.9 s delay period followed.
This is analogous to the early condition of the original
experiment. In the “before memory” condition, the target
was flashed 400 ms after stimulation offset. A 550-950 ms
delay followed. Both conditions included stimulation and
control trials (4 trial types total), and were fully interleaved.
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segment of the delay, which was could have introduced a signal that the
eyes had moved (dashed arrow). Offset of the fixation point cued the
animal to make a memory-guided saccade to either the world-fixed or
gaze-fixed location of the target (solid arrow), based on the instruc-
tional sequence and color of the fixation point. If stimulation mimicked
a corollary discharge, a shift in endpoints would be expected only for
the world-fixed condition (grey dashed arrow). d Schematic of the
flexible updating task. The animal fixated a leftward or rightward fixa-
tion point (leftward shown here). A peripheral target was flashed, fol-
lowed by a delay. The animal then made a horizontal smooth pursuit or
saccadic eye movement towards the center of the screen. A second de-
lay occurred, followed by offset of the fixation point, cuing the animal
to saccade to the appropriate world-fixed or gaze-fixed target location

In all stimulation trials, electrical microstimulation was
applied 1.1-1.5 s before fixation point offset.

Context-specific effects of stimulation: hypothesis testing
Data from the experiments described above indicated that

delay period microstimulation produced effects most
consistent with an updating effect (see Results). This result
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predicts that microstimulation could act as an artificial eye
movement signal. If so, then the effect of the stimulation
signal might be influenced by top-down contextual control
signals. For example, work from our laboratory has shown
that monkeys can remember target locations that are either
fixed in the world (world-fixed) or fixed with respect to the
center of gaze (gaze-fixed) (Baker et al. 2003; White and
Snyder 2004a). Animals compensate for eye movements in
remembering a world-fixed target, but ignore eye move-
ments to keep a remembered target gaze-fixed. We there-
fore asked whether the effect of stimulation was modulated
by context (either world-fixed or gaze-fixed).

One monkey had been previously trained to perform a
flexible updating task, in which the animal makes a saccade
or pursuit eye movement during a delay while remembering
the location of either a world-fixed or gaze-fixed target (see
Flexible Updating Task, below). This animal was very pro-
ficient at the task (typical performance >90% correct).
Unfortunately, this was the only trained animal available
for use in these experiments; training a second animal on
this complex task would have required 1-2 years of train-
ing.

We decided to test whether the animal’s treatment of a
target as either world-fixed or gaze-fixed would influence
the effect of microstimulation. We constructed a task in
which a world-fixed or gaze-fixed cue was given, but no
eye movements were performed during the delay (Fig. 3b,
¢). Instead, subthreshold microstimulation was applied. We
predicted that stimulation during the delay would have little
or no effect when a gaze-fixed target was being remem-
bered, but would update spatial memories when a world-
fixed target was being remembered.

In this task, the monkey fixated a point either 10° to the
left or right of the center of the workspace. The task
instruction (either world-fixed or gaze-fixed) was indicated
by both the color of the fixation target, as well as by an
instructional sequence presented at the beginning of the
trial, as previously described (Baker et al. 2003). A purple
fixation point indicated that the upcoming target would be
gaze-fixed, while a yellow fixation point indicated the tar-
get would be world-fixed. The instructional sequence con-
sisted of the following events. After initial fixation, two
vertically oriented flanking bars appeared 7° to either side
of the fixation point. After 250 ms, the fixation spot slid to
the right or left (10°/s for 300 ms). If the flanking bars
moved with the fixation spot, then the target in the upcom-
ing trial would be gaze-fixed. If the flanking bars remained
fixed in the world, then the target in the upcoming trial
would also be world-fixed. After the instructional sequence
was complete, the flanking bars disappeared.

After a short delay, a peripheral target was flashed for
150 ms at one of eight locations with horizontal displace-
ment relative to the fixation target of 0°, +20°, or —20° and

a vertical displacement of 2.5°, +18°, or —18° (approximat-
ing the vertices and midpoints of a rectangle). A variable
(1,700-2,100 ms) delay period followed the disappearance
of the target. On half the trials, microstimulation lasting 1 s
was applied 350 ms after the offset of the target (stimulation
trials). On the other half of trials, no stimulation was
applied (control trials). At the end of the delay, the fixation
point disappeared, and the animal made a saccade to the
remembered location of the target. To expedite data collec-
tion, unique target locations were presented for left and
right fixation locations and the data subsequently pooled
over both locations. All other experimental parameters
were identical to those in the delayed saccade task.

Flexible updating task

The flexible updating task was interleaved with the world-
fixed/gaze-fixed task described in the previous section. Its
purpose was simply to reinforce the behavioral relevance of
the world-fixed/gaze-fixed contextual cue. Importantly, no
data were collected during these trials. A brief description
of the task follows; for more details on task design and
training, please refer to Baker et al. (2003).

In this task (Fig. 3d), the monkey fixated a point either
10° to the left or right of the center of the workspace. The
task instruction (either world-fixed or gaze-fixed) was indi-
cated by both the color of the fixation target (yellow or pur-
ple) as well as by an instructional sequence presented at the
beginning of the trial. A peripheral target was flashed for
150 ms at one of eight locations with horizontal displace-
ment relative to the fixation target of 0°, +20°, or —20° and
a vertical displacement of 2.5°, +18°, or —18°. These con-
ditions were identical to previously described world-fixed/
gaze-fixed stimulation task.

After a 250 ms delay, a horizontal smooth pursuit eye
movement or visually guided saccade followed. On pursuit
trials, the fixation point moved smoothly 10°/s either to the
left or right for 1,000 ms. On saccade trials, the fixation
point jumped either 10° to the left or right and subjects
were required to re-acquire the fixation point within
700 ms. The fixation point was extinguished 400—1,200 ms
following the end of the pursuit or saccade, cuing the sub-
ject to make a memory-guided saccade to the appropriate
target location based on the world-fixed/gaze-fixed cue.

Results

Subthreshold stimulation during the memory period of a
delayed saccade task was applied at 58 FEF sites in three
monkeys (42 in M1; 12 in M2; 4 in M3). Stimulation last-
ing 1 s was applied either early or late in the delay (Fig. 1).
On control trials, no stimulation was applied. All three
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conditions (early stimulation, late stimulation, no stimula-
tion) were fully interleaved.

During initial tests, we discovered that microstimulation
did not severely disrupt the monkey’s ability to make a
memory-guided saccade. Normal saccades demonstrate a
linear relationship between amplitude and peak velocity,
termed the main sequence (Bahill et al. 1975). The main
sequence relationship was no different between stimulated
and unstimulated trials (Bonferroni method, P > 0.10),
indicating that stimulation did not disrupt the animals’ abil-
ity to generate saccades of normal character. Mean reaction
time for memory-guided saccades into the contralateral
field was faster on stimulated trials than control trials (238
vs. 247 ms, t test, P < 10™'%), and was slower for saccades
into the ipsilateral field (256 vs. 248 ms, ¢ test, P < 10~'2).
For all data collected, monkeys were rewarded for making a
saccade to within ~7° of the target location. Small on-line
adjustments were made in window position and size to keep
performance levels roughly the same on stimulation and
control trials (95.4 vs. 97.0% success rates on stimulated
versus control trials, P =0.08). The endpoints of these
saccades are the subject of our subsequent analyses.

Figure 4 shows the results from a typical experiment. Sac-
cades evoked from fixation by 333 Hz, 50 4A microstimula-
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Fig. 4 Results from a single FEF site. The yellow arrowhead indicates
the mean endpoint of microstimulation-evoked saccades. The monkey
performed delayed saccades to eight target locations (gray squares).
Displacement vectors (line segments) are between the mean stimulated
memory-guided saccade endpoints (red circles) and mean unstimu-
lated endpoints (green circles) for each target location. Thicker vectors
with filled circles indicate displacement vectors with a significant
difference in the distance between mean stimulated and unstimulated
endpoints (P < 0.05, Bonferroni method). Individual trial endpoints are
shown for the upper left target location only
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tion were directed into the upper left quadrant. The receptive
field of a single neuron recorded at this site was also in the
upper left quadrant. We defined the mean endpoint of sac-
cades evoked by microstimulation as the movement field
(MF) of the site and the vector between fixation and the MF
as the evoked saccade (yellow arrow). In this experiment, the
animal made memory-guided saccades to eight locations at
20° eccentricity. During experimental trials, stimulation was
applied for 1 s, using stimulation frequency and current lev-
els below the threshold for evoking a saccade (42-71 Hz,
93 uA in this example; see Methods). Although subthreshold
stimulation was applied at 93 pA, all stimulation sites had a
current threshold less than 50 uA at 333 Hz, which matches
the criterion for FEF from many previous studies (see Meth-
ods). For targets close to the MF, saccade endpoints on stim-
ulation trials (filled red circles) were deviated down and to
the right of saccade endpoints on control trials (filled green
circles). We measured the scalar deviation between control
and stimulation endpoints along the axis of the displacement
vector to assess the significance of displacement at each tar-
get location (Bonferroni method, P < 0.05, see Methods). In
this example, deviations were statistically significant at four
of the eight targets (P < 0.05; significant deviations indicated
by heavy black lines). In contrast, saccades to targets far
from the MF were unaffected by stimulation (open red and
green circles; thin lines).

Of the 58 sites lying within low-threshold FEF, 39
(67%) showed a significant difference, as described above,
between stimulation and control endpoints for at least one
target location (30/42 in M1; 5/12 in M2; 4/4 in M3), and
17 of those showed a difference at two or more target direc-
tions (11/42 in M1; 2/12 in M2; 4/4 in M3).

To analyze data from multiple sites, we rotated the sac-
cade endpoints such that the target closest to the MF was
oriented at 0°, that is, to the right of fixation (Fig. 5). As a
result, the evoked saccades were brought into approximate
alignment with one another (yellow lines). Next, we defined
a displacement vector as the difference between the mean
saccadic endpoint on stimulated versus control trials. We
computed a displacement vector for each target in each
experiment. Each vector originates from the location of the
associated saccade target (green circles). Red vectors indi-
cate significant differences between stimulation and control,
whereas black vectors are not significant. On average, we
used 6 target locations in each of the 58 experiments, for a
total of 354 displacement vectors. Of these, 62 (18%) dem-
onstrated a significant displacement, that is, subthreshold
delay period microstimulation resulted in a significant differ-
ence in the endpoint of the memory-guided saccade. Dis-
placement vectors were non-uniformly distributed in a
direction away from the MF (Rayleigh test, P < 10~'%; mean
direction = 185.1° & 2.73°). Significant displacements were
most common for sites that were close to the MF (Fig. 5d).
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Fig. 5 Effects of stimulation for
all FEF sites in each monkey.
a—c Control endpoints have been
drawn at the corresponding tar-
get location (green circles), and
all endpoints have been rotated
such that the target closest to the
MF is at 0° (arrowhead). Line
segments indicate the displace-
ment vector between stimulation
and control endpoints and are
shown at 2 x. Individually sig-
nificant difference vectors are
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Although the scatter of displacement vectors appeared to
be large, this was likely a result of the inherent variability
of memory-guided saccades combined with the relatively
small magnitude stimulation effect. We compared the
within- and between-site variability of significant displace-
ment vectors. We did not find a significant effect of record-
ing site on either displacement magnitude (ANOVA,
F=1.15, P=0.37, n=60) or direction (circular ANOVA,
F=156,P=0.13, n=60).

Subthreshold stimulation mimics a corollary discharge
signal

Why are saccades on stimulated trials displaced? Saccades
tended to deviate away from the direction of the MF
(Fig. 5), so it is unlikely that microstimulation biased spa-
tial memories towards the MF. Stimulation might shift sac-
cades away from the MF (Fig. 2, “REPULSE”), or it might
shift saccades in a direction anti-parallel to the evoked sac-
cade (Fig. 2, “UPDATE").

We compared these two hypotheses quantitatively (see
Methods). To test the first possibility, we rotated the data
from each stimulation site and target location such that dis-
placement vectors directed away from the MF would lie
directly to the left (polar angle of 180°). To test the second
possibility, we rotated the data instead such that

displacement vectors oriented anti-parallel to the evoked
saccade would lie to the left.

The data shown in Fig. 6a, b reveal that the effect of
delay period stimulation is best described as a shift of sac-
cades anti-parallel to the evoked saccade (UPDATE), rather
than as a repulsion away from the MF (REPULSE). For
saccades to target locations adjacent to the MF (where the
largest proportion of effects were observed, Fig. 5d), vec-
tors aligned parallel to the evoked vector (Fig. 6b) had a
significantly larger mean component (1.5° vs. 0.02°,
P <1073, n = 33 significant vectors) and were more tightly
clustered (mean direction &= SEM: 189° + 6.5° vs. 90° +
13°) than those aligned on the axis oriented towards the MF
(Fig. 6a). A similar result was obtained when both signifi-
cant and nonsignificant vectors were analyzed (mean com-
ponent 0.74° vs. 0.08°, P< 1073, mean direction 198°
+ 6.6° vs. 117 £ 9.5°; n = 122). These data are more con-
sistent with the idea that stimulation counterfeits an eye
movement signal than with the idea that stimulation has a
direct, repulsive effect on spatial memory.

To compare the effect of stimulation predicted by the
two hypotheses, we calculated the projection of each dis-
placement vector in the direction predicted by the repulsion
or updating hypothesis (the negative horizontal component
in Fig 6a or b, respectively). A visual comparison of the
target-by-target effect magnitude for all adjacent target
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REPULSE

REPULSE direction
deviation away from movement field (deg)

[-3

leviation away from evoked vector direction (deg)
UPDATE direction

Fig. 6 a Points indicate the magnitude and direction of each signifi-
cant displacement vector for adjacent target locations, aligned towards
the MF (repulsion hypothesis). The gray arrow indicates the mean dis-
placement. Direction, in degrees of polar angle, is oriented such that 0°
is directed towards the MF. Magnitude is measured in degrees of visual
angle. b Displacement vectors for all FEF sites aligned on the evoked
direction (updating hypothesis). Direction in this case is oriented such
that 0° is directed parallel to the evoked vector. Vectors in b are more
tightly clustered and have a larger mean effect. ¢ Comparison of effect

locations is shown in Fig. 6c. Effects are larger when
aligned towards the axis predicted by the updating hypothe-
sis, as seen by points that fall below the unity line.

To determine the average effect of stimulation, we calcu-
lated the mean projection of the significant displacement
vectors in the direction of updating. This value is plotted as
a function of target location in Fig. 6d. A significant dis-
placement in the direction of updating was observed for all
target locations (¢ test vs. 0, P <0.05). Somewhat larger
effects were observed for target locations near the MF
(‘towards’) compared to other directions (P =0.01). We
examined whether sites with larger evoked saccades corre-
lated with a larger updating effect. There was a weak posi-
tive trend between displacement vector magnitude and
evoked saccade, but this relationship was not statistically
significant (slope = 0.038°/°, r = 0.15, P = 0.10).

Before stimulating in each experiment, we recorded from
isolated units while the animal performed a delayed saccade
task. Data from one monkey (M1) contained a suitable range
of single unit responses to warrant further inspection. We
quantified the relative strength of each unit’s movement-
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magnitude in the direction of repulsion (ordinate) versus the direction
of updating (abscissa) for adjacent target locations. Effects are larger in
the updating direction. Solid data points indicate individually signifi-
cant vectors. Circles monkey 1; triangles monkey 2; diamonds mon-
key 3. d Stimulation effect magnitude in the direction of updating,
grouped by target location for all significant FEF displacement vectors.
All effects are significantly greater than zero, and are strongest at the
‘towards’ target location

related activity to visually related activity by calculating a
visuomotor index (see Methods). In 42 experiments, we
found a correlation between stronger movement responses
(larger visuomotor index values) and larger spatial updating
effects induced by microstimulation (r=0.20, P <0.002).
Furthermore, a greater proportion of significant effects was
found where movement-related activity was greater than
visual activity (index >0) as compared to the converse
(30/131 vs. 12/98 displacement vectors, P < 0.001). Thus, it
appears that subthreshold microstimulation was more effec-
tive at introducing a corollary discharge signal where move-
ment-related cells were present.

Subthreshold stimulation perturbs memory, not saccades

The data presented thus far support the hypothesis that sub-
threshold microstimulation counterfeits a signal indicating
that the eyes have moved, thereby resulting in the adjust-
ment, or updating, of spatial locations stored in memory
(“updating” hypothesis; Fig. 6). A possible alternative
explanation, however, is that subthreshold microstimulation
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merely disrupts the motor processes involved in saccade
execution without any direct effect on memory (“motor”
hypothesis). This scenario might occur if stimulation had
a long-lasting disruptive effect on neuronal function that
persisted into the saccade phase of each trial. To minimize
this possibility, stimulation on “late stimulation™ trials
concluded at least 400 ms before the cue to initiate a sac-
cade (fixation point offset). Nonetheless, an abnormal sac-
cade might result if some of the neurons that would
normally be recruited were still disrupted at the time of
the saccade. In this case, it is reasonable to suppose that
the disrupted neurons might code saccades towards the
MF, and therefore the absence of their contribution might
bias the saccade endpoint in a direction opposite that of
the MF.

We designed a task to test whether subthreshold micr-
ostimulation had a non-specific effect on subsequent sac-
cades, or had a specific effect only when applied during a
memory period (see Methods). It consisted of two condi-
tions, where stimulation was applied either during the
memory period or before the memory period. If stimulation
exerted its effect on the saccade-generating machinery, then
we would expect displaced saccade endpoints in both con-
ditions. If stimulation exerted a memory-specific effect, dis-
placements would be observed only in the “during
memory” condition.

The results of a representative experiment are shown in
Fig. 7a, b. Saccade endpoints were significantly deviated
from control when stimulation was applied during the
memory period (Fig. 7a: filled circles to either side of
the MF), but not when stimulation was applied prior to the
memory period (Fig. 7b: hollow circles).

This experiment was performed at 11 FEF sites in two
monkeys (5 in M2; 6 in M3). When stimulation was applied
during the memory period, 16 out of 80 displacement vec-
tors (20%) showed significant effects. Overall, at least one
significant displacement vector occurred for 9 of the 11
simulation sites (82%). In comparison, when stimulation
was applied before the memory period, we found no signifi-
cant displacements (0/80, 0%).

The population data are summarized in Fig. 7c, which
compares the component of each displacement vector anti-
parallel to the evoked saccade for stimulation during the
memory period (abscissa) or prior to target presentation
(ordinate). Most data points fall well below the unity line
(62/80, 78%), and the effects are significantly larger for
stimulation during the memory period (1.37 £ 0.19° vs.
0.20 £0.11°, ¢test, P<1 x 10_(’). Stimulation prior to tar-
get presentation produced an effect that was not signifi-
cantly different from zero (7 test, P = 0.082). The results of
this experiment indicate that subthreshold microstimulation
must occur within the memory period to produce its effects.

Stimulate during memory period
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Fig. 7 a-b Results from an example FEF site. Symbols are the same
as in Fig. 4. Microstimulation evoked large saccades to the right
(arrow). Stimulation caused significant displacements of memory-
guided saccades to adjacent target locations when stimulation was ap-
plied during the memory period, but not before. ¢ Stimulation effect
magnitude in the direction of updating when stimulation was applied
during memory (ordinate) versus before memory (abscissa) for all 11
recording sites. Effects are large and significant only when stimulation
occurs during a memory delay. Solid data points indicate individually
significant vectors in this condition; there were no significant vectors
when stimulation was applied before the memory period. Triangles
monkey 2; circles monkey 3
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This supports the interpretation that stimulation has a spe-
cific effect on a corollary discharge pathway and not on sac-
cade execution.

Use of the stimulated signal is under cognitive control

The gaze-fixed/world-fixed stimulation task was designed
to test whether a contextual cue (whether a target was
world-fixed or gaze-fixed) was sufficient to modulate the
effect of subthreshold microstimulation (see Methods). The
“update” hypothesis predicted that stimulation would pro-
duce an effect only when the target was world-fixed.

One subject performed both stimulation and control tri-
als in which either a world-fixed or gaze-fixed cue was
given (4 trial types total, see Methods). The cue in this task
was identical to the cue provided during the flexible updat-
ing task. Unlike the flexible updating task, stimulation
experiments did not involve any memory period gaze
shifts. Thus, world-fixed and gaze-fixed trials of the stimu-
lation experiment differed only in the instructional
sequence presented at the beginning of the trial and the
color of the central fixation spot. To encourage the animal
to utilize the task cue information, we interleaved the flexi-
ble updating task with the world-fixed/gaze-fixed stimula-
tion task in an equal ratio.

The results of one experiment are shown in Fig. 8a, b.
When stimulation was applied in combination with a
world-fixed cue, there was a significant displacement of
saccade endpoints in a direction anti-parallel to the evoked
saccade vector at the two adjacent target locations. By con-
trast, when stimulation was applied with the gaze-fixed cue,
it produced no effects. Thus, the task cue (world-fixed or
gaze-fixed) profoundly altered the effect of delay period
microstimulation in this experiment.

This finding was true across stimulation sites (n = 12).
Saccades were significantly deviated at 7 sites (58%) in the
world-fixed context and at only 2 sites (17%) in the gaze-
fixed context (of the 2 sites with gaze-fixed effects, one
showed an effect that was much larger in the world-fixed
case, while the other showed similar effects in both condi-
tions). Figure 8c compares the effects of stimulation under
world-fixed versus gaze-fixed conditions. As in the previous
analyses, we examined the projection of the displacement
vector onto the evoked saccade vector. For displacement
vectors where significant effects were observed (n = 12 dis-
placement vectors), the mean component was larger in the
world-fixed condition (¢ test, P = 0.02), indicated by points
that fall below the unity line in Fig. 8c. By least-squares
regression, we found this relationship to be linear
(R2 =0.730, P <0.001; intercept P >0.10) and the regres-
sion slope significantly less than 1 (slope = 0.325 gaze vs.
world, P < 107%). Thus, it appears that the animal’s cognitive
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Fig. 8 a-b: Results from an example FEF site. Symbols are the same as
in Fig. 4. Microstimulation evoked small saccades down and to the left
(arrow). The monkey performed delayed saccades from either left or
right fixation positions. Eye positions are shown relative to the fixation
point for clarity. ¢ Stimulation effect magnitude in the direction of updat-
ing in the gaze-fixed (ordinate) versus world-fixed (abscissa) conditions
for all 12 recording sites. Effects are larger in the world-fixed case, where
the monkey is instructed to compensate for eye movements during the
memory period. Filled circles indicate individually significant vectors in
the world-fixed task; filled squares indicate significance in both tasks
(n = 3); there were no vectors significant in only the gaze-fixed task
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representation of the task was capable of partially suppress-
ing the use of the stimulated signal for updating.

Discussion

Many experiments point to FEF as a locus of spatial work-
ing memory in monkeys (Deng et al. 1986; Funahashi et al.
1989, 1993; Sommer and Tehovnik 1997; Dias and
Segraves 1999) and humans (Ungerleider etal. 1998;
Ploner et al. 1999; Corbetta et al. 2002). We hypothesized
that subthreshold microstimulation of neurons in FEF
should bias or disrupt memory-related activity, thereby
altering behavior in a memory-guided saccade task.

We found that memory-guided saccades following sub-
threshold stimulation were largely normal, but endpoints
were systematically displaced away from the direction of
saccades evoked with stimulation above threshold (Fig. 5).
This effect of stimulation was most consistent with the
introduction of an artificial corollary discharge signal
(Fig. 6). We propose that the target’s location in memory
was updated in response to this fictive eye movement. In a
control experiment, stimulation resulted in updating only
when it was applied during a memory period (Fig. 7), indi-
cating that stimulation did not simply disrupt the read-out
of the saccade plan or the ability to generate a saccade com-
mand. In a third experiment, we found that world-fixed tar-
gets were updated to a greater degree than gaze-fixed target
in response to microstimulation (Fig. 8).

Corollary discharge signals in FEF

The displacement of memory-guided saccades by microsti-
mulation is consistent with updating in response to a fictive
eye movement (Fig. 6). Updating in response to saccades
relies on corollary discharge from neural command signals
(Guthrie et al. 1983; Bridgeman 1995; Lewis et al. 2001).
FEF gives rise to saccadic motor commands that could be
the source of such corollary discharges (Bruce and Gold-
berg 1985), either locally or through downstream pathways.
FEF neurons project to subcortical structures involved in
oculomotor control: FEF neurons that project to SC carry
presaccadic signals (Segraves and Goldberg 1987; Sommer
and Wurtz 2000), and FEF neurons also project directly to
brainstem oculomotor nuclei (Huerta et al. 1986; Stanton
et al. 1988). A pathway exists that conveys saccadic signals
from SC to FEF via the mediodorsal nucleus of the thala-
mus (MD) (Sommer and Wurtz 2004a) and this pathway
appears to contribute to spatial updating: when MD is phar-
macologically inactivated with muscimol, subjects fail to
fully compensate for the intervening eye movement in a
sequential saccade (double-step) task (Sommer and Wurtz
2002, 2004b). Thus, subthreshold signals introduced by

microstimulation in FEF could be insufficient to excite ocu-
lomotor structures below the level of the SC, but could con-
tribute to spatial updating as a corollary discharge via MD.

There is also evidence to suggest that cortico-cortical
pathways are important for spatial updating (Berman et al.
2003, 2004). Split-brain monkeys lacking the forebrain
commisures have impaired behavioral performance for
updating locations across visual hemifields, but not for
updating within a single hemifield in a double-step saccade
task. In our experiments, we note that fewer effects of micr-
ostimulation were observed for distal targets (which were
most often in the opposite hemifield), suggesting perhaps
that the stimulated signal did not transfer as well across
hemispheres as within hemispheres.

Some FEF neurons update remembered locations in
response to saccades, while others signal saccade amplitude
and direction; therefore, the transformation of a corollary
discharge signal into an accurately updated spatial memory
could conceivably occur entirely within FEF.

There is good evidence, described above, that the FEF
contains corollary discharge signals for saccades. However,
FEF may well contain other signals that encode changes in
gaze direction, for example, corollary discharge signals for
pursuit eye movements, or vestibular signals (Fukushima
et al. 2000). It is therefore also possible that FEF stimula-
tion counterfeits a more general gaze shift signal, rather
than a signal that is specific to saccadic eye movements.

Comparison with previous results

Electrical microstimulation can have effects on the genera-
tion of saccades. For example, low-intensity stimulation
delivered shortly before or during a saccade can suppress
saccades altogether (Burman and Bruce 1997) or modify
their latency (Izawa et al. 2004).

Recently, Opris and colleagues (Opris et al. 2005) per-
formed a similar experiment, in which subthreshold stimu-
lation was applied to FEF during a delay period. Following
Groh et al. (1997), Opris et al. asked whether the interac-
tion between the planned memory saccade and the microsti-
mulation was best described by vector addition, vector
subtraction or vector averaging. They concluded that FEF
microstimulation results in both vector subtraction and vec-
tor averaging, but did not quantify the relative contribution
of each effect. The vector subtraction effect is identical in
principle to our “update” effect (Fig. 4). Vector averaging
can be described as an “attraction” of memory-guided sac-
cades towards the MF.

In contrast to these results, the current study indicates
that only vector subtraction (spatial updating) takes place,
and not vector averaging. This is an important difference,
because it confirms that the principle finding in both studies
is vector subtraction, an effect that has not been reported as
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a consequence of previous stimulation experiments. The
current study also tests the mechanism by which vector
subtraction occurs, distinguishing between a direct modifi-
cation of a stored memory versus an effect on saccade gen-
eration. We tested these hypotheses explicitly in a separate
experiment and found an effect of stimulation on stored
memory, but a negligible effect on saccade execution
(Fig. 7). The experiment was designed to hold constant the
time between stimulation and the cue to saccade. However,
this necessitated comparing the effects of stimulation in tri-
als of different delay lengths. Stimulation altered saccade
endpoints when the memory delay was long (stim during
memory), but did not cause a detectable effect when the
delay was short (stim before memory). Thus, if microstimu-
lation exerted a weak effect on spatial memory, larger, i.e.,
more difficult, delays might be expected to magnify its
effect. This alternative explanation still refutes the null
hypothesis, which argued that stimulation would exert a
memory-nonspecific effect on saccade generation.
Although we cannot rule out an interaction between stimu-
lation and delay length/difficulty, this still implies that stim-
ulation exerted its effect on a component of spatial memory.
In addition, this explanation does not explain the direction
of displacement in the main experiment or the effects of
world/gaze context of the effect of microstimulation.

We believe that the precise timing of the stimulation in
the two studies may account for the finding of vector aver-
aging in the Opris et al. study but not in the current study.
Electrical stimulation in the SC preceding a visually guided
saccade is known to produce vector averaging (Schiller and
Sandell 1983; Glimcher and Sparks 1993). Since both stud-
ies used a fixed delay period, subjects likely anticipated the
end of the delay, and saccade generation was likely initi-
ated prior to fixation point offset (Findlay 1981; Bruce and
Goldberg 1985; Kowler 1990; Dorris and Munoz 1998). In
the current study, electrical stimulation ceased either
1,400 ms (early trials) or 400 ms (late trials) prior to fixa-
tion point offset. In the study of Opris and colleagues, stim-
ulation ceased coincident with fixation point offset. As a
result, it is possible that, while stimulation early in the
delay period produced a spatial updating response, stimula-
tion occurring immediately prior to the movement in the
Opris et al. study had a direct effect on saccade generation,
analogous to that seen with stimulation of the SC around
the time of a saccade (Schiller and Sandell 1983; Glimcher
and Sparks 1993).

Cognitive control of the stimulated signal
Animals can update spatial memories in response to pursuit
eye movements, saccadic gaze perturbations, or whole

body rotations but can also be trained to suppress updating,
keeping memories fixed with respect to the center of gaze
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(Baker et al. 2003). In the latter case, shifts in gaze direc-
tion must be ignored to maintain a spatial memory in a
gaze-fixed frame (White and Snyder 2004a). Thus, high
level cognitive instructions regarding whether a target is
world-fixed or gaze-fixed can be used to “gate” whether or
not gaze shifts are allowed to alter the oculocentric (i.e.,
gaze-centered) representation of a remembered location.

In this report, we describe how FEF microstimulation
appears to counterfeit a signal representing a gaze shift.
Whether or not this counterfeit signal is allowed to alter a
remembered location depends on how and where the cogni-
tive gating of signals representing gaze shifts occurs. Our
results indicate that the effects of FEF stimulation in an ani-
mal instructed to treat targets as gaze-fixed were almost
completely suppressed (Fig. 8). Signals introduced by micr-
ostimulation could be gated by the animal in much the same
manner as signals produced from an overt saccade (Baker
et al. 2003). This suggests that microstimulation adequately
mimics the physiologically normal discharge that occurs
with a true gaze shift, and furthermore, that the locus of
cognitive control lies within or downstream of FEF.

These conclusions on cognitive control, unlike the other
conclusions in this report, are drawn from experiments in
only one animal. Although in the past we trained three ani-
mals to memorize targets as either world- or gaze-fixed on
otherwise identical interleaved trials, only one was still
available for our use at the time of this study. Training a
second animal for this report would have taken 1-2 years,
and we therefore chose to publish these results with only a
single subject.

Spatial memory in FEF

An unexpected finding of this study was the apparent lack of a
direct effect of microstimulation on working memory. Rather
than disrupting or altering working memory directly, microsti-
mulation instead appears to introduce an eye movement signal
that is subsequently incorporated into memory via spatial
updating. Why might spatial memories be largely unaffected
by FEF stimulation? Perhaps FEF does not itself store signals
over time, but instead merely reflects the continuous output of
some other brain area, which does provide such a function.
There is some evidence to support this claim (Balan and Fer-
rera 2003). Neural correlates of spatial working memory have
been observed in the lateral intraparietal area (LIP) (Gnadt and
Andersen 1988) and the dorsolateral prefrontal cortex
(DLPFC) (Funahashi et al. 1989). Both LIP and DLPFC are
strongly and reciprocally interconnected with FEF (Huerta
etal. 1987; Andersen et al. 1990; Stanton et al. 1993, 1995;
Schall etal. 1995; Tian and Lynch 1996; Lewis and Van
Essen 2000). Given the rich connectivity of these areas, we
find it difficult to believe that microstimulation in FEF could
not affect neural activity in LIP or DLPFC. However, it
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remains to be seen whether subthreshold microstimulation in
these areas directly perturbs working memory storage.

An alternative explanation is that FEF does have a direct
role in spatial memory storage, but that the parameters of
this experiment did not reveal it. First, the memory activity
introduced by microstimulation might be infinitesimally
small compared to the sustained neural activity represent-
ing the remembered target location. This possibility is anal-
ogous to the use of unambiguous motion stimuli used in
many studies of MT. Microstimulation in MT during pre-
sentation of these stimuli produces little or no effect on per-
ception (Salzman et al. 1992; DeAngelis et al. 1998, but see
Nichols and Newsome 2002), likely because the neural
activity in response to the visual stimulus far outweighs the
activity induced by stimulating a small number of neurons.
Similarly, in the experiments we describe, the animal’s
memory of the target might swamp any effect on memory
introduced by microstimulation.

Second, the parameters of microstimulation used in this
report might preferentially excite a pool of movement-
related neurons, which might play a minor role in memory
storage. Movement-related activity is correlated with lower
thresholds for evoked saccades (Bruce et al. 1985), suggest-
ing that the production of saccade commands is tied to
movement-related activity in single cells. We found that
effects of stimulation were more frequent and larger when
they occurred where movement-related activity was
recorded. Thus, it appears that the updating effect we
observed was more pronounced when movement-related
neurons were stimulated. However, the effect observed
from excitation of movement-related cells does not pre-
clude (perhaps more subtle) effects of microstimulation on
other types of cells in FEF. It is possible that different stim-
ulation parameters could preferentially excite a different
population of FEF neurons, which might include those neu-
rons involved in buffering spatial memory.
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