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Supplementary Eye Field during Visual Search: Salience,
Cognitive Control, and Performance Monitoring

Braden A. Purcell, Pauline K. Weigand, and Jeffrey D. Schall
Department of Psychology, Center for Integrative & Cognitive Neuroscience, and Vanderbilt Vision Research Center, Vanderbilt University, Nashville,
Tennessee 37240

How supplementary eye field (SEF) contributes to visual search is unknown. Inputs from cortical and subcortical structures known to
represent visual salience suggest that SEF may serve as an additional node in this network. This hypothesis was tested by recording action
potentials and local field potentials (LFPs) in two monkeys performing an efficient pop-out visual search task. Target selection modula-
tion, tuning width, and response magnitude of spikes and LFP in SEF were compared with those in frontal eye field. Surprisingly, only
~2% of SEF neurons and ~8% of SEF LEP sites selected the location of the search target. The absence of salience in SEF may be due to an
absence of appropriate visual afferents, which suggests that these inputs are a necessary anatomical feature of areas representing
salience. We also tested whether SEF contributes to overcoming the automatic tendency to respond to a primed color when the target
identity switches during priming of pop-out. Very few SEF neurons or LFP sites modulated in association with performance deficits
following target switches. However, a subset of SEF neurons and LFPs exhibited strong modulation following erroneous saccades to a
distractor. Altogether, these results suggest that SEF plays a limited role in controlling ongoing visual search behavior, but may play a

larger role in monitoring search performance.

Introduction

Natural vision requires an organism to select important objects
from irrelevant objects to guide responses. Models of visual
search propose that a salience map (also termed “priority”) com-
bines bottom-up physical conspicuousness with top-down
knowledge of target features to guide attention and eye move-
ments (Tsotsos et al., 1995; Itti and Koch, 2001; Bundesen et al.,
2005; Wolfe, 2007). A distributed network of visuomotor areas
encodes a representation of salience (Findlay and Walker, 1999;
Thompson and Bichot, 2005; Gottlieb, 2007; Bisley and Gold-
berg, 2010). This includes the frontal eye field (FEF) (Thompson
etal., 1996; Bichot and Schall, 1999; Purcell et al., 2012), superior
colliculus (SC) (McPeek and Keller, 2002; Shen and Paré, 2007),
substantia nigra pars reticulata (SNpr) (Basso and Wurtz, 2002),
lateral intraparietal area (LIP) (Ipata et al., 2006; Thomas and
Paré, 2007; Balan et al., 2008; Arcizetetal., 2011) and parietal area
7A (Constantinidis and Steinmetz, 2001). Supplementary eye
field (SEF) receives cortical afferents from FEF, LIP, and 7A (An-
dersen et al., 1990; Huerta and Kaas, 1990; Schall et al., 1993) as
well as from the superior temporal polysensory (STP) area and
nuclei in the central thalamus that are innervated by SC and SNpr
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(Lynch et al., 1994; Parent and Hazrati, 1995) and contribute to
saccade target selection (Schall and Thompson, 1994; Wyder et
al., 2004) (Fig. 1).

Connectivity with these visuomotor areas suggests that SEF
may represent just one more node in the cortical network repre-
senting salience. Furthermore, SEF neurons exhibit clear visual
responsiveness (Schlag and Schlag-Rey, 1987; Schall, 1991a,b;
Russo and Bruce, 2000; Pouget et al., 2005). SEF neurons respond
selectively to a number of stimulus categories including the type
of information they provide (Campos et al., 2009), arbitrary
stimulus response associations (Chen and Wise, 1995a,b, 1996;
Olson and Tremblay, 2000; Olson et al., 2000), expected reward
(Seo and Lee, 2009; So and Stuphorn, 2010), and their rank order
in a sequence (Lu et al., 2002; Berdyyeva and Olson, 2009). How-
ever, similarity of elementary physiological properties may belie
important functional differences in more complex contexts; for
example, although many neurons in FEF, SC, and SEF discharge
before saccades, saccade initiation is directly controlled by FEF
(Hanes and Schall, 1996; Hanes et al., 1998) and SC (Paré and
Hanes, 2003), but not SEF (Schiller et al., 1979; Schiller and
Chou, 1998; Stuphorn et al., 2010).

Other research suggests that medial frontal areas, including
SEF, are involved in the monitoring and control processes re-
cruited when errors are made and habitual actions must be over-
come (for review, see Schlag-Rey et al., 1997; Stuphorn et al.,
2000; Stuphorn and Schall, 2006; Isoda and Hikosaka, 2007;
Emeric et al., 2010; Isoda and Hikosaka, 2011). Priming of pop-
out tasks in which the target and distractor features switch ran-
domly every few trials requires overcoming the primed tendency
to respond to a distractor following switches (Maljkovic and Na-
kayama, 1994; Bichot and Schall, 1999). FEF neurons that encode
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Figure1.  Distribution of visual afferents to SEF. Lines indicate reciprocal connections. Arrow
indicates one-way projection. SEF is densely connected with visuomotor areas that are known
to represent visual salience (bold) including FEF and LIP, area 7a, as well as from SC via the
medial dorsal nucleus of the thalamus (MD). These areas receive afferents from diverse areasin
visual cortex that encode various target features (italicized). In contrast, SEF does not receive
direct input from areas representing stimulus features from which a salience map is computed.
Not pictured are efferent connections to SCand reciprocal connections with the ventral anterior
and ventrolateral nuclei of the thalamus which are innervated by substantia nigra pars
reticulata.

salience modulate in parallel with changes of performance during
priming (Bichot and Schall, 2002), but it is not known whether
medial frontal cortex is involved in suppressing the primed ten-
dency to respond to a distractor or facilitating the controlled
response to the new target.

We tested the hypothesis that SEF encodes visual salience to
select saccade targets by recording spiking activity and local
field potentials (LFPs) in the SEF of two monkeys trained to
perform a visual search task. We also asked whether SEF con-
trols or monitors changes in performance during priming of
pop-out. The data also provide new quantitative comparisons
between SEF and FEF.

Materials and Methods

Behavioral tasks and recordings

Recording procedure. We recorded neuronal spikes and simultaneous
LFPs from the SEF of one male bonnet macaque monkey (Macaca radi-
ata, ~8.5 kg, monkey F) and one male rhesus macaque monkey (Macaca
mulatta, ~12.5 kg, monkey Z). Monkeys were surgically implanted with
a head post and recording chambers during aseptic surgery with animals
under isoflurane anesthesia. Antibiotics and analgesics were adminis-
tered postoperatively. All surgical and experimental procedures were in
accordance with the National Institute of Health Guide for the Care and
Use of Laboratory Animals and approved by the Vanderbilt Institutional
Animal Care and Use Committee.

Neurons and LFPs were recorded simultaneously from the right hemi-
sphere of both monkeys using tungsten microelectrodes (2—4 M), FHC)
and were referenced to a guide tube in contact with the dura. Spikes were
sampled at 40 kHz, and LFPs were sampled at 1 kHz. LEPs were bandpass
filtered between 0.2 and 300 Hz and were amplified using a Plexon HST/
8050-G1 head-stage. A 60 Hz second-order IIR notch filter was applied
off-line to reduce electrical noise. LFPs were baseline corrected using the
average voltage 50 ms until the array onset. Spikes were sorted on-line
using a time—amplitude window discriminator and off-line using princi-
pal component analysis and template matching (Plexon). We generated
spike density functions by convolving each spike train with a kernel
resembling a postsynaptic potential (Thompson et al., 1996). Eye move-
ments were monitored with an infrared corneal reflection system (SR
Research) at a sampling rate of 1 kHz.

Behavioral tasks. Monkeys were trained to perform three tasks: a visual
search task, a detection task, and a memory-guided saccade task (Fig. 2).
Tasks were run in blocks, and task order was counterbalanced across
recording sessions. All tasks began with the monkey fixating a central
white spot for ~500 ms. In the color visual search task, the fixation point
changed from filled to open simultaneously with the onset of a colored
target and seven isoluminant distractors (2.8 cd/m?) of the opposite
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Figure2. A, Visual search task. After fixating a central point for a variable delay (top frame),
an array of stimuli was presented (bottom frame), one of which was the target (e.g., dark gray
disk) and the rest were distractors (e.g., light gray disks). Monkeys were required to make a
single saccade (indicated by the arrow) to the target for reward. B, Detection task. This task is
identical to the visual search task except the target appeared alone without distractors. C,
Memory-guided saccade task. After fixating for a variable delay (top frame), the target was
flashed for 100 ms at one of eight locations (middle frame). The animal was required to main-
tain fixation for a variable delay until the fixation point changed from filled to open (bottom
frame), which signaled the animal to make a single saccade to the remembered target location
for reward.

color. Targets and distractors were either red [ Commission International
de I’Eclairage (CIE) chromaticity coordinates x = 0.648, y = 0.331] or
green (CIE chromaticity coordinates x = 0.321, y = 0.598). The monkey
was rewarded for making a single saccade to the location of the target
within 2000 ms and fixating for 500 ms. For some experimental sessions,
target and distractor color remained constant throughout the session and
target color was varied across sessions. For other sessions, target and
distractor color were swapped in successive blocks of trials to investigate
priming of pop-out. Block duration was sampled from a uniform distri-
bution ranging over 816 trials. This task required animals to discrimi-
nate the singleton target from distractors and then shift gaze to that
location as quickly as possible while maintaining reasonable accuracy.

In the detection task, the target (red or green disk) was presented at
one of the same eight locations and remained on the screen. Simultane-
ous with the onset of the target, the fixation point changed from filled to
open, instructing the animal to make a saccade to the target location
within 2000 ms and maintain fixation for 500 ms for reward. This task
was identical to the visual search task, but included no distractor stimuli.

In the memory-guided saccade task, a target (filled gray disk) was
presented for 100 ms at one of eight isoeccentric locations equally spaced
around the fixation spot at 10° eccentricity. The animal was required to
maintain fixation for 400—800 ms (uniform distribution) after the target
onset. After the fixation point changed from filled to open, the monkeys
were rewarded for making a saccade to the remembered location of the
target and maintaining fixation for 500 ms. For monkey Z, this task also
included a small fraction (~15%) of “NoGo trials” in which a change in
fixation point color cued the monkey to maintain fixation for reward.
The memory-guided saccade task was used to temporally dissociate sen-
sory and motor-related responses for neuron and LFP classification
(Bruce and Goldberg, 1985).

Localization of SEF. In both monkeys, we determined the location of
SEF by the effects of intracortical microstimulation and histology (Fig.
3). Microstimulation parameters were conventional (100 ms trains of
333 Hz biphasic pulses of 0.2 ms pulse duration). After the experiment,
monkey F was deeply anesthetized with pentobarbital and perfused with
0.1 M PBS, followed by 4% paraformaldehyde (PFA) in PBS followed by
buffered sucrose solution (10% sucrose, 4% PFA in PBS). Monkey Z
could not be perfused, so the brain was post-fixed in 4% PFA for 10 d.
Both brains were photographed in situ. Fiduciary guide pins in the re-
cording chamber were located relative to the hemisphere midline and
arcuate and principal sulci. Frozen sections 50 wm thick were stained for
Nissl substance. The sites of neurons and LFPs with task-related re-
sponses and sites from which saccades could be elicited with low thresh-
old (=50 wA) microstimulation were located in Nissl-stained sections
relative to previously described cytoarchitectural landmarks (Mitz and
Wise, 1987; Luppino et al., 1991; Matelli et al., 1991; Schall, 1991a).
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Figure 3. Localization of SEF. A, B, Dorsal view of recording sites in monkey F (4) and mon-
key Z (B). Circle size indicates the number of neurons with task-related responses. Xs indicate
sites that were sampled, but no task-related neuron was found. Solid colored lines indicate
areas in which limb, orofacial, and saccadic eye movements were elicited by electrical micro-
stimulation. Red dashed linesindicate areasin which low threshold saccades were elicited at the
symmetric position in the opposite hemisphere. C, Sagittal sections from monkey F at levels
indicated in A (gray lines 1and 2) illustrate location of penetrations relative to cytoarchitectural
landmarks. Black vertical lines indicate reconstructed penetration locations. The caudal pene-
tration (C, curve 2, left) is 27 mm anterior to the interaural line. Curves Tand 2in Care ~4.7 and
~6.7 mm lateral of midline, respectively. Dots mark locations of Betz cells in primary motor
cortex (M1) and supplementary motor area (SMA). Dark shading indicates granular layer in
prefrontal cortex (area 9) and light shading indicates the incipient granular layer that is char-
acteristic of SEF. Dashed lines indicate a damaged region. D, Sagittal sections from monkey Z at
levels indicated in B (gray lines 3 and 4). Curves 3 and 4 in Care ~6.0 and ~8.0 mm lateral of
midline, respectively. Conventions are as in C.

Frontal eye field data. We analyzed FEF neurons and LFPs recorded
during the same visual search task to compare directly with SEF. We
analyzed single-unit activity and LFPs recorded in the FEF of two addi-
tional monkeys (monkey Q, Macaca radiata, ~7.5 kg; monkey S, Macaca
radiata, ~8.5 kg) during a color visual search task. This task included a
set size manipulation in which the number of distractors (1, 3, or 7)
varied randomly across trials, but was otherwise identical to the visual
search task described above. We also analyzed previously published
single-unit activity recorded from the FEF of monkey F while he per-
formed the identical color search task (Sato et al., 2001). All FEF record-
ings were acquired from the rostral bank of the arcuate sulcus at sites
where saccades were evoked with low-intensity electrical microstimula-
tion (<50 pA; Bruce et al., 1985). Analytical methods were identical for
SEF and FEF data.

Behavioral performance was consistent across species. There was no
systematic difference in percentage correct (87% for monkey F: 85% for
monkey Z; 96% for monkey Q; 86% for monkey S) or mean response
time (RT) (210 ms for monkey F; 216 ms for monkey Z; 222 ms for
monkey Q; 254 ms for monkey S).

Data analysis

Neuron and LFP classification. We identified task-related neurons and
LFPs by comparing discharge rates or voltage to the baseline period 50 ms
before presentation of the array. A neuron or LFP site was classified as
visually responsive if discharge rate or polarization remained signifi-
cantly different from baseline for five consecutive 10 ms time bins in the
interval 50-200 ms following stimulus presentation for the memory-
guided saccade task and in the interval 50-150 ms for the detection or
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search tasks (Wilcoxon rank-sum test, p < 0.05). A neuron or LFP site
was classified as saccade related if discharge rate or polarization remained
significantly different from baseline for five consecutive 10 ms time bins
in the interval —100—100 ms relative to saccade initiation for all tasks.
Only visually responsive neurons are included in our analyses of visual
salience, although we verified that results were identical for neurons with
saccade-related discharge modulation. As in previous reports, many
saccade-related neurons did exhibit direction selectivity, but it emerged
too late to represent a covert salience representation that guided saccade
target selection (<20 ms before saccade onset; Scudder et al., 2002; Stu-
phorn et al., 2010). All neurons were included in our priming analyses
regardless of when task-related modulations were observed.

Spatial selectivity. The selectivity of spikes and LFPs to target location
was quantified by vector summation of the normalized response to each
target (Batschelet, 1981; Schall, 1991a). The angle of the resultant vector
gave the preferred response location of the neuron or LFP site (0°, ipsi-
lateral; 180°, contralateral). The length of the resultant vector was defined
as the direction bias. Direction bias ranged from 0 (equal responses for all
locations) to 1 (maximal response to a single location). When measured
during the detection task with a single stimulus, this quantified the loca-
tion and tuning width of the receptive field (RF) for a given eccentricity.
When measured during the visual search task, this quantified the extent
to which the target was localized. For visual search and detection, we used
the average voltage or discharge rate from 50 ms after stimulus presen-
tation until 50 ms before mean saccade initiation time to exclude
saccade-related responses. For the memory-guided saccade task, we used
the average voltage or discharge rate in the time interval from 50 to 200
ms after stimulus onset. We assessed the significance of spatial selectivity
using a permutation test that determined the probability of obtaining the
preferred location by chance alone (Georgopoulos et al., 1988; 1000 sim-
ulations, p < 0.01).

We also quantified the selectivity of SEF and FEF neurons and LFPs to
the target versus distractors using a “neuron—antineuron” analysis
(Thompson et al., 1996). We computed the area under the receiver op-
erating characteristic (ROC) curve from the distribution of discharge
rate or polarization in trials in which the target appeared inside the RF
and trials in which only distractors appeared inside the RF. The area
under the curve reflects the probability that an ideal observed could
correctly specify whether the target was in the neuron’s RF. For this
analysis, the RF was conservatively defined as the stimulus locations
within 45° of the preferred angle, although tuning width was also mea-
sured more rigorously (see Spatial tuning width). For neurons, the ROC
was computed by incrementing a criterion from 0 spikes/s to the maxi-
mum discharge rate observed across all trials in steps of 1 spike/s. For
LFPs, the criterion was incremented from the minimum voltage ob-
served to the maximum voltage observed in steps of 10 wV. The distri-
bution of discharge rates and voltages was obtained for 5 ms intervals
averaged from 5 ms before to 5 ms after each time point to smooth the
data. The average area under the ROC curve from 50 ms after array onset
to 50 ms before mean RT determined the magnitude of target selectivity
for each neuron and LEP site.

Visual response latency. The latency of the visual response was deter-
mined by comparing baseline activity 10 ms before array onset to a
millisecond-by-millisecond sliding window starting at array onset. The
visual onset was the time when activity first became significantly different
from baseline and remained significant for 10 consecutive ms (Wilcoxon
rank-sum test, p < 0.01).

Spatial tuning width. We quantified the spatial tuning width by fitting
the variation in discharge rate or voltage as a function of target location
with a Gaussian function of the form:

1[e—dT
A((p):B-i-RXeXp(—E[ T })

where activation (A) as a function of meridional direction (¢) depends
on the baseline discharge rate (B), maximum discharge rate (R), opti-
mum direction (®), and directional tuning (T,) (Bruce and Goldberg,
1985; Schall et al., 1995b; Russo and Bruce, 2000; Schall et al., 2004;
Monosov et al., 2008). Tuning width was estimated by the SD (T,,) of the
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best fitting Gaussian curve. The data were fitted
with a Simplex routine implemented in MAT-
LAB (The MathWorks) to minimize the sum of
squared deviations between observed and pre-
dicted values. We excluded neurons and LFP
sites for which the Gaussian curve accounted
for <<50% of the variance in the data indicating
very poor fit (8 neurons; 26 LFPs). The eccen-
tricity was matched for SEF and FEF record-
ings, which allows for direct comparison across
areas and signals, but note that the tuning
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related neurons and LFPs by comparing firing
rates and voltage on trials in which the animal
made a correct saccade to the target with trials
in which the animal made an incorrect saccade
to a distractor. Errors in which the monkey
prematurely broke fixation, failed to maintain
fixation on the target, or initiated a saccade to
an empty location were rare and are not con-

sidered further. LFPs were baseline corrected
—50-0 ms relative to saccade onset to elimi-
nate differences in presaccadic modulation. A
neuron or LFP was classified as error related if
modulation was significantly greater when the
monkey made an erroneous saccade to a dis-
tractor as when the monkey made a correct sac-
cade to the target in the interval 100-300 ms

Firing rate (spikes/sec)

after the saccade ( test, p < 0.05). The number 0 0 100
of trials in which erroneous saccades were
made to each location was matched across lo-
cations by excluding random trials. The num-
ber of trials in which correct saccades were
made to each location was matched to the trial
counts for error saccades by excluding random
trials. Thus, the distributions of saccade direc-
tions were identical when comparing correct
and error trials. Trials in which the animal
failed to maintain fixation for 400 ms were
excluded to eliminate the influence of non-
task-related eye movements (e.g., unrewarded corrective saccades to the
target). This analysis used only neurons and LFPs recorded during ses-
sions in which the target was varied across blocks because monkeys made
few errors when the target remained constant (~93% correct). Most
errors occurred on trials following changes in target identity, but we
found no difference in postsaccadic activity on switch and nonswitch
trials; therefore, we combined across all error trials regardless of the
number of trials since the switch.

Figure 4.

Results

Absence of salience in SEF spiking activity during

visual search

We recorded 135 SEF neurons (92 from monkey F; 43 from mon-
key Z) that exhibited discharge rate modulation following stim-
ulus presentation or around the time of saccade initiation. The
neurons were verified to be in SEF based on histology and relation
to microstimulation landmarks (Fig. 3). Our analysis of visual
salience focuses on the subset of 95 visually responsive neurons
that exhibited discharge rate modulation following stimulus pre-

200 300
Time from stimulus (ms)

Representative visually responsive neuron during detection and search. A, Average spike density functions on trials
when the target was inside (thick) or opposite (thin) the RF of the neuron during the detection (left) and visual search (right) tasks.
Vertical dotted line indicates mean saccade response time. B, Rasters and average spike density functions of the representative
neuron when the target was located at each of eight isoeccentric location during the detection (gray) and search (black) tasks. Lines
indicate response time distributions. The central polar plot indicates the normalized response of the neuron to each target location
during both tasks. The vector sum of the response to the target at each location is indicated by the radial line, the length of which
indicates the directional bias, or strength of spatial tuning.

sentation. This included neurons recorded during sessions in
which the target was constant and sessions in which the target
changed in blocks. Of these neurons, 36 (38%) were classified as
pure visual neurons, which responded only following the stimu-
lus onset, and 59 (62%) were classified as visuomovement neu-
rons, which responded both following stimulus onset and around
the time of saccade. The mean SEF neuron visual latency (*SE)
was 71 * 2.4 ms, which approximately corresponds to previous
reports (Pouget et al., 2005).

Figure 4 shows the discharge rate of a representative visually
responsive neuron during the detection and visual search tasks.
We quantified the spatial selectivity of the neuron by computing
anormalized vector sum of the neuron’s response to the target at
each polar angle. The angle of the resultant vector quantifies the
direction of the center of a neuron’s RF in polar angle, and the
length quantifies the degree of selectivity. A neuron with a re-
sponse field restricted to one target location would give a vector
length of 1, and a neuron with no response field and equal re-
sponsiveness to stimuli in all directions would give a vector length
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Table 1. Visually responsive neurons and LFPs classified as visually selective during single-target tasks and visual search

Neurons LFPs
Monkeys Total Select single target Select search target Total Select single target Select search target
F 69 44 (63.8) 1(1.4) 145 51(35.2) 13(9.0)
VA 26 14 (53.8) 1(3.8) 40 11(27.5) 2(5.0)
Total 95 58 (61.1) 2(2.7) 185 62 (33.5) 15(8.1)

Selectivity was assessed by computing a directional bias using vector summation of the normalized response of the neuron or LFP when the target was presented at each of eight polar angles. A neuron or LFP was considered selective during
agiven task if the resultant vector was statistically significant according to a permutation test (1000 simulations, p << 0.05). Values are given as number (%) of visually responsive neurons and LFPs that selected targets.

Neurons LFP
SEF: Detection
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Figure5. A-F, Distribution of directional biases for visually responsive SEF and FEF neurons
and LFPs. Filled histograms indicate neurons and LFP sites that were individually significant
(p<<0.01). Insetsillustrate the distribution of preferred locations (vector angle) and directional
bias (vector length) for the population of neurons and LFP (180°, contralateral; 0°, ipsilateral).

near 0. During detection, the visual response of the neuron was
significantly spatially selective with the RF center at —4.6° (boot-
strap, 1000 samples, p < 0.001). During visual search, however,
this neuron exhibited no spatial selectivity in the RT interval (p =
0.31). In other words, this neuron has a clear RF, but does not
discriminate whether it contained a salient singleton or a
distractor.

Across the population of visually responsive neurons, we
identified many neurons with spatially localized RFs as evidenced
by significant spatial selectivity during the single-target tasks (Ta-
ble 1; Fig. 5A). The RF centers tended to be located in the con-
tralateral hemifield during both the detection (circular mean
angle = —160° V-test, u = 4.89, p < 0.001) and memory-guided
saccade task (circular mean angle = —162°% u = 4.66, p < 0.001).
These observations are consistent with previous reports (Schlag
and Schlag-Rey, 1987; Schall, 1991a; Russo and Bruce, 2000).

Although we observed many SEF neurons with well localized
RFs, we found that vanishingly few exhibited significant target
selectivity during visual search (Table 1). Figure 5B summarizes
the measure of vector tuning during search and detection. The
mean directional bias during visual search (0.02 = 0.002) was
significantly lower than that measured during both detection
(0.11 = 0.01; Wilcoxon rank sum test, p < 0.001) and memory-
guided saccade tasks (0.10 = 0.01; p < 0.001), indicating that no

spatial selectivity could be identified during search. No contralat-
eral bias was present during search (1 = 0.77, p = 0.22). Thus,
SEF neurons with clear RFs during single-target tasks failed to
discriminate the target during visual search.

It is unclear from the preceding analysis whether the reduced
selectivity reflects a true absence of salience or whether the re-
duced directional bias merely reflects reduced salience when ad-
ditional stimuli are in the visual field. Therefore, we also analyzed
single-unit activity recorded from FEF, an area known to encode
salience (Thompson and Bichot, 2005). The FEF data were re-
corded from monkey F and two additional monkeys to compare
directly the spatial selectivity during visual search across areas.
The data from monkey F were previously published (Sato et al.,
2001). The FEF dataset was comprised of 157 neurons (101 from
monkey F; 32 from monkey Q; 24 from monkey S) with signifi-
cant visual responses. The mean visual latency of the FEF neurons
was 68 * 1.4 ms, which is consistent with previous reports
(Thompson et al., 1996; Schmolesky et al., 1998). Results were
qualitatively similar across monkeys, so we combined data to
increase statistical power.

In contrast to SEF, many FEF neurons (77/157, 49%) exhib-
ited significant target selectivity during search when measured in
the same way (Fig. 5C). Spatial selectivity in FEF was significantly
biased to the contralateral hemifield during search (circular mean
angle = 157° V-test, u = 3.95, p < 0.001) consistent with previ-
ous studies (Schall et al., 1995). The mean strength of directional
bias in FEF (0.04 * 0.007) was significantly greater than SEF
neurons recorded during visual search (Wilcoxon rank-sum test,
p < 0.001). This value is lower than previously reported values
using single target tasks (Schall, 1991b) because the visual re-
sponse to distractors decreases the length of the vector sum. Thus,
our results reflect genuine differences in the role of these areas in
representing visual salience.

To facilitate comparisons across areas and studies, we also
quantified the magnitude of selectivity using a “neuron—antineu-
ron” approach (Fig. 6). The magnitude of selectivity was deter-
mined as the area under the ROC curve when the target or
distractors were inside a neuron’s RF. During visual search, the
neuron’s discharge rate was approximately equal regardless of
whether the target was inside or opposite the neuron’s RF result-
ing in ROC values near 0.5 throughout the trial (Fig. 6 A). Figure
6 B compares the mean magnitude of selectivity for SEF and FEF
neurons that exhibited spatial selectivity when the target was
presented alone during detection or memory-guided saccades.
The mean magnitude of selectivity (*SE) for SEF neurons is
only slightly, but significantly, >0.5 (0.51 % 0.003; p < 0.01).
Thus, visually responsive SEF neurons are highly unreliable
predictors of target location. In contrast, the mean magnitude
of selectivity of FEF neurons is markedly and significantly
>0.5 (0.58 £ 0.003; p < 0.001; Wilcoxon signed-rank test)
and also significantly greater than the SEF neuron population
(p < 0.001, Wilcoxon rank-sum test). Thus, neurons in SEF,
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unlike those in FEF, SC, LIP, and 7a, do not reliably discrim-
inate the target from distractors.

Absence of salience in SEF LFP during visual search

LFP recorded in FEF exhibit differential polarization that dis-
criminates the location of salient targets (Monosov et al., 2008;
Cohen et al., 2009), but little is known about the spatial tuning or
stimulus selectivity of SEF LEPs (but see Emeric et al., 2010). We
have demonstrated that the spiking activity of SEF neurons does
not encode a representation of visual search salience, but all
single-unit recording studies are based on a limited sample of
individual neurons within a given region of cortex. Therefore, it is
possible that we did not encounter neurons in SEF that do repre-
sent search salience. To mitigate this concern, we also analyzed
LFPs because they reflect the summed synaptic activity of thou-
sands of neurons in the region of cortex surrounding the elec-
trode tip (Mitzdorf, 1985; Katzner et al., 2009) and thus provide a
more complete sampling of a region. In addition, LFPs reflect
subthreshold fluctuations in membrane potential that may not
have produced a spike (Poulet and Petersen, 2008; Okun et al.,
2010) and may reflect both intrinsic processing and inputs from
distant cortical areas (Logothetis and Wandell, 2004). Therefore,
the LFPs in SEF may select the target despite an absence of spiking
selectivity.

We recorded LFPs from 216 sites in SEF that exhibited task-
related polarization (161 from monkey F; 55 from monkey Z), of
which 185 sites exhibited significantly visually evoked polariza-
tion (Table 1). Of the 185 visually responsive LFP sites that
formed the dataset for our analyses, 23 (11%) were classified as
pure visual LFPs, which showed significant modulation following
only the stimulus onset, and 162 (75%) were classified as visuo-
movement LFPs, which showed significant modulation following
both stimulus onset and around the time of saccade initiation.

Purcell et al. e Supplementary Eye Field during Visual Search

The greater percentage of visuomovement LFPs relative to neu-
rons likely reflects summed activity across both visual and
saccade-related neurons, which is consistent with the lack of ev-
idence for modular or laminar differences in SEF neuron types.
The visual latency of the SEF LFP was 54 * 0.7 ms, which is
significantly earlier than the latency of SEF neuron spike rate
modulation (p < 0.001, Wilcoxon rank-sum test). This value is
earlier than previous reports (Emeric et al., 2010), which were
based on limited numbers of trials. All of our sessions included
>1000 trials; therefore, we believe our latency estimate is more
accurate.

Figure 7 shows the average response of a representative LFP
site recorded during the detection and visual search tasks. During
detection, the visually elicited polarization of the LFP varies sig-
nificantly with target location with an RF center at —142° (boot-
strap, 1000 samples, p << 0.001). During visual search, however,
the LFPs recorded at the same site did not distinguish the target
from distractors (p = 0.08).

We quantified the RF location and spatial selectivity of each
LFP site using vector summation of the modulation at each target
location as described above. Figure 5D illustrates the preferred
locations and directional bias for the 185 visually responsive LFP
sites. Across the population of visually responsive LFP sites, many
exhibited significant spatial selectivity when a single saccade tar-
get was presented (Table 1). The reduced percentage of visually
responsive LFP relative to neurons likely reflects summed activity
across neurons with different preferred locations. There is a clear
bias to the contralateral hemifield during detection (circular
mean angle = —167°% V-test, u = 5.2, p < 0.001) and memory-
guided saccades (circular mean angle = —176% u = 6.8, p <
0.001), which has been previously reported using only two targets
on the horizontal meridian (Emeric et al., 2010).

Although many LFP sites had spatially selective modulation,
very few LFP sites exhibited significant target selectivity during
visual search (Table 1). Figure 5, D and E, summarizes the
strength of directional bias during search and detection. The
mean strength of directional bias during search (0.05 = 0.005)
was significantly reduced relative to both detection (0.21 * 0.02)
and memory-guided saccade (0.22 = 0.01) tasks (Wilcoxon
rank-sum test, p < 0.001). There was no significant difference in
the strength of spatial selectivity between detection and memory-
guided saccade tasks (p = 0.48). Thus, many LFP sites with spa-
tially selective modulation during single target tasks fail to select
the target during search.

We compared the strength of target selection in SEF LFPs to
LFPs recorded from the FEF of two additional monkeys that per-
formed the color visual search task. The dataset was comprised of
109 LFP with significant visual modulation following stimulus
onset (73 from Monkey Q; 36 from Monkey S). Of these, 42 of
109 (38%) exhibited significant target selectivity during search.
The mean visual latency of the FEF LFPs was 53.0 = 2.0 ms, which
is consistent with previous reports (Monosov et al., 2008; Cohen
et al., 2009). Figure 5F illustrates the distribution of FEF LFPs
preferred directions and directional biases. Directional selectivity
was significantly biased to the contralateral hemified during
search (circular mean angle = 174° V-test, u = 6.03, p < 0.001),
consistent with previous reports (Monosov et al., 2008). During
search, the strength of directional bias in FEF (0.35 = 0.21) was
significantly greater than the directional bias in SEF (Wilcoxon
rank-sum test, p < 0.001). Thus, target selectivity is evident in
FEF, but not SEF, LFPs.

We confirmed the absence of selectivity in SEF LFPs by com-
puting the area under the ROC curve over the course of the trial
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greater than the SEF LFP population (p <
0.001). Thus, we found no evidence that
SEF represents salience during search
even when taking into account popula-
tion level signals that include subthresh-
old synaptic activity.

Comparison of visual responses in SEF
and FEF
We characterized two properties of SEF
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200 neurons and LFPs to determine whether
they distinguish SEF from other visuomotor
areas that encode salience. First, we com-
pared the tuning widths of neurons and
LFPs. Following Bruce and Goldberg
(1985), we used the SD of a Gaussian func-
tion fitted to the mean discharge rate/volt-
age of each neuron/LFP as a function of

target position during the memory-guided
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saccade task as an indicator of tuning width.
The mean tuning width for SEF neurons
(56° = 4.0°, degrees of polar angle) was sig-
nificantly narrower than the mean tuning
width for SEF LFPs (82° * 3.8° Wilcoxon
rank-sum test; p << 0.001) (Fig. 8). Similarly,
the mean tuning width of FEF neurons (51°
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% 3.1°) was significantly narrower than the
mean tuning width for FEF LFPs (65° *
3.3°). This is consistent with the hypothesis
that LEPs in both areas are integrating across
neurons with scattered RFs (Monosov et al.,
2008). The slight increase in mean tuning
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Figure 8. A, B, The distribution of receptive field widths for SEF (open histogram) and FEF
(solid histogram) across the population of neurons across the population of neurons (A) and LFP
(B) during the memory-quided saccade task.

(Fig. 6C,D). The mean magnitude of selectivity for SEF LFPs was
not significantly different from 0.5 (0.48 = 0.014; p = 0.85). In
contrast, the mean magnitude of selectivity for FEF LFP was sig-
nificantly >0.5 (0.53 * 0.004; p = 0.85) and also significantly

Representative visually responsive LFP site during detection and search. Conventions are as in Figure 4.

width in SEF relative to FEF was significant
for LFPs (p < 0.01), but not neurons (p =
0.38). When converted to visual field angles
using the law of cosines, the estimated RF
width at 10° eccentricity was 9° * 0.6° for
SEF neurons and 13° *+ 0.5° for SEF LFPs.
The estimated RF width of FEF neurons was 8° = 0.4°, and that of
FEF LFPs was 11° = 0.5°. Note that these estimates are based on only
asingle eccentricity (10° visual angle) and RF width is known to vary
with eccentricity in both FEF and SEF (Bruce and Goldberg, 1985;
Russo and Bruce, 2000). However, at the eccentricity tested, the tun-
ing widths of SEF neurons and LFPs are approximately comparable
to those observed in FEFs (Schall, 1991b; Russo and Bruce, 2000).

Second, we determined whether adding distractor stimuli to the
visual field inhibited SEF visual responses. FEF, LIP, and SC neurons
are suppressed by the addition of stimuli outside their RF (Schall et
al., 1995b; Basso and Wurtz, 1998; McPeek and Keller, 2002; Falkner
et al,, 2010), which suggests some form of lateral inhibition that is
thought to be critical for generating a salience representation (Tsot-
sosetal., 1995; Ittiand Koch, 2001). The mean visual response of SEF
neurons was significantly reduced during search relative to detection
(Fig. 9A, B; mean difference: 2.9 = 0.7 spikes/second; p < 0.001,
Wilcoxon signed-rank test). Similarly, the mean visual polarization
of SEF LFPs was significantly reduced during search relative to de-
tection (Fig. 9C,D; 2.1 = 0.4 wV; p < 0.001). Thus, both FEF and SEF
neurons and LFPs show evidence of lateral inhibition.

Absence of cognitive control in SEF during priming

of pop-out

Medial frontal areas, including SEF, are thought to be involved in
overcoming habitual actions in response to changing environ-
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mental demands (Schlag-Rey et al., 1997; Rushworth et al., 2002;
Nakamura et al., 2005; Isoda and Hikosaka, 2007; Schall and
Boucher, 2007; Sumner et al., 2007). We used a priming of pop-
out manipulation in which the target and distractor color were
swapped randomly after several trials (Fig. 10A) to test whether
SEF contributed to overcoming the primed tendency to look to
the previous target color on trials in which target identity
switched. Following target switches, both humans and monkeys
are slower and more error prone, but performance improves over
the next several trials (Maljkovic and Nakayama, 1994; McPeek
and Keller, 2001; Bichot and Schall, 2002). FEF neurons show
robust modulation with changes in performance with priming of
pop-out (Bichot and Schall, 2002), but nothing is known about
SEF neurons. Therefore, we also tested whether SEF contributed
to improvements in performance in the trials following the
switch.

Both monkeys exhibited clear behavioral evidence of priming
(Fig. 10B, C). The mean saccade response time was significantly
longer on switch trials relative to nonswitch trials (Wilcoxon
signed-rank test; monkey F, 16 ms, p < 0.001; monkey Z, 22 ms,
p <0.001), and percentage correct was significantly lower (mon-
key F, 27%, p < 0.001; monkey Z, 28%, p < 0.001). We tested for
significant improvements in performance following the target
switch by fitting a least-squares regression line to saccade re-
sponse time and percentage correct as a function of the first five
trials since the target switch. Response
times declined at an average rate of 4.4
ms/trial following the switch (p < 0.001), A Trialn - 2
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We recorded 91 neurons (29 from mon-
key F; 62 from monkey Z) that exhibited
significant task-related modulation around
the time of saccade or following stimulus
presentation during priming of pop-out.
These analyses included all task-related neu-
rons, not only visually responsive neurons.
If SEF is involved in overcoming priming,
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then we would expect changes in discharge
rate on switch trials relative to nonswitch
trials before the saccade (Isoda and Hiko-
saka, 2007). Figure 11 A illustrates the activ-
ity of a representative neuron recorded
during priming of pop-out. The neuron’s
response was invariant whether or not the
target color switched across trials (p > 0.05,
Wilcoxon rank-sum test). Across the popu-
lation of neurons, the difference in dis-
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charge rate across switch and nonswitch
trials was indistinguishable (Fig. 12B; p =
0.26). This was true regardless of whether
the target (Fig. 11C; p = 0.63) or distractors
(Fig. 11 D; p = 0.39) fell within the RF of the
cell. The same pattern was evident in SEF
LFPs (all p > 0.05). Clearly, SEF neurons do
not exhibit appropriate modulation to have controlled changes in
performance following target switches.

Behavioral performance improves in the trials following a tar-
get switch. If SEF is involved in performance improvements, then

Figure 10.
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Priming of pop-out task and behavior. 4, The color of the target and distractors switched randomly every 8 —16 trials
(uniform distribution). B, C, mean response time (left) and percentage correct (right) as a function of the number of trials since the
switch in target identity in Monkey F (B) and Monkey Z (C).

we would expect systematic changes in the discharge rate of SEF
neurons throughout the trial. Figure 12 illustrates the discharge
rate of the same representative neuron as a function of the num-
ber of trials since the target switch. In contrast to FEF neurons
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(Bichot and Schall, 2002), there is no
monotonic change in discharge rate as
performance improves in the trials fol-
lowing the target switch. We fit a least-
squares regression line to the discharge
rate as a function of the first five trials
since the target switch to test for covaria-
tion of discharge rate with improvements
in performance. The slope of the regres-
sion line was not significant for this neu-
ron regardless of whether the target or
distractors were inside the neuron’s RF
(Fig. 12 B). Across the population of neu-
rons, the distribution of slopes was not
significantly different from zero regard-
less of the stimulus in the neuron’s RF (all
p > 0.05), and only chance percentages of
neurons attained individual significance
(Fig. 12C). The results were qualitatively
similar if discharge rate was directly cor-
related with saccade response time or per-
centage correct as a function of trials since
the switch. The same pattern was evident
in SEF LFPs (all p > 0.05). Thus, SEF does
not control performance adjustments ob-
served during priming of pop-out.

Performance monitoring in SEF during
visual search

We found that SEF neurons and LFPs do
not signal the location of salient saccade
targets and do not modulate with changes
in behavior during priming of pop-out.
Does SEF contribute at all to search per-
formance? SEF neurons and LFPs signal
the occurrence of errors during saccade
countermanding (Stuphorn et al., 2000;
Emeric et al., 2010), which is thought to
produce error-related potentials observed
extracranially (Godlove et al, 2011).
However, this observation has never been
replicated in another task. Therefore, we
asked whether SEF neurons or LEPs signal
the occurrence of an error when the mon-
keys incorrectly shifted gaze to a distractor
location during visual search.

We tested for error-related responses
in the 91 neurons recorded during the
priming of pop-out manipulation, which
provided sufficient numbers of error tri-
als. Figure 13A shows the response of a
representative error-related SEF neuron.
Following a brief perisaccadic suppres-
sion, activity remained at baseline for cor-
rect trials to the target, but exhibited a
brisk discharge ~100-200 ms after erro-
neous saccades to a distractor. Across the
population of neurons, 24 of 91 (26%)
exhibited significant error-related modu-
lations. This is only slightly higher than
previous estimates during saccade counter-
manding (Stuphorn et al., 2000). Figure 13B
shows the response of a representative



10282 - J. Neurosci., July 25,2012 - 32(30):10273-10285

30 . N Neuron

o .
L 20t
9 s EFTOF
© Correct
2 10} 3
i : E
0 -
LFP
-20
S
=2
(0]
g ;
o z
> :
20l . .. B
-100 0 100 300 500

Time from saccade (ms)

Figure 13.  Representative error-related neuron during detection and search. Top, Average
spike density function (lines) and raster (dots) for trials in which a saccade was correctly made to
the target (blue) or erroneously made to a distractor (gray). Bottom, Average voltage for correct
and error trials. Conventions are as in top.

LFP site with error-related modulation. Following the saccade, a
brief positive-going polarization was followed by a significant
negative polarization following erroneous but not correct sac-
cades. Across the population of LFP sites, 17 of 107 (16%) exhib-
ited significant error-related modulation. This is slightly lower
than previous estimates (Emeric et al., 2010). Importantly, these
effects cannot be due to the shift of gaze because we matched the
distribution of saccade directions across all analyzed correct and
error trials. These effects cannot be due to second saccades (cor-
rective saccades to the target) because trials in which the eyes
moved <400 ms after the initial saccade were excluded. Thus, we
conclude that SEF neurons are signaling the occurrence of an
error during visual search.

Discussion

SEF is embedded anatomically within a network of structures
that represent visual salience (physical conspicuousness and be-
havioral relevance). We found that SEF neurons and LFPs do not
represent visual salience. We also found that SEF is not involved
in overcoming priming during pop-out, but did signal the occur-
rence of search saccade errors.

Absence of salience in SEF

Anatomical connections with cortical and subcortical areas
known to encode salience suggested that SEF would represent
another node in this network (Fig. 1). Previous single-unit re-
cording studies in SEF also suggest that it may represent salience.
When presented with foveal cues, some SEF neurons fire selec-
tively before saccades to targets (Chen and Wise, 1995a,b, 1996;
Olson et al., 2000). Other populations of SEF neurons signify the
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target of an upcoming saccade on the basis of reward contingen-
cies (Coe et al., 2002; Seo and Lee, 2009; So and Stuphorn, 2010,
2012) or by virtue of its position in a sequence of saccades (Lu et
al., 2002; Berdyyeva and Olson, 2009, 2010). Human imaging
studies suggest that SEF may be active during deployment of
covert attention (Kastner et al.,, 1999). These factors can be
viewed as “top-down” salience, but we showed that SEF neurons
and LFPs do not discriminate the target from distractors during
visual search. This is consistent with the relatively limited deficits
in target selection observed following lesions of contralateral SEF
relative to FEF lesions (Schiller and Chou, 1998, 2000) and the
absence of fMRI signals in monkeys presented with pop-out ar-
rays (Wardak et al., 2010).

Our finding that salience is absent in SEF parallels a recent
report showing that saccade-related SEF neurons do not directly
control saccade initiation (Stuphorn et al., 2010). Many FEF, SC,
and SEF neurons show elevated discharge rates before saccades of
particular directions (Schlag and Schlag-Rey, 1987), which has
been suggested to indicate a similar role in saccade generation
(Schall, 1991b; Russo and Bruce, 2000). FEF and SC neurons
modulate early enough to control saccade initiation (Hanes et al.,
1998; Paré and Hanes, 2003), but SEF neurons modulated too late
to control saccade initiation (Stuphorn et al., 2010). Similarly, we
found that although both SEF and FEF neurons have selective
visual responses, SEF neurons do not encode salience. SEF may be
less important for ongoing decisions about where to move the
eyes (see also Yang et al., 2010), but may play a larger role in
monitoring the outcome of prior decisions (Schall and Boucher,
2007).

Does salience require ventral stream innervation?

The lack of target selectivity and priming effects in SEF neurons is
most likely due to an absence of necessary visual afferents (Fig. 1).
FEF, LIP, and SC all receive topographically organized input
from visual areas V4, temporal-occipital (TEO), temporal (TE),
middle temporal (MT), and medial superior temporal (MST)
representing features of objects on which search can be per-
formed such as color, shape, texture, motion, and depth (Blatt et
al., 1990; Lui et al., 1995; Schall et al., 1995a; Bullier et al., 1996).
In contrast, SEF receives cortical visual input only from areas LIP,
7a, FEF, MST, and the superior temporal polysensory area
(Huerta and Kaas, 1990; Schall et al., 1995a). Thus, the absence of
a salience representation in SEF can be understood from the lack
of visual afferents originating in areas representing stimulus fea-
tures. Our result is interesting to consider in relation to a recent
study that found that FEF neurons projecting to M T are targeted
by SEF neurons, but not FEF neurons projecting to V4 (Ni-
nomiya et al., 2012).

We ruled out several alternative explanations for the absence
of visual salience in SEF. It could be explained by an absence of
topographic visual inputs. However, many SEF neurons and LFP
sites exhibited well localized RFs. Furthermore, SEF neuron and
LFP tuning widths were, on average, only slightly broader than
FEF (Bruce and Goldberg, 1985; Schall et al., 1995b; Schall et al.,
2004; Monosov et al., 2008). Thus, the absence of topographic
visual inputs cannot explain the absence of salience.

Alternatively, the absence of salience could be explained by an
absence of lateral inhibition. Several computational models pro-
pose that salience is shaped by suppression of distractor inputs
(Tsotsos et al., 1995; Itti and Koch, 2001), and that lateral inhibi-
tion is observed throughout the visual system including FEF
(Schall et al., 1995b), SC (McPeek and Keller, 2002), and LIP
(Falkner et al., 2010). We found that the response of most SEF
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neurons and LFPs were significantly inhibited by the addition of
distractor stimuli in the visual field. This could be due to lateral
connections intrinsic to SEF or could reflect competitive interac-
tions taking place in afferent areas. Regardless, an absence of
lateral inhibition cannot explain the absence of salience in SEF.

The absence of a salience representation in SEF has implica-
tions for the functional connectivity between SEF and other areas
in the salience network. Visually responsive neurons in the super-
ficial layers of FEF encode a representation of salience (Thomp-
son et al., 1996) and project to areas of extrastriate visual cortex
(Huerta et al., 1987; Barone et al., 2000; Pouget et al., 2009; An-
derson et al.,, 2011), which are thought to contribute to covert
spatial attention (Moore and Armstrong, 2003; Cohen et al.,
2009; Purcell et al., 2010). Given that collateralization of intra-
cortical projections is so limited, the absence of a salience signal
in SEF suggests that the neurons in LIP and FEF that encode
salience do not project to SEF. Alternatively, the absence of sa-
lience in SEF could be due to active cancellation via local-circuit
connections. However, the small proportion of neurons and LFP
sites that exhibited significant salience signals indicates that these
input signals must be suppressed very early in the network, which
makes it of limited use for subsequent computations.

Absence of priming effects in SEF neurons

Dorsomedial frontal areas, including SEF, have been implicated
in the control processes necessary to overcome a habitual action
in response to changing context (Rushworth et al., 2002; Isoda
and Hikosaka, 2007; Sumner et al., 2007) (for review, see Isoda
and Hikosaka, 2011). The priming of pop-out task requires the
animal to overcome the primed tendency to respond to an old
target color. Our monkeys showed clear evidence of priming;
target color switches lead to increased response times and error
rates. However, we found no modulation in presaccadic dis-
charge rates when the target color switched across our entire
sample of SEF neurons or LFP. This suggests that SEF is not
necessary to overcome priming of pop-out.

We do not believe that the absence of SEF modulation during
priming of pop-out can be explained by an absence of control
signals in SEF. Pre-SMA is strongly interconnected with SEF
(Huerta and Kaas, 1990; Luppino et al., 1993), and neurons in
this area are strongly modulated on trials in which a primed
response must be suppressed (Isoda and Hikosaka, 2007). Hu-
mans with lesions of SEF show an absence of priming effects in
oculomotor tasks (Sumner et al., 2007). Furthermore, SEF neu-
rons fire vigorously during tasks that encourage mutually incom-
patible responses including anti-saccade (Schlag-Rey et al.,
1997), countermanding (Stuphorn etal., 2000, 2010), and flanker
tasks (Nakamura et al., 2005). Thus, the absence of priming ef-
fects during pop-out does not rule out a role for SEF as a source of
control during tasks in which competing responses are actively
suppressed.

Instead, the absence of modulation in SEF neurons can be
explained if delays in early perceptual processes completely
account for pop-out priming. Consistent with this account,
priming effects cannot be eliminated by voluntary control or
expectation (Maljkovic and Nakayama, 1994). Priming effects
correlate with reductions in BOLD activity in extrastriate visual
areas (Kristjansson et al., 2007). Transcranial magnetic stimula-
tion applied to visual area MT in humans disrupts motion prim-
ing (Campana et al., 2006). Finally, lesions of TEO and V4 in
monkeys lead to an abolished priming effect (Walsh et al., 2000),
but lesions of dorsolateral prefrontal cortex do not eliminate
priming (Rossietal., 2007). SEF does not receive input from these
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visual areas, and cognitive control is not necessary for perceptual
priming; therefore, priming effects are not apparent in this area.
Thus, our results add to converging evidence that priming of
pop-out can be entirely accounted for by changes at the level of
early feature representations (Wolfe et al., 2003; Lee et al., 2009).
We speculate that other tasks (e.g., countermanding) elicited
control responses in SEF because those tasks, unlike priming of
pop-out, encouraged early preparation of saccade responses that
required active suppression by SEF.

Performance-monitoring signals in SEF during visual search
We have ruled out two of the most plausible ways in which SEF
could contribute to visual search performance, but what role, if
any, does SEF play during visual search? SEF neurons and LFPs
modulate following errors during saccade countermanding (Stu-
phorn et al., 2000; Emeric et al., 2010), which is one likely source
of error-related potentials recorded extracranially (Godlove et
al., 2011). We found that SEF neurons signaled visual search
errors when monkeys incorrectly made saccades to a distractor.
Modulation followed saccade initiation and therefore could not
play a role in representing salience to guide current search behav-
ior. Rather, these observations can be understood in the context
of a performance-monitoring framework (Schall and Boucher,
2007). Although SEF does not appear to be actively engaged in
modifying ongoing visual search performance, it may play a role
in monitoring performance and relaying outcome information to
other cortical areas for subsequent behavioral adjustments.
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