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Dissociation of Response Variability from Firing Rate Effects
in Frontal Eye Field Neurons during Visual Stimulation,
Working Memory, and Attention
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Recent studies suggest that trial-to-trial variability of neuronal spiking responses may provide important information about behavioral
state. Observed changes in variability during sensory stimulation, attention, motor preparation, and visual discrimination suggest that
variability may reflect the engagement of neurons in a behavioral task. We examined changes in spiking variability of frontal eye field
(FEF) neurons in a change detection task requiring monkeys to remember a visually cued location and direct attention to that location
while ignoring distracters elsewhere. In this task, the firing rates (FRs) of FEF neurons not only continuously reflect the location of the
remembered cue and select targets, but also predict detection performance on a trial-by-trial basis. Changes in FEF response variability,
as measured by the Fano factor (FF), showed clear dissociations from changes in FR. The FF declined in response to visual stimulation at
all tested locations, even in the opposite hemifield, indicating much broader spatial tuning of the FF compared with the FR. Furthermore,
despite robust spatial modulation of the FR throughout all epochs of the task, spatial tuning of the FF did not persist throughout the delay
period, nor did it show attentional modulation. These results indicate that changes in variability, at least in the FEF, are most effectively
driven by visual stimulation, while behavioral engagement is not sufficient. Instead, changes in variability may reflect shifts in the balance

between feedforward and recurrent sources of excitatory drive.

Introduction

Recent studies suggest that trial-to-trial variability of neuronal
spiking responses may provide information about behavioral and
cognitive states. By itself, sensory stimulation elicits a decline in
response variability throughout many cortical areas, regardless of
behavioral context and whether or not a receptive field (RF) stim-
ulus evokes a change in firing rate (FR) (Churchland et al., 2010),
suggesting that sensory input drives local network activity to a
stable state. In addition, changes in response variability have also
been observed as a correlate of active behavioral states. Variability
in visual cortex decreases with attention to a RF stimulus, indi-
cating improved reliability of selected sensory representations
(Mitchell et al., 2007; Cohen and Maunsell, 2009). Declines in
variability during motor preparation, such as in dorsal premotor
cortex for visually guided arm reaches (Churchland et al., 2006)
and in visual cortex for visually guided saccades (Steinmetz and
Moore, 2010), predict movement reaction time better than FR,
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suggesting that networks converge to a stable state before move-
ment execution (Churchland et al., 2007).

The frontal eye field (FEF) is known to be involved in visually
guided saccadic eye movements (Bruce and Goldberg, 1985), and
FEF neurons exhibit spatially selective persistent activity during
tasks in which monkeys make delayed saccades to previously
cued spatial locations (Bruce and Goldberg, 1985; Sommer and
Wourtz, 2000). The FEF has also been implicated in the control of
covert spatial attention (Moore and Fallah, 2001; Noudoost et al.,
2010). Even in the absence of saccade preparation, FEF neurons
exhibit working memory-related delay activity that is linked to
successful deployment of attention (Armstrong et al., 2009). In a
task requiring monkeys to remember a location and direct atten-
tion to it while ignoring distracters, the FR of FEF neurons main-
tains a continuous representation of the remembered location.
During the delay period, neurons exhibit spatially selective per-
sistent activity that correlates with subsequent selection of the
target stimuli during the array flashes. Furthermore, the FR pre-
dicts performance of the monkey on a trial-by-trial basis. Given
the clear behavioral engagement of monkeys in the task and the
robust visual and cognitive FR modulation of FEF neurons, one
might expect the spiking variability of those neurons to also re-
flect components of the task.

We compared changes in FR and trial-to-trial spiking variabil-
ity, as measured by the Fano factor (FF), across six cue locations
for all epochs in the task and found clear dissociations between
the two measures, indicating that effects in FF do not just mirror
changes in FR. The FF declined with visual stimulation at all
tested locations, even in the opposite hemifield, indicating much
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Experimental setup. A, Change detection task. The monkey maintained fixation throughout the duration of the trial. To initiate a trial, the monkey depressed a manual lever, and, after

afew hundred milliseconds, a peripheral cue was presented briefly, indicating the target location. After a fixed delay period, an array of six oriented gratings was flashed twice. On trials in which the
target stimulus changed orientation across flashes (change trial), the monkey was rewarded for releasing the lever. On trials in which the target stimulus did not change (no-change trial), the
monkey was rewarded for continuing to hold the lever for an additional 600 —1000 ms. All six locations were equally likely to be cued, and the cue was 100% valid. B, Stimulus alignment. The FEF
RF for each recording site was determined before running the change detection task by applying microstimulation (<< 50 .A) during a simple fixation task and mapping the evoked saccades. An
example set of eye traces from microstimulation-evoked saccades are shown. The array of gratings was positioned such that one grating was centered at the average evoked saccade endpoint. €,
Trials in which the monkey was cued to attend to the RF are labeled “Cue RF,” whereas trials in which the monkey was cued to attend to the opposite array location are labeled “Cue away.”

broader spatial tuning of the FF compared with the FR. However,
during the delay period, the FF returned to baseline levels despite
the robust spatially selective persistent activity. Spatial tuning of
the FF during the flashes was absent as well, despite attentional
modulation of the FR. Thus, declines in FF, at least in the FEF,
appear to be most effectively driven by visual stimulation, and the
degree of arousal or engagement of the network is not sufficient
to drive changes in variability. Instead, changes in response vari-
ability may reflect shifts in the balance between feedforward and
recurrent sources of excitatory drive.

Materials and Methods

Subjects. Two male monkeys (Macaca mulatta; 7 and 12 kg) were used in
these experiments. All experimental procedures were in accordance with
National Institutes of Health Guide for the Care and Use of Laboratory
Animals, the Society for Neuroscience Guidelines and Policies, and Stan-
ford University Animal Care and Use Committee. General surgical pro-
cedures have been described previously (Armstrong et al., 2006).

Visual stimuli and behavior. Visual stimuli, behavioral tasks, and phys-
iological recordings have been described previously (Armstrong et al.,
2009). Throughout the experimental session, monkeys were seated in a
primate chair equipped with a manual response lever. For all experi-
ments, eye position was monitored with a scleral search coil with a spatial
resolution of <<<0.1° (Armstrong et al., 2006 ) and was digitized at 200 Hz.
Figure 1 illustrates the behavioral task and the setup for recording. Mon-
keys were trained to maintain fixation on a 0.6° diameter central spot
within a 2.3—4.9° diameter error window throughout the duration of the
task and depress the lever to initiate an experimental trial. Breaks in
fixation before the trial was completed were considered aborted trials and
were not included in the data analysis. A total of 50-515 ms after the
monkey’s initiation of a trial, a circular cue stimulus (1.2° diameter) was
presented for 120270 ms (Cue epoch), indicating the target location in
an upcoming array, followed by a delay period of 600-1600 ms (Delay
Period epoch). For a given experimental block, the length of the delay
period remained constant. At the end of the delay, a circular array com-
prised of six circular square-wave grating stimuli (2.5-4° diameter; 0.71—
0.91 cycles/degree; 0.49—-0.95 Michaelson contrast) was flashed twice.

The first array was flashed for 285-290 ms (flash 1), followed by a 120—
235 ms period during which only the fixation point remained on the
screen [interflash interval (IFI)], and then the array was flashed a second
time for 270 ms (flash 2). If the target grating changed orientation (20—
90° rotation) between the two flashes of the array (change condition),
monkeys were required to release the lever within 600 ms (monkey 1) or
1000 ms (monkey 2) following the onset of flash 2 to receive a juice
reward. By contrast, if the target item did not change orientation between
the two flashes (no-change condition), the monkeys were required to
continue to depress the lever throughout the response window to be
rewarded. A subset of uncued “probe” trials, occurring on randomly
selected trials with a frequency of 0-10% for a given experiment, were
included to test the dependence of behavioral performance on the cue.
Probe trials had identical event timing as normal experimental trials;
however, on the probe trials, the cue was not presented, and the screen
was left blank during this interval. Performance on these interleaved
trials in which the cue was omitted was significantly worse than for trials
in which a spatial cue was given, confirming that the spatial cue was used
to direct attention to the target location (Armstrong et al., 2009). Neu-
ronal responses on probe trials were excluded from the data analyses
reported here.

On a given trial, a cue was equally likely to appear at any of the six array
locations, and change and no-change trials were equally likely to occur.
Each stimulus in the array was oriented at one of two angles, orientation
A or orientation B, determined before the start of the experiment. On
each trial, the orientations of the five distracter gratings were randomly
assigned to either orientation A or B. The target grating was assigned to
orientation A on one-half of the trials, and orientation B on the other
one-half of trials. On change trials, the second flash of the target grating
changed orientations (either A to B, or B to A), whereas for no-change
trials the target grating remained the same. Orientation changes only
occurred at the target location. All cue location, change and no-change,
and target orientation conditions were pseudorandomly interleaved and
were controlled by the CORTEX system for data acquisition and behav-
ioral control. Each array stimulus was equidistant from the fixation point
(3.6-16.8° visual angle), and each stimulus was separated from its neigh-
bors by 60° 6. During each experiment, the array was adjusted so that one
stimulus was positioned inside the RF of the FEF neuron being recorded.
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All visual stimuli were displayed on an LCD monitor. Stimulus presen-
tation was controlled and recorded by CORTEX, and the timing of stim-
ulus onset and offset events was confirmed with a photodiode.

Neural recordings. Single-neuron recordings in awake monkeys were
made through a surgically implanted cylindrical titanium chamber (20 mm
diameter) overlaying the arcuate sulcus. Electrodes were lowered into the
cortex using a hydraulic microdrive (Narashige). Activity was recorded ex-
tracellularly with varnish-coated tungsten microelectrodes (FHC) of 0.2-1.0
M() impedance (measured at 1 kHz). Extracellular waveforms were digi-
tized and classified as single neurons using both template-matching and
window-discrimination techniques either on-line or off-line (Plexon). Dur-
ing each experiment, a recording site in the FEF was first localized by the
ability to evoke fixed-vector, saccadic eye movements with stimulation at
currents of <50 wA (Bruce et al., 1985). During each experimental session,
we mapped the saccade vector elicited via microstimulation at the cortical
site under study with a separate behavioral paradigm (Moore and Fallah,
2001). In this paradigm, the monkey was required to fixate on a visual stim-
ulus (0.48° diameter circle) for 500 ms, after which time a 100 ms stimulation
train was delivered on one-half of the trials. For each trial, the visual stimulus
was positioned at one of five locations, one at the center of gaze and one
10-13° from center along each cardinal direction. Evoked saccades had vec-
tors with lengths ranging from 3.6 to 14.4° visual angle, and angles of 120—
270° 6. After mapping the saccade vector, we recorded the response of any
neuron that could be isolated by advancing the electrode within 0-900 wm
of the stimulation site (average distance from stimulation site was 125 um)
while monkeys performed the change detection task. The array was adjusted
so that one stimulus was presented inside the RF of the FEF neuron (Fig. 1 B).
This configuration allowed us to examine FEF neuron responses on trials in
which the monkey was cued to direct attention to the stimulus appearing
inside the RF of the FEF neuron (Cue RF condition) compared with when
the cue appeared at the opposite array location (180° 6 away, in the opposite
hemifield), indicating that the monkey should direct attention away from
the RF of the FEF neuron (Cue away condition) (Fig. 1C).

Data analysis. All analyses were performed in MATLAB (MathWorks).
Activity was analyzed by sliding a 150 ms window in 5 ms steps across the
spike train data. Only data from completed trials with correct responses
were included in the analyses. At each time point in the delay, only trials
with delay lengths that included the specified time window were included.
Normalized population response (FR) histograms were computed by divid-
ing responses in each time bin by the peak average response across all time
bins and conditions for individual neurons and then averaging across neu-
rons. Trial-to-trial variability, as measured by the FF, was calculated as the
ratio of the variance to the mean of spike counts across trials within each 150
ms time window. The FF was calculated separately for each condition and
individual neuron and then averaged across neurons. The length of the delay
period remained constant within an experimental block. Neuronal record-
ings for which the delay length was shorter than the analyzed window were
excluded (e.g., neurons recorded with a short delay period of 600 ms were
not included at the 1000 ms time point). The reported results for the full
population remained comparable using only the subset of trials with long
delay periods.

Modulation of both the FR and FF was assessed using a number of
metrics. Conditions were grouped according to the location of the cue, in
terms of the radial distance from the RF. To compare the condition in
which the monkey was cued to attend the RF (Cue RF) with the condition
in which the monkey was cued to attend the opposite array location (Cue
away), a sliding analysis window, incremented every 10 ms, was used to
determine intervals of significant difference between the Cue RF and Cue
away condition (Wilcoxon’s signed rank, p < 0.01), significant difference
between the Cue RF condition and baseline (Wilcoxon’s signed rank, p <
0.01), and significant difference between the Cue away condition and
baseline (Wilcoxon’s signed rank, p < 0.01). To quantify the magnitude
of tuning across opposite cue locations, a spatial tuning index (STI) was
calculated. The STT was computed as follows:

STI = >
(yCueRF + yCueAway)

(1)
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where y represents either the FR or FF. The STI was computed for indi-
vidual neurons and then averaged across the population. The average STI
was also converted to a spatial tuning ratio (STR), using the following:

Veue 1 + STI
STR = _)’c RE > 2)
yCueAway 1 — STI

where 7 represents the population average of the FR or FF and STT rep-
resents the average STT across neurons. The STR was converted from the
average STI rather than computed from individual neurons.

Tuning functions were constructed to examine difference in FR and FF
across all six cue locations, using representative 150 ms analysis windows
within each epoch: baseline (—150 to 0 ms before cue onset), cue (50—
200 ms after cue onset), middle of the delay period (400550 ms after cue
offset), late in the delay period (1400—-1550 ms after cue offset), first flash
(50-200 ms after flash 1 onset), IFI (50-200 ms after flash 1 offset), and
second flash (50200 ms after flash 2 offset). Spatial modulation of the
FR and FF was assessed using a separate set of metrics. To determine the
significance of deviation of FR or FF from baseline for individual cue
conditions during each epoch, a Wilcoxon’s signed-rank test was used
with a significance level of p < 0.05. The equality of population mean
values across all six cue locations was measured using a repeated-
measures ANOVA. In some cases in which the average FR was zero, the
resulting FF was infinite and excluded from the population average.
While the plotted population tuning curves with SEs include all finite
values, only neurons with finite values for both FR and FF curves across
all six locations were included in the repeated-measures ANOVA. All
subsequent uses of the term “ANOVA” refer to a repeated-measures
ANOVA. For tuning functions that yielded a significant ANOVA or STI
result (p < 0.01), a von Mises, or circular Gaussian, function was used to
fit a continuous tuning curve to the six population mean values using a
nonlinear least-squares optimization (Isqcurvefitin MATLAB). The von
Mises function was defined as follows:

e cos(0—p)

}’(B)ZA'T

+ ¢ (3)
where 6 is the radial angle from the RF of the neuron in radians, p
determines the offset of the center from 0°, k determines the width of the
function (with larger values of k representing narrower curves), A scales
the amplitude, and ¢ adds a constant offset for the base of the circular
Gaussian. To avoid overfitting, the displacement of the peak of the func-
tion, p, was restricted to =10°. In the data, tuning functions for the FF
were inverted (upside down) compared with the FR, and to maintain a
consistent measure of the bandwidth for both functions, the width pa-
rameter was constrained to be positive (k > 0). Negative values of k result
in inverted curves, so by constraining k to be positive, the sign of all fitted
functions was reflected only in the sign of the amplitude (A) term. For
each parameter, 95% confidence intervals (Clys) were estimated using a
bootstrapping procedure (Efron, 1979). The population of neurons was
resampled 500 times with replacement to calculate the averages for each
cue condition, and the subsequent average was fit to the von Mises func-
tion. The confidence intervals were taken as the 5th and 95th percentile
values for each parameter. Goodness of fit was measured by calculating
an R? for each tuning curve fit. The tuning bandwidth was defined as the
full width at half-maximum (FWHM), which was computed from the
parameter of the von Mises fit, using the following formula (Elstrott et al.,
2008):

FWHM = 2 - arccos| ————|. (4)

Functional subpopulations were defined based on responsiveness to a
cue presented in the RF and spatial selectivity during the delay. Visual
responsiveness was defined as significantly higher average firing rate dur-
ing the first 100 ms of the cue presentation (offset by a 50 ms visual
latency) compared with the 200 ms baseline preceding the onset of the
cue (Wilcoxon’s rank sum, p < 0.05). Delay selectivity was defined as
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Figure2.  Time course of FR and FF. 4, Average normalized FR of 126 FEF neurons, in asliding
150 ms window, aligned to the onset of the cue (left solid vertical line) and the onset of the first
presentation of the stimulus array (right solid vertical line) on correct trials in which the monkey
was cued to attend to the RF location (red) and cued to attend away (gray). The vertical dotted
lines indicate the range of offset times for the cue and first flash. Only no-change trials are
included on the right. The thin lines along the bottom of the plot show intervals of significance,
stepped every 10 ms: blue represents significant difference between the Cue RF and Cue away
condition, red represents significant difference between the Cue RF condition and baseline, and
black represents significant difference between the Cue away condition and baseline (Wilcox-
on’s signed rank, p << 0.01 for each). B, Corresponding FF. Conventions are the same as ahove,
except the thin green line represents intervals of significant difference between the Cue RF and
Cue away condition. €, Average STl for FR (blue) and FF (green), calculated using the respective
valuesin Cue RF and Cue away conditions. Corresponding STR values on the secondary y-axis on
the right were converted from the average STl values. The horizontal dotted line marks the zero
value. D, Repeated-measures ANOVA p value for the FR (blue) and FF (green) values across all six
cue locations. The horizontal dotted line marks 0.05 for reference. Error bars indicate SEM. F1,
Flash 1; IFl, interflash interval; F2, flash 2.

significant difference in average activity between the Cue RF and Cue
away conditions during the last 400 ms of the delay period (p < 0.05).
For statistical significance, p values <107 are reported as p < 107,
Unless otherwise stated, statistics reported in Results are based on a
Wilcoxon’s signed-rank test.

Results

FEF neuron responses and response variability

We recorded the activity of 126 FEF neurons (monkey 1, 56 neu-
rons; monkey 2, 70 neurons). Figure 2 shows the time courses of
the normalized FR and FF, averaged over the population, for
trials in which the cue appeared in the RF compared with trials in
which the cue appeared in the opposite array location. In this
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task, all trials were visually indistinguishable after the presenta-
tion of the cue, but the FR of neurons differentiated between the
Cue RF and Cue away conditions, starting from the onset of the
cue and continuing throughout the remainder of the trial. Figure
2 A shows the average normalized FR of the population of FEF
neurons for both Cue RF and Cue away trials. At the onset of a
brief cue presentation in the RF, FEF neurons exhibited a large,
transient increase in FR (Cue RF vs baseline, p < 10 7). When
the cue appeared away from the RF (in the opposite hemifield),
the population average did not show a significant visual response
(Cue away vs baseline, p > 0.23). After the disappearance of the
cue in the RF, neurons sustained an elevated level of activity
throughout the delay (p < 0.0003), while after a cue away, activ-
ity was initially suppressed compared with baseline (p < 10 >
until 400 ms after the offset of the cue) and remained near base-
line later in the delay period (p > 0.01). In the second phase of the
trial, in which the monkey must attend to the cued location to
correctly identify a target stimulus change, the two stimulus array
flashes each evoked a transient increase in the FR for both cue
conditions (p < 10 ~7 compared with baseline). Despite an over-
all increase in FR due to equivalent stimulation in all conditions,
the FR remained spatially modulated throughout both flashes
(Cue RF vs Cue away, p < 0.01). Between array flashes, the FR in
both cue conditions declined but still remained separated (p <
0.01), as the FR on Cue RF trials remained well above baseline
(p < 1077) and the FR on Cue away trials remained slightly
above baseline (p < 0.01). The FR maintained a consistent
representation of the cued location throughout the trial, ex-
hibiting persistent activity in epochs without visual stimula-
tion and spatially modulated visual responses during the
stimulus array presentations.

In contrast to the FR, the FF transiently declined with each
stimulus presentation but only exhibited spatially specific mod-
ulation during the cue presentation. The FF showed a greater
decline when a stimulus was presented in the RF compared with
the opposite array location. Figure 2 B shows the time course of
the average FF throughout the task for both Cue RF and Cue away
conditions. The FF showed a sharp decline from its baseline value
of ~1.7 to a value near 1 in response to a cue presented in the RF
(p < 1077). When a cue was presented in the opposite location,
the FF showed a smaller but still significant decline to ~1.5 (p <
10 ). After the offset of a cue presented in the RF, the FF decayed
back to baseline by 540—600 ms into the delay period (p < 0.01
until 540 ms and p < 0.05 until 600 ms). In contrast, after the
offset of a cue presented in the opposite location, the FF was
indistinguishable from baseline and remained this way through-
out the delay (p > 0.01). During the array flashes, the FF declined
for both Cue RF and Cue away conditions (p < 10 7). However,
unlike the FR, the magnitude of the decline in FF during the array
flashes remained indistinguishable between cue conditions (p >
0.01). Between array flashes, the FF rebounded but still remained
significantly below baseline (p < 0.01) and lacked spatial tuning
(p > 0.01). The FF consistently reflected the presence of a stim-
ulus on the screen, but unlike the FR, the FF did not maintain a
representation of the cued location throughout the trial.

To quantify the degree of spatial selectivity throughout the
trial, we first calculated a running STI for both measures, as plot-
ted in Figure 2C. Both STI, and STl curves started at zero
during baseline. Deviations from zero in either direction in sub-
sequent task epochs indicate spatially specific modulation. With
the onset of the cue, the STI, rose from zero to ~0.45, or equiv-
alently, the FR response to a cue in the RF was >2.5 times the
response to a cue appearing in the opposite hemifield (p < 10 7).
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400 ms into the delay, 1400 ms into the delay, first flash, interflash interval, and second flash. The box panels along the top show a schematic diagram of the display seen by the monkey during each
task epoch. The horizontal magenta lines below the schematic timeline and connected to each box panel indicate the 150 ms window used for analysis (baseline, — 150 to 0 ms before cue onset; cue,
50-200 ms after cue onset; delay, 400 —550 and 1400 —1550 ms after cue offset; flash 1,50 —200 ms after flash 1 onset; IFI, 50 —200 ms after flash 1 offset; flash 2, 50—200 ms after flash 2 offset).
Each point represents the average FR or FF value for the corresponding cue location, and error bars denote the SEM. The dotted lines represent the average baseline value across all six cue locations,
and the black outlined points indicate significant deviation from baseline (Wilcoxon’s signed rank, p << 0.05). For each tuning function, if the points were spatially tuned, as determined by an ANOVA
(p < 0.01), the average values for each location were fit to a von Mises, or circular Gaussian function, shown by a continuous solid line. Functions that were not significantly tuned according to the

ANOVA are shown with a dashed line across the mean of the average values across all locations.

Similarly, at the onset of the cue, the STI declined from zero to
approximately —0.17, meaning the FF decline was ~1.4 times
greater for a cue presented in the RF compared with a cue pre-
sented in the opposite hemifield (p < 10 ~7). After the transient
visual response to the cue, the STI remained ~0.35 throughout
the delay, corresponding to a FR during Cue RF trials that was
approximately two times the response during Cue away trials
(STRgg =~ 2; p < 107). In contrast, the STl decayed to within
0.05 of zero by 550 ms after the offset of the cue, corresponding to
a FF that differed by <10% between Cue RF and Cue away trials.
In the latter part of the trial, the STI;; remained well above zero,
showing declines during both flashed array presentations to ~0.2
and a slight recovery between flashes to ~0.3 (STTg, p < 10~ for
all three epochs). Thus, despite the large spatial modulation in the
FR, the FF did not show spatial modulation throughout the re-
mainder of the trial (STIg, p > 0.02). Figure 2D shows the sta-
tistical tuning of the FR and FF over time using all six cue
conditions (including Cue RF and Cue away), as measured by the
p value of an ANOVA performed at each time point. This plot
confirms the difference in spatial tuning between the FR and FF
with tuning of the FR remaining consistent throughout the trial
and tuning of the FF decaying into the delay period. Both the
population FR and FF reliably indicated the presence of an RF
stimulus, but only the FR maintained spatial information
throughout the trial and selected the target stimulus among dis-
tracters during the flashed array presentations.

Spatial tuning across epochs

To characterize the dynamics of spatial modulation of the FF and
FR throughout the trial, we examined responses from conditions
in which the cue was presented at each of the six possible radial
locations. Figure 3 shows the population spatial tuning curves for

FR and FF across all epochs of the task, using seven representative
analysis windows. Each data point represents the average normal-
ized FR or average FF as a function of radial location relative to
the RF in a 150 ms time window during each epoch of the task:
baseline, cue, mid-delay (400 ms after the cue offset), late-delay
(1400 ms after the cue offset), flash 1, IFI, and flash 2. For func-
tions that were significantly tuned (ANOVA or STL, p < 0.01),
curve fitting with a von Mises (circular Gaussian) function was
applied to the population average values to parameterize the tun-
ing functions in terms of amplitude (A), tuning width measured
as FWHM, and constant offset (c).

Figure 3A shows spatial tuning curves for the FR during each
epoch of the task, and Table 1 shows corresponding tuning curve
fit parameters. The FR exhibited consistently high spatial tuning
throughout all epochs of the trial starting from the onset of the
cue (ANOVA, p < 10 ~7). Curve fitting with von Mises functions
provided good fits for the FR tuning curves (R*> > 0.96), with a
positive peak centered around the RF (u = *10° as constrained
by the fit optimization) and a narrow bandwidth (FWHM, =
70-77°). Strong spatial tuning arose during the cue epoch as the
FR increased significantly above baseline in response to a cue
presented at locations within and immediately surrounding the
RE (6 = —60°% p < 0.02; 0% p < 1075 60° p < 0.006), but
remained near or below baseline in response to a cue presented at
more distant locations (—120° p < 0.03; 120° 180° p > 0.1),
resulting in a narrow tuning curve with a base near the average
baseline FR (cgg: p > 0.05). During the delay period when no
stimulus was present, the spatial tuning diminished in amplitude
but was still clearly present (Apg: p < 0.05 compared with cue
epoch, p < 0.05 compared with zero). The FR on trials in which
the monkey was cued to attend the RF location remained signif-
icantly above baseline (p < 0.04), while the FR on trials in which
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Table 1. Population spatial tuning parameters across epochs
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Cue Mid-delay Late delay F1 IFI F2
FWHM g 77170, 73] 7059, 78] 7356, 93] 73[65, 85] 74162, 85] 74[63, 86]
A 0.41[0.35, 0.47] 0.15[0.12,0.19] 0.19[0.12,0.21] 0.16[0.12,0.19] 0.19[0.16,0.22] 0.190.15,0.23]
Cr 0.20[0.17,0.23] 0.19[0.17,0.22] 0.17[0.10, 0.21] 0.41[0.36, 0.45] 0.26[0.22, 0.29] 0.38[0.34,0.41]
FWHM 179 [144, 180] 13781, 180] — — — —
A —14.1[—130, —0.7] —045[—33, —03] — — — —
Cr 15.1[1.7,131] 1.8[1.6,35] — — — —

Parameters for population FR and FF spatial tuning functions in Figure 3 for tuning curves that yielded a von Mises fit with R > 0.7. Parameters include FWHM, amplitude (4), and constant offset (c). Brackets indicate 95% confidence

intervals.

the monkey was cued to attend a location immediately surround-
ing the RF returned to baseline (6 = —60, 60°: p > 0.1), and the
FR on trials in which the monkey was cued to attend more distant
locations decreased below baseline (6 = —120, 120, 180°% p <
0.008). The fitted tuning curves remained comparably narrow
(FWHMgg: p > 0.05 compared with cue epoch) with a base near
the average baseline FR (cgg: p > 0.05). During the first flash
presentation, the entire tuning curve shifted above baseline (cgg:
p < 0.05) as the FR increased above baseline for all cue conditions
(p < 1077). Despite an overall increase in FR across all condi-
tions, the FR still maintained spatial selectivity similar to the
preceding delay period (Apg, FWHMpg: p > 0.05). During the
IFI, the tuning curve shifted down (cgg: p < 0.05) but remained
above the baseline FR (cgg: p < 0.05), as the FR for most cue
conditions remained above baseline (p < 0.01, except at 60°: p >
0.06), and spatial selectivity persisted (Apr, FWHMgg: p > 0.05
compared with F1). During the second flash presentation, the
neurons again responded with an overall increase in FR for all cue
conditions (p < 10~ ° compared with baseline), leading to an-
other upward shift in the entire tuning curve (cpg: p < 0.05 com-
pared with IFI) comparable with F1 (cpp: p > 0.05), and spatial
selectivity was still preserved (Agg, FWHMgg: p > 0.05). The FR
maintained spatially modulated activity throughout all epochs
with and without visual stimulation, and the amplitude and tun-
ing bandwidth of the FR remained consistent after the disappear-
ance of the cue.

In contrast to the FR, the FF declined with visual stimulation
at all locations, with the strongest decline occurring when a stim-
ulus was presented at the RF location (Fig. 3B). Moreover, spatial
tuning was only apparent during the cue epoch and degraded
during the delay period, remaining negligible throughout the
remainder of the trial. During the cue epoch, while the FR in-
creased only in response to a cue presented within or immediately
surrounding the RF location, the FF declined relative to baseline
for all cue conditions (6 = —120°: p < 0.0003; —60, 0, 60°: p <
10775 120% p < 10 % 180° p < 0.0006). The FF showed signifi-
cant spatial tuning (ANOVA, p < 10 ~7), and a von Mises func-
tion provided a good fit for the tuning curve (R* > 0.98) with a
negative peak centered around the RF location (n = *10°).
However, the tuning bandwidth was much broader than that of
the FR curve with FWHM; = 178° (p < 0.05 compared with
FWHM_y). For the amplitude and constant offset parameters,
least-squares optimization produced a highly variable set of val-
ues in the bootstrapping procedure, as both values covaried
closely (A + cpp = 1.01; Clys = [0.94, 1.09]), with a consistently
negative amplitude. During the delay period, spatial tuning di-
minished as the FF gradually returned to near-baseline values for
all cue conditions. By 400 ms into the delay period, only the FF for
a cue previously presented in the RF and surrounding locations
remained significantly below baseline (6 = —60° p < 0.04; 0°:
p<1077;60° p < 0.0002; 120° p < 0.02), while the FF for a cue
previously presented at more distant locations was near baseline

(6 = —120° p > 0.5; 180° p > 0.3). The FF was still spatially
tuned (ANOVA, p < 0.001) and could be fit moderately well by a
von Mises function (R > 0.73) with a negative amplitude, cen-
tered near the RF (u = *10°). The measured tuning bandwidth
was statistically indistinguishable from both the FWHM, and
FWHM{; during the cue epoch (p > 0.05). By 1400 ms into the
delay, spatial tuning was no longer apparent (ANOVA, p > 0.7),
and the FF was near or slightly deviated from baseline without a
consistent relationship to spatial location of the cue (6 = —120, 0,
120° p > 0.1; —60, 60, 180°: p < 0.05). The slow return of the FF
to near-baseline levels in the late delay epoch appeared to be more
related to a decaying influence of visual stimulation than to fixa-
tional saccades (i.e., microsaccades). In both monkeys, the fre-
quency of microsaccades was stable between both middle and
late-delay epochs (mid-delay: monkey 1, 3.6 microsaccades/s;
monkey 2, 2.2 microsaccades/s; late delay: monkey 1, 4.5 micro-
saccades/s, monkey 2, 2.2 microsaccades/s). With the onset of the
first flash, the FF exhibited a robust decline across all cue condi-
tions (p < 10~7) but without significant spatial modulation
(ANOVA, p > 0.06). During the IFI, the FF values increased
slightly but still remained significantly below baseline (p < 0.02)
and untuned (ANOVA, p > 0.06). During the second flash, the
FF again declined (p < 10 ~°) uniformly across all cue conditions
(ANOVA, p > 0.4). The FF declined in response to each stimulus
presented on the screen, with larger declines when a stimulus was
presented in or near the RF. However, spatial tuning was only
apparent during the cue epoch and into the middle of the delay
period but did not persist or recover throughout the remainder of
the trial. While the FR and FF tuning functions both reflected the
presence of a stimulus in the RF, the FR remained spatially mod-
ulated throughout the trial, maintaining information about the
previously cued location, whereas spatial tuning of the FF decayed
during the delay period. Furthermore, spatial tuning of the FF dur-
ing the cue epoch exhibited a much broader tuning bandwidth com-
pared with the FR, as the FF declined for a small cue presented at any
of the six locations, including the opposite hemifield.

In addition to population curve fits, we looked at tuning curve
fits for individual neurons during the cue epoch, summarized in
Figure 4. As seen by the distribution of R* values for individual
neuron von Mises fits, the majority of neurons showed spatial
tuning for the FR (R*> > 0.7; n = 96 of 126), while only a small
fraction of neurons exhibited well fit tuning functions for the FF
measure (1 = 41 of 126). For individual neurons that had well fit
tuning functions for either the FR or FF measure, we further
looked at the distribution of tuning parameters. Without con-
straints on the peak/trough of the tuning curve fits (), the dis-
tributions of peaks for the FR curves and troughs for the FF
curves were both indistinguishable from the RF location at 0°
(p>0.9and p > 0.8, respectively). This fact indicates that, while
the definition of the RF was based on the FR measure, the location
of the FR peaks and FF troughs were comparable (Wilcoxon’s
rank sum, p > 0.9). The distribution of tuning bandwidths
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We further explored the nature of spatial -
tuning of the FR and FF during visual E 20
stimulation by separating neurons that

were visually responsive to a single stimu- 0’3
lus (the cue) presented in the RF (n = 87)
from neurons that were not (n = 39) and
examining their responses to the cue
briefly flashed at one of the six possible
radial locations. Figure 5 shows spatial
tuning curves for the normalized FR and
FF separately for these two subpopula-
tions of neurons. Visual responsiveness to
the cue, as defined for individual neurons, provided a clear sep-
aration both in terms of the level of activity and the spatial tuning
of the average FR for the two subpopulations. The FR of visually
responsive neurons (Fig. 5A) was highly tuned (ANOVA, p <
10 77; STIgg = 0.64, p < 10 ~7), with a normalized response that
was ~4.5 times larger in the Cue RF condition compared with
Cue away. The FR exhibited a significant increase from baseline
when the cue was presented at the RF location (p < 10 ~7) and the
immediately surrounding locations (—60, 60°: p < 0.0004) but
was indistinguishable from baseline at the more distant locations
(—120, 120, 180°: p > 0.1). The von Mises function provided a
good fit for the tuning curve (R? > 0.99) with a narrow tuning
bandwidth (FWHM, = 79% Clys = [72, 85°]). In contrast, non-
visually responsive neurons (Fig. 5B) showed near baseline FR
responses for a stimulus presented at nearly any location (p >
0.07, except at 60°, p < 0.007). Although visual responsiveness
was defined on an individual neuron basis, spatial tuning did not
arise in the average FR of the subpopulation of non-visually re-
sponsive cells (ANOVA, p > 0.45; STl = 0.079, p = 0.73).

In contrast to the FR, the FF declined in response to a cue
presented at any of the six locations, regardless of whether or not
the neurons were visually responsive, as defined by the FR. For
visually responsive neurons (Fig. 5C), the FF declined signifi-
cantly below baseline when a stimulus was presented at any of the
six radial locations (p < 0.004). Moreover, the FF showed spatial
modulation (ANOVA, p < 10~7) with the largest decline at the
RF location (STTzz = —0.19; p < 10 7). The von Mises function
provided a good fit for the FF tuning curve (R* > 0.98) and
showed a broader spatial tuning bandwidth than that observed
for the FR (FWHM; = 175% Clys = [143, 180°]; p < 0.05 dif-
ference from FWHMgg). For non-visually responsive neurons
(Fig. 5D), the FF also declined significantly below baseline with
the presentation of a stimulus at any of the six locations (p <
0.05). An ANOVA performed on the six cue locations did not
reach significance (p > 0.1), but the STI; was significantly below
zero (STl = —0.125 p < 0.02), indicating a larger FF decline
when a cue was presented in the RF compared with when a cue
was presented in the opposite location. The von Mises function
provided a moderately good fit for the tuning curve (R* > 0.80).
The measured FF tuning bandwidth was statistically indistin-

Figure 4.
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Individual neuron tuning curve fits during the cue epoch. The left column shows histograms for the R? values for
individual neuron tuning curve fits for FR (top) and FF (bottom). The dotted line with the arrow is at 0.7, the cutoff used to separate
neurons that were well fit by a von Mises function. The remaining columns only include data from fits for which R? > 0.7. The
middle column shows a histogram of the peaks (FR) or troughs (FF) of the fitted curves as a function of radial distance from the RF
(°6), and the right column shows a histogram of the tuning bandwidths as measured by FWHM (°6).

guishable from the FR and FF bandwidths of visually responsive
neurons (FWHM. = 174°% Cl,s = [71, 180°]; p > 0.05). For
both visually responsive and non-visually responsive neurons, as
defined by the FR, the FF showed spatially tuned declines in
response to visual stimuli presented at all tested locations, even in
the opposite hemifield.

Subpopulations of FEF neurons

The population of recorded FEF neurons displayed heteroge-
neous response properties, which can be obscured by averaging
across the entire population. To examine how different temporal
profiles of the FR corresponded with effects in the FF, we divided
the population into functional subpopulations based on visual
responsiveness during the cue presentation and spatial selectivity
during the delay period, based on the Cue RF versus Cue away
conditions. Figure 6 shows the time courses of the FR and FF for
the four subpopulations, divided based on these two criteria. Ta-
ble 2 lists the mean raw FR for the two conditions and each
subpopulation.

Visually responsive, delay-selective neurons

Neurons that were both visually responsive to the cue and spa-
tially selective during the delay (Visual + Delay) (Fig. 6A) ac-
counted for the majority of the population (n = 62 of 126) and
appeared to drive the full population average FR and FF effects
seen in Figure 2. Similar to the full population average, the FR for
this subpopulation showed a large transient increase in response
to a cue presented in the RF (p < 10~7) and no change in re-
sponse from baseline in response to a cue presented in the oppo-
site location (p > 0.2). Throughout the delay, the FR remained
elevated from baseline for conditions in which a cue was previ-
ously presented in the RF (p < 0.01) but remained near or below
baseline for conditions in which a cue was previously presented in
the opposite location (p < 0.01 until 220 ms after cue offset; p <
0.05 intermittently until 720 ms after the cue offset and after 1070
ms). Both array flashes evoked transient increases in FR for both
Cue RF and Cue away conditions (p < 10 ~7). Between the array
flashes in the IFI, the FR declined but remained well above base-
line in the Cue RF condition (p < 10 ~7) and returned to baseline
levels in the Cue away condition (p > 0.01). Throughout all
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Figure 6.  Functional subgroups: time course of FR and FF. Average normalized FR (top) and FF (bottom) values as a function of radial distance from the RF location for subpopulations of cells

divided by visual responsiveness and spatial selectivity during the delay. The four subpopulations include visually responsive and delay-selective cells (Visual + Delay) (A), visually responsive and
delay-nonselective cells (Visual + NonDelay) (B), non-visually responsive and delay-selective cells (NonVisual + Delay) (€), and non-visually responsive and delay-nonselective cells (NonVisual +
NonDelay) (D). Conventions are the same as in Figure 2. F1, Flash 1; IFI, interflash interval; F2, flash 2.

epochs, starting from the onset of the cue until the end of the trial,
the Cue RF and Cue away conditions remained spatially tuned
(p<107?).

In contrast to the FR, the FF for the subpopulation declined
only during visual stimulation and returned to baseline levels
over time in the absence of visual stimulation, as observed in the

population average. During the cue period, the FF showed a sig-
nificant decline in response to a cue presented in the RF (p <
10~7) and a slight decline in response to a cue presented in the
opposite location (0.01 < p < 0.05), resulting in spatial modula-
tion with a larger decline in response to a cue in the RF (p < 0.01).
This spatial modulation decayed during the delay period as the FF
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Table 2. Subpopulation mean raw firing rates

Base Cue  Mid-delay Latedelay F1 IFI F2

Visual + Delay

CueRF 82 44 176 18.6 357 256 351

Cue away 83 76 1.1 6.4 241 132 17
Visual + NonDelay

CueRF 7.2 337 104 9.4 304 213 286

Cue away 73 92 83 9.3 263 145 233
NonVisual + Delay

CueRF 10.7 88 144 22.1 95 158 114

Cue away n1r 81 76 6.9 51 81 57
NonVisual + NonDelay

CueRF 11.0 92 1.9 6.6 151 116 151

Cue away 94 1.0 103 7.8 156 104 167

Values represent spikes per second. Mean raw firing rates in Cue RF and Cue away conditions the Visual + Delay,
Visual + NonDelay, NonVisual + Delay, and NonVisual + NonDelay subpopulations shown in Figure 6. Analysis
windows are the same 150 ms windows as those used to evaluate tuning functions for individual epochs.

in the Cue RF condition returned to baseline 500-550 ms into the
delay period (p > 0.01 and p > 0.05, respectively) and the FF in
the Cue away condition remained near baseline with slight devi-
ations (0.01 < p < 0.05 at 280-1030 ms after the cue offset and
p > 0.05 otherwise), such that the FF became indistinguishable
between both cue conditions by 460 ms into the delay period.
During both array flashes, the FF declined in both Cue RF and
Cue away conditions (p < 10~*), with no spatial modulation
(p>0.01). Between array flashes, the FF in the Cue RF condition
remained below baseline (p < 0.01), whereas the FF in the Cue
away condition was near baseline (p > 0.01), but there was no
significant spatial modulation (p > 0.01).

The STIz; and STIg. across time for this subpopulation
showed high spatial tuning of the FR throughout the trial, com-
pared with spatially selective effects only during the cue presen-
tation for the FF, which decayed by 460 ms into the delay period.
The STIy stayed well above zero throughout the entire trial, with
apeak of ~0.7 during the cue (p < 10 ~7), corresponding to a 5.6
times larger FR in the Cue RF compared with Cue away condi-
tion. Throughout the delay period, the STI.; remained between
~0.4—0.6 (p <10 ~°), declining sharply with the onset of the first
flash to ~0.2 (p < 10~7), rebounding to ~0.4 in the IFI (p <
10 ~7), and again declining to ~0.3 with the onset of the second
flash (p < 1077). In contrast, the STl declined to approxi-
mately —0.2 during the cue presentation, corresponding to a 1.5
times larger drop in FF in the Cue RF compared with Cue away
condition, but the STI; declined to near zero by 460 ms into the
delay period (p > 0.01) and did not recover for the remainder of
the trial. Thus the Visual + Delay subpopulation of neurons
exhibited the same dynamics as the full population.

Visually responsive, non-delay-selective neurons

Neurons with visual activity but no spatial selectivity during the
delay (Visual + NonDelay), which accounted for 25 of the 126
neurons in the full population, are shown in Figure 6 B. Consis-
tent with the definitions on an individual neuron basis, the aver-
age FR for this subpopulation responded with an increase in FR
to the cue appearing in the RF (p < 10 ~*) and was not spatially
selective during the latter part of the delay period (p > 0.01) as
the FR for both conditions was near baseline (p > 0.01). When a
cue was presented in the location opposite the RF, the FR showed
a slight increase from baseline (0.01 < p < 0.05), such that FR
responses to the cue were spatially modulated (p < 0.01). At the
beginning of the delay period immediately following the offset of
the cue, the FR decayed quickly to near-baseline levels in both cue
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conditions (p > 0.01 by 250 ms into the delay period for Cue RF
condition; p > 0.01 by the start of the delay period for the Cue
away condition), and spatial modulation persisted only until 200
ms into the delay period (p > 0.01). During the array flashes, the
FR increased transiently in both conditions (p < 0.0002) but did
not achieve a significant level of spatial selectivity (p > 0.05).
Spatial selectivity did, however, emerge during the IFI (p <
0.002) as the FR remained elevated above baseline in the Cue RF
condition (p < 10 %), but only slightly elevated in the Cue away
condition (0.01 < p < 0.05).

The FF similarly showed a consistent decline with visual stim-
ulation in the RF during the cue presentation (Cue RF, p < 0.002;
Cue away, 0.01 < p < 0.05) and array flashes (p < 0.01, both cue
conditions). Spatial modulation was only significant during the
cue presentation (p < 0.007) and not during the array flashes
(p > 0.05). During the epochs without visual stimulation (delay
period and IFI), the FF for both Cue RF and Cue away conditions
remained near baseline levels immediately following the offset of
the visual stimuli (p > 0.01).

The STI reflected the robust spatial modulation of the FR
during the cue presentation, which disappeared during the delay
and reemerged in the IFI, and the STI; reflected clear spatial
modulation of the FF during the cue presentation, which disap-
peared and did not recover throughout the remainder of the trial.
The STIgy reached a peak of ~0.57 during the cue presentation
(p < 1077), decayed to near zero by 200 ms into the delay (p >
10 ), and increased again to ~0.3 during the IFI (p < 10 7). In
contrast, the STl reached a negative peak of approximately
—0.25 during the cue presentation (p < 10 %), decayed to near
zero by the end of the cue presentation and beginning of the delay
period (p > 0.01), and remained near zero for the remainder of
the trial. This subpopulation of neurons did not maintain spatial
information during the delay, but the FR still provided an index
of spatial attention, as spatial modulation (measured by the
STIgg) reemerged around the array flashes and during the IFI.
The STIgp, however, only indicated significant spatial modula-
tion during the cue presentation.

Non-visually responsive, delay-selective neurons

For the 21 neurons that did not respond to the visual cue but
showed spatial selectivity during the delay (NonVisual + Delay)
(Fig. 6C), the subpopulation average FR showed minimal or even
suppressed responses to visual stimuli and robust, increasing spa-
tial selectivity during the delay. During the cue presentation, the
FR response was near baseline for a cue presented in the RF (p >
0.3) and slightly below baseline for a cue presented away (p <
0.05), with no significant spatial modulation (p > 0.05). During
the delay period, spatial selectivity emerged in the FR 180270 ms
after the offset of the cue (p < 0.05 and p < 0.01, respectively) as
the FR in the Cue RF condition increased above baseline (p <
0.05 by 510 ms after the cue offset; p < 0.01 by 1190 ms) and the
FR in the Cue away condition decreased slightly below baseline
(p < 0.05 by 250 ms after the cue offset; p < 0.01 by 850 ms).
During each array flash, the FR in both conditions declined
sharply such that the FR in the Cue RF condition was near base-
line (p > 0.05) and the FR in the Cue away condition was below
baseline (p < 0.01) while still maintaining some spatial modula-
tion (0.01 < p < 0.05). Between the flashes in the IFI, the FR in
both conditions increased again to levels observed near the end of
the delay period such that the FR in the Cue RF condition was
elevated above baseline (p < 0.01) and the FR in the Cue away
condition was near baseline (p > 0.05), and spatial selectivity was
retained (p < 0.01).
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Figure7.  Spatial tuning across epochs for non-visually responsive, delay-selective neurons. 4, B, Average normalized FR (A) and FF values (B) as a function of radial distance from the RF location

for 150 ms windows during the baseline, cue, 400 msinto the delay, 1400 ms into the delay, first flash, interflash interval, and second flash. The box panels along the top show a schematic diagram
of the display seen by the monkey during each task epoch. The horizontal magenta lines below the schematic timeline and connected to each box panel indicate the 150 ms window used for analysis.
Each point represents the average FR or FF value for the corresponding cue location, and error bars denote the SEM. The dotted lines represent the average baseline value across all six cue locations,
and the black outlined points indicate significant deviation from baseline (Wilcoxon's signed rank, p << 0.05). For each tuning function, if the points yielded a significant repeated-measures ANOVA
(p << 0.01), the average points for each location were fit to a von Mises, or circular Gaussian function, shown by a continuous solid line. Tuning functions that were not significant according to the
ANOVA are shown with a dashed line across the mean of the average values at each location. Conventions are the same as in Figure 3.

In contrast to the large spatial modulations of the FR mainly in
the absence of visual stimulation for this subpopulation, the FF
only showed spatial modulation with visual stimulation. The FF
declined with a cue presentation in the RF (p < 0.006) but did not
decline significantly with a cue presentation in the opposite loca-
tion (p > 0.2). During the array flashes, the FF declined slightly
for both conditions (0.01 < p < 0.05), but remained near base-
line during the delay period and IFI (p > 0.05). This resulted in
slight spatial modulation of the FF only during the cue presenta-
tion (p < 0.05), but not during the other epochs (p > 0.05).

The STIg and STI: showed a clear distinction between the
robust spatial modulation in the FR, which increased and pla-
teaued over time during the delay period, and the near-complete
lack of spatial modulation in the FF throughout the trial. The
STl remained near zero at the start of the trial through the cue
presentation and steadily increased through the delay period. By
400 ms after the offset of the cue, the STIz; was ~0.35 (p <
0.0005), and by 1400 ms, the STIg, reached ~0.5 (p < 0.0005),
representing a FR in the Cue RF condition that was nearly three
times larger than that observed in the Cue away condition despite
the lack of spatial modulation during the presentation of the cue.
Throughout the remainder of the trial, the STIg, remained high
at ~0.35-0.5 (p < 0.01). The STI; showed the opposite effect,
with a small but significant decline of ~0.14 during the cue pre-
sentation (p < 0.01), and no significant spatial modulation
throughout the remainder of the trial (p > 0.05).

Non-visually responsive, non-delay-selective neurons

The subpopulation of 18 neurons that were neither visually re-
sponsive nor spatially selective during the delay (NonVisual +
NonDelay), shown in Figure 6D, on average showed near-
baseline FR activity without spatial modulation (p > 0.5), and
the FF exhibited trends toward spatially selective declines during

the cue presentation and uniform declines during the array
flashes that did not reach significance, possibly due to the small
sample size.

Spatial tuning of non-visually responsive,

delay-selective neurons

The dynamics of neurons that lacked a visual response to the cue
but still exhibited spatially selective persistent activity (NonVi-
sual + Delay) were a direct contrast to the dynamics of the pop-
ulation as a whole, providing an example of stimulus-driven
declines in FF without parallel increases in FR, as well as non-
stimulus-driven increases in FR without parallel changes in FF.
We further examined the spatial modulation of the FR and FF
across all six cue conditions for this subpopulation, as shown in
Figure 7. Figure 7A shows the spatial tuning functions of the FR
using representative analysis windows across the different ep-
ochs, using the same analysis shown in Figure 3 for the full pop-
ulation of neurons. Table 3 lists the parameters of the tuning
curve fits. Spatial tuning emerged in the FR during the delay
period and was sustained throughout the remainder of the trial
(ANOVA, p < 0.006, R* > 0.95) with a positive peak centered
around the RF (—10° < u < 10°). During the cue presentation,
the FR remained near or below baseline for all cue locations (6 =
—120, —60, 60, 180°: p < 0.05; 6 = 0, 120°: p > 0.05), and spatial
tuning was negligible (ANOVA, p > 0.6). During the delay, spa-
tial tuning emerged with a well characterized von Mises fit. The
amplitude of spatial tuning increased during the delay, and the
tuning bandwidth was narrow, similar to the full population. The
offset of the fitted curves remained relatively consistent just be-
low baseline with the FR for a cue previously presented at the
locations distant from the RF reaching significance below base-
line (6 = —120, 180°: p < 0.04). During the first array flash, the
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Table 3. Spatial tuning parameters across epochs for the NonVisual + Delay functional subpopulation

Cue Mid-delay Late delay F1 IFI F2
FWHMq — 7957, 114] 9375, 109] 95[71,163] 84[59,122] 65[34,96]
A — 0.17[0.11,0.26] 0.35[0.23,0.45] 0.11[0.07,0.20] 021[0.13,031] 0.17[0.09, 0.27]
Cr — 0.23[0.16, 0.30] 0.19[0.10, 0.26] 0.17 [0.06, 0.23] 0.22[0.14,0.29] 0.17[0.09, 0.23]

Parameters for FR spatial tuning functions of NonVisual + Delay neurons in Figure 7 for tuning curves that yielded a von Mises fit with R 2 > 0.7. Parameters include FWHM, amplitude (4), and constant offset (c). Brackets indicate 95%

confidence intervals.

FR curve remained well tuned, decreasing in amplitude, and
maintaining a similar offset and narrow tuning bandwidth. Dur-
ing the IFI, the amplitude of the tuning curve slightly increased,
while the offset and tuning bandwidth remained comparable
with earlier epochs. During the second flash, the tuning curve
parameters remained comparable as the FR in locations distant
from the RF were significantly suppressed below baseline (6 =
—120, 60, 120, 180°: Wilcoxon’s signed rank, p < 0.05). The FR
showed no spatial tuning during the cue presentation, but spatial
tuning increased in amplitude during the delay period and was
only slightly disrupted during and between the array flashes.

In contrast, the FF tuning functions (Fig. 7B) showed clear
responses to visual stimulation but near-baseline values in the
absence of visual stimulation. During the cue presentation, the FF
showed a significant decline in all conditions except when a cue
was presented opposite the RF (p < 0.02) and appeared to be
slightly spatially modulated (STI, p < 0.02; ANOVA, p < 0.05)
but did not achieve a good fit with a von Mises function (R* <
0.46). During the delay period, the FF remained untuned, and all
values remained near baseline (p > 0.05; ANOVA, p > 0.1). With
the onset of the first flash, the FF declined uniformly across all cue
conditions (p < 0.03; ANOVA, p > 0.4). During the IFI, the FF
recovered to near baseline values for all conditions (p > 0.05;
ANOVA, p > 0.2). During the onset of the second flash, the FF
again declined uniformly across all cue conditions, with some
values reaching individual significance below baseline (6 =
—120, 0, 180° p < 0.03; ANOVA, p > 0.6). The FF declined
consistently with visual stimulation for nearly every cue condi-
tion, but in the absence of stimulation during the delay period
and IFI, the FF returned to near baseline. Thus, FR and FF of the
NonVisual + Delay neurons were clearly dissociable in their dy-
namics of modulation from baseline and spatial tuning.

Discussion

We examined the response rate and response variability of FEF
neurons in monkeys performing a task that required remember-
ing and directing spatial attention to a cued location while with-
holding eye movements. Visual stimulation evoked spatially
tuned effects in both the FR and FF, but only the FR consistently
reflected the remembered cue location and modulation by atten-
tion. The FF effectively indicated the presence of a visual stimulus
at any of the tested locations, independent of FR responses, re-
sulting in a much broader FF-defined RF compared with the
classical, FR-defined RF. Dynamics of the FR and FF across dif-
ferent epochs in the task were clearly dissociable across different
functional subpopulations, divided by FR-defined visual respon-
siveness and spatial selectivity during the delay period. In the
absence of visual stimulation during the delay period, the FF
consistently returned to baseline levels and did not appear to
reflect the maintenance of spatial information, even for neurons
with robust spatially selective FR activity, including the NonVi-
sual + Delay subpopulation. During the array flashes, the FF
declined uniformly across all cue conditions but did not select the
target stimulus even though the FR showed varying dynamics

ranging from spatially modulated, globally elevated activity (as
observed in both subpopulations of visually responsive neurons)
to spatially modulated, globally suppressed activity (NonVisual
+ Delay) to baseline-level activity across all cue conditions (Non-
Visual + NonDelay). While modulations in FR reflected selec-
tion and maintenance of spatial information throughout the task,
declines in FF appeared to be most effectively driven by visual
stimulation.

Broad tuning of FF effects

A previous study found that neural variability declines with visual
stimulation even when the RF stimulus is not optimal for the
recorded neuron and does not evoke a change in FR (Churchland
et al,, 2010). Thus, the stimulus tuning of variability is broad
compared with the FR. Other studies have found that, during the
sustained presentation of a target stimulus, a decline in FF pre-
cedes the onset of arm (Churchland et al., 2006) and eye move-
ments (Steinmetz and Moore, 2010) in all directions. This
indicates that the directional tuning of movement-related FF ef-
fects are broader than FR effects. In the current study, we found
that the RF defined by the FF was much broader than that defined
by the FR. For visually responsive neurons (as defined by their
FR), the FF declined with visual stimulation at all tested locations.
Furthermore, even non-visually responsive neurons showed a
spatially global decline in FF. Thus, changes in spiking variability
not only exhibit broad stimulus and movement-related selectiv-
ity but also broad spatial selectivity.

Stimulus-driven declines in variability indicate that sensory
input stabilizes cortical circuits (Churchland et al., 2010). In the
absence of stimulus drive, spontaneous “background” activity is
thought to be generated by a balance of excitation and inhibition
within recurrent networks (Shu et al., 2003). The onset of sensory
input can actively suppress this ongoing intrinsically generated
activity via some combination of recurrent, feedforward, and
feedback connections (Shu et al., 2003; Rajan et al., 2010), likely
dominated by feedforward effects (Oram, 2011). One candidate
mechanism underlying the stimulus-driven drop in FF is shunt-
ing inhibition, which can modulate firing rates of neighboring
neurons through lateral connections (Mitchell and Silver, 2003)
and has been proposed as a general cortical mechanism for re-
sponse normalization (Carandini and Heeger, 1994; Reynolds
and Heeger, 2009). In primary visual cortex, visual stimulation
has been shown to drive declines in variability of both the spiking
responses and local membrane potentials (Monier et al., 2003;
Finn et al., 2007), and this decline in membrane potential vari-
ability has been linked to shunting inhibition (Monier et al.,
2003). If the FF reflects stimulus-driven inhibition within a net-
work, broader spatial tuning of the FF compared with FR could
indicate a broader spatial extent of inhibition compared with
excitation, which is a general feature of models of recurrent net-
works (Ardid et al., 2007) and is consistent with findings at least
in the prefrontal cortex (PFC) where putative inhibitory neurons
display broader spatial tuning than putative pyramidal neurons
(Constantinidis and Goldman-Rakic, 2002). This network-level
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explanation for stimulus-driven changes in variability, as op-
posed to one in which declines in variability are driven by lower
spiking noise of individual neurons, is supported by empirical
reports that the FF decline during stimulus presentation is mainly
due to a decline in shared network-level variability, as measured
by factor analysis (Churchland et al., 2010) and noise correlation
(Oram, 2011).

Behavioral state versus stimulus drive

In previous studies, changes in response variability have been
observed as a correlate of active behavioral states (M. M. Church-
land et al., 2006; Mitchell et al., 2007; Cohen and Maunsell, 2009;
Steinmetz and Moore, 2010; A. K. Churchland et al., 2011), sug-
gesting that variability may reflect behavioral engagement. How-
ever, in the current experiment, this was not case. Monkeys were
in a behaviorally controlled state, and the FR of FEF neurons
reflected the location of a remembered cue and selected the target
stimulus during the array presentation. Furthermore, FEF FR can
predict the detection performance of the monkey on a trial-by-
trial basis (Armstrong et al., 2009). Despite a persistent FR rep-
resentation of the cue location during the delay, the FF was near
baseline levels for all cue conditions. The absence of a sustained
depression of the FF despite a robust elevation in FR during the
delay provides a clear dissociation between the FR and FF. Non-
Visual + Delay neurons, which on average showed no FR re-
sponse to a cue in the RF and were increasingly spatially selective
over time during the delay period, showed a decline in FF with the
cue onset and returned to baseline during the delay period. Fur-
thermore, while previous studies have found that declines in vari-
ability in extrastriate cortex during attention can improve the
ability of a network to select target stimuli (Mitchell et al., 2007,
2009; Cohen and Maunsell, 2009) and the FR of FEF neurons
selected the target stimulus during the visual flashes in the cur-
rent experiment, the FF did not show attentional modulation.
This suggests that declines in the FF, at least in the FEF, are most
effectively driven by sensory stimulation and that behavioral en-
gagement is not sufficient to change spiking variability.

During spatial working memory, where location-specific in-
formation is maintained in the absence of a stimulus drive, the
return to baseline levels of variability may reflect underlying
mechanisms that differ from those present during stimulus-
driven activity. Persistent activity is commonly thought to be
achieved through recurrent excitation, as models of recurrent
networks with attractor dynamics can reliably reproduce stable
states with graded firing patterns (Wang, 2001; Brody et al., 2003;
Major and Tank, 2004) (but see Goldman, 2009). At the offset of
the visual cue, the observed increase in variability could poten-
tially be accounted for by a transition from a state driven by
feedforward activity to one dominated by recurrent connections.
One attractor model of network dynamics, which represents de-
lay activity as a random walk process, predicts that the variance of
responses across trials would increase linearly with delay length,
corresponding to a FF that increases quadratically over time
(Miller and Wang, 2006). Empirical support for this model, in
which behavioral output reflects increasing trial-to-trial variabil-
ity of encoded spatial information with time, can be found in a
study of saccade metrics during an oculomotor delayed response
task. Systematic errors, as measured by average offset of saccade
endpoints from the target position, remained relatively constant
past delays of 400 ms in length, whereas variable errors, as mea-
sured by saccade scatter across individual trials, increased linearly
with increasing delay length (White et al., 1994). Another recent
study found increasing variability of neural responses in the lat-
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eral intraparietal cortex during perceptual decision making
(Churchland et al., 2011), which may share similar underlying
mechanisms with working memory, as both cognitive functions
involve integrating information over time. In the case of decision
making, samples of evidence are accumulated over time, while in
the case of working memory, a persistent and possibly slowly
drifting representation of a transient stimulus is maintained over
time (Wang, 2008).

The dynamics of variability in the absence of a driving stimu-
lus could depend on the computations required, for example,
retrospective encoding of a stimulus or prospective encoding of
an anticipated event or action. In a visual discrimination task,
PFC neurons showed a gradual decline in FF during a fixed-
interval delay between stimulus presentations (Hussar and Pas-
ternak, 2010). For a subset of PFC neurons, the FF declined
before each stimulus onset as well as before a manual response,
suggesting that the observed decline in variability could represent
an anticipatory response, similar to the declines in variability
observed during visually guided motor preparation (Churchland
et al., 2006; Steinmetz and Moore, 2010). Changes in variability
in the absence of a visual stimulus could potentially reflect the
probability of movement execution (with declines in variability)
and/or decays in the maintained sensory signal (with increases in
variability). In the current task, no eye movements were allowed,
and while the FR correlated with behavioral performance and
manual reaction times (Armstrong et al., 2009), the FF did not
show significant correlations (data not shown), possibly due to
the limited number of trials and even smaller fraction of error
trials. It would be interesting to explore the extent to which vari-
ability of FEF neurons can provide indices of motor preparation
and a maintained spatial signal in the absence of visual stimula-
tion. In paradigms such as the oculomotor delayed response task,
correlations between the FF and behavioral metrics, such as reac-
tion times and scatter in saccade endpoints, could offer further
insights into the role of variability as a signature for motor prep-
aration or integration of sensory information. Analyses of simul-
taneous multielectrode recordings could also help elucidate
network dynamics on an individual trial basis. Nevertheless, it
remains to be seen how changes in spiking variability relate to
behavioral state, FR correlates of behavioral state, and the under-
lying neural circuitry.
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