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Abstract

M [n previous reports, we described neuronal activity in the
polar (PFp), dorsolateral (PFdl), and orbital (PFo) PFC as mon-
keys performed a cued strategy task with two spatial goals. On
each trial, a cue instructed one of two strategies: Stay with the
previous goal or shift to the alternative. A delay period followed
each cue, and feedback followed each choice, also at a delay.
Our initial analysis showed that the mean firing rate of a popu-
lation of PFp cells encoded the goal chosen on a trial, but only
near the time of feedback, not earlier in the trial. In contrast,
PFdl cells encoded goals and strategies during the cue and
delay periods, and PFo cells encoded strategies in those task
periods. Both areas also signaled goals near feedback time.

INTRODUCTION

The polar PFC (PFp) is situated at the rostral extreme of
the primate PFC, and it is thought to have evolved either
in early primates or during anthropoid evolution (Preuss
& Goldman-Rakic, 1991). On the basis of neuroimaging
and lesion studies in humans, it has been suggested to
play a role in a variety of higher cognitive functions, in-
cluding relational reasoning, exploratory decisions, pro-
spective memory, higher-level sequential behavior, and
evaluative judgments, among others (Koechlin, 2016;
Desrochers, Chatham, & Badre, 2015; Bludau et al., 2014;
Tsujimoto, Genovesio, & Wise, 2011b; Badre & D’Esposito,
2009; Ramnani, Elliott, Athwal, & Passingham, 2004;
Ramnani & Owen, 2004; Christoff, Ream, Geddes, &
Gabrieli, 2003). Unfortunately, technical difficulties have
impeded a study of its neurophysiology in macaque mon-
keys until recently (Mitz, Tsujimoto, Maclarty, & Wise,
2009).

To bridge this gap, we recorded single-cell activity from
PFp of monkeys while they performed a cued strategy task
(Tsujimoto, Genovesio, & Wise, 2010, 2012). The results
showed that PFp neurons did not encode any task-related
variables until just before and just after the expected feed-
back (feedback time). This temporally restricted task
period occurred after the monkey had been given a strat-
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Here we analyzed trial-to-trial variability of neuronal firing, as
measured by the Fano factor (FF): the ratio of variance to the
mean. Goal-selective PFp neurons had two properties: (1) a
lower FF from the beginning of the trial compared with PFp
cells that did not encode goals and (2) a weak but significant
inverse correlation between FF throughout a trial and the
degree of goal selectivity at feedback time. Cells in PFdl and
PFo showed neither of these properties. Our findings indicate
that goal-selective PFp neurons were engaged in the task
throughout a trial, although they only encoded goals near feed-
back time. Their lower FF could improve the ability of other
cortical areas to decode its selected-goal signal. Il

egy cue, chosen a spatial goal, and implemented that
choice via a saccadic eye movement. Around feedback
time, PFp neurons encoded the spatial goal that the
monkey had chosen on that trial: left or right from a cen-
tral fixation point.

To explore further the properties of PFp neurons, here
we studied the trial-to-trial variability of firing rates in the
same neuronal population as described in our previous
reports. A reduction in firing rate variability is thought
to improve the reliability and precision of a neural code
(Churchland et al., 2010; Shadlen & Newsome, 1998), and
it has been shown to be a sensitive measure of the en-
gagement of neurons in various components of cognitive
behavior (Qi & Constantinidis, 2015; Hussar & Pasternak,
2010). Recent studies have suggested that trial-to-trial
variability conveys information about a monkey’s cogni-
tive or behavioral state, such as the perception of external
signals in sensory areas (Churchland et al., 2010), motor
preparation in premotor areas (Churchland, Yu, Ryu,
Santhanam, & Shenoy, 2000), including in the FEF (Purcell,
Heitz, Cohen, & Schall, 2012), attentional states in area V4
(Mitchell, Sundberg, & Reynolds, 2007), and, in PFC, both
general task engagement (Hussar & Pasternak, 2010) and
the state of operant conditioning (Qi & Constantinidis,
2012). Accordingly, we measured the firing rate variabil-
ity in PFp and compared it with the same measure in
the dorsolateral and orbital PFC (PFdl and PFo, respec-
tively). This analysis took advantage of the finding that
neurons in these two PFC areas—unlike PFp—encoded
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task-related information during the periods substantially
before feedback time, such as the cue and delay periods
(Tsujimoto et al., 2012; Tsujimorto, Genovesio, & Wise,
2009, 2011a). The temporally restricted goal encoding of
PFp neurons also contrasted with the cognitive demands
of the cued strategy task. During the pre-cue period of
each trial, this task required the monkeys to maintain their
previous spatial goal in short-term (working) memory. Dur-
ing the cue and delay periods, the monkeys needed to
identify and implement a behavioral strategy and use that
strategy to select a spatial goal for the upcoming saccade.
The present analysis explores the neural correlates of both
this temporally extensive task engagement and the tempo-
rally restricted goal encoding of PFp neurons.

METHODS
Subjects

Two male rhesus monkeys (Macaca mulatta), weighing
10-11 kg, were operantly conditioned to perfarm saccade
tasks before recordings began. During task performance,
each monkey sat in a primate chair, with its head stabi-
lized and oriented toward a video monitor 32 cm away.
Their eye position was recorded by an infrared oculo-
meter (Arrington Research, Inc., Scottsdale, AZ). All pro-
cedures conformed to the Guide for the Care and Use of
Laboratory Animals and were approved by the appropri-
ate institutional animal care and use committee.

Behavioral Tasks

We used a cued-strategy task (Figure 1A) that has been
described previously (Tsujimoto et al., 2010, 2011a,

2012). After an intertrial interval of 1 sec, the fixation
point (a 0.6° filled white circle) is presented at the center
of the video screen, along with two potential saccade
targets (2.0° unfilled white squares) located 11.6° to the
left and right of the fixation point. To begin a trial, the
monkeys had to attain and maintain fixation on the cen-
tral point for 1.5 sec. A cue period of 0.5 sec followed this
pre-cue fixation period of 1.5 sec. The cue differed by
task (Figure 1B) and was either visually cued or fluid-
reward cued. In the visually cued strategy task, the cue
consisted of a square (2.0° x 2.0% or rectangle (1.0° X
4.9%) that appeared at the fixation point (Figure 1B).
On each trial, one cue was selected pseudorandomly
from a set of four: a vertical rectangle (light gray), a hori-
zontal rectangle of the same dimensions and brightness,
a yellow square, and a purple square of the same size
(Figure 1B). In the fluid-reward cued strategy rask, one
drop of fluid (0.2 mL) or two half-drops of fluid (0.1 mL
each) was delivered as a cue at the beginning of the
cue period (Figure 1B) instead of a visual stimulus. The
vertical rectangle, vellow square, and one drop of fluid
were called “stay cues” and instructed the “stay” strategy;
that is, select the same response on the current trial as on
the previous trial. The horizontal rectangle, purple square,
and two half-drops of fluid were called “shift cues” and
instructed the “shift” strategy; that is, shift from the pre-
vious response. Given that there were only two potential
responses, namely, a saccade to either left or right targets,
a shift cue determined the response and reward probabil-
ity in the same way as a stay cue. In both cases, the most
recent correct and rewarded response served as the refer-
ence for the current response. A given block of trials in
the visually cued task included approximately equal num-
bers of four visual cues and two possible responses. In
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Figure 1. Behavioral task, cues used, and recording locations. (A) Example sequence of task events for the visually cued strategy task, from left to
right. Each dark gray rectangle represents the video monitor as viewed by the monkey. Dashed lines indicate the target of the monkey's gaze.
(B) Cues used in the task. In the visually cued strategy task, colored shapes instructed which strategy should be applied. In the fluid-reward cued
strategy task, two half-drops of fluid instructed the shift strategy and a single drop instructed the stay strategy. (C-E) Recording zones for PFp (C),
PEdl (D), and PFo (E). Fb = feedback; LOS = lateral orbital sulcus; MOS = medial orbital sulcus; PS = principal sulcus.
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blocks of the fluid-reward cued task, stay and shift cues
were intermixed pseudorandomly, and both occurred on
approximately half of the trials. Hence, the left and right
responses also occurred with a similar probability.

In both tasks, the monkeys were required to maintain
fixation on the central spot for the entire cue period
(0.5 sec), as well as for a subsequent delay period of
1.0, 1.25, or 1.5 sec, selected pseudorandomly. The fix-
ation window was a =3° square area centered on the
fixation point; however, in practice both monkeys main-
tained fixation much more accurately than that require-
ment and only rarely made a saccade within the fixation
window (Tsujimoto et al., 2009). Fixation breaks during
the cue or delay periods aborted the trial.

The fixation spot and the two potential saccade targets
remained on the screen during the delay period. The dis-
appearance of the fixation spot served as the go signal,
which triggered a saccadic eye movement to a target.
Once the monkey made a saccade into a window
(£3.75%) centered on one of the two potential targets,
both targets became solid white whether the monkey
correctly or incorrectly selected the goal on that trial.
Entry of gaze into the response window was designated
as target acquisition, and the monkey had to maintain
target fixation for 0.5 sec. Fixation breaks during this
pre-feedback period of 0.5 sec aborted the trial. Once
target fixation exceeded 0.5 sec, a single drop of fluid
(0.2 mL) was delivered as reward feedback after correct
responses. After errors, the presentation of red squares
over both targets provided negative feedback. On some
blocks of the fluid-reward cued task, reward feedback
was, like the cues for that task, either a single drop of
fluid (0.2 mL) or two half-drops (0.1 mL each), selected
pseudorandomly. Because the number of drops was
pseudorandomly determined for both cue and feedback,
all combinations of drop number occurred with roughly
equal frequency.

After errors, the cue from that trial was repeated on a
correction trial, which was presented until the monkey
obtained a reward by responding correctly. In practice,
the monkeys rarely required more than one correction
trial after an error (Tsujimoto et al., 2009). The correction
trials were excluded from all the analyses in this report.

The visually cued and fluid-reward cued tasks were
presented to the monkeys in separate blocks of trials.
Blocks in the visually cued strategy task consisted of a
mean of 94 = 19 (8D) trials; blocks in the fluid-reward
cued strategy task averaged 55 = 12 trials.

Data Collection

After the training was completed, we implanted a record-
ing chamber (10.65 mm inner diameter) over the ex-
posed dura mater of the PFp in the right hemisphere
and recorded activity from this chamber. The detailed
procedures for PFp, including chamber design, as well
as the surgical and recording techniques, have been de-

scribed elsewhere (Mitz et al., 2009). After the recording
from PFp was completed, we implanted another chamber
(18 mm inner diameter) over a more caudal part of the
frontal lobe in the same hemisphere. The position and
angle of this chamber were adjusted based on magnetic
resonance images, so that both PFdl and PFo were accessi-
ble simultaneously through the same chamber (Tsujimoto
et al., 2009).

Single-cell activity was recorded from up to 16 platinum-—
iridium electrodes (0.5-1.5 MQ at 1 KHz; Thomas Record-
ing, Giessen, Germany) simultaneously. The electrodes
were individually inserted with a multielectrode drive
(Thomas Recording) that enabled independent control of
each electrode. In typical recording sessions for the cau-
dal chamber, about half of the electrodes were advanced
into PFo, whereas the others were maintained more super-
ficially in PFdl.

Signals from each electrode were recorded using a
Multichannel Acquisition Processor (Plexon, Dallas, TX).
Single-cell potentials were isolated online and further
sorted offline using a cluster cutting technique (Off Line
Sorter, Plexon) based on multiple criteria, including PCA,
the minimal interspike intervals, and close visual inspec-
tion of the entire waveforms for each cell.

Histology

The recording sites were reconstructed by histological
analysis, which was supplemented by structural MRI. After
data collection was completed, electrolytic lesions (20 pA
for 20 sec, anodal current) were placed in selected loca-
tions at two depths per penetration in the caudal cham-
ber. After 10 days, the monkey was deeply anesthetized
and then perfused through the heart with 10% (v/v) for-
mol saline. Immediately before and during the perfusion,
a pin was inserted through the center of both the rostral
and caudal chambers. The penetration sites and tracks
were reconstructed in Nissl-strained sections by reference
to recovered electrolytic lesions and to the marking pins
inserted at the time of the perfusion. Cytoarchitectonic
analysis confirmed that recording sites in PFo came from
granular areas. The locations of recording sites have been
described elsewhere (Tsujimoto et al., 2010, 2011a).

Data Analysis

Correction trials and error trials were excluded from all
analyses reported here, which were performed using
MatLab (The MathWorks, Inc., Natick, MA).

In this study, we mainly focused on the cells that
showed goal-selective activity during the feedback time.
The selection criteria for these cells were described pre-
viously (Tsujimoto et al., 2009, 2010, 2011a, 2012). Briefly,
several task periods were first defined on the basis of
time windows relative to task events; that is, a fixation
period (0.5-1.0 sec after fixation onset), a cue period (0.0
0.5 sec after cue onset), a delay period (0.0-1.0 sec after
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cue offset), and a feedback period (from 0.3 sec before
feedback onset until 0.2 sec afterward). Then we compared
mean activity rates between those four task periods using
the Kruskal-Wallis test (a = 0.05), which identified task-
related neurons. Second, for all task-related neurons, we
performed a two-factor ANOVA (a = 0.05) for the feedback
period activity. The factors were Goal (left or right) and
Strategy (stay or shift). The cells that showed a main effect
of Goal during the feedback period were classed as goal-
selective.

As a measure of goal selectivity for those neurons, we
computed the area under the receiver operating char-
acteristic (AUROC) curve. ROC values measure the ability
to detect a signal based on single-trial activity, indepen-
dent of a cell’s mean discharge rate or its dynamic range.
Ideally, an ROC value of 0.5 would indicate no selectivity
and a value of 1.0 would reflect absolute selectivity. How-
ever, because the ROC curves were computed based on
preferred and antipreferred responses, a positive bias
was introduced. This bias could have been corrected by
a shuffling procedure, but the current analysis was not
affected by such correction and the result here is based
on the data without correction. Nevertheless, we have
confirmed that the result did not change even if we
adopted the correction with shuffled (10,000 times) data.

The trial-to-trial variability of the firing rate, as mea-
sured by spike counts, was evaluated by the Fano factor
(FF). FF is defined as the spike count variance across trials
divided by the mean within each time bin. In this study,
the spike counts were computed in a 200-msec sliding
window moving in 20 msec steps. We chose this relatively
large window based on both a previous study for PFC cells
(Hussar & Pasternak, 2010) and on our preliminary assess-
ment using different window durations. As the spike
counts in PFC are relatively low, the use of this window
minimized artifacts and improved statistical power, al-
though we confirmed that the key findings of this report
were preserved using narrower time windows. The win-
dows that contained no spikes (approximately 3% of the
total sample) were excluded from the analysis.

To compare FF between tasks at different times across
a trial, we selected eight time windows (i.e., 200-msec
bins) for parts of the analysis. Each of these eight windows
centered on (1) 400 msec before cue onset, (2) 100 msec
after cue onset, (3) 100 msec after delay onset, (4) 600 msec
after delay onset, (5) 400 msec before target acquisition,
(6) 400 msec before feedback, (7) 100 msec after feed-
back, and (8) 600 msec after feedback. For the compari-
sons in multiple time windows, the alpha level was corrected
by the Bonferroni method.

RESULTS
Behavior

Details of the behavioral results have been described
previously (Tsujimoto et al., 2009, 2012). Briefly, both
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monkeys performed the visually cued strategy task pro-
ficiently, averaging greater than 90% correct responses.
In the fluid-reward cued strategy task, the performance
of the first monkey nearly matched this level. The sec-
ond monkey made more errors on this task but still
performed significantly above chance level. Oculomo-
tor RTs were similar for the two strategies and for early
and late recordings sessions. Both monkeys main-
tained stable and accurate fixation throughout the fixa-
tion and cue periods, within +1° on more than 90% of the
trials.

Neuronal Database

Our database consisted of 957 (569 and 388 from Monkeys 1
and 2, respectively) and 491 (345 and 146 from Monkeys 1
and 2, respectively) neurons that were related to visually
cued and fluid-reward cued tasks, respectively. Of these,
for the visually cued task, 274 cells were located in PFp,
405 in PFdl, and 278 in PFo. For the fluid-reward cued
strategy task, 143 were recorded from PFp, 186 from PEdI,
and 162 from PFo. Among this sample, approximately 30%
of the cells showed goal-selective activity during the feed-
back period.

Properties of FF in PFp Cells with Goal-selective
Feedback Period Activity

Figure 2A provides an example of a PFp neuron that
showed goal-selective activity during the feedback pe-
riod. Its mean firing rate, recorded during the visually
cued task, was significantly higher during the feedback
period for the left goal than for the right goal (two-way
ANOVA, p < .001). However, FF was nearly at the base-
line for both right and left goals during the feedback
period, and there was no significant difference between
left and right goals. Thus, as reported previously (Chang,
Armstrong, & Moore, 2012; Churchland et al., 2010), FF
behaved differently than the mean firing rate.

The cell in Figure 2B, recorded during the fluid-reward
cued task, showed similar tendency. Although the mean
firing rate during the feedback period was significantly
different between left and right goals (two-way ANOVA,
p < .001), FF was not significantly different.

To examine whether such a trend is present among
the population of sampled neurons, we then plotted
the population-level profile for the PFp cells that had goal
selectivity during the feedback period (Figure 3). The
goal choice that was associated with higher and lower
firing rates was designated as preferred and antipreferred,
respectively, and the population means for both firing
rate (Figure 3A) and FF (Figure 3B) were computed sep-
arately for preferred and antipreferred goals, based on
firing rate. The tendency observed in the single-cell exam-
ples (Figure 2) was replicated at the population level.
Whereas the firing rate was clearly different between
preferred and antipreferred responses during the feedback
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Figure 2. Firing rate and

variability (FF) of two PFp
neurons, each shown separately
for goal (left or right, indicated
by arrow at the top). In each
panel, time is aligned on the
reward feedback (Fb) indicated

by marks on each raster line.
Top panels show raster displays
of spike times with trials sorted
according to the saccadic RT.
Timing of the go signal (go) and
saccade onset (sac) is shown by

Firing rate (sp/sec)

the square over each raster line.
Below raster plots, firing rate
and variability are shown in the
same format. Gray backgrounds
indicate feedback period.
Dashed line in FF indicates a
baseline of 1.0. (A) A PFp

Fano factor

Iy
0.5 sec Fb

0.5 sec

neuron recorded during the

visually cued strategy task. This

neuron’s firing rate showed a preference for the left goal chosen during the feedback period, regardless of strategy. (B) A PFp neuron recorded
during the fluid-reward cued strategy task. The firing rate of this neuron preferred the right goal chosen during the feedback period.

time (a necessary consequence of selecting goal-selective
PFp cells for this analysis; Figure 3A), FF showed a similar
level for the two goals (Figure 3B). Viewed across task
periods, FF showed a slight decrease during the feedback
period regardless of the cell’s firing rate encoding of the
chosen goal, although this decrease did not go beyond
the bracket of 95% confidence in any other task periods.

The firing rate of the PFp cells was not different be-
tween stay and shift trials, and our analysis also did
not reveal any significant difference (i.e., not beyond
the bracket of 95% confidence interval) in FF or between

10 4 — preferred
=== antipreferred

Firing rate (sp/sec)
(5]

Fano factor

Figure 3. Population histograms for PFp cells that had goal-selective
activity during the feedback period, firing rate (A) and FF (B). Each
measure is shown separately for preferred and antpreferred chosen
goals of each cell’s firing rate during the feedback period. Each panel is
aligned by cue and feedback (Fb) time. Shading behind the curve
denotes the upper and lower limit of the 95% confidence interval,
and the gray background denotes the feedback period.

stay and shift trials. This was the case in both cue and
delay periods and in visually cued and fluid-reward cued
tasks.

Because FF did not differ significantly for the two goals
(nor for strategies), data for subsequent analyses were
collapsed across goals.

The temporal profile at the population level (Figure 3)
could result from at least two different scenarios. On the
one hand, each cell in this population could generally
have a similar trend across trials. On the other hand, dif-
ferent subsets of cells could contribute differently to each
task period, where, for example, one group decreased FF
specifically during the feedback period whereas others
did so during the cue period. To examine this point,
we tested whether the FF level was similar across task
periods on a cell-by-cell basis. Figure 4 plots FF for each
cell during the cue (left panels) and feedback (right
panels) periods against the corresponding FF during
the pre-cue fixation period. FF during both the cue and
feedback periods was significantly correlated with that in
the pre-cue fixation period in both the visually cued
(Figure 4A) and fluid-reward cued (Figure 4B) tasks.
Thus, in PFp, the general cell-by-cell trend in FF was
maintained across task periods from the fixation period
until feedback time.

Comparison with Cells Lacking Goal Selectivity

Thus far, the results showed that FF values of goal-
selective PFp cells have a general trend that behaves
differently than the mean firing rate. If this FF trend is
different from the other population of cells, it may pro-
vide some insight into the role of the goal-selective PFp
population and eventually into the role of PFp overall.
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Figure 4. Cell-by-cell intratrial correlation of FF across task periods for PFp cells with goal-selective feedback period activity. The plots denote each
neuron’s FF value for cue (left) and feedback (right) period against the pre-cue fixation period, plotted on a log-log scale, with the Pearson’s
correlation coefficient () noted in each panel. (A) Visually cued task (z = 100). (B) Fluid-reward cued task (zz = 47). ***p < 001, **p < 0L

To this end, we next compare FF of goal-selective PFp cells  the goal-selective population was continuously below the
with that of the remaining PFp cells in our sample. remaining population (Figure 5A). However, the data

Panels A and B of Figure 5 plot FF values for those two from the fluid-reward cued strategy task did not show
populations separately. For the visually cued task, FF for  this difference (Figure 5B).

Figure 5. Comparison of

FF between cells with goal
selectivity and the remaining
population of cells. (A)
Population averages for

PEp cells recorded during

the visually cued strategy task
(n = 100 for goal-selective and
n = 147 for non-goal-selective
populations). Each panel is
aligned by cue and feedback
(Fb). The factor of goal choice
(left vs. right) was collapsed in
this chart. Shading behind the 25
curve denotes the range of the
95% confidence interval. Blue
background indicates the time
windows used for the analysis
shown in E. Brackets above and
below the plot mark the time
that the visual cue was on.

(B) The same plot as in A,

but for cells recorded during
the fluid-reward cued task

(n = 47 for goal-selective and
n = 906 for non-goal-selective J
populations). (C) The same 2 *
plot as in A and B, but for
goal-selective cells, shown
separately for each task.
(D) The same plot as in C, [
SE Ot gt e Visual Fluid Visual Fluid Fluid
cells. (E) Bar chart for FF
at each of the eight time
windows indicated by the
blue background in A-D.
#p < 01, *p < .05
(Bonferroni corrected).
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Panels C and D of Figure 5 replot the same data sorted
by the two populations of neurons; that is, goal selective
and non-goal selective. The task-to-task difference shown
in Figure 5A and B mainly resulted from the FF for cells
without goal selectivity; the non-goal-selective popula-
tion tended to show higher FF in the visually cued task
than in the fluid-reward cued task (Figure 5D), whereas
the FF level and trend for goal-selective cells were nearly
identical in the two tasks (Figure 5C).

Figure SE presents statistical tests of this tendency for
eight time windows (200 msec each; see Methods) across
the trial, as indicated by the blue shading in Figure 5A.
For all windows in the visually cued task, FF was signifi-
cantly lower in goal-selective cells than in the cells with-
out goal selectivity (Mann—-Whitney U test, p < .05,
Bonferroni corrected). In contrast, for the fluid-reward
cued task, this difference only reached significance im-
mediately after cue offset (Window 3 in Figure SE). A
task versus task reduction in FF for cells lacking goal
selectivity was statistically significant during and just
after the cue period (Windows 2 and 3 in Figure SE, black
bars).

Although FF showed a significant difference between
two groups of neurons throughout the trial in the visu-
ally cued task (Figure 5A, E), it could result from the
difference in firing rate. To test this possibility, we com-
pared the mean firing rates of those populations of cells
during the fixation period. The firing rate for the goal-
selective PFp cells was not significantly different from
that for the remaining PFp cells in our sample (5.17 =
6.93 (8D) spikes/sec vs. 4.49 + 5.56 spikes/sec, for goal-
selective vs. non-goal-selective cells, respectively; 1(540) =
1.26, p = .21). Likewise, none of the other task periods
showed a significant difference in firing rate between the
two populations.

Comparison with PFo and PFdl

In previous work (Tsujimoto et al., 2009, 2012), we ob-
served goal-selective firing activity during the feedback
period in PFd]l and PFo as well as PFp. Their activity was
similar to that of the goal-selective PFp population—the
focus of attention here—at least in the correctly re-
sponded trials, although there were some differences in
error trial activity between areas. However, it is possible
that FF may show different properties across these
areas. Hence, we sought to examine the FF properties of
goal-selective cells in PFdl and PFo and compare them
with PFp cells.

Figure 6 shows the population data for the firing rate
and FF for PFdl (Figure 6A) and PFo (Figure 6B) cells that
showed goal selectivity during the feedback time. The
profiles for both firing rate and FF were quite similar for
PFdl and PFo. By selection of the cells, there was a clear
difference in mean firing rate between preferred and anti-
preferred responses around the feedback time, showing
a marked increase for preferred goals and a slight de-

A PFdi B PFo
(spfsec) — preferred (sp/sec) — preferred
g 10 --=antupreferred/# 10 - -~ antipreferred :
2 S e + s
i 0 —r—r - o 0L

Fanao factor

Figure 6. Population plot for firing rate and FF for PFC cells with
goal-selective feedback period activity. Format as in Figure 3. (A) PFdl
cells (n = 144). (B) PFo cells (7 = 79).

crease for antipreferred goals. In contrast, FF showed a
decrease around the feedback time regardless of the pref-
erence encoded by firing rate, as observed in PFp.

Figure 7 shows the cell-by-cell consistency of FF across
task periods for PFdl (Figure 7A) and PFo (Figure 7B),
corresponding to the findings for PFp illustrated in Fig-
ure 4. PFdI cells vielded similar results to PFp, showing
significant correlation across task periods in both the
visually cued and the fluid-reward cued tasks (Figure 7A).
In contrast, in PFo, FF during the fixation period signifi-
cantly correlated only with the cue period, but not with
the feedback period, suggesting that FF for those PFo cells
during the feedback time was independent of FF during
the fixation period.

We then tested whether FF for those PFo and PFdl
cells differed from the cells without goal selectivity
during the feedback period, as observed in the PFp popu-
lation (Figure 5). However, in contrast to PFp, neither PFdl
(Figure 8A) nor PFo (Figure 8D) showed this property in
the visually cued task. Rather, in PFdl, the goal-selective
cells had an even higher FF value than the cells without
goal selectivity later in the task (Windows 5-7 in
Figure 8C).

In the fluid-reward cued task, PFdl cells with goal-
selective feedback period activity showed a decrease in
FF after a reward was delivered as a cue (Window 3 in
Figure 8B, C). This decrease was not observed when a
reward was delivered as feedback. Instead, those cells
showed an even higher FF level before feedback delivery
than did other cells (Window 6 in Figure 8B, C). In con-
trast, PFo cells with such activity showed an apparent
decrease in FF for both reward as cue and reward as
feedback (Figure 8E, F), although the difference did not
reach significance because of high cell-to-cell variability.

Correlation between Firing Rate Selectivity and FF

Thus far, the results indicate that in PFp—but not in either
PFdl or PFo—FF for the cells with goal-selective feedback
period activity differed from FF for the cells that lack goal
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Figure 7. Cell-by-cell intratrial correlation of FF across task periods for PFC cells with goal-selective feedback period activity. Format as in Figure 4.

(A) PEdI cells (7 = 144). (B) PFo cells (n = 79).

selectivity, at least as judged by firing rate modulations
(Figure 5A). We then examined whether the strength of
the goal selectivity in terms of firing rate was correlated
with FF using the AUROC as an index for the goal selec-
tivity, as judged by firing rate.

Figure 9 plots the correlation coefficient of the AUROC
with FF during the last 200-msec bin of the minimal delay
period (i.e., 800-1000 msec after delay onset, which also
corresponded to cue offset). This window was chosen
because it is the latest 200 msec period before the go
cue might occur, which it did at that time on approxi-
mately one third of the trials. In the visually cued task
(Figure 9A), the Pearson’s correlation coefficient ()
was —.26 (p = .009). This inverse correlation, although
relatively weak, was still significant even after the outlier
was taken into consideration by the percentage bend
method (Pernet, Wilcox, & Rousselet, 2012; » = —.20,
b < .05).

The same tendency was observed in the fluid-reward
cued task (Figure 9B). The entire data set did not reach
statistical significance in Pearson’s correlation (r = —.27,
p = .07). To explore whether a few points with unusually
high variance to mean ratios influenced this marginally
nonsignificant result, we again applied the percentage
bend technique (Pernet et al., 2012). This analysis
showed a statistically significant correlation (r = —.32,
p < .05), which points to an underlying trend in the
data, if not a statistically significant one. Note that, regard-
less of significance testing, the correlation depicted in
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Figure 9A was weak, accounting for less than 7% of the
variance in the bivariate data.

In contrast, these variables showed no relationship at
all in PFdl (Figure 9C, D) and PFo (Figure 9E, T) for either
task (for all cases, —.1 < r < .1, p > .1; see the figure
legend for exact » and p values).

DISCUSSION

We examined a measure of firing rate variability, FF, in
three PFC areas as monkeys performed a cued-strategy
task. When compared with the remaining population of
cells in PFp, goal-selective PEp cells showed lower vari-
ability during the visually cued task. Unlike their firing
rate modulation, this difference in FF was observed not
only during the peri-feedback period, but also from the
beginning of the trial (Figure 5). In contrast, neither PFdl
nor PFo showed any systematic difference in FF between
goal-selective cells and the remaining population (Fig-
ure 8). Furthermore, in PFp—but not in PFdl or PFo—
a stronger degree of goal selectivity during feedback time
was associated with a lower FF earlier in the trial (i.e., at
the end of the delay period; Figure 9). These findings
suggest that the goal-encoding population of PFp neu-
rons is engaged in the task throughout each trial, a prop-
erty that could both increase the fidelity of goal encoding
and the ability to link a goal choice with the context and
strategy used to choose that goal.
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The decrease in FF during the peri-feedback period,
which occurred in all three areas, resembles results from
previous studies. For example, Steinmetz and Moore
(2010) reported FF reduction in V4 before saccades re-
gardless of their direction, although the mean firing rate
differed by direction. Likewise, Hussar and Pasternak
(2010) reported that PFd]l neurons encoding the motion
of visual stimuli showed reduced FF during the stimulus
presentation, regardless of whether motion was in the
cell’s preferred direction.

Taken together with the relatively low firing rates in
PFC neurons, especially those in PFp (Tsujimoto et al.,
2010), the FF modulation observed here is unlikely to
be directly affected by mean firing rate. The finding that
a stable decrease in FF was not accompanied by a change
in firing rate has been reported previously. There was
overall reduction of FF in PFC cells during a working
memory task, for example, when pre- and posttraining data
were contrasted (Qi & Constantinidis, 2012). Hussar and

Pasternak (2010) also reported that an anticipatory decline
in FF, without rate modulation, preceded a stimulus-
induced decline. Among the three PFC areas examined
here, only PFp showed this overall trend; we return to this
topic below.

However, during the fluid-reward cued task, we did
not observe an overall difference in FF in the PFp cells
with versus without goal selectivity (Figure 5). This
task-to-task difference mainly resulted from the FF for
cells without goal selectivity. We describe this result as
a decrease in FF in the goal-selective cells because FF
levels in all the tested populations in PFdl and PFo were
comparable to those in PFp cells without goal selectivity
during the visually cued task. Following discussion of this
goal-selective population, we also discuss FF reduction of
cells without goal selectivity in the fluid-reward cued task.

Although we found that PFdl and PFo contain different
populations of neurons, which encode, for example, the
strategy cued and/or the upcoming responses (T'sujimoto
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Figure 8. (A-F) Comparison of FF between cells with goal selectivity and the remaining population of cells for PFdl (A-C) and PFo (D-F).

Format as in Figure 5. **p < .01, *p < .05 (Bonferroni corrected).
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task (r = —.01, p = .94). (F) PFo cells in the fluid-reward cued task

(r=—.06,p = 70).

et al, 2011a, 2012), we do not focus on these cells in this
I'Cp()l‘[.

Implications for PFp Function

In our previous study, the mean firing rate of PFp cells
did not encode task-related information until after the
monkey’s saccade (Tsujimoto et al., 2010). On the other
hand, FF showed a lower level well before goal selection
in the population of PFp cells that later in the trial en-
coded the chosen goal, but not in PFdl and PFo cells with
similar activity. In the premotor cortex and the FEF, trial-
to-trial variability is known to be a signature of motor
preparation. In these areas, FF reaches a minimum im-
mediately before the movements (Purcell et al., 2012;
Churchland et al., 2006). In addition, FF in such areas
predicts the monkey’s RT better than mean firing rate
(Marcos et al., 2013; Purcell et al., 2012; Steinmetz &
Moore, 2010; Churchland et al., 2006). By analogy, FF re-
duction in PFp cells during the premovement phase of

]
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the trial may reflect the preparation for an upcoming
event that is important for the function of this particular
brain area. A candidate for this event is a goal choice, as
our task required the monkey to monitor the goal that it
had chosen on the previous trial and hold it in memory
until the next trial.

Consistent with this view, the strength of goal selectiv-
ity, as assessed by firing rate during the feedback period,
was significantly and inversely correlated with FF earlier
in the trial (Figure 9A, B). A previous study of PFC cells
suggested that trial-to-trial variability reflects engagement
of the neurons in the components of the ongoing task
(Hussar & Pasternak, 2010). FF reduction in PFp cells
during the early phase of a trial may reflect the prepara-
tory state of those cells for upcoming goal choice, linked
to the process that guides that choice.

PEdl and PFo cells differed from PFp cells in several
ways. Notwithstanding the fact that PFdl and PFo also
contain a population of cells that encode chosen goals
during the feedback period, the strength of the goal se-
lectivity did not correlate with FF earlier in a trial. Fur-
thermore, PFo cells did not show intratrial correlation
of FF values between the feedback period and earlier task
periods (Figure 7B). Therefore, among three areas, only
the overall FF reduction in PFp neurons across the trial
suggested an increased engagement of those neurons in
the task, which could in turn contribute to goal encoding.

This across-area difference in FF of the feedback-related
goal-selective cells appears to be consistent with the across-
area difference in firing patterns in the same population of
cells. In our previous reports (Tsujimoto et al., 2011a,
2012), detailed analyses on the goal-selective feedback
period firing activity indicated that PFp—but not PFdl or
PFo—encoded the feedback (reward or error signal) before
feedback arrives. Such prefeedback coding must reflect
some internal signal about the monkey’s own response
because no external event provided such information until
feedback delivery. In fact, human neuroimaging studies
have suggested the role of PFp, especially its medial parts,
in stimulus-independent, internal thought processes (Mason
et al., 2007; Gilbert et al., 2006; Christoff, Ream, & Gabrieli,
2004). The FF reduction of the goal-selective PFp cells is
likely to be related to such internal thought processes.

Thus, the present finding of FF reduction in the PFp
population from the earlier phase of the task concurs
with the findings from monkey neurophysiology as well
as human neuroimaging and may provide further support
for the previously proposed model (Tsujimoto et al., 2012),
where the goal-selective activity of PFp cells could promote
learning about which kind of response-generating cog-
nitive processes produced a given outcome (Tsujimoto
et al., 2011h). In this proposed model, such a synthetic
goal signal in PFp is assumed to be used by the posterior
PFC parts, such as PFdl and PFo, to guide the correct re-
sponse in the forthcoming trial, because the firing rate of
their cells encodes cued strategy and future responses
(Tsujimoto et al., 2012). The lower FF in PFp population
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could improve the ability of other cortical areas to decode
its selected-goal signal.

In contrast to the PFp population, PFo cells with goal-
selective feedback period activity appeared to subserve the
assignment of response choices to outcome (Wallis, 2012;
Walton, Behrens, Buckley, Rudebeck, & Rushworth, 2010),
and PFdI cells with such activity encoded the response—
outcome conjunction, which is the information necessary
for the next trial in our task. These roles of PEdl and PFo
cells concur with the present finding that FF reduction
was not observed in these areas in the earlier task periods.

In the fluid-reward cued task, in addition to the goal-
selective population in PFp, the remaining cell popula-
tion, which did not have goal-selective rate modulation
during the feedback period, also showed a decreased
FF value in the earlier parts of a trial (Figure 5B). Reward
delivery is a critical event to the monkey, and so it seems
likely that the PFp cells without goal-selective firing activ-
ity are involved in preparation for receiving a reward dur-
ing the cue period. It is notable that, when we compare
the FF of non-goal-encoding cells, a significant difference
was observed between visual and fluid tasks at the begin-
ning and immediately after the cue period (Figure 5E,
panels 2 and 3). Previous studies have shown that multiple
parts of the PFC contain cells that reflect the parameters
associated with motivational context such as the current
or future reward type (Watanabe, Hikosaka, Sakagami, &
Shirakawa, 2002), the schedule of reward (Shidara &
Richmond, 2002), or the time until reward (Hikosaka
& Watanabe, 2004). This kind of activity is often observed
throughout a trial from the pre-cue period, which resem-
bles the FF reduction cbserved in this study. Considering
that monkey PFp is likely to correspond to medial PFp of
humans (Neubert, Mars, Thomas, Sallet, & Rushworth,
2014), which has been implicated in affective or emotional
roles (Bludau et al., 2014), the FF reduction of the non-
goal-selective PFp cells in the fluid-reward cued task
may participate in the processing of motivational context.

Two recent studies have reported the effects of PFp
lesions on monkey behavior (Boschin, Pickema, & Buckley,
2015; Mansouri, Buckley, Mahboubi, & Tanaka, 2015).
Mansouri et al. showed that PFp-lesioned monkeys can
perform an analog of the WCST as well as intact controls.
Moreover, PFp-lesioned monkeys showed even better
performance than the control monkeys when they faced
interruptions by a newly introduced secondary task or
by unexpected reward delivery. Mansouri et al. interpreted
these results as support for the idea that PFp may be in-
volved in the redistribution of cognitive resources from
the current task to other competing tasks. This interpre-
tation agrees with the FF variability profile in PFp in the
following sense. PFp cells showed reduction in variability
from the beginning of a trial even before the cue, which
implies that the cells are “ready” to process unexpected
events. There was no interrupting event in our task, and
hence, the cells might show modulation in firing rate only
in response to the goal choices. To test this possibility,

further recording studies will be needed with branching
and related tasks.

On the other hand, Boschin et al. (2015) suggested
that PFp mediates exploration and evaluation of the rela-
tive value of alternatives, particularly when the alter-
natives are novel (also see Boschin & Buckley, 2015).
Because our task included neither exploration nor eval-
uation of alternatives, we are not able to examine our
data from this point of view. Nevertheless, our hypothe-
sis does not conflict with this idea because it postulates
that the PFp cells are in a preparatory state for processing
new events even before goal choice, which would allow
them to flexibly participate if novel stimuli appear.

Conclusion

A measure of neuronal variability showed another feature
that distinguished PFp neurons from those in PFdl and
PFo. In PFp, unlike firing rate modulation, FF variability
showed changes from the early period in a trial. This vari-
ability was correlated with an index of goal selectivity calcu-
lated from the firing rate later in the task, which implies
that the variability reflects an important function of PFp.
PFp, especially its medial part, in humans comprises a key
part of the default mode network, and it shows a decrease
in activation (as assessed by changes in blood flow or
metabolism) when subjects are engaged in a task (Power,
Schlaggar, & Petersen, 2014; Shulman et al., 1997). Our re-
sults contribute to this idea by suggesting that the neural
circuit becomes less noisy during a task, even though the
firing activity or a BOLD (blood flow) signal decreases. A less
noisy state of this kind would provide an efficient link be-
tween goal choices and a preceding context that guides that
choice. In a broader framework, lower FF variation might
play a role in the flexible adaptation to novel events or inter-
vening tasks (Boschin et al., 2015; Mansouri et al., 2015).
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