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To adapt one’s behavior, in a timely manner, to an environment that changes in many different aspects, one must be sensitive to
uncertainty about each aspect of the environment. Although the medial prefrontal cortex has been implicated in the representation
and reduction of a variety of uncertainties, it is unknown whether different types of uncertainty are distinguished by distinct neuronal
populations. To investigate how the prefrontal cortex distinguishes between different types of uncertainty, we recorded neuronal
activities from the medial and lateral prefrontal cortices of monkeys performing a visual feedback-based action-learning task in
which uncertainty of coming feedback and that of context change varied asynchronously. We found that the activities of two groups
of prefrontal cells represented the two different types of uncertainty. These results suggest that different types of uncertainty are
represented by distinct neural populations in the prefrontal cortex.
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Introduction
To live in an environment in which things are ever chang-
ing, we have to detect uncertainty in the environment
and adapt our behaviors to make outcomes of our behav-
iors certain (Bach and Dolan 2012; Ma and Jazayeri 2014;
Soltani and Izquierdo 2019; Koblinger et al. 2021). As the
environment is complicated, there can be various types
of uncertainty, each of which requires a distinct type
of adaptation. Therefore, we must deal with different
types of uncertainty differently. Bach and Dolan (Bach
and Dolan 2012) integrated theoretical concepts of uncer-
tainty into a decision-making framework and proposed a
hierarchical processing model of uncertainty with four
distinct (i.e. sensory, state, rule, and outcome) uncertain-
ties. However, there is a debate about uncertainty repre-
sentation in the brain, whether different types of uncer-
tainty are represented in different neural networks or in
a unified network (Bach and Dolan 2012; Ma and Jazayeri
2014; Koblinger et al. 2021). Some theories assume that
uncertainty about the value of a particular variable is
bound to a representation of the value of that variable,
and different types of uncertainty are represented in
different neural networks, whereas other theories sug-
gest that multiple distinct decision-making variables are
processed in a unified network (Dayan et al. 1995; Hinton
and Dayan 1996; Friston 2009; Friston and Kiebel 2009).

The medial prefrontal cortex (mPFC) has been shown
to be involved in the representation and reduction of a
variety of uncertainty (Corbetta et al. 1991; Critchley et al.
2001; Matsumoto et al. 2003; Keri et al. 2004; Behrens
et al. 2007; Rushworth and Behrens 2008; Christopoulos
et al. 2009; Bach and Dolan 2012; Payzan-LeNestour et al.
2013; McGuire et al. 2014; Monosov 2017; Muller et al.
2019). In the present study, we investigated how neurons
in the mPFC represent different types of uncertainty.
We trained macaque monkeys in a task that had two
qualitatively different types of uncertainty. The degree
of uncertainty, which varied among trials, was estimated
by simulating the monkey’s learning behavior or the
design of the task. Neurons in the lateral prefrontal cor-
tex (lPFC) as well as those in the mPFC were recorded for
comparison. We found that activities in different groups
of neurons in the mPFC and lPFC represented the two
different types of uncertainty.

Materials and Methods
Subjects
Two male macaque monkeys (Macaca mulatta) weighing
7–10 kg were used (Matsumoto, Matsumoto, Abe, et al.
2007). A head holder and two recording chambers (20 mm
in diameter, each), one for recordings from the mPFC
in both hemispheres and the other for recordings from
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the left lPFC, were implanted through aseptic surgery
under pentobarbital anesthesia (35 mg/kg i.p.). All pro-
cedures were approved by the RIKEN Animal Experiment
Committee and were in accordance with the US NIH
Guidelines for the Care and Use of Laboratory Animals.

The monkeys were seated in a primate chair inside a
dark room, with their heads fixed. A cathode ray tube dis-
play was placed 57 cm from the monkey’s eyes to present
a fixation point and visual stimuli. Three lever switches
were placed in front of the primate chair. The gaze posi-
tion was measured using an infrared system (http://staff.
aist.go.jp/k.matsuda/eye/). The task was controlled, and
behavioral and neuronal data were recorded by comput-
ers running a commercially available system (Tempo for
Windows, Reflective Computing, St. Louis, MO, USA).

Behavioral Task
The task consisted of two types of trial blocks, visual
blocks and action-learning blocks, which were alternated
(Matsumoto, Matsumoto, Abe, et al. 2007). In a trial of
the visual block, a white fixation point (0.44◦ wide) was
presented at the center of the display after an intertrial
interval varying from 1.0 to 1.5 s. After the monkey fix-
ated its gaze on the point and held down the central lever
with the right hand for 0.5 s, a visual image (a full-colored
photograph of a flower, 7◦ wide) was presented for 0.6 s
and a drop of water was delivered at the end of the
visual image presentation. The monkey had to maintain
eye fixation and keep the central lever depressed until
water delivery. The monkey had to release the central
lever after the termination of each trial; otherwise, the
next trial did not start. After three successful trials of
the visual block, the task moved from a visual block to
an action-learning block. As the monkeys seldom failed
in the eye fixation and central lever pressing in trials of
the visual blocks, the transition from a visual block to an
action-learning block was practically deterministic.

In a trial of the action-learning block, after a 1.0–1.5 s
intertrial interval, the fixation point was presented at the
center of the display. After the monkey fixated on it and
held down the central lever from 0.8 to 1.3 s, the color of
the fixation point changed to red, which instructed the
monkey to initiate an action. The monkey was required
to press either the left or right lever and return to the cen-
tral lever within 2.0 s. At 0.5 s after the monkey returned
to the central lever, a visual image was presented for 0.6 s
as a feedback signal to the executed action. A correct
action (see below) was followed by the visual stimulus
that had been presented in the preceding visual block
(positive feedback), whereas an incorrect action was fol-
lowed by the image of another flower (negative feedback).
The monkey continued gaze fixation and central-lever
pressing until the offset of the feedback presentation.
The trial was immediately aborted when either gaze
fixation or central-lever pressing failed. The monkey had
to release the central lever after termination of each trial
to start the next trial. The correct action (left or right)

was fixed within each action-learning block but pseudo-
randomly changed between blocks. When the monkey
repeated the correct response in three or four consec-
utive trials (randomly determined by the computer) in
an action-learning block, the task moved to a visual
block (Fig. 1A). When a trial was aborted by a fixation
break or central-lever release during the presentation of
a positive feedback signal, the trial was regarded as a
correct trial, but the monkey was required to perform
one more correct trial before moving to a visual block.
Because of this regulation, the number of consecutive
correct trials was more than four in some action-learning
blocks.

Two pairs of positive and negative feedback stimuli
were alternated every four repetitions of the visual and
action-learning blocks. One pair was used in four repe-
titions of the visual and action-learning blocks, and the
other pair was used for the next four repetitions. After 32
repetitions of the visual and action-learning blocks, we
introduced two new pairs.

Recordings
We recorded the action potentials of single neurons
extracellularly with tungsten electrodes (impedance of
8–10 MΩ, FHC, Bowdoinham, ME), while the monkeys
performed the task. The electrodes were advanced by
custom-made hydraulic manipulators (Narishige, Japan)
and single neuronal discharges were collected at 1 kHz
using a template-matching spike discriminator (Alpha-
Omega, Alpharetta, GA). The activity of the single cells
was recorded from both the mPFC and the lPFC in the
same sessions (Fig 7A,B) (Matsumoto, Matsumoto, Abe,
et al. 2007). The recording area in the mPFC was located
in the dorsal bank and fundus of the anterior part of the
cingulate sulcus in both hemispheres of both monkeys
(the leftmost diagram in Fig. 8). The anterior–posterior
ranges of the recordings were A30-A35 in Monkey 1 and
A31-A37 in Monkey 2, which were largely located anterior
to the genu of the corpus callosum and the anterior tip of
the arcuate sulcal inferior limb. The recording area in the
lPFC was located on the lateral surface, both dorsal and
ventral to the principal sulcus in the left hemispheres of
both monkeys. The regions of recordings corresponded
to the middle part of the anterior–posterior extent of the
sulcus and ranged from A31 to A38 in Monkey 1 and
A33-A38 in Monkey 2. These corresponded to the area
46 (Walker 1940; Barbas and Pandya 1989). The position
and extent of recordings were determined on the basis of
structural magnetic resonance images (4 T, Varian NMR
Instruments, Palo Alto, CA) taken before the surgery.

Layer Distribution of the mPFC Cells
For 13 of the 32 grid positions in the mPFC recording
chamber (7/18 in Monkey 1, 6/14 in Monkey 2), the elec-
trode tip went through all the layers of the cortex in the
dorsal bank of the cingulate sulcus, which allowed us to
estimate the depth position of the recording cell activities
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Figure 1. Task design and behavioral results. (A) Trial transition diagram. The most frequent transitions among the trial types in visual and
action-learning blocks are illustrated. V1, V2, and V3 are the first, second, and third trials of visual blocks, respectively. See the main text for the
abbreviations of the trial types in action-learning blocks. (B) Event sequences in single trials of visual and action-learning blocks. Gray and pink
shading indicate the preblock-transition and prefeedback periods, respectively, in which the activities associated with the uncertainty in block
transition or the uncertainty in the nature of the coming feedback were measured. (C) Percentage of monkeys’ correct responses in trials 1–4 of
action-learning blocks. Black lines, for blocks that started with a correct trial; red lines, for blocks that started with an error trial. Error bars indicate
standard deviations across blocks.

in the dorsal bank of the cingulate sulcus. In these pene-
trations, the electrode tip passed through the gray matter
in the dorsal surface of the brain, the white matter under
the dorsal surface gray matter, and the gray matter in the
dorsal bank of the cingulate sulcus, finally entering the

cingulate sulcus (see the leftmost diagram in Fig. 8). After
being left unmoved in the white matter for ∼30 min, the
electrode was slowly advanced to determine the position
at which action potentials were obtained. This position
was regarded as the border between the white matter and
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gray matter in the dorsal bank of the cingulate sulcus.
The border between the gray matter in the dorsal bank
of the cingulate sulcus and the cingulate sulcus was
determined by the last position of the action potentials,
beyond which the recording continued to be silent. The
border between the white matter and gray matter in
the dorsal bank of the cingulate sulcus was determined
every recording day, whereas the border between the
gray matter in the dorsal bank of the cingulate sulcus
and the cingulate sulcus was determined only a few
days toward the end of recordings in the grid position.
The distance between the position at which a cell was
recorded and the white matter/gray matter border was
divided by the average distance between the gray mat-
ter/cingulate sulcus border and the white matter/gray
matter border (2169 ± 237 μm [mean ± SD] for Monkey
1 and 2061 ± 277 μm for Monkey 2) to determine the
normalized depth of the cell.

Statistical Analyses
We analyzed the cells recorded for 16–32 repetitions of
visual and action-learning blocks. We selected cells that
significantly increased the firing rate before the feedback
presentation in trials C1 and E1 by comparing firing
during the last 200 ms of the prefeedback period with
firing during the initial fixation period (100–500 ms after
gazing at the fixation point started) in C1 and E1 trials
(P < 0.05, paired t-test). This analysis was conducted on
the data of trials pooled for all four combinations of
motor responses (left and right) and feedback pairs (a
feedback pair A and a feedback pair B). Trials were not
divided according to the executed action, because the
majority (mPFC: 86% [48/56], lPFC: 86% [48/56]) of the
cells with significant prefeedback activities in C1/E1 did
not show the main effects of the action type (P < 0.05,
two-way factorial ANOVA with factors of motor response
and feedback pair). The feedback pair used as a factor in
this analysis is the pair of positive and negative feedback
stimuli, which was changed every four repetitions of the
visual and action-learning blocks (see above). C1 trials
were combined with E1 trials, because the activities were
analyzed in the prefeedback period during which the
feedback was not yet presented. Finally, trials with dif-
ferent feedback pairs were pooled, because the majority
(mPFC: 96% [54/56], lPFC: 86% [48/56]) of the cells with
significant prefeedback activities in C1/E1 did not show
the main effects of the feedback pair (P < 0.05, the same
ANOVA described above).

We determined the rising onset of the prefeedback
activity in each cell by comparing the firing during the
moving window of 200 ms with that during the initial
fixation period (100–500 ms after the start of the gaze
fixation) in C1/E1 (P < 0.05, paired t-test). The window
was shifted back from the time immediately before the
feedback onset in 50-ms steps and the center of the last
window with which a significant difference was obtained
was used as the rising onset.

The prefeedback activities decreased from C1/E1 to
later trials in each action-learning block. To examine
the significance of this trend in the cell population, we
compared the magnitude of activities between C1/E1 and
each of the later correct trial types (C2, C3, eC1, eC2, and
eC3) using the Wilcoxon signed-rank test (P < 0.05). To
avoid possible effects of random fluctuations of activity
in C1/E1, we also conducted the procedure using half of
the C1/E1 trials (in odd blocks in each action-outcome
combination) for cell selection and the remaining half
for comparison between C1/E1 and later correct trials (in
even blocks in each action-outcome combination).

To estimate the uncertainty of feedback, we first
determined the internal model parameters of the
monkey’s selection behavior, including the prediction
errors of action values and estimated action-selection
probability in each trial type of action-learning blocks
and the goodness of the feedback stimuli, by fitting a
reinforcement learning model to the monkey’s behavior
(see our previous paper Matsumoto, Matsumoto, Abe,
et al. 2007 for details). We chose a “double-update” model,
in which the values of both executed and nonexecuted
action types are updated when the feedback is given,
rather than the “single-update” model, in which only
the value of the executed action is updated (Watkins
and Dayan 1992), because the double-update model
better fitted the behaviors of our two monkeys (see
Supplementary Fig. 2 and Supplementary Note online
in our previous paper Matsumoto, Matsumoto, Abe, et al.
2007). We assumed a Boltzmann selection rule for action
selection, and the probability of selecting an action a
(either left [L] or right [R]) is given by

p(a) = exp (βQ(a))

exp (βQ(L)) + exp (βQ(R))
, (1)

where Q(a) is the action value of action a. β is the inverse
temperature, which is inversely related to randomness in
action selection (β ≥ 0). When the feedback was given,
the values of the nonexecuted action a as well as of
the executed action a were updated using the following
formulae:

δQ(a) = r − Q(a) (2)

Q(a) ← Q(a) + αδQ(a) (3)

Q
(
a
) ← Q

(
a
) + iαδQ(a), (4)

where δQ(a) is the prediction error, r is the goodness of
the feedback stimulus, α is the learning rate (0 < α < 1)

(Watkins and Dayan 1992), and i is an interaction factor
(−1 ≤ i ≤ 0). r was 1 for positive feedback stimuli and
νneg (−1 ≤ νneg ≤ 1) for negative feedback stimuli.

The action values were reset to 0 at the beginning
of each action-learning block and sequentially changed
along the series of actions within each action-learning
block. We determined the parameters with which the
model best fits the monkey’s actual action selections,

https://academic.oup.com/cercorcomms/article-lookup/doi/10.1093/cercorcomms/tgac002#supplementary-data
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according to a likelihood function l(θ |y) for each set of
parameters (θ ) with particular behavioral data (y).

l
(
θ |y) =

∏
p (a, t|θ) . (5)

We considered the set of parameters that provided the
largest value of the likelihood function as the best-fit
parameter. For y, we pooled, separately, for each mon-
key, the behavioral data of all the sessions in which we
recorded neuronal activities.

For the uncertainty of the values of feedback stimuli,
we calculated the standard deviation of the goodness
of feedback stimuli (SDfeedback) and the expected value
of the absolute prediction error of action values (EVPE).
SDfeedback in each trial type was calculated using the
following formula:

SDfeedback =
√

Pcorrect
(
rpos − r

)2 + Perror
(
rneg − r

)2 (6)

r = Pcorrect ∗ rpos + Perror ∗ rneg, (7)

where Pcorrect and Perror are the actual conditional proba-
bilities of correct and erroneous responses in each trial
type, respectively; rpos is 1 (arbitrarily defined as the
goodness for positive feedback stimuli), and rneg is νneg,
which was determined for each monkey as a behav-
ioral parameter as described above (see the values in
Supplementary Table 2).

Next, we examined the correlation between changes in
the prefeedback activities and those in the uncertainty of
the values of feedback stimuli: (i) the activity of each cell
in each trial type was normalized by the cell’s maximal
activity (among the trial types) after the cell’s minimal
activity (among the trial types) was subtracted from the
activities in each trial type; (ii) for each monkey, the
value of SDfeedback in each trial type was normalized by
the maximal value of SDfeedback (among the trial types)
after the minimal value of SDfeedback was subtracted from
values in each trial type; and (iii) the distribution of
the normalized activities of cells was compared for each
trial type, with the normalized values of SDfeedback, for
each monkey, using Wilcoxon signed-rank text. We also
performed Bayesian hypothesis tests using the multi-
platform open-source program JASP (Jeffreys’s Amazing
Statistics Program; https://jasp-stats.org): the Bayes fac-
tor BF10 was calculated using the Bayesian Wilcoxon
signed-rank test and default effect size priors (Cauchy
scale 20.5/2) (Keysers et al. 2020; van Doorn et al. 2020).

We also calculated the expected values of absolute
prediction errors (EVPE) as a biologically plausible approx-
imation of the uncertainty of the values of feedback
stimuli, which would be provided by the feedback in the
trial. EVPE in each trial type was calculated using the
following formula:

EVPE = Pcorrect |δQcorrect| + Perror |δQerror| , (8)

where Pcorrect and Perror are the estimated conditional
probabilities of correct and erroneous responses in each
trial type, respectively, and δQcorrect and δQerror are the
expected prediction errors for correct and erroneous
responses in each trial type, respectively (see the values
in Supplementary Table 2). We examined the correlation
between changes in the prefeedback activities and those
in EVPE in the same way as described above for the corre-
lation between changes in the prefeedback activities and
those in SDfeedback.The task probabilistically moved from
an action-learning block to a visual block after C3, eC3,
C4, or eC4. In the trials after C3, eC3, C4, and eC4 (with
the four groups of trials pooled), we compared the firing
rate during the 200-ms period starting at 300 ms after
the eye fixation and central lever pressing started with
the firing rate during the 400-ms period immediately
before the fixation and central lever pressing started
(P < 0.05, paired t-test). The end of the former window
was the time at which the monkey could find whether
or not the block transition occurred: a visual stimulus
replaced the fixation point when a visual block started,
whereas the fixation point remained when the action-
learning block continued. Therefore, we named the
window the “pretransition period.” For the population
of cells that showed a significantly higher firing rate in
the pretransition period than in the firing late before
the start of the eye fixation and central lever pressing
in the trials after Ce, eC3, C4, and eC4, we compared
the firing rate during the pretransition period in the
trials after C3, eC3, C4, and eC4 (pooled) with the firing
rate in the corresponding window in the earlier trials
after C1, eC1, C2, or eC2 (for each of the four types
separately), and with the firing rate in the corresponding
window in the later trials in the visual block (V2 and V3,
respectively), by Wilcoxon signed-rank test (P < 0.05). To
avoid possible effects of random fluctuations of activity
in the trials after C3, eC3, C4, and eC4, we also conducted
the procedure using half of the trials after C3, eC3, C4, or
eC4 (odd trials) for cell selection and the remaining half
for the comparison with the other trials.

We analyzed the direct effects of the presentation
of visual feedback stimuli in C1/E1 trials on neuronal
activity by comparing the firing rate after the onset of
feedback presentation (100–400 ms after the feedback
onset) with that during the 400 ms immediately before
the feedback onset by paired t-test (P < 0.05). This com-
parison was conducted separately for the positive and
negative feedback. For the cells that increased the firing
rate after the onset of either positive or negative feed-
back, we further examined whether the firing rate after
the feedback onset was different between positive and
negative feedback by t-test (P < 0.05).

We analyzed the direct effects of the presentation of
visual stimuli in V1 trials on neuronal activity by com-
paring the firing rate after the onset of visual stimulus
presentation (100–400 ms after the stimulus onset) with
that during the 400 ms immediately before the stimulus
onset by paired t-test (P < 0.05) in V1. For the cells that

https://academic.oup.com/cercorcomms/article-lookup/doi/10.1093/cercorcomms/tgac002#supplementary-data
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increased the firing rate after the onset of the visual
stimulus, we further examined whether the firing rate
after the visual stimulus onset was different between
V1 and V3. We conducted a two-way factorial ANOVA
(P < 0.05) with factors of trial type (V1/V3) and stimulus
(one or the other).

Results
Two macaque monkeys performed a task in which visual
and action-learning blocks were alternated (Fig. 1A,B)
(Matsumoto, Matsumoto, Abe, et al. 2007). In the visual
block, the presentation of a visual image (a full-colored
photograph of a flower) was followed by a water reward.
After three trials of the visual block, the task was moved
to the action-learning block, in which the monkey had to
make either a left-lever press or right-lever press. As the
correct side of the response was randomly determined by
the computer in each action-learning block, the monkey
had to learn it by trial and error. The feedback in the
action-learning block was a visual stimulus. The stim-
ulus presented in the preceding visual block indicated
that the action was correct, while the image of another
flower indicated that the action was wrong. When the
monkey had repeated the correct response in three or
more consecutive trials (see Materials and methods) in
an action-learning block, the task probabilistically moved
to a visual block (Fig. 1A).

Thus, there were two types of uncertainty in the task.
One type of uncertainty existed in the content of visual
feedback given in early trials of the action-learning
blocks, whereas the other type of uncertainty existed
in the timing of transition from action-learning to visual
blocks.

Behavioral Results
The monkeys quickly learned the correct action in each
action-learning block (Fig. 1C) (Matsumoto, Matsumoto,
Abe, et al. 2007). The percentage of correct actions in
the first trial of action-learning blocks was at chance
level (56 ± 8% [mean ± SD] for Monkey 1 and 50 ± 3% for
Monkey 2). The average percentage correct was over 90%
in the second trial and remained at this high level in
the subsequent trials, while the percentage correct in
the trial after an incorrect initial trial was lower than
that in the trial after a correct initial trial. Therefore, the
sequence of trials was, in most blocks, either a correct
initial trial (C1) followed by consecutive correct trials
(C2, C3, . . . ) or an incorrect initial trial (E1) followed by
consecutive correct trials (eC1, eC2, eC3, . . . .) (Fig. 1A).
We concentrated on the trials of these two sequences
for the analyses of neuronal activities in action-learning
blocks because the number of trials of other trial types
was too few per cell. Other trials were also included
when we analyzed the selection behavior of the monkeys
(Supplementary Table 1).

Representation of Uncertainty Related to the
Coming Feedback
In order to find neural activities associated with the
uncertainty of the coming feedback, we examined PFC
cell activities during the last 200 ms before the feedback
presentation (the prefeedback period) in the first (C1/E1)
trials of action-learning blocks. Because the feedback was
presented with a fixed delay from the end of the action
execution, the monkeys likely anticipated the time of
feedback presentation. Of the 351 cells recorded from
the mPFC and 396 cells recorded from the lPFC, 56 mPFC
cells (16%) and 56 lPFC cells (14%) showed significantly
higher firing rates during the prefeedback period than
during the initial fixation period (400 ms immediately
following the fixation start) in C1/E1 trials (P < 0.05,
paired t-test). We refer to these activities as “prefeedback
activities.” As shown for two example cells recorded from
the mPFC (Fig. 2A) and lPFC (Fig. 2B), the prefeedback
activities gradually increased their firing rate toward the
onset of the feedback stimulus (vertical line).

The activities in the prefeedback period significantly
decreased from C1/E1 to subsequent trials, in which the
probability of positive feedback was higher. This was
true in both the mPFC population (P < 0.001 in each of
C1/E1 vs. C2, C3, eC2, and eC3, but P = 0.11 in C1/E1 vs.
eC1, Wilcoxon signed-rank test) (Fig. 2C) and the lPFC
population (P < 0.001 in C1/E1 vs. C2, C3, eC2, and eC3 and
P = 0.002 in C1/E1 vs. eC1) (Fig. 2D). To confirm that these
differences were not merely caused by random fluctua-
tion of activities in the C1/E1 trials through its influence
on the selection of cells with significant prefeedback
activities in C1/E1, we used half of the C1/E1 trials to
determine the significance of responses and the remain-
ing half for the comparison between C1/E1 and later
correct trials. Even in this analysis, the activities in C1/E1
were larger than those in the later correct trials in mPFC
(44 cells, P = 0.001 in C1/E1 vs. C2, P = 0.002 in C1/E1 vs. C3,
and P < 0.001 in C1/E1 vs. eC2 and eC3, Wilcoxon signed-
rank test), except eC1 (P = 0.37 in C1/E1 vs. eC1, Wilcoxon
signed-rank test) and in lPFC (28 cells, P < 0.001 in C1/E1
vs. C2, C3, and eC2, P = 0.004 in C1/E1 vs. eC1, and P = 0.01
in C1/E1 vs. eC3).

Earlier Rising Onset in the mPFC
The prefeedback activities in the first (C1/E1) trials
started earlier in the mPFC than in the lPFC in individual
trials (Fig. 3A). We determined the rising onset (the
time when the activity reached a significantly higher
level than that in the initial fixation period) in C1/E1 in
individual cells with significant prefeedback activities
in C1/E1. The mean rising onset was 663 ms before the
onset of the feedback stimulus in the mPFC, whereas the
mean rising onset was 372 ms before the onset of the
feedback stimulus in the lPFC. The difference between
the means in the mPFC and lPFC was statistically
significant (P < 0.001, Mann–Whitney U-test) (Fig. 3B).
The difference in the estimated rising onset was not due
to a higher baseline activity of the lPFC cells compared

https://academic.oup.com/cercorcomms/article-lookup/doi/10.1093/cercorcomms/tgac002#supplementary-data
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Figure 2. Prefeedback activities in the mPFC and lPFC. (A, B) Activities in an example mPFC cell (A) and lPFC cell (B). (C, D) Activities in the mPFC cell
population (C) and lPFC cell population (D). The bin width is 50 ms. The activity graphs are aligned with the onset of the fixation period (in the left of
the short gaps) or with the onset of the visual feedback stimulus (in the right of the short gaps). The open triangles below the abscissa indicate the
time when the monkey depressed the central lever and started to gaze at the fixation point. The filled triangles indicate the time when the monkey
returned to the central lever. The vertical lines right to the filled triangles indicate the onset of the feedback. The activities in the trials with positive
feedback stimuli are shown in red and those in the trials with negative feedback are shown in blue. For the population activities, the activity in each
bin was subtracted by the averaged activity in the 400-ms window starting 100 ms after the start of gaze and central lever pressing in the C1/E1 trials,
normalized by the peak activity in individual cells, and then averaged across cells. The error bars indicate the standard error of mean.

with the mPFC cells; the discharge rate during the initial
fixation period was not significantly different between
the two areas (P = 0.23, Mann–Whitney U-test), and the
baseline activity was numerically lower in the lPFC cells
than in the mPFC cells.

Correlation of the Changes in the Prefeedback
Activity with Those in the Estimated Strength of
Uncertainty over the Course of Action Learning
The decrease in the prefeedback activities from the
first (C1/E1) to later trials might be correlated with the
decrease in uncertainty of the feedback. To quantitatively
examine the relationship between them, we calculated,

from the monkey’s selection behavior, two values as
the uncertainty: the standard deviation of the values
of feedback stimuli (SDfeedback) (Fig. 4A) and the expected
value of the absolute prediction error of action value
(EVPE) (Fig. 4B, see Materials and methods). The standard
deviation is a mathematically normative value used to
represent uncertainty, but its calculation includes the
square and square root operations, which are biologi-
cally implausible. The expected value of the absolute
prediction error, which can be calculated by summing
the absolute value of prediction errors with weights of
probability, approximates the standard deviation (Soltani
and Izquierdo 2019).
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Figure 3. The prefeedback activities in the C1/E1 trials. (A) Averaged
normalized prefeedback activities of the mPFC and lPFC cell populations
in the 1st trial (C1 or E1) of the action-learning block. The activities were
aligned at the onset of feedback (vertical line). The filled triangle
indicates the time when the monkey returned to the central lever. (B)
Cumulative distributions of the rising onset of the prefeedback activities
in C1/E1 in the mPFC (black line) and lPFC (gray line).

The changes of the prefeedback activities in the mPFC
and lPFC matched those of SDfeedback (Fig. 4C,D, see Mate-
rials and methods): the normalized prefeedback activi-
ties (of the cells with significant prefeedback activities
in C1/E1) did not significantly differ from the normalized
SDfeedback in the mPFC or in the lPFC (Wilcoxon signed-
rank test, Table 1). Furthermore, the Bayes factor BF10

(Keysers et al. 2020; van Doorn et al. 2020) took values
between 1/3 and 1/10 for most trial types and never
exceeded 3 in both the mPFC and the lPFC (Bayesian
Wilcoxon signed-rank test, Table 2), which moderately
supports the hypothesis that the normalized prefeed-
back activities matched the normalized SDfeedback. The
changes of the prefeedback activities in the mPFC and
lPFC matched those of EVPE as well (Fig. 4C,D): the nor-
malized prefeedback activities did not significantly differ
from the normalized EVPE in the mPFC or in the lPFC
(Wilcoxon signed-rank test, Table 1). The Bayes factor
BF10 took values between 1/3 and 1/10 for most trial types
and never exceeded 3 in both the mPFC and the lPFC
(Bayesian Wilcoxon signed-rank test, Table 2).

Representation of Uncertainty in the Transition
from an Action-Learning Block to a Visual Block
To determine the neural activities associated with
the uncertainty in block transition, we examined the

Figure 4. Changes of the uncertainty of the coming feedback and the
prefeedback activities along the course of action learning. (A, B) Changes
of the standard deviation of feedback values (A), the expected values of
absolute prediction errors (B). Note that the trial types are labeled as
“first,” “after c,” “after cc,” “first,” “after e,” “after ec,” and “after ecc,”
instead of C1, C2, C3, E1, eC1, eC2, and eC3, because the labeling is based
on the past trials that had already occurred up to the point in time when
the feedback was about to be given. (C, D) Changes of the prefeedback
activities in the mPFC (C) and lPFC (D) cells with significant prefeedback
activities in C1/E1. The prefeedback activities were normalized by the
maximum activities in each cell and averaged across all the cells with
significant prefeedback activities in C1/E1 recorded from each monkey.
The error bars indicate the standard error of mean across cells.

activities of the PFC cells at the block transition from an
action-learning block to a visual block. The transition
from an action-learning block to a visual block was
probabilistic in that it occurred after three, four, or
more consecutive correct trials (see Materials and
methods), whereas the transition from a visual block
to an action-learning block always occurred after three
trials of the visual block. The probabilities of block
transition from an action-learning block to a visual
block and the entropies calculated from them are
shown in Supplementary Table 1. After four trials, task
performance deteriorated in both monkeys (Fig. 5A).
The proportion of erroneous trials (Monkey 1) or the
summed proportion of erroneous trials and trials aborted
by fixation break or early central-lever release (Monkey 2)
was significantly larger in the trials after C4 and eC4 than

https://academic.oup.com/cercorcomms/article-lookup/doi/10.1093/cercorcomms/tgac002#supplementary-data
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Table 1. Significance of the difference between the normalized prefeedback activities and the estimated strength of uncertainty, over
the course of action learning: Wilcoxon signed-rank test. P-values are shown for each trial type

C1/E1 C2 C3 eC1 eC2 eC3

SDfeedback mPFC Monkey 1 0.62 0.23 0.70 0.95 0.36 0.61
Monkey 2 0.69 0.46 0.73 0.09 0.74 0.52

IPFC Monkey 1 0.97 0.31 0.30 0.61 0.50 0.59
Monkey 2 0.27 0.90 0.17 0.52 0.32 0.09

EVPE mPFC Monkey 1 0.62 0.14 0.70 0.24 0.33 0.61
Monkey 2 0.69 0.63 0.94 0.61 0.35 0.52

IPFC Monkey 1 0.97 0.42 0.30 0.18 0.53 0.59
Monkey 2 0.27 0.34 0.46 0.06 0.12 0.09

Table 2. Significance of the difference between the normalized prefeedback activities and the estimated strength of uncertainty, over
the course of action learning: Bayesian Wilcoxon signed-rank test. Bayes factor BF10 is shown for each trial type

C1/E1 C2 C3 eC1 eC2 eC3

SDfeedback mPFC Monkey 1 0.23 0.71 0.28 0.23 0.25 0.22
Monkey 2 0.19 0.21 0.19 1.24 0.25 0.32

IPFC Monkey 1 0.26 0.31 0.47 0.23 0.38 0.25
Monkey 2 0.20 0.20 0.24 0.30 0.42 1.55

EVPE mPFC Monkey 1 0.22 1.55 0.29 0.65 0.25 0.22
Monkey 2 0.19 0.21 0.20 0.20 0.42 0.31

IPFC Monkey 1 0.24 0.25 0.46 0.76 0.36 0.23
Monkey 2 0.21 0.44 0.20 2.34 1.05 1.61

in those after C2 and eC2 (P = 0.017 in Monkey 1, P = 0.033
in Monkey 2, one-tailed paired t-test). These results
suggest that the monkeys anticipated the transition,
and their performance deteriorated when the anticipated
transition did not occur.

The uncertainty about block transition was resolved
at 0.5 s after the start of the eye fixation and central
lever pressing. When the transition occurred, the fixation
point was replaced with a visual stimulus. When the
transition did not occur, the fixation point remained.
Therefore, we compared the firing rate during the 200-
ms period immediately before this time (pretransition
period) with that during the 400-ms period immediately
before the eye fixation started. The firing rate in the
pretransition period was significantly higher than that
before the fixation onset in 15% of the mPFC cells (52/351)
and 12% of the lPFC cells (48/396) in the trials after C3, C4,
eC3, and eC4 (P < 0.05, paired t-test). We refer to these
activities as “preblock-transition activities” (Fig. 5B,C).

The activities of these cells in the corresponding
window were significantly smaller in the earlier trials
of action-learning blocks, in which the monkeys were
unlikely to anticipate the block transition (for the mPFC,
P < 0.001 for C1, C2, C3, E1, eC1, eC2, and eC3; for the lPFC,
P < 0.001 for C1, C2, C3, E1, eC1, eC2, and eC3, Wilcoxon
signed-rank test). The activities of the cells in the
corresponding window were also significantly smaller
in later trials of visual blocks (V2 and V3), in which the
monkey fully anticipated the appearance of the visual
stimulus (for the mPFC, P < 0.001 for V2 and V3; for
the lPFC, P < 0.001 for V2 and V3, Wilcoxon signed-rank
test). These results were confirmed even after correcting

for the possible link between cell selection and testing.
We reselected cells with significant preblock-transition
activities based on half of the trials and compared the
activity using the remaining half of the trials. In this
analysis, the activities during the pretransition period
after C3, C4, eC3, or eC4 were significantly larger than
those in the other trials, both in the mPFC (44 cells,
P < 0.001 for C1, C2, C3, E1, eC1, eC2, eC3, and V3; and
P = 0.006 for V2, Wilcoxon signed-rank test) and the lPFC
(32 cells, P < 0.001 for C1, C2, C3, E1, eC1, eC2, and eC3,
P = 0.006 for V2 and V3).

Representation of Different Types of Uncertainty
by Distinct Neural Populations
The prefeedback activities in the first (C1/E1) trials of
action-learning blocks and preblock-transition activities
occurred in largely different cell groups. Most of the
cells with significant prefeedback activities in C1/E1
(42/56 in the mPFC and 45/56 in the lPFC) did not show
significant preblock-transition activities (blue plots in
Fig. 6A,B, Supplementary Fig. 1A). Conversely, most of
the cells with significant preblock-transition activities
(38/52 in the mPFC and 37/48 in the lPFC) did not
show significant prefeedback activities in C1/E1 (green
plots in Fig. 6A,B, Supplementary Fig. 1B). Only 14 mPFC
cells and 11 lPFC cells showed both prefeedback and
preblock-transition activities (red plots in Fig. 6A,B).
For the cells with significant prefeedback activities in
C1/E1 or significant preblock-transition activities, the
prefeedback activities in C1/E1 negatively correlated
with preblock-transition activities in both the mPFC
(Fig. 6A, Spearman’s r = −0.34 P = 0.0007) and the lPFC

https://academic.oup.com/cercorcomms/article-lookup/doi/10.1093/cercorcomms/tgac002#supplementary-data
https://academic.oup.com/cercorcomms/article-lookup/doi/10.1093/cercorcomms/tgac002#supplementary-data


10 | Cerebral Cortex Communications, 2022, Vol. 3, No. 1

Figure 5. Preblock-transition activities. (A) Performance deterioration in the later parts of the action-learning blocks. After C4 and eC4, the ratio of the
erroneous responses in which the incorrect lever was chosen in the trials increased in Monkey 1 (left), and the ratio of trials in which either the
incorrect lever was chosen or the trial was aborted by a fixation break or by an early central-lever release increased in Monkey 2 (right). The ratios
were averaged over all recording sessions. The error bars indicate the standard error of mean across sessions. (B) Activities in an example mPFC cell
that showed gradually increasing activity during the fixation period after C3, eC3, C4, and eC4, where a probabilistic transition from an action-learning
block to a visual block occurred. C1 → C2 represents the transition from C1 to C2 or eC1 to eC2; C3 → V1 represents the transition from C3 or eC3 to
V1, and so on. (C) Population activities of the cells with significant preblock-transition activities in the mPFC and lPFC during the fixation period. The
activities that occurred when the block transition might occur are indicated in red. The activity in each bin was subtracted by the averaged activity in
the 400-ms window immediately before the gaze fixation and central lever pressing started after C3, eC3, C4, and eC4 trials. The activity in each bin
was normalized by the peak activity in each cell and then averaged across cells. The error bars indicate the standard error of mean across cells. In (B)
and (C), the open triangles indicate the time when the monkey depressed the central lever and started to gaze at the fixation point, and the vertical
solid (in B) and dashed (in C) lines indicate the expected or actual onset of the visual stimulus, respectively. The activity graphs are aligned with the
onset of the fixation period.

(Fig. 6B, r = −0.59 P = 7.3 × 10−10), indicating that the
cells with larger prefeedback activities tended to show
smaller preblock-transition activities and the cells with
larger preblock-transition activities tended to show
smaller prefeedback activities. To examine further how

separately the two types of uncertainty are represented
by different neuronal populations, we calculated the
argument angle of the vector given by the prefeedback
and preblock-transition activity pairs for each of the
cells that showed significant prefeedback activities or
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preblock-transition activities, in the space of the two
activities. The distributions of the argument angles
are shown in the histograms (Fig. 6C,D) with the width
of the bins determined using the Freedman–Diaconis
rule (Freedman and Diaconis 1981). They appeared to
have two peaks: one around 0◦ corresponding to the
positive range in the abscissa, and the other around 90◦

corresponding to the positive range in the ordinate, in
the mPFC (Fig. 6C) and lPFC (Fig. 6D).

Relationship of Prefeedback Activities with
Transient Responses after Feedback and
Relationship of Preblock-Transition Activities
with Activities after Block Transition
We previously reported prominent neuronal responses
in the mPFC and lPFC after feedback (Matsumoto, Mat-
sumoto, Abe, et al. 2007). These responses were different
from the prefeedback activities: the former transiently
occurred after the feedback, whereas the prefeedback
activities gradually grew toward the onset of feedback.
Most of the cells with significant prefeedback activities
in C1/E1 (40/56 in the mPFC and 37/56 in the lPFC) did
not show further increases in firing after the feedback
onset for either positive or negative feedback (P > 0.05,
paired t-test, see Materials and methods), as illustrated
for the two example cells in Fig. 2A,B. The remaining
16 (29%) mPFC and 19 (34%) lPFC cells showed a fur-
ther increase in firing after positive or negative feedback
onset (P < 0.05, paired t-test). The numbers of prefeed-
back cells that showed the feedback responses represent-
ing positive, negative, and absolute prediction errors were
4, 4, and 8 in the mPFC and 1, 7, and 11 in the lPFC,
respectively.

In our previous paper (Matsumoto, Matsumoto, Tanaka
2007), we reported that some cells in the lPFC and mPFC
specifically responded to the appearance of visual stim-
uli in the first trials of visual blocks: their responses
to the visual stimuli in the first trials of visual blocks
were significantly larger than those in the subsequent
trials of visual blocks. These activities occurred after the
stimulus onset, while the preblock-transition activities
occurred before the timing of possible stimulus onset,
although the preference for the first trial compared with
the following trials in the visual blocks was common.
The overlap between the cells with the two types of
activities was small; in only a minority of the cells with
significant preblock-transition activities (9/52 in mPFC
and 6/48 in lPFC), the firing rate further increased after
stimulus onset (P < 0.05, paired t-test) and this poststim-
ulus response decreased from V1 to V3 (P < 0.05, paired
t-test).

Distribution of Cells with Prefeedback Activities
in C1/E1 and those with Preblock-Transition
Activities
The cells with prefeedback activities in C1/E1 were locally
intermingled with the cells with preblock-transition

activities and the cells responding to the first appearance
of visual stimulus in visual blocks in individual tracks
of electrodes in both the mPFC and lPFC (Fig. 7C,D, left
and right). They were also intermingled with the cells
responding to feedback in action-learning blocks and in
individual tracks of electrodes in the mPFC (Fig. 7C,D,
middle column).

For the penetrations that went through the whole
cortical thickness of the gray matter in the dorsal bank of
the cingulate sulcus, the positions of the recorded mPFC
cells along the cortical thickness were estimated (see
Materials and methods). Cells with prefeedback activities
in C1/E1, cells with preblock-transition activities, cells
responding to the feedback, and cells responding to the
first appearance of visual stimulus in visual blocks were
distributed over the cortical layers (P = 0.70, Fisher’s exact
test) with no clear bias (Fig. 8).

Discussion
In the present study, we found two distinctive types of
cell activities representing the two different types of
uncertainty in the mPFC and lPFC. One type of activ-
ity appeared before the onset of visual feedback in the
early trials of action-learning blocks, in which the mon-
key was uncertain about the correctness of an executed
action and then the type of feedback (positive/nega-
tive) (prefeedback activities in C1/E1). The magnitude
of these activities correlated with the estimates of the
uncertainty of the feedback value. The second type of
activity appeared before the timing of the first indica-
tion of the transition from an action-learning block to a
visual block (preblock-transition activities). The appear-
ance of a visual stimulus during the initial eye fixa-
tion period indicated the transition, whereas the absence
of a visual stimulus indicated the continuation of the
action-learning block. The magnitude of these activities
correlated with the uncertainty of the visual stimulus
appearance. The two types of activities were observed in
two largely nonoverlapping groups of cells in both the
mPFC and the lPFC. Thus, we suggest that the mPFC and
lPFC discriminate the type of uncertainty by representing
different types of uncertainty with activities in different
groups of cells.

To measure the uncertainty of the feedback, we
calculated the standard deviation of feedback (SDfeedback)
and the expected value of the absolute prediction error of
action value (EVPE). The latter, which can be calculated
with biologically plausible variables (prediction errors)
and operations (weighted sum), approximates the former
(Soltani and Izquierdo 2019). The representation of the
expected value of the absolute prediction error in the
PFC cells should have been developed by repeatedly
experiencing the prediction errors in various steps along
action-learning. Several groups of researchers, including
ours, have previously found mPFC cells whose responses
to the feedback closely matched the magnitude of
prediction errors of action values given by the feedback
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Figure 6. Comparison between the magnitudes of prefeedback activities in C1/E1 and preblock-transition activities. (A) Scatterplot of
preblock-transition activities (ordinate) against prefeedback activities (abscissa) in mPFC cells. The cells with significant prefeedback activities alone,
those with significant preblock-transition activities alone, and those with both significant prefeedback and preblock-transition activities are plotted by
blue, green, and red circles, respectively. The prefeedback activities were subtracted by the initial fixation-period activity in the 400-ms window
(100–500 ms after gazing at the fixation point started) in C1/E1 trials. The preblock-transition activities were subtracted by the averaged baseline
activity in the 400-ms window immediately before the gaze fixation and the central lever pressing started after C3, eC3, C4, and eC4 trials. (B)
Scatterplot of the preblock-transition activities against prefeedback activities in lPFC cells. (C, D) The distribution of the argument angle of each cell’s
vector. The bin width of 18◦ was determined using the Freedman–Diaconis rule for the mPFC histogram (C) and was also applied to the lPFC histogram
(D) to match them.

for the executed action (Ito et al. 2003; Seo and Lee 2007;
Matsumoto, Matsumoto, Abe, et al. 2007; Quilodran et al.
2008). Some of the cells represented positive prediction
errors, others represented negative prediction errors,
and the remaining represented the absolute value of
prediction errors (Ito et al. 2003; Seo and Lee 2007;
Matsumoto, Matsumoto, Abe, et al. 2007; Quilodran et al.
2008). The cells with prefeedback activities in C1/E1
were intermingled with these feedback-responsive cells
in the mPFC. This mixed distribution might help the
former cells learn to represent the expected amount of
prediction error by locally gathering the signals from

the latter cells. Some theories assume that uncertainty
about the value of a particular variable is bound to the
representation of the value of that variable (Dayan et al.
1995; Hinton and Dayan 1996; Friston 2009; Friston and
Kiebel 2009). This mixed distribution is consistent with
these theories. We also found feedback-responsive cells
in the lPFC, but their activities correlated with stimulus
novelty rather than prediction errors (Matsumoto,
Matsumoto, Abe, et al. 2007). The information about
the uncertainty of the feedback in the lPFC cells might
originate from the mPFC, because their activities rose
later than the mPFC cells (Fig. 3).
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Figure 7. Distribution of cells with different types of activities. (A, B) The positions of the mPFC (dotted lines) and lPFC (solid ellipse) recordings in
Monkey 1 (A) and Monkey 2 (B) shown on the top view of the brain. PS, principal sulcus; AS, arcuate sulcus. (C, D) Pie charts indicating the numbers
and proportions, in individual electrode penetration positions, of the cells with significant prefeedback activities in C1/E1 (prefeedback), cells with
significant preblock-transition activities (preblock-transition), cells responding to the feedback in action-learning blocks (feedback), and cells
responding to the first appearance of visual stimulus in visual blocks (first stimulus). The cells responding to the feedback are divided into those
representing the positive value of feedback (positive), those representing the negative value of feedback (negative), and those representing the absolute
value of feedback (absolute value). + indicates the penetrations in which none of these activities was observed in recorded cells.

The appearance of a visual stimulus during the initial
eye fixation period was the first indication of a tran-
sition from a visual block to an action-learning block.
The preblock-transition activities in the mPFC and lPFC
appeared before the timing of probabilistic appearance of
a visual stimulus in the trials after C3/eC3 and C4/eC4 tri-
als but did not appear in the corresponding period in the
trials after C1/eC1 and C2/eC2, in which a visual stimulus
never appeared, or in the later trials of visual blocks (V2
and V3), in which a visual stimulus always appeared. In

the trials after the C3/eC3 and C4/eC4 trials, the monkey
had to simultaneously prepare both task sets: one to
execute the correct action when no visual stimulus had
appeared, and the other to remember the visual stimulus
as the positive feedback in the following action-learning
block when a visual stimulus had appeared. We did not
find cells showing activities at the opposite transition
from a visual block to an action-learning block, which
regularly occurred after three trials in the visual block.
This asymmetry suggests that the preblock-transition
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Figure 8. ayer distributions of cells with different types of activities in the mPFC. The y-axis indicates the distance of the recording position from the
white matter-gray matter (W/G) boundary normalized by the total thickness of the gray matter, both along the penetration in red shaded area of mPFC
section shown at leftmost; 0 indicates the W/G boundary of the deep layer (upper dashed line from the mPFC section) and 1 indicates the border of the
superficial layer closest to the cingulate sulcus (lower dashed line from the mPFC section). The rightmost histogram indicates the number of cells that
showed none of the activities. CS, cingulate sulcus.

activities were associated with the uncertainty in block
transition rather than the mere expectation of the com-
ing block.

The anticipatory activity for the block transition
should have been developed by repeatedly experiencing
a probabilistic transition from an action-learning block
to a visual block. We have previously found cells
that specifically responded to the first visual stimulus
appearance in the visual block, which indicated a block
transition in both the mPFC and lPFC (Matsumoto,
Matsumoto, Tanaka 2007). The cells with preblock-
transition activities were intermingled with the cells
responding to the first appearance of a visual stimulus in
the mPFC and lPFC (Figs 7 and 8). This mixed distribution
might help the former cells learn the probability of the
block transition by locally gathering signals from the
latter cells. The mixed distribution is also consistent
with the idea of some theories that uncertainty about
the value of a particular variable is bound to the
representation of the value of that variable (Dayan et al.
1995; Hinton and Dayan 1996; Friston 2009; Friston and
Kiebel 2009), as discussed above for the relationship
between the cells with prefeedback activities in C1/E1
and feedback-responsive cells.

While the cells with prefeedback activities in C1/E1
were intermingled with the cells with preblock-transition
activities in the mPFC and lPFC, the overlap of the two
types of activities in the same cells was small in both
areas. Moreover, the prefeedback activities and preblock-
transition activities were negatively correlated across
cells. This suggests that the prefrontal neural circuitry
independently processed the uncertainty about the
correctness of the executed action and the uncertainty
about the transition from an action-learning block to
a visual block. The uncertainty about the correctness

of the executed action might correspond to the rule
uncertainty in the framework of Bach and Dolan (Bach
and Dolan 2012), because the rule for each action-
learning block was uncertain, particularly in C1/E1, in
terms of which action (left or right lever press) causes the
correct feedback (Supplementary Fig. 3). The uncertainty
about the transition from an action-learning block to a
visual block might correspond to the state uncertainty
(Bach and Dolan 2012), because it is uncertain after three
or more consecutive correct trials in the action-learning
block, in terms of which trial state the task is going to,
the state of the action-learning block, or the state of the
visual block (Supplementary Fig. 3). Thus, these findings
support the view that distinct neural circuits represent
different types of uncertainty, as discussed by Bach and
Dolan (Bach and Dolan 2012).

In the present study, we did not find a clear difference
between the mPFC and lPFC in terms of the frequency or
localization of the activities representing either type of
uncertainty. This is understandable because the signals
in the mPFC that specify the type and strength of
cognitive control are sent from the mPFC to the lPFC
to implement the control (Kerns et al. 2004; Shenhav
et al. 2013; Cavanagh and Frank 2014; Botvinick and
Braver 2015; Moore and Zirnsak 2017; Badre and Nee
2018). The later onset of the prefeedback activities in
the lPFC is consistent with the idea that the signals
originate in the mPFC, sent from the mPFC to the lPFC,
and implemented for control in the lPFC. As for the
onset of preblock-transition activities, we did not find
a significant difference between the mPFC and lPFC. This
might be due to the relatively compact time course of
the activities. Thus, the present results provide only a
limited amount of information regarding the functional
differences between the mPFC and lPFC.
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We previously reported that activities of cells in the
mPFC and lPFC represented specific action-outcome
combinations in a task in which the monkey selected an
action on the basis of action-outcome contingency (Mat-
sumoto et al. 2003). We did not find cell activities rep-
resenting specific action-outcome combinations in the
present study. This may be due to differences between
the tasks. Particularly, there was a visual cue indicating
the combination of action to execute and its outcome
and the cue changed every trial in Matsumoto et al.
(2003). In the task used in the present study, there was
no cue and the correct action and the outcome (visual
stimulus) associated with it were fixed within a block.

It has been found that midbrain dopamine cells,
besides the prominent transient activities reflecting the
prediction errors brought by stimuli or reward, showed
a slower time course of activity before the onset of
reward, reflecting the uncertainty of reward (Fiorillo
et al. 2003; Aron et al. 2004; Preuschoff et al. 2006; Schultz
2006). Furthermore, previous studies (Yu and Dayan 2005;
Payzan-LeNestour et al. 2013) have suggested that cells in
cholinergic and noradrenergic nuclei signal the expected
uncertainty and unexpected uncertainty, respectively.
Because the mPFC not only receives afferents from
the dopaminergic, cholinergic, and noradrenergic cells
(Porrino and Goldman-Rakic 1982; Mesulam et al. 1986;
Lewis et al. 1988; Lewis and Morrison 1989; Ghashghaei
and Barbas 2001) but also projects to them directly
and indirectly (Arnsten and Goldman-Rakic 1984; Chiba
et al. 2001; Frankle et al. 2006; Haber and Behrens
2014), the uncertainty representation in the mPFC
may be formed through reciprocal interaction with
the neuromodulatory systems. In the medial basal
forebrain, which includes cholinergic cells, Monosov et al.
(2015) found cells showing gradually increasing activity
toward the uncertain reward, although the recorded cells
themselves were likely noncholinergic. Regarding the
relation to noradrenergic cells, it has been suggested
that the representation of uncertainty in the mPFC may
put the locus coeruleus into a tonic mode, which in
turn drives exploration (Aston-Jones and Cohen 2005;
Payzan-LeNestour et al. 2013; Muller et al. 2019).

An fMRI study reported that compared with normal
subjects, patients with schizophrenia overestimated the
context change when they were asked to estimate the
change in the context that stochastically determined
the numbers presented sequentially (Kaplan et al. 2016).
The functional connectivity in the PFC network at the
time of context change judgment was weaker in the
patients than in normal controls, and the authors sug-
gested that the impairment of PFC functional connectiv-
ity underlaid the heightened inference of context change
in the patients. They also found that the patients showed
stronger functional connectivity between the PFC and
midbrain when feedback about the correctness of their
context change judgment was given. The authors sug-
gested that the PFC adjusts the activities of dopaminergic
neurons, which are involved in the evaluation of context

change judgment, and that the adjustment was abnor-
mal in the patients. The PFC neuronal activities reported
in the present study may contribute to the adjustment of
dopaminergic activities, which are important for efficient
learning of action values in the action-learning blocks
and of stimulus values in the visual blocks (Tobler et al.
2005; Diederen and Schultz 2015).

We found that the different groups of cells in the mPFC
and lPFC represented two different types of uncertainty.
Moreover, the strengths of both activities quantitatively
represented the degree of the respective uncertainty.
These findings suggest that different circuits represent
different types of uncertainties.
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