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to swiftly adapt to environments, they can cause biased cognition and behavior. Although recent studies
have begun to address the causal importance of projection-neuron types as distinct computational units,
it remains unclear how projection types are functionally organized in encoding variables during cogni-
tive tasks. This review focuses on the neural computation of decision making in the prefrontal cortex

gi{?:?ggsl;lakmg and discusses what decision variables are encoded by single neurons, neuronal populations, and pro-
Optogenetics jection type, alongside how specific projection types constrain decision making. We focus particularly
Prefrontal cortex on over-representationsof distinct decision variables in the prefrontal cortex that reflect the biologi-
Decision bias cal and subjective significance of the variables for the decision makers. We suggest that task-specific
Psychiatric disorders over-representation in the prefrontal cortex involves the refinement of the given decision making,
Mixed selectivity while generalized over-representation of fundamental decision variables is associated with subopti-
Corticostriatal mal decision biases, including pathological ones such as those in patients with psychiatric disorders.
Such over-representation of the fundamental decision variables in the prefrontal cortex appear to be
tightly constrained by afferent and efferent connections that can be optogenetically intervened on. These
ideas may provide critical insights into potential therapeutic targets for psychiatric disorders, including
addiction and depression.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Despite the Japanese expression for a brain, fiou-miso; which
suggests that the brain looks like a homogenous substance made
of miso paste (fermented soybean paste), decades of neuroscience
research has demonstrated that the brain is organized into dis-
tinct functional and anatomical structures, including cortical areas,
layers, and columns consisting of distinct neural circuits with dis-
tinct neuron types marked by specific gene expression patterns
and connections (Chen et al., 2019; Harris et al., 2019; Kawaguchi
and Kubota, 1997; Kepecs and Fishell, 2014; Luo et al., 2018;
Rakic, 2009; Sakata and Harris, 2009; Takahata et al., 2014; Tasic
et al., 2018; Watakabe et al., 2007; Watakabe and Hirokawa, 2018;
Yamamori, 2011). These macro- and micro-structures in the brain
are identifiable across different individuals and species (Adkins,
2020), demonstrating they are heavily influenced by evolution-
ary pressure. These common biological structures are considered
to underlie behaviors dominated by innate components such as
escape responses (avoidance movement from potential predation)
and taxes (orientation movement to a stimulus or the presence of
food) (Gorostiza, 2018) and to enable animals to more swiftly adapt
to new environments (Okamoto et al., 2021). Conversely, the neu-
ral structure would be expected to limit freedom in behavior and
cognitive repertories, which may, for instance, contribute to the for-
mation of biases in decision making that deviate from a normative
account (Kahneman, 2011; Santos and Rosati, 2015; Schacter and
Buckner, 1998). However, there is still a considerable gap between
our understandings of the computational mechanisms of decision
making and biological neural circuits.

The main reason for the gap derives from the fact that it is still
unclear what decision-related variables are represented by neural
circuit components, particularly within the prefrontal cortex (PFC).
The PFC is considered to be involved in various latent cognitive
processes, including attention, working memory, planning, reward
predictions, inhibitory control, metacognition, abstraction, and cat-
egorization (Funahashi, 2001; Miller and Cohen, 2001; Miyamoto
etal., 2018; Schoenbaum et al., 2009). To estimate the task-relevant
decision variables, one needs an appropriate model and behavioral
readout. To this end, the conventional approach trained animals to
conducta cognitive task designed to reveal specific aspects of cogni-
tion, allowing researchers to attempt to find neural representations
of decision variables. If a particular variable explains the observed
neural activity better than other variables, it can be said that the
neural activity “encodes” or “represents” that variable (deCharms
and Zador, 2000; Kable and Glimcher, 2007; Padoa-Schioppa and
Assad, 2006; Plassmann et al., 2007). For instance, Padoa-Schioppa
and Assad showed that the orbitofrontal cortex (OFC) neurons
encode subjective value variables in economic decision making
(Padoa-Schioppa and Assad, 2006). The authors identified three
groups of neurons in OFC that represent offered value, chosen
value, and chosen juice, all of which are essential components
that explain economic decision making in their task. In this line
of single-unit studies, other research groups have attempted to
fit neuronal activities to their models revealing that individual
neurons in OFC encode key decision variables, including outcome
expectancy (expectation of a reward), reward risk (outcome vari-
ance), decision confidence (estimated probability that a decision is
correct), and chosen value (overall utility of choice) (Abe and Lee,
2011; Farovik et al., 2015; Feierstein et al., 2006; Furuyashiki et al.,
2008; Kennerley et al., 2009, 2011; Kepecs et al., 2008; McGinty
et al., 2016; Morrison and Salzman, 2009; O’Neill and Schultz,
2010; Ogawa et al., 2013; Padoa-Schioppa, 2013; Padoa-Schioppa
and Assad, 2006; Roesch et al., 2006; Roitman and Roitman, 2010;
Schoenbaum et al., 1998; Steiner and Redish, 2014; Sul et al., 2010;
Thorpe et al., 1983; Tremblay and Schultz, 1999; Wallis and Miller,
2003).
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While these studies shed light on the consistent role of OFC
neurons in representing expected reward values or utility dur-
ing decision making, several groups of researchers have pointed
out the heterogeneity in the observed neuronal-response patterns,
suggesting that individual neurons appear to be responsive to
nearly all combinations of task-related variables with only quanti-
tative differences between other PFC regions (Wallis and Kennerley,
2010). The property of neurons encoding different variables redun-
dantly is referred to as rhixed selectivity(Raposo et al., 2014; Rigotti
et al.,, 2013). This idea of mixed selectivity can be interpreted
in two different scenarios. First, some individual neurons may
be interpretable in response to a specific combination of multi-
ple task variables. In this case, one may describe such complex
neuronal activities as representing higher-order decision variables
such as reward value, decision confidence, and risk. Such activ-
ities appeared to be randomly mixed when researchers do not
have proper models to test the right entities (Fig. 1). However,
such interpretation is known to suffer from confirmation bias and
requires careful investigation, as discussed below. The second sce-
nario interprets mixed selectivity as an inherent circuit feature of
the brain, especially in the association cortex, enabling the neu-
ronal population to flexibly realize various computational functions
(Rigotti et al., 2013; Sakurai, 1999) (see (Fusi et al., 2016; Sakurai
etal.,2018) for reviews). In this scenario, a neuronal population is a
fundamental unit of computation, and thus, the activities of individ-
ual neurons are not necessarily interpretable by an explicit decision
variable. Rather, some studies suggest that the individual neurons
randomly mix information, termed random mixed selectivity (Mante
et al., 2013; Raposo et al., 2014). Despite the computational ben-
efits of neural encoding at the population level, it is still unclear
whether these network functions are implemented in micro and
macro-circuits of the brain because researchers have been blind to
the identity and the connections of the analyzed neurons.

Are individual neuronal activities in PFC interpretable as
decision variables without any specific assumptions? Are those
neuronal representations structured or randomly distributed in
a task-variable space? Moreover, how are such neural represen-
tations supported by biological structures, such as long-range
projection neuron types (i.e., projection type) (Gabbott et al., 2005;
Morishima et al., 2011)? In this review, we focus on the role of PFC,
including OFC, in decision making. First, we discuss how neural rep-
resentations of decision variables at the single-neuron level can be
revealed while avoiding confirmation bias. Second, we discuss the
nature of decision variables that can be encoded in single neurons
of PFC. In particular, we discuss the fundamental decision variables
that can be shared across different task demands. Third, we propose
that over-exposure of animals to a specific environment creates
over-representations of these fundamental variables in the relevant
cortical areas, which are constrained by their input/output prop-
erties. Finally, we discuss the maladaptive over-representation of
decision variables in biased decision making and the implications
of projection-type-specific representations of particular decision
variables, providing a novel insight for treating psychiatric disor-
ders. We conclude that over-representation of the fundamental
decision variables reflect circuit structures in PFC, which could be
a promising therapeutic targets for psychiatric disorders.

2. Encoding of cognitive variables in neurons with mixed
selectivity

It has been debated whether artificially defined cognitive vari-
ables (or psychological entities) are explicitly represented in the
brain, particularly at the single-neuron level (Buzsaki, 2020). One
line of studies revealed that broader information such as internal
states might be coded in a form that is different from the firing rates
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Fig. 1. Single neurons with mixed selectivity can represent higher-order variables.

Integrated value

A. An example simulated neuron that shows mixed selectivity to reward size, choice side and stimulus. Black dot indicates a firing rate for a particular condition in B. Red
dotted lines indicate the linear regression with each variable. B. The same neuron shows a complex tuning pattern to the combination of three task variables when it is
expanded to different conditions. C. The neuronal activity was parsimoniously explained using a single variable that coherently integrates three variables. The integrated

value is calculated by multiplying the confidence and the chosen reward size.

of single neurons (Leavitt et al., 2017; Saez et al., 2015). Neverthe-
less, some cognitive variables can be explicitly represented at the
single-neuron level, especially when a relevant behavioral readout
is required for the task. From a reductionist view, if a set of single
neurons encodes specific decision variables, those neurons are a
promising target for investigating the computational mechanisms
of the cognitive process linking those neurons with the related
specific neural circuit components. However, determining neural
representations of higher-order variables easily suffers from con-
firmation bias, as other untested variables may better explain the
observed neuronal activity.

Several approaches have been proposed to compensate for con-
firmation bias. First, one can confirm that the neurons do not merely
correlate with the task variables, which constitute decision vari-
ables, but fulfill other predictions independent of the task variables
or behavioral readouts. For instance, if a neuron encodes the eco-
nomic value of a chosen option, then its activity should reflect the
subjective nature of the option’s value, reflecting the motivational
state (e.g., satiety) of the agent independent of the task variables.
There is compelling evidence showing that neuronal responses
and the behavioral measures of subjective value co-vary (Padoa-
Schioppaand Assad, 2006; Raghuraman and Padoa-Schioppa, 2014;
Tsutsui et al., 2016). Similarly, Kepecs et al. showed that neurons
encode decision confidence also tracked the accuracy ofchoices
regardless of stimulus difficulty, suggesting that such neurons
encode abstract states or variables (Kepecs et al., 2008). Second, to
demonstrate abstract coding, one needs to determine whether the
representations are robust to different contexts, such as the modal-
ity of cue stimuli and behavioral outputs. For example, Masset et al.
recently reported that OFC neuronal activities represent decision
confidence and that this activity does not depend on the modality
of sensory stimuli used in the task (Masset et al., 2020). In addition,
this neuronal activity correlated with two different behavioral out-
puts: duration of time invested for rewards and choice patterns to
previous rewards and stimuli, suggesting that representations of
decision confidence in OFC reflect amodal information controlling

different behaviors. Third, a data-driven approach to find neu-
ral correlates without an explicit assumption of particular models
strongly mitigates the confirmation bias (Hirokawa et al., 2019;
Rubin et al., 2019). This process is described below in detail. Finally,
when targeted neurons reflect a specific representation of cognitive
variables, revealing the behavioral impact of neuron-type-specific
manipulation can provide strong evidence to support coding func-
tions. However, this requires the identification of neuron types
and their encoding, which has not been well established in PFC,
as discussed below.

A model-free and data-driven approach to discover neural rep-
resentations of cognitive variables has recently been applied by
Hirokawa and Vaughan et al. to determine the neural correlates
of decision variables in OFC (Hirokawa et al., 2019). In this study,
the authors trained rats to conduct a two-alternative forced-choice
perceptual decision making task with block-wise changes in reward
size. The authors analyzed the neuronal distribution in the task
parameter space consisting of 42 dimensions, including choice,
reward size, odor stimuli, and past outcomes (Fig. 2), and found
that ~90 % of the total recorded neurons were categorized as one of
eight distinct clusters in the high-dimensional task-variable space.
Next, the authors sought to determine the information that each of
the neuronal clusters represented. The authors found that most of
the observed neural representations could be interpreted as com-
ponents of the normative model, despite the high dimensionality
of the task-variable space. Each cluster represented basic decision
variables such as choice direction, reward size, choice history, as
well as highly integrative decision variables such as decision confi-
dence and integrated value required to conduct the task optimally.
Note that rhodel-freein this study had several limitations, such as a
limited number of task variables and training history of animals and
the analyzed brain area. Nevertheless, the finding of eight distinct
clusters of decision variables is not an inevitable consequence of a
42-dimensional clustering analysis. Rather, it can be interpreted
as showing the categorical encodings of task-relevant decision
variables, reflecting a specific internal process for decisions. Thus,
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Fig. 2. Orbitofrontal cortex (OFC) neurons can be categorized into distinct groups of neurons representing specific decision variables.

A. Analysis pipeline for the clustering of neurons. Sorted adjacency and correlation matrices reveal substantial within-cluster similarity and between-cluster antagonism. B.
Average response profiles for representative clusters. Each row represents a cluster, with average normalized firing rate plotted across behavioral conditions. The first three
conditions represent combinations of stimulus and choice in different reward (rew) blocks (unbiased, left bias and right bias). The reward size column represents tuning as a
function of choice evidence and reward size blocks (left and right bias). Tuning profiles suggest the specific decision variables represented. The figure was reproduced with

a modification from Hirokawa et al., 2019.

mixed selectivity neurons (or abstract variable neurons) are not
the artifactual product of the random mixed selectivity properties.
Instead, this study points to the presence of the structured repre-
sentations in OFC dominated by the fundamental decision variable
representations. However, we note that the neurons within each
cluster appear to hold random variability that will allow a flexible
population-level mechanism to readout other task-specific infor-
mation as necessary (Rigotti et al., 2013).

In addition to the categorical encoding of decision variables
in OFC, Hirokawa et al. also revealed a relationship between
the encoding and a specific projection pathway. They found that
optogenetically identified OFC-striatum projection neurons homo-
geneously represented the integrated value of a chosen option
during reward-anticipation and sustained this information during
subsequent trials, suggesting the role of these neurons in updating
reward values. This close relationship between specific projections
and neuronal encodings has been reported before using classic elec-
trophysiological techniques (Chenetal., 2013; Glickfeld et al.,2013;
Movshon and Newsome, 1996). In addition, recent optogenetic
manipulation studies have revealed that disrupting particular path-
ways can modify specific behavioral phenotypes (Kim et al., 2017;
Li et al.,, 2015; Tye et al., 2011). For example, modifying corticos-
triatal projections leads to side-biased choice behavior (Friedman
etal., 2015; Otis etal.,2017; Znamenskiy and Zador, 2013). Another
line of studies suggests that certain subtypes of cortical projection
neurons, intratelencephalic (IT) and pyramidal tract (PT) neurons,
are highly differentiated at multiple levels, including morphology,
gene expression, electrophysiological properties, and long-range

and local connections, and that they are involved in various neuro-
logical and neuropsychiatric diseases in different ways (Shepherd,
2013). Indeed, a recent opto- and chemogenetic approach demon-
strated that these neurons represent opposite valence information
in response to drug experiences (Garcia et al., 2021). Such differ-
ent representations of specific neuronal projection types can be
also closely associated with the gene expression patterns of vari-
ous receptors such as dopamine and serotonin, since the enriched
receptor type affects specific representations (Leiser et al., 2015;
Ranganath and Jacob, 2016).

The question of what types of information are encoded by spe-
cific pathways and gene expression profiles has just begun to be
addressed (Bari et al., 2019; Ciocchi et al., 2015; Economo et al.,
2018; Glickfeld et al., 2013; Kitanishi et al., 2021; Murugan et al.,
2017), but it is likely that neurons with hard-wired long-range
connections do not change the representation content dramati-
cally, and that locally-connected neurons are relatively flexible.
Therefore, mapping fundamental decision variables onto different
projection types is a promising approach to test causal relationships
between discovered abstract neural representations and behav-
ior. Knowledge of these causal relationships may in turn help to
precisely understand how animals exploit neural representations
during the decision making process.

Taken together, we conclude that the mixed selectivity in sin-
gle neurons in PFC is not as random as it has been presumed.
Instead, the mixed selectivity can be interpreted as representing
decision variables as far as the subject and the targeted brain area
are engaged in a relevant task.
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3. Encoding of fundamental decision variables in PFC

Abstract information coding by single neurons described above
raises a question of how generalizable these single-neuron repre-
sentations are across different conditions and contexts. Although
PFC neurons have been shown to support high-dimensional encod-
ings in highly demanding tasks with many variables (Asaad et al.,
2000; Rigotti et al., 2013), recent studies suggest that task-related
neural activities are often low-dimensional relative to the size of
the recorded population (Bartolo et al., 2020; Cunningham and
Yu, 2014; Gao and Ganguli, 2015). While low-dimensional rep-
resentations in PFC are often considered to be attributed to low
dimensionalities of the designed tasks, another important factor is
the significance of the dimensions for the organism. Here, we dis-
cuss the possibility that decision making in animals is constrained
by neural circuits tuned to exploit a small number of the coher-
ent structures of the environment for the organisms that limits
the dimensionality of the neural representations. In other words,
neuronal representations in PFC may be intrinsically bounded so
that animals can utilize a set of biologically significant common
template variables for decision making, which are generalizable in
natural situations.

The prefrontal representations are associated with goal-
directed behavior (Miller and Cohen, 2001), and the goal depends
on unique incentives that derive from various ethological factors
for each species. Such unique incentives obviously limit behavioral
repertories. For instance, in social animals such as mice, a subordi-
nate male has fewer choices under the influence of social pressure
from other dominant males (i.e., social value), even when multiple
options are physically available (choices for mating partners, foods,
and accessible areas) (Hollis and Kabbaj, 2014). Similarly, positive
valance, negative valence, confidence, risk, efforts, and waiting time
are subjective variables that sometimes prevent rational behavior
and thus are a limiting factor for the dimensionality of the behav-
ioral repertoire. Consistently, recent studies showed that human
consumer decision making consisted of several principal compo-
nents such as confidence, risk, and social value (Chapman et al.,
2018; Stango and Zinman, 2020). We describe these variables as
fundamental decision variables because they can constitute basic
building blocks for decision making, and each of them appears
to hold unique incentives for decision makers in natural environ-
ments.

These fundamental decision variables are predominantly repre-
sented in prefrontal areas (Kennerley and Wallis, 2009; Stalnaker
etal., 2015) that apparently contribute to the low dimensionality of
the neural representations in those areas. For instance, in a simple
Pavlovian task with multiple odors as conditioned stimuli (Wang
et al., 2020), neurons in the piriform cortex, but not OFC, represent
the identity of individual odors. After conditioning, OFC neurons,
but not piriform, represent their associated positive outcome (pos-
itive valence) without sensitivity to individual odor identities. After
reversal learning, most of the OFC neurons changed their responses
to track the same valence, supporting coherent encodings across
different contexts. Note that reducing the dimensionality by encod-
ing valence is not a necessary solution for this task. One can respond
to reward by preparing neurons representing both identities of
the odors and the associated outcome that maintains maximum
dimensionality. Thus, OFC is designed to extract abstract value
information projecting the odor and outcome information (i.e.,
high-dimensional sensory features) to a lower dimensional space
(i.e., valence expectation).

The model-free approach is an effective way to discover such
fundamental decision variables for each species. Recent studies
suggest that representations of decision variables are generalized
across different situations. For instance, Hirokawa and Vaughan
et al. reported that their model-free clustering analysis yielded a
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cluster of neurons representing chosen reward size (Hirokawa etal.,
2019). These neurons were not active when the reward size is equal
between options (Fig. 2) but activated when the rats anticipate
a reduced reward, indicating that those neurons are dedicated to
conveying relative reward size during the task. Such “reserved neu-
rons” that are only activated upon requirement have been observed
during various decision making tasks in PFC (Bari et al., 2019;
Tsutsuietal.,2016). These findings indicate that PFC neurons coher-
ently represent one of the fundamental decision variables across
different contexts.

It is possible that some fundamental variables can be repre-
sented in PFC, regardless of the direct task demands. Hirokawa and
Vaughan et al. reported a large cluster of neurons (~30 %) that rep-
resented decision confidence even though the task did not require
the subjects to report decision confidence (Fig. 2) (Hirokawa et al.,
2019). Indeed, these variables, such as confidence and reward size,
are useful variables in model-free learning that can cover most sit-
uations of decision making that animals would confront in their
natural environment. For instance, it has been shown that predic-
tions about the consequences of a behavior (i.e., confidence) are
implicitly computed during perceptual decision tasks in different
species, including humans (Lak et al., 2020). Therefore, variables
such as confidence could be preferentially represented in PFC with-
out explicit demands from the experimental design, suggesting that
the low dimensionality of the neural representations is not always
caused by the specific task demands.

Though these studies demonstrate that fundamental decision
variables are represented by PFC neurons, they only analyzed the
data after extensive training of the specific tasks. Therefore, it is
unclear whether such representations are the product of the learn-
ing that exploits the specific organization of the reward structure
in each task, or such representational organization existed from
before the training reflecting the inputs organization into the area.
For example, Hirokawa and Vaughan et al. found that neurons
in OFC represent decision confidence and reward size coherently
(i.e., in a positively correlated manner), implying that the neuronal
population tends to represent the expected value of the outcome
(Fig. 3A, B) (Hirokawa et al., 2019). It is likely that a larger propor-
tion of neurons are recruited to represent the coherently integrated
value as the animals learn the relevant task variables during train-
ing (Bartolo et al., 2020). However, this does not mean that such
a low-dimensional solution for reward maximization is learned
from scratch in every time. For instance, the coherent coding of
reward probability (confidence) and magnitude can be “naturally
trained” outside of the task because the expected value (magnitude
X probability) is a general way to maximize reward in the natu-
ral environment (Glimcher et al., 2013; Yamada et al., 2021). The
involved mechanism may be reminiscent of orientation-selective
neurons within the primary visual cortex, which are naturally
trained by vertical and horizontal lines in the natural environment
(Blakemore and Cooper, 1970). Thus, some generalizable decision
variables, such as expected values, could be implemented as intrin-
sic connections among the neurons through natural experiences
afforded by specific neuronal organization of the prefrontal areas.
Together, these studies suggest that clusters of neurons represent
a fundamental set of variables exploited in various situations.

There are multiple advantages of constrained fundamental deci-
sion variables over a strategy that does not impose any limitations
on such fundamental variable representations. First, when subjects
face difficult decisions, representations of fundamental decision
variables enable them to react quickly and accurately rather than
having to discover potentially significant decision variables from
scratch. Indeed, this is considered one of the most significant
advantages of animal brains over artificial networks without any
priors (Zador, 2019). Second, explicit representations of decision
variables enforce the area to compute their combinations with
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resulting polar histogram is significantly different from a uniform distribution (P < 0.01). B. Diagram explaining coherent (green) and incoherent (pink) integration of
confidence and reward size. C. Least absolute shrinkage and selection operator (LASSO) regression analysis of individual clusters. D, E. Fits of canonical decision-variable
model (DV model) to clusters required smaller mixture penalty (L1, ***P < 0.001, sign rank test) than rotated variables (that is, mixtures of decision variables), with similar
fitting error. NS, not significant; horizontal lines show tested comparisons across groups. The figure was reproduced from Hirokawa et al., 2019 except B.

less computational effort. Thus, these representations can be basic
building blocks to compute further abstract information (Hirokawa
et al., 2019). Third, fundamental decision variable representations
allow steady communications with the hard-wired downstream
subcortical areas with relatively specific functions. For exam-
ple, cortico-striatal projection neurons drive decisional and action
biases (Amemori et al., 2018; Hirokawa et al., 2019; Tai et al., 2012;
Znamenskiy and Zador, 2013), suggesting that such hard-wired
projection neurons have a designated role.

The fact that fundamental decision variables constrain the neu-
ral representations seems to hinder flexible computations, which
is a functional hallmark of higher-order cortical areas. However,
constrained representations can support computational flexibil-
ity by allowing variability among individual neurons, while their
averaged activity still cleanly represents distinct decision variables.
Ohnuki et al. found that individual neurons in the perirhinal cor-
tex coherently encode choice direction across distinct epochs in a
sensory decision task, while these same individual neurons differ-
ently contribute to the population-level encodings between those
epochs (Ohnuki et al., 2020). This result indicates that individual
neurons representing abstract information are sensitive to ongo-
ing neural computations at the population level, offering a good
example of how single-neuron and population-level coding can be
combined to simultaneously support abstract representations and
capacity for flexible computations in cortical areas. Neurons show-
ing weak or modest tuning to the fundamental variables might not

be merely carrying “poor” representations, but instead are flexi-
ble computational units (Hardcastle et al., 2017; Osako et al., 2021)
that carry information about other variables in the task besides
the dedicated decision variables. Unstructured connections within
and across areas may be the source of flexible representations
(Bouchacourt and Buschman, 2019), and this flexibility is likely to
be more evident in humans. Nevertheless, fundamental decision
variables can still be strong constraints for human decisions.

In conclusion, the fundamental decision variable represen-
tations by single neurons play a significant role in expressing
biologically rooted behavior and are constrained by afferent and
efferent properties in the area. These categorical representations
have a limited degree of freedom, but variable responses among
individual neurons provide a potential mechanism to retain flexible
cortical computations.

4. Over-representation and flexible coding of task state

Discrepancies in interpreting mixed selectivity (coherent
single-cell coding vs. random coding) could arise in part from over-
representation of decision variables due to the degree of subjects’
long-term engagement in cognitive tasks. Conventional single-
neuron studies, especially in non-human primate studies, tend to
focus on animal behavior after extensive training of a task. These
experiments involve the recording of a handful of neurons each
day, repeatedly exposing the subjects to the same set of task vari-
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ables and collecting a sufficient number of neurons for analysis
over many days or even months. In this extreme situation, the
relevant task variables become more evident to the subjects, and
the neural representations may settle into a minimal number of
dimensions for the task performance (Bartolo et al., 2020). Thus,
individual neurons can tend to be well-tuned to the trained vari-
ables in the conventional single-unit studies. Although such over
training of animals may be a key to explaining the different empha-
sis of encoding schemes between the single-neuron and population,
insights gained from single-unit studies are not necessarily only
applicable in such extreme situations. Here, we discuss this low-
dimensional representational organization and provide insights for
understanding the neural circuit basis of decision making.

Over-training of subjects tends to recruit a disproportionately
large number of neurons to represent salient events or features
(Bieszczad and Weinberger, 2012; Henschke et al., 2020; Polley
et al,, 2006; Reed et al., 2011; Rutkowski and Weinberger, 2005;
Shiotanietal.,2020), which we refer to here as over-representation.
Indeed, emphasized representations of the outside world and
the body parts reflecting functional significance for animals are
a fundamental feature of the brain. Over-representation is often
associated with higher discriminability of external signals, which
have been extensively documented in the sensory cortical areas
(Bieszczad and Weinberger, 2010; Kim and Bao, 2013; Polley et al.,
2006; Recanzone et al., 1993), hippocampal regions (Fischer et al.,
2020; Igarashi et al., 2014; Kaufman et al., 2020; Robinson et al.,
2020; Sato et al., 2020), and other subcortical areas (Burgess et al.,
2016; Hafed and Chen, 2016; Portfors et al., 2009).

Unlike sensory, spatial, or time representations in the sensory
cortical areas and hippocampus, it is not always straightforward to
objectively evaluate the over-representation of decision variables
in PFC, given their subjective nature. However, multiple studies
have demonstrated that PFC neurons can disproportionately rep-
resent task-relevant decision variables in a manner corresponding
to the utility of the variables (Barat et al., 2018; Hirokawa et al.,
2019; Wikenheiser et al., 2017). Here, we defined such dispropor-
tionate recruitment of the neurons for given variables over other
relevant variables as over-representations in PFC. The null hypoth-
esis here is that all the relevant variables are equally represented.
For instance, Hirokawa and Vaughan et al. found a disproportion-
ately large number of neurons representing a coherently integrated
decision variable (21.4 %) compared to those representing inco-
herent combinations (5%) (Fig. 3A, B), despite the fact that those
variables are independently manipulated, demonstrating that OFC
neurons over-represent coherent combinations. Note that the
result can also be considered as “under-representation of incoher-
ent combinations” compared to coherent ones. It is likely that the
over-representation of certain variables in turn suppresses other
variables through network mechanisms such as lateral inhibitions,
resulting in under-representations, as reported in sensory cortex
(Dragoi et al., 2000). The result is in line with the studies on work-
ing memory in non-human-primates, which have reported that the
capability of individual PFC neurons to represent multiple variables
in concurrent tasks determines working memory performance
(Funahashi, 2017; Watanabe and Funahashi, 2014), suggesting that
alarger number of recruited neurons with a particular memory can
dominate working memory performance. Furthermore, different
PFCareas preferentially over-represent the particular valence of the
chosen value, and its extent is associated with approach/avoidance
motivation (Amemori et al., 2015). Together, these studies suggest
that over-representation of the decision variables in PFC is associ-
ated with the performance of conflicting decisions.

Over-representation contents are constrained by the input and
output properties of each brain area. The PFC, especially the OFC, is
considered to be a major hub for integrating internal variables from
diverse brain areas (Cavada et al., 2000; Hoover and Vertes, 2007).
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These variables include sensory information from various sensory
cortices, choice information from the parietal cortex (Hanks et al.,
2015), reward information from the limbic areas (Burgess et al.,
2016), and valence and salience information from the basolateral
amygdala (Burgos-Robles et al., 2017; Klavir et al., 2017; Vogel
et al., 2016). These varieties of inputs are thought to constitute
the primary sources for decision variables. Additionally, neuro-
modulators such as cholinergic (Hangya et al., 2015; Hasselmo
and Sarter, 2011; Major et al., 2018), monoaminergic (Bouret and
Sara, 2004; Miyazaki et al., 2014; Uematsu et al., 2017) inputs may
play an essential role in shaping over-representations. For instance,
dopaminergic inputs into the medial PFC (mPFC) may enhance the
over-representation of negative outcomes in this region by increas-
ing the signal-to-noise ratio in the affected neuronal population
(Vander Weele et al., 2018). Projection specificity from PFC can
also constrain representational content, likely due to the distinct
topographic arrangements of sensory and motor representations
within the subcortical region (Gabbott et al., 2005; De Oca et al.,
1998; Tekin and Cummings, 2002), as well as the functional speci-
ficity of the regions. Recent studies suggest that some of long-range
projection neurons tend to encode specific information (Hirokawa
et al., 2019; Lui et al., 2021; Namboodiri et al., 2019). This raises
the possibility that such highly-tuned projection neurons can be a
core source of information for the over-representation by modu-
lating selectivity of neighboring neurons through local interactions
(Peron et al., 2020; Silberberg and Markram, 2007) and that long-
range projections to the neuromodulatory system may in turn
affect the activities of many neurons in the relevant areas in specific
contexts (Uematsu et al., 2017).

Functional studies suggest an area-specific over-representation
of distinct decision variables. As described above, Hirokawa and
Vaughan et al. demonstrated that the entire OFC population could
be categorized into eight distinct clusters of neurons, each corre-
sponding to specific decision variables. To demonstrate the degree
of specificity of the representations, the authors used a regression
approach with a canonical model consisting of relevant decision
variables utilizing a lasso regularization that minimizes the number
of regressors (Fig. 3C). The analysis revealed that the decision vari-
able model requires a systematically smaller number of variables
to explain the cluster activities compared with a model with their
rotated versions of variable space (Fig. 3D), suggesting that indi-
vidual decision variables, but not other combinations, provide the
parsimonious explanation for the representations. One key finding
of the study is that the authors did not find clusters of neurons
with other task-relevant variables, such as lateralized variables
(e.g., odor strength, action value), identities of odors, stimulus dif-
ficulty, and prediction error that can be found in other brain areas
such as sensory, motor cortical areas, and other subcortical areas
(Cohen et al., 2012; Hirokawa et al., 2011; Samejima et al., 2005;
Shiotani et al., 2020; Tai et al., 2012). These results suggest that
OFC over-represents specific higher-order variables such as deci-
sion confidence and integrated value, likely due to the distinct
pattern of inputs into the area that constrains the generation of
these representations. A recent study showed that odors associ-
ated with reward are over-represented when subjects learn new
stimulus-outcome associations and that this over-representation
shrinks after overtraining in OFC but not in mPFC (Wang et al.,
2020). Shrinkage of the over-representation in OFC may be due to
the simplicity of the task that does not require further discrim-
ination of the stimuli. Another study also showed that neurons
representing a particular decision variable (current value) and task-
specific context information emerge after extensive training (Zhou
et al., 2020). Therefore, the representational content in OFC can be
flexible while still being constrained by innate requirements such
as reward value.
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This over-representation of variables in association areas has
at least five potential functional advantages. First, the recruitment
of many neurons in response to particular events could enhance
the discriminability of the associated events at the population level
(Morcos and Harvey, 2016). Second, recruiting many neurons for a
particular variable could further contribute to integrating diverse
information with the targeted variable (Ohnuki et al., 2020). Third,
the over-representation in PFC may increase the salience of a given
internal variable (Ogawa et al., 2013) and prioritize this variable
over other variables, as discussed below. Such bias could enable
animals to rapidly make decisions in uncertain situations. Fourth,
related to the third, induction of over-representation in PFC may
serve to generate distinct states in cognitive map (Kaufman et al.,
2020; Kiraly et al., 2020) that may help to keep track of the cur-
rent state during a certain cognitive task (Wilson et al., 2014).
Finally, simultaneous activation of many neurons aligned to spe-
cific events could increase the efficacy of information transmission
to downstream regions. Along this line, it is interesting that par-
ticular decision variables can be mapped onto particular projection
neurons in OFC(Groman etal.,2019; Hirokawa et al., 2019), indicat-
ing that over-representation also plays a role in information routing
to downstream regions (Nakajima et al., 2019).

From these considerations, we propose that over-
representation is a fundamental feature of PFC that aligns the
neuronal population to prioritize biologically relevant variables
and refine associated decision makings. In the next section, we
discuss how such neuronal over-representations can be linked to
biased decision making.

5. Biological constraints of cognition and behavior

Unlike the artificial network that requires a large number of
data sets to learn the optimal solution, young animals, including
humans, typically learn the essential behavior within a few trials
(Santos and Rosati, 2015; Zador, 2019). It suggests that the brain
strongly relies on a priori information to learn the structure of the
environment rather than learning from scratch. Indeed, biologically
significant stimuli are automatic and robust in drawing attention
as compared to other events (Ohman and Mineka, 2001). Such pri-
oritized attention and decisions become evident as heuristics or
cognitive biases (Aue and Okon-Singer, 2020). Decision bias is gen-
erally considered a trend of decisions deviating from the normative
account (Glimcher et al., 2013). The normative model of decision
makings can define the list of potential choice options and the
associated objective reward values that posit how efficient agents
should behave for maximizing the reward.

Decision makings of human and other animals are profoundly
biased by various factors such as availability, framing, immediacy,
risk, and loss aversion, especially when the decision-maker faces
uncertain conditions where available information is incomplete or
overly complex (Kahneman, 2011). Even in a perceptual decision
task, where the reward values for choice options are designed to
be equal, subjects often show bias to a particular choice option
influenced by specific aspects of the trial history, including stim-
ulus, choice, outcome, and their combinations (Akaishi et al., 2014;
Hirokawa et al., 2019; Hwang et al., 2019; Lak et al., 2020; Voss
et al., 2008). From the experimenter’s perspective who has com-
plete knowledge of the relevant task variables, such choice patterns
are sometimes seen as suboptimal for maximizing reward. How-
ever, from the subject’s perspective, the expected values of the
choice options vary in a trial-to-trial basis due to the insufficient
experience and imperfect memory. The inherent mechanisms that
create bias can be advantageous in certain environments with a
high degree of uncertainty (Fan et al., 2018; Kacelnik, 2006; Lak
et al,, 2020; Mendonga et al., 2020; Pisupati et al., 2021). Thus,
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decision bias can sometimes be a mischaracterization of decisions
due to the lack of consideration of the latent decision variables.
However, specific choice patterns deviating from the apparent
rationality provide significant insights for characterizing the bio-
logical features and rules of the cognitive process.

Several brain regions and mechanisms have been suggested to
underlie various decision biases (Aue and Okon-Singer, 2020). In
particular, PFC plays an important role in top-down attentional bias
by actively maintaining relevant information in working memory
(Funahashi et al., 1989; Goldman-Rakic, 1995; Miller et al., 2018).
Distinct areas within PFC are distinguished primarily by the types of
information maintained in working memory (Amemori et al.,2015;
Monosov and Hikosaka, 2012). For instance, OFC preferentially rep-
resents reward values (Elliott et al., 2000; Schoenbaum and Roesch,
2005; Tremblay and Schultz, 1999) with the distinct preference of
positive and negative outcomes of decisions between its medial and
lateral parts, respectively (Gottfried et al., 2002; O’Doherty et al.,
2001; Ursu and Carter, 2005). Attentional bias can be translated
to spatial choice through subcortical regions such as the striatum
(Lauwereyns et al., 2002; Nonomura et al., 2018) and superior col-
liculus (Felsen and Mainen, 2008; Hirokawa et al.,2011; Huda etal.,
2020), which have topographic mapping of spatial and motor repre-
sentations (Znamenskiy and Zador, 2013). These studies highlight
that different subregions within PFC preferentially encode different
outcome valance with distinct interactions with different subcor-
tical regions that can mediate choice biases.

While these studies suggest a critical role of PFC and specific
circuitries for decision biases, it is unclear what representational
organization in PFC generates such subjective biases. Over-
representation of a particular decision variable is one of the
mechanisms that can lead to an imbalanced integration of deci-
sion variables. A number of studies suggest that the magnitude
of neuronal firings in a set of PFC neurons with a goal represen-
tation correlates positively with the probability of biased choices,
while other sets of neurons with the opposing representations neg-
atively with the probability (Hirokawa et al., 2019; Maoz et al.,
2013). It is likely that the emphasized activities of a particular
set of neurons and the inhibition of opposing neurons through
the lateral inhibition can lead to competitive interactions among
neurons with distinct decision variable representations, result-
ing in over-weighted or under-weighted decision variables for
the integration process. Furthermore, it has been shown that a
part of ACC preferentially over-represents negative outcome in
an approach-avoidance decision task and the activation causally
induces choice avoidance (i.e., negative biases) relative to the con-
trol state (Amemori and Graybiel, 2012; Amemori et al., 2015).
These studies implicate that the dominant representation in PFC
is causally associated with decision biases.

Though these studies revealed the biological basis that gener-
ates specific trends of decisions, over-representations in PFC could
reflect the significance of the variable as a consequence of the
adaptation to the environment given the preference of the vari-
able for the area. Thus, over-representation can be adaptive and
is not always associated with suboptimal decision bias. On the
other hand, there are pathological decision biases that might be
associated with maladaptive over-representation. To assess such
suboptimal decision biases, often observed in patients with psy-
chiatric diseases, one needs to define “abnormality” relative to a
proper control group of subjects. In this case, one needs to construct
anormative model considering expected utility for control subjects
rather than mathematical expected value. The normative expected
utility model defines the average weights of the relevant variables
that explain the decisions of normal subjects in a particular task.
Then, this model can be used to evaluate the degrees of the bias
and over-representations of the patients in the task. To determine
the list of the decision variables for the model inputs, a data-driven
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approach adapting a decision making task with many task variables
would be ideal. Such quantitative measures are crucial for reveal-
ing the causal role of the “maladaptive over-representation” for
suboptimal decision biases, as discussed in the following section.

6. Therapeutic targets for psychiatric disorders

Chronic over-representation of fundamental decision variables
may underly biased decision making, which is often observed in
patients with psychiatric disorders (Cousijn et al., 2011; Raglan
and Schulkin, 2014; Wada and Ide, 2016; Wiers et al., 2013; Zhou
etal, 2012). For instance, a hallmark of drug addiction is an exces-
sive attentional bias to drug-related cues (Harmer and Phillips,
1998; Hester et al., 2006; Lubman et al.,, 2000) and underesti-
mation of negative outcomes (Groman et al., 2018; Parvaz et al.,
2015). These observations suggest that the over-representation of
reward-associated cues and under-representation of other poten-
tial variables underlie repeated risky choices in addiction, which
is supported by both neuroimaging studies in humans (Dom et al.,
2005; Goldstein and Volkow, 2011) and electrophysiological stud-
ies in rodents (Lucantonio et al., 2012). The over-representation
of the drug over natural reward may enable animals to maximize
their drug-taking efficacy, but such behavior can be interpreted as
suboptimal according to a normative perspective.

Similarly, patients who suffer from major depression are occu-
pied by an aberrant salience of negative outcomes of their decisions
(Beck, 2008; Murrough et al., 2011) and/or an absence of positive
bias. Functional imaging studies have shown that elevated brain
responses to pessimistic keywords and negative cues in patients
with depression compared with normal controls (Chamberlain and
Sakakian, 2006), whereas diminished neural responses to positive
stimuli are observed in depressed patients (Schaefer et al., 2006).
In rodents, it is known that chronic stress causes the dendrite
shrinkage in mPFC, whereas OFC shows the expansion of dendrites
after the same chronic stress (Liston et al., 2006). The expansion
of the dendrites in OFC after chronic stress may suggest over-
representation of the negative expectation enhancing the saliency
to the stressors (McEwen and Morrison, 2013), whereas the shrink-
age of the dendrites in mPFC may involve in under-representation
of other variables such as positive outcomes.

These findings support the notion that the PFC neurons are dis-
proportionally recruited to represent cues related to the typical
symptoms (i.e., type of bias) of their disorder in psychiatric patients.
Post-traumatic stress disorder (PTSD) and generalized anxiety dis-
order (GAD) may also have over-represented negative expectations
in PFC. Notably, there is an inverse relationship between the activ-
ity in the amygdala and mPFC during the expression of opposing
symptoms (approach and avoidance of threat, respectively) within
individual patients (Chiba et al., 2020), suggesting that this recip-
rocal circuit (Ishikawa et al., 2020; Senn et al., 2014) contributes
to opposing over-representations and subsequent mental states.
These studies point to causal relationships between psychiatric
disorder symptoms and chronic over-representation of particular
fundamental decision variables that are tightly regulated by specific
neural circuits.

Recent studies have begun to address the contributions of PFC
circuitry to psychiatric disorders through specific manipulations of
targeted neural networks (Hare and Duman, 2020; Liischer, 2016;
Muir et al., 2019). Animal models of psychiatric disorders such
as addiction, depression, and obsessive-compulsive disorder have
demonstrated that some of the distinct behavioral aspects of these
disorders could be regulated by manipulations of specific PFC cir-
cuitries (Burguiere et al., 2013). For instance, focal optogenetic
stimulation of the lateral OFC-striatum projection was found to
alleviate compulsive grooming in Sapap3 mutant mice (Burguiere
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et al,, 2013). In other studies, resistance to negative outcomes
was found to segregate with activation in OFC, and optogenetic
and chemogenetic manipulations of OFC affected resistance to a
negative outcome in addiction model mice (Pascoli et al., 2015,
2018). Anxiety-like behavior can also be modulated using opto-
genetic manipulation of distinct regions within mPFC, suggesting
the need to target discrete neuronal populations by input/output
region (Hare and Duman, 2020). In addition, optogenetic stimu-
lation of PFC neurons projecting to the dorsal periaqueductal gray
(dPAG)induces defensive behavior in mice, while dopamine release
in mPFC induces over-representation of negative expectations in
dPAG projection neurons (Vander Weele et al., 2018). These stud-
ies suggest that the imbalanced representation of positive and
negative outcomes results in maladaptive decisions despite neg-
ative outcomes. Therefore, manipulation of over-representation of
fundamental decision variables is a promising target for relieving
psychiatric symptoms.

Although previous studies have pointed to promising ther-
apeutic targets for various psychiatric disorders, there is little
information about the optimal choice for projection targets and
stimulation protocol for each type of psychiatric disorder. It is
crucial to monitor neuronal and neural circuit activities while opto-
genetic manipulation is applied because it has been reported that
there are unintended effects in optogenetic stimulation (Li et al.,
2019). Another significant challenge is the diversity of symptoms.
It is essential to characterize what types of decision bias is observed
in behavior and what decision variables are over-represented in
individual patients. Such characterization of individual differences
is useful to classifying subtypes of psychiatric disorders and pre-
dicting responses to treatments. Through the identification of such
biomarkers, more effective circuitries can be chosen for targeting.
Besides, the normalization of such aberrant circuit activities can be
achieved by using alternative approaches such as electroconvulsive
therapy (ECT) (Singh and Kar, 2017), repetitive transcranial mag-
netic stimulation (rTMS) (Dubin et al.,2017), deep brain stimulation
(DBS)(Maybergetal.,2005),and fMRI neurofeedback (Cortese et al.,
2016). Although these alternative approaches are promising, the
targeted structures can contain multiple subtypes of projection
neurons that may have different functions (Friedman et al., 2015;
Hooks et al., 2018). Therefore, further improvements in targeting
accuracy can reduce the side effects of therapeutic manipulations.
Identifying specific types of over-represented decision variables
in PFC will provide promising therapeutic targets for the effective
use of pathway-specific manipulations to treat various psychiatric
disorders.

7. Conclusion

Although the clinical use of optogenetics is not currently avail-
able for psychiatric diseases (White et al., 2020) but see (Gauvain
et al., 2021), it is crucial to establish the model of potential target
neuron types for various psychiatric disorders for future clinical
use. To achieve a greater understanding of decision making at the
circuit level in PFC, a future challenge will be to employ model-free
data-driven approaches to determine the neuronal representations
of different projection types. This in turn will better establish the
basic principles of prefrontal control of our cognition. Such an
approach can provide significant insights for establishing thera-
peutic targets for various psychiatric disorders.
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