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a  b  s  t  r  a  c  t

The  role  of the  medial  prefrontal  cortex  (mPFC)  and  especially  the anterior  cingulate  cortex  has  been
the  subject  of  intense  debate  for the  last  decade.  A number  of  theories  have  been  proposed  to  account
for  its function.  Broadly  speaking,  some  emphasize  cognitive  control,  whereas  others  emphasize  value
processing;  specific  theories  concern  reward  processing,  conflict  detection,  error  monitoring,  and  volatil-
ity  detection,  among  others.  Here  we  survey  and  evaluate  them  relative  to  experimental  results  from
neurophysiological,  anatomical,  and  cognitive  studies.  We  argue  for a new  conceptualization  of  mPFC,
einforcement learning
onflict monitoring
ognitive control
omputational modeling

arising  from  recent  computational  modeling  work.  Based  on  reinforcement  learning  theory,  these  new
models  propose  that  mPFC  is an  Actor–Critic  system.  This  system  is  aimed  to  predict  future  events  includ-
ing  rewards,  to evaluate  errors  in those  predictions,  and  finally,  to implement  optimal  skeletal-motor  and
visceromotor  commands  to obtain  reward.  This  framework  provides  a comprehensive  account  of  mPFC
function,  accounting  for  and  predicting  empirical  results  across  different  levels  of  analysis,  including

monkey  neurophysiology,  human  ERP,  human  neuroimaging,  and  human  behavior.

© 2013 Elsevier Ltd. All rights reserved.
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(in which vocalization evolved into language) seldom evokes vocal
behavior (Devinsky et al., 1995). However, ACC lesions can lead to
akinetic mutism (Paus, 2001), but only if the lesions are sufficiently
widespread (Fellows and Farah, 2005). The examples of humans
References  .  .  . . . .  . . . .  . . .  .  . . .  .  . . .  .  . . . . . .  . . .  .  . . .  .  . . .  .  .  . .  .  .  . .  . . . .  .  . . . . . .  .  .

. Introduction

The medial prefrontal cortex (mPFC) has been intensively stud-
ed in recent years, both in humans and nonhuman primates. It has
een cast as a system for adaptive control of behavior (Ridderinkhof
t al., 2004). For example, it has been proposed that mPFC performs

 key role in error processing (Critchley et al., 2005), in the estima-
ion of the probability of committing an error (Brown and Braver,
005), or in estimating the amount of conflict between two  or more
vailable options (Botvinick et al., 2001). Despite intense interest,
onsensus on its role in cognition has not been reached. Besides dif-
erent theoretical views, there are also differences in experimental
aradigms and different anatomical structures in mPFC.

In this paper, we discuss different theories and tasks relevant
o mPFC functioning, paying attention to the historical evolu-
ion of these findings, and focusing on one specific structure of

PFC, whose function remained for years as much elusive as
biquitous in behavioral neuroscience: the anterior cingulate cor-
ex (ACC). Then, we discuss the recent application of a machine
earning framework on mPFC investigation, namely Reinforcement
earning (RL). Finally, we discuss two very recent and similar neuro-
omputational models of mPFC. We  show how these models, both
elonging to the RL framework, are able to account for the varied
nd disparate data that have been described. Based on these models
e develop a framework according to which this area signals a need

or change. Finally, we point out novel directions for investigation.

. ACC functional anatomy

.1. ACC as a limbic area

A useful way to focus the main functions of the ACC is to place
t inside a specific network of sensory–limbic–motor areas, which

ay  integrate limbic and motivational factors with sensorimotor
unctions (Bush et al., 2000). ACC is classically identified as part of
he limbic system (MacLean, 1955; Papez, 1937). This area, includ-
ng most of the cingulate cortex, is widely connected with the
ippocampus via mainly efferent fibers to the parahippocampal
yrus (Nieuwenhuys et al., 1981). The hippocampus connects to the
ammillary bodies (part of the hypothalamus) through the fornix.

inally the mammillary bodies are connected to the anterior tha-
amic nuclei through the mammillothalamic tract, which projects
ack to ACC, closing the Papez circuit (1937). Electrical stimulation
f the ACC evokes both emotional (Meyer et al., 1973) and auto-
omic responses, such as variation of blood pressure and heart rate,
upil dilation, pyloric contraction and penile erection (Devinsky
t al., 1995). From the anatomical viewpoint, the rostral ACC (Brod-
ann area 25) sends extensive efferents toward both sympathetic

Hurley et al., 1991) and parasympathetic (Terreberry and Neafsey,
983; Willett et al., 1986; Hurley et al., 1991) nuclei. Although there

s a rostro-caudal gradient in ACC from visceral to motor connec-
ivity (Fig. 1), the caudal part of ACC is to some extent able to evoke
utonomic responses via connections with BA25 (Vogt and Pandya,
987). Experimental conditioning paradigms showed that the ACC

s necessary to associate appropriate anticipatory autonomic ner-
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial  frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

ous system responses to future stressful stimuli (e.g. Frysztak and
eafsey, 1991; Critchley and Mathias, 2003), suggesting a role of

he ACC in regulating autonomic response as a function of effortful
ognitive or motor tasks.
 . . . .  . . .  . . . . .  .  . . .  .  . . . . .  . .  . . . . . . .  . . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 00

Finally, the ACC receives and processes nociceptive information
from thalamic nuclei (Vogt et al., 1979). Nociceptive informa-
tion in ACC does not adhere to somatotopic organization, and it
seems linked to avoidance learning and emotional and autonomic
response to pain (Gabriel et al., 1991).

2.2. ACC: motor properties

The ACC contains wide populations of motor and premotor neu-
rons, with a caudal-to-rostral gradient (i.e. reversed with respect
to the visceromotor gradient), showing maximal density of motor
units in its caudal part, located ventrally to the (pre-) supple-
mentary motor area (SMA and pre-SMA) (Dum and Strick, 2002;
Fig. 1). Cingulate motor unit targets are the same as those of the
dorsolateral premotor cortex: the ACC establishes reciprocal con-
nections with the primary motor cortex and the SMA, and also
direct efferents toward the spinal cord (Dum and Strick, 1991;
Bates and Goldman-Rakic, 1993). Electrical stimulation of the ACC
typically evokes complex motor patterns (Talairach et al., 1973),
somatotopically organized and involving the mouth and forelimbs
primarily (Wang et al., 2008; Luppino et al., 1991). ACC motor
properties are not limited to limbs. Indeed stimulation of this area
can evoke also vocalizations, often coordinated with corresponding
autonomic reactions in emotional motor responses (Paus, 2001).
Microstimulation of bat ACC evoked vocalizations organized in
a tonotopic fashion, similarly to the somatotopic organization in
primates, providing a highly specialized map  of frequencies that
are used for echolocation (Gooler and O’Neill, 1987). Interestingly,
while autonomic and motor functions of ACC are similar across
mammals (including humans), electrical stimulation in humans
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

Fig. 1. Anatomical–functional gradients in the ACC. Color nuances indicate the den-
sity  of neurons specialized in different functions. Pre-SMA area is evidenced as
reference point. Vertical line: vertical line on anterior commissure. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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nd bats indicate how ACC motor functions are finely tuned by
volution in different species.

.3. ACC connectivity with associative cortical areas and
ubcortical nuclei

Besides the connections with visceromotor and skeletomotor
ystems, the ACC is also widely connected with associative corti-
al areas, such as the anterior insula, the dorsolateral prefrontal
ortex (DLPFC), the extrastriate visual areas and the parietal areas
Devinsky et al., 1995; Margulies et al., 2007). Functional connectiv-
ty studies suggested that cortico-cortical ACC connections are also
rganized according to a rostro-caudal gradient (Margulies et al.,
007; Beckmann et al., 2009) (Fig. 2). Caudal ACC is connected
ainly with sensorimotor areas; more rostrally, the connectiv-

ty shifts toward the DLPFC and inferior parietal lobule (IPL); and
nally, the most rostral ACC part is connected with orbitofrontal
OFC) and temporopolar cortex (Margulies et al., 2007). Wide
eciprocal connections were shown also between ACC and basal
anglia (Haber et al., 1995; Kunishio and Haber, 1994; Selemon
nd Goldman-Rakic, 1985). Again, a rostro-caudal organization is
bserved, with a wider connectivity between rostral ACC and ven-
ral striatum (nucleus accumbens) and between caudal ACC and
orsal striatum (Kunishio and Haber, 1994). Finally, the ACC is
eciprocally connected with the catecholaminergic mesencephalic
uclei. This area originates efferents to and receives dopaminergic
fferents from the ventral tegmental area (VTA) (Geisler et al., 2007;
ades and Halliday, 1987), and also has reciprocal connections with

he noradrenergic locus coeruleus (LC) (Aston-Jones and Cohen,
005; Jones and Moore, 1977; Samuels and Szabadi, 2008). The ACC

s also one of the few regions to influence the midbrain dopamergic
ells via the striatum (especially the striosomes, subregions within
he striatum characterized by differences in cortical input and by
esponse to neurochemical markers; Eblen and Graybiel, 1995).
lthough the number of direct connections from cortex to LC is

ow, both medial and lateral prefrontal cortices strongly modulate
C activity, by projecting efferents to LC surrounding areas that are
ich in LC dendritic terminations (Jodo et al., 1998; Samuels and
zabadi, 2008).

.4. ACC functional connectivity and cytoarchitecture

From the literature we surveyed it emerges that the ACC is
 hub in which multimodal information converges, providing
ultimodal output that includes emotional and autonomic regu-

ations. Another striking feature of this area is its organization in
natomical–functional gradients, with marked limbic-autonomic
unctions in its rostral part and sensorimotor functions in its caudal
art, with a central part that is mainly connected with supramodal
ssociative cortical areas such as the DLPFC and the temporo-
arietal junction (TPJ). Gradient-based organization has also been
roposed in cognitive neuroscience studies, with the identifica-
ion of cognitive and affective divisions (Bush et al., 2000; but see
hackman et al., 2011). Finally, additional insights on ACC function
ome from histological analysis. The ACC consists of agranular cor-
ex (therefore made mainly of pyramidal cells), showing a type of
eurons called spindle cells (Allman et al., 2011; Economo et al.,
008). The spindle cells are a type of bipolar neurons found only in
he ACC of Hominidae, Elephants and Cetaceans, i.e. those species
quipped with the largest brains. Like pyramidal neurons, by which
pindle cells are typically surrounded, they are specialized for fast
nput–output integration, with projection targets outside the cin-
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

ulate cortex. The presence of these cells only in species with
ery large brains, in conjunction with their computational features,
uggests an evolutionary role for them in maintaining a constant
peed of information exchange when the spatial distance between
 PRESS
avioral Reviews xxx (2013) xxx– xxx 3

brain areas becomes very large (Allman et al., 2011). In summary,
the cytoarchitectonics of ACC provide convergent evidence for the
idea that this area is a hub where multimodal signals are quickly
processed, and the result of such processing is sent to strongly
influence a wide variety of brain areas.

3. ACC in cognitive neuroscience

Cognitive neuroscience research proceeded for a long time
almost independently from the anatomo-functional findings
described above. The ACC rose to the interest of cognitive sci-
ence with early electroencephalography (EEG) work highlighting
its involvement in error detection (Falkenstein et al., 1991; Gehring
et al., 1993; Posner and Dehaene, 1994). The error related negativ-
ity (ERN) is an EEG event-related potential that develops during
the response period of error trials. Subsequent studies showed
that an analogous component, but with a smaller amplitude, can
also be observed for correct trials (correct related negativity, CRN)
(Falkenstein et al., 2000; Vidal et al., 2000). Source analysis demon-
strated that both ERN and CRN have a common generator located in
the ACC (Roger et al., 2010), a finding that has been confirmed with
fMRI (Jessup et al., 2010). Some years after the first studies on ACC
and error detection, further research identified additional experi-
mental conditions able to evoke strong ACC responses. Increased
ACC activity is observed when subjects are presented with incon-
gruent stimuli cueing multiple, mutually incompatible responses
(e.g. in a Stroop task, indicating the color of the word “RED” written
in blue ink) (Bush et al., 1998; Scheffers and Coles, 2000; Van Veen
et al., 2001). Further studies showed that ACC activity was greater
in response incongruency rather than in perceptual or semantic
incongruency (Van Veen and Carter, 2005). Moreover, analogous
with the rostro-caudal gradient from the analysis of ACC connectiv-
ity, ACC responsiveness to incongruency appears to be modulated
by the emotional content of the incongruent information, with
highly emotional incongruent stimuli evoking activation in more
rostral zone of the ACC (Bush et al., 2000; but see Shackman et al.,
2011) and more “cognitive” incongruencies in caudal ACC. These
results led to the formulation of the conflict monitoring theory of
(caudal) ACC (Botvinick et al., 2001). According to this perspective,
the ACC encodes the amount of conflict, defined as the simulta-
neous activation of several possible responses.

While the conflict model has gained a great deal of influence
due to its computational elegance and ability to account for a
number of effects observed within ACC, subsequent theories have
been developed that challenge the conflict monitoring theory. In a
revision of the classical error detection theory, Brown and Braver
(2005) proposed that ACC activity reflects the estimated probabil-
ity of committing an error. In contrast to the conflict model, the
Error Likelihood model predicts that ACC activity increases with
the likelihood that, within a given context, a behavioral error will
be committed, regardless of whether or not an error actually occurs.
This prediction was  tested using a modified version of the stop sig-
nal task in which, rather than merely refraining from responding,
subjects were instead asked to make a response different from that
which was  initially cued (by means of a “change” signal). Consis-
tent with the error likelihood model, increased ACC activity was
observed in correctly solved trials associated with a higher prob-
ability of error, even on those trials in which a subject did not
receive the change signal. However, this pattern was reversed in
error trials: ACC activity following response errors was  greater for
task conditions in which the likelihood of committing an error was
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

low, as compared to high-error likelihood conditions (Brown and
Braver, 2005). This latter finding, incompatible with both the error
likelihood and conflict accounts of ACC, would not be explained
computationally for several years, as described in later sections.

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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Fig. 2. ACC functional connectivity. Four different ACC regions of interest (ROIs; yellow areas right column) are differently connected with other cortical areas, following a
caudal–rostral organization. Red: positive metabolic correlations; Blue: negative metabolic correlations. (For interpretation of the references to color in this figure legend,
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odified from Margulies et al. (2007).

Deriving from the longstanding clinical observation of akinetic
utism following ACC lesions (Németh et al., 1988), a further the-

ry on ACC cognitive functions is that it energizes the cognitive
ystem when effort needs to be exerted (e.g. Kouneiher et al.,
009). Despite the imprecision of these concepts, it is an empir-

cal finding that situations requiring high effort robustly activate
CC (e.g. Sohn et al., 2007; Krebs et al., 2012). Finally, a recent
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial  frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

ognitive theory on ACC functions suggests that this area could
e involved in the response to environmental volatility as a signal
o modulate learning rates (Behrens et al., 2007). Here, volatility
efers to non-stationarity, i.e. the extent to which the probabilities
linking situations and outcomes in the environment fluctuate
across time. The latter perspective (Holroyd and Coles, 2002;
Holroyd et al., 2005) contained a theoretical assumption that has
been crucial for the most recent developments about ACC computa-
tional functions, namely its involvement in reinforcement learning
(RL). Due to the growing experimental evidence on RL processing by
ACC, and the theoretical maturation that this computational field
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

recently reached (Sutton and Barto, 1998), RL reveals to be very
promising in the investigation on ACC functions. For these rea-
sons it will be the main theoretical stream guiding the rest of this
review.

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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. ACC and reward processing: neurophysiology

The mosaic composing the wide variety of ACC functions became
ven more complex with the publication of several single-cell
ecording studies on reward processing in this area. Although
he involvement of ACC in conditional learning has been recog-
ized for at least two decades (Frysztak and Neafsey, 1991), only
ecently have data from single-cell recording revealed neural popu-
ations providing specific RL information coding in the ACC. Initial
ingle-unit neurophysiological studies found ACC neural popula-
ions whose activity was a function of the prediction of future
ewards given a specific state of the environment (e.g. an exter-
al cue, such as a light) or a specific action planned by the animal
such as pulling a joystick) (Amiez et al., 2006; Matsumoto et al.,
007). These neurons coded for global value of expected reward, i.e.
heir discharge rate was modulated by both reward probability and
xpected reward magnitude. Furthermore, ACC cells incorporate
iming information, such that their activity increased as the time
f anticipated reward drew closer (Shidara and Richmond, 2002).
ther studies revealed neurons coding for the difference between

uch predictions and actual environmental outcomes (Amiez et al.,
005; Matsumoto et al., 2007). This variable is called prediction
rror (PE), and it can be positive, if the outcome is better than
xpected, or negative, when the outcome is worse than expected.
ome cells also code unsigned prediction errors, i.e. the absolute
alue of the prediction error (Hayden et al., 2011a). Continued neu-
ophysiological research on ACC reward processing in the following
ears revealed neural populations exhibiting firing patterns repre-
enting many combinations of reward prediction and PE coding,
ntermixed with units presenting specific coding for one type of
nformation (Kennerley et al., 2011). Both single-unit recording and
esion studies have also shown that the ACC contains neural popu-
ations estimating expected costs to be paid in order to obtain a
eward (Kennerley et al., 2011; Rudebeck et al., 2006), and that
osts are estimated in terms of both expected effort to engage and
elay to wait in order to obtain a reward. One of the main fea-
ures of ACC is that its neural populations estimate the value of

 specific action or stimulus after cost discounting, i.e. integrating
he information about both reward magnitude/probability and esti-

ated costs (Kennerley et al., 2011). Single cell recordings in ACC
lso revealed neurons whose activity was modulated by reward
rediction (Matsumoto et al., 2003).

. A unifying perspective: RL
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

In the following paragraphs we will summarize the core aspects
f the RL framework. We  will show how this theoretical approach
s able in principle to provide a unified explanation to several
xperimental findings about the ACC, from the microscopic-single
stage of a conditioning paradigm, dopamine release is locked on reward onset (left
ight plot).

cells level to the macroscopic-behavioral findings. Finally we will
describe two recent neurocomputational models of ACC that imple-
mented the RL based approach to the ACC functions and created
new perspectives and predictions.

5.1. RL and the Actor–Critic framework

RL is a theoretical framework from the field of machine learning
(Sutton and Barto, 1998). Here, its main aim is to find strategies
for optimizing a given goal (e.g. maximizing reward). A secondary
aim is to account for (human and nonhuman) behavioral data and
formalize classical theories of learning. During the 1990s, the iden-
tification of the mesolimbic dopaminergic pathway as the main
macrocircuit involved in reward coding, promoted the application
of the RL formalism to model reward neurophysiology. Schultz and
colleagues (Schultz, 1998; Schultz et al., 1997) used the RL frame-
work to explain the temporal shift from primary reward to the onset
of reward predicting cues, which was found for the activity of brain-
stem dopaminergic neurons (in ventral tegmental area, VTA and
substantia nigra, SN; see Fig. 3). The simplest RL approach consists
of the formulation of reward expectation (V) given a specific state
of the environment (S), which is updated by comparison with the
actual environmental outcome (i.e. the actual achievement or not
of a reward R). The result of this comparison is defined to be the
prediction error (ı). This rule can be expressed as:

V(S)t = V(S)t−1 + ˛ıt (1)

where V(S)t is the value (reward expectation) of the environmental
state S at time t,  ̨ is a parameter defining the learning rate, and ıt

represents the prediction error at time t, which is formally defined
as:

ıt = Rt − V(S)t−1 (2)

where Rt is the reward achieved at time t.
Eqs. (1) and (2) describe an implementation of what is defined

as the Critic system in RL, i.e. a system deputized to eval-
uate environmental states. Together these equations comprise
the Rescorla–Wagner model of classical conditioning. As origi-
nally formulated, the Rescorla–Wagner model describes associative
learning at the trial level; environmental states and their associated
outcomes are, from the model’s perspective, presented simulta-
neously. However, it is well-established that the temporal structure
of individual trials, including duration of stimulus and feedback,
temporal contiguity, and event ordering can influence associative
learning in a manner that is not captured by the Rescorla–Wagner
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

model. This led to a generalization of the Rescorla–Wagner rule:
the TD learning algorithm (Sutton, 1988). This algorithm allowed
learning not only by comparing a prediction with external feedback
(which may  or may  not be immediately available), but additionally

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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Fig. 4. ACC subdivision according to the Actor–Critic framework. The Critic mod-
ule  (RCZa) provides outcome predictions to the Actor modules (white bidirectional
arrows), which select motor output according to them. The Critic also modulates
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y comparing the current prediction with an earlier prediction. In
his case the learning signal is the TD prediction error (denoted as
TD). The TD error signal can be written as follows:

TD
t = Rt + �V(S)t − V(S)t−1 (3)

here � is a discount factor, reflecting the loss in value of rewards as
 function of delay. During simulated conditioning experiments, the
D error is initially observed only at the time when an unpredicted
eward R is presented. In the course of a simulated experiment, as
he TD model learns to associate task stimuli with future reward,
he TD error at the time the reward occurs attenuates, and instead
s observed at the presentation of the first stimulus that reliably
redicts future reward delivery. Although initially conceived as a
emporal generalization of models of associative learning, the TD
lgorithm effectively became a neural model when it was observed
hat the activity of midbrain dopamine neurons appeared to reflect
D prediction errors (Schultz et al., 1993). TD models are a general-
zation of Rescorla–Wagner models in the sense that the latter can
nly estimate actions/states value that just precede the final out-
ome (the delivery or not of reward). Conversely, TD models can
stimate values of actions or environmental states far away from
he final outcome, as they can update values by comparing them
ith other value estimations (ıTD

t ), without the need of reaching
he final outcome (e.g. estimating how good is a specific position
nside a maze, although such a position is not directly near the maze
xit).

The models described above pertain to a critic system, which
valuates cues in the environment in terms of discounted future
ewards that are predicted by those cues. Note that “environment”
s interpretable very broadly as anything outside the critic system
tself, and thus may  also contain context representations, actions,
tc. (cf. Sutton and Barto, 1998). This critic system must be coupled
ith an Actor, a system deputized to make decisions as a func-

ion of the reward predictions formulated by the Critic. In machine
earning the Actor is often modeled by simple algorithms (e.g. Soft-

ax) that introduce a certain amount of stochasticity, dependent
n a “temperature” parameter, in selecting the action associated
ith the highest reward expectation. For higher temperature val-
es, behavior tends to be more exploratory in nature, allowing the
ystem to sample broadly from a state space. Low temperature
alues encourage exploitative behavior in which the system more
requently selects the action it predicts to be most valuable.

.2. ACC as an integrated Actor–Critic system

Comparing the descriptions of ACC functional anatomy (Section
) and RL basics, we hypothesize that the ACC is an Actor–Critic sys-
em for action selection based on outcome expectations in general
nd reward expectations in particular. The functional organization
f ACC according to a rostro-caudal gradient suggests that the most
ostral and caudal portions of the ACC (BA 24 and 32) perform
he role of Actor, providing reward-based motor commands. These
reas are respectively specialized in visceromotor and skeletal-
otor control. The mid-third of the ACC (anterior rostral cingulate

one RCZa, also in BA 24 and 32) (Picard and Strick, 1996), on the
ther hand, appears to perform mainly evaluative functions, sug-
esting the role of Critic (Fig. 4). The RCZ (Critic) provides the caudal
CC and the rostral ACC (Actors) with value information to make
daptive choices and to fine tune the Actor parameters (e.g. change
ts learning rate or temperature parameter). As described below,
he wide connectivity between ACC and brainstem also suggests a
egulation of Actor parameters (e.g. learning rate or temperature)
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial  frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

y the Critic system via catecholaminergic modulation, for example
y long term potentiation (TLP) facilitation due to norepinephrinic
odulatory effect (Izumi and Zorumski, 1999; Katsuki et al., 1997).

 recent fMRI study (Nee et al., 2011) also suggested such an ACC
the activity of catecholaminergic brainstem nuclei, which in turn regulate cortical
activity (including Critic and Actor themselves). An alternative hypothesis is that
the  Critic directly modulates the Actors’ functions.

organization. It systematically investigated the rostro-caudal orga-
nization of mPFC by studying the activation subsequent to errors,
incongruency and task switching. The RCZa was activated by expec-
tation violations across tasks, confirming the Critic role of this
area. Caudal regions of mPFC were involved specifically in response
selection (Actor function), and finally, the most rostral region was
specifically activated by errors. As we  will describe in the next sec-
tions, the Critic system is multi-componential and deployed across
the brain, and the ACC Critic functions are only a part of this general
evaluative mechanism. The same must be said about the Actor sys-
tem, which cannot be confined to ACC motor portions; instead, it
extends to dorsolateral prefrontal and subcortical areas, with which
the ACC is widely connected.

5.3. A RL-based computational account of ACC functions

Recently, two  neuro-computational models attempted to cre-
ate a bridge connecting the wide variety of experimental findings
on the ACC: from the microscopic level of single cell recording to
the macroscopic level of cognitive neurosciences (Alexander and
Brown, 2011; Silvetti et al., 2011). These models are both based
on RL related findings from single cell recordings data in monkey
mPFC. The core feature of their framework is that they focused on
the Critic function of mPFC. In the next two  sections we will provide
a short description of both models.

5.3.1. The predicted response–outcome (PRO) model
The architecture of the PRO model (Alexander and Brown,

2011) consists of three modules: a Critic, an Actor, and a
response–outcome associator that provides an interface between
the first two. In the PRO model, the Critic (Fig. 5) implements
a temporal-difference algorithm (Montague et al., 1996; Sutton
and Barto, 1998) that learns predictions (V) for several possible
action/outcome conjunctions contingent on task stimuli. A crucial
aspect of the PRO model is that predictions are learned for outcomes
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

regardless of affective valence (contrasted with more common for-
mulations in which RL models learn to predict the value of future
rewards). As in other models based on RL, learning is driven by
positive and negative prediction errors which are used to update

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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ig. 5. Schema summarizing the critic component of the PRO model structure. Action
.  The resulting TD error signal ı provides a basis for positive (ωP) and negative (ωN

dapted with permission from Alexander and Brown (2011).

djustable weights between task-related stimuli (S) and outcome
redictions (V); however, since the PRO model learns predictions of
oth affectively positive and negative outcomes, the interpretation
f prediction errors differs from standard RL. In typical RL models,
ositive and negative prediction errors are associated with out-
omes that are better than or worse than expected, respectively.
n the PRO model, however, positive prediction errors (ωP) indi-
ate that an event occurred that was not predicted, while negative
rediction errors (ωN) indicate that a predicted outcome failed to
ccur as expected. In the context of cognitive control, outcomes
re conceived of as feedback related to performance on a task (e.g.
rror or correct). Alexander and Brown propose that specifically
his second component (ωN) is responsible for most of the classical
ognitive neuroscience results on ACC functions. They proposed
hat the two ω components together modulate the learning of a
esponse–outcome associator which also predicts action/outcome
ombinations, but without a timing component. Finally, this out-
ome representation system can then provide proactive control
hrough inhibition of an actor system if the outcome representa-
ion system predicts that the actor will choose a low-valence action.
his approach allows the PRO model to simulate a variety of effects
uch as incongruency and error effects, as described in earlier work
Alexander and Brown, 2011). For example, incongruency effects as
n the Stroop or Flanker tasks result from a greater aggregate level
f prediction signals (V) about the likely outcomes of the task (both
orrect and error outcomes are likely). Likewise, error effects reflect

 surprising discrepancy (aggregate ωN) between an expected out-
ome (usually correct performance) versus an actual outcome (e.g.
n error).

.3.2. The reward value and prediction model (RVPM)
The RVPM (Silvetti et al., 2011, Fig. 6) similarly proposes that

CC plays the role of a Critic system. The core of the model consists
f three modules, one composed of neural units coding for exter-
al cues, one representing the ACC itself and the third modeling the
rainstem dopaminergic nuclei (VTA). Based on neurophysiological
ork (Amiez et al., 2006, 2005; Matsumoto et al., 2007), the ACC
odule consists of three types of cells, namely value cells (V), cod-

ng for reward expectations, but also positive (ı+) and negative
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

ı+) prediction error cells (the analog of ω units in PRO model),
hich are used for updating the value estimates (Eq. (2)). The ACC
odule computes reward expectations given a specific state of the

nvironment (cue) and a subsequent occurrence of a reward (VTA
 S drive a set of outcome predictions V, which are compared against actual outcomes
fied prediction error signals.

signal). Here environment can be intended as both what is exter-
nal to the organism (e.g. a stimulus), and what is external to the
ACC (e.g. an action representation). In contrast with the PRO model,
the RVPM estimates exclusively reward expectations and not out-
come expectations. Therefore the activity of V unit has always a
positive valence, and this also slightly changes the meaning of ı
units, given that ı+will encode for unexpected reward, while ı−for
unexpected lack of reward. The authors further proposed that V
and ı signals are transmitted down to dopaminergic brainstem
structures (e.g. VTA, SN), driving the temporal difference dynam-
ics typical of these structures (Schultz, 1998). Through widespread
cortical and subcortical efferents, these brainstem structures can
thus update learning elsewhere in the brain. As described more
in detail in Silvetti et al. (2011), the RVPM model assumes that
reward signals can be generated also after the correct execution
of a task where there is no external reinforcer (e.g. Stroop task).
This assumption is corroborated by neuroimaging data, showing
the activation of the mesolimbic dopaminergic system after correct
responses in tasks where no explicit reward was provided (Koepp
et al., 1998; Satterthwaite et al., 2012).

5.3.3. ACC functions interpreted from a RL-critic perspective
Both models ascribe a critic function to ACC. Most importantly,

both explain “cognitive” data from an RL perspective (Fig. 7),
thus naturally connecting data across species (human and mon-
key) and tasks (cognitive or reward-related). To account for error
effects (Fig. 7a), both models propose that an error tends to be less
expected, as unexpectedness (of any kind) activates ACC. In gen-
eral, this finding accounts also for the fact that the size of the ERN
depends on the probability of accuracy (Holroyd and Coles, 2002;
Nunez Castellar et al., 2010), and also for the fact that the feedback-
related negativity (FRN) reverses when errors are more frequent
than correct responses (hence correct responses are more surpris-
ing; Ferdinand et al., 2012; Oliveira et al., 2007) and similar fMRI
findings (Jessup et al., 2010).

To account for error likelihood effects (Brown and Braver, 2005;
Fig. 7b), the models replicated the results that correct but high error
likelihood trials activate ACC more strongly than correct but low
error likelihood trials. At the same time both models showed a
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

reversed ACC response for error trials, with higher activation for
erroneous low error likelihood trials. As for the error-related ACC
response, the error likelihood effect on error signals is explained by
the two models by means of ı activity, which codes the discrepancy

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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Fig. 6. Schema summarizing the RVPM – Actor structure (gray arrows) and its interaction with the external environment (black arrows). The ACC module receives input
from  both the Cue module (coding for actions or external cues) and the VTA module (providing the reward signal, RW unit). The action-reward expectation is then sent
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ignal  is integrated by the Temporal Shifting Unit (TSN), generating the shifting of d
nvironment provides the outcome, closing the loop agent-environment.

etween expectations (e.g. low likelihood of committing an error)
nd the real outcomes (e.g. error response).

The effect of ACC activation in volatile environments (Behrens
t al., 2007; Fig. 7c) is explained by more frequent errors in pre-
iction in volatile environments, when the systems are forced to
ontinuously update the mapping between environmental states
nd their likely outcomes (Silvetti et al., 2013).

While both the RVPM and PRO models account for the preceding
esults through the identical computational mechanism of discrep-
ncy between expected and actual outcomes, the models diverge in
heir explanations of the effects of conflict, in which increased ACC
ctivity is observed on trials in which multiple, mutually incompat-
ble responses are cued (incongruent) vs. trials on which a single
esponse is cued (congruent). According to the RVPM (Fig. 7d),
ncongruent trials are, generally, slower and more error-prone,
esulting in increased ı units activation for incongruent trials that
re performed successfully. In contrast, the PRO model suggests
hat when incongruent response cues are present as in the case
f conflict, ACC signals that both the correct and the incorrect
esponses are likely. The net result is greater overall activity in the
rediction layer, relative to the case of congruent trials, in which
nly a single (correct) outcome is likely. This implies that when
ultiple responses and outcomes are possible even in the absence

f conflict, then ACC activity should be elevated, and recent fMRI
esults are consistent with this prediction (Brown, 2009). This is
onsistent with an outcome prediction signal that may  influence
ecision-making by the Actor (Jahn et al., 2011).

The divergent accounts of conflict effects in ACC are one exam-
le in which the RVPM and PRO models might drive future research

n the area of cognitive control. Although both models agree on
he basic computational mechanism underlying ACC activity, that
f discrepancy between predictions and outcomes, differences
etween the two  models suggest additional work that needs to be
one in order to more adequately characterize the function of ACC.
ne such difference is how information regarding the timing of
utcomes relative to a predictive stimulus is incorporated within
CC. In the RVPM model, temporal information is learned in par-
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial  frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

llel with value predictions through a spectral timing mechanism
Brown et al., 1999), suggesting that the activity of at least some
rain regions projecting to ACC (and possibly ACC itself) should
e observed only around the time an outcome is expected, and that
. A second ACC output consists in a recurrent signal to the VTA module. The ACC
inergic activity form reward period to cue period. Once the action is performed, the

activity in such regions should be independent of how surprising (or
not) that outcome is. In contrast, the PRO model represents timing
information as a discounted function of the time remaining before
an outcome is expected. In this case, regions encoding temporal
information should reflect a gradual increase in activity beginning
at stimulus onset and peaking around the time an outcome is pre-
dicted.

Besides this difference, the two models consider also the
incongruency-related ACC activation as deriving from two  different
mechanisms. Rather than being mutually exclusive, these mecha-
nisms likely represent two  related features of the ACC. The RVPM
attributes the incongruency-related activation to a combined neg-
ative and positive prediction error signal occurring during the
outcome period. In contrast, the PRO model suggests that such
activation is linked to the outcome anticipation period, due to the
simultaneous activation of different units coding for the outcome
expectation of competing responses.

Finally, an additional difference between the two models is the
role of value in ACC activity. As reviewed above, the concept of
value has played a central role in research on ACC, and the RVPM
model reflects this in characterizing the region as being primar-
ily concerned with predicting the value of future outcomes and
signaling discrepancies between expected and actual value. The
PRO model, on the other hand, suggests that ACC predicts multi-
ple future outcomes without regard to the valence associated with
those outcomes, implying a role for ACC in more general predictive
vs specifically value-based learning and decision-making. Future
research on this issue may  provide definitive evidence regarding
which model is more consistent with the evidence, or, as seems
more likely, suggest how value predictions from the RVPM model
and outcome predictions from the PRO model might be reconciled
to provide a more robust and comprehensive perspective on the
role of ACC.

6. A need for change: recent ACC findings interpreted from
a RL-critic perspective
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

In the previous section, we described classical data that were
crucial for the models to capture. In recent years, a stream of
novel findings on ACC has emerged, some of them appearing after
publication of the two models. Some of these data naturally fit in

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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Fig. 7. Simulation results of both PRO (left column) and RVPM (right column) in four different experimental paradigms. PRO model activity is plotted as mean activation
over  multiple model iterations, while RVPM activity is plotted as the activation of the whole ACC module per iteration (average time course for each trial type). (a) Model
activity  during correct and error trials, when error trials are less likely that correct. The error related activity is due to negative prediction error signal. (b) Effects of error
likelihood and unexpected errors. For correct trials high error likelihood (HEL) trials evoked higher activation than low error likelihood (LEL) trials, while errors on LEL trials
elicit  higher activation than errors on HEL trials. (c) Effects of environmental volatility. Both the RVPM and PRO models explain increased ACC activity in environments with
high  volatility as the increased frequency of prediction errors relative to stationary environments. (d) Conflict effects. Although both models reproduce conflict-type effects
commonly observed in ACC, the mechanism differs. In the PRO model, conflict effects are due to multiple concurrent predictions regarding possible outcomes. In RVPM,
c
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onflict  effects arise from errors in prediction.

dapted from Alexander and Brown (2011) and Silvetti et al. (2011).

he RL framework, others less easily so. A significant challenge in
ttempting to integrate these findings into a unified framework
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

ies in the diversity of experimental methodologies used to probe
CC, as well as the variety of theoretical views brought to bear
n interpreting observed activity. This challenge is perhaps best
xemplified in a recent review (Cole et al., 2009) in which it was
suggested that the absence of clear conflict-related activity in
monkey ACC (commonly measured with single-unit electrophysi-
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

ology) may  result from interspecies differences between monkeys
and humans (in which ACC activity is commonly measured using
EEG or fMRI, i.e. methodologies that reflect that activity of ensem-
bles of neurons). As described in the previous section, both the

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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Fig. 8. Percentage of ACC neurons coding positively (positive y axis) or negatively
(negative y axis) for reward probability, reward magnitude (payoff), effort and the
combination of all the three (general reward value). Only for reward magnitude
and general reward value, the ACC showed a preference for positive coding (e.g.
the higher the discharge rate the higher the reward value; asterisks). For the other
two variables, neural populations with positive and negative coding were equally
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odified from Kennerley et al. (2011).

VPM and PRO models are able to provide an account by which
his discrepancy might be resolved without resorting to putative
ifferences in the functional role of ACC between species. Similarly,
heoretical viewpoints associated with different subfields such
s social or affective neuroscience may  lead to interpretations
f ACC as being involved in e.g. processing another person’s
eliefs (Apps et al., 2013) vs. detecting painful or aversive stimuli
Chandrasekhar et al., 2008), interpretations that do not bear an
mmediate resemblance to one another. Drawing on the models
nd these recent data, we  here propose a critic framework of ACC
onsistent with, yet significantly extending, the earlier proposals,
nd discuss how it may  reconcile a wide range of findings on ACC.

.1. ACC as a Critic: single-unit recordings in nonhuman primates

Kennerley et al. (2011) performed single-cell recordings while
onkeys performed a probabilistic selection task. This work is

mportant for understanding ACC functions, because the authors
erformed a census of the different types of ACC neurons. The main
atum emerging from this study is that in the ACC there are neu-
al populations specialized in processing various aspects of both
xpected costs and rewards. More precisely, possible outcomes are
oded by both positive and negative valence (like the units of PRO
odel, Fig. 8 first three bars), and neural populations coding for

osts (effort) consequent to specific actions were found (Fig. 8, third
ar). It is worth noting that effort coding by ACC was  found also in
umans (Krebs et al., 2012; Sohn et al., 2007), as was risk avoid-
nce coding (Fukunaga et al., 2012). Finally, the authors showed the
resence of neural populations multiplexing all the other signals
o obtain a general cost-discounted and positive coding of reward
xpectations and prediction error (like the units of RVPM, Fig. 8,
ourth bar). These findings are consistent with both PRO and RVPM
rchitectures, showing how the differences between the two mod-
ls are due to different focusing on specific aspects of ACC role of
ritic system.

.2. Role of ACC in conflict monitoring, pain processing, social
nteractions and attention allocation

Other findings, consistent with the overall RL framework, are
y Grinband et al. (2011). This study demonstrated that conflict
ffects in human ACC reverse when congruency (traditionally, the
anipulation of choice for conflict) was pitted against response
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial  frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

ime. In particular, the contrast of slow but congruent versus fast
ut incongruent trials robustly activated the RCZ-ACC. Grinband
t al. interpreted their data as consistent with a “time on task”
odel, according to which the total amount of time spent on the
 PRESS
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task determines the amount of ACC activation. This finding is in
agreement with the RVPM, according to which even when accu-
racy is constant, a difference in reaction times (RTs) is still able
to evoke prediction error activity. Similarly, the PRO model inter-
prets the correlation between time on task and ACC activity as
reflecting the failure of a response to occur within the time frame
it is usually observed. Similarly, Carp et al. (2010) demonstrated
that when RT was included in the regression model, the congru-
ency effect in mPFC disappeared. However, when they did a similar
analysis controlling error versus correct trials by RT differences,
the effect did not disappear. Consistent with the RL models, the
accuracy effect (ACC more active during error than during cor-
rect trials) does not seem to result from RT differences (see also
Jessup et al., 2010). It must be noted that Yeung et al. (2011)
demonstrated that when an actor system spends more time on
a task, the conflict level rises proportionally, demonstrating that
it is difficult to separate conflict from time on task. Overall, how-
ever, the PRO and RVPM models can account for all of the effects
accounted for by the conflict model as well as other effects that are
not accounted for by the conflict model. In addition to its involve-
ment in monitoring future outcomes of decisions and actions, ACC
has also been implicated in processing prediction error linked to
sensory input. EEG studies have identified a negative ERP compo-
nent within ACC present when a stimulus is unexpectedly absent
from a sequence (Crottaz-Herbette and Menon, 2006; Waberski
et al., 2001), similar to the mismatch negativity (MMN) observed in
sensory cortices. A recent paper finds that the network underlying
error processing significantly overlaps with brain regions that sig-
nal the occurrence of novel events, including ACC, anterior insula,
and inferior frontal gyrus (Wessel et al., 2012). These findings seem
to indicate the involvement of the mPFC in computation of predic-
tion errors regarding environmental states (state-prediction error)
rather than reward-prediction error. Nonetheless, occurrence of
unexpected environmental states typically activates dorsolateral
brain regions (Corbetta et al., 2000; Doricchi et al., 2009; Glascher
et al., 2010); mPFC involvement in state prediction error can be
considered still an open issue. Although these findings are not
specifically addressed by the RVPM and PRO models as initially
conceived, the central concept of both models, prediction and sur-
prise, is easily extended to include predicting sensory events and
signaling discrepancies between expected and actual stimuli.

The ACC is also typically active in pain prediction and actual
pain processing, and is regarded as the core of the so-called ‘pain
matrix’, the distributed network of regions in the brain commonly
engaged by painful or aversive stimuli. In addition to ACC, regions
contributing to the processing of pain include somatosensory cor-
tex, insula, and prefrontal cortex (Bantick et al., 2002; Iannetti and
Mouraux, 2010), areas which overlap with the ‘task-positive’ net-
work, suggesting that pain processing and cognitive control may
have certain computational mechanisms in common. In the frame-
work of RL, ACC activity related to anticipated and actual pain may
reflect a general prediction and evaluation mechanism suggested
by the RVPM and PRO model, while activity in other regions may
indicate a subject’s affective response to painful stimuli.

Studies from the perspective of social neuroscience have
likewise observed activity in ACC, where the region has been
implicated in processing negative affect related to social exclu-
sion (Eisenberger et al., 2003), predicting the actions of others
(Lamm et al., 2007), and theory of mind (Fletcher et al., 1995).
At least one fMRI study has identified spatially segregated areas
within ACC showing differential effects for evaluating discrepancies
between one’s own predictions regarding likely and actual out-
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

comes vs. a confederate’s predictions (Apps et al., 2013), suggesting
that the role of ACC in prediction and evaluation may  constitute
a general function that operates across multiple modalities and
contexts.

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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While a number of findings regarding ACC activity from different
ub-fields of neuroscience can be interpreted within the RL frame-
ork, the functional import of the ACC signals remains very much

n open question. Both the RVPM and PRO model suggest specific
unctional roles for the Critic component to influence its adjacent
rostral and caudal) ACC actors. The critic itself consists of a pre-
iction or value signal (V) and a prediction error signal (ı or ω).
hese may  each have different roles; for example the prediction
ignals may  themselves bias decision-making at a cognitive level
i.e. proactive control) (Fukunaga et al., 2012). Likewise, the pre-
iction error may  drive error correction actions or learning signals,

.e. reactive control (Braver et al., 2007). With regard to the predic-
ion or value signals, one possibility is that the Critic delivers value
nformation for the Actor regions to choose an optimal (i.e. high-
alue) response (as implemented in the RVPM). In this case, value
ignals may  originate in the Critic and also be found in the Actor
nits they influence. By the same logic, prediction error signals may
lso be found in the Actor units they influence. To the extent that
hese signals are found in both the Actor and Critic, it may  be diffi-
ult to distinguish the actor vs. critic empirically in different brain
egions.

Finally, a large body of literature (Bush et al., 2000) has
stablished an extensive link between ACC activity and atten-
ional processes. In particular Crottaz-Herbette and Menon (2006)
rovided evidence for ACC involvement in attentional resource
llocation, by modulation of modal areas specifically involved in
ask execution. The RL framework proposed in this manuscript may
rovide a link unifying these areas of study. Indeed, recent single-
nit recordings studying attention in rats (Bryden et al., 2011) have
ound results consistent with a role for surprise signals generated
y ACC in updating how attention is allocated. Allocation of atten-
ive resources can be considered as a form of decision by the Actor

ade on the basis of the Critic evaluation.

.3. RL and the stability/plasticity dilemma: the role of
euromodulators

Another (not mutually exclusive) possibility is that the Critic
djusts Actor parameters governing how the system integrates,
valuates, and acts upon new information obtained from an envi-
onment (Doya, 2002). These parameters may  include learning
ate, temperature, and time scale. In the case of learning rate, one
ethod to optimize an agent’s behavior is to modulate learning rate

epending on the perceived volatility of an environment (Behrens
t al., 2007). In relatively static environments, low learning rates
rotect valid information regarding the statistical contingencies of
he environment from the influence of chance events. On the other
and, for environments in which contingencies are frequently
hifting, high learning rates allow an agent to integrate new
nformation rapidly. One possible role for the Critic, then, is to
etect the need for change in learning rate. To detect such a need
or change, it must compute values and evaluate how computed
alues deviate from expected values. In this regard, ACC may  play

 vital role in resolving the stability-plasticity dilemma (Carpenter
nd Grossberg, 1988). Briefly, the dilemma states that a system
hould be sometimes stable (resistant to irrelevant information
verwriting valuable knowledge) but plastic at other times (when
nvironmental contingencies change and new information has to
e learned). Due to its role of Critic and its connections to both
ortical and subcortical areas, we propose that ACC is excellently
laced for this purpose, and indeed the PRO model can simulate
Please cite this article in press as: Silvetti, M., et al., From conflict managem
medial frontal cortex. Neurosci. Biobehav. Rev. (2013), http://dx.doi.org/10

ffects of learning rate changes with increasing non-stationarity
n the environment (Alexander and Brown, 2011; Behrens et al.,
007). The exact details of this regulation remain to be discovered
nd both a direct role of the ACC (as modeled in the PRO) or an
 PRESS
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action mediated by brainstem nuclei (as modeled in the RVPM)
are plausible proposals open to further investigation.

In a similar manner, ACC may  mediate the tradeoff between
exploration and exploitation of an environment (Cohen et al., 2007).
The exploration/exploitation tradeoff is typified by foraging tasks in
which a foraging animal must choose between continuing to forage
in a patch with a known rate of reward, or to explore other patches
which may  have higher or lower reward rates. If the animal chooses
to exploit without sufficiently exploring its environment, it may
choose a suboptimal patch. On the other hand, an animal which
constantly chooses exploration may  fail to remain in a high-yield
patch. In theory, the “correct” balance between exploration and
exploitation is that which optimizes some value function, e.g. the
average reward (Charnov, 1976). In monkey, the activity of neu-
rons in ACC above a particular threshold appears to signal when
the animal will choose to forego exploiting a current food source in
order to travel to a potentially richer source (Hayden et al., 2011b;
Kolling et al., 2012). One mechanism by which ACC may  instigate
exploration is through descending projections to LC. In RL theory,
the temperature parameter controls the tendency of an agent to
engage in exploration, and has been associated with the neuromod-
ulator norepinephrine (Doya, 2002). Although it is known that ACC
and LC are reciprocally connected, additional research is needed to
establish how interactions between the two  regions may  contribute
to exploratory behavior.

6.4. mPFC and RL: alternative theories

The idea that the ACC embodies an RL architecture is not entirely
new, although the conceptualizations of how ACC implements a RL
framework here differ from previous proposals. Holroyd and Coles
(2002) suggested that ACC is trained by mesencephalic dopamine
signals to recognize which other brain regions are best suited to
generate outputs in a given situation. In this hypothesized role in
action selection, ACC functions as part of an Actor component in an
Actor–Critic architecture. This is conceptually similar to the mix-
ture of experts model of Jacobs et al. (1991) and overlaps with the
proposed role of the basal ganglia in action selection (Redgrave
et al., 1999). In another RL-based model, Holroyd et al. (2005) sug-
gested that ACC might use RL signals to learn conjunctions of events
that indicate an error has occurred. The PRO and RVPM models dif-
fer from previous RL accounts of ACC by positing that the TD/delta
signals are computed within the ACC, whereas other models sim-
ulate the TD signals as a scalar signal that originates from the
mesencephalic dopamine cells.

More recent theoretical work by Holroyd and Yeung (2012)
proposes that ACC plays a critical role in selecting and maintaining
high-level goals and behaviors in a hierarchical RL (HRL) frame-
work. As in the RVPM and PRO models, the HRL framework outlined
by Holroyd and Yeung follows an Actor–Critic architecture. How-
ever, in their view the Critic is implemented by a hierarchically
organized network comprised of orbitofrontal cortex (OFC) and
ventral striatum rather than ACC, while the Actor is implemented
by a parallel hierarchy of DLPFC and dorsal striatum. ACC interacts
with both Actor and Critic components by providing information
about goals to the Critic as context by which to judge actions
taken by the Actor, and providing high-level policies consistent
with current goals to the Actor in order to instantiate appropriate
task sets for action selection. Although some aspects of the HRL
framework may  be consistent with both the RVPM and PRO
models – in particular, the inclusion of DLPFC and dorsal striatum
within the Actor component was  also suggested by Silvetti et al.
ent to reward-based decision making: Actors and critics in primate
.1016/j.neubiorev.2013.11.003

(2011) – the question of whether ACC acts as a Critic or as a
super-ordinate region coordinating the activities of both Actor
and Critic is a key difference. Here we must stress that, according
to our models, the Critic function is not necessarily related to the

dx.doi.org/10.1016/j.neubiorev.2013.11.003
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election of specific motor actions, but it could involve also the
valuation of more abstract-higher order data structures, such as
eneral options or even entire representations of the environment.
his functional aspect makes our models able to explain also
he mPFC-related findings about option selection, without the
ecessity of attributing to the mPFC the function of “options
ontroller”. Future theoretical and empirical work focusing on the
articipation of ACC in hierarchically organized behavior will be
equired to successfully distinguish between the two  hypotheses.

Another relevant perspective on the ACC role in RL-based deci-
ion making comes from Boorman et al. (2013). The authors find

 dissociation between ACC and ventromedial prefrontal cortex
vmPFC) in decision-making, with increased ACC activity appearing
o reflect future deviations from a default response, while vmPFC
ncodes the propensity to repeat responses. Moreover the authors
eport ACC negative coding of long-term value of choices during the
utcome period (highest activity for infrequently chosen options),
hile positive coding in vmPFC (highest activity for chosen option).

hese findings are consistent with the RL framework developed in
his review inasmuch as the RVPM and PRO models learn long-term
alues and probabilities, respectively.

However, the models offer a different interpretation of
ncreased ACC activity observed for infrequently chosen options
uring the outcome period. In the Boorman et al. task, default
ehavior is associated with repeatedly selecting the option with
he highest probability of reward; other options, with lower reward
robabilities, carry a greater chance of failure. According to the
VPM framework, negative coding of value during the outcome
eriod may  reflect average PE signal, that is low for highly expected
utcomes and maximal for highly uncertain outcomes (see Silvetti
t al., 2013). In the PRO model, this increase in activity with
he infrequently chosen option is explained as the simultaneous
rediction of the multiple possible outcomes associated with
hese options, namely reward and failure (note this entails that
rediction-related activity is a concave-down function of proba-
ility, so that for example two likely events yield greater summed
rediction activity than a single likely event). Moreover, the PRO
odel accounts for increased outcome-related ACC activity prior to

 behavioral switch as due to the non-occurrence of an established
efault event.

Finally, a very recent article (Shenhav et al., 2013) also attempts
o integrate RL and cognitive control by suggesting that dorsal ACC
omputes the expected value of control. This is similar to our own
need for change” proposal – both theories will require explicit
omputational formulation though to validate their implications.

. Prediction error beyond the ACC

The two ACC models that we described here are both based on
he basic RL concept of prediction error (ı). This signal is neces-
ary to update the connections between the neural units coding for
tates (or actions) and the units (V) predicting the future outcomes.
his kind of mechanism is a neurobiologically refined version of
he classic feedback-based idea of learning proposed in cybernetics
Wiener, 1948), where the difference between desired (or pre-
icted) value and the actual outcome was used as feedback signal
o minimize error. Signals consistent with prediction-based learn-
ng are additionally observed in several brain regions not typically
ssociated with reward processing during tasks that do not involve
xplicit reward administration (Glascher et al., 2010). It is possi-
le that the mammalian brain contains several predicting systems,
Please cite this article in press as: Silvetti, M., et al., From conflict managem
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ome used for the formulation of expectations about future envi-
onmental states, independently from reward (Doricchi et al., 2009;
lascher et al., 2010). As such, prediction error would be a com-
onent of any learning mechanism in the brain, as proposed by
 PRESS
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early cybernetics. Additionally, it may  be that the reward prediction
error computed by ACC is only one aspect of the region’s function,
and that ACC might also signal discrepancies between predicted
and observed environmental states. In this case, ACC might serve
as a general purpose critic for multiple brain regions, consistent
with the high degree of connectivity of ACC with other cortical and
subcortical sites.

Two other general theories on brain functioning could be con-
sidered as closely related to the concept of prediction error: the
classical theory of Neural Darwinism (Edelman, 1978) and the
recent theory of free energy (Friston, 2009). In Neural Darwinism,
the selection of the most suitable synaptic links between single
neurons and neural populations is analogous to the Darwinian
process of natural selection of individual organisms. The fitness
of single synapses is determined by a signal that Edelman called
value. The general learning rule, based on a reward prediction
error (i.e. value) signal, implements such a scheme. There is also
overlap between the concept of prediction error and free energy
(Friston, 2009). Here, neural ensembles act in order to reduce the
discrepancy between a model of the environment encoded in their
connectivity and the flow of data from the sensory channels. This is
exactly what happens with the reduction of prediction error in both
reward and non-reward related circuits. Moreover, such adaptation
toward the minimum amount of error must work at several differ-
ent timescales, in order to optimize the tradeoff between plasticity
and stability.

8. Concluding remarks

We  have proposed how the enormous variety of experimental
findings on mPFC anatomy, physiology and cognitive processing
may  be reconciled within the conceptual framework of RL. We
showed how two recent and similar RL neural models are able to
provide a computational account to many of these findings. We
also tried to generalize the importance of the computational con-
cept founding the two models, the prediction error, beyond ACC
functions and RL processing. Finally, we proposed that formulating
predictions and updating them by prediction errors may  be a neu-
robiologically sound and computationally explicit foundation for
Neural Darwinism.
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