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Abstract

Coupling stimuli and actions with positive or negative outcomes facilitates the selection of
appropriate actions. Several brain regions are involved in the development of goal-directed
behaviors and habit formation during incentive-based learning. This Review focuses on higher
cognitive control of decision making and the cortical and subcortical structures and connections
that attribute value to stimuli, associate that value with choices, and select an action plan.
Delineating the connectivity between these areas is fundamental for understanding how brain
regions work together to evaluate stimuli, develop actions plans, and modify behavior, as well as
for elucidating the pathophysiology of psychiatric diseases.

[. Introduction

Incentive-based learning, the development of goal-directed behaviors and habit formation, is
pervasive throughout life. Coupling stimuli and actions with positive (reward) or negative
outcomes facilitates the selection of appropriate actions. When outcomes deviate from
expectations, these links change to control future behavior. Following extended exposure,
these goal-directed, outcome-guided responses can transition into the habits that allow us to
operate efficiently in our environments but that can be hijacked in disease. Many brain
regions are involved at different levels of incentive-based learning, from those that regulate
basic survival functions to those mediating higher cognitive control of decision making. This
Review focuses on the latter, cortical and subcortical structures and connections involved in
attributing value to stimuli, associating that value with choices, and selecting an action plan
to obtain a preferred outcome. These structures include the orbitofrontal cortex (OFC), the
anterior cingulate cortex (ACC), the striatum, and midbrain dopamine (DA) neurons. In
addition, parts of the dorsal prefrontal cortex (dPFC), amygdala, hippocampus, ventral
pallidum (VP), and lateral habenula (LHb) are important regulators of the system. These
areas form a complex neural network and delineating the connectivity between these regions
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will help us understand how they cooperate to evaluate environmental stimuli, transform that
information into actions, and adapt future actions based on learned associations. It is also
essential for elucidating the pathophysiology of psychiatric diseases associated with these
cortical regions, including obsessive-compulsive disorder, depression, and addiction.

Anatomical and behavioral experiments in animals form the backbone for understanding this
system. These studies, coupled with imaging studies, focus on the functional and structural
connectivity of human brain regions involved in incentive-based learning and allow us to
gain great insight into what comprises the network and how it changes with different
contingencies. A key challenge is to translate what we know about the circuitry from the
anatomical studies in animals to imaging (fMRI and diffusion-weighted MRI [dMRI]) in the
human brain. The two main obstacles are determining homologies between species
(especially cortex) and the lack of comparable spatial resolution that is only possible in
animal tracing experiments but not in human imaging studies. Nonetheless, detailed
anatomical comparisons show that the OFC and ACC are relatively homologous between
nonhuman primates (NHPs) and humans (Ongur and Price, 2000; Petrides and Pandya,
1994) (discussed further below). This, along with advances in neuroimaging techniques that
have increased spatial and temporal resolution, have put us in a good position to use NHP
studies to gain a better understanding of human circuits that underlie incentive-based
learning.

New techniques and behavioral paradigms have resulted in a dramatic increase in studies
that focus on reward and decision making. However, given the different behavioral
paradigms and technologies employed, the literature is complex and often difficult to
synthesize. Our goal here is not to exhaustively review the literature but rather to focus on
the NHP circuit anatomy and examine how this connectivity has implications for regional
brain function. We first outline the anatomical circuitry, highlighting the functional
implications. Then, we review the network and pathways that link these areas based on
anatomical and imaging data. Finally, we discuss the association between disruptions in
these circuits and disease.

Il. Historical Perspective and Overview of the Basic Circuit

The classic studies of Olds and Milner revealed an internal system of specific structures that
underlie motivation (Olds and Milner, 1954). Here, rats would work for electrical
stimulation, with the most effective sites along the medial forebrain bundle.
Pharmacological manipulation of those sites, in particular with drugs of abuse, supported the
existence of linked structures comprising a motivational or reward circuit (Carlezon and
Wise, 1996; Phillips and Fibiger, 1978). While several brain regions are part of this circuit,
based on the most effective areas of self-stimulation, and on pharmacological, physiological,
and behavioral studies, the nucleus accumbens (or the ventral striatum [VS]) and the ventral
tegmental area (VTA) DA neurons are at its center (Kelley and Berridge, 2002; Schultz,
2000; Wise, 2002). Importantly, this basic, internally driven system of brain regions does
not receive direct sensory input. Thus, information about the environment, value associated
with stimuli, and cognitive regulation that controls the innate reactions lie elsewhere.
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The OFC and ACC are the key cortical regions long associated with motivational control
and adaptive behavior. The idea that the OFC is central for regulating decision making was
demonstrated initially in 1848 (Harlow, 1848) and subsequently with lesions showing the
inability to alter behavior when reinforcement contingencies change. Importantly, the OFC
lies at the crossroads between sensory systems, the limbic system and cognitive association
prefrontal cortical areas, with direct connections with all three. The ACC has been linked to
emotional processing since Papez’s description of a circuit that mediates emotional
expression (Papez, 1995). Shortly thereafter, cingulotomy, a replacement for the more
extensive frontal lobotomies, was demonstrated as an effective treatment for major
depressive disorder (MDD) and later treatment-resistant obsessive-compulsive disorders
(OCDs) (Feldman et al., 2001; Greenberg et al., 2010). Like the OFC, the ACC lies at a
crossroads of function. However, it is at the juncture of emotional, cognitive (attentional),
and action outcome processing. The OFC and ACC provide the main cortical afferent
projection to the VS. These inputs converge with those from the amygdala, hippocampus,
and the massive DAergic input from the midbrain. While DA has long been associated with
motor control, the use of DA antagonists (neuroleptics) demonstrated that motivation was
diminished before compromising motor control. Detailed animal experiments followed,
clearly showing the central role of DA for reinforcement learning (reviewed in Wise, 2002).
The main midbrain outputs are to the striatum and cortex, and, most relevant here, to the VS,
OFC, and ACC. The VS projects to the ventral pallidum (VP) and to the VTA/substantia
nigra (SN), which, in turn, project back to the prefrontal cortex, via the thalamus. Thus,
taken together, the brain reward/incentive circuit is now considered embedded within the
corticobasal ganglia (BG) system.

Historically, the BG were best known for their relevance to motor functions. We now know
that BG are responsible for a more complex set of functions that mediate the full range of
goal-directed behaviors, including emotions, motivation, and cognition. This idea developed
in the late 1970s with the concept of the VS and VP (Heimer, 1978) and the demonstration
of a limbic cortico-BG circuit passing through the MD thalamus to nonmotor cortex (Figure
1A). This notion was later expanded in primates to include several separate circuits through
the BG (Alexander et al., 1990). Importantly, the idea of a motivation-to-movement
interface, rather than separate loops through BG circuits was developed soon after the
discovery of the limbic component to the BG (Mogenson et al., 1980). Indeed, it is through
the integration between functional circuits that incentive-based learning occurs, which can
lead to the development of habits (Belin and Everitt, 2008; Draganski et al., 2008; Haber et
al., 2000, 2006; Percheron and Filion, 1991).

Understanding the Circuit through Its Connections

Two major advances that set the stage for modern neuroanatomy and the idea that
connections between brain regions constituted functional networks were the development of
the Golgi stain (1873) and the Marchi degeneration stain (1886). Improvements in this
approach over the next eight decades not only demonstrated some basic connections of the
corticocortical and cortico-BG system, but also stimulated much controversy regarding
whether actual connections existed and were direct (not unlike issues raised today with
dMRI). These early studies provided the basis for more detailed exploration using modern
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tracers. For example, the idea that the VS and that part of the substantia innominate should
be reclassified as the VS and VP, respectively, and therefore constitute the limbic
component of the BG was based on a modified degeneration method (Heimer, 1978).
Around the same time, developments in chemical neuroanatomy gave insight into the
localization of neurotransmitters and receptors within structures and specific pathways.
Thus, the VTA-VS projection was shown to be DAergic, first with fluorescent methods,
then with antibodies. The link between function and anatomy in the human brain exploded
with the development of imaging methods in the mid-1980s. Soon after, with the
development of fMRI, activation of the VS and cortical areas associated with reward-related
tasks was visualized in the human brain.

While the basic anatomy and connectivity of the structures of the reward circuit are now
well established, the pathways that link them are not. Indeed, other than sensory and motor
systems, much of what we know about how axons from specific brain regions reach their
targets relies largely on the older studies using lesions and degeneration stains to follow
fiber trajectories. In fact, with a few notable exceptions, most NHP anatomy studies
document the end points of connections, that is, whether A is connected to B, but most often
without a thorough examination of the route fibers take between those points or their
organization within the large white matter (WM) bundles. However, the development of
dMRI, its use for determining pathways, and changes in those pathways associated with
disease, has emphasized the importance of this knowledge.

[l1l. Connections and Functions

The OFC and ACC

The orbital and cingulate cortex are complex and heterogeneous regions, each of which are
further divided, based on architectonics and connections, into specific cortical areas: the
ACC includes areas 24, 25, and 32; the OFC is divided into areas 11, 13, 14, and 12/4.
Although determining the homologies between NHP and human prefrontal cortical areas is a
complex and difficult task, there is reasonable overall agreement based primarily on
cytoarchitectonics (Figure 1B) (Ongur and Price, 2000; Petrides and Pandya, 1994).
However, there are a few regions, notably parts of area 32 and 10 that probably do not exist
in the NHP. In addition, while in Brodmann’s map, area 11 lies along the midline (without a
designated area 14), more recent maps show anatomical correspondence of area 14 along the
midline across primates. The anatomical studies in animals provide a very detailed
understanding of connections of these areas, revealing highly complex associations that vary
in strength. In contrast, imaging studies cannot distinguish between cytoarchitectonic
divisions directly and different areas have thus been functionally grouped. Taken together,
rather than review all possible anatomical connections, we broadly define the areas and
highlight the strongest links associated with each region.

The OFC can be generally parceled into somewhat functionally different regions based on a
medial-lateral and caudal-rostral axis. The medial OFC, including gyrus rectus and roughly
bounded by the medial OFC sulcus, contains primarily area 14, central OFC, areas 13
(caudally), and 11 (rostrally), is roughly bounded by medial and lateral OFC sulci. Area
12/47 is located most laterally (Chiavaras and Petrides, 2000) (Figure 1B). The caudal OFC
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region (in which we include parts of the insula cortex) includes areas 13, caudal 14, and
caudal 12/47. This region has stronger inputs from primary sensory systems. In contrast, the
more rostral region (areas 11, rostral 14 and 12/47), receives a combination of highly
processed sensory inputs and has tighter links to rostral prefrontal cortex (PFC) areas
(Barbas, 2007; Carmichael and Price, 1995b). Thus, more caudal areas are closely
associated with primary sensory information, while rostral regions are linked to higher
sensory processing. Lateral OFC areas are generally connected to ventral lateral PFC
(VIPFC) and medial OFC areas to parts of the ACC and area 10, forming two somewhat
separate streams of information processing, from primary reward to more abstract cognitive
decision making (Wallis, 2010).

The ACC lies on the medial surface, extending from the level of premotor cortex, curving
rostrally with the genu of the corpus callosum and then caudally, ventral to the callosum. In
the human brain, areas 24 and 32 extend throughout this territory, with area 32 dorsal to area
24 caudally and extending rostral and ventral to it as it tucks beneath the genu. In the NHP
brain, area 32 is more limited and primarily occupies a rostral position. Overall, the ACC
can also be divided functionally along its dorsal-ventral and rostral-caudal axes. The dorsal
ACC (dACC), primarily area 24 in the NHP, is tightly linked with many PFC areas,
including lateral regions associated with cognitive control, and more caudally, with motor
control areas. In contrast, the ventral and caudal ACC (areas 25 and ventral parts of 24 and
32) is more closely associated with visceral and emotional functions. These ventral areas
have strong connections to the hypothalamus, amygdala, and hippocampus. From a
functional perspective, imaging and lesion studies have identified an area referred to as the
vmPFC. Depending on the specific study, this region may include different combinations of
these regions but overall involves areas 25, parts of 32, medial OFC (area 14 and 11), and
ventral-medial area 10. However, in some studies, experimenters focus on more caudal
regions (areas 25, 32, 14 and caudal 10), while in others this region does not include area 25
but includes rostral areas 14 and 10.

OFC and Insula

Connectional Considerations—The OFC is highly intraconnected. Overall, lateral
areas are tightly linked to vIPFC, while medial regions are linked to the vmPFC and dACC.
In addition, patches throughout the OFC are connected to various cingulate, PFC, amygdala,
and temporal lobe regions. For example, entorhinal cortex and the subiculum inputs are
scattered throughout the rostral and caudal OFC, with the subiculum terminating in the
medial region. From a functional perspective, there is a general caudal and rostral
connectional distinction. Direct inputs from primary olfaction and gustatory information
cortices along with more highly processed visual, auditory, and somatosensory systems
terminate in the insula. The insula is divided into three cytoarchitectonic areas, arranged in a
radial manner around the piriform olfactory cortex, that are associated with different sensory
functions: agranular insula (la)—olfactory and autonomic functions; dysgranular insula (Id)
—qustatory and some visual and somatosensory functions; and granular insula (Ig)—
somatosensory, auditory, and visual functions (Carmichael and Price, 1995b; Mesulam and
Mufson, 1993). Like the insula, the caudal OFC receives input from all of the sensory
modalities and is considered important for integrating input from multisensory regions
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(Barbas, 2007; Carmichael and Price, 1995b; Morecraft et al., 1992). In addition to the
sensory input, perirhinal cortex, an area important for object recognition, also projects
primarily to the caudal OFC (Carmichael and Price, 1995a). Thus, the caudal OFC is central
for processing sensory inputs related to object recognition and primary reward (food) and
emotional valence. Caudal and rostral OFC are tightly connected. However, in contrast, to
the caudal areas, the rostral OFC receives not only highly processed sensory information, it
is also connected to cognitive areas of the frontal lobe, including the frontal pole and rostral
areas 9 and 24 and lateral areas 45 and 46. Interestingly, the parahippocampal gyrus, which
is linked to higher cognitive processes, also projects primarily to the rostral OFC (Figure
2A) (Onglr and Price, 2000).

To reach their targets, all OFC axons enter the uncinate fasciculus (UF) immediately
adjacent to their cortical region and divide into three bundles, medial, dorsal, and lateral
(Figure 2B). The medial bundle remains within the UF to innervate other OFC regions and
the vmPFC. Fibers travel laterally within the UF to reach the extreme capsule or to enter the
inferior and middle longitudinal fasciculus to terminate in the entorhinal cortex,
parahippocampal cortex, superior temporal gyrus, etc. The dorsal bundle cuts directly
through the UF, arches medially within the frontal WM to reach the corpus callosum to
terminate in the contralateral hemisphere, the cingulum bundle (CB) to terminate in the
ACC, and superior longitudinal fasciculus to terminate in dorsal and lateral PFC. The lateral
bundle divides into fibers that travel in external and internal capsules. OFC axons are
organized topographically in the internal capsule, with fibers from medial regions traveling
ventral to those from lateral OFC areas. This positioning within the capsule impacts on the
connections involved in lesions from stroke or invasive surgery for treatment of specific
psychiatric disorders. For example, deep brain stimulation and anterior capsulotomy are two
surgical treatments for OCD and depression that target the ventral part of the anterior limb
of the internal capsule (Greenberg et al., 2003, 2010). Using the data mentioned above, we
can predict that the more ventral electrodes or lesions will probably involve more medial
VPFC connections, and more dorsally placed electrodes or lesions will involve more lateral
parts of the vPFC. Fibers traveling to the amygdala and hypothalamus form small bundles
that enter the amygdalofugal pathway or travel within the UF. These axons are difficult to
follow using MRI tractography and therefore this connection in human imaging is not easily
distinguished from other projections. Finally, a group of axons continues in the external
capsule to the claustrum (Figure 2B).

Functional Associations—OFC’s unique access to both primary and highly processed
sensory information, coupled with connections to the amygdala and cingulate, explain many
of the functional properties of the region. Historically, the two cardinal tests of OFC
function have been reward devaluation paradigms and stimulus-outcome reversal learning
(McEnaney and Butter, 1969; Fellows and Farah, 2003; Izquierdo et al., 2004), both of
which have been demonstrated with OFC lesions across species. In the reward devaluation
paradigms, animals learn two stimuli that predict two different reward types before one of
these outcomes is paired with illness (or devalued). Control animals will immediately select
the stimulus whose outcome is not associated with illness and signals in human OFC have
demonstrated appropriate revaluation of the stimuli (Kringelbach and Rolls, 2003; Gottfried
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et al., 2003; O’Doherty et al., 2000). Animals with OFC lesions are not able to make the
correct choice and continue to select the devalued stimulus. Importantly, the outcome-
predicting stimuli have not been paired with illness, only the outcomes themselves.
However, on the decision trials, the subject is confronted with the two stimuli in the absence
of the outcomes. In order to select appropriately, the animal must use each stimulus to
predict the respective outcome, realize that one outcome is no longer valuable, and select the
other stimulus. If the subject has instead learned that the stimuli are valuable per se, due to
their historical relationship with reward, they will continue to select the inappropriate
stimulus. Thus, the critical feature that is impaired by an OFC lesion is the capacity to use
the stimuli to elicit sensory representations of the outcomes, which can then be evaluated
(Burke et al., 2008). Similar findings can be observed in imaging studies of human OFC
during devaluation studies. Electrophysiological studies demonstrate cellular activity that
supports this function (Figure 3A). The activity of single cells predicts not only the value of
a particular outcome, but also the type of reward that is to be expected (Padoa-Schioppa and
Assad, 2008). Moreover, activity in the human OFC is suppressed after repetition of the
same reward type only if it is predicted by the same stimulus on each occasion (Klein-
Flugge et al., 2013) (Figure 3B). Insofar as repetition suppression indexes cellular
representations, this suggests that the representations of valuable outcomes in the OFC are
tied to the sensory stimuli that predicted them. Thus, linking between sensory
representations of stimuli and outcomes is a key function of the OFC, consistent with its
connectional proximity to sensory and reward-related regions.

In reversal learning studies, one stimulus is paired with reward and another is not. Once
learning has been acquired, the rewarding stimulus switches, so that reward is now delivered
after the previously unrewarded stimulus. OFC lesions (across species) impair subjects in
making this switch and they continue to choose the unrewarded stimulus for many trials
(Fellows and Farah, 2003; lversen and Mishkin, 1970; lzquierdo et al., 2004; McEnaney and
Butter, 1969). A striking demonstration of the sensory nature of this deficit is that the deficit
in learning these reversals disappears if actions rather than sensory stimuli are paired with
reward (Camille et al., 2011b; Rudebeck et al., 2008) (Figures 3C and 3D). Using more
sophisticated tasks, it is now clear that even initial learning (before reversal) is reliant on
OFC if the contingent relationship between stimulus and outcome is complex. Detailed
analysis suggests that when OFC-lesioned animals are rewarded, they are no longer able to
pair this reward with the correct contingent stimulus but instead spread it among recent
choices (Takahashi et al., 2011; Walton et al., 2010).

Intriguingly, reversal-learning deficits that are prevalent after aspiration lesions to OFC are
not evident after excitotoxic lesions that spare the passing fibers (Rudebeck et al., 2013). As
indicated below, the fibers passing through this area include not only OFC axons, but also
reciprocal connections between the vmPFC and temporal lobe traveling through the UF,
vmPFC fibers entering the medial forebrain bundle to terminate in the hypothalamus,
amygdala, brainstem, and dACC connections with the OFC with some passing to subcortical
areas. While, the OFC clearly plays a central role in reversal learning, the disruption of its
association with a wider network maybe responsible for these deficits or prevent strategies
to ameliorate them.
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Consistent with connectional differences between caudal and rostral OFC, there is an
apparent gradient between primary reward representations in more caudal OFC/insular
cortex and representations of secondary reward such as money in more rostral OFC regions
(Figure 3E) (Sescousse et al., 2010). Such dissociations may rely on the differential inputs
from early versus higher sensory representations to caudal versus rostral OFC, respectively,
or the preponderance of amygdala connections to caudal OFC but more executive regions
such as dorsolateral prefrontal cortex (dIPFC) and frontal pole to rostral OFC. An intriguing
possibility is that this gradient in connections related to both stimulus and outcome
representations might allow OFC learn relationships between increasingly complex concepts
and goals.

Connectional Considerations—The caudal vmPFC (primarily SACC-areas 25 and 32,
and caudal area 14) is distinguished from the OFC and the dACC by its strong links to
visceral and emotional processing stations, in particular, the hypothalamus, amygdala and
the shell of the VS (Freedman et al., 2000; Ongdr et al., 1998; Rempel-Clower and Barbas,
1998). Inputs from the hypothalamus, hippocampus, and amygdala terminate most densely
in these caudal parts of the vmPFC, although these inputs are also found in specific regions
of lateral OFC and parts of the dACC. The caudal vmPFC projects most densely to both the
hypothalamus and amygdala. Moreover, there is also a tight link with parts of the insula.
Thus, these strong reciprocal connections, its input from the hippocampus, along with a
projection to the VS (discussed below) are special features of caudal vmPFC. The caudal
vmPFC is also connected to more rostral vmPFC areas, and to some extent areas 10, 9, and
dACC. In contrast, rostral vmPFC is not tightly linked to the amygdala and hypothalamus.
Rather, these areas have closer connections to areas 10, 9, and 45 (Freedman et al., 2000;
Ongr and Price, 2000). Thus, as seen with the OFC, more caudal vmPFC is associated with
“primary” functional areas, while rostral regions are more tightly linked to cognitive-related
areas (Figure 4A).

Pathways from the vmPFC to cortical and subcortical areas follow similar routes as those
from the OFC with some notable exceptions (Lehman et al., 2011) (Figure 4B). Fibers enter
the adjacent UF and divide into three bundles. A medial bundle travels dorsally to enter the
subgenual CB and corpus callosum. A central bundle splits into three bundles that enter the
internal, external, and extreme capsules and the striatum. A lateral bundle travels laterally in
the UF to innervate OFC and the temporal lobe. However, unlike the OFC fibers, axons
travel in the medial forebrain bundle to enter both the ventral amygdalofugal pathway and
stria terminalis to reach the amygdala. Furthermore, they travel in small fascicules within the
VS and below the anterior commissure, which are a ventral extension of the internal capsule.
Thus fibers from the vmPFC will be interrupted in lesions of the VS but not with damage to
the more conventionally defined internal capsule. Moreover, because these axons travel
through the small bundles within the gray matter, they are difficult to follow through the
internal capsule using dMRI tractography (Jbabdi et al., 2013).

Functional Associations—NHP studies of vmPFC are rare, but where data exist, they
are broadly consistent with connectional anatomy (Rudebeck and Murray, 2011). For
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example, vmPFC’s strong, direct projections to ancestral regions such as hypothalamus and
parts of the insula that maintain representations of internal states, such as hunger and thirst,
may account for the fact that vmPFC cells are more likely to track values in the context of
internally generated states such as satiety (Bouret and Richmond, 2010). In contrast, those in
OFC are more likely to track values learned from external sensory stimuli (Bouret and
Richmond, 2010). Such internal states are essential components underlying decisions.
Together with dACC, the vmPFC is in an important position in the transition from valuation
to choice. Indeed, when selective lesions are made to vmPFC and lateral orbitofrontal
cortices, there is a double dissociation between learning about stimulus-outcome relations
(IOFC) and using these relations to guide choice (vmPFC) (Noonan et al., 2010). For
example, animals with vmPFC lesions make irrational choices that break fundamental
economic axioms (Figures 5A and 5B). Although human lesions cannot be targeted with
such anatomical precision, lesions that include the entire vmPFC (as well as many orbital
regions), have a similar effect. For example, such patients are more likely to make errors of
transitivity in simple value-guided choices (Camille et al., 2011a). In human imaging
studies, vmPFC provides the most robust and reproducible valuation signal in the brain
(Bartra et al., 2013; Clithero and Rangel, 2013) (Figure 5A), but the temporal dynamics of
this signal (Hunt et al., 2012), and its dependence on local Glutamate and GABA
concentrations (Jocham et al., 2012), suggest a role, not only in valuation of stimuli, but also
selecting between these values. However, perhaps the most remarkable feature of the
vmPFC valuation signal is its flexibility. While many other brain regions rely on experience
to estimate values, vmPFC can encode values that must be computed on the fly. These
computations may, for example, rely on an understanding of the structure of the
environment (Hampton et al., 2006); on the generalization of concepts learnt in different
situations (Kumaran et al., 2009) (connections to the hippocampus and temporal lobe); or on
the integration of disparate sources of information (connections to dACC and OFC)
(Behrens et al., 2008). Strikingly, if subjects are asked to ignore their own preferences, and
instead guess what a very different individual would choose, vmPFC immediately reflects
the values of this new individual (Janowski et al., 2013; Nicolle et al., 2012). If, however,
the problem at hand is best solved by considering values learned from direct experience, the
vmPFC could seamlessly revert to these more basic value computations (Wunderlich et al.,
2011). This flexibility is likely to be linked to the strong rostral-caudal vmPFC connections,
where the caudal part is closely linked to the amygdala, hypothalamus, and related regions,
while the rostral part is more closely tied to the rostral pole, areas 10 and 9, regions
implicated in “theory of mind.” Thus, information to caudal regions is driven by connections
to the amygdala, hypothalamus, caudal OFC, and dACC. While more rostral areas are linked
to area 10 and rostral area 9. In this respect, the vmPFC is a core node in the “default-mode
network” (Figure 5C) (Fox et al., 2005; Raichle et al., 2001). This network, studied in the
context of spatial navigation (Doeller et al., 2010), episodic memory, and future thinking
(Bonnici et al., 2012; Schacter et al., 2012), has also recently been shown to be involved in
reward-guided behavior. One intriguing suggestion is that explicit representations built in
this network may be useful when deciding in novel untrained circumstances allowing
experiences built in one context to generalize to others (Barron et al., 2013) (Figure 5D).
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Dorsal ACC

Connectional Considerations—Areas 24 and 32 of the dACC exhibit a gradient in
connectivity from the most rostral and ventral areas (32 and rostral 24) to the caudal and
dorsal areas (central and caudal 24). The rostral JACC is connected primarily to the vmPFC,
OFC, medial area 9, and the rostral temporal cortex. Amygdala connections are also
concentrated in this rostral dACC region (Morecraft et al., 2012; Ongir and Price, 2000).
Unlike more caudal dACC regions, it has minimal connections to posterior cingulate areas.
These connections support its association with emotional processing and, from a functional
perspective, the rostral dACC is closely aligned with the SACC (Figure 6A). However, it is
also linked to dPFC areas, thus in a pivotal position between emotion and cognitive control.
Central dACC is also connected with dPFC, but these connections are more widely spread
and include lateral PFC regions. Moreover, this central dACC connects more extensively to
the caudal cingulate. Thus, this region is more tightly linked to cognitive control regions
compared to the rostral dACC. Finally, caudal dACC has the strongest connections with
motor control regions and limited ones with OFC and PFC areas 10 and 9. However,
interestingly, amygdala projections continue to terminate in patches throughout the dACC,
including some in the caudal parts (Carmichael and Price, 1995a). It is important to bear in
mind that there are not abrupt divisions based on anatomical connectivity, rather there is a
continuum of connections. In other words, animal tracing experiments show that as one
moves through the rostral-caudal cingulate axis, labeled fibers and cells spread caudally
through the PFC, into motor control areas (Morecraft et al., 2012). They also progress
through more caudal areas of the cingulate. Thus, the dACC is in a pivotal position within
the frontal cortex to link between emotion, cognition, and motor control areas of frontal
cortex.

To reach their targets, all cingulate fibers enter the CB (Figure 6B). Some fibers simply cut
through it to reach frontal WM before splitting into pathways that are directed toward the
corpus callosum, internal, external, and extreme capsules, or the striatum. Fibers in the
internal capsule occupy a position dorsal to those from the OFC and vmPFC, preserving a
dorsal-ventral topography within the capsule. In contrast to the subcortical axons, fibers
traveling to PFC regions do not form a single bundle. These axons continue to cross through
the CB as a continuous stream of fibers and course along its edge arching around the gyrus
to reach dorsal medial and lateral frontal areas. Thus, fibers emerging from a given dACC
region traveling to lateral and contralateral cortical areas, the striatum, thalamus, and
brainstem, do not remain within the CB. However, those dACC fibers that do join the dorsal
CB travel rostrally and caudally for significant distances to terminate throughout the
cingulate cortex, including caudal cingulate cortex. Fibers also travel ventrally within the
subgenual CB to reach the SACC. Some of these axons also join the UF to terminate in the
OFC. Others join the amygdalofugal pathway and medial forebrain bundle to terminate in
the amygdala and hypothalamus. As with the previously discussed topography of pathways,
dACC fiber organization has implications when considering lesions and differences in WM
integrity in patient populations compared with healthy control subjects.

Functional Associations—In contrast to the OFC and vmPFC, the dACC has a relative
absence of sensory connections but is tightly connected to motor control areas. Thus, unlike
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OFC lesions, dACC lesions have little effect on learning reward reversals based on sensory
cues, but they do if the reward are tied to two different actions (such as “turn” or “push”). In
these tasks, animals with dACC lesions (Rudebeck et al., 2008) or humans with dorsomedial
prefrontal lesions that include dACC (Camille et al., 2011b) cannot acquire the reversals.
Human imaging studies have found ACC activation in a wide variety of tasks, many of
which can be explained in the context of its role in selecting between actions (Alexander and
Brown, 2011). dACC’s role in selecting between actions is exemplified in studies of simple
value-guided choice. In circumstances in which vmPFC signals appear most consistent with
a process of valuation of the stimuli or goals, dACC activity exhibits functional coupling
with whichever motor cortex will execute the consequent action (Hare et al., 2010).

The dACC sits at the connectional intersection of the brain’s reward and action networks
(Figures 7A and 7C). Consequently, dACC cells may allow computations in units of
integrated action values. For example, when NHPs are asked to make decisions that span
various factors (size or available reward, the probability and cost of receiving the reward),
cells in OFC code for all these variables separately across the population, by either
increasing or decreasing their firing (Kennerley and Wallis, 2009). In dACC, by
comparison, there exists a population of cells with very particular properties (Kennerly et
al., 2011). These cells code all decision variables in an integrated signal that does not
distinguish different sources of value. They code this integrated value with a positive
valence, such that more valuable choices are associated with higher activity and they code a
prediction error signal that reflects the difference between experienced and expected reward.

Activity in dACC and neighboring dorsomedial frontal cortex is of particular importance for
both the control (Frith et al., 1991; Passingham et al., 2010) and evaluation (Walton et al.,
2004) of self-generated actions. Self-generated actions are beneficial if they increase the
subject’s long-term reward (Cohen et al., 2007), and evidence for dACC’s role in such
exploration and consequent learning is prevalent across species and techniques. In NHPs,
ACC cells are more active during exploratory periods when the best actions are unknown,
than in the immediate subsequent periods when the animal must repeat or “exploit” this best
action (Figure 7B) (Quilodran et al., 2008). This is true both when the actions are generated,
and when the result of each action is observed. In humans, the dACC is also more active
when subjects explore options not expected to generate immediate reward (Boorman et al.,
2009; Daw et al., 2006) or move away from their long-term default preference (Boorman et
al., 2013). Such exploratory behavior only has long-term value if it causes appropriate
changes in future behavior and, again, across species dACC activity plays a role in ensuring
this is the case. In NHP experiments, controls can integrate across many past experiences
appropriately to guide the next choice (Kennerley et al., 2006; Sugrue et al., 2004); lesions
to the dACC sulcus impair this ability, such that the animals are guided solely by the last
outcome (Kennerley et al., 2006). Similarly, human subjects can adjust their learning
appropriately in different contexts to ensure optimal behavioral control, and dACC activity
tracks the extent to which new information is useful for changing future behavior (Behrens
et al., 2007) (Figure 7C).

Recent accounts of dACC function have attempted to link arguments about learning and
exploration, providing a more unified view of ACC’s role in reward-guided behavior. One
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argument that has been put forth is that key properties of dACC activity and its differences
from ventral prefrontal activity are properties that are essential for foraging choice—a type
of choice that is an important determinant of evolutionary success but not often studied
experimentally (Hayden et al., 2011a; Kolling et al., 2012). At decision points, dACC
activity is able to code for integrated values and weigh them against costs, allowing it to
assess the value of the current foraging environment. At outcome times, it can signal the
shift between exploiting a current resource and exploring for new resources elsewhere and
can learn future behaviors from these foraging events. When NHPs perform a traditional
patch foraging experiment, in which they must decide how much time to allocate to each
patch, dACC cells slowly ramp up in activity, as the animal stays longer in a patch. When
the dACC population reaches a threshold firing rate, the animal leaves the current patch and
forages for a new one (Figure 7D) (Hayden et al., 2011b). Furthermore, when foraging-style
choices, in which values must be compared against the global average, are directly
compared against neuro-economic choices in which goods are compared against each other,
human blood-oxygen-level-dependent (BOLD) activity reflects foraging choices better in
ACC and neuroeconomic valuations in vmPFC (Kolling et al., 2012).

Integration and Competition between Cortical Systems

In order to understand the complex functions of cortical regions, it is important to
understand how they differ from their neighbors. To this end, many studies of reward-guided
behavior have focused on uncovering differences in processing between different cortical
regions. Partly for these reasons, and also partly because of the difficulty of making
simultaneous recordings or interventions across multiple areas, there is a relative scarcity of
data about how these regions interact and how activity across regions is combined into a
single behavioral output.

One possibility that makes direct analogy to perceptual decision processes is that processing
takes a serial route through sequential cortical regions from stimulus through valuation to
action (Kable and Glimcher, 2009; Rangel and Hare, 2010; Shadlen et al., 2008). Decision
processes in cingulate and motor cortices are argued to rely on outcome valuations that
occur in vmPFC and orbital cortices (Kable and Glimcher, 2009; Rangel and Hare, 2010).
An extension of such a theory, consistent with anatomical connectivity, is that the processes
that transform stimuli to outcome values can also be thought of serially, with processed
sensory stimuli arriving in lateral orbital cortex through its inferotemporal connections.
Computations in orbital cortices may associate stimuli with likely outcomes (Burke et al.,
2008; Klein-Fliigge et al., 2013) and these outcomes may be valued in the context of the
current state (such as thirst or hunger) in vmPFC (Bouret and Richmond, 2010).

Such a serial view, however, must be nuanced when faced with data that suggest that signals
in different brain regions appear to reflect decision processes in different contexts. For
example, when monkeys are choosing between juices associated with different stimuli,
signals in lateral orbital cortex do not only reflect stimulus values but also the decisions
themselves and their likely outcomes (Padoa-Schioppa and Assad, 2006). In the context of
selecting over actions, however, similar competition and decision signals can be seen in
motor and pre-motor cortices (Cisek, 2007), and prefrontal mechanisms are argued to bias
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these competitions. This dissociation is underscored by lesion data discussed above that,
across species, reveal double dissociations between orbital and cingulate lesions with respect
to choosing over stimuli or actions (Camille et al., 2011b; Rudebeck et al., 2008). Such
considerations imply a degree of separation between decision processes in the brain, arguing
that different controllers may act to some extent in parallel (Cisek, 2012; Rushworth et al.,
2012). Indeed, imaging data suggest that, as the context changes, different cortical regions
may exert different levels of influence over behavior on a trial-by-trial basis (Hunt et al.,
2013; Kolling et al., 2012; Lee et al., 2014).

This view raises questions about how such parallel processes may compete or be integrated
to control actions. We can only speculate, given current data. It is possible that specialist
computations are required to best arbitrate between different decision processes and that
these arbitrations may occur in separate prefrontal regions that can evaluate the performance
of each decision process (Lee et al., 2014). Alternatively, separate decision processes may
compete directly, either through interregional inhibition or local competition for actions
(Cisek, 2012).

Ventral Striatal and Basal Ganglia Connections

Connectional Consideration—The traditionally associated reward region of the
striatum has expanded from the nucleus accumbens (NAcc) to the larger VS concept based
on dense inputs from the OFC, dACC, and vmPFC. This extends the reward striatal territory
to include not only the NAcc, but also the medial wall of the rostral caudate nucleus and the
ventral, rostral putamen (Figures 8A-8C). Taken together, the VS occupies over 20% of the
striatum in NHPs and about the same in humans (Haber et al., 2006; Tziortzi et al., 2014).
Importantly, however, as with the NAcc, neither cytoarchitectonic nor histochemistry
distinguishes clear boundaries between the VS and the dorsal striatum. This poses a problem
for defining precise locations of activation in imaging studies. Nonetheless, broad
boundaries are possible based on connectivity, particularly rostral to the anterior
commissure. In the discussion below, we still refer to the NAcc, as it remains an important
landmark for territories within the larger VS. Embedded within the NAcc is a small
ventromedial sector, the shell (NAccS).

Overall, the VS is similar to the dorsal striatum in its general connections and transmitter
systems. Afferent projections to the VS, like those to the dorsal striatum, are derived from
the same three major sources, a massive, generally topographic glutamatergic input from
cerebral cortex; a large glutamatergic input from the thalamus; and a smaller but critical
input from the brainstem, primarily from the midbrain DAergic cells. However, there are
unique features to the VS. It alone also receives a dense projection from the amygdala and
limited projection from the hippocampus (Fudge et al., 2002; Russchen et al., 1985). While
serotonin, like DA, is distributed throughout the striatum, unlike DA, its terminals are
densest in the VS. The NAccS subterritory has additional unique connections (indicated
below) and transmitter and receptor distribution patterns that distinguish it from the rest of
the VS (Meredith et al., 1996). The NAccS is in a particularly important position in the
circuitry that underlies goal-directed behaviors, behavioral sensitization, and changes in
affective states as demonstrated in rodent studies (Carlezon and Wise, 1996; Ito et al., 2004).
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Projections to the striatum are organized in a general functional topographic manner (Figure
8A). The caudal vmPFC-striatal projections are concentrated within the NAcc, including the
NAccS. This region also receives the densest input from la, the hippocampus, and amygdala
(Chikama et al., 1997; Fudge et al., 2002; Russchen et al., 1985). The NAccS is also set
apart from the rest of the VS by connections from the central nucleus (CeM), the medial
nuclei of the amygdala, and the most limited thalamic input, primarily from the midline
nuclei and the medial parafascicular n. Importantly, the DA input to the NAccS is also most
confined to those from the VTA. Finally, the histochemical signature of the NAccS is also
somewhat unique, in that this area is calbindin negative but has a high concentration of
serotonin terminals. Connections from amygdala, vmPFC, VTA, and midline thalamic
inputs also extend outside the NAccS, laterally into the NAcc and dorsally along the medial
wall of the caudate adjacent to the ventricle. However, it is the basal nucleus and the
magnocellular division of the accessory basal nucleus of the amygdala that provides the
amygdala input (Fudge et al., 2002; Russchen et al., 1985). Neither the central amygdala nor
the hippocampus projections extend here. Thus, the NAcc receives convergent input
primarily from the olfactory and visceral-associated insula, from the vmPFC and amygdala.
The NAccS receives the most restricted inputs, including afferent projections from the
hippocampus and central amygdala.

The OFC-striatal terminals are positioned somewhat laterally to the vmPFC, extending into
the rostral, ventral putamen and also along the medial part of the caudate. Topography is
preserved such that more medial OFC inputs terminate medial to those derived from more
lateral areas and rostral areas terminate rostral to caudal regions. However, these inputs
overlap extensively with each other and also with those from the basal amygdala, but not
from the hippocampus. This striatal area also receives axons from insula (Id) that conveys
somatosensory information and is associated with feeding behaviors. Thus, the VS receives
dual sensory inputs from both the OFC and insula. That is, insula (la and Id) project directly
to the NAccS and laterally into the VS, respectively. Thalamic inputs are derived not only
from midline and intralaminar nuclei, but also from the cor-tico-BG output nuclei, the
ventral anterior nucleus, and medial dorsal thalamic nucleus (MD) (Giménez-Amaya et al.,
1995). Finally, both VTA and medial SN, pars compacta DA cells project to this striatal
region.

The dACC-striatal terminals terminate somewhat lateral to those from the OFC, outside of
the NAcc. This territory does not receive a strong amygdala input, although some amygdala
terminals extend into this area. In contrast to projections from the OFC and vmPFC, the
dACC projections terminate primarily in the head of the caudate, extending ventrally into
the rostral and central part of the putamen. The thalamic inputs to this region are primarily
from the parafascicular nucleus and the MD, with few from the midline nuclei. Taken
together, the vmPFC, OFC, and dACC terminals are concentrated in the rostral striatum,
with the vmPFC projecting most medially (to the NAcc), and the dACC most laterally, and
the OFC positioned between. In contrast, the dPFC projects throughout the rostrocaudal
extent of the striatum. These terminals are generally located more laterally in the head of the
caudate and in part of the rostral putamen (Haber et al., 2006; Selemon and Goldman-Rakic,
1985).
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As indicated above, frontostriatal projections are generally topographically organized, which
has been the basis for the concept of parallel processing of information through cortico-BG
pathways (Alexander et al., 1990). However, there is a great deal of overlap between
projections from different cortical areas. In particular, projections from the OFC, vmPFC,
and dACC converge extensively, primarily at rostral levels. Moreover, the dACC and OFC
also converge with inputs from dPFC regions (Figures 8B and 8C) (Haber et al., 2006).
While neighboring cortical areas show that 80% of their terminal fields overlap, importantly,
even cortical regions separated by 3 cm overlap by about 15%. While one might expect that
terminals from adjacent cortical regions would overlap within the striatum, the idea that
terminals from distant cortical regions would also overlap is more surprising. Hence, cortical
connections from distant regions, and not necessarily functionally similar areas, converge
within the striatum (Averbeck et al., 2014). These overlaps, referred to as critical nodes, are
likely to be important for integrating information across diverse functional domains. Overall,
the pattern of corticostriatal connectivity shows a similar overall organization in the human
brain, providing a strong correlation between NHP anatomical tracing studies and human
dMRI studies. Moreover, of particular importance, convergence between projections from
different functional regions has also been demonstrated in the human striatum (Draganski et
al., 2008). Taken together, a coordinated activation of different PFC inputs to the striatum
that terminate in specific subregions could produce a unique combination to channel reward-
based incentive drive in selecting between different valued options.

Functional Considerations—While functional differences are not routinely observed
within the NAcc in human imaging studies, broad connectional differences elucidated in the
NHP above appear conserved, even between putative shell and core regions of the NAcc.
For example, amygdalar and hippocampal projections to NAcc appear to lie medial to OFC
connections to the same structure when studied with dMRI tractography (Baliki et al., 2013).
While such fine-grained distinctions are close to the limit of the current resolution for
human imaging studies, the ability to measure connections in vivo and alongside function
provides the ability to ask questions about the functional consequences of these different
projections. For example, the relative size of the cortical input to NAcc compared against
the size of hippocampal/amygdala NAcc projections predicts subjects’ relative propensity
for reward-seeking versus novelty-seeking behavior (Cohen et al., 2009) (Figure 8D). The
VS BOLD signal is regularly found to code for a reward prediction error (O’Doherty et al.,
2004) (Rutledge et al., 2010): the reward minus the expectation of that reward. It has been
suggested that this signal depends on DAergic input, as DA cells are known for a similar
pattern of reward coding (Schultz, 2002), but other \VS-projecting regions discussed above
also code for reward. It is therefore likely that the VS signal contains several combined
reward representations. Such an idea is supported by data in which connectional and
functional data were acquired in the same subjects. The extent to which the VS signal looks
like a reward prediction error, rather than a simple coding of reward, depends on the strength
of connection (measured by dMRI tractography) between VS and the DAergic midbrain
(Chowdhury et al., 2013). Notably, the relative representation of the prediction error can
also be increased pharmacologically, by delivery of L-DOPA. Hence, the VS signal appears
more similar to the DAergic cellular response both in subjects treated with a DA agonist,
and in subjects who have a larger DA-VS projection (Figures 8E and 8F).
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Overall, the striatum is now considered to play a central role in the learning process and the
development of appropriate goal directed behaviors. This entails complex interactions
between determining value versus risk and predictability based on previous experience.
These calculations rely on integration between different aspects of reward processing and
cognition to develop and execute appropriate action plans. While the concept of parallel, and
segregated loops has dominated the field, the recent anatomic evidence reviewed above that
demonstrates convergence of terminals from functionally diverse cortical areas, is consistent
with the idea that cross talk between circuits during learning and adaptation is critical.
Indeed, reward-responsiveness is not restricted to the VS, but found throughout the striatum.
Likewise cells responding in working memory tasks are often found also in the VS, in
addition to those in the dorsal striatum, (Apicella et al., 1991; Cromwell and Schultz, 2003;
Delgado et al., 2005; Hassani et al., 2001; Levy et al., 1997; Takikawa et al., 2002; Tanaka
et al., 2004; Watanabe et al., 2003). The critical nodes, described above, may be particularly
sensitive to synchronizing information across functional areas to impact on long-term
strategic planning and habit formation (Kasanetz et al., 2008; Pasupathy and Miller, 2005;
Porrino et al., 2004). Functional imaging studies have previously not focused attention on
these critical nodes, but rather segment the striatum along the conventional boundaries,
limbic, associative, and motor regions. Nonetheless, the fact that these areas exist may help
explain complex activation patterns following different reward-related paradigms
throughout the striatum and help guide new ways to segment the striatum.

VS Route Back to Cortex via the BG—The VS, like the dorsal striatum, projects
primarily to the pallidum and midbrain (Haber et al., 1990) (see Figure 1A). Based on its
topographic input from the VS, the VP encompasses not only the subcommissural regions,
but also the rostral pole of the external segment and the medial rostral internal segment of
the globus pallidus. The more central and caudal portions of the globus pallidus do not
receive this input. Fibers from the VS projecting to the midbrain are not as topographically
organized. Rather, while the densest terminals are in the VTA and medial SN, they also
extend laterally to innervate a large, dorsal subcomponent of the midbrain DAergic neurons
(see the next section for a more detailed discussion on the SN). The VS also projects in non-
BG regions, including the pedunculopontine nucleus, lateral hypothalamus (from the
NAccS), periaqueductal gray, and the bed nucleus of the stria terminalis (Haber et al., 1990).
Finally, axons from ventral regions of the VS terminate in the nucleus basalis, the main
source of cholinergic fibers to the cerebral cortex and the amygdala (Haber, 1987;
Zaborszky and Cullinan, 1992), indicating VS route to the cortex and amygdala without
going through the pallidal and thalamic circuit.

The VP, like the dorsal pallidum has indirect (via the medial STN and adjacent
hypothalamus) and direct projections to the MD thalamus, thus completing the loop back to
cortex (Haber et al., 1993; Ray and Price, 1993). The STN connection with the VP, along
with a hyperdirect pathway from the vmPFC, OFC, and ACC to the medial STN, highlights
the role of the STN in the reward pathway (Haber et al., 1993; Haynes and Haber, 2013).
Finally the pallidal cells, ranging from the VVP and extending dorsally and caudally, along
the hypothalamus and medial dorsal pallidum send direct input to the LHb (Haber et al.,
1993; Parent et al., 1981) and to the striatum (Spooren et al., 1996). The LHb, in turn,
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projects indirectly to the DA cells. Thus, the VP, STN, and LHb are important components
of the reward circuit.

VP cells respond specifically during the learning and performance of reward-incentive
behaviors. The complexity of the VP circuitry coupled with its central position in the reward
circuit indicates that this structure is likely to be activated during imaging studies.
Neuroimaging studies that document ventral striatal activation often document overlapping
ventral pallidal activation. However, the lack of sufficient spatial resolution makes it
difficult to distinguish the VP from the V'S. LHb cells are inhibited by a reward-predicting
stimulus but fire following a nonreward signal. This stimulation of the LHb directly or by
following a nonreward signal inhibits DA cells (Ji and Shepard, 2007; Matsumoto and
Hikosaka, 2007). Interestingly, few fibers from the LHb directly reach the SNc in the
primates; rather, these cells project primarily to the RMTg, which, in turns projects to DA
cells. An event-related fMRI study featuring adequate spatial and temporal resolution to
visualize habenular activity indicated that negative, but not positive, feedback activates the
habenular complex, consistent with findings from NHP electrophysiology (Ullsperger and
von Cramon, 2003).

Midbrain DA Neurons—Arguably the most studied structure in the reward circuit is the
midbrain system (Schultz, 2002; Wise, 2002). While traditionally DA cells have been
divided into the mesolimbic (VTA), mesocortical, and nigrostriatal pathways, there are no
clear boundaries between these cells groups, and much of the entire system has been
associated with reward (Schultz, 2002). The main inputs to DA cells are GABAergic inputs
from the BG (primarily from the striatum but also the external segment of the globus
pallidus and VP), those from the brainstem and glutamatergic and cholinergic input from the
pedunculopontine nucleus, and a serotonergic innervation from the dorsal raphe nucleus
(Lavoie and Parent, 1994; Mori et al., 1987). In addition, there are limited projections from
PFC, superior colliculus, and extended amygdala nucleus primarily to the VTA and dorsal
DA cells (Frankle et al., 2006; Fudge and Haber, 2001; May et al., 2009).

The main outputs from the midbrain DA neurons are to the striatum and cortex (Lynd-Balta
and Haber, 1994; Williams and Goldman-Rakic, 1998). Importantly, these two projection
systems are quite different. Those to the striatum are derived from the entire midbrain DA
system and have a general medial to lateral and inverse dorsal to ventral topographic
organization. Thus, dorsal and medial regions project to the VS, while ventral and lateral
cells project to the dorsal, lateral striatum. In contrast, DA-cortical projections are primarily
derived from the VTA and retrorubral area and are not topographically organized. That is,
cells projecting to functionally diverse cortical regions are intermingled. Moreover,
individual neurons often send collateral axons to different cortical regions. Interestingly, in
primate cortex, while DA fibers are found in the deep layers in specific cortical areas, they
are most prominent in superficial layers, including a prominent projection throughout layer
I, placing these axons in a direct position to modulate overall cortical function (Goldman-
Rakic et al., 1999; Lewis, 1992). Thus, the nigrocortical projection is a more diffuse system
compared to the more topographically organized nigrostriatal system. Finally, projections
from the VTA and retrorubral area project to the amygdala, hippocampus, hypothalamus,
periaqueductal gray, and the bed nucleus of the stria terminalis.
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The main forebrain influence on DA cells is from the striatum. In NHP, projections from the
striatum to the midbrain, and from the midbrain to the striatum, each create a loose
topographic organization in which there is a medial to lateral and an inverse dorsal to ventral
topography. Thus, dorsal striatonigral inputs are concentrated in the ventral midbrain and the
ventral striatal projects to the dorsal midbrain. Importantly, each functional region differs in
their proportional projections. The VS receives a limited midbrain input but projects to a
larger broad area. In contrast, the dorsolateral striatum receives its input from a relatively
large ventral region but projects to a relatively limited part. In other words, the VS
influences a wide range of DA neurons but is itself influenced by a relatively limited group
of DA cells, and the dorsolateral striatum influences a more limited midbrain region but is
affected by a relatively large midbrain region (Haber et al., 2000). Therefore, the VS
terminates in an area of DA cells that, in turn project to more dorsal striatal regions,
particularly those that receive input from associative cortical regions (dPFC). This part of
the ventral tier is reciprocally connected to the central (or associative) striatum but also
projects to a more ventral regions and, thus, is in a position to interface with cells projecting
to the dorsolateral (or motor) striatum. Taken together, the interface between different
striatal regions via the midbrain DA cells is organized in an ascending spiral interconnecting
different functional regions of the striatum and creating a feed-forward organization, from
reward-related regions of the striatum, to cognitive and motor areas. Although the short
latency burst-firing activity of DA that signals immediate reinforcement is likely to be
triggered from brainstem nuclei, the cortico-striato-midbrain pathway is in the position to
influence DA cells to distinguish reward and modify responses to incoming salient stimuli
over time. This pathway is further reinforced via the nigrostriatal pathway, placing the
striato-nigro-striatal pathway in a pivotal position for transferring information from the VS
to the dorsal striatum during learning and habit formation (Figure 9A). One can hypothesize
that the coordinated signal sent by cells in the critical nodes (in which there is convergence
between the reward and associative circuits) to dopamine cells is further reinforced through
the burst firing activity of the nigrostriatal pathway. This would not only impact those
nodes, but also affect more dorsal striatal areas. Thus, through the striato-nigro-striatal
system, information can be linked and transferred to other functional regions, during
learning and habit formation (Belin and Everitt, 2008; Everitt and Robbins, 2005; Porrino et
al., 2007; Volkow et al., 2006).

While, for technical reasons, reward prediction error signals are most commonly observed in
the VS in humans, it is possible to record similar signals in the human midbrain (Figures 9B
and 9C). Similar to cell recordings in NHPs (Schultz, 2002), BOLD signal in human
midbrain increases in response to reward-predicting cues (Adcock et al., 2006; Wittmann et
al., 2005). At outcome time, VTA BOLD activity codes for reward, and this coding is
suppressed when these reward are expected (Figure 8E) (D’Ardenne et al., 2008; Klein-
Flugge et al., 2011). Furthermore, consistent with electrophysiology (Hollerman and
Schultz, 1998), VTA BOLD responses are sensitive not only to the value of reward that is
expected, but also to the time that the reward is expected to be delivered. Rewards that are
unexpected in amount or in time cause increases in VTA BOLD response (Klein-Fliigge et
al., 2013).
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The graded connectivity between the midbrain and the striatum can also be measured with
dMRI in humans, such that the VTA and medial SN project to the VS, and the lateral SN
projects to dorsolateral striatum (Chowdhury et al., 2013). The interaction between the
ventral and dorsal striatum via the DA cells (as described above) helps explains anatomical
underpinnings of how reward learning results in reward-related actions. Thus, anticipatory
BOLD responses in both lateral SN and dorsolateral striatum are tied to the intended action
for the reward. Stimuli that should be approached to gain reward cause greater activity than
those for which the rewarding action is to retreat (Guitart-Masip et al., 2011, 2012). Such
interactions between intended actions and outcomes may provide a neural basis for
Pavlovian influences on behavior (Dayan et al., 2006).

IV. Disruptions in Circuits Associated with Disease

Links between the Incentive Learning Circuits in Disease

There are several outstanding reviews that focus on the relationship between diseases and
circuitry (Del Casale et al., 2011; Everitt et al., 2008; Graybiel and Rauch, 2000; Koob and
Volkow, 2010; Price and Drevets, 2010). The dACC/OFC/vmPFC-BG system is most
frequently associated with specific psychiatric disorders, specifically MDD, OCD, and
addiction. Other psychiatric illnesses, such as schizophrenia and autism, also involve these
areas; however, they appear to be less specific to this system. The literature on MDD, OCD,
and addiction is massive but points to the vmPFC, OFC, dACC, striatum, and amygdala as
key brain areas that repeatedly demonstrate differences between healthy control subjects and
patients. The midbrain DA system, while central to incentive learning, is less frequently
studied due to its size and the limitations of imaging. While each disease highlights a
different combination of these structures, taken together, this complex incentive processing
circuit appears to be central to them all, with additional components of parts of the dPFC
and caudate nucleus. An important issue for imaging studies is that investigators often
define the anatomical boundaries somewhat differently. In addition, given the resolution of
imaging, the precision of activated areas or changes in connectivity in patient populations
can be difficult to link to precise anatomical areas. For example, the medial or lateral parts
of OFC may be grouped with the vmPFC or VIPFC, respectively. In studies with an
emphasis on the OFC, changes may be reported for OFC that include parts of the SACC or
VIPFC. The vmPFC may refer to caudal regions that include areas 25 and 32, or rostral
regions, that involve more of area 10. Likewise, BG boundaries are often difficult to
segment in imaging studies. For example, reported activation of the VS striatum may be
actually centered more rostrally in the caudate nucleus or caudally in the globus pallidus.
Despite these issues, the collective studies of different diseases consistently demonstrate
patterns of activation and changes that involve various parts of the incentive-processing
circuit. Additionally, the dMRI literature also highlights the OFC, dACC, and vmPFC by
demonstrating differences in fractional anisotropy (FA) values and diffusivity between
healthy control subjects and patients populations in the main cortical and subcortical WM
bundles that connect these regions. Thus, the literature highlights differences in the ventral
and dorsal “limbic” WM bundles, the UF and CB, and the main cortical-subcortical
pathway, the internal capsule. Importantly, these WM bundles are targets for invasive
surgeries for treatment of MDD and OCD, including deep brain stimulation (DBS).
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Addiction and OCD—Consistent with the role of DA in reward and reinforcement
learning, the initial stages for the reinforcing drug effects act primarily on the VTA-VS
pathway. This initial stage of drug seeking is a goal-directed behavior, in that devaluation of
the goal can be mediated by changes in the contingency between the behavior and its
outcome. This stage is also associated with impulsivity, the tendency to act without foresight
or cognitive control, often despite the awareness of negative consequences. In this respect,
top-down, corticostriatal cognitive control circuits are thought to be involved. Recall that the
vmPFC area plays a key role not only in valuation of stimuli, but in selecting between
values, with lesions resulting in irrational choices. The vmPFC projects primarily to the shell
part of VS. Over time, there is a shift from goal-directed learning to habit formation and
compulsive drug taking, which persists despite negative consequences. It is at this stage that
the rest of the VS and the dorsal striatum are recruited. The transition between ventral and
dorsal striatum (initial drug seeking to a habit) occurs, in part, through the striato-nigro-
striatal spiral described above (Belin and Everitt, 2008; Haber et al., 2000). Compulsive
drug use is thought to involve the loss of cognitive control over incentive-based learned
habits. This occurs, in part, through a decrease in prefrontal (JACC and dIPFC) inhibitory
control over the dorsal striatum. While most studies focus on changes in the corticostriatal
interface during the development of addictions, alterations in corticocortical connections
also play a role. Thus, not only have changes in functional connectivity been shown between
different PFC regions and striatum through the stages of addiction, but also between PFC
areas (Goldstein and Volkow, 2002).

Interestingly, there are several features that addiction and OCD have in common. In both
diseases, external cues are tightly linked to a particular action, such that the urge to carry out
that action is difficult to suppress despite cognitive awareness of the consequences. These
cues create a state of anxiety until the behaviors (often referred to as habits) are completed.
Thus, compulsions, defined as an irresistible urge to act, to prevent or reduce anxiety or
stress or dreaded event, despite a negative outcome, are common to both addiction and OCD
(Leckman et al., 1997; Volkow and Fowler, 2000).

Abnormalities in the OFC are found in both diseases, including activation and volume
differences between healthy control subjects and patients (Togao et al., 2010). Overall, the
OFC appears to be hyperactive in OCD at rest, in symptom provocation, and during some
tasks (Rauch et al., 1994). Activation of the OFC is also linked to craving in addiction;
craving increases activation, while controlling craving decreases activation. As described in
above, the OFC is particularly involved in devaluation of stimuli and stimulus-outcome
reversal learning. Indeed, in both OCD and addiction, compulsive or addictive behaviors
persist even though the probability of aversive outcomes is evident. In other words, patients
continue to respond despite devaluation of these stimuli-outcome associations. Since a key
distinction between a goal-directed behavior and a habit is reinforcement devaluation (Belin
et al., 2009), the inability to devalue previous cue-induced responses related to disease may
be a key factor in patients’ ability to modify behaviors appropriately (Gillan et al., 2014;
Schoenbaum et al., 2006). Imaging studies also consistently show differences in the striatum
between normal control subjects and patients, including altered connectivity between the
OFC and VS, suggesting possible underlying pathology in the cortico-BG circuit. As
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indicated previously, the dACC plays a key role in selecting and switching behaviors when
appropriate. It is in a transitional position between the reward and action networks, thus
critical for selecting between possible choices of action. Thus, it is not surprising that
changes in activation are also associated with both addiction and OCD, given that in both
diseases, poor choices of action are chosen despite known negative outcomes (Fitzgerald et
al., 2005; Schlosser et al., 2010; VVolkow et al., 2010).

MDD—As mentioned above, there is a large imaging literature that examines task, nontask,
structural, and WM -related differences between healthy control subjects and patients with
MDD. Each of these types of studies reveals different aspects of the disease and, thus,
various structures that show differences between healthy controls and patients. Nonetheless,
the cingulate cortex (both dorsal and subgenual) and the amygdala are most often associated
with MDD. Overall, the SACC activation is related to transient sadness (Mayberg et al.,
1999), while the amygdala is generally overactive during negative emotion regulation
(Groenewold et al., 2013; Siegle et al., 2002; Surguladze et al., 2005). These two regions,
which are tightly linked anatomically, are coactivated during emotional processing in
healthy control subjects. However, this regulation is disrupted in MDD, with a tighter link
between the amygdala and SACC, and decreased coactivation of the amygdala with the
dACC (Mathews et al., 2008), thus suggesting the role of the dACC as a regulator of
emotion. The importance of cognitive control (or lack of) in MDD is emphasized by changes
in activation of the dIPFC and parts of the dACC in MDD. For example, the dIPFC in MDD
patients fail to show normal activation during emotional regulation (Erk et al., 2010;
Hamilton et al., 2012). Other parts of the circuit, the OFC, and parts of the dACC, are
equally linked to deficits in MDD. However, they show a variety of changes and are more
difficult to put in a broader context. As mentioned above, while often studies refer to the
SACC, it is often difficult to determine whether this is a distinction from the broader vmPFC
area that includes not only the SACC but parts of the medial OFC and area 10. Finally, while
the striatum is not as often linked to MDD in imaging studies, a striking exception is that
MDD patients show reduced reward-related activation of the striatum (Pizzagalli et al.,
2009). This is consistent with the role of the striatum in reward and its tight connections to
the vmPFC, OFC, and amygdala.

Taken together, the incentive-based cortico-BG network that involves primarily the vmPFC,
OFC, and dACC and their connections to the striatum shows the most disruption in diseases
related to transitions between motivation and action. Importantly, as one might expect, the
CB, UF, and parts of the internal capsule and corpus callosum, the major WM bundles that
axons from these areas travel in, all show changes in FA values and diffusivity compared to
healthy individuals in the diseases described above (Keedwell et al., 2012; Lochner et al.,
2012; Romero et al., 2010). Furthermore, the main invasive surgical targets (DBS and
lesions) for highly treatment-resistant MDD and OCD are located within these pathways:
DBS in sACC, which includes the subgenual CB and parts of the UF (Mayberg et al., 2005),
DBS or capsulotomy in the anterior limb of the IC, and cingulotomy in the dorsal CB
(Greenberg et al., 2010; Shields et al., 2008). Moreover, experimental approaches for
addiction target the VS and the internal capsule fibers located in this area.
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Conclusion

The incentive-based learning circuit is a complex network comprised of several cortical and
subcortical regions. We have outlined the circuitry underlying the intertwined and highly
connected networks that provide the substrate for these integrations. In cortex, orbital
networks link stimuli with outcomes; connections to ventral medial regions provide critical
motivational input; and cingulate and dorsal prefrontal connections integrate such value
signals with action representations. Within these regions, caudorostral gradients of
connectivity mediate functional gradients from primary associations to higher cognitive
function. The striatum, once thought to be organized in separate, segregated loops, also
contains regions with converging inputs from multiple PFC areas. However, here,
convergent cortical information differs from corticocortical interfaces, as this network
exploits the basal ganglia for additional processing mediated directly by dopamine. Linking
anatomical and physiological experiments in animals with human imaging studies is a
powerful way to gain insight into the brain regions and mechanisms that control our
decisions. By integrating information across species, we can build theories that can be tested
in clinical populations, to form the foundation for understanding the neurocircuitry pertinent
to psychiatric diseases.
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SNNTA

Figure 1. Schematic lllustrating Key Structures and Pathways of the Reward Circuit
(A) The place of the reward circuit in the basal ganglia system. Red arrows, the reward

circuit; black arrows, cognitive and motor circuits. AC, anterior commissure; Amyg,
amygdala; Cd, caudate nuclei; dACC, dorsal anterior cingulate; dPFC, dorsal prefrontal
cortex; GP, globus pallidus; Hipp, hippocampus; LHb, lateral habenula; OFC, orbital frontal
cortex; Pu, putamen; RMTg, rostromedial tegmental nucleus; SN, substantia nigra, pars
compacta; STN, subthalamic n.; VA/VL/MD, ventral anterior/ventral lateral/medial dorsal
nuclei of the thalamus; vmPFC, ventral medial prefrontal cortex; VS, ventral striatum; VP,
ventral pallidum; VTA, ventral tegmental area.

(B) Overview of cytoarchitectonic divisions of lateral, medial, and orbital cortex in human
(top) and monkey (bottom) adapted from Petrides and Pandya (1994). dACC, dorsal anterior
cingulate; dIPFC, dorsal lateral prefrontal cortex; dPFC, dorsal prefrontal cortex; vIPFC,
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ventral lateral prefrontal cortex; vmPFC, ventral medial prefrontal cortex; OFC, orbital
frontal cortex.
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Figure 2. Overview of OFC Connections and Pathways
(A) General flow of OFC connections. Note not all are illustrated; for details, see

Carmichael and Price (1995a, 1995b) and Barbas (2007). Numbers refer to cortical areas.
(B and C) Schematic pathways from two OFC injection sites (medial OFC = yellow [B];
lateral OFC = blue). Adapted from Lehman et al. (2011). AF, ventral amygdalofugal
pathway; CB, cingulum bundle; CC, corpus callosum; dACC, dorsal anterior cingulate
cortex; dPFC, dorsal prefrontal cortex; EmC, extreme capsule; IC/EC, internal and external
capsules; ILF, inferior longitudinal fasciculus; MLF, medial longitudinal fasciculus; PFC,
prefrontal cortex; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; vIPFC,
ventral lateral prefrontal cortex; vmPFC, ventral medial prefrontal cortex.
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Figure3. OFC

(A) OFC cells respond differentially to stimuli that predict different types of juice reward.
The cell on the left codes only the value of juice C. The cell on the right fires whenever juice
B is chosen. Adapted from Padoa-Schioppa and Assad (2008).

(B) Both medial and lateral OFC regions show fMRI adaptation (suppression) to stimuli that
predict the same reward. However medial OFC shows suppression between two different
stimuli that predict the same reward (green), but lateral OFC only shows suppression if a
reward is predicted by the same stimulus (red). Coding in lateral OFC binds a stimulus to a
reward. Adapted from Klein-Flugge et al. (2013).

(C and D) Double dissociation between lesions to OFC and ACC in reward-guided learning.
OFC lesions cause deficits when macaques (C) or humans (D) learn about stimuli. ACC
lesions cause deficits when it is actions that are being learned. Adapted from Rudebeck et al.
(2008) and Camille et al. (2011b).

(E) A rostrocaudal gradient for reward in OFC. More caudal regions code for primary
reward, whereas more rostral regions code for secondary reward. Adapted from Sescousse et
al. (2010).
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Figure 4. Overview of vmPFC Connections and Pathways
(A) General flow of vmPFC connections. Note not all are illustrated; for details, see

Carmichael and Price (1995a, 1995b).

(B) Schematic pathways from an injection site illustrating how different bundles separate
from the injection site as they enter the white matter. Adapted from Lehman et al. (2011).
AF, ventral amygdalofugal pathway; CB, cingulum bundle; CC, corpus callosum; dACC,
dorsal anterior cingulate cortex; dPFC, dorsal prefrontal cortex; IC/EC/EmC, internal,
external, and extreme capsules; MFB, medial forebrain bundle; NAccS, nucleus accumbens
shell; SLF, superior longitudinal fasciculus; ST, stria terminalis; UF, uncinate fasciculus;
vmPFC, ventral medial prefrontal cortex.
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Figure 5. vmPFC
(A) VMPFC value signals are robust and integrate many forms of reward. Similar to OFC,

there is evidence of a caudorostral gradient between primary and secondary reward. Adapted
from Clithero and Rangel (2013).

(B) Macaques with vmPFC lesions break economic axioms of rational choice. In a three
choice task between stimuli X,Y,Z with different values, the ratio of X to Y choices (y axis)
is dependent on the difference in value between X and Y (x axis) but should be independent
of the value of Z. This is true before, but not after, medial OFC lesions (encompassing
vmPFC) Noonan et al. (2010).

(C) vmFPC is a core node in the default-mode network, a set of brain regions that exhibit
common activation profiles and are regularly found to be functionally coupled (Vincent et
al., 2006).

(D) Connections to this default mode network may explain coactivation between vmPFC
and hippocampus when subjects have to imagine the value of novel goods that have never
been experienced. Adapted from Barron et al. (2013).
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Figure 6. Overview of dACC Connections and Pathways
(A) General flow of dACC connections. Note that not all are illustrated; for details, see

(Carmichael and Price 1995a, 1995b) and Morecraft et al. (1992).

(B) Schematic pathways from an injection site illustrating how different bundles separate
from the injection site as they enter the white matter. AF, ventral amygdalofugal pathway;
CB, cingulum bundle; CC, corpus callosum; dACC, dorsal anterior cingulate cortex; dPFC,
dorsal prefrontal cortex; IC/EC/EmC, internal, external, and extreme capsules; OFC, orbital
frontal cortex; PCC, posterior cingulate cortex; SACC, subgenual cingulate bundle; SLF,
superior longitudinal fasciculus; UF, uncinate fasciculus; vmPFC, ventral medial prefrontal
cortex.
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Figure7. ACC

(A) A meta-analysis of human functional neuroimaging studies shows a rostrocaudal
gradient in dACC between motor tasks (top) and reward tasks (bottom). Adapted from
Beckmann et al. (2009).

(B) Average responses of 280 ACC cells to an error (INC), an exploratory reward (COR1),
and an exploitative reward (COR) (Quilodran et al., 2008).

(C) Behavioral (black bars) and computational modeling (black dots) data show that people
learn more and faster in volatile compared to stable environments because every new piece
of information carries more weight on future actions. Decision making induces increased
fMRI activity in more posterior parts of the ACC (orange), whereas monitoring the outcome
of the decisions activates more anterior parts of the ACC (blue). At the boundary between
these two areas, there is a region in the ACC (green), which is more active when people
monitor outcomes that have a great influence on future choices, hence when they have a
higher learning rate. Adapted from Behrens et al. (2007).

(D) Dorsal ACC signals predict monkey choices in a patch foraging experiment. While the
animal is within a patch, dorsal ACC neurons ramp up in activity until they reach a
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threshold. That moment coincides with the animal leaving the current patch and starting the
exploration of a new one. The faster the neurons ramp up, the less time the monkey spends
with that patch. Adapted from Hayden et al. (2011b).
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(A) Schematic illustrating the ventral striatal connections. Fuchsia, vmPFC; red, inputs from
OCF; orange, inputs from dACC; yellow, inputs from dPFC; green, inputs from premotor
areas. White arrows, other inputs; gray arrows, outputs.
(B) 3D rendering demonstrating convergence of cortical projections from different reward-
related regions. Note the interwoven pattern between several projection fields. Fuchsia,

vmPFC; red, inputs from OCF; orange, inputs from dACC; yellow, inputs from dPFC.

(C) Dorsal prefrontal inputs superimposed on those from the vmPFC, OFC, and dACC. Note

that the shell is located just caudal to the dACC input, as indicated by the arrow. Amy,
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amygdala; BNST, bed n. stria terminalis; dACC, dorsal anterior cingulate cortex; dPFC,
dorsal lateral prefrontal cortex; Hipp, hippocampus; hypo, hypothalamus; NB, nucleus
basalis; OFC, orbital frontal cortex; SNc, substantia nigra, pars compacta; VP, ventral
pallidum; VS, ventral striatum; VTA, ventral tegmental area; vmPFC, ventral medial
prefrontal cortex.

(D-F) Striatum. (D) Tractography reveals gradients of corticostriatal connectivity in human
consistent with known NHP topographies. Left: the color of the striatal voxels reveals the
strongest connection among the target regions considered (center). Importantly, the in vivo
nature of tractography allows investigations of the functional consequences of connections
(right). For example, the strength of striatal connections to hippocampus and amygdala
correlated across subjects with novelty seeking scores on a personality-trait questionnaire
(Cohen et al., 2009). (E and F) Ventral striatum BOLD reward prediction error signal
depends on expected value and nigrostriatal tract connectivity strength (Chowdhury et al.,
2013). (E) Schematic of the BOLD reward prediction error (RPE) effect size in the nucleus
accumbens broken down into the components of the response related to reward and expected
value. In older adults, the negative effect of expected value is diminished, leading to a
smaller overall RPE signal. When given L-DOPA, the RPE signal in older adults is restored
to that seen in healthy young adults, driven by the restoration of an adequate negative effect
of expected value. (F) Older individuals with stronger nigrostriatal tract connectivity
(measured with DTI) were shown to have a more negative effect of expected value on
BOLD RPE signal in the nucleus accumbens.
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Figure 9. The Midbrain Dopamine System in the Reward Cir cuit
(A) Schematic illustrating the complex connections between the striatum and substantia

nigra. The arrows indicate how the ventral striatum can influence the dorsal striatum through
the midbrain dopamine cells. Colors indicate functional regions of the striatum, based on
cortical inputs. Midbrain projections from the shell target both the VTA and ventromedial
SNc. Projections from the VTA to the shell form a “closed,” reciprocal loop but also project
more laterally to impact on dopamine cells projecting to the rest of the ventral striatum,
forming the first part of a feedforward loop (or spiral). The spiral continues through the
striatonigro-striatal projections through which the ventral striatum impacts on cognitive and
motor striatal areas via the midbrain dopamine cells. Red, inputs from the vmPFC; orange,
inputs from the OFC and dACC,; yellow, inputs from the dPFC; green and blue, inputs from
motor control areas.

(B and C) Axial and sagittal views of the VTA BOLD response encoding positive reward
prediction errors (RPES) to the delivery of primary reward. (B) The VTA reward response is
modulated by expectation. (C) VTA BOLD reward prediction error variation with reward
expectation (D’Ardenne et al., 2008).
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