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Understanding the neural mechanisms of control regulation requires delineating
specific functional roles for individual neural structures, and consequently their
functional relationships. Higher-order control over behavior has traditionally been
seen as the function of the prefrontal cortex (PFC). Models of various aspects of
control, including top-down processing, decision making, and performance monitor-
ing focus primarily on two subdivisions of the PFC, namely, the dorsolateral pre-
frontal cortex (DLPFC) and the medial frontal cortex, particularly the anterior
cingulate cortex (ACC). Within these frameworks, DLPFC is allocated a role in the
maintenance of representations of goals and means to achieve them in order to bias
processes that depend on posterior brain areas,”® while medial frontal areas, again
especially ACC, participate in performance monitoring, action evaluation and detec-
tion of events that indicate the need for behavioral adaptation and action revalua-
tion.”’® Furthermore different hierarchical levels of cognitive control are thought
to be supported by different prefrontal subdivisions.*#647¢8

One prominent example of framework of control is the conflict model proposed
by Cohen et al."” This model posits that the ACC tracks evidence for a need to
increase cognitive control and sends this information to the DLPFC, which then
exerts control over the processes occurring in posterior brain areas. The ACC-
DLPFC interactions can be direct' or indirect.”” A related model proposed by
Brown and Braver also posits that the activity of the ACC regulates the activity of
structures involved in implementing cognitive control.'* A rather different model,
based on the principles of reinforcement learning has been proposed by Holroyd
and Coles and ascribes to the ACC a role in action selection’”® in response to a
dopaminergic teaching signal.® For simplicity’s sake these models either supposed
the existence of a homogenous ACC and DLPFC, or else they are focused on some-
times undetermined subdivisions of these two regions. Furthermore, most models
have emphasized a unidirectional flow of information between the structures; in
some cases, however, the direction emphasized is from the ACC to the DLPFC,'*!3
while in other cases it is from the DLPFC to the ACC.*
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A feature of these computational models is that they often do not consider all
aspects of the underlying neuroanatomy of these cortical regions. However, a more
detailed analysis of the connections between these brain areas may be of extreme
importance to the functionality of models. Indeed, as Passingham et al. suggest, each
cytoarchitectonic area has a unique connectivity pattern that is likely to be related
to its function.” Thus, paying careful attention to the details of the anatomical
properties of networks may facilitate the identification of functional subdivisions
within each area, which may in turn generate a clearer understanding of integrated
system function. In this chapter, we review neuroanatomical data concerning two
key nodes in cognitive and motivational control models, the ACC and the DLPFC.
Our aim is to review neuroanatomical data related to these two regions in the hope
that it may help improve our understanding of control networks and how structures
within these networks are interacting. Furthermore, we discuss the degree of cor-
respondence in the anatomy of these areas in the human brain and the monkey
brain, a model on which much of our knowledge is based.

Cytoarchitecture of ACC and DLPFC

Though both terms are commonly used, neither ACC nor DLPFC corresponds to
a unique cortical area. They refer to a collection of areas (or subareas) with distinct
cytoarchitectonic properties and connectivity profiles.

The abbreviation ACC commonly refers to cytoarchitectonic areas 24 and 32
(figure 1.1a). Based on cytoarchitectural properties and quantification of neu-
rotransmitter receptors it has been proposed that the ACC in monkeys extends to
the middle of the dorsal bank of the cingulate sulcus,****'* or lies just ventrally to
the bottom of the cingulate sulcus.'**"*” Vogt et al. consider that most of the cortex
on the dorsal bank of the cingulate sulcus belongs to the adjacent medial frontal
cortex.”” Area 32 is located rostrally to area 24. Petrides and Pandya proposed that
the latter area extended caudally to form, on the dorsal bank of the cingulate sulcus,
a transition area between the ACC and the medial prefrontal cortex.®® Some dis-
agreement also exists over the nature of the cingulate cortex. While Petrides and
Pandya distinguished an agranular (area 24) and granular ACC (area 32), others
considered area 32 to be dysgranular, and argued that area 24.° or at least the area
24c¢ subdivision,” was dysgranular. Similar discrepancies also exist concerning the
number of subdivisions of the ACC. Various studies find from four to nine subdivi-
sions™¥ in ACC area 24. Vogt et al. divide area 24 into an anterior division (the
ACC) and a posterior division, which they call the midcingulate cortex (MCC).*
The ACC then corresponds to areas 24a, b, and c; the MCC corresponds to subdivi-
sions 24a’, b’, ¢/, and d.



Neuroanatomical Basis of Motivational and Cognitive Control 7

Figure 1.1

Cartography of medial and lateral prefrontal cortex. (a) Cytoarchitecture maps of human (top) and
monkey (bottom) medial prefrontal cortex (adapted from Vogt et al.***” by permission of Oxford Uni-
versity Press). (b) Cytoarchitecture maps of human (top) and monkey (bottom) lateral prefrontal cortex
(adapted from Petrides and Pandya®). The dashed lines on the left and right figures correspond to the
boundaries of the ACC and DLPFC, respectively. VCA, vertical line through the anterior commissure.
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Although most of these debates have concerned the nature of ACC in the
macaque, similar debates concern the human ACC. The presence of an additional
sulcus known as the paracingulate sulcus, dorsal to the cingulate sulcus, further
complicates the problem.* This sulcus is present in only 30 to 60% of cases® and,
when present, shows highly variable morphology across individuals.* The morphol-
ogy of the paracingulate sulcus affects the extent of areas 24 and 32 and is suggested
to be related to performance in demanding cognitive tasks.”” One hypothesis explain-
ing the interindividual differences in sulcal anatomy is that they reflects differences
in the connectivity between dorsal ACC and DLPFC.* As in monkeys, several
subdivisions of the area 24 can be distinguished, and a similar organization has been
proposed® (figure 1.1a).

The DLPFC is also a heterogenous region (figure 1.1b). In monkeys, it is located
within the principal sulcus and extends dorsally. Based on cytoarchitectonic proper-
ties, one can distinguish multiple areas: areas 8A and 8B, area 9, area 46. Some
authors proposed even further subdivisions, including transition areas around the
lip of the principal sulcus and subdivisions based on the position in the principal
sulcus. Those areas are labeled area 9/46 dorsal and ventral,®*® and a distinction
is often made between area 46 ventral and dorsal.’’ Finally, area 8 is subdivided
into area 8A, located at the level of the genu of the arcuate sulcus, and area 8B
dorsal to it.

As is immediately apparent, the human lateral prefrontal cortex is more
folded than that of the monkey (figure 1.1b). Instead of one sulcus (the principal
sulcus), there are three: the superior frontal sulcus, the complex intermediate
frontal sulcus, and the inferior frontal sulcus.”” The inferior frontal sulcus is
suggested to be the ventral boundary of the DLPFC. Despite this discrepancy
between humans and monkeys, Petrides and Pandya proposed similar organization
of the DLPFC.%

Connectivity of ACC and DLPFC

Mediolateral Prefrontal Cortex Connectivity in Monkeys

Before discussing DLPFC-ACC connectivity, it is important to underline the fact
that it is difficult to perfectly describe the relationships between cingulate cytoar-
chitectonic areas and connectivity patterns. Indeed, in the literature most of the
tracers injected in the cingulate cortex targeted either the cingulate gyrus (area 24a,
b) or the rostral/caudal cingulate motor areas (rCMA, cCMA). rCMA and cCMA
are cingulate subregions defined by their projections to the primary motor area
(M1), the spinal cord, and their excitability.”’**” In the interest of clarity, we con-
sider the portion of area 24 that includes all the cingulate motor areas as the pos-
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terior ACC (pACC). Area 24 rostral to pACC is referred to as the rostral ACC
(rACC). Connectivity of area 32 is considered separately.

A number of models of control emphasize interactions between ACC and
DLPFC.""" Surprisingly, the emphasis on the ACC-DLPFC functional relationships
in fact relies on relatively weak anatomical connections (figure 1.2). For instance,
pACC receives roughly 20 to 40 times more projections from the preSMA and
c¢CMA than from area 46, and area 46 projects more to medial prefrontal areas
(areas 8B, 9) than to rTCMA.¥ Note that the rACC also receives projections from
the DLPFC," and the ACC projects back to the DLPFC. Despite a lack of fully
quantitative data, the anterior part of area 24 (and area 32) seems to project more
to the principal sulcus than its caudal part.*

This last result suggests that the connectivity patterns between the ACC and
the DLPFC differ between cytoarchitectonic areas. Labeled cells often form
clusters and are not evenly distributed across the entire area. Note that the clus-
tering organization of connections may reflect a modular organization of the pre-
frontal cortex.” For instance, area 8B but not area 8A projects to the tACC.*"
However, area S8A is interconnected with pACC and receives afferents from
rACC."”*¥ The efferents from area 8A to pACC are limited to two separate
clusters—one just anterior to rCMA and one adjacent to the ventral cCMA—that
are then defined as cingulate eye field rostral and caudal, respectively.* Note that
no projection in the cingulate sulcus was found after an injection of isotope spe-
cifically in the ventral subdivision of area 8A.”" Areas 8A and 8B also present
different connectivity patterns with other areas of the DLPFC. They are connected
to each other as well as to areas 10, 9, and 9/46d; however, only the rostral part
of area 8A is connected with area 46d, whereas area 8B is connected with
area 46v."!

ACC receives projections from areas 10, 9, 46, and 9/46d.57#>°%80717285 Byt even
within one cytoarchitectonic territory, the projections are not even. For instance, the
connectivity of the ACC with the medial part of areas 9 and 8B is stronger than that
with their lateral parts. Indeed, while area 8B and medial area 9 project to both the
sulcal and gyral part of the rostral ACC, the lateral part of area 9 only projects to
the rostral cingulate sulcus.*” The dorsal part of area 46 receives projection from
area 32, rACC and pACC, but only the ventral part of area 46 receives afferent
inputs, from pACC.!” The projections from area 10 to the ACC principally target
the cingulate gyrus and are reported to be organized in columnar manner.”” Area
10 projections to the cingulate sulcus area are restricted to its more rostral part.”?
Note that only the rACC and area 32 project back to area 10; no projection from
pACC to the frontopolar cortex has been reported."** Finally, rACC (at the depth
of the cingulate sulcus) and pACC (only the more ventral subdivision) project to
9/46v°; only pACC receives inputs from area 9/46v.”
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Figure 1.2

Connectivity of medial and lateral prefrontal cortex. (a,b) Lateral (a) and medial (b) view of macaque
prefrontal areas. Clustering of prefrontal areas based on their connectivity patterns (adapted from Aver-
beck and Seo?). (c) Profile of inputs characterizing the five clusters illustrated in (b). The y-axis corre-
sponds to the proportion of the connections. The top row represents the prefrontal interconnections; the
bottow row corresponds to connections with extraprefrontal systems (adapted from Averbeck and Seo?).
Note that DMPFC-DLPFC interconnections represent only between 20 and 30% of their prefrontal
connections; connections that are themselves a subset of the total connections of these clusters.
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This overview of the mediolateral prefrontal connectivity shows the expected
interconnectivity between the different areas but also highlights the complexity of
the connection patterns. Consistent with this, a meta-analysis of prefrontal cortex
connectivity based on the COCOMAC database (<http://cocomac.org>) reveals
that the ACC and DLPFC do not simply correspond to two different entities® (figure
1.2). Instead, a cluster analysis suggested that one can consider the medial part of
area 9, the cingulate sulcus (24c), and part of the cingulate gyrus (area 24b) as a
dorsomedial prefrontal cortex whereas areas 24a and 32 form part of a ventromedial
prefrontal cortex. On the lateral surface areas 8A, 46d, and the lateral part of area
9 form the dorsolateral cluster.

Microarchitecture of Mediolateral Prefrontal Cortex Connectivity

Not merely the presence of connections, but also their laminar distribution pattern
is important. Indeed, it may reflect some key functional properties of the
network.”**#% A simplified approach is to consider terminations that principally
target layer IV as driving or feedforward projections. Terminations that principally
target supragranular (layers I to III) or infragranular (layers V and VI) layers are
considered as modulating or feedback projections, respectively. A similar logic could
be applied depending on the localization of the cell bodies of efferent projections.
If the majority of the cell bodies are found in the supragranular layers or in the
infragranular layers, the projections are feedforward or feedback, respectively.
This hierarchical organization originally proposed for the visual system has been
proposed for the prefrontal cortex as well.”

As is the case for the presence of the projections, their laminar patterns are also
heterogenous. The afferents to rACC (areas 24a, b) from area 9 are distributed
throughout the different cortical layers." But rACC afferents from the principal
sulcus are denser in supragranular layers than in the infragranular layers."® The
same pattern is observed in pACC.*® However, rACC efferences to both areas 46
and 9 are distributed over all cortical layers with a lower density in area IV.! Note
that cingulate (area 32) projections to DLPFC originate mainly in the deep layers,
layer V and VI’

A quantitative analysis of connectivity analogous to that applied in interpreting
the neuroanatomy of the visual system’® might potentially be applied to the study
of the prefrontal cortex. Nevertheless, the data available concerning ACC-DLPFC
connectivity suggest that ACC may modulate DLPFC activity (feedback projec-
tions), while the DLPFC may drive ACC activity (feedforward projections). One
can go a step further and try to understand how these two structures are interacting
at a synaptic level.

At a more microscopic level, the literature is principally concerned with the
intrinsic connectivity, that is, the intra-areal connectivity, of the DLPFC or the ACC
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each in isolation.”**¥*#3™ In recent experiments, Medalla and Barbas addressed

the issue of the mediolateral prefrontal connectivity at a synaptic level.”**” In a first
experiment they injected tracers in areas 32 and 46 and examined the labeled axon
terminals in layers I through III of area 9.°° Both areas predominantly formed single
synapses on the spines of spiny dendrites of excitatory cells. However, area 32 had
more synapses with inhibitory neurons in area 9 than area 46 had, and the nature
of inhibitory neurons receiving afferents from those two pathways was also differ-
ent. Although the majority of synaptic boutons were small, those from area 32 were
bigger than those from area 46, suggesting the synapses had a higher efficacy. The
interneurons receiving projections from area 32 are thought to be involved in the
enhancement of the signal-to-noise ratio (calbindin-positive cells, or CB cells), or
in the enhancement of signals (calretinin-positive cells, or CR cells) in highly
demanding cognitive situations. In their subsequent experiment Medalla and Barbas
also investigated area 32 connectivity with area 10.”” Area 32 is also connected with
area 10; however, some features of the pathway were distinct from the one that links
area 32 and area 46. For instance, area 32 projections largely target the area 10
excitatory cells. This suggests that, instead of enhancing inhibition, area 32 enhances
excitatory activities in area 10. These results highlight the importance not only
of inferring the existence of connections, but also of understanding the nature of
these connections.

Mediolateral Prefrontal Cortex Connectivity in Humans

Our knowledge of connectivity patterns comes principally from studies on animal
models. The recent development of the diffusion tensor imaging (DTI) method
enables investigation of connectivity in the human brain.* There is a strong similar-
ity between the results obtained with classic labeling (injection of tracers) and those
obtained with DTL."7® Apart from methods assessing structural connections, func-
tional connectivity and effective connectivity, as assessed using functional magnetic
resonance imaging (fMRI), provide another route to information about the con-
nectivity of the human brain. Functional connectivity is thought to reflect temporal
correlations between areas; effective connectivity refers to the influence of one
neural system over another.” Although these can be modulated by polysynaptic
connections, patterns of effective and functional connectivity have often been
related to direct anatomical connections.”

A recent DTI study in humans confirmed the heterogeneity of the cingulate
cortex (figure 1.3a). The study reported that the ACC could be divided into different
regions on the basis of their probability of interconnection with the rest of the
brain."” One cluster corresponded to the supracallosal part of the cingulate gyrus
(cluster 7), and one is likely to include area 32 (cluster 2). Three other clusters
correspond to different regions of the cingulate sulcus and paracingulate sulcus.
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The caudal clusters have been suggested to be the cingulate motor areas (clusters
4 and 5).

Studies of cingulate functional connectivity at rest revealed that ACC activity
is correlated with DLPFC activity, but again emphasized that parts of the ACC
are differently correlated with the DLPFC.*" The most striking result of a recent
study by Margulies et al.”? is the difference between ventral and dorsal cingulate
regions (figure 1.3b). Unfortunately, it is difficult to infer from the results presented
in their study with which different DLPFC regions ACC activity correlates. Nev-
ertheless the caudal ACC (x = 5,y = 14, z = 42, MNI space) did not correlate
with the frontopolar cortex whereas the more anterior ACC did. Two patterns of
functional connectivity with the DLPFC could be observed for anterior regions
at coordinates [5 25 36], [5 34 28], and regions at coordinates [S 42 21], [S 47 11].
The two most anterior regions are unlikely to contain the cingulate motor areas
and showed less correlation with the middle frontal gyrus. Note that the cCMA
also showed less correlation with the DLPFC than rCMA. Furthermore, the
DLPFC region showing correlation with cCMA activity was more posterior
[-30 37 32] than the one [-28 44 32] for which correlation was observed with
rCMA activity.”

Not only at rest, but also during the performance of a variety of tasks are the
ACC and DLPFC coactivated. Paus and Koski’s meta-analysis of positron emission
tomography (PET) studies revealed that supracallosal cingulate cortex activations,
more precisely area 24c and 32, were very often associated with activation in the
middle frontal cortex.” In addition, they distinguished within this supracallosal
activity a caudal cingulate region (y < 10) in which activations co-occurred more
frequently with activations in the precentral gyrus and the medial frontal gyrus than
was the case for the more rostral cingulate region (y > 10) did.

For modeling purposes, one is probably more interested in effective connectivity
than in structural connectivity. Not only coactivation but also interactions have
been reported between rCMA and the middle frontal gyrus, peaking at (44, 30, 24),
while subjects were performing a flanker task.”* According to Kouneiher et al.,*
interaction between these two regions is related to motivational control, rather than
cognitive control. Caudal paracingulate activity predicting behavioral adaptation
did not interact with the middle frontal gyrus activity associated with behavioral
adjustements. 44

In summary, resting state functional connectivity confirmed the existence of net-
works linking the ACC to the DLPFC in the human brain. It also confirmed the fact
that different regions of the ACC are communicating with different regions of the
DLPFC (see figure 1.3b). Task-related activity in fMRI and PET functional studies
suggested that a network centered on rCMA and middle frontal gyrus (areas 46 and
9/46) is of particular interest.
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Beyond the ACC or the DLPFC

This chapter principally focused on the ACC and the DLPFC; however, we are
aware that motivational and cognitive control processes do not simply rely on these
two regions. For instance, noradrenergic (NA) and dopaminergic (DA) systems both
play a critical role in cognitive control*'>** (see chapter 3, this volume).

The locus coeruleus and its two modes of response (tonic and phasic) are pro-
posed to induce alternation between explorative and exploitative behaviors. This
structure projects to the entire neocortex and receives projections back from the
rACC and adjacent medial prefrontal areas, but not the lateral prefrontal areas.”
The interactions between ACC, DLPFC, and the DA system are quite complex. The
DA has direct (mesocortical pathway) and indirect influences on the ACC and
DLPFC via the striatum (nigrostriatal pathway) or the thalamus (nigrothalamocor-
tical pathway).*>#0%1

The conflict-monitoring model developed by Cohen et al. focuses on the effect
of DA on the DLPFC, while the model developed by Holroyd and Coles is centered
on DA inputs to the ACC."** Nevertheless, both of them implied the involvement
of the direct mesocortical pathway. Though both ACC and DLPFC receive direct
DA afferents, there is a regional difference in the origin of the inputs.”’ Similarly,
ACC and DLPFC send sparse projections to the midbrain DA nuclei with a similar
spatial organization.” The DLPFC receives more afferents from more lateral DA
midbrain nuclei, the distribution of ACC afferents originates more in the medial
midbrain nuclei. The topographic segregation of DLPFC and ACC projections is
more obvious in the caudal part of the midbrain nuclei while they tend to overlap
more anteriorly.

This anatomical compartmentalization could reflect a functional compartmental-
ization. Indeed, in a recent study, Brischoux et al. found some functional differences
between dorsal and ventral VTA in rats' and along a dorsoventral axis in monkeys
DA midbrain nuclei.”® Some DA cells discharge preferentially for positive outcome
related events,"*?’** but some DA cells discharge also, or preferentially for nega-
tive events.” Earlier studies also reported functional heterogeneity in VTA/SN

Figure 1.3

Connectivity-based parcellation and functional connectivity at rest of the human cingulate cortex. (a)
Connectivity-based parcellation of human ACC (adapted from Beckmann et al.'’). The ACC(/MCC)
corresponds to clusters 2, 3, 4, 5 and part of cluster 7. (b) Functional connectivity at rest of cingulate
regions (adapted from Margulies et al.”%). Positive correlations (p < 0.05, corrected) of different cingulate
regions, or seeds (represented on the medial view) are shown in black on cortical surface maps for
superior (s3, s4, s5, s6, s7) and inferior seeds (i3, i6). Inferior seeds are located 5 mm from the corpus
callosum, starting at y = —10 mm, and spaced 10 mm apart along the curve parallel to the corpus callosum.
Superior seeds are located 15 mm from the corpus callosum along the radial axis from each of the first
seven inferior seeds.
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cells. Not only were cells that discharged to visual or outcome-related events found,
but also cells that discharged to arm or mouth movement.”** Finally, although often
described as relatively independent systems, non-DA and DA VTA cells have been
shown to project to the LC," and LC cells also project to the VTA.?® Furthermore,
stimulation of VTA cells induces discharge of LC cells.'

Altogether the topographic segregation of mesocortical projections and the het-
erogeneity of DA cell activities may have to be taken into account in refining models
of cognitive control. More specifically, the existence of VTA cells encoding either
appetitive or aversive cues may need to be implemented in models such as those
proposed by Holroyd and Coles.*

Conclusion

Our intention was to propose some comments on computational models of
control based on a review of neuroanatomical data. Reviewing this literature
reveals not only the huge amount of work that has been done but also the huge
amount of work that remains to be done. The identities of the principal subdivi-
sions of the macaque brain, the most frequently used model for understanding
the architecture of the human brain, are still being discussed, and quantitative
analysis of prefrontal cortex connectivity remains largely to be done. Nevertheless,
we suggest, on the basis of anatomical connectivity studies in monkeys and func-
tional and effective connectivity studies in humans that models of cognitive control
might more precisely incorporate descriptions of regions than just “ACC” and
“DLPFC.”

Outstanding Questions

+ What is the detailed topography of mediolateral prefrontal connections, at both
meso- and microscopic levels?

+ What, if any, is the correspondence between the primate and the rat medial pre-
frontal cortex and dorsolateral prefrontal cortex?

Further Reading

Vogt BA, ed. 2009. Cingulate Neurobiology and Disease. Oxford: Oxford University Press. A compre-
hensive volume for more detailed reviews of cingulate structures and functions.

Schmahmann JD, Pandya DN. 2006. Fiber Pathways of the Brain. Oxford: Oxford University Press. This
book gives a nice overview of the major fiber pathways in the primate brain.

Johansen-Berg H, Behrens TEJ, eds. 2009. Diffusion MRI: From Quantitative Measurement to In-Vivo

Neuroanatomy. Amsterdam: Academic Press. The first comprehensive overview of diffusion MRI
techniques and their applications.
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Neural Circuits of Reward and Decision Making: Integrative
Networks across Corticobasal Ganglia Loops

Suzanne N. Haber

Anatomical connectivity studies provide a key element for understanding the neural
networks involved in evaluating environmental stimuli that transform this informa-
tion into actions, thus leading to expected outcomes. The reward circuit is a central
component of the network that drives incentive-based learning, appropriate
responses to stimuli, and good decision making. The idea that there is an anatomi-
cally identifiable reward circuit initially came from experiments that demonstrated
rats would work for electrical stimulation in specific brain sites’' and was later sup-
ported by pharmacological manipulation of those sites through intracranial injec-
tions of drugs of abuse.® Although this circuit included several brain regions, the
orbital (OFC) and anterior cingulate cortices (ACC), the n. accumbens (NAcc), and
the ventral tegmental area (VTA) dopamine neurons are central.”®*7" Recent
studies extend the striatal and midbrain reward-related areas to include the entire
ventral striatum (VS) and the dopamine neurons of the substantia nigra, pars com-
pacta (SNc).* The VS receives its main cortical input from the OFC and ACC, and
a massive dopaminergic input from the midbrain. The VS projects to the ventral
pallidum (VP) and to the VTA-SN, which in turn project back to the prefrontal
cortex (PFC), via the medial dorsal nucleus (MD) of the thalamus. These structures
are part of the corticobasal ganglia system and are at the center of the reward circuit
(figure 2.1).%

While the reward circuit is now considered part of the corticobasal ganglia
network, historically, the basal ganglia was considered solely part of the sensory—
motor control system.”’ The conceptual change from a purely sensory-motor func-
tion to a more complex set of functions can be traced to the demonstration that an
additional (and separate) functional loop, the limbic loop, exists within the basal
ganglia.” The idea of separate cortical loops in the basal ganglia was subsequently

* In addition, other structures, including the other prefrontal cortical areas, amygdala, hippocampus,
hypothalamus, lateral habenular nucleus, and specific brainstem structures, such as the pedunculopontine
nucleus, and the raphe nuclei, are also key components that regulate the reward circuit.
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Schematic illustrating key structures and pathways of the reward circuit. Black arrow = input from the
vmPFC; dark gray arrow = input from the OFC; light medium gray arrow = input from the dACC; light
gray arrow = input from the dPFC; white arrows = other main connections of the reward circuit. Amy,
amygdala; dACC, dorsal anterior cingulate cortex; dPFC, dorsal prefrontal cortex; Cd, caudate nucleus;
Hipp, hippocampus; MD, medial dorsal nucleus of the thalamus; OFC, orbital frontal cortex; Pu, putamen;
S, shell; SN, substantia nigra; STN, subthalamic n.; Thal, thalamus; VP, ventral pallidum; VTA, ventral

tegmental area; vimPFC, ventral medial prefrontal cortex.
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expanded to include several parallel and segregated functional loops (limbic,
associative, and sensorimotor).! Although this concept has dominated the field for
the past 20 years, several studies demonstrate integration across these circuits.
Network crosstalk between limbic associative functions is consistent with the idea
that adaptive behaviors require a combination of reward evaluation and associative
learning to develop appropriate action plans and inhibit inappropriate choices. Not
surprisingly, the idea of motivation-to-movement interface through basal ganglia
circuits was developed soon after the discovery of the limbic component to the basal
ganglia.** Thus, the ventral corticobasal ganglia network, while at the heart of
reward processing, does not work in isolation.>>'**?* In fact, within each station of
the circuit there are interfaces between pathways that allow communication between
different parts of the reward circuit and between the reward circuit and the associa-
tive circuit. In this chapter, we describe first the organization of the reward (and
associative) circuit(s) and second, specific places in the network where crosstalk
between circuits can occur.

Organization of the Reward Circuit

Prefrontal Cortex and Its Projections to the Striatum

The PFC comprises multifunctional regions involved in reinforcement-based learn-
ing and decision making. Different prefrontal cortical areas and corresponding
striatal regions are involved in these various aspects of motivation and learning, and
pathophysiology in the circuit is associated with sadness and depression, pathologi-
cal risk taking, addictive behaviors, and obsessive-compulsive disorder.'>*45%% The
PFC is a complex and heterogenous region, but can broadly be divided into (1) the
orbitofrontal cortex, or OFC (lateral OFC and part of insular cortex); (2) a ventral,
medial prefrontal cortex, or vimPFC (medial OFC, subgenual ACC, and area 10);
(3) the dorsal anterior cingulate cortex, or dACC (area 24); and (4) the dorsal pre-
frontal cortex, or dPFC (areas 9 and 46).""*%> The vmPFC and OFC, collectively
referred to as the ventral prefrontal cortex (VPFC), and the dACC, along with its
basal ganglia components, mediate different aspects of reward-based behaviors,
error prediction, and conflict detection.*>**! In addition, the vmPFC has also been
shown to be important for extinction and extinction recall.*” In contrast, the dPFC
1s associated with cognitive processing and working memory, and provides cognitive
control over motivational and emotional behaviors."** Overall, PFC regions work
together in a complementary fashion to compare valued options and choose among
them. The main subcortical outputs from the vPFC are to the VS and thalamus.
The VS includes the NAcc and the broad ventral continuity between the caudate
nucleus and the putamen rostral to the anterior commissure.***' This entire region
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has been a focus for the study of reinforcement, and the transition between drug
use for a reward and as a habit.'**® However, neither cytoarchitectonic nor histo-
chemistry distinctions mark a clear boundary between the VS and the dorsal stria-
tum. The best way to define the VS, therefore, is to use its cortical afferent projections
from areas that mediate different aspects of reward and emotional processing, that
is, inputs from the vPFC, dACC, and the medial temporal lobe, including the amyg-
dala. Using these projections as a guide, the VS occupies over 20% of the striatum
in nonhuman primates.®*

Corticostriatal projections form dense, focal patches that are organized in a func-
tional topographic manner.?** Inputs from the vmPFC, OFC, and dACC terminate
within subregions of the VS (figure 2.1).*° The focal projection field from the
vmPFC is the most limited. It is concentrated within the most ventral and medial
parts of the VS, including the shell. The vmPFC also projects to the medial wall of
the caudate n., adjacent to the ventricle. The densest input from agranular insular
cortex also terminates in the NAcc and at the medial wall of the caudate.” Fewer
data are available concerning the projections of area 10 to the VS, particularly
medial area 10. However, one might assume that the medial and ventral area 10
would also terminate in the ventral, medial VS, given the overall topography of
other projections from the vPFC. Thus, this VS region receives convergent input
from the olfactory and visceral-associated insula, from the vmPFC, and most likely
from area 10.

The dorsal and lateral parts of the VS receive inputs from the OFC. These termi-
nals also extend dorsally, along the medial caudate n., but lateral to those derived
from the vimPFC. The medial to lateral and rostral to caudal topographic organiza-
tion of the OFC terminal fields is consistent with the positions of OFC regions in
the PFC. That is, inputs from lateral parts of the OFC (i.e., area 12) terminate lateral
to those derived from more medial areas (area 13). Projections from the dACC
terminate lateral to those from the OFC. Taken together, the vmPFC, OFC, and
dACC project primarily to the rostral striatum, with the vmPFC projecting most
medially, and the dACC most laterally, with the OFC terminal fields positioned in
between.* In contrast, the dPFC projects throughout the rostrocaudal extent of the
striatum, terminating primarily in the head of the caudate and in part of the rostral
putamen, but continuing into the caudal caudate nucleus. Like vVPFC projections,
axons from areas 9 and 46 also occupy somewhat different territories that, at rostral
levels, span across the internal capsule.” At more caudal levels, these inputs are
primarily confined to the dorsal caudate n. The two other main afferent projections
to the striatum are derived from the midbrain and thalamus. Additional inputs from
the amygdala and hippocampus make the VS a unique striatal region, in that these
two structures do not innervate the dorsal striatum.
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Midbrain Dopamine Projections to the VS

The central role of the dopamine neurons in the reward circuit is well established,
along with the fact that this role in not limited to the VTA, but includes cells of the
SNc.®" The midbrain dopamine striatal projection follows a general mediolateral
and inverse dorsoventral topography.** Thus, the VTA and the dorsal tier of SNc
neurons project to the VS, and the ventral SNc neurons project to the dorsolateral
striatum. The shell receives the most limited midbrain input, primarily derived from
the medial VTA. The rest of the VS receives input from the VTA and from the
medial and dorsal part of the SNc. In contrast to the VS, the striatal area innervated
by the dPFC receives input from a wider region of centrally located dopamine cells.
The dorsolateral (motor-related) striatum receives the largest midbrain projection
from cells throughout the ventral SNc. Thus, in addition to an inverse topography,
there is also a differential ratio of dopamine projections to the different striatal
areas,” with the VS receiving the most limited dopamine input and the dorsolateral
striatum receiving the largest input. It’s important to note, however, that despite the
overall topographic organization, individual dopamine axons arborize extensively
within the striatum and are therefore likely to cross regional striatal boundaries.”

Thalamic Projections to the VS

The midline, medial intralaminar and medial MD thalamic nuclei project to medial
prefrontal areas, the VS, amygdala, and hippocampus, and are referred to as the
limbic-related thalamic groups.””*'#*”* The shell receives the most limited input,
derived almost exclusively from the midline nuclei. The medial wall of the caudate
n.receives projections, not only from the midline and the medial intralaminar nuclei,
but also from the central superior lateral nucleus. In contrast, the lateral part of the
VS receives a limited projection from the midline thalamic nuclei. Its input is
derived from the intralaminar nuclei (the parafascicular nucleus and the central
superior lateral nucleus). In addition to the midline and intralaminar thalamostriatal
projections, there is a large input from the “specific” thalamic basal ganglia relay
nuclei: the MD, ventral anterior, and ventral lateral nuclei.* The VS receives this
input from the MD and a limited projection from the magnocellular subdivision of
the ventral anterior nucleus. Thalamic input to the striatum is glutamatergic and can
be distinguished from cortical synapses. Recent studies show that the thalamic and
cortical synapses associated with dopaminergic terminals are similar.*

The amygdala is a prominent limbic structure that plays a key role in emotional
coding of environmental stimuli.*** Overall, the basal nucleus and the magnocel-
lular division of the accessory basal nucleus are the main sources of inputs to the
VS."” The amygdala has few inputs to the dorsal striatum in primates. The shell is
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set apart from the rest of the VS by a specific set of connections derived from the
medial part of the central nucleus (CeM), periamygdaloid cortex, and the medial
nucleus of the amygdala. In contrast to the amygdala, the hippocampal formation
projection is essentially confined to the shell.”® Taken together, the existence of
convergent fibers from cortex within the VS, along with hippocampal and amygda-
lostriatal projections along with broad dopamine modulation, places the VS as a key
entry port for processing emotional and motivational information.

Efferent Projections of the VS

The VS, like the dorsal striatum, primarily projects to the pallidum and midbrain.”
The VP is an important component of the reward circuit in that cells in this forebrain
region respond specifically during the learning and performance of reward-incentive
behaviors and play a central role in addictive behaviors.”>*® The VP is best described
as the pallidal region that receives its input from the VS. VS fibers terminate topo-
graphically in the subcommissural VP, the rostral pole of the external segment, and
the rostromedial portion of the internal segment. For example, the shell projects to
the border areas between the VP and the bed nucleus of the stria terminalis, and
more lateral VS areas project to the lateral VP* The topography created by vPFC
and dACC projections to the VS, is reflected in the VS output to the VP Like the
dorsal pallidum, components of the VP project topographically to the subthalamic
nucleus (STN), SN, and thalamus.

Striatal projections to the midbrain terminate in both the pars reticulata and the
pars compacta. In fact, the striatonigral projection provides a massive projection to
the midbrain dopamine cells, terminating in both the VTA and SNc. These projec-
tion fields are not as topographically organized as those projecting to the pallidum.
As seen with the nigrostriatal projection, these projections have a medial-lateral
and an inverse ventral-dorsal topography. In other words, the VS projects to the
dorsal midbrain and the dorsal striatum terminates in the ventral midbrain.?*>¢
The largest terminal fields are derived from the VS and the associative striatum. In
contrast, the dorsolateral striatal projection to the SN is confined to a relatively
small ventrolateral position. The output from the medial SNr and VP are primarily
to the MD nucleus, which, in turn, projects to the frontal cortex, and is the final link
in the reward circuit.””~

Crosstalk between Functional Circuits

Integration between Corticostriatal Projections

Although the topographic organization of corticostriatal projections is well docu-
mented, there is increasing evidence of regions of interface between terminals from
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different cortical areas, suggesting functional integration. For example, early studies
showed that corticostriatal terminals from sensory and motor cortex converge
within the striatum.'” Here, axons from each area synapse onto single fast-spiking
GABAergic interneurons. Interestingly, these interneurons are more responsive to
cortical input than the medium spiny cells, suggesting a potentially critical role for
interneurons to integrate information from different cortical areas before passing
that information on to the medium spiny projection cells.**’

Projections from the OFC, vmPFC, and dACC also converge in specific regions
within the VS. Thus, focal terminal fields from the vmPFC, OFC, and dACC show a
complex interweaving and convergence® (figure 2.2a). For example, axons from the
dACC and OFC regions do not occupy completely separate territories in any part

central
caudate

Figure 2.2

Schematics illustrating integrative connections through convergence of terminals from different func-
tional regions. (a) A mediofrontal view of a three-dimensional reconstruction illustrating convergence
of inputs from PFC inputs. (b) Schematic illustrating convergence at the PFC-striatal and the striato-
pallidostriatal levels.
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of the striatum. They converge most extensively at rostral levels, providing an ana-
tomical substrate for modulation between these circuits. In addition, projections
from dACC and OFC also converge with inputs from the dPFC, particularly at the
most rostral striatal levels. A similar pattern of both topographic and integrative
connectivity of corticostriatal projections has recently been demonstrated in the
human brain using diffusion tensor imaging (DTI). These data show a similar overall
organization of the different cortical regions and the striatum, and provide a strong
correlation between monkey anatomical tracing studies and human DTI studies.™
Taken together, a coordinated activation of dPFC, dACC, and/or OFC terminals in
these subregions could produce a unique combinatorial activation at the specific
sites for channeling reward-based incentive drive in selecting among different
valued options. The existence of these areas may help explain complex activation
patterns following different reward-related paradigms or the interface between
reward and cognitive feedback."

Ventral Pallidal Connections

Pallidal dendrites are long, stretching across multiple functional regions, and are
oriented perpendicular to incoming striatal fibers. Thus, each pallidal dendrite is in
a position to intercept efferents originating from more than one functional striatal
district™® (figure 2.2b). In addition, descending projections from the VP converge
with those from the dorsal pallidum on single dopaminergic neurons.’ Therefore,
individual SN cells receive both limbic and nonlimbic input. This convergence has
important implications for the role of the dopamine cells in processing diverse
information, which in turn is sent back to the striatum. Moreover, VP and dorsal
pallidal projections also converge at the interface between the projection fields in
the STN.* An additional unique projection of the VP is to both the internal and
external segments of the dorsal pallidum. The dorsal pallidum does not seem to
project ventrally.”’” Finally, part of the VP (as with the external segment of the pal-
lidum) also projects to the striatum.®® This pallidostriatal pathway is extensive
and more widespread than reciprocal striatopallidal projection, providing a broad
feedback signal (figure 2.2b).

The Striatonigrostriatal Network

VS (limbic) influence on the dorsal striatum (motor) through the midbrain dopa-
mine cells was originally shown in rats.” The concept of transferring information
through different striatal regions via the midbrain was expanded on, taking into
account the functionally more complex and diverse primate striatum.” The VTA
and medial SN are associated with limbic regions, and the central and ventral SN
are associated with the associative and motor striatal regions, respectively. However,
as described previously, each functional region differs in its proportional projections.
The VS receives a limited midbrain input, but projects to a large region. In contrast,
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the dorsolateral striatum receives a wide input, but projects to a limited region. In
other words, the VS influences a wide range of dopamine neurons, but is itself influ-
enced by a relatively limited group of dopamine cells. On the other hand, the dor-
solateral striatum influences a limited midbrain region, but is affected by a relatively
large midbrain region.

Thus, while the main efferent projection from the VS to the midbrain is to the
dorsal tier of dopamine cells, this projection field extends beyond the tight VS—
dorsal tier—VS circuit. Indeed, the VS also terminates more ventrally, in a position
to influence more dorsal striatal regions, particularly those that receive input from
associative cortical regions (e.g., dPFC). This part of the ventral tier is reciprocally
connected to the central (or associative) striatum. The central striatum also projects
to a more ventral region than it receives input from. This region, in turn, projects
to the dorsolateral (or motor) striatum. Taken together, the interface between dif-
ferent striatal regions via the midbrain DA cells is organized in an ascending spiral
that interconnects different functional regions of the striatum and creates a feed-
forward organization, from reward-related regions of the striatum to cognitive and
motor areas (figure 2.3a).

Although the short latency burst-firing activity of dopamine that signals immedi-
ate reinforcement is likely to be triggered from brainstem nuclei,” the corticostri-
ato-midbrain pathway is in the position to influence dopamine cells to distinguish
rewards and modify responses to incoming salient stimuli over time, placing the
striatonigrostriatal pathway in a pivotal position for transferring information from
the VS to the dorsal striatum during learning and habit formation. Indeed, cells in
the dorsal striatum are progressively recruited during different types of learning
and habit formation.**>>"

Additional VS Connections

The VS also terminates in non-basal ganglia regions.” The shell sends fibers cau-
dally and medially into the lateral hypothalamus and, to some extent, into the
periaqueductal gray. Axons from the medial VS also terminate in the bed nucleus
of the stria terminalis, indicating a direct striatal influence on the extended amyg-
dala. Finally, fibers from ventral regions of the VS terminate in the nucleus
basalis.>**”® The n. basalis is the main source of cholinergic fibers to the cerebral
cortex and the amygdala. Thus, the VS can influence cortex directly through a
connection that does not pass through the pallidal thalamic circuit, providing a
route through which the reward circuit has wide access to multiple regions of
frontal cortex.

Thalamocorticothalamic Connection

Thalamocortical connections are bidirectional. However, the corticothalamic pro-
jections are more extensive than the thalamocortical projections.* Moreover,
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Figure 2.3

Schematics illustrating integrative connections through reciprocal and nonreciprocal connections.
(a) Connections between the striatum and substantia nigra. The arrows indicated illustrate how the
ventral striatum can influence the dorsal striatum through the midbrain dopamine cells. Shades of gray
indicate functional regions of the striatum, based on cortical inputs (figure 2.1). 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 the
rest of the ventral striatum forming the first part of a feed forward loop (or spiral). The spiral continues
through the striatonigrostriatal projections through which the ventral striatum impacts on cognitive and
motor striatal areas (not illustrated) via the midbrain dopamine cells. (b) Connections between the cortex
and thalamus. Arrows illustrate how the nonreciprocal component of the corticothalamic projection can
influence another cortico-basal ganglia function loop through the thalamus. Black arrows = inputs from
the vmPFC; dark gray arrows = inputs form the OFC and dACC; light arrows = inputs from the dPFC.
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in addition to the reciprocal thalamocorticothalamic connection, there is also a
nonreciprocal corticothalamic component. Thus, while the MD completes the reward
circuit back to cortex, a nonreciprocal cortical input to the MD is derived from
functionally distinct frontal cortical areas. For example, the central MD has not only
reciprocal projections with the OFC, but also a nonreciprocal input from vmPFC.
Similarly, more lateral MD areas are reciprocally connected to the dPFC, but also
have a nonreciprocal input from the OFC.* Therefore, similar to the striatonigros-
triatal projection system, the thalamic relay nuclei from the basal ganglia also
appear to integrate information flow from reward and higher cortical “association”
areas of the prefrontal cortex (figure 2.3b). A recent DTT study indicates that inte-
gration between these cortical areas in the thalamus is also likely to exist in humans.'*

Summary

Although the reward network comprises a specific set of connections, it does not
work in isolation, but also interfaces with circuits that mediate cognitive function
and motor planning. Integration across cortico-basal ganglia circuits occurs through
convergence zones, for example, between corticostriatal projections or pallidal-
nigral connections, that can link areas associated with different functions to permit
dissemination of cortical information across multiple functional regions. It also
occurs via reciprocal-nonreciprocal networks (through the striatonigrostriatal
pathway and thalamocorticothalamic circuit). Through these interactive networks,
information about reward can be channeled through cognitive and motor control
circuits to mediate the development of adaptive action plans. Thus, whereas reward
anticipation tends to coactivate the VS and midbrain, reward outcomes subse-
quently recruit the medial caudate and putamen, followed by the dorsal caudate.
This recruitment likely involves the dopamine pathways, through the striatonigros-
triatal spiral.> Thus, knowledge gained from anatomical connectivity studies,
including areas of potential network interfaces, will increase our understanding and
ability to predict how and when seemingly unconnected structures might be acti-
vated or coactivated.

Outstanding Questions

* Prefrontal cortex receives dopamine connections, but there is only a limited corti-
cal projection to the dopamine cells (see Frankle et al. in Further Reading). How
does the cortex influence the dopamine neurons?

* The striatum has been described as being composed of striosomes and matrisomes,
with prefrontal cortex projecting only to the striosomes. Could this concept be
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included in the description proposed in this chapter? If so, what would be the func-
tional impact of such implementation?

* Do the different DA populations have different roles?

Further Reading

Haber SN, Knutson B. 2010. The reward circuit: linking primate anatomy and human imaging. Neuropsy-
chopharmacology 35: 4-26. A nice review linking data regarding anatomy in monkeys and imaging data
in humans.

Frankle WG, Laruelle M, Haber SN. 2006. Prefrontal cortical projections to the midbrain in primates:
evidence for a sparse connection. Neuropsychopharmacology 31:1627-1636. This paper describes ana-
tomical evidence that the prefrontal cortex could influence DA midbrain activity.

Graybiel AM. 2008. Habits, rituals, and the evaluative brain. Annu Rev Neurosci 31:359-387. A review

of how habitual behaviors emerge as a result experience-dependent plasticity in basal ganglia—based
networks.
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