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Introduction

he basal ganglia work in concert with the
cortex, thalamus, and brain stem centers to orchestrate
and execute planned, motivated behaviors requiring
motor, cognitive, and limbic circuits. Historically, the
Corticostriatal connections play a central role in devel- | basal ganglia are best known for their motor functions
oping appropriate goal-directed behaviors, including and their association with the neuropathology in the
the motivation and cognition to develop appropriate neurodegenerative disorders affecting the control of
actions to obtain a specific outcome. The cortex projects | movement, such as Parkinson disease and Huntington
to the striatum topographically. Thus, different regions disease. While a role for the basal ganglia in the control
of the striatum have been associated with these dif-| of movement is clear, our concept of basal ganglia func-
ferent functions: the ventral striatum with reward; the |  tion has dramatically changed in the last 40 years, from
caudate nucleus with cognition; and the putamen with a purely motor or sensory-motor one to one of a more
motor control. However, corticostriatal connections are |  complex and complicated set of functions that mediate
more complex, and interactions between functional ter- | the full range of goal-directed behaviors. Thus, in addi-
ritories are extensive. These interactions occur in specific | tion to their involvement in the expression of goal-di-
regions in which convergence of terminal fields from dif- | rected behaviors through movement, the basal ganglia
ferent functional cortical regions are found. This article | are also involved in the processes that lead to move-
provides an overview of the connections of the cortex ment—that is, the elements that drive actions, including
to the striatum and their role in integrating information emotions, motivation, and cognition. Indeed, regions
across reward, cognitive, and motor functions. Emphasis within each of the basal ganglia nuclei have been iden-
is placed on the interface between functional domains |  tified as serving not only a sensory-motor function, but
within the striatum.
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Selected abbreviations and acronyms
ACC anterior cingulate cortex

DA dopamine

dACC dorsal anterior cingulate cortex
dPFC dorsal prefrontal cortex

DS dorsal striatum

GPe external segment of the globus pallidus
GPi internal segment of the globus pallidus
MSN medium spiny neurons

OFC orbitofrontal cortex

PFC prefrontal cortex

SN substantia nigra

SNe substantia nigra, pars compacta

SNr substantia nigra, pars reticulate

STN subthalamic nucleus

vmPFC ventromedial prefrontal cortex

VP ventral pallidum

|2 ventral striatum

VTA ventral tegmental area

also limbic and cognitive ones as well. Overall, ventral
regions of the basal ganglia play a key role in reward
and reinforcement'? and are important in the devel-
opment of addictive behaviors and habit formation.**
More central basal ganglia areas are involved in cogni-
tive functions, such as procedural learning and working
memory tasks.” Importantly, diseases of the basal gan-
glia are not only linked to neurological disorders, but
also psychiatric illnesses, including schizophrenia, drug
addiction, depression, and obsessive-compulsive disor-
der. Thus, the role of the basal ganglia in cognitive and
emotional behaviors is now as well accepted as its role
in motor control.

Although several new theories of general function
have emerged from the enormous progress in under-
standing the anatomy, physiology, and behaviors asso-
ciated with the basal ganglia,”!° the actual role of the
basal ganglia in executing goal-directed behaviors re-
mains elusive. What is clear from the recent progress
is that this set of subcortical nuclei work in tandem
with the cortex (particularly the frontal cortex) via a
complex cortico-basal ganglia network to develop and
carry out complex behaviors. The concept of parallel
cortico-subcortical channels through the basal ganglia
has been prominent in how the field has viewed the or-
ganizational understanding of basal ganglia circuits.!!
However, we now know that cortico-basal ganglia con-

nections are more complicated and that interactions
between functional territories are extensive.'”>'> These
two organizational schemes (separate functional chan-
nels and integration across function) probably work to-
gether, allowing the coordinated behaviors to be main-
tained and focused, but also to be modified according to
appropriate external and internal stimuli. Indeed, both
the ability to maintain and to focus on the execution of
specific behaviors, as well as the ability to adapt appro-
priately to external and internal cues, are key deficits in
basal ganglia diseases that affect these aspects of motor
control, cognition, and motivation. The present review
focuses on the primate cortico-striatal circuits from
the perspective of cortical function. The focus is on the
striatum as it is the main input structure of the basal
ganglia. Particular emphasis is on the integrative nature
of this system in carrying out goal-directed actions.
Figure I provides an overview of the cortico-basal
ganglia circuit. The striatum is comprised of the dorsal
striatum (DS) and ventral striatum (VS). The VS is a

Figure 1. Schematic illustrating key structures and pathways of the basal
ganglia. Dark blue arrows represent the direct pathway; light
blue arrows represent the indirect pathway. Amy, amygdala;
DS, dorsal striatum; GPi, globus pallidus, internal segment;
GPe, globus pallidus, external segment; Hipp, hippocampus;
SN, substantia nigra STN, subthalamic nucleus; Thal, thalamus;
VP, ventral pallidum; VS, ventral striatum; VTA, ventral tegmen-
tal area.
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ventral extension of the DS and, based on its connec-
tions, cell morphology, and histochemistry, it includes
the nucleus accumbens, the medial and ventral por-
tions of the caudate and putamen, the striatal cells of
the olfactory tubercle, and the anterior perforated
substance.!®!” Afferent projections to the striatum are
derived from three major sources: (i) a massive and
topographic input from the cerebral cortex; (ii) input
from the thalamus; and (iii) and input from the brain
stem, primarily from the brain stem dopaminergic cells.
Inputs from the cortex and thalamus terminate in a gen-
eral topographic manner, such that the dorsolateral stri-
atum receives cortical input from sensory-motor areas,
central striatum receives input from associative corti-
cal areas, and the ventromedial striatum receives input
from limbic areas.!*!8% The striatum, in turn, projects
topographically to the pallidal complex and the sub-
stantia nigra (SN), both pars reticulata (SNr), and pars
compacta (SNc).>-

The pallidal complex includes the external (GPe)
and internal segments (GP1i) of the globus pallidus and
the ventral pallidum (VP). The GPi and GPe receive
inputs from the DS, both the caudate nucleus and pu-
tamen. The VP, generally located ventral to the ante-
rior commissure, receives its input from the VS.!823%
The outputs from the GPi and SNr are to the thala-
mus, which then projects back to the cortex, complet-
ing the “direct” cortico-basal ganglia circuit. The GPe
and parts of the VP project to the subthalamic nucleus
(STN). The STN, in turn, provides inputs to the GPi.
This pathway is considered the indirect pathway. Im-
portantly, the STN also projects back to the GPe. In ad-
dition to connections with the basal ganglia, the STN
also receives a direct projection from all parts of the
frontal cortex.” This is referred to as the hyperdirect
pathway. The dopaminergic system includes the SNc,
the ventral tegmental area (VTA), and the retrorubral
group. Dopamine (DA) neurons from the SNc and the
VTA project to the DS and VS, respectively.

Organizational features of the striatum

The DS is comprised of the caudate nucleus and puta-
men, which are separated in primates by the internal
capsule. The rostroventral border of the caudate nucle-
us and putamen merge with the dorsal nucleus accum-
bens, making the region ventral to the internal capsule
continuous. Caudally, the putamen merges to varying

degrees with the tail of the caudate. The nucleus accum-
bens and the rostroventral-most aspects of the caudate
and putamen form the VS. The VS includes the ventral
extension of the putamen, which reaches the surface of
the brain in the region of the anterior perforated space.
This ventral region, which had been included in the
substantia innominata, is now considered part of the
VS on the basis of its histochemistry and connections.
In addition, the olfactory tubercle and the rostrolateral
portion of the anterior perforated space adjacent to the
lateral olfactory tract in primates are also included in
the VS.

The striatum (both dorsal and ventral) contains sev-
eral cell types that are generally divided into two gener-
al groups: projection neurons and interneurons. Projec-
tion neurons are the most common cell type and are the
medium spiny neurons (MSN) or the principal neurons:
in nonprimate species they account for over 90% of the
cells, and probably far less in the primates.”®? These
cells project to both segments of the globus pallidus,
the VP, and the SN.2!223032 Their axon collaterals also
terminate within the striatum, onto other MSNs and
interneurons forming symmetrical GABAergic synap-
tic contacts.**35 On the basis of this data and electro-
physiological data, the projection cells of the striatum
are considered inhibitory.* There are two general types
of MSNs: one that co-contains substance P and GABA;
and one that co-contains enkephalin and GABA. Sub-
stance P-containing MSNs project primarily to the GPi
and SN, while the enkephalin-containing cells project
primarily to the GPe.?*

The main inputs to the MSNs are derived from the
cortex, thalamus, and brain stem. Cortical fibers primar-
ily project to the dendritic spines, form asymmetric ter-
minals, and are glutamatergic.”” Thalamic projections
terminate primarily onto dendrites, and are excitatory
and also glutamatergic.*#! Cortico and thalamic inputs
are distinguished by their transporter molecules and
by their regulation of striatal circuitry.** Extracellu-
lar physiological recordings in awake, behaving mon-
keys show that the MSNs are phasically active neurons
(PANSs). These cells have a very low spontaneous dis-
charge rate (0.5-1 spike/s), but a relatively high firing
rate (10-40 spikes/s) associated with behavioral tasks,
including movement, preparation for movement, and
the performance of learned tasks.**# Brain stem pro-
jections from the dopaminergic cells of the SNc and the
VTA terminate onto the spines as well as the dendritic
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shafts of the MSNs.“° However, recent studies of the
relationship between dopaminergic terminals and corti-
cal and thalamic inputs show that all cellular structures
in the striatum are within approximately 1 um of a ty-
rosine-hydroxlyase—positive synapse, suggesting a non-
selective dopaminergic axon lattice in the striatum.* In
addition to projections from the cortex, thalamus, and
brain stem, MSNs also receive input from interneurons
and from local collaterals of other MSNs.?512

While overall the striatum is a relatively homog-
enous structure, striatal neurons do form clusters, re-
ferred to as cell islands.”® Moreover, histochemical and
tracing studies show a patchy organization of transmit-
ter-related molecules and afferent terminals.*> For
example, acetylcholinesterase (AChE)-poor striatal re-
gions (termed striosomes or patches) are surrounded by
a densely stained “matrix.” The striosomes, embedded
in the AChE-rich matrix, correspond to opiate-receptor
patches as well as to several other transmitter-related
compounds.”® While several hypotheses have been put
forth concerning the significance of the compartmental
organization in the striatum, it continues to present a
challenge in understanding the functional significance
of this complex arrangement.

Unique features of the ventral striatum

Several features of the VS stand out as particularly
unique. Firstly, embedded within parts of the VS are the
islands of Calleja or cell islands, identifiable in all mam-
malian species by their dense core of granule cells,* the
largest of which (Calleja magna) forms the medial bor-
der of the nucleus accumbens. Additional, albeit smaller,
islands (referred to as interface islands,’”) are located in
the basal forebrain in primates, including humans. The
neurochemical features of these islands suggest that
they may function as a type of “endocrine striatopallidal
system.”*® Of particular interest is the fact that the cells
in the islands are thought to contain quiescent, imma-
ture cells that remain in the adult brain.* In support of
this idea, studies show that bcl2 protein—which, though
abundant in fetal neurons, persists in limited regions of
the adult primate brain—marks these islands.®*®' Sec-
ondly, a subterritory of the VS, the shell region, divides
the VS into two parts, a medial/ventral shell region and
a central core region.®” Experiments aimed at delineat-
ing the functional significance of these two regions have

10

been instrumental in understanding the circuitry under-
lying goal-directed behaviors, behavioral sensitization,
and changes in affective states. Studies in rodents have
been particularly important in demonstrating the or-
ganization of the shell and core and their relationship
to distinct ventral striatal afferent and efferent pro-
jections.®*® Whereas several transmitter and receptor
distribution patterns distinguish the shell/core subter-
ritories, lack of calbindin-positive staining is the most
consistent marker for the shell across species.®® Thirdly,
while the basic cortical basal ganglia loop is similar in
all basal ganglia circuits, the VS alone receives an ad-
ditional subcortical input from the amygdala and from
the hippocampus, for which there is no comparable in-
put to the other basal ganglia territories.’"% Finally, the
DA transporter is relatively low throughout the VS, in-
cluding the core. This pattern is consistent with the fact
that the dorsal-tier DA neurons that project to the VS
express relatively low levels of messenger RNA for the
DA transporter, compared with the ventral tier.

Corticostriatal connections

The organization of basal ganglia circuitry is best ap-
preciated within the context of frontal cortical orga-
nization. The basal ganglia and frontal cortex operate
together to learn optimal behavior policy and to ex-
ecute goal-directed behaviors. This requires not only
the execution of motor plans, but also the behaviors
that lead to this execution, including emotions and mo-
tivation that drive behaviors, cognition that organizes
and plans the general strategy, motor planning, and
finally, the execution of that plan. The components of
the frontal cortex that mediate behaviors, including the
motivation and emotional drive, coupled with the plan-
ning and cognitive components to plan the action, and
finally, the movement itself, are reflected in the orga-
nization, physiology, and connections between areas of
frontal cortex and in their projections to the striatum.
The frontal cortex can be divided into several general
functional regions (Figure 2): the orbital and medial
prefrontal cortex (PFC), involved in emotions and mo-
tivation; the dorsolateral PFC, involved in higher cog-
nitive processes or “executive functions”; the premotor
areas, involved in different aspects of motor planning;
and motor cortex, involved in the execution of those
plans. Although the striatum also receives input from
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other cortical areas, we focus on the frontal cortex be-
cause it receives the main basal ganglia output via the
thalamus. Inputs from other cortical areas are also func-
tionally organized, such that they overlap with frontal
projections in the striatum, which are both functionally
related and closely connected with specific frontal re-
gions, %6869

Corticostriatal terminals, which are primarily from
the layer-five and deep-layer-three pyramidal neurons
are distributed in a patchy manner.””’! This patchy pat-
tern is consistent with patterns found with other affer-
ent projections as well as with transmitter-related com-
pounds. Whereas the VS is associated with emotion, the
caudate nucleus with cognition, and the putamen with
sensorimotor function, it is important to remember that
there is no clear boundary between the VS and DS,
and the separation between the caudate nucleus and
the putamen is merely a structural one, based solely on
the IC separation, not a functional one. The distribu-
tion of terminals from the cortex is generally organized
topographically (Figure 3). Thus, prefrontal areas proj-
ect primarily to the VS and rostral caudate nucleus and
putamen. Sensorimotor areas project more caudally,
primarily to the putamen. These distributions form the
basis for the idea of parallel and segregated cortico—
basal ganglia circuits. However, when terminals from
various cortical areas are examined closely, it clearly
demonstrates extensive convergence of inputs from dif-

Figure 2. Schematic illustrating key areas of frontal cortex. dACC, dorsal
anterior cingulate cortex; dIPFC, dorsolateral prefrontal cortex;
dmPFC, dorsomedial prefrontal cortex; OFC, orbitofrontal cor-
tex; PrM, premotor cortex; VIPFC, ventrolateral prefrontal cor-
tex; vmPFC, ventromedial prefrontal cortex.

1M1

ferent functional regions. This actually creates a com-
plex interface between inputs from functionally distinct
regions. Indeed, each cortical region, while projecting
topographically to the striatum, does not maintain the
narrow funneling that would be required to “fit” a large
cortex into a far smaller striatal volume. For example,
the volume occupied by the collective dense terminal
fields from the ventromedial PFC (vmPFC), dorsal an-
terior cingulate cortex (dACC), and orbitofrontal cor-
tex (OFC) is approximately 22% of the striatum, a larg-
er cortical input than would be predicted by the relative
cortical volume of these areas.'

Motor and premotor corticostriatal projections

The projections from motor and premotor cortices were
some of the first to be identified.”” Projections from M1
terminate almost entirely in the putamen, in the dor-
solateral and central region. There are some terminals,
albeit few, rostral to the anterior commissure; however,
the main projection lies caudal to the anterior commis-
sure. The caudal premotor area projects to a striatal re-
gion that is just adjacent to M1 projections. These termi-

@ Pre/Motor
dPFC

@ dAcc

@ oFC

@ vmPFC

Figure 3. Schematic illustrating the general topography of frontal inputs
to the rostral striatum. dACC, dorsal anterior cingulate cortex;
dPFC, dorsal prefrontal cortex; OFC, orbitofrontal cortex; vmP-
FC, ventromedial prefrontal cortex.
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nals extend only slightly into the caudate nucleus. The
rostral premotor areas terminate in both the caudate
and putamen, bridging the two with a continuous projec-
tion. These terminals extend more rostrally than those
from the motor cortex, although they do not extend into
the rostral pole of the striatum. Both motor and premo-
tor areas extend through much of the putamen caudally.
This dorsolateral sector of the striatum also receives
overlapping projections from parietal areas associated
with somatosensory function. Furthermore, these pari-
etal projections follow the same somatotopic organiza-
tion.” Thus, the dorsolateral striatum is linked to motor
function.” Physiological studies support this idea, dem-
onstrating somatotopic maps and neuronal responses
to specific movement.”*”> Moreover, imaging studies in
humans show that activity in the lateral putamen is as-
sociated with repetitive and well-learned movements
that require little cognitive effort. In contrast, activity
recorded during the learning of sequential movements
in both monkey physiological experiments, as well as
in human imaging studies, demonstrate activity in the
rostral motor regions (pre-supplementary motor area
[SMA]) and more anterior striatal areas including the
caudate nucleus.”®”” The frontal eye fields send projec-
tions to the striatum that terminate in the central lat-
eral part of the head and body of the caudate nucleus.
This area of the cortex also contains a rostral region,
referred to as the supplementary eye fields, which has
a relationship to the frontal eye fields, with respect to
learned acquisition of oculomotor behaviors, similar to
that which the rostral and caudal motor regions have to
learned behavioral sequences of hand movements.”™ Fi-
nally, the motor cingulate cortex also sends an overlap-
ping projection to the sensorimotor region of the stria-
tum.”"” Taken together, the motor and premotor areas
(and the frontal eye fields) mediate different aspects of
motor behavior, including planning, learning, and ex-
ecution, which are in turn reflected both anatomically
and physiologically in the central and lateral caudate
nucleus and in the central, dorsal, and lateral putamen,
respectively. The pattern of neuronal discharge in these
striatal regions that accompanies these behaviors has
been proposed to underlie procedural learning.”%

Prefrontal and anterior cingulate—striatal projections

Together, projections from PFC and ACC cortical ar-
eas terminate primarily in the rostral striatum, includ-
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ing the VS, caudate, and putamen. Whereas terminals
are mostly located rostral to the anterior commissure, a
small portion continues caudally for some distance.'*!
The PFC and ACC are comprised of several regions
that are associated with reward, motivation, and cogni-
tion. According to specific roles for mediating different
aspects of these behaviors, these regions can be func-
tionally grouped into: (i) the OFC; (ii) the dACC; (iii)
the vmPFC, which includes medial OFC, the subgenual
ACC, and area 10; and (iv) the dorsal PFC (dPFC).

Overall, the ACC and OFC project primarily to the
rostral striatum and include terminals in the medial
caudate nucleus, the medial and ventral rostral puta-
men, and the nucleus accumbens (both the shell and the
core). This projection extends caudally and occupies the
ventromedial portion of the caudate nucleus and the
most ventral and medial part of the putamen.”8!"8 In-
deed, the caudal, ventral putamen has been suggested
to be the caudal extension of the VS.* The vmPFC is
closely associated with visceral and emotional func-
tions and has strong connections to the hypothalamus,
amygdala, and hippocampus. These cortical cells track
values in the context of internally generated states, such
as satiety.¥® Moreover, this area plays a role, not only
in valuation of stimuli, but also in selecting between
these values. However, perhaps the most remarkable
feature of the vmPFC valuation signal is its flexibility.
While several other brain regions rely on experience to
estimate values, vmPFC can encode values that must be
computed quickly, often just prior to or during an ac-
tion.* The shell receives the densest innervation from
the vimPFC and from the agranular insular cortex, areas
involved in monitoring the internal milieu. vimPFC pro-
jections also extend dorsally into the medial wall of the
caudate nucleus.®! Nonetheless, the vimPFC projection
field to the striatum is the most limited of the frontal
cortex and is concentrated within the shell and a narrow
column along the medial border of the caudate nucleus
adjacent to the ventricle (Figure 4a).

A key function of the OFC is to link sensory rep-
resentations of stimuli to outcomes, which is consistent
with its connections to both sensory and reward-related
regions.”’# The OFC’s unique access to both primary
and highly processed sensory information, coupled with
connections to the amygdala and ACC, explain many
of the functional properties of the region. The two car-
dinal tests of OFC function are reward devaluation
paradigms and stimulus-outcome reversal learning.®%
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In contrast to projections from the vmPFC to the stria-
tum, the OFC projects to the central and lateral parts of
the VS8 Here, these projections extend more centrally
and overlap with inputs from the lateral aspects of the
dPFC. OFC projections also continue dorsally along
the medial regions of the caudate nucleus and ventro-
medial part of the putamen (Figure 4b). However, they
are located lateral to those from the vmPFC. Within the
OFC projections, there also is some topography such
that medial OFC regions terminate medial to those
from more lateral OFC areas. Nonetheless, the overlap
between the OFC terminals is large.

The dACC is tightly linked with many PFC areas,
including most areas of the dPFC, regions associated
with cognitive control, and more caudally, with motor
control areas. Thus, the dACC sits at the connectional
intersection of the brain’s reward and action networks.
Unlike OFC,dACC appears not to be involved in learn-
ing reward reversals based on sensory cues. However, it
is associated with reward that is tied to two different
actions (such as “turn” or “push”).”> Imaging studies
show ACC activation in a wide variety of tasks, many
of which can be explained in the context of selecting
between different actions.” Projections from the dACC
to the striatum are extensive and stretch from its ros-
tral pole to the anterior commissure. Terminals are lo-
cated in both the central caudate nucleus and putamen.
Moreover, there are some patches of dACC terminals
also found in the VS. However, they primarily avoid the
shell region. Overall, these fibers terminate somewhat
lateral to those from the OFC. Thus, the OFC terminal
fields are positioned between the vmPFC and dACC
(Figure 4c). However, projections from the dACC ex-
tend dorsally and somewhat more centrally into the
caudate nucleus and overlap with inputs from the me-
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Figure 4. Combined chartings of labele

d fibers following injections into different prefrontal regions. (a) vmPFC, ventromedial prefrontal cortex; (b) OFC,

dial parts of the dPFC (particularly rostral area 9). Im-
portantly, that part of the cingulate cortex that is closely
connected to motor areas projects to the dorsolateral
striatum. These terminals do not extend into the VS.*
The dPFC is engaged when working memory is re-
quired for monitoring incentive-based behavioral re-
sponses. It also encodes reward amount and becomes
active when anticipated rewards signal future out-
comes.®% The dPFC projects primarily to the rostral
central region of the caudate nucleus.”* However, the
rostrocaudal extent of this projection is quite large and
is one of the largest to the striatum and, thus, interfaces
with several other cortical areas.'*” This innervation
extends from the rostral pole, through the rostral, cen-
tral putamen, and much of the length of the caudate
nucleus.'*!” These projections are organized somewhat
topographically such that, for example, input from the
rostral pole of the frontal cortex terminates most dense-
ly in the rostral part of the striatum, including both the
caudate and putamen. There are few terminals in the
central and caudal putamen. In contrast to the vmPFC,
OFC, and dACC, terminals from the dPFC are located
primarily in the head of the caudate and the medial,
ventral, and central parts of the rostral putamen (Fig-
ure 4d). The dorsolateral portion of the putamen con-
tains fewer terminating axons. Consistent with input
from this cortical area, cells in the head of the caudate
nucleus demonstrate spike-firing activity during the de-
layed portion of the task. This activity resembles that
observed in the dPFC.”® Furthermore, imaging studies
support the idea that the head of the caudate is instru-
mental in delayed tasks, particularly in specific working
memory tasks.” Finally, lesions of the caudate nucleus
in both human and nonhuman primates produce deficits
in working memory, as measured by delayed response

ot i

orbitofrontal cortex; (c) dJACC, dorsal anterior cingulate cortex; (d) dIPFC, dorsolateral prefrontal cortex. Cd, caudate; Pu, putamen.
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tasks.!” Taken together, the caudate nucleus—in par-
ticular, the head of the caudate—is involved in work-
ing memory and strategic planning processes, working
together with the dPFC in mediating this function.
Fewer studies have focused on projections from
other cortical areas to the striatum. As with the frontal
lobe, temporal lobe projections terminate throughout
wide areas of the striatum.!*$8101192 The superior tempo-
ral gyrus terminates primarily in the central half of the
caudate nucleus and overlaps and is interdigitated with
inputs from dPFC. Inferior temporal areas terminate
more ventrally, including the caudal and ventral puta-
men. These inputs overlap to some extent with those
from the medial and orbital prefrontal areas. Visual ar-
eas in the temporal lobe terminate primarily in the cau-
dal part of the striatum. Projections from the parietal
lobe terminate in striatal areas that complement those
that are interconnected with frontal lobe projections.”

The amygdala and hippocampal projections to the
ventral striatum

The amygdala is a prominent limbic structure that plays
a key role in emotional coding of environmental stimuli
and provides contextual information used for adjusting
motivational level that is based on immediate goals. The
basolateral nuclear group processes higher-order senso-
ry inputs in all modalities except olfactory, and responds
to highly palatable foods, and “multimodal” cues. This is
the primary source of amygdaloid input to the VS out-
side the shell.®* The lateral nucleus has a relatively mi-
nor input to the VS, while the basal and accessory basal
nuclei prominently innervate both the shell and VS stria-
tum outside the shell. The shell is set apart from the rest
of the VS by a specific set of connections from the central
nucleus, periamygdaloid cortex, and the medial nucleus
of the amygdala. The amygdala has few inputs to the DS
in primates. In contrast to the amygdala, the hippocam-
pal formation (specifically the subiculum) projects to a
more limited region of the VS and is primarily confined
to the shell region. Some afferent fibers are also derived
from the parasubiculum and part of CA1.!

Integration between prefrontal corticostriatal
projections

While the topographic organization of corticostriatal
projections is well documented, there is increasing evi-
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dence for regions of interface between terminals from
different cortical areas, suggesting functional integration.
For example, early studies showed that corticostriatal
terminals from sensory and motor cortex converge with-
in the striatum.” Here, axons from each area synapse
onto single fast-spiking GABAergic interneurons. Inter-
estingly, these interneurons are more responsive to corti-
cal input than the MSNs.!™1% This suggests a potentially
critical role for interneurons in integrating information
from different cortical areas before passing that informa-
tion on to the medium spiny projection cells.

Despite the general PFC topographic input to the
striatum described above, dense terminal fields from
the vmPFC, OFC, and dACC show a complex inter-
weaving and convergence, providing an anatomical sub-
strate for modulation between circuits' (Figure 5). For
example, dense projections from the dACC and OFC
regions converge extensively at rostral levels. By con-
trast, there is greater separation of projections between
terminals from the vmPFC and the dACC/OFC, par-
ticularly at caudal levels. These regions of convergence
between the dense terminal fields of the vimPFC, OFC,
and dACC provide an anatomical substrate for integra-
tion between different reward processing circuits within
specific striatal areas and may represent critical “hubs”
for integrating reward value, predictability, and salience
(Figure 5a).

In addition to convergence between vmPFC, dACC,
and OFC dense terminals, projections from dACC and
OFC also converge with inputs from the dPFC, dem-
onstrating that functionally diverse PFC projections
also converge in the striatum (Figure 5b). At rostral lev-
els, dPFC terminals converge with those from both the
dACC and OFC, although each cortical projection also
occupies its own territory. Here, projections from all PFC
areas occupy a central region, the different cortical pro-
jections extending into nonoverlapping zones. Conver-
gence is less prominent caudally, with almost complete
separation of the dense terminals from the dPFC and
dACC/OFC just rostral to the anterior commissure. Im-
portantly, convergence does not take place only at the
boundaries or edges of different functional domains.
Rather, there are dense clusters of invading terminals
from the dPFC embedded deep within the dense projec-
tion field of the OFC."*** Since MSNs have a dendritic
field spanning 0.5 mm,'” the area of convergence is likely
to be larger than that estimated solely on the basis of the
relationship between the afferent projections.
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Using a computational model to characterize
the consistency of cortical projection zones into the
striatum, investigators can predict striatal locations
that receive specific cortical inputs. These data dem-
onstrate that there is an exponential decay in over-
lap as a function of distance.” Thus, convergence of
cortico-striatal terminals from cortical areas that
are separated by 5 mm is 50% in nonhuman pri-
mates. The overlap decreased to below 20% from
regions separated by 30 mm. However, this distance
between cortical regions can span several functional
domains. For example, there is a region within the
rostral, anterior striatum that receives projections
from across the prefrontal cortical regions, includ-
ing the vmPFC, OFC, dACC, and dorsal and lateral
PFC (Figure 5¢).

A similar pattern of both topographic and inte-
grative connectivity of corticostriatal projections has
been demonstrated in the human brain by diffusion
magnetic resonance imaging (MRI). These data show
a similar overall organization of the different corti-
cal regions and the striatum, providing a strong cor-
relation between monkey anatomical tracing studies
and human diffusion MRI 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 chan-

dPFC
; @ dACC
% @ OFC
4 @ vmPFC

neling reward-based incentive drive in selecting be-
tween different valued options.

There has been growing interest in the idea of
broad associative cortical networks, which feature
nodes (or connection hubs) that integrate and distrib-
ute information across multiple systems.!®!1 These
studies indicate that there are specific regions that
receive inputs from multiple cortical areas that cross-
link between functional systems. The above data sug-
gest that these hubs exist in the striatum as well as the
cortex. In particular, this rostral striatal region may
serve as a hub for vmPFC, OFC, and dACC to con-
nect with dorsal and lateral PFC regions that integrate
motivational, reward, and cognitive control informa-
tion. It is possible that this convergence of cortical
areas on specific locations in the striatum may thus
facilitate value computations across diverse domains
into a common currency. Thus, a coordinated activa-
tion of dPFC, dACC, and/or OFC terminals in specific
striatal regions would produce a unique combinatorial
activation at the specific sites, suggesting specific sub-
regions for reward-based incentive drive to impact on
long-term strategic planning and habit formation. In
contrast to this, some striatal regions, particularly pos-
terior and lateral portions, receive inputs from only a
few prefrontal regions, and therefore they may serve
more specialized computational roles.

Figure 5. Schematics demonstrating convergence of cortical projections from different reward-related regions and dorsal prefrontal areas. (a) Conver-
gence between dense projections from vmPFC, OFC, and dACC. (b) Convergence between dense projections from vmPFC, OFC, dACC, and
dPFC. (c) Probabilistic map of areas of convergence in the striatum. Color in each section indicates voxels that receive projections from 0 to 5
prefrontal cortical regions (ie, vmPFC, OFC, dACC, dPFC, vIPFC). Cd, caudate; dACC, dorsal anterior cingulate cortex; dPFC, dorsal prefrontal
cortex; IC, internal capsule; OFC, orbitofrontal cortex; Pu, putamen; vmPFC, ventromedial prefrontal cortex; VS, ventral striatum.

Modified from ref 15: Averbeck BB, Lehman J, Jacobson M, Haber SN. Estimates of projection overlap and zones of convergence within frontal-striatal circuits. J
Neurosci. 2014;34(29):9497-9505. Copyright © Society for Neuroscience 2014
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Relationship of the substantia nigra/ventral
tegmental area connections to the
corticostriatal organization

The midbrain DA neurons play a unique role in basal
ganglia and cortical circuits modulating a broad range
of behaviors from learning and working memory to
motor control. These neurons play a key role in the ac-
quisition of newly acquired behaviors. While the role
of DA in reward has been well established,'"!!? its pri-
mary function is to direct attention to important stimuli
likely to bring about a desired outcome.'® Behavioral
and pharmacological studies of DA pathways have
lead to the association of the mesolimbic pathway and
nigrostriatal pathway with reward and motor activity,
respectively; more recently, both of these cell groups
have been associated with encoding of reward or sa-
liency prediction errors. In this respect, the DA system
has been an intense focus of productive research in the
development of reward-based learning, drug addiction,
and plasticity.!!15

A dorsal group of cells (retrorubral) are loosely ar-
ranged and extend dorsolaterally, circumventing the su-
perior cerebellar peduncle and the red nucleus. These
cells merge with the immediately adjacent VTA to form
a continuous mediodorsal band of cells. The dendrites
of this dorsal group stretch in a mediolateral direction,
and do not extend into the ventral parts of the pars
compacta or into the pars reticulata. Calbindin (CaBP),
a calcium binding protein, is an important phenotypic
marker for both the VTA and the dorsal SNc. This group
is referred to as the dorsal tier. In contrast, a ventral cell
group (the ventral tier) is calbindin-negative, with den-
drites oriented ventrally and extending deep into the
SNr.57116117 The main connections of the SNc are to the
striatum and cortex. In addition, there are connections
with the pallidum STN, thalamus, hippocampus, amyg-
dala, and brain stem structures. The DA synapses are in
a position on the dendrites of the MSNs to modulate
incoming cortical information or exert a generalized
volume effect in the striatum. Therefore, with relatively
few synapses, the impact of the dopaminergic innerva-
tion on corticostriatal modulation is large.

While projections from the different DA cell groups
are not as topographically organized as inputs from
the cortex, there is an important organization to this
input that underlies a mechanism for modulating the
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different corticostriatal regions, especially across func-
tional domains. This complex system includes both the
DA -striatal pathway as well as the striatal input to the
DA neurons. There is a general inverse dorsal-ventral
topographic organization to the midbrain projection to
the striatum. The dorsal DA cells project to the ventral
parts of the striatum, while the ventrally placed cells
project to the dorsal parts of the striatum.'>!® Thus, the
dorsal tier projects to the VS, and the ventral tier proj-
ects centrally and throughout different regions of the
striatum, with the most ventral part of this cell group
projecting primarily to the dorsolateral (sensorimotor)
striatum. The shell region of the VS receives the most
limited input, primarily derived from the VTA. The rest
of the VS receives input from the entire dorsal tier and
from the most medial and dorsal part of the ventral
tier. In contrast to the VS, the central striatal area (the
region innervated by the dPFC) receives input from a
wide region of the ventral tier. In addition to an inverse
topography, there is also a differential ratio of DA pro-
jections to the different striatal areas. The input to the
VS is derived from the most limited midbrain region,
whereas the input to the dorsolateral striatum is de-
rived from the largest midbrain area.'

Projections from the striatum to the midbrain are
also arranged in an inverse dorsal-ventral topography.
Thus, the dorsal aspects of the striatum terminate in the
ventral regions of the midbrain, whereas the ventral ar-
eas terminate dorsally.?>!" Moreover, inputs from the
ventromedial striatum, including the shell, terminate
throughout an extensive dorsal region, including the
VTA and the medial SNc, along with the medial SNr.
Thus, the VS projects widely throughout the rostro-
caudal extent of the SN, including a large mediolateral
area of dopaminergic cells. Taken together, the VS in-
nervates a large area of the midbrain, but receives a
relatively limited afferent midbrain input. At central
and caudal levels, this projection field extends laterally
and includes much of the ventral tier cells. The central
striatum projection terminates more ventrally, primar-
ily in the ventral tier (and associated SNr). The dorso-
lateral striatum projections to the midbrain terminate
in the ventrolateral midbrain in the pars reticulata,
which includes some of the dopaminergic cell columns
that extend into this region. Thus, in contrast to the VS,
the dorsolateral striatum projects to a limited midbrain
region, but receives a relatively extensive midbrain in-
put.’?
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Thus, although the striato-nigro-striatal projec-
tion system demonstrates a loose topographic and
functional organization—the VTA and medial SN are
associated with the limbic system, and the lateral and
ventral midbrain are related to the associative and
motor striatal regions, respectively—there is a com-
plexity of the inputs and outputs that influences those
functions. Specifically, the data show that the VS in-
fluences a wide range of DA neurons, but is itself in-
fluenced by a relatively limited group of DA cells. On
the other hand, the dorsolateral striatum influences a
limited midbrain region, but is affected by a relatively
large midbrain region. Thus, the size and position of
the afferent and efferent connections for each system
allow information from the limbic system to reach
the motor system through a series of connections.!
The dorsal tier projects to the VS. However, the VS
efferent projection to the midbrain extends beyond
the tight ventral striatal/dorsal tier/ventral striatal
circuit, terminating lateral and ventral to the dorsal
tier. This area of terminal projection does not proj-
ect back to the VS. Rather, cells in this region proj-
ect more dorsally, into the striatal area that receives
input from the dPFC. Through this connection, the
same cortical information that influences the dorsal
tier through the VS also modulates parts of the ven-
tral tier region that projects to the central striatum.
This central striatal region is reciprocally connected
to the central part of the ventral tier. But it also proj-
ects to its more ventral parts. Thus, projections from
the dPFC, via the striatum, are in a position to in-
fluence cells that project to motor control areas of
the striatum. The dorsolateral striatum is reciprocally
connected to the ventral tier. The confined distribu-
tion of efferent dorsolateral striatal fibers limits the
influence of the motor striatum to a relatively small
region involving the primarily dopaminergic cells em-
bedded within the SNr. Taken together, the interface
between different striatal regions via the midbrain
DA cells is organized in an ascending spiral intercon-
necting different functional regions of the striatum
(Figure 6). Through this spiral of inputs and outputs
between the striatum and midbrain DA neurons, in-
formation can flow from limbic to cognitive to motor
circuits, providing a mechanism by which motivation
and cognition can influence motor decision-making
processes and appropriate responses to environmen-
tal cues.
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Figure 6. Striato-nigro-striatal connections. Through the organization of

striato-nigro-striatal projections, the ventral striatum can influ-
ence the dorsal striatum. Midbrain projections from the shell
target both the ventral tegmental area (VTA) and ventromedial
substantia nigra, pars compacta (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 striato-nigro-
striatal projections, through which the ventral striatum impacts
on cognitive and motor striatal areas via the midbrain dopa-
mine cells. dJACC, dorsal anterior cingulate cortex; dPFC, dorsal
prefrontal cortex; OFC, orbitofrontal cortex; vmPFC, ventrome-
dial prefrontal cortex. Red, vmPFC pathways; dark orange, OFC
pathways; light orange, dACC pathways; yellow, dPFC path-
ways; green, output to motor control areas.
Modified from ref 13: Haber SN, Fudge JL, McFarland NR. Striatonigros-
triatal pathways in primates form an ascending spiral from the shell to
the dorsolateral striatum. J Neurosci. 2000;20:2369-2382. Copyright ©
Society for Neuroscience 2000



State of the art

Functional considerations

Most models of basal ganglia function rely on the con-
cept of parallel processing. This is based on the idea that
each cortical area mediates a parallel and segregated
circuit through each of the basal ganglia structures.
Therefore, these models do not address how informa-
tion flows between circuits, thereby developing new
learned behaviors (or actions) from a combination of
inputs from emotional, cognitive, and motor cortical
areas. Although the frontal cortex is indeed divided ac-
cording to specific functions, expressed behaviors are
the result of a combination of complex information
processing that involves all the frontal cortex. The de-
velopment and execution of appropriate responses to
environmental stimuli require continual updating, and
learning and adjustments of the response. Thus, re-
sponse learning does not represent a separate motor,
cognitive, and motivational tract; rather, it is the com-
bination of these areas working together that forms a
smoothly executed, goal-directed behavior. Although
the anatomical pathways appear to be generally topo-
graphic from cortex through basal ganglia circuits and
there are some physiological correlates to the func-
tional domains of the striatum, there are major points
that argue against a strict parallel processing system.
A number of studies show that these pathways are not
as segregated as once thought.'*?*12 The dendrites
and axons of the striatal interneurons often cross func-
tional boundaries and have been suggested to be one
mechanism that integrates information across regions.
The fact that adjacent areas overlap in function is not
surprising. Many cortical areas are tightly linked to the
immediately adjacent cortex. Nonetheless, the interface
between functional circuits increases with the complex-
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Circuito cortico-estriatal

Las conexiones cortico-estriatales juegan un papel cen-
tral en el desarrollo de conductas adecuadas dirigidas
a un objetivo, incluyendo la motivacion y los aspectos
cognitivos para desarrollar acciones apropiadas para
obtener un resultado especifico. La corteza se proyecta
hacia el cuerpo estriado topograficamente. En conse-
cuencia, se han asociado diferentes regiones del cuerpo
estriado con estas diversas funciones: el estriado ventral
con la recompensa, el nucleo caudado con la cognicion
y el putamen con el control motor. Sin embargo, las co-
nexiones cortico-estritales son mds complejas y las inte-
racciones entre los territorios funcionales son amplias.
Estas interacciones se producen en regiones especificas
en las cuales se encuentra la convergencia de los campos
terminales de diferentes regiones corticales funcionales.
Este articulo proporciona una panordamica acerca de las
conexiones de la corteza con el cuerpo estriado y su pa-
pel en la integracidn de la informacion en las funciones
de recompensa, cognitiva y motora. Se hace hincapié
en la interfaz entre los dominios funcionales dentro del
cuerpo estriado.

Le circuit cortico-striatal

Les connexions cortico-striatales jouent un réle cen-
tral dans I'élaboration de comportements pertinents
axés sur des objectifs, dont la motivation et la cogni-
tion, pour mettre en oeuvre des actions adaptées en
vue d’ un résultat spécifique. Le cortex se projette sur
le striatum de facon topographique. Différentes régions
du striatum ont donc été associées a ces différentes
fonctions : le striatum ventral pour la récompense ; le
noyau caudé pour la cognition ; et le putamen pour le
contréle moteur. Les connexions cortico-striatales sont
néanmoins plus complexes et les interactions entre les
territoires fonctionnels sont larges. Ces interactions sur-
viennent dans des régions spécifiques ou il y a conver-
gence de territoires terminaux issus de régions corticales
fonctionnelles différentes. Cet article offre une mise au
point sur les connexions du cortex vers le striatum et
sur leur réle d’intégration de I'information par le biais
des fonctions motrices, cognitives et de récompense.
L'accent est mis sur I'interface entre les domaines fonc-
tionnels au sein du striatum.
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