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Abstract

The thalamus is a critical component of the frontal cortical-basal ganglia-thalamic circuits that
mediate motivation and emotional drive, planning and cognition for the development and
expression of goal-directed behaviors. Each functional region of the frontal cortex is connected
with specific areas of each basal ganglia (BG) structure and of the thalamus. In addition, the
thalamus sends a massive, topographically organized projection directly to the striatum. Tract-
tracing and physiological experiments have indicated a general topographic organization of the
cortical-BG-thalamic loops and supported a model of BG function based on parallel and
segregated pathways. However, the learning and execution of appropriate behavioral responses
require integration of inputs related to emotional, cognitive, and motor cortical functions. Our
recent data indicate that integration may occur via non-reciprocal connections between the
striatum and substantia nigra and within “hot spots” of convergence between cortico-striatal
projections from different functional regions. Similarly, integration may exist in the thalamus.
There are non-reciprocal connections between the thalamus and cortex via thalamocortical
projections that terminate in the superficial and deep cortical layers. These terminals can influence
different functional cortical areas that, in turn, project to the striatum and back to the thalamus. In
addition, a non-reciprocal corticothalamic projection terminates in thalamic regions that are parts
of other circuits. Finally, ‘hot spots’ of convergence between terminals from different cortical
regions may also occur in the thalamus as is seen in the striatum. Thus, via several different
pathways, the thalamus may serve as an important center of integration of networks that underlie
the ability to modulate behaviors.

Introduction

Traditionally the basal ganglia (BG) have been considered to be primarily involved in the
control of motor function [1] [2]. However, our knowledge of BG function has dramatically
changed in the last 20 years. These structures are now considered to be particularly critical
for learning of new complex behaviors [3] [4]. Thus, in addition to their involvement in the
expression of goal-directed behaviors through movement, the BG are also involved in the
processes that lead to movement, including emotions, motivation, and cognition [5] [6]. The
BG are linked to the frontal cortex. The functional components of the frontal-BG-thalamic
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circuits that mediate motivation and emotional drive, planning and cognition, and
movement, are reflected in the connections between specific areas of frontal cortex [7]. The
thalamus is a critical piece of this circuitry. The thalamus is also organized into functional
regions based on their connections to cortex [8] [9]. Thus, different frontal cortical areas and
the corresponding BG and thalamic regions are involved in various aspects of motivation,
cognition, and motor control.

Topographic organization of pathways

Functional cortico-BG loops

Each functional region of the frontal cortex is connected with specific areas in each BG
structure. The anterior cingulate cortex (ACC) and orbital frontal cortex (OFC) mediate
different aspects of reward-based behaviors [10] [11]. Projections from the ACC/OFC
terminate primarily in the rostral, ventro-medial striatum [12] [13]. This striatal region,
commonly referred to as the ventral striatum (VS), projects to the ventral pallidum (VP) and
ventral tegmental area (VTA), and to the medial part of substantia nigra (SN) [14]. The
dorsolateral prefrontal cortex (DLPFC) is engaged when tasks involve strategic planning and
working memor [15]. In primates, projections from this prefrontal cortical region terminate
primarily in the rostral and dorsal caudate n. [16] [17], which, in turns, project to the central
part of the globus pallidum (GP) and SN [18]. The dorsal and rostral premotor cortex
(PMdr) is involved with monitoring and planning action and its projections terminate in the
dorsal and lateral caudate n. [19, 20] [16]. This striatal region sends afferent input to the
central and dorsal GP and ventral SN [18] [21].

Thalamo-striatal connections

In addition to these general cortico-BG loops, there is a dense thalamic projection to the
striatum. This projection also maintains a general functional topography. The midline and
intralaminar nuclei are the source of the most widely reported thalamostriatal projections
[22] [23-27]. These nuclei are further subdivided and associated with specific functions
related to their cortical connections. In rodents and primates, the midline and medial
intralaminar nuclei project to medial prefrontal areas, the amygdala and hippocampus, and,
as such, are considered the limbic-related thalamic nuclear groups [28] [29] [30]. The
intralaminar nuclei central medial (CM) and parafascicularis (Pf) have connections with
association areas. The lateral CM nucleus projects to both the primary motor (M1) and
sensory cortices and, therefore, is considered to be related to motor control [9] [31]. These
midline and intralaminar thalamic nuclei project topographically to the striatum such that the
midline and medial Pf nuclei project mainly to ventral (limbic) striatal areas, whereas the
more lateral intralaminar nuclei have connections with the dorsolateral (association-
sensorimotor) caudate and putamen [23] [32, 33]. In this way, the midline and intralaminar
thalamic nuclei project to striatal areas that are consistent with the cortical area they are
connected to, thus maintaining the functional distinction of different striatal regions.

In addition to intralaminar thalamic projections, in primates there is an equally large input to
the dorsal striatum from the “specific” thalamic BG relay nuclei, the medialis dorsalis
nuclues (MD), ventralis anterior (VA) and ventralis lateralis (VL) nuclei [33, 34]. These
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thalamic nuclei are also intimately connected with specific frontal cortical areas [8, 35-38].
Thus, different regions of the ventral motor nuclei (VA-VL) have reciprocal projections with
specific premotor, motor and cingulate cortices. Different parts of the MD nucleus are linked
to specific prefrontal areas. As with the midline and intralaminar nuclei, interconnected
ventral VA/VVL MD n and cortical areas project to the same region of the striatum [33, 39]
(Diagram 1). For example, the ventralis posterior lateralis pars oralis nucleus (VPLo0)
projects to M1 and the caudal premotor areas. These areas issue dense projections to the
dorsolateral putamen. The pars oralis of the VL nucleus (VLo) projects densely to the
supplementary motor area (SMA) and to the caudal cingulate motor area (CMACc). VLo and
SMA projections converge in the dorsal and central putamen. The pars caudalis of the VL
nucleus (VLc) is predominately connected with PMdr and caudal dorsal premotor cortex
(PMdc), but also has connections with ventral premotor areas (PMv) and the ventral part of
CMACc. VLc and PMdr projections mainly target the dorsolateral caudate nucleus. Rostral
motor areas, including PMdr, PreSMA, and rostral cingulate motor area (CMAr), receive
inputs from the parvicellular part of VA (VApc). Striatal projections from these areas
converge within the putamen and dorsolateral caudate (Diagram 1). Thus, there is a tight,
anatomical and functional triad of basal ganglia input and output structures, involving the
frontal motor cortices, the striatum, and the thalamic relay nuclei. These anatomical
connections indicate a dual role for the VA/VL and MD relay nuclei: relaying basal ganglia
output to frontal cortical areas and providing direct feedback to the striatum.

The thalamic link to cortex

The thalamus represents the final basal ganglia link back to cortex. This afferent projection
also maintains a general functional topography. In primates, the ventral lateral thalamic
complex and the MD nucleus receive the bulk of basal ganglia output (from the GP and SN
reticulata/SNr) [40] [41]. Each subdivision of the VA and VL nuclei receives input from
different pallidal and nigral regions. The magnocellular part of the VA nucleus (VAmc)
receives nigral inputs, whereas the VApc and VLo nuclei receive pallidal inputs. The MD
nucleus receives input from the medial SNr and the ventral GP [40, 42]. Regions of VL
receiving the main output from motor regions of GP project to motor and premotor areas of
frontal cortex [7] [35]. Likewise, VA is associated with the rostral premotor cortex and
DLPFC, and the MD nucleus is linked to the DLPFC, OFC and ACC [36] [38].

Thus, the functional topography of cortex is maintained from cortical connections to the
striatum, from the striatum to the GP/SNr, from these BG output structures to the thalamus,
and finally back to cortex. Taken together, distinct pathways from cortex through the
striatum, GP/SNr, thalamus, and back to cortex that mediate specific functions, such as
motor control, cognition and emotion occupy different regions within each of the cortico-
basal ganglia-thalamic structures. In addition, as mentioned above, the thalamus sends a
massive, topographically organized projection directly to the striatum. This general
topographic organization of the cortical-BG-thalamic loops has lead to a model of BG
function based on parallel and segregated pathways operating through discrete motor,
cognitive and limbic channels [43]. Moreover, it has been proposed that there are sub-
circuits within each functional area [44].

Brain Res Bull. Author manuscript; available in PMC 2015 June 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haber and Calzavara Page 4

Integrative processing of cortico-BG circuits

A major problem with the concept that functional information is processed solely through
parallel and segregated circuits is that it does not address how information might flow
between circuits, which is critical for developing new learned behaviors, or modifying old
ones. Learning requires integration of inputs related to emotional, cognitive, and motor
cortical functions. The development and execution of appropriate behavioral responses to
environmental stimuli require continual updating and learning. Thus, response learning is
unlikely to be contained within separate motor, cognitive and motivational neural circuits,
rather it is likely to be the result of integration of several functions that together form
smoothly executed, goal-directed behaviors. While the anatomical pathways appear to be
generally topographic from cortex through BG circuits, there is an emerging literature
supporting the idea that information from separate cortico-basal ganglia loops can influence
each other [21, 45-49]. First, while projections from cortex terminate in a general
topography through the BG structures, the dendrites and axons of cells within each
functional region often cross-functional boundaries. An example is the dendritic arbors in
the GP that extend beyond functional domains. In this way, distal dendrites from one
functional region can invade an adjacent one. Second, there is convergence of terminals
from functionally adjacent fields or regions onto progressively smaller BG structures [49,
50]. The fact that these adjacent regions overlap in function is not surprising. Many cortical
areas are tightly linked to the immediately adjacent cortex. Thus, ‘edges’ of functionally
identified regions are likely to process mixed signals. Moreover, the interface between
functional circuits increases with the complexity of interconnections within the intrinsic BG
circuitry and with the compression of pathways to successively smaller structures.

There are two additional important mechanisms that serve to integrate information between
different functional regions that extend beyond integration at the edges of terminal fields.
First, there are complex non-reciprocal arrangements between structures [21]. This
arrangement provides a directional flow of information between regions. For example, the
idea that the limbic striatum could influence motor output was first demonstrated in rodents
via a striato-nigro-striatal (SNS) pathway, in which the ventral striatum could influence the
dorsal striatum via the midbrain dopamine neurons, the cell group associated with reward-
based learning [47, 51]. This system is more complex in primates. There is an inverse
dorsal-ventral topographic organization to the midbrain striatal projection. The dorsal and
medial dopamine cells project to the ventral and medial parts of the striatum, while the
ventral and lateral cells project to the dorsal and lateral parts of the striatum [52]. Projections
from the striatum to the midbrain are also arranged in an inverse dorsal-ventral topography;
the dorsal aspects of the striatum terminate in the ventral regions of the midbrain, while the
ventral areas terminate dorsally [53].

The ascending and descending projections for each functional area of the striatum differs in
their proportional projections. The ventral striatum receives a limited midbrain input, but
projects to a large SN region. In contrast, the dorsolateral striatum receives a wide input, but
projects to a limited SN region. Thus the ventral striatum influences a wide region across
dopamine neurons, but is influenced itself by a relatively limited group of dopamine cells. In
contrast, the dorsolateral striatum influences a limited midbrain region, but is affected by a
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relatively large midbrain region. Moreover, for each striatal region there is one reciprocal
and two non-reciprocal connections with the midbrain. Dorsal to the reciprocal connection
lies a group of cells that project to the striatal region, but does not receive projections from
it. Ventral to the reciprocal component lie efferent terminals without an ascending reciprocal
connection. Finally, these three components for each striato- nigra-striatal projection system
occupy a different position within the midbrain. The ventral striatum system lies
dorsomedially, the dorsolateral striatum system lies ventrolaterally, and the central striatum
system is positioned between the two [21]. With this arrangement, information from the
limbic system can reach the motor system through a series of connections (spiral nigra
diagram). The ventral striatum, which receives input from the ACC/OFC, projects to the
midbrain terminating, in part, in the region that projects to the central (or associative)
striatum. The central striatum terminates, in part, in the SN region that, in turn, projects to
the dorsolateral (or motor) striatum. Taken together, information can thus be channeled from
the ventral striatum, to the central striatum, and finally to the dorsolateral striatum. In this
way, information flows from limbic to cognitive to motor circuits [21] (spiral nigra
diagram).

The second mechanism by which anatomical integration occurs is through specific regions
within a structure in which terminals from different functional areas converge, referred to
here as “hot spots”. This was demonstrated within the corticostriatal pathway that showed
two patterns of integrative connectivity [13] [16]. First, corticostriatal pathways are
composed of well-described, focal, circumscribed projections. While these projections are
organized in a general topographic manner, there is some convergence between terminal
fields from different functional regions. This includes specific areas in which focal
projections from cognitive- and reward-related prefrontal areas converge. In addition, focal
projections from cognitive- and motor control-related areas also converge in specific striatal
regions. These “hot spots” of interface between focal projections from different frontal
cortical regions may be important zones for dynamic restructuring of neural ensembles
fundamental to learning and habit formation. Thus, the corticostriatal network constitutes a
system in which cortex exploits the striatum for additional processing to modulate learning
and decision making leading to the development of goal-directed behaviors and habit
formation. The second pattern of integrative connectivity is based on cortical projections
that terminate in the striatum outside the focal terminal fields. These clusters of fibers,
referred to as a diffuse projection, are widespread in the striatum and extend the area of
potential interactions between cortical projections. The diffuse projections that penetrate into
other functional regions at some distance may serve a separate integrative function from the
convergence between focal projections (i.e., a broadcast vs. focal information processing).
Taken together, these features of the corticostriatal frontal pathways suggest a potential
integrative striatal network to help learning and flexible update of behavioral schemes.
These findings raised the question of whether similar features of integration may also occur
via the thalamus.
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The thalamo-cortico-thalamic component of the cortico-basal ganglia

circuits

The thalamic-cortical pathway is the last link in the circuit and is often treated as a simple
‘one-way relay’ back to cortex. However this pathway does not transfer information
passively, but rather plays a key role in regulating cortical ensembles of neurons through its
non-reciprocal connections with cortex. This occurs in two ways. First, the thalamus projects
to different cortical layers. Therefore, while the thalamus receives input from the deep
cortical layers, the thalamic projection to cortex, from the BG relay nuclei, terminates in
superficial, middle, and deep layers (layers I/11, 111/IV, and V, respectively) [39]. Projections
that terminate in layer V form both direct thalamo-corticothalamic and thalamo-
corticostriatal loops, thus sustaining information processing from the thalamus through each
specific cortico-BG circuit. Thalamo-cortical projections to the superficial layers play a key
role in corticocortical processing. In particular, thalamic projections to layers I/Il may have a
more global recruiting action response effecting wide networks affecting a wider network of
cortical activity. In contrast to the topographically-specific thalamo-cortical projections to
middle layers, the more widespread, diffuse terminals in layer I are in a position to modulate
neuronal activity from all cortical layers with apical dendrites ascending into layer I.
Moreover, this projection can provide an important mechanism for cross-communication
between basal ganglia circuits. Projections to superficial layers interface with corticocortical
connections. These cortical regions, in turn, send axons to the striatum, thereby potentially
modulating a different loop.

Second, while corticothalamic projections to specific relay nuclei are thought to follow a
general rule of reciprocity, corticothalamic projections to VA/VL and central MD sites, as
seen in other thalamocortical systems, are more extensive than thalamocortical projections
[9, 39, 54-58]. Furthermore, they are derived from areas not innervated by the same
thalamic region, indicating non-reciprocal corticothalamic projections to specific basal
ganglia relay nuclei [39]. Although each thalamic nucleus completes the cortico-BG
segregated circuit, the non-reciprocal component is derived from a functionally distinct
frontal cortical area. For example, the central MD has reciprocal connections with the lateral
and orbital prefrontal areas and also a non-reciprocal input from medial prefrontal areas; VA
has reciprocal connections with dorsal premotor areas and caudal DLPFC and also a non-
reciprocal connection from medial prefrontal areas; and VLo has reciprocal connections
with caudal motor areas along with a non-reciprocal connection from rostral motor regions.
The potential for relaying information between circuits through thalamic connections,
therefore, is accomplished both through the organization of projections to different layers
and through the non-reciprocal corticothalamic pathways. Thus, the BG-recipient-thalamic
nuclei appear to mediate information flow from higher cortical “association” areas of the
prefrontal cortex to rostral motor areas involved in “cognitive” or integrative aspects of
motor control to primary motor areas that direct movement execution. Therefore, similar to
the striato-nigro-striatal projection system and the corticostriatal projection system, the
thalamus also has a non-reciprocal and overlapping connectional arrangement with the
cortex. In addition, preliminary evidence also demonstrates that, like the corticostriatal
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projections, cortical projections from different functional regions may also converge in
specific thalamic regions [59].

A role for both parallel circuit and integrative cortico-BG-thalamic networks

Within each connected cortico-BG-thalamic structure, there are reciprocal connections
linking up regions associated with similar functions (maintaining parallel networks).
However, in addition, there are non-reciprocal connections linking regions that are
associated with different cortical-BG-thalamic circuits (figure 1). The development and
modification of goal-directed behaviors require continual processing of complex chains of
events, which is reflected in the feed-forward organization of both the striato-nigral
connections and the thalamo-cortical connections. Information can thus be channeled from
limbic, to cognitive, to motor circuits, to produce decision-making processes that integrate
different functional information, allowing the individual to respond appropriately to
environmental cues. Parallel circuits and integrative circuits must work together, allowing
coordinated behaviors to be maintained and focused (via parallel networks), but also to be
modified and changed according to the appropriate external and internal stimuli (via
integrative networks). Indeed, both the inability to maintain and to focus in the execution of
specific behaviors, as well as the inability to adapt appropriately to external and internal
cues, are key deficits in BG diseases which affect these aspects of motor control, cognition
and motivation. Taken together, it is clear that the thalamus not only relays information back
to cortex, but may also serve as an important center of integration of networks that underlie
the ability to modulate behaviors.
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Abbreviations

ACC anterior cingulate cortex

BG basal ganglia

CM central medial nucleus

CMAc caudal cingulate motor area
CMAr rostral cingulate motor area
DLPFC dorsolateral prefrontal cortex

GP globus pallidum

MD medialis dorsalis nucleus

M1 primary motor cortex

OFC orbital frontal cortex

Pf parafascicularis nucleus

PFC prefrontal cortex

PMdc dorsal and caudal premotor cortex
PMdr dorsal and rostral premotor cortex
PMv ventral premotor cortex

preSMA pre-supplementary motor area
SMA supplementary motor area

SN substantia nigra

SNr substantia nigra pars reticulata
SNS striato-nigro-striatal pathway
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VA
VAmMc
VApc
VL
VLc
VLo
vmPFC
VPLO
VP
VS
VTA
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ventralis anterior nucleus

ventralis anterior, pars magnocellularis nucleus
ventralis anterior, pars parvocellularis nucleus

ventral lateral nucleus

ventralis lateralis caudalis nucleus

ventralis lateralis oralis nucleus

ventral medial prefrontal cortex

ventralis posterior lateralis, pars oralis nucleus

ventral pallidum

ventral striatum

ventral tegmental area
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DorsolLateral
Putamen

M1/PMc
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Putamen

SMA/CMAc
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VLc

DorsolLateral
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PreSMA/PMr/
CMAr

Fig. 1.
Diagram illustrates functionally similar cortical and thalamic regions projection to the same

striatal area. Note the cortico-thalamic projection is reciprocal. The caudal motor-related
areas of the frontal lobe (primary motor area, M1; caudal premotor cortex, PMc;
supplementary motor area, SMA,; and caudal cingulate motor area, CMAC) are primarily
connected with the ventral thalamic nuclei VPLo and VLo. These cortical and thalamic
regions send converging efferents projections to the dorsolateral and dorsocentral putamen.
In contrast, the rostral motor-related areas of the frontal lobe (rostral premotor cortex, PMr;
pre-supplementary motor area, PreSMA; and rostral cingulate motor area, CMAr) are
primarily connected with the ventral thalamic nucleus VApc. These cortical areas and the
VApc send converging efferents projections to the dorsolateral caudate nucleus and to the
rostral putamen. Both rostral and caudal premotor areas, and CMAc are connected with the
ventral thalamic nucleus VVLc. These cortical areas and the VVLc send efferents projections to
the dorsolateral caudate n.
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Fig. 2.
Summary of thalamic terminal organization in cortical layers. Projections to the deep layers

may interact with neurons that, in turn, project back to both the thalamus and striatum.
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These terminals can directly reinforce corticothalamic and corticostriatal inputs to specific
cortico-BG circuits (A). In addition, through the non-reciprocal corticothalamic projection,
terminals in layer V may also interface with other cortico-BG circuits via projection to a
thalamic region that is part of another circuit system (B). Thalamocortical projections to the
superficial layers may have a similar dual function. These projections may interact with the

apical dendrites of layer V cells, further reinforcing each parallel circuit. In addition,

through corticocortical projections from layer 111, these terminals may influence adjacent

circu

its (modified from J. Neurosci., 2002, 22:8117-8132).
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