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Parallel, largely segregated, closed-loop projections are
an important component of cortical-basal ganglia-
cortical connectional architecture. Here, we present the
hypothesis that such loops involving the neocortex are
neither novel nor the first evolutionary example of
closed-loop architecture involving the basal ganglia.
Specifically, we propose that a phylogenetically older,
closed-loop series of subcortical connections exists
between the basal ganglia and brainstem sensorimotor
structures, a good example of which is the midbrain
superior colliculus. Insofar as this organization rep-
resents a general feature of brain architecture, cortical
and subcortical inputs to the basal ganglia might act
independently, co-operatively or competitively to influ-
ence the mechanisms of action selection.

Introduction

Basal ganglia dysfunctions have long been associated with
a range of debilitating clinical conditions whose most
obvious manifestations are disturbances in movement. It
is increasingly recognized, however, that many of these
disorders, including Parkinson’s disease, Huntington’s
chorea, schizophrenia, attention deficit disorder, Tourette’s
syndrome and various addictive behaviours, have associ-
ated cognitive and affective components. This new
multidimensional view is consistent with anatomical
findings that the basal ganglia are connected to function-
ally disparate regions of the cerebral cortex. An important
component of this general architecture is characterized by
parallel, mainly segregated, closed-loop projections [1-3]
that originate from, and return to, the same neocortical
domains. Indeed, it has been proposed that the functional
organization of the basal ganglia is conditioned largely by
their connections with the cerebral cortex [1].

Although there is an implicit assumption that this re-
entrant cortical-basal ganglia architecture is unique,
there is good reason to modify this perspective to one
that generalizes the closed-loop concept to include
connections between the basal ganglia and many sub-
cortical structures. In this paper, we highlight one sub-
cortical structure, the midbrain superior colliculus, as an
example to advance this case [4]. Having established that
re-entrant loops could be one of the common means by
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which both cortical and subcortical structures interact
with the basal ganglia, we proceed to consider some of the
computational properties of looped architectures in the
general context of selection mechanisms. Specifically, we
propose that cortical and subcortical looped connections
with the basal ganglia provide an elegant solution to the
problem of conflict between multiple distributed parallel-
processing sensory, cognitive and affective systems, which
simultaneously seek access to limited attentional and
motor resources. The fact that this mechanism evaluates
competing priorities between functional systems repre-
sented at cortical and subcortical levels has widespread
and profound implications for our understanding of the
general issue of behavioural choice.

Basal ganglia: connectional architecture

The basal ganglia have two primary input ports: the
striatum and the subthalamic nucleus. These nuclei
receive direct afferents from the cerebral cortex, limbic
structures [5-7] and the thalamus (principally the midline
and intralaminar nuclei) [8,9], in addition to modulatory
inputs from the midbrain substantia nigra pars compacta
(releasing dopamine [5]) and the dorsal raphe (releasing
5-hydroxytryptamine [10]). These two basal ganglia input
structures then relay signals, via direct and indirect
routes [5,11], to the principal output nuclei, namely, the
internal globus pallidus (entopeduncular nucleus in
rodents) and the substantia nigra pars reticulata. The
output nuclei project directly to the thalamus, midbrain
and medulla, and indirectly, via the thalamus, to target
cortical and limbic regions from which the basal ganglia
input originated [1-3]. Alexander et al. [1] were the first to
appreciate the basic closed-loop component of neocortical
connections with the basal ganglia and related thalamic
nuclei. Their seminal review highlights five anatomically
and functionally separated loops, all originating from, and
returning to, different regions of the cerebral cortex. The
projections of these loops, as they pass sequentially
through the basal ganglia nuclei, are parallel and largely
segregated, although there is evidence for interactions
between the main projection lines both within the basal
ganglia and between external structures [7,12,13]. Thus, a
wide range of experimental evidence supports the concept
that cortical-basal ganglia—thalamic—cortical channels
have a significant closed component [1-3], which has
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been incorporated into contemporary models of basal
ganglia function [14-17].

Subcortical loops

Anatomical evidence from various species suggests that
many subcortical structures with the capacity to guide
movement also have connections with the basal ganglia
that are best conceived of as a series of parallel, at least
partially closed, loops. In contrast to the cortical-basal
ganglia loops, however, subcortical loops have a thalamic
relay on the input, rather than on the return, link of the
circuit (Figure 1a,b). Midbrain and hindbrain structures
with the potential to provide input to the basal ganglia
via a relay in the midline intralaminar complex of the
thalamus include the superior and inferior colliculi [18,19],
periaqueductal grey [20], pedunculopontine nucleus [21],
cuneiform area and parabrachial complex [22], and
various pontine and medullary reticular nuclei [19].
Correspondingly, a direct return link to each of these
midbrain and hindbrain structures from either one or both
of the main basal ganglia output nuclei has been reported
[23—29]. The characteristics of individual components of
the proposed closed loops between subcortical regions and
the basal ganglia have been documented, but the full
extent to which they actually represent functionally
segregated parallel closed loops remains to be determined.
However, for one midbrain structure, the superior
colliculus, anatomical evidence for May and Hall’s original
concept of closed-loop connectivity with the basal ganglia
[4] is robust, and this can serve as an exemplar against
which the loop hypothesis can be evaluated for other
subcortical structures.

Superior colliculus: looped connections with the basal
ganglia

The superior colliculus, the mammalian homologue of the
optic tectum, is, from a phylogenetic perspective, an
ancient structure. It is composed of a variable number of
alternating cell-rich and fibre-rich layers [30,31] and is
responsible for the sensorimotor transformations required

to direct gaze shifts towards or away from unexpected,
biologically salient events [32-35]. In most instances, a
functional distinction is drawn [36] between the super-
ficial layers, which receive unisensory visual input from
the retina (and visual cortex in mammals), and the deep
layers, which receive visual, auditory, somatosensory
(tactile and noxious) and non-sensory modulatory inputs
from widespread cortical and subcortical regions [35,37].
Descending outputs from the deep layers make direct
contact with hindbrain premotor nuclei responsible for
directing the animal towards or away from salient cues
[32—-35]. Deep-layer neurons are responsive to unisensory
and multisensory stimuli [35] and exhibit bursts of
activity tightly coupled to stimulus onset, to the initiation
of a motor response, or to both [38]. In addition to its
sensorimotor connections, the superior colliculus is one of
the principal targets of both major output nuclei of the
basal ganglia [23,25,26,39]. Traditionally, these connec-
tions are considered to be the principal routes whereby
information processing within the basal ganglia influ-
ences brainstem motor mechanisms, particularly in the
context of oculomotor control [40].

In addition to their descending projections to the pons
and the medulla, both the superficial and the deep
layers of the superior colliculus also have ascending
connections to targets in the thalamus, including the
lateral posterior nucleus [41-44] and the midline intra-
laminar nuclear complex [18,45]. In the present context,
it is significant that ascending projections from the
superior colliculus specifically target regions of the
thalamus that provide the major thalamic input to the
two principal input structures of the basal ganglia
[9,46,47]. This arrangement suggests that the superior
colliculus is an important afferent source of both sensory
and motor information, in addition to a principal
recipient of basal ganglia output. In this particular
case, the input—output relationships are best character-
ized as several possibly independent, but overlapping,
closed-looped systems.
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Figure 1. Cortical and subcortical sensorimotor loops through the basal ganglia. (a) For cortical loops with the basal ganglia, the position of the thalamic relay is on the return
arm of the loop. (b) In the case of all subcortical loops, the thalamic relay is on the input side of the loop. Predominantly excitatory regions and connections are in red;
inhibitory regions and connections are in blue. Abbreviations: GPi, internal globus pallidus; SN, substantia nigra; Thal, thalamus.
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Superior colliculus: multiple loops

Close examination of ascending projections from the
superior colliculus to the thalamus suggests that there
are at least three functionally segregated systems, one
originating from the superficial layers and two from the
deep layers. The loops can be distinguished primarily
according to their thalamic targets, and then according to
how these thalamic regions subsequently connect with the
striatum.

The superficial layer-extrageniculate visual thalamic
loop (Figure 2a)

The major ascending output of the exclusively visual
superficial layers is directed to the extrageniculate visual
thalamus (the lateral posterior nucleus and pulvinar)
[41-44]. In addition to its connections with extrastriate
visual cortex [48,49], this thalamic region also projects
extensively to lateral aspects of the body and tail of the
caudate and dorsolateral putamen [43,44,46,50] (Figure 2a).
The relay in the lateral posterior thalamus provides a
route by which subcortical visual input can be made
directly available to the striatum [43,44,46,50]. In the next
link of the loop, the ‘direct’ striatonigral projection
topography ensures that visual information associated
with input from the lateral posterior thalamus would
be directed preferentially to lateral aspects of the sub-
stantia nigra pars reticulata and to the substantia nigra
pars lateralis [5]. It is within these nigral regions that
signals related to visual orienting are most frequently
encountered [51], and from which the final return link of
the visual loop back to the superficial layers (and possibly
to the deeper collicular layers) originates [52,53].

The deep layer-intralaminar thalamic loops (Figure 2b,c)
Ascending projections from the deep layers of the superior
colliculus also terminate mainly in regions of the
thalamus that give rise to significant afferent projections
to the basal ganglia input nuclei. These are the caudal
intralaminar complex (centromedian and parafasicular
nuclei) (Figure 2b) and the rostral intralaminar thalamic
group (central lateral, paracentral and central medial
nuclei) (Figure 2¢ and Figure 3) [18,45]. Given that both
the caudal and rostral intralaminar thalamic nuclei pro-
vide topographically ordered projections to all functional
territories within the striatum [8,9], the colliculo—
thalamo—basal ganglia—collicular projections involving
these subregions of the intralaminar thalamus could
represent components of functionally independent parallel
loops (Figure 2b,c). Two differences in the type of contact
made by fibres from the caudal and rostral intralaminar
nuclei with striatal medium spiny neurons support this
view. (i) Individual fibres from the caudal intralaminar
nuclei tend to form clusters of terminals that make
multiple contacts with individual medium spiny neurons
[54,55]. By contrast, sparsely arborizing axons from the
rostral intralaminar group (e.g. centrolateral nucleus)
make relatively few contacts with many medium spiny
neurons [56]. (ii) Synaptic contacts from the caudal
intralaminar nuclei appear mainly on the dendritic shafts
of medium spiny neurons [57], whereas synaptic input
from the rostral intralaminar group (e.g. centrolateral
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Figure 2. Multiple loops through the basal ganglia originating in the superior
colliculus. (a) The superficial layer-extrageniculate visual thalamic loop. Ascending
projections from the superficial layers relay in the visual thalamus [the lateral
posterior nucleus (LP) and pulvinar], which in turn projects to the dorsolateral
putamen. (b) The deep layer-caudal intralaminar loop. Projections from the deep
collicular layers terminate in caudal intralaminar thalamic nuclei, which in turn
project to all functional territories of the striatum. (¢) The deep layer-rostral
intralaminar loop. Projections from the deep collicular layers continue forward to
contact the rostral intralaminar thalamic nuclei, which also project to all functional
territories of the striatum. Return connections from the basal ganglia output nuclei
(substantia nigra pars reticulata and/or pars lateralis) to the superior colliculus
potentially close each of the three loops. Predominantly excitatory regions and
connections are in red; inhibitory regions and connections are in blue.

nucleus) appears to predominate on dendritic spines [56].
It should also be noted that terminals from the caudal
intralaminar complex are directed preferentially to
substance-P-positive medium spiny neurons and make
significant contact with the large aspiny cholinergic
interneurons [57].

The remaining components of loops originating from
the collicular deep layers have been well characterized [5]
(Figure 2b,c and Figure 3). Hence, the intrinsic projection
topography from all parts of the striatum to the basal
ganglia output nuclei, and the projections from both
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Figure 3. Potentially closed connectivity in the colliculo-thalamo-basal ganglia—collicular loops. (a) In the superior colliculus, tectothalamic cells (purple) retrogradely
labelled using cholera toxin subunit b (CTb) are in close association with nigrotectal terminals (black) anterogradely labelled using biotinylated dextran (BDA). (b) In the
thalamus, thalamostriatal neurons (purple) retrogradely labelled using CTb are in close association with tectothalamic terminals (black) anterogradely labelled using BDA.
(c) In the striatum, striatonigral neurons (purple) retrogradely labelled using CTb are in close association with thalamostriatal terminals (black) anterogradely labelled using
BDA. (d) In the substantia nigra, nigrotectal neurons (black) retrogradely labelled using BDA are in close association with striatonigral terminals (purple) anterogradely
labelled using CTb. Predominantly excitatory connections are in red; inhibitory connections are in blue. Scale bars: 10 um (superior colliculus) and 20 um (thalamus, striatum

and substantia nigra).

output nuclei back to the deep layers of the superior
colliculus [23,25,26,52,53,58], where the majority of
colliculothalamic neurons reside (Figure 3), have been
described in detail.

Thus, in summary, there appear to be at least two,
and possibly three, presumably closed subcortical looped
systems through the basal ganglia arising from, and
returning to, the superior colliculus (Figure 3). These
systems cover largely overlapping territories within the
basal ganglia, but can be distinguished on the basis of
different input relay nuclei in the thalamus. Many
questions concerning functions of these anatomically
segregated inputs remain. Perhaps they convey separate
outputs from collicular circuits that are differentially
sensitive to threats or appetitive stimuli [34]. Alterna-
tively, they could relay different functional character-
istics of collicular sensorimotor signals (e.g. position,
salience or timing of motor commands) [35]. How these
apparently separate inputs from the thalamus are
processed within the basal ganglia to generate the
specific disinhibitory output signals projected back to
the superior colliculus also needs investigation. Given
the canonical microcircuitry of intrinsic basal ganglia
nuclei [2,5], resolution of such issues will help to clarify
the computational functions performed by anatomically
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defined channels through the basal ganglia — an issue
that we will now address.

Why looped architectures?

A general statement of the current proposal is that mainly
closed-loop connections are a fundamental feature of
architecture linking the basal ganglia not only with
cortical domains but also with subcortical systems. An
immediate question is what unique feature of looped
architectures through the basal ganglia caused them to
appear early in evolution and to be retained in a highly
conserved form in most vertebrate species [59]. One
suggestion [15], for which there is growing empirical
support, is that by prioritizing simultaneous potentially
incompatible inputs and then returning the solution to the
sites from which the inputs originated (i.e. via closed
loops), the intrinsic circuitry of the basal ganglia could
provide an elegant solution to the ‘selection problem’. This
fundamental computational issue arises when multiple
distributed parallel-processing sensory, cognitive and
affective systems, each with the potential to influence
movement, have to share a limited set of motor resources.
Given the maladaptive consequences of having two
incompatible systems (e.g. ‘approach’ and ‘avoid’) trying
to influence the same set of muscles simultaneously, a
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solution must be present in any effective multifunctional
system to ensure orderly access to shared motor resources.

One way of solving this ‘selection problem’, which was
devised independently for artificial control systems [60], is
to have competing functional systems separately submit
phasic excitatory ‘bids’ (or inputs) to a central selection
mechanism, which in turn exerts tonic inhibitory control
over all competitors via individual return inhibitory links
(the outputs). Based on the relative salience of the input
bids, the central selector, through a process of selective
disinhibition [60], withdraws inhibition from the ‘winning’
competitor, thereby allowing it sole access to relevant
components of the motor plant (i.e. effectors and their local
control circuitry). This system relies on a largely
segregated looped architecture comprising excitatory
inputs to, and inhibitory outputs from, a central selection
mechanism. It is on this basis that the basal ganglia were
proposed as a mechanism to arbitrate between distrib-
uted, parallel processing functional systems within the
brain [15]. Uniquely, this proposal has been supported by
the use of biologically constrained models of basal ganglia
architecture, both in simulation [16,17] and in the control
of action selection in a mobile robot [61]. It also was noted
that the intrinsic architecture of the basal ganglia, which
is more-or-less common to all functional territories, could
equally well be used to select between inputs representing
overall competing behavioural goals (limbic inputs),
competing actions to achieve a selected goal (associative
inputs) and competing movements to achieve a selected
action (sensorimotor inputs) [15]. In the context of
orienting gaze shifts, subcortical loops through the
basal ganglia associated with the superior colliculus
could serve to interrupt ongoing behaviour and enable
the guidance of oculomotor and related motor plant
to be switched to the initiating sensory event. With
this and other functional systems, the current hypoth-
esis — that some of the inputs representing behavioural
goals, actions and movements could derive from sub-
cortical sources — has profound implications for under-
standing the neural substrates underlying behavioural
choice.

Implications of cortical and subcortical loops

The immediate consequence of having cortical and
subcortical command systems ‘bidding’ to control a shared
motor resource is that such bids can be submitted jointly
(cooperatively) or independently (in competition with each
other). Again, we draw on the superior colliculus and
cortical oculomotor systems as examples to illustrate
these possibilities. Anatomical connections between the
superior colliculus, the cortical frontal eye fields and the
basal ganglia would enable cooperative or competitive
control of eye movements. For example, cortical and
striatal targets of individual midline and intralaminar
thalamic nuclei tend to be connected via topographically
organized corticostriatal connections [62]. Potentially, this
arrangement could enable the salience of a ‘bid’ to the
striatum from the superior colliculus to be supported or
boosted by simultaneously activated input from the
frontal cortex. Similarly, direct connections from the
frontal eye fields to the superior colliculus [63,64] could
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also be used to recruit support (via colliculo-thalamo—
striatal projections) for a ‘bid’ originating in the cortex.
Alternatively, given that the sensory mechanisms of the
superior colliculus seem particularly tuned to signal
unpredicted visual change (e.g. appearance, disappear-
ance or movement [32,33,35]), with the cortical oculomotor
systems perhaps more crucial for generating saccades on
the basis of more complex stimulus-response contingencies
(e.g. to remembered goals, requiring following of abstract
rules or modelling of the distant future [65—-67]), the
potential for conflict between cortical and subcortical
systems to direct eye movements to different locations in
space is obvious. At this juncture, it is interesting to note
that some features of the thalamostriatal input to the
basal ganglia described here could give subcortical
systems the edge in any straight competition with the
cortex. For example, projections from caudal intralaminar
regions have dense terminals on striatal neurons that
make direct connections with the basal ganglia output
nuclei [54,55,57] involved in movement selection [14-17],
whereas corticostriatal input is more diffusely distributed
to multiple neurons of the direct and indirect pathways
[5]. This arrangement would require a comparatively
large synchronized population response within the
cortex to produce a comparable effect on striatal output.
Similarly, thalamic afferents, but apparently not cortico-
striatal inputs [57], target the large tonically active
cholinergic neurons that can also influence striatal
activity profoundly. Perhaps these differences can explain
why unexpected, physically weak sensory events, con-
veyed by input from subcortical loops, can find it
comparatively easy to interrupt ongoing activity and elicit
orientating responses.

Finally, we should like to suggest that, in its most
general form, the current proposal of cortical and
subcortical control systems interacting with a central
selection mechanism has implications far beyond the
redirection of gaze [68]. Could the competitive advantage
of subcortical systems in certain circumstances provide an
explanation for seemingly ill-conceived or irrational
choices [69]? Consider, for example, drug addiction,
where intellectual (presumably cortical) considerations
can be in direct conflict with lower-level (possibly
subcortical) motivations: addicts can often articulate
many reasons why they should abstain from drug use,
yet at certain times (especially when faced with sensory
stimuli associated with prior drug taking) feel uncontrol-
lable urges to indulge. Within an even wider context,
perhaps it is the looped arrangement of competing
inputs from cortical and subcortical systems to a central
selection mechanism that underlies the enduring conflict
between ‘head’ and ‘heart’ in human art and literature
...and life.
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