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ABSTRACT

Recent studies in humans and animal models suggest a primary role of the basal ganglia in
the extraction of stimulus-value regularities, then exploited to orient attentional shift and
build up sensorimotor memories. The tail of the caudate and the posterior putamen both
receive early visual input from the superficial layers of the superior colliculus, thus forming
a closed-loop. We portend that the functional value of this circuit is to manage the se-
lection of visual stimuli in a rapid and automatic way, once sensory—motor associations
are formed and stored in the posterior striatum. In Parkinson's Disease, the nigrostriatal
dopamine depletion starts and tends to be more pronounced in the posterior putamen.
Thus, at least some aspect of the visuospatial attention deficits observed since the early
stages of the disease could be the behavioral consequences of a cognitive system that has
lost the ability to translate high-level processing in stable sensorimotor memories.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Many studies documented the key role of an extended
frontoparietal network in visuospatial selective attention,
emphasizing how top-down signals of these cortical areas are

Our sensory organs are constantly targeted by a multiplicity of
stimuli. Given the limited processing capacities of our cogni-
tive system, attentional selection enables us to orient pro-
cessing resources towards the most relevant stimuli (Chica
et al., 2013). In fact, visuospatial selective attention can be
defined as the ability to prioritize the processing of behavior-
ally relevant visual stimuli and to inhibit irrelevant ones
(Chica et al., 2013; Fiebelkorn & Kastner, 2020).

able to dynamically modulate the neuronal activity in sensory
visual cortices (Fiebelkorn & Kastner, 2020). Attentional se-
lection is also influenced by bottom-up activity from subcor-
tical structures such as the SC and Pulv (Fiebelkorn & Kastner,
2020; Krauzlis et al., 2013, 2018; Tamietto et al., 2005), both
receiving direct retinal input, and from the amygdala that
prioritizes processing of emotional or salient signals from the
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Abbreviations

Amg amygdala

BG basal ganglia

dIPFC  dorsolateral prefrontal cortex
FEF frontal eye field

GPe globus pallidus externus

GPi globus pallidus internus

IPL inferior parietal lobe

OFC orbitofrontal cortex

PD Parkinson's Disease

Pulv pulvinar

SC superior colliculus

SNpc substantia nigra pars compacta
SNpr substantia nigra pars reticolata
SPL superior parietal lobe

STN subthalamic nucleus

VTA ventral tegmental area

environment through reentrant projections to sensory
cortices (Diano et al., 2017; Nishijo et al., 2018; Pourtois et al.,
2013; Tamietto & de Gelder, 2010).

Located deeply in the central regions of the brain, the
striatum of the BG widely receives overlapping projections
from almost all the cortex (Choi et al., 2017a, 2017b; Jarbo &
Verstynen, 2015), forming several parallel closed-loops with
the frontoparietal attentional areas, as well as with the Amg
(Alexander et al., 1986; Postuma & Dagher, 2006). Through
these connections, the BG system integrates and regulates the
attention-related top-down signals (van Schouwenburg et al,
2010, 2015). Furthermore, the BG are also highly inter-
connected with the SC, forming parallel closed-loops similar
to those with the cortex (McHaffie et al., 2005; Redgrave,
Coizet, et al., 2010). Traditionally, subcortical structures have
been assigned a secondary role, although evidence suggests
that the mesencephalic-basal closed-loops are both necessary
and sufficient to ensure a primordial form of visuospatial se-
lective attention (Krauzlis et al., 2018).

In recent years, research streams converged on two main
findings. First, implicit learning can modulate visuospatial
selective attention (Todd & Manaligod, 2018). Second, during
implicit learning the striatal activity gradually moves from the
anterior associative territories to the posterior sensorimotor
ones (Hikosaka et al., 2019; Kim & Hikosaka, 2013; Lehéricy
et al., 2005). Here, we firstly review the recent literature on
the role of the BG in selective attention, reporting the possible
existence of a mesencephalic-basal network involved in im-
plicit selective attention; namely, in the selection of visual
stimuli based on previous individual experiences. Secondly,
we try to explain how this network could explain visuospatial
attentional deficits in PD. The core idea is that the BG system is
involved in translating the flexible (short-term) value of visual
stimuli in stable (long-term) values through the formation,
storage and maintenance of sensorimotor memories in the
posterior striatum. Once these implicit memories are formed,
the mesencephalic-basal closed-loops would be able to
manage the selection of visual stimuli in an early, rapid and

automatic way, without the need to recruit the frontoparietal
attentional areas, which could therefore limit their activity to
monitoring functions. Due to dopamine depletion in the pos-
terior striatum (Tang et al.,, 2010), the BG system of patients
with PD would lose the ability to automate the selection of
visual stimuli. In other words, at least some aspects of the
selective attention deficits of PD could be the behavioral
consequences of impaired sensory—motor associations nor-
mally acquired through repeated exposure to stimulus-
response regularities.

2. The basal ganglia architecture

The BG are a group of nuclei, located deeply in the central
regions of the brain. Specifically, these nuclei are the caudate
and the putamen (that together form the striatum), the STN,
the globus pallidus, divided into GPi and GPe, and the sub-
stantia nigra of the midbrain, divided into SNpc and SNpr. The
striatum is the input structure of the system, whereas the GPi
and the SNpr are the output ones. At rest, the GPi and the SNpr
inhibit the thalamic activity through tonic release of GABA
(Graybiel, 2000). In addition to the projections to the thalamus,
the SNpr also sends GABAergic axons to the SC (McHaffie
et al., 2005; Redgrave, Coizet, et al., 2010). The striatum re-
ceives glutamatergic projections from the frontal, the parietal
and the temporal lobes (Choi et al., 2017a, 2017b; Jarbo &
Verstynen, 2015), as well as from the SC through the thal-
amus (Krauzlis et al., 2013; McHaffie et al., 2005; Redgrave,
Coizet, et al.,, 2010). The SNpc is the only dopaminergic
structure of the system (Graybiel, 2000).

The BG system is topographically organized. Within the
frontal lobe, the more anterior areas mainly project to the
anterior striatum, whereas the more posterior ones to the
posterior striatum (Verstynen et al.,, 2012). In register, the
motor cortex mainly projects to the dorsolateral striatal re-
gions, whereas the more ventromedial prefrontal areas proj-
ect to the ventromedial ones (Draganski et al., 2008; Haber,
2003). These gradients of connectivity within the cortico-
striatal projections are also present into the parietal lobe,
albeit the anterior-posterior gradient is inverted with the
more anterior areas projecting to the posterior striatum and
vice versa (Yeterian & Pandya, 1993). After being integrated
into the striatum, the neuronal signal remains segregated
within the projections to the output nuclei (Draganski et al.,
2008). In fact, several parallel closed-loops are identifiable
(Alexander et al., 1986; Postuma & Dagher, 2006). These have
the same intrinsic organization and can be anatomically
divided into two main components: the cortico-basal loops
and the mesencephalic-basal loops (Fig. 1).

2.1.  The three pathways of the basal ganglia

The neuronal signal is transmitted from the striatum to the
output nuclei of BG through the direct and the indirect
pathway (Fig. 1). In the direct pathway the striatum sends
axons to the GPi and the SNpr, whereas in the indirect
pathway the signal, before targeting the GPi and the SNpr,
passes first through the GPe and then through the STN
(Graybiel, 2000). All neuronal territories of the striatum project
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Fig. 1 — The basal ganglia architecture. The main basal ganglia architectures are anatomically identifiable: the cortico-basal
loop (a) and the mesencephalic-basal-loop (b). They have the same intrinsic structure; namely, the basal ganglia system
modulates both the tectal and the cortical activity through the direct, the indirect and hyper-direct pathways. In the cortico-
basal loop the thalamic nuclei are involved in the transmission of the output signal, whereas they pass on input signal in
the mesencephalic-basal loop (McHaffie et al., 2005). The glutamatergic structures and projections are in green; The


https://doi.org/10.1016/j.cortex.2021.05.003
https://doi.org/10.1016/j.cortex.2021.05.003

424 CORTEX 141 (2021) 421—435

to both the GPi and the GPe, while also receiving axons from
the SNpc (Hazrati & Parent, 1992; Hedreen & Delong, 1991; Kim
et al., 1976). The projections of the striatum and of the GPe are
GABAergic, whereas those of the STN are glutamatergic
(Graybiel, 2000). The direct pathway interrupts the tonic in-
hibition exerted by the GPi and the SNpr over the thalamus
and the SC, therefore increasing their excitability (Freeze
et al., 2013; Graybiel, 2000; Hikosaka et al.,, 2006). On the
other hand, the indirect pathway stimulates the GPi and the
SNpr, reducing the excitability of target brain regions. Hence,
the direct pathway concurs to release behavioral responses,
whereas the indirect pathway suppresses unnecessary,
potentially interfering, movements (Hikosaka et al., 2019).

The direct and the indirect pathway are modulated by two
different dopamine receptors, named respectively D1 and D2,
which respond differently to the introduction of dopamine
into the BG system: the striatal neurons with D1 receptors
increase their GABAergic activity on the GPi and on the SNpr,
whereas those with D2 receptors decrease their GABAergic
activity on the GPe (Graybiel, 2000). Importantly, the two
pathways operate in synergy: the optimal level of excitability
is thus determined by the balancing between excitatory (direct
pathway) and inhibitory activity (indirect pathway) (Calabresi
et al., 2014; Oldenburg & Sabatini, 2015).

In addition to these two systems, there is a third pathway,
often referred to as hyper-direct pathway (Nambu et al., 2002).
In the hyper-direct, the STN receives glutamatergic axons
directly from the cortex and from the SC, bypassing the
striatum (Nambu et al., 2000; Coizet et al., 2009) (Fig. 1). Based
on this anatomical configuration, the putative role of this third
pathway is to quickly block neuronal activity initiated by the
direct pathway, or to facilitate it through preventive sup-
pression of potentially interfering neuronal activities (Nambu,
2008; Nambu et al., 2002). In line with this account, the
neuronal activity in the prefrontal cortex and the STN tends to
increase when an inappropriate response must be quickly
(and deliberately) inhibited (Aron & Poldrack, 2006; Chen et al.,
2020).

In sum, the BG system modulates the neuronal activity of
target brain regions through the direct, indirect and hyper-
direct pathway. The striatum attenuates through the direct
pathway the inhibitory activity exerted by the GPi and SNpr, or
contributes to this inhibition via indirect pathway (Graybiel,
2000). Both these agonistic and antagonistic activities over
GPi and SNpr can be quickly modulated through the hyper-
direct pathway that mobilizes activity in the STN bypassing
the striatum (Nambu et al., 2002) (Fig. 1).

2.2. The functional striatal subdivisions

Traditionally, the striatum is subdivided in associative,
sensorimotor and limbic zones (Nakano et al., 2000; Postuma
& Dagher, 2006). This anatomical and functional subdivision
is based on the specific areas of origin of the corticostriatal

projections and is identifiable in throughout the BG system
(Nakano et al., 2000).

The associative striatum (Fig. 2a) occupies the anterior
putamen, most of the head of the caudate, and the middle
parts of the body and the tail of the caudate. It receives af-
ferents from the cortical associative areas, such as the FEF, the
SPL, the IPL, and the dIPFC. The sensorimotor striatum (Fig. 2b)
encompasses the dorsolateral and posterior putamen and of
the dorsolateral rim of the caudate, and receives axons from
the motor and premotor cortex, from the supplementary
motor area, and from the somatosensory cortices. Finally, the
limbic striatum (Fig. 2c) corresponds to the ventral portions of
the putamen and of the caudate, including the nucleus
accumbens. These limbic territories receive afferents from
brain regions involved in affective processing and reward
learning, such as the Amg and the OFC, as well as from tem-
poral areas involved in spatial processing and memory, such
as the hippocampus (Nakano et al., 2000; Postuma & Dagher,
2006). Importantly, several studies reported overlapping
striatal zones, suggesting that the boundaries between asso-
ciative, sensorimotor and limbic territories are more blurred
than previously thought (Averbeck et al., 2014; Choi et al.,
2017a, 2017b; Jarbo & Verstynen, 2015). For example, the dor-
somedial portion of the anterior striatum receives converging
axons from the dIPFC, the IPL and the OFC (Choi, Tanimura,
et al., 2017; Jarbo & Verstynen, 2015).

Similar to the striatum, also the STN presents associative,
sensorimotor and limbic zones, defined by virtue of its inputs
and outputs. In general, the associative territory is located in
the ventromedial part of the STN, the sensorimotor is in the
dorsolateral part, and the limbic zone is in the most medial
parts (Nakano et al., 2000; Temel et al., 2005).

Summing up, the BG system is involved in cognitive,
sensorimotor and affective processing. Within the striatum,
the associative territories are mainly located in the most
anterior portions, the sensorimotor areas are the most pos-
terior, and the limbic zones are those located more ventrally
(Nakano et al., 2000; Postuma & Dagher, 2006).

2.3. The mesencephalic-basal loops

The mesencephalic-basal architecture includes brain struc-
tures phylogenetically ancient, such as the SC. Similar to the
cortico-basal circuit, multiple closed-loops can be identified
(Fig. 3) (McHaffie et al., 2005; Redgrave, Coizet, et al., 2010).

A first closed-loop originates from the superficial layers of
the SC (Fig. 3a) and projects to the Pulv and to the posterior
lateral nucleus of the thalamus. The information then reaches
the lateral territories of the body and tail of the caudate, and
the dorsolateral putamen, providing early visual input to the
BG system. A second closed-loop originates from the deep
layers of the SC (Fig. 3b) that sends axons to the intralaminar
nuclei of the thalamus, which, in turn, project to all territories
of the striatum. In both loops, the neuronal information is

GABAergic structures and projections are in red; The dopaminergic structures and projections are in blue; GPe = globus
pallidus externus; GPi = globus pallidus internus; SNpc = substantia nigra pars compacta; SNpr = substantia nigra pars
reticulata; STN = subthalamic nucleus; Pulv = pulvinar; PL = posterior-lateral nucleus; VA = ventral-anterior nucleus;

VL = ventral-lateral nucleus.
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Fig. 2 — The functional striatal subdivisions. The associative striatum mainly occupies the most anterior territories of the
striatum (a), whereas the sensorimotor striatum the most posterior ones (b) and the limbic striatum the most ventral ones
(c). Amg = amygdala; CA = hippocampus; dIPFC = dorsolateral prefrontal cortex; FEF = frontal eye field; IPL = inferior
parietal lobe; M1 = primary motor cortex; OFC — orbitofrontal cortex; PMA — premotor area; S1 = primary somatosensory
cortex; SMA = supplementary motor area; SPL = superior parietal lobe; STN = subthalamic nucleus.
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Fig. 3 — The two main closed-loops of the mesencephalic-
basal system. (a) The closed-loop originating from the
superficial layers of the superior colliculus. (b) The closed-
loop originating from the deep layers of the superior
colliculus. The glutamatergic structures and projections
are in green; The GABAergic structures and projections are
in red; Pulv = pulvinar; PL = posterior lateral nucleus;
SNpr = substantia nigra pars reticolata. Modified from:
McHaffie et al. (2005).
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retransmitted from the striatum to the SC mainly through the
SNpr, thus closing the loop (McHaffie et al., 2005; Redgrave,
Coizet, et al.,, 2010). The SC also sends ascending projections
to the SNpc (Comoli et al., 2003; May et al., 2009; McHaffie
et al.,, 2006). Therefore, the SC transmits to the striatum
through both dopaminergic and glutamatergic neurons, pre-
sumably simultaneously (Redgrave, Coizet, et al., 2010).

Notably, two mesencephalic-basal loops process different
types of information: the superficial layers of the SC receive
only visual input directly from the retina and are mainly sen-
sory, whereas the deep layers are both premotor and multi-
modal. In fact, they receive visual, auditory and somatosensory
input, as well as signals from the BG and the cerebellum (May,
2006). According to this segregated anatomy, these two loops
probably perform distinct functions (McHaffie et al., 2005).

The deep layers of the SC project not only to the striatum,
but also to the STN (Coizet et al., 2009; Tokuno et al., 1994).
Since the basal ganglia developed earlier than the cerebral
cortex during evolution, these tecto-subthalamic projections
are probably the phylogenetically ancestors of the cortico-
basal hyper-direct pathway (Redgrave, Coizet, et al., 2010). In
fact, the STN exhibits an early increase of activity after the
onset of an unexpected stimulus (Bockova et al., 2011; Wessel
et al.,, 2016). Likewise, STN activation interrupts behavior, and
blocking the STN blunts the interruptive effect of surprise (Fife
et al., 2017). Accordingly, the functional significance of the
tecto-subthalamic projections, which compose the mesence-
phalic hyper-direct pathway, is that of quickly stopping
ongoing activities when salient and unexpected visual stimuli
summon our attention (Redgrave, Coizet, et al., 2010).

In sum, the BG form parallel closed-loops pathways not only
with the cortex, but also with the SC. A first closed-loop origi-
nates from the superficial layers of the SC and mainly involves
the sensorimotor striatum, whereas a second closed-loop origi-
nates from the deep layers of the SC and involves the whole
striatum (McHaffie et al., 2005; Redgrave, Coizet, et al., 2010).

3. The role of the basal ganglia in
visuospatial selective attention

Many studies have investigated the role of the cortico-basal
loops in visuospatial selective attention, highlighting the


https://doi.org/10.1016/j.cortex.2021.05.003
https://doi.org/10.1016/j.cortex.2021.05.003

426 CORTEX 141 (2021) 421—435

involvement of the BG in (i) suppressing the processing of
perceptually salient but task-irrelevant stimuli (Deijen et al.,
2006; Lee et al., 2010; McNab & Klingberg, 2008), (ii) support-
ing shifts of attention (Ravizza & Ivry, 2001; Shulman et al,,
2009), (iii) integrating top-down cortical signals in order to
optimally regulate the attention-related changes in visual
cortex (van Schouwenburg et al, 2010, 2015). It has long been
known that the brain structures of the mesencephalic-basal
loops are implicated in attentional processes. Nevertheless,
the possibility that these closed-loops play a primary role in
many aspects of selective attention has been put forth only
recently (Krauzlis et al., 2018).

In the past decade, some studies on non-human primates
showed that each striatal territory contributes differentially to
modulate activity in the SC (Hikosaka et al., 2019). Inactivation
of the head of the caudate selectively compromises the ability
to select visual stimuli based on the associated flexible (short-
term) values, sparing the selection based on stable (long-term)
values. On the other hand, inactivation of the tail of the
caudate selectively compromises the selection of visual
stimuli based on stable (long-term) values, but leaves unal-
tered the selection based on flexible (short-term) values (Kim
& Hikosaka, 2013). In other words, the head of the caudate is
crucial when the selection of visual stimuli is based on recent
events, whereas the tail of the caudate contributes to selection
based on repeated experiences (Hikosaka et al., 2019).

The stable values associated with certain visual stimuli are
stored not only in the tail of the caudate, but also in the pos-
terior putamen. Notably, the tail of the caudate, the posterior
putamen, the ventral-posterior GPe and the posterior-
dorsolateral SNpr seem to be part of a unique subcortical
network involved in long-term (but not in short-term) value
coding of visual stimuli; namely, in discriminating visual
stimuli for shifts of attention based on individual experiences
(Anderson et al., 2014; Kim et al., 2017; Kunimatsu et al., 2019;
Yamamoto et al., 2013). Visual stimuli previously associated
with a large reward trigger inhibition of the posterior-
dorsolateral SNpr (direct pathway), thus facilitating eye
movements, whereas those previously associated with a
small reward trigger inhibition of the ventral-posterior GPe
(indirect pathway) with consequential disinhibition of the
posterior-dorsolateral SNpr and suppression of eye move-
ments (Amita et al., 2019; Kim et al., 2017; Kunimatsu et al,,
2019).

In sum, the striatum modulates the SC through the direct
and indirect pathway, enhancing or attenuating its activity
(Hikosaka et al., 2006). The head of the caudate is mainly
involved in discriminating visual stimuli based on flexible
(short-term) values (Kim & Hikosaka, 2013), whereas the tail of
the caudate and the posterior putamen are mainly involved in
discriminating visual stimuli based on stable (long-term)
values, acquired through prolonged and repeated exposure to
the same visual stimuli (Anderson et al., 2014; Kim et al., 2017;
Kunimatsu et al., 2019; Yamamoto et al., 2013). The head of the
caudate is highly interconnected with the dIPFC (Choi,
Tanimura, et al., 2017; Jarbo & Verstynen, 2015), which plays
a crucial role in regulating deliberate shifts of attention,
especially when subjects have to keep in mind specific ab-
stract rules (Johnson et al, 2007; Loose et al., 2006).
Conversely, the tail of the caudate and the posterior putamen

contain many sensorimotor neurons (Nakano et al., 2000;
Postuma & Dagher, 2006). Taken together, these data suggest
that one of the primary roles of the BG system in visuospatial
selective attention is to extract regularities for the formation
of sensorimotor memories (Herman et al., 2020).

3.1. A subcortical network for implicit visuospatial
selective attention

Implicit learning can modulate visuospatial attention (Todd &
Manaligod, 2018). With practice subjects tend to become faster
in detecting the target stimulus and in suppressing the
interfering effect of distractors (Failing et al., 2019; Ferrante
et al., 2018; Leber et al., 2016). This general improvement is
accompanied by a reduction of the cortical attention-related
activity (Mukai et al., 2007), thus suggesting a transition
from intentional and attention-dependent to implicit and less
resource-dependent modes of processing.

The above findings show that, as the flexible assignment of
values to visual stimuli becomes stable, the neuronal activity
in the striatum gradually moves from the anterior associative
territories (the head of the caudate) to the posterior sensori-
motor ones (the tail of the caudate and the posterior putamen)
(Hikosaka et al., 2019). In humans, this gradient of progression
(from the anterior striatum to the posterior striatum) has been
observed during motor sequence learning (Lehéricy et al.,
2005), suggesting that it is a general mechanism through
which the BG system translates new goal-directed behaviors
in habitual (well-learned) responses (Graybiel, 2008; Redgrave,
Rodriguez, et al., 2010). In this context, at least some of the
attentional phenomena observed after repeated exposure
to same visual stimuli may be the consequence of forming
stable sensory—motor associations in the posterior striatum
(Herman et al., 2020).

In novel and unexpected situations, early visual input from
the superficial layers of the SC reaches (through the Pulv) the
Amg, thus prioritizing the processing of salient stimuli (Diano
et al,, 2017; Nishijo et al.,, 2018; Pourtois et al., 2013; Tamietto
et al., 2012), regardless of whether these are emotionally
loaded or not (Georgy et al., 2016); Balderston et al., 2011).
Simultaneously, visual input also reaches (through the deep
layers of the SC) the STN (mesencephalic hyper-direct
pathway), which suppresses the ongoing processes (Nambu,
2008; Nambu et al., 2002; Redgrave, Coizet, et al., 2010).
Therefore, during novel situations, the deliberate (controlled)
selection of visual stimuli is mainly managed by the anterior
fronto-striatal network (Hikosaka et al., 2019; Kim & Hikosaka,
2013). After having integrated top-down (goal-directed) sig-
nals from the cortex with bottom-up (stimulus-driven) signals
from the deep layers of the SC, the head of the caudate
(associative striatum) modulates activity in the SC, enhancing
the processing of the target stimulus (direct pathway) and
attenuating that of salient but task-irrelevant stimuli (indirect
pathway) (Hikosaka et al., 2019).

With practice, stable sensory—motor associations are
gradually created and stored in the tail of the caudate and in
the posterior putamen (sensorimotor striatum) (Anderson
et al, 2014; Kim et al, 2017; Kunimatsu et al., 2019;
Yamamoto et al, 2013). Once settled, the sensorimotor
mesencephalic-basal closed-loops can manage the selection
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of visual stimuli in a rapid way (Hikosaka et al., 2019), thus
reducing cognitive load.

Importantly, the described mechanism is dynamic and
flexible. Top-down (goal-directed) and bottom-up (stimulus-
driven) signals can always interrupt the selection of visual
stimuli (through the cortical hyper-direct pathway and the
mesencephalic one, respectively). In fact, studies in non-
human primates have shown that a subpopulation of neu-
rons in the STN exhibits a change in activity when animals
have to switch from automatic to controlled eye movement
(Isoda & Hikosaka, 2008; Pasquereau & Turner, 2017).
Furthermore, the activity of the STN in response to a distractor
tends to decrease when this is frequent, but not when it is rare
(Bockova et al., 2011).

In sum, with experience, we implicitly learn that in certain
situations some stimuli may be relevant whereas others tend
not to be, albeit salient from an evolutionary standpoint
(Codispoti et al., 2016; Failing et al., 2019; Micucci et al., 2020).
This implicitly acquired automatic selection of visual stimuli
seems to be managed by the sensorimotor mesencephalic-
basal closed-loops (Hikosaka et al., 2019).

3.2. A possible link between emotional stimuli, implicit
selective attention and human behavior

Emotional stimuli are able to automatically capture attention,
regardless of whether they are pleasant (i.e.,, positively
valenced) or aversive (i.e., negatively valenced) (Pourtois et al.,
2013; Tamietto et al., 2005). Several studies reported that after
prolonged and repeated exposure to the same emotional
stimuli, the attentional capture prompted by emotional dis-
tractors is significatively attenuated. Notably, task-irrelevant
emotional stimuli that are presented more frequently tend
interfere less than those that infrequent (Codispoti et al., 2016;
Micucci et al., 2020).

Recently, Maeda et al. (2018) reported that the Amg facil-
itates shifts of attention towards task-relevant visual stimuli
by processing the emotional context. They found that, in
non-human primates, there are neurons within the Amg that
are activated differently by the emotional context, based on
the specific valence acquired through experience (e.g.,
dangerous vs. safe contexts). Noteworthy, the ventral por-
tions of both the caudate and the putamen receive over-
lapping projections from the Amg and prefrontal areas such
as the OFC and the dIPFC (Choi, Ding, & Haber, 2017). Thus,
these data converge in indicating that the BG system (spe-
cifically the associative striatum) integrates cognitive and
affective signals from different cortical and subcortical re-
gions in order to implement new (controlled) behavioral re-
sponses (Fig. 4a). When these new responses are adaptive,
they tend to form stable sensorimotor memories and shift
toward more automatic forms of processing (Fig. 4b)
(Graybiel, 2008; Herman et al., 2020; Redgrave, Rodriguez,
et al., 2010).

An important question is whether the BG play a direct role
in emotional processing (e.g., automatic modulation of the
innate activity of the Amg) or (only) in the automation of
behavioral responses (e.g., inhibition of attentional shifts
towards task-irrelevant emotional stimuli) related to specific
emotional stimuli. Some data point to the second

hypothesis. In fact, albeit the attentional capture triggered by
emotional distractors decreases over time, the late neuronal
activity closely related to emotional processing remains
constant (Codispoti et al., 2016; Micucci et al., 2020). Notably,
the Amg receives early visual input from the superficial
layers of the SC (Diano et al., 2017; Tamietto & de Gelder,
2010). However, the ventral caudate and the ventral puta-
men (i.e., the striatal portions that receive axons from the
Amg) projects through the SNpr to the deep layers of the SC,
but not to the superficial ones (McHaffie et al., 2005;
Redgrave, Coizet, et al., 2010). Accordingly, the BG system
likely operates to automatize new behavioral responses to
specific stimuli based on high-level processing (Graybiel,
2008; Redgrave, Rodriguez, et al., 2010), without modifying
the innate emotional processing of these stimuli (Codispoti
et al., 2016; Micucci et al., 2020). Regardless of individual
experience, early visual signals from the superficial layers of
the SC would always trigger activity in the Amg and innate
emotional processing. In addition, sensorimotor memories
acquired through experience, and stored in the posterior
putamen and in the tail of the caudate, are also recruited to
contextualize behavioral responses (Fig. 4b). In other words,
the cognitive system implicitly learns to ignore emotional
stimuli if they are rarely associated to significant conse-
quences in specific context, while maintaining the ability to
monitor such stimuli and recognize they can be salient and
informative under different circumstances.

4. A model of visuospatial attention deficits
in the early stages of Parkinson's Disease

The PD is an idiopathic neurological condition associated
with neuronal loss in the SNpc, which causes striatal dopa-
mine depletion (Poewe et al., 2017). In addition to the cardi-
nal motor symptoms, visuospatial selective attention deficits
are often observed in subjects with PD since the early stages
of disease (Deijen et al., 2006; Sharpe, 1990). Notably, they
show no deficit in reflexive orienting of attention (Briand
et al., 2001), but have difficulty in deliberate shifts of atten-
tion, both overt and covert (Briand et al., 1999; Yamaguchi &
Kobayashi, 1998). Furthermore, they tend to commit more
errors and need more time to respond, compared to healthy
subjects, when a salient but task-irrelevant stimulus is pre-
sented simultaneously to the target stimulus (Deijen et al.,
2006; Tommasi et al., 2015). Similarly, they tend to have dif-
ficulties in inhibiting task-irrelevant information when per-
forming visuospatial working memory tasks (Lee et al., 2010),
suggesting an impairment in suppressing the processing of
distractors.

In general, a dysfunction of the top-down control mech-
anisms of attention is considered the basis of these abnor-
malities in selective attention (Deijen et al., 2006; Tommasi et
al.,, 2015). In line with this interpretation, metabolic re-
ductions in the frontoparietal areas closely related to dopa-
mine depletion in the anterior caudate are not rare in PD
(Holtbernd et al., 2015; Niethammer et al., 2013). However,
these metabolic changes only occur in more advanced stages
of the disease, approximately four years after diagnosis
(Tang et al., 2010), whereas visuospatial selective attention
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Fig. 4 — Automation of the responses to salient stimuli. (a) Top-down signals from the prefrontal cortex or the amygdala can
modulate the activity of the superior colliculus recruiting the associative and limbic striatum. With practice, implicit
memories of these high level-processing are formed and stored in the sensorimotor striatum (blue arrows). (b) Once the new
responses are automated, the amygdala can still be activated by early visual input from the superior colliculus: the
superficial layers simultaneously send visual signals (through the pulvinar) to the sensorimotor striatum (A), recruiting the
responses acquired with experience, and to the amygdala (B). The glutamatergic structures and projections are in green;
The GABAergic structures and projections are in red; dIPFC = dorsolateral prefrontal cortex; OFC = orbitofrontal cortex;
Amg = amygdala; GPi = globus pallidus internus; SNpr = substantia nigra pars reticolata; Pulv = pulvinar; MD = medio-
dorsal nucleus of the thalamus; VA = ventral-anterior nucleus of the thalamus.

deficits are observable since the early stages of PD (Deijen
et al.,, 2006; Sharpe, 1990), thus leaving room to other
possible explanations.

In PD, nigrostriatal dopaminergic loss starts and tends to
be more pronounced in the posterior putamen (Jokinen et al.,
2009; Tang et al, 2010). As reported above, stable
sensory—motor associations acquired through experience

are stored in the posterior striatum (Anderson et al., 2014;
Kim et al., 2017; Kunimatsu et al., 2019; Yamamoto et al.,
2013). Accordingly, we portend that at least some aspects of
the selective attention deficits of PD observed since early
stages of the disease could be interpreted as a loss of the
ability to translate high-level controlled processing into im-
plicit sensorimotor memories (Fig. 5).
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4.1.  Automation of the top-down control mechanisms of
attention

Our model assumes that, as sensorimotor memories are
formed and stored in the posterior striatum, the demand for
high attentional resources should gradually decrease.
Accordingly, a progressive reduction of the attention-related
frontoparietal activity should be observed in healthy sub-
jects, but not in subjects with PD. Some data are in line with
this assumption. On the one hand, in healthy subjects the FEF-
SPL activity gradually decreases with corresponding perfor-
mance improvements during prolonged and repeated visual
attentional tasks (Mukai et al., 2007). On the other hand,
greater task-related prefrontal-caudate activity has been re-
ported since the early stages of PD (Trujillo et al., 2015).
Interestingly, using high-sensitivity 3D [*®F]fluorodopa-PET,
Kaasinen et al. (2001) observed an increased fluorodopa up-
take in the dIPFC (as well as lower fluorodopa uptake in the

A = Anterior Striatum 7 & ™ \
B = Posterior Striatum { PFC )

input _ output

Fig. 5 — Selective attention deficits in Parkinson's Disease
as a lack of sensorimotor memories. While the flexible
values of visual stimuli become stable, the striatal activity
gradually moves from the anterior associative territories to
the posterior sensorimotor ones (blue arrow). Once
sensory—motor associations are formed and stored in the
posterior striatum, the mesencephalic-basal loop is able to
manage the selection of visual stimuli in an automatic,
autonomous and rapid way, without having to recruit the
expensive activity of cortical regions such as the
dorsolateral prefrontal cortex. The dopamine depletion of
PD mainly affects the closed-loops involving the posterior
putamen (dashed lines). All the other closed-loops are
potentially spared, at least in the early stages of the
disease. Thus, the selective attention deficits of PD could be
the behavioral consequence of a basal ganglia system that
has lost the ability to create stable sensorimotor memories,
namely, the ability to translate new controlled behaviors in
rapid automated responses. The glutamatergic structures
and projections are in green; The GABAergic structures and
projections are in red; SC = superior colliculus;

PFC = prefrontal cortex; Pulv = pulvinar; VA = ventral-
anterior nucleus of the thalamus.

putamen) of a group of unmedicated subjects with early PD,
suggesting a possible compensative neuronal mechanism of
the early stages of the disease.

4.2.  Attentional capture paradigms

Tommasi et al. (2015) and Deijen et al. (2006) investigated vi-
suospatial selective attention in PD using an attentional cap-
ture task, and reported that patients with PD take longer to
provide the correct response and make more mistakes than
normal subjects when a perceptually salient distractor is
presented simultaneously to the target. Although a dysfunc-
tion of the top-down control mechanisms of attention may be
a plausible interpretation of these data, it should be noted that
the differences found could also be the behavioral conse-
quences of a deficit in the formation, retrieval or maintenance
of sensorimotor memories. In fact, the attentional capture
tasks often require participants to repeatedly respond to the
same visual stimuli. In healthy subjects, after prolonged and
repeated exposure to the same visual stimuli, the perceptually
salient but (frequently) task-irrelevant stimuli trigger a
weaker distracting effect (Failing et al., 2019). Importantly, this
phenomenon also occurs with emotional distractors
(Codispoti et al., 2016; Micucci et al., 2020), thus suggesting an
amodal cognitive mechanism.

In sum, normal subjects automatize distractor suppression
with practice, making fewer mistakes and becoming faster to
respond. Failure to keep this learning mechanism into ac-
count in Tommasi et al. (2015) and Deijen et al. (2006) studies
could have masked the inability of subjects with PD to
automatize the top-down control mechanisms of attention. In
line with our assumption, Hadj-Bouziane et al. (2013) tested a
group of subjects with early onset PD (and in advance stages of
disease) with a visuomotor associative learning task.
Compared to healthy subjects, patients showed difficulties in
both the earliest phases of learning, when goal-directed re-
sponses are dominant, and in the late stages, when responses
start to become well-learned. However, only the late phase
deficit correlated to the PD severity and dopamine depletion in
the posterior putamen.

4.3. Posner paradigms with central cues (endogenous
version)

In general, subjects with PD show performances similar to
that of healthy subjects in Posner paradigms with peripheral
cues. However, abnormalities emerge when asked to perform
Posner paradigms with central cues. Notably, the ‘benefit’
amounts (i.e., the effect of valid cueing) are comparable to
those of healthy subjects, but the ‘cost’ amounts (i.e., the ef-
fect of invalid cueing) are reduced, if not absent (Grande et al.,
2006; Mari et al., 1997; Pollux & Robertson, 2001). Our model
can provide an explanation for this finding. During the first
phases of the Posner-like procedures, subjects implicitly learn
that the central cue (typically an arrow) indicates the position
of the target in most (valid trials) but not in all of the occur-
rences (invalid trials) (Posner, 1980). Healthy subjects are able
to implicitly learn to suppress shifts of attention toward the
portions of the visual field that are frequently task-irrelevant
(Ferrante et al., 2018; Leber et al.,, 2016). Accordingly, the
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reduction in the effect of invalid cueing observed in subjects
with PD may be the consequence of the lack of formation of
stable sensory—motor associations (e.g., arrow pointing to the
right — automatic suppression of shifts of attention towards
the left). On the other hand, the normal benefits of valid
cueing may instead depend on higher level knowledge, not
affected by PD; that is, we consciously know that an arrow
pointing to the right indicates that we must pay attention to
the right.

4.4. Does nigrostriatal dopamine depletion affect the
selection of emotionally salient stimuli?

The ability to recognize facial expressions of emotions is often
impaired since the early stages of PD (Argaud et al., 2018).
Further, similar to what is observed in subjects with Amg
damage, this deficit is accompanied by a significant reduction
in autonomic responses (Kawamura & Kobayakawa, 2009),
thus suggesting that dopamine depletion may also have re-
percussions in Amg functions. In line with this assumption,
Tessitore et al. (2002) reported that Amg activity of a sample of
patients with PD in off-state medication was absent during a
paradigm that involved perceptual processing of fearful
stimuli. Moreover, dopamine repletion therapy (i.e., levodopa)
partially restored the Amg response, indicating a crucial
involvement of the dopaminergic system. However, not all
data are convergent. In fact, the attentional capture triggered
by negative emotional stimuli is present in PD (Camalier et al.,
2018). In addition, Delaveau et al. (2009) measured Amg ac-
tivity in a sample of subjects with PD and in sample of healthy
subjects during a facial emotion recognition task. The partic-
ipants received either levodopa or placebo. In both samples,
Amg activity was reduced only after levodopa administration.

This apparent inconsistency between findings can be
resolved by taking into account other neuronal networks. The
OFC is highly interconnected with the striatum (especially the
ventral portions) (Alexander et al., 1986; Draganski et al., 2008;
Postuma & Dagher, 2006) and receives dopaminergic pro-
jections from the VTA (Coenen et al., 2018). Its involvement in
emotion recognition is well documented in the literature
(Adolphs, 2002). Further, it is also crucially involved in
emotion regulation: the increase in the activity of the OFC
correlates with a decrease in the activity of the Amg (Banks
et al., 2007). In PD, deep brain stimulation of the STN can be
used as an alternative to levodopa therapy. Some studies re-
ported that the therapeutic stimulation of the STN (through
deep brain stimulation) causes specific deficits in the recog-
nition of negative emotions expressed in faces (Biseul et al.,,
2005; Dujardin et al., 2004). This anomaly occurs only in on-
stimulation and is accompanied by abnormalities in the OFC
metabolism (Le Jeune et al., 2008). Taking into account all
these data, it is therefore possible that reduced Amg activity
observed in off-state medication and partially restored by
levodopa (Tessitore et al., 2002), was caused by abnormalities
in the neuronal activity of the OFC, due in turn to dopamine
depletion in the VTA. In fact, in their PD sample there were
patients with history of depression. In such cases, the litera-
ture indicates that the dopaminergic loss involves not only the
SNpc but also the VTA (Sugama & Kakinuma, 2016; Tang et al.,
2020; Wei et al., 2018). Thus, dysfunctions of the Amg, when

present in PD patients, do not seem depend on damages that
involve the nigrostriatal tract (Argaud et al., 2018).

In sum, the nigrostriatal dopamine depletion of PD does
not appear to affect the ability to automatically select salient
emotional stimuli. Rather, it is more parsimonious to advocate
for a deficitin the top-down modulation of innate responses to
emotional signals.

5. Interim conclusions and open questions

The attentional processes emerge and are managed by a
diffuse neuronal network involving both cortical and subcor-
tical regions (Fiebelkorn & Kastner, 2020). An important issue
that is currently unsolved is how cortical and subcortical
networks interact, determining the complexity of selective
attention (Krauzlis et al., 2018). One possible solution is to
assume that the prefrontal-caudate loops are fundamental
when the selection of visual stimuli depend on abstract rules,
namely, when the value of these stimuli is still flexible (Kim &
Hikosaka, 2013; Mukai et al., 2007). Since the (deliberate)
controlled selection of visual stimuli often requires high level
of attentional resources, the human cognitive system seems
to have developed the ability to automatize the prefrontal-
caudate activity (Graybiel, 2008; Mukai et al., 2007; Redgrave,
Rodriguez, et al., 2010), through the formation of stable
sensory—motor associations mainly stored in the posterior
striatum (Anderson et al., 2014; Kim et al., 2017; Kunimatsu
et al., 2019; Yamamoto et al., 2013). Of note, the BG system is
crucially involved in both visuospatial selective attention and
implicit learning (Herman et al., 2020). Once stable sensori-
motor memories are formed and stored in the posterior
striatum, the mesencephalic-basal loops could manage the
selection of visual stimuli in an early, rapid and automatic
way. Activated by early visual inputs from the superficial
layers of the SC, the tail of the caudate and the posterior pu-
tamen would automatically (and autonomously) modulate
activity in the SC, favoring the shift of attention towards
frequently relevant visual stimuli (direct pathway) and sup-
pressing shift of attention towards frequently irrelevant visual
stimuli (indirect pathway) (Amita et al., 2019; Kim et al., 2017;
Kunimatsu et al., 2019).

Our hypothesis is built on several converging findings.
First, within the mesencephalic-basal architecture, two main
closed-loops are identifiable, one originating from the deep
layers of the SC and projecting to all the striatum, and one
originating from the superficial layers of the SC and projecting
to the sensorimotor striatum (McHaffie et al., 2005; Redgrave,
Coizet, et al., 2010). Second, the head of the caudate (asso-
ciative striatum) is crucially involved in the selection of visual
stimuli based on flexible (short-term) values, whereas the tail
of the caudate and the posterior putamen (sensorimotor
striatum) in the selection based on stable (long-term) values
acquired through experience (Hikosaka et al., 2019; Kim &
Hikosaka, 2013). Third, during implicit learning the striatal
activity gradually moves from the associative territories to the
sensorimotor ones (Hikosaka et al., 2019; Lehéricy et al., 2005).
Fourth, during prolonged and repeated visuospatial atten-
tional tasks, subjects gradually become faster in detecting the
target stimulus and in suppressing distractors (Failing et al.,
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2019; Ferrante et al., 2018; Leber et al., 2016), and this
improvement correlates with a gradual reduction of the
attention-related frontoparietal activity (Mukai et al., 2007),
suggesting an automation of the high-level (controlled)
processes.

Within this perspective, at least some of the visuospatial
selective attention deficits often observed in PD since the early
stages of the disease (e.g., the greater susceptibility to
perceptually salient but task-irrelevant visual stimuli) could
be interpreted as a loss of ability to create, maintain and
retrieve stable (long-term) sensorimotor memories. If so, their
selective attention deficits would not be attributable to a
dysfunction of the top-down control mechanisms of atten-
tion, but rather to an impossibility of put these deliberate
processes under automatic control. Thus, taking into account
the learning curve occurring over time is probably crucial
when testing selective attention in subjects with PD.

A few concluding remarks are limitations are worth
mentioning. First, in this review we have focused on the visual
domain. However, it is possible that the neuronal mecha-
nisms described are also valid for other sensory channels,
such as the auditory one. In fact, the deep layers of the SC
respond to both visual and auditory stimuli (May, 2006).
Furthermore, anomalies in attentional capture were observed
not only with visual stimuli, but also with auditory stimuli in
PD (Heldmann et al., 2019). To this end, an open question is
whether other subcortical structures involved in sensory
processing (e.g., the inferior colliculus) send axons to the
sensorimotor striatum, similar to the superficial layers of the
SC for visual input. Second, we only took into account the
domain of selective attention. However, our model could also
be tested in other cognitive domains, such as the decision
making or the executive functions. These domains are often
impaired in PD (Brand et al., 2004; Cipresso et al., 2014;
McKinlay et al., 2010; Mimura et al., 2006). Third, the model
described may be predictive of selective attention deficits
observed in other neurological disorders that directly involve
BG, such as Huntington's Disease. Fourth, we have focused on
the nigrostriatal dopaminergic system, leaving the possible
role of other systems in the background. Nevertheless, data
suggest that during visual perceptual learning the formation
of sensorimotor memories is mediated by other dopaminergic
structures, including the VTA (i.e., the mesolimbic system)
(Arsenault & Vanduffel, 2019). Notably, the reward signals
alone seem to be sufficient (Kim et al., 2015). Accordingly, the
neuronal mechanisms underlying the formation of implicit
sensorimotor memories could result partially spared in PD. In
any case, the nigrostriatal loss would still compromise the
normal functioning of the mesencephalic-basal system,
making the retrieval or the maintenance of these implicit
memories defective. Finally, in line with the idea that abnor-
malities within the SC may occur before the dopaminergic
degeneration (Hawkes et al., 2007), a hypersensitivity to visual
stimulation, that is not affected by levodopa therapy, has been
recently found in the SC of a group of subjects with PD and in
the early stages of the disease (Moro et al., 2020). This aberrant
sensory processing (not related to dopamine depletion) could
concur with the inability to automatize high-level processing
(strongly related to dopamine depletion) in causing the
abnormal susceptibility to distractors. This, in turn, could lead

to a greater (basic) excitability of the STN (mesencephalic
hyper-directed pathway) and of the Amg. The (later) inability
to automate the inhibition of salient but task-irrelevant
stimuli would exacerbate the (initial) hypersensitivity to vi-
sual stimuli of the SC. In fact, several factors concur in
determining the complexity of the symptomatology of PD,
albeit the nigrostriatal dopaminergic degeneration is the main
one (Poewe et al., 2017).

CRediT author statement

Matteo Esposito: Conceptualization, Writing- Original draft
preparation, Writing- Reviewing and Editing.

Marco Tamietto: Conceptualization, Writing- Reviewing
and Editing.

Giuliano Carlo Geminiani: Conceptualization.

Alessia Celeghin: Conceptualization, Writing- Original
draft preparation, Writing- Reviewing and Editing,
Supervision.

All authors listed have made a substantial, direct and in-
tellectual contribution to the work, and approved it for
publication.

Declaration of competing interest

None.

Acknowledgments

This review was inspired by a series of seminars held by Prof.
Elena Cattaneo on the role of basal ganglia in neurodegener-
ative disorders, including Parkinson's Disease.

AC and MT were supported by PRIN 2017 grant from the
Ministero dell'istruzione, dell'universita e della ricerca (MIUR,
Italy) (Prot. 2017TBA4KS) and by a European Research Council
(ERC) Consolidator Grant 2017 “LIGHTUP” (772953).

REFERENCES

Adolphs, R. (2002). Neural systems for recognizing emotion.
Current Opinion in Neurobiology, 12(2), 169—177.

Alexander, G. E., DeLong, M. R, & Strick, P. L. (1986). Parallel
organization of functionally segregated circuits linking basal
ganglia and cortex. Annual Review of Neuroscience, 9, 357—381.

Amita, H., Kim, H. F., Smith, M. K., Gopal, A., & Hikosaka, O.
(2019). Neuronal connections of direct and indirect pathways
for stable value memory in caudal basal ganglia. European
Journal of Neuroscience, 49(5), 712—725.

Anderson, B. A, Laurent, P. A., & Yantis, S. (2014). Value-driven
attentional priority signals in human basal ganglia and visual
cortex. Brain Research, 1587, 88—96.

Argaud, S., Vérin, M., Sauleau, P., & Grandjean, D. (2018). Facial
emotion recognition in Parkinson's disease: A review and new
hypotheses. Movement Disorders, 33(4), 554—567.

Aron, A. R., & Poldrack, R. A. (2006). Cortical and subcortical
contributions to stop signal response inhibition: Role of the
subthalamic nucleus. Journal of Neuroscience, 26(9), 2424—2433.


http://refhub.elsevier.com/S0010-9452(21)00190-8/sref1
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref1
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref1
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref2
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref2
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref2
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref2
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref3
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref3
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref3
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref3
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref3
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref4
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref4
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref4
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref4
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref5
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref5
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref5
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref5
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref5
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref6
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref6
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref6
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref6
https://doi.org/10.1016/j.cortex.2021.05.003
https://doi.org/10.1016/j.cortex.2021.05.003

432 CORTEX 141 (2021) 421—435

Arsenault, J. T., & Vanduffel, W. (2019). Ventral midbrain
stimulation induces perceptual learning and cortical plasticity
in primates. Nature Communications, 10(1), 1—13.

Averbeck, B. B., Lehman, J., Jacobson, M., & Haber, S. N. (2014).
Estimates of projection overlap and zones of convergence
within frontal-striatal circuits. Journal of Neuroscience, 34(29),
9497—-9505.

Balderston, N. L., Schultz, D. H., & Helmstetter, F. J. (2011). The
human amygdala plays a stimulus specific role in the
detection of novelty. Neuroimage, 55(4), 1889—1898.

Banks, S. J., Eddy, K. T., Angstadt, M., Nathan, P. J., & Phan, L.
(2007). Amygdala—frontal connectivity during emotion
regulation. [Social Cognitive and Affective Neuroscience Electronic
Resource], 2(4), 303—312.

Biseul, I., Sauleau, P., Haegelen, C., Trebon, P., Drapier, D.,
Raoul, S., ... Verin, M. (2005). Fear recognition is impaired by
subthalamic nucleus stimulation in Parkinson’s disease.
Neuropsychologia, 43(7), 1054—1059.

Bockova, M., Chladek, J., Jurak, P., Halamek, J., Balaz, M., &
Rektor, I. (2011). Involvement of the subthalamic nucleus and
globus pallidus internus in attention. Journal of Neural
Transmission, 118, 1235—1245.

Brand, M., Labudda, K., Kalbe, E., Hilker, R., Emmans, D.,

Fuchs, G., ... Markowitsch, H. J. (2004). Decision-making
impairments in patients with Parkinson’s disease. Behavioural
Neurology, 15(3,4), 77—85.

Briand, K. A., Hening, W., Poizner, H., & Sereno, A. B. (2001).
Automatic orienting of visuospatial attention in Parkinson's
disease. Neuropsychologia, 39(11), 1240—1249.

Briand, K. A., Strallow, D., Hening, W., Poizner, H., & Sereno, A. B.
(1999). Control of voluntary and reflexive saccades in
Parkinson's disease. Experimental Brain Research, 129, 38—48.

Calabresi, P., Picconi, B., Tozzi, A., Ghiglieri, V., & Di Filippo, M.
(2014). Direct and indirect pathways of basal ganglia: A critical
reappraisal. Nature Neuroscience, 17, 1022—1030.

Camalier, C. R., McHugo, M., Zald, D. H., & Neimat, J. S. (2018). The
effect of deep brain stimulation therapy on fear-related
capture of attention in Parkinson's disease and essential
tremor: A comparison to healthy individuals. Journal of
Neurological Disorders, 6(1), 377.

Chen, W., de Hemptinne, C., Miller, A. M., Leibbrand, M.,

Little, S. J., Lim, D. A,, ... Starr, P. A. (2020). Prefrontal-
subthalamic hyperdirect pathway modulates movement
inhibition in humans. Neuron, 106(4), 579—588.

Chica, A. B., Bartolomeo, P., & Lupidnez, J. (2013). Two cognitive
and neural systems for endogenous and exogenous spatial
attention. Behavioural Brain Research, 237, 107—123.

Choi, E. Y., Ding, S. L., & Haber, S. N. (2017). Combinatorial inputs
to the ventral striatum from the temporal cortex, frontal
cortex, and amygdala: Implications for segmenting the
striatum. eNeuro, 4(6). ENEURO.0392-17.2017.

Choi, E. Y., Tanimura, Y., Vage, P. R., Yates, E. H., & Haber, S. N.
(2017). Convergence of prefrontal and parietal anatomical
projections in a connectional hub in the striatum. Neuroimage,
146(1), 821—832.

Cipresso, P., Albani, G., Serino, S., Pedroli, E., Pallavicini, F.,
Mauro, A., & Riva, G. (2014). Virtual multiple errands test
(VMET): A virtual reality-based tool to detect early executive
functions deficit in Parkinson’s disease. Frontiers in Behavioral
Neuroscience, 8(405), 1—-11.

Codispoti, M., De Cesari, A., Biondi, S., & Ferrari, V. (2016). The fate
of unattended stimuli and emotional habituation: Behavioral
interference and cortical changes. Cognitive, Affective &
Behavioral Neuroscience, 16, 1063—1073.

Coenen, A. V., Schumacher, L. V., Kaller, C., Schlaepfer, T. E.,
Reinacher, P. C., Egger, K., ... Reisert, M. (2018). The anatomy of
the human medial forebrain bundle: Ventral tegmental area

connections to reward-associated subcortical and frontal lobe
regions. Neurolmage: Clinical, 18, 770—783.

Coizet, V., Graham, J. H., Moss, J., Bolam, J. P., Savasta, M.,
McHaffie, J. G,, ... Overton, P. G. (2009). Short-latency visual
input to the subthalamic nucleus is provided by the midbrain
superior colliculus. Journal of Neuroscience, 29(17), 5701—5709.

Comoli, E., Coizet, V., Boyes, J., Bolam, J. P., Canteras, N. S,
Quirk, R. H,, ... Redgrave, P. (2003). A direct projection from
superior colliculus to substantia nigra for detecting salient
visual events. Nature Neuroscience, 6(9), 974—980.

Deijen, J. B., Stoffers, D., Berendse, H. W., Wolters, E. C., &
Theeuwes, J. (2006). Abnormal susceptibility to distracters
hinders perception in early stage Parkinson's disease: A
controlled study. BMC Neurology, 6(43), 1-9.

Delaveau, P., Salgado-Pineda, P., Witjas, T., Micallef-Roll, J.,
Fakra, E., Azulay, J-P., & Blin, O. (2009). Dopaminergic
modulation of amygdala activity during emotion recognition
in patients with Parkinson disease. Journal of Clinical
Psychopharmacology, 29(6), 548—554.

Diano, M., Celeghin, A., Bagnis, A., & Tamietto, M. (2017).
Amygdala response to emotional stimuli without awareness:
Facts and interpretations. Frontiers in Psychology, 7(2029), 1—13.

Draganski, B., Kherif, F., Kloppel, S., Cook, P. A., Alexander, D. C.,
Parker, G. J. M,, ... Frackowiak, R. S. J. (2008). Evidence for
segregated and integrative connectivity patterns in the
human basal ganglia. Journal of Neuroscience, 28(28), 7143—7152.

Dujardin, K., Blairy, S., Defebvre, L., Krystkowiak, P., Hess, U.,
Blond, S., & Destee, A. (2004). Subthalamic nucleus stimulation
induces deficits in decoding emotional facial expressions in
Parkinson’s disease. Journal of Neurology, Neurosurgery, and
Psychiatry, 75(2), 202—208.

Failing, M., Feldmann-Wiistefeld, T., Wang, B., Olivers, C., &
Theeuwes, J. (2019). Statistical regularities induce spatial as
well as feature-specific suppression. Journal of Experimental
Psychology. Human Perception and Performance, 45(10),
1291-1303.

Ferrante, O., Patacca, A., Di Caro, V., Della Libera, C.,
Santamaria, E., & Chelazzi, L. (2018). Altering spatial priority
maps via statistical learning of target selection and distractor
filtering. Cortex; a Journal Devoted To the Study of the Nervous
System and Behavior, 102, 67—95.

Fiebelkorn, I. C., & Kastner, S. (2020). Functional specialization in the
attention network. Annual Review of Psychology, 71(1), 221—249.

Fife, K. H., Gutierrez-Reed, N. A,, Zell, V., Bailly, J., Lewis, C. M.,
Aron, A. R., & Hnasko, T. S. (2017). Causal role for the
subthalamic nucleus in interrupting behavior. eLife, 6, Article
€27689.

Freeze, B. S., Kravitz, A. V., Hammack, N., Berke, J. D., &
Kreitzer, A. C. (2013). Control of basal ganglia output by direct
and indirect pathway projection neurons. Journal of
Neuroscience, 33(47), 18531—18539.

Georgy, L., Celeghin, A., Marzi, C. A., Tamietto, M., & Ptito, A.
(2016). The superior colliculus is sensitive to gestalt-like
stimulus configuration in hemispherectomy patients. Cortex; a
Journal Devoted To the Study of the Nervous System and Behavior,
81, 151-161.

Grande, L. J., Crosson, B., Heilman, K. M., Bauer, R. M., Kilduff, P.,
& McGlinchey, R. E. (2006). Visual selective attention in
Parkinson's disease: Dissociation of exogenous and
endogenous inhibition. Neuropsychology, 20(3), 370—382.

Graybiel, A. M. (2000). The basal ganglia. Current Biology, 10(14),
R509—R511.

Graybiel, A. M. (2008). Habits, rituals, and the evaluative brain.
Annual Review of Neuroscience, 31, 359—-387.

Haber, S. N. (2003). The primate basal ganglia: Parallel and
integrative networks. Journal of Chemical Neuroanatomy, 26(4),
317-330.


http://refhub.elsevier.com/S0010-9452(21)00190-8/sref7
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref7
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref7
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref7
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref8
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref8
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref8
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref8
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref8
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref9
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref9
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref9
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref9
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref10
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref10
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref10
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref10
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref10
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref10
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref11
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref11
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref11
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref11
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref11
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref12
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref13
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref13
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref13
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref13
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref13
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref14
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref14
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref14
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref14
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref15
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref15
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref15
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref15
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref16
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref16
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref16
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref16
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref17
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref17
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref17
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref17
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref17
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref18
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref18
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref18
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref18
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref18
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref19
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref19
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref19
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref19
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref19
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref20
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref20
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref20
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref20
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref21
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref21
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref21
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref21
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref21
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref22
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref22
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref22
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref22
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref22
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref22
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref23
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref23
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref23
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref23
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref23
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref24
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref24
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref24
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref24
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref24
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref24
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref25
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref25
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref25
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref25
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref25
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref26
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref26
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref26
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref26
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref26
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref27
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref27
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref27
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref27
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref27
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref28
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref28
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref28
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref28
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref28
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref28
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref29
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref29
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref29
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref29
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref30
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref30
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref30
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref30
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref30
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref30
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref31
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref31
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref31
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref31
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref31
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref31
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref32
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref32
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref32
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref32
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref32
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref32
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref33
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref33
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref33
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref33
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref33
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref33
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref34
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref34
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref34
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref35
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref35
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref35
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref35
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref36
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref36
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref36
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref36
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref36
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref37
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref37
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref37
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref37
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref37
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref37
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref38
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref38
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref38
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref38
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref38
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref39
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref39
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref39
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref40
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref40
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref40
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref41
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref41
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref41
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref41
https://doi.org/10.1016/j.cortex.2021.05.003
https://doi.org/10.1016/j.cortex.2021.05.003

CORTEX 141 (2021) 421—435 433

Hadj-Bouziane, F., Benatru, L., Brovelli, A., Klinger, H., Thobois, S.,
Broussolle, E., ... Meunier, M. (2013). Advanced Parkinson’s
disease effect on goal-directed and habitual processes
involved in visuomotor associative learning. Frontiers in Human
Neuroscience, 6(351), 1-11.

Hawkes, C. H., Del Tredici, K., & Braak, H. (2007). Parkinson's
disease: A dual-hit hypothesis. Neuropathology and Applied
Neurobiology, 33(6), 599—614.

Hazrati, L. N., & Parent, A. (1992). Convergence of subthalamic
and striatal efferents at pallidal level in primates: An
anterograde double-labeling study with biocytin and PHA-L.
Brain Research, 569(2), 336—340.

Hedreen, J. C., & Delong, M. R. (1991). Organization of
striatopallidal, striatonigral, and nigrostriatal projections in
the macaque. Journal of Comparative Neurology, 304(4), 569—595.

Heldmann, M., Teichmann, S., Al-Khaled, M., Briiggemann, N., &
Miinte, T. F. (2019). Processing of local and global auditory
deviants in Parkinson disease: Electrophysiological evidence
for enhanced attention capture. Cognitive and Behavioral
Neurology: Official Journal of the Society for Behavioral and
Cognitive Neurology, 32(1), 31—-38.

Herman, J. P., Arcizet, F., & Krauzlis, R. J. (2020). Attention-related
modulation of caudate neurons depends on superior
colliculus activity. eLife, 9, Article e53998.

Hikosaka, O., Nakamura, K., & Nakahara, H. (2006). Basal ganglia
orient eyes to reward. Journal of Neurophysiology, 95(2), 567—584.

Hikosaka, O., Yasuda, M., Nakamura, K., Isoda, M., Kim, H. F.,
Terao, Y., ... Maeda, K. (2019). Multiple neuronal circuits for
variable object—action choices based on short- and long-term
memories. Proceedings of the National Academy of Sciences,
116(52), 26313—26320.

Holtbernd, F., Ma, Y., Peng, S., Schwartz, F., Timmermann, L.,
Kracht, L., ... Eggers, C. (2015). Dopaminergic correlates of
metabolic network activity in Parkinson’s disease. Human
Brain Mapping, 36(9), 3575—3585.

Isoda, M., & Hikosaka, O. (2008). Role for subthalamic nucleus
neurons in switching from automatic to controlled eye
movement. Journal of Neuroscience, 28(28), 7209—7218.

Jarbo, K., & Verstynen, T. D. (2015). Converging structural and
functional connectivity of orbitofrontal, dorsolateral
prefrontal, and posterior parietal cortex in the human
striatum. Journal of Neuroscience, 35(9), 3865—3878.

Johnson, J. A., Strafella, A. P., & Zatorre, R. J. (2007). The role of the
dorsolateral prefrontal cortex in bimodal divided attention:
Two transcranial magnetic stimulation studies. Journal of
Cognitive Neuroscience, 19(6), 907—920.

Jokinen, P., Helenius, H., Rauhala, E., Briick, A., Eskola, O., &
Rinne, J. O. (2009). Simple ratio analysis of 18F-fluorodopa
uptake in striatal subregions separates patients with early
Parkinson disease from healthy controls. Journal of Nuclear
Medicine, 50(6), 893—899.

Kaasinen, V., Nurmi, E., Briick, A., Eskola, O., Bergman, J.,

Solin, O., & Rinne, J. O. (2001). Increased frontal [18F]
fluorodopa uptake in early Parkinson’s disease: Sex
differences in the prefrontal cortex. Brain: a Journal of
Neurology, 124, 1125—1130.

Kawamura, M., & Kobayakawa, M. (2009). Emotional impairment
in Parkinson's disease. Parkinsonism & Related Disorders, 15(1),
S47—-S52.

Kim, H. F., Amita, H., & Hikosaka, O. (2017). Indirect pathway of
caudal basal ganglia for rejection of valueless visual objects.
Neuron, 94(4), 920—930.

Kim, H. F., & Hikosaka, O. (2013). Distinct basal ganglia circuits
controlling behaviors guided by flexible and stable values.
Neuron, 79, 1001—1010.

Kim, D, Ling, S., & Watanabe, T. (2015). Dual mechanisms
governing reward-driven perceptual learning. F1000Research,
4, 764.

Kim, R., Nakano, K., Jayaraman, A., & Carpenter, M. B. (1976).
Projections of the globus pallidus and adjacent structures: An
autoradiographic study in the monkey. Journal of Comparative
Neurology, 169(3), 263—289.

Krauzlis, R. J., Bogadhi, A. R., Herman, J. P., & Bollimunta, A.
(2018). Selective attention without a neocortex. Cortex; a
Journal Devoted To the Study of the Nervous System and Behavior,
102, 161-175.

Krauzlis, R. ], Lovejoy, L. P., & Zénon, A. (2013). Superior colliculus
and visual spatial attention. Annual Review of Neuroscience, 36,
165—-182.

Kunimatsu, J., Maeda, K., & Hikosaka, O. (2019). The caudal part of
putamen represents the historical object value information.
Journal of Neuroscience, 39(9), 1709—-1719.

Le Jeune, F., Peron, J., Biseul, 1., Fournier, S., Sauleau, P.,

Drapier, S., ... Vérin, M. (2008). Subthalamic nucleus
stimulation affects orbitofrontal cortex in facial emotion
recognition: A pet study. Brain: a Journal of Neurology, 131(6),
1599—-1608.

Leber, A. B., Gwinn, R. E,, Hong, Y., & O'Toole, R. J. (2016).
Implicitly learned suppression of irrelevant spatial locations.
Pshychonomic Bullettin & Review, 23, 1873—1881.

Lee, E. Y., Cowan, N., Vogel, E. K., Rolan, T., Valle-Inclan, F., &
Hackley, S. A. (2010). Visual working memory deficits in
patients with Parkinson's disease are due to both reduced
storage capacity and impaired ability to filter out irrelevant
information. Brain: a Journal of Neurology, 133(9), 2677—2689.

Lehéricy, S., Benali, H., Van de Moortele, P. F., Pélégrini-Issac, M.,
Waechter, T., Ugurbil, K., & Doyon, J. (2005). Distinct basal
ganglia territories are engaged in early and advanced motor
sequence learning. Proceedings of the National Academy of
Sciences, 102(35), 12566—12571.

Loose, R, Kaufmann, C., Tucha, O., Auer, D. P., & Lange, K. W.
(2006). Neural networks of response shifting: Influence of task
speed and stimulus material. Brain Research, 1090(1), 146—155.

Maeda, K., Kunimatsu, J., & Hikosaka, O. (2018). Amygdala activity
for the modulation of goal- directed behavior in emotional
contexts. PloS Biology, 16(6), Article e2005339.

Mari, M., Bennett, K. M. B, Scarpa, M., Brighetti, G., & Castiello, U.
(1997). Processing efficiency of the orienting and the focusing
of covert attention in relation to the level of disability in
Parkinson's disease. Parkinsonism & Related Disorders, 3(1),
27-36.

May, P. J. (2006). The mammalian superior colliculus: Laminar
structure and connections. Progress in Brain Research, 151,
321-378.

May, P. J., McHaffie, J. G., Stanford, T. R,, Jiang, H., Costello, M. G.,
Coizet, V., ... Redgrave, P. (2009). Tectonigral projections in the
primate: A pathway for pre-attentive sensory input to
midbrain dopaminergic neurons. European Journal of
Neuroscience, 29(3), 575—-587.

McHaffie, J. G, Jiang, H., May, P. J., Coizet, V., Overton, P. G.,
Stein, B. E., & Redgrave, P. (2006). A direct projection from
superior colliculus to substantia nigra pars compacta in the
cat. Neuroscience, 138(1), 221—-234.

McHaffie, J. G., Stanford, T. R., Stein, B. E., Coizet, V., &
Redgrave, P. (2005). Subcortical loops through the basal
ganglia. Trends in Neurosciences, 28(8), 401—407.

McKinlay, A., Grace, R. C., Dalrymple-Alford, J. C., & Roger, D.
(2010). Characteristics of executive function impairment in
Parkinson's disease patients without dementia. Journal of the
International Neuropsychological Society: JINS, 16, 268—277.


http://refhub.elsevier.com/S0010-9452(21)00190-8/sref42
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref42
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref42
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref42
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref42
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref42
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref43
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref43
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref43
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref43
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref44
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref44
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref44
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref44
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref44
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref45
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref45
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref45
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref45
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref46
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref46
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref46
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref46
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref46
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref46
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref46
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref47
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref47
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref47
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref48
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref48
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref48
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref49
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref49
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref49
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref49
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref49
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref49
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref49
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref50
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref50
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref50
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref50
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref50
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref51
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref51
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref51
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref51
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref52
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref52
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref52
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref52
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref52
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref53
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref53
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref53
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref53
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref53
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref54
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref54
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref54
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref54
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref54
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref54
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref55
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref55
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref55
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref55
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref55
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref55
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref56
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref56
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref56
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref56
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref56
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref57
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref57
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref57
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref57
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref58
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref58
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref58
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref58
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref59
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref59
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref59
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref60
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref60
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref60
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref60
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref60
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref61
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref61
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref61
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref61
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref61
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref62
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref62
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref62
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref62
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref62
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref63
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref63
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref63
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref63
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref64
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref64
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref64
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref64
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref64
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref64
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref64
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref65
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref65
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref65
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref65
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref65
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref66
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref66
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref66
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref66
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref66
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref66
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref67
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref68
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref68
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref68
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref68
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref69
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref69
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref69
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref70
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref70
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref70
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref70
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref70
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref70
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref70
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref71
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref71
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref71
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref71
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref72
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref72
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref72
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref72
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref72
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref72
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref73
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref73
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref73
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref73
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref73
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref74
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref74
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref74
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref74
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref75
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref75
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref75
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref75
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref75
https://doi.org/10.1016/j.cortex.2021.05.003
https://doi.org/10.1016/j.cortex.2021.05.003

434

CORTEX I41 (2021) 421—435

McNab, F., & Klingberg, T. (2008). Prefrontal cortex and basal
ganglia control access to working memory. Nature
Neuroscience, 11, 103—107.

Micucci, A., Ferrari, V., De Cesare, A., & Codispoti, M. (2020).
Contextual modulation of emotional distraction: Attentional
capture and motivational significance. Journal of Cognitive
Neuroscience, 32(4), 621—633.

Mimura, M., Oeda, R., & Kawamura, M. (2006). Impaired decision-
making in Parkinson's disease. Parkinsonism & Related
Disorders, 12(3), 169—175.

Moro, E., Bellot, E., Meoni, S., Pellissier, P., Hera, R., Dojat, M., &
Coizet, V. (2020). Visual dysfunction of the superior colliculus
in de novo parkinsonian patients. Annals of Neurology, 87(4),
533-546.

Mukali, I, Kim, D., Fukunaga, M., Japee, S., Marrett, S., &
Ungerleider, L. G. (2007). Activations in visual and attention-
related areas predict and correlate with the degree of
perceptual learning. Journal of Neuroscience, 27(42), 11401—11411.

Nakano, K., Kayahara, T., Tsutsumi, T., & Ushiro, H. (2000). Neural
circuits and functional organization of the striatum. Journal of
Neurology, 247. V/1-V/15.

Nambu, A. (2008). Seven problems on the basal ganglia. Current
Opinion in Neurobiology, 18(6), 595—604.

Nambu, A., Tokuno, H., Hamada, I., Kita, H., & Hasegawa, N.
(2000). Excitatory cortical inputs to pallidal neurons via the
subthalamic nucleus. Journal of Neurophysiology, 84(1), 289—300.

Nambu, A., Tokuno, H., & Takada, M. (2002). Functional
significance of the cortico—subthalamo—pallidal ‘hyperdirect’
pathway. Neuroscience Research, 43(2), 111-117.

Niethammer, N., Tang, C. C., Ma, Y., Mattis, P. J., Ko, J. H.,
Dhawan, V., & Eidelberg, D. (2013). Parkinson’s disease
cognitive network correlates with caudate dopamine.
Neuroimage, 78, 204—2009.

Nishijo, H., Rafal, R., & Tamietto, M. (2018). Editorial: Limbic-
Brainstem roles in perception, cognition, emotion, and
behavior. The Florida Nurse, 12, 395.

Oldenburg, I. A., & Sabatini, B. L. (2015). Antagonistic but not
symmetric regulation of primary motor cortex by basal
ganglia direct and indirect pathways. Neuron, 86(5), 1174—1181.

Pasquereau, B., & Turner, R. S. (2017). A selective role for
ventromedial subthalamic nucleus in inhibitory control. eLife,
6, Article e31627.

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P.,
Volkmann, J., ... Lang, A. E. (2017). Parkinson disease. Nature
Reviews Disease Primers, 3, 17013.

Pollux, P. M. J., & Robertson, C. (2001). Voluntary and automatic
visual spatial shifts of attention in Parkinsons disease: An
analysis of costs and benefits. Journal of Clinical and
Experimental Neuropsychology, 23(5), 662—670.

Posner, M. I. (1980). Orienting of attention. The Quarterly Journal of
Experimental Psychology: QJEP, 32(1), 3—25.

Postuma, R. B., & Dagher, A. (2006). Basal ganglia functional
connectivity based on a meta-analysis of 126 positron
emission tomography and functional magnetic resonance
imaging publications. Cerebral Cortex, 16(10), 1508—1521.

Pourtois, G., Schettino, A., & Vuilleumier, P. (2013). Brain
mechanisms for emotional influences on perception and
attention: What is magic and what is not. Biological Psychology,
92, 492—-512.

Ravizza, S. M., & Ivry, R. B. (2001). Comparison of the basal ganglia
and cerebellum in shifting attention. Journal of Cognitive
Neuroscience, 13(3), 285—297.

Redgrave, P., Coizet, V., Comoli, E., McHaffie, ]. G., Leriche, M.,
Vautrelle, N, ... Overton, P. (2010). Interactions between the

midbrain superior colliculus and the basal ganglia. The Florida
Nurse, 4(132), 1-8.

Redgrave, P., Rodriguez, M., Smith, Y., Rodriguez-Oroz, M. C.,
Lehericy, S., Bergman, H., ... Obeso, J. A. (2010). Goal-directed
and habitual control in the basal ganglia: Implications for
Parkinson'’s disease. Nature Reviews Neuroscience, 11(11),
760-772.

Sharpe, M. H. (1990). Distractibility in early Parkinson's disease.
Cortex; a Journal Devoted To the Study of the Nervous System and
Behavior, 26(2), 239—246.

Shulman, G. L., Astafiev, S. V., Franke, D., Pope, D. L. W.,
Snyder, A. Z., McAvoy, M. P., & Corbetta, M. (2009). Interaction
of stimulus-driven reorienting and expectation in ventral and
dorsal frontoparietal and basal ganglia-cortical networks.
Journal of Neuroscience, 29(14), 4392—4407.

Sugama, S., & Kakinuma, Y. (2016). Loss of dopaminergic neurons
occurs in the ventral tegmental area and hypothalamus of rats
following chronic stress: Possible pathogenetic loci for
depression involved in Parkinson's disease. Neuroscience
research, 111, 48—55.

Tamietto, M., & de Gelder, B. (2010). Neural bases of the non-
conscious perception of emotional signals. Nature Reviews
Neuroscience, 11, 697—709.

Tamietto, M., Latini Corazzini, L., Pia, L., Zettin, M., Gionco, M., &
Geminiani, G. (2005). Effects of emotional face cueing on line
bisection in neglect: A single case study. Neurocase, 11,
399-404.

Tamietto, M., Pullens, P., de Gelder, B., Weiskrantz, L., & Goebel, R.
(2012). Subcortical connections to human amygdala and
changes following destruction of the visual cortex. Current
Biology, 22(15), 1449—1455.

Tang, C. C., Poston, K. L., Dhawan, V., & Eidelberg, D. (2010).
Abnormalities in metabolic network activity precede the onset
of motor symptoms in Parkinson's disease. Journal of
Neuroscience, 30(3), 1049—1056.

Tang, J., Ly, L., Wang, Q., Liu, H., Xue, W., Zhou, T,, ... Chen, G.
(2020). Crocin reverses depression-like behavior in Parkinson
disease mice via VTA-mPFC pathway. Molecular Neurobiology,
57, 3158-3170.

Temel, Y., Blokland, A., Steinbusch, H. W. M., & Visser-
Vandewalle, V. (2005). The functional role of the subthalamic
nucleus in cognitive and limbic circuits. Progress in
Neurobiology, 76(6), 393—413.

Tessitore, A., Hariri, A. R., Fera, F., Smith, W. G., Chase, T. N.,
Hyde, T. M., ... Mattay, V. S. (2002). Dopamine modulates the
response of the human amygdala: A study in Parkinson’s
disease. Journal of Neuroscience, 22(20), 9099—9103.

Todd, R. M., & Manaligod, M. G. M. (2018). Implicit guidance of
attention: The priority state space framework. Cortex; a Journal
Devoted To the Study of the Nervous System and Behavior, 102,
121-138.

Tokuno, H., Takada, M., Ikai, Y., & Mizuno, N. (1994). Direct
projections from the deep layers of the superior colliculus to the
subthalamic nucleus in the rat. Brain Research, 639(1), 156—160.

Tommasi, G., Fiorio, M., Yelnik, J., Krack, P., Sala, F., Schmitt, E., ...
Chelazzi, L. (2015). Disentangling the role of cortico-basal
ganglia loops in top—down and bottom—up visual attention:
An investigation of attention deficits in Parkinson disease.
Journal of Cognitive Neuroscience, 27(6), 1215—1237.

Trujillo, J. P., Gerrits, N. J. H. M., Veltman, D. J., Berendse, H. W.,
van der Werf, Y. D., & van der Heuvel, O. A. (2015). Reduced
neural connectivity but increased task-related activity during
working memory in de novo Parkinson patients. Human Brain
Mapping, 36(4), 1554—1566.


http://refhub.elsevier.com/S0010-9452(21)00190-8/sref76
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref76
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref76
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref76
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref77
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref77
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref77
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref77
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref77
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref78
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref78
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref78
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref78
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref78
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref79
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref79
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref79
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref79
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref79
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref80
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref80
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref80
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref80
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref80
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref81
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref81
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref81
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref82
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref82
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref82
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref83
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref83
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref83
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref83
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref84
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref84
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref84
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref84
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref84
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref84
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref85
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref85
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref85
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref85
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref85
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref86
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref86
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref86
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref87
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref87
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref87
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref87
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref88
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref88
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref88
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref89
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref89
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref89
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref90
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref90
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref90
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref90
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref90
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref91
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref91
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref91
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref92
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref92
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref92
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref92
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref92
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref93
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref93
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref93
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref93
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref93
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref95
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref95
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref95
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref95
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref96
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref96
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref96
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref96
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref96
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref97
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref97
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref97
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref97
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref97
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref97
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref98
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref98
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref98
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref98
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref99
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref99
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref99
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref99
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref99
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref99
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref100
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref100
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref100
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref100
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref100
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref100
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref101
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref101
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref101
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref101
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref102
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref102
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref102
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref102
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref102
http://refhub.elsevier.com/S0010-9452(21)00190-8/optMOAkt8cKaB
http://refhub.elsevier.com/S0010-9452(21)00190-8/optMOAkt8cKaB
http://refhub.elsevier.com/S0010-9452(21)00190-8/optMOAkt8cKaB
http://refhub.elsevier.com/S0010-9452(21)00190-8/optMOAkt8cKaB
http://refhub.elsevier.com/S0010-9452(21)00190-8/optMOAkt8cKaB
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref104
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref104
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref104
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref104
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref104
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref103
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref103
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref103
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref103
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref103
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref105
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref105
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref105
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref105
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref105
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref106
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref106
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref106
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref106
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref106
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref107
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref107
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref107
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref107
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref107
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref108
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref108
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref108
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref108
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref109
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref110
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref110
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref110
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref110
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref110
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref110
https://doi.org/10.1016/j.cortex.2021.05.003
https://doi.org/10.1016/j.cortex.2021.05.003

CORTEX 141 (2021) 421—435 435

van Schouwenburg, M. R., den Ouden, H. E. M., & Cools, R. (2010).
The human basal ganglia modulate frontal-posterior
connectivity during attention shifting. Journal of Neuroscience,
30(29), 9910—9918.

van Schouwenburg, M. R., den Ouden, H. E. M., & Cools, R. (2015).
Selective attentional enhancement and inhibition of fronto-
posterior connectivity by the basal ganglia during attention
switching. Cerebral Cortex, 25, 1527—1534.

Verstynen, T. D., Brade, D., Jarbo, K., & Schneider, W. (2012).
Microstructural organizational patterns in the human
corticostriatal system. Journal of Neurophysiology, 107(11),
2984—2995.

Wei, L., Hu, X., Yuan, Y., Liu, W., & Chen, H. (2018). Abnormal
ventral tegmental area-anterior cingulate cortex connectivity
in Parkinson's disease with depression. Behavioural Brain
Research, 347, 132—139.

Wessel, J. R,, Jenkinson, N., Brittain, J. S., Voets, S. H. E. M.,

Aziz, T. Z., & Aron, A. R. (2016). Surprise disrupts cognition via
a fronto-basal ganglia suppressive mechanism. Nature
Communications, 7(1), 1-10.

Yamaguchi, S., & Kobayashi, S. (1998). Contributions of the
dopaminergic system to voluntary and automatic orienting of
visuospatial attention. Journal of Neuroscience, 18(5), 1869—1878.

Yamamoto, S., Kim, H. F., & Hikosaka, O. (2013). Reward value-
contingent changes of visual responses in the primate caudate
tail associated with a visuomotor skill. Journal of Neuroscience,
33(27), 11227-11238.

Yeterian, E. H., & Pandya, D. N. (1993). Striatal connections of the
parietal association cortices in rhesus monkeys. Journal of
Comparative Neurology, 332(2), 175—197.


http://refhub.elsevier.com/S0010-9452(21)00190-8/sref111
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref111
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref111
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref111
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref111
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref112
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref112
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref112
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref112
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref112
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref113
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref113
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref113
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref113
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref113
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref114
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref114
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref114
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref114
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref114
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref115
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref115
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref115
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref115
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref115
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref116
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref116
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref116
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref116
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref117
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref117
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref117
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref117
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref117
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref118
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref118
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref118
http://refhub.elsevier.com/S0010-9452(21)00190-8/sref118
https://doi.org/10.1016/j.cortex.2021.05.003
https://doi.org/10.1016/j.cortex.2021.05.003

	A subcortical network for implicit visuo-spatial attention: Implications for Parkinson's Disease
	1. Introduction
	2. The basal ganglia architecture
	2.1. The three pathways of the basal ganglia
	2.2. The functional striatal subdivisions
	2.3. The mesencephalic-basal loops

	3. The role of the basal ganglia in visuospatial selective attention
	3.1. A subcortical network for implicit visuospatial selective attention
	3.2. A possible link between emotional stimuli, implicit selective attention and human behavior

	4. A model of visuospatial attention deficits in the early stages of Parkinson's Disease
	4.1. Automation of the top-down control mechanisms of attention
	4.2. Attentional capture paradigms
	4.3. Posner paradigms with central cues (endogenous version)
	4.4. Does nigrostriatal dopamine depletion affect the selection of emotionally salient stimuli?

	5. Interim conclusions and open questions
	CRediT author statement
	Declaration of competing interest
	Acknowledgments
	References


