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Chapter 1 )
Introduction Check or

V. Srinivasa Chakravarthy and Ahmed A. Moustafa

Abstract The area of computational modeling of basal ganglia has seen an
explosive growth in the last couple of decades. In this area, there is currently a
multitude of modeling approaches, each approaching the functions of basal ganglia
in a unique fashion, pursuing a specialized line of investigation. Existing models
fall under certain prominent schools of thought, each successfully explaining a
subset of basal ganglia functions that are amenable to that specific approach, while
ignoring a host of other functions. The aim of this book is to describe a class of the
basal ganglia models that comprehensively accommodates a wide range of the basal
ganglia functions within a single modeling framework. This class of models is
essentially based on reinforcement learning, a currently dominant paradigm for
describing the basal ganglia function. However, the class of computational models
described herein deviate significantly from some of the classical approaches like,
for example, the Go-NoGo interpretation of the functional pathways of the basal
ganglia. This class of models successfully explains a wide variety of motor func-
tions, and some cognitive functions of the basal ganglia, in healthy and pathological
conditions like the Parkinson’s disease and other disorders associated with the basal
ganglia.

It has been more than 20 years since James Houk, Joel Davis, and David Beiser
published their superb book on Basal Ganglia models (MIT Press; ASIN:
BO10BF4U9K). Their very well-cited book (Houk, Davis, & Beiser, 1995) covered
a variety of computational approaches to basal ganglia function. For example, Houk
et al. (1995) proposed models that hypothesized that the matrisomes and striosomes
within the basal ganglia subserve different functions. We discuss these in detail in
Chap. 4. Some aspects of this hypothesis were confirmed in subsequent experi-
mental studies (Brown et al., 2002; Wilson, 2004). Houk et al. (1995) have based
their models on the Actor—Critic architecture, which has been repeatedly used in
various experimental and computational studies of the basal ganglia and cortex
(Atallah, Lopez-Paniagua, Rudy, & O’Reilly, 2007; Colas, Pauli, Larsen, Tyszka,
& O’Doherty, 2017; Li, McClure, King-Casas, & Montague, 2006; Moustafa &
Maida, 2007; Moustafa, Cohen, Sherman, & Frank, 2008; O’Doherty et al., 2004;
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2 1 Introduction

Piray et al., 2014). There are, however, some limitations of the collection of models
described in Houk et al. (1995). The models in their book are quite diverse and do
not present a coherent and unified picture of basal ganglia function. Second, the
Houk et al. (1995) book mostly provides conceptual models without simulation
studies to test the plausibility of model assumptions.

In addition, our knowledge on the basal ganglia has changed dramatically over
the last couple of decades. Such diversity and multipolarity in approaches to basal
ganglia function continue to date, though a large number of models are aligning
themselves more and more with the reinforcement learning-based modeling
framework. Within this framework, there is an emerging subclass of basal ganglia
models that highlight the significance of complex dynamics of the indirect pathway
in basal ganglia, and its contributions to exploration, an important ingredient of
reinforcement learning (Balasubramani, Chakravarthy, Ravindran, & Moustafa,
2014, 2015; Mandali, Rengaswamy, Chakravarthy, & Moustafa, 2015;
Muralidharan, Balasubramani, Chakravarthy, Lewis, & Moustafa, 2014). This class
of models of basal ganglia has proven themselves to be capable of explaining a
wide range of basal ganglia functions including action selection, spatial navigation,
gait control, reaching and handwriting, precision grip control, saccade generation
etc.

The purpose of our book is to amend and expand on James Houk’s book by
providing a comprehensive book on computational models of the basal ganglia. Our
book provides a compendium of the aforementioned subclass of models of basal
ganglia, which are partially based on our previously published studies on basal
ganglia modeling (Balasubramani et al., 2014, 2015; Gangadhar, Joseph, &
Chakravarthy, 2008; Gangadhar et al., 2009; Gupta, Balasubramani, &
Chakravarthy, 2013; Helie, Chakravarthy, & Moustafa, 2013; Krishnan,
Ratnadurai, Subramanian, Chakravarthy, & Rengaswamy (2011); Magdoom et al.,
2011; Muralidharan et al., 2014, 2017; Sridharan, Prashanth, & Chakravarthy,
2006; Sukumar, Rengaswamy, & Chakravarthy, 2012). In addition, the models
contained in the book present a coherent picture of basal ganglia. The book presents
a long-awaited synthesis of some the key existent theories of basal ganglia function.
In addition, our book presents computational models of basal ganglia-related dis-
orders, including Parkinson’s disease. For an integrative review on how the basal
ganglia plays a key role in several motor processes, see Moustafa et al. (2016). In
the last chapter, we will highlight the applications of understanding the role of the
basal ganglia to treat neurological and psychiatric disorders. We also provide a
roadmap for future work on basal ganglia modeling, including the simulation of the
action of various neuromodulators in basal ganglia, as well as psychiatric disorders
such schizophrenia. The MATLAB code for some of the simulation studies pre-
sented here is available upon request from the authors. These can be used and
amended to simulate other functions of the basal ganglia, such as working memory,
attention, as well as other basal ganglia-related disorders, such as ADHD.
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Chapter 2 )
The Molecular, Cellular, Lk
and Systems-Level Structure

of the Basal Ganglia

Alekhya Mandali, V. Srinivasa Chakravarthy
and Ahmed A. Moustafa

Abstract This chapter provides a brief overview of the systems, cellular, and
molecular structure of the various nuclei of basal ganglia (BG) such as striatum,
STN, GPe, GPi, and the SNr including the various neurotransmitters impacting its
function. We start with the system-level connection between cortex and BG and
then cover the various cell types, receptors (such as dopaminergic, acetylcholine)
present on each of the BG nuclei. The effect of Parkinson’s disease on their
dynamics especially the STN-GPe oscillatory network is then discussed. The
dopaminergic systems SNc and VTA are also covered in terms of their architecture
and input—output synaptic projection patterns. Finally, a short intro to the multiple
cortico-BG loops and their functional relevance is discussed. This brief overview
helps provide background on BG structure, which is the basis of several models we
present in this book.

2.1 Anatomical Structure of Basal Ganglia

The Basal Ganglia (BG) are a group of seven subcortical nuclei, involved in various
important functions ranging from motor control to cognitive functions such as
decision making, working memory, and action selection (Chakravarthy, Joseph, &
Bapi, 2010; Chersi, Mirolli, Pezzulo, & Baldassarre, 2013; Gurney, Prescott, &
Redgrave, 2001a, 2001b; Humphries & Gurney, 2002; Schroll, Vitay, & Hamker,
2012; Yucelgen, Denizdurduran, Metin, Elibol, & Sengor, 2012) (Fig. 2.1).

2.1.1 Systems-Level

The anatomical components of BG include the neo-striatum (caudate, putamen, and
nucleus accumbens), Globus Pallidus externa, GPe, and Globus Pallidus interna,
GPi, subthalamic nucleus (STN), and substantia nigra (pars compacta, SN¢, and
pars reticulata, SNr). The BG receive inputs from the cortex through the striatum
and STN (Aravamuthan, Muthusamy, Stein, Aziz, & Johansen-Berg, 2007,
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Fig. 2.1 This figure shows the Basal Ganglia with its major nuclei and their synaptic connections.
The glutamatergic input from motor and executive cortices enters both striatum and STN and
leaves through GPi or SNr (not shown in figure) via the thalamus. The dopaminergic input from
SNc modulates the activity of neurons in striatal, STN, GPe nuclei

Maurice, Deniau, Glowinski, & Thierry, 1998) and projects through SNr and GPi,
the output nuclei of BG, via thalamus (Albin, Young, & Penney, 1989) to motor
and executive areas of the cortex (Steiner & Tseng, 2010) as well as sensory
association cortex and temporal lobe (Middleton 1996). Classically, the BG
includes two pathways: the indirect pathway (IP) constituting a part of the striatum,
GPe and STN finally projecting to GPi (Gerfen & Surmeier, 2011), and the direct
pathway (DP) constituting the direct projection from the striatum to GPi (Gerfen &
Surmeier, 2011). A third pathway, dubbed the hyperdirect pathway from cortex to
STN, has been added subsequently (Nambu, Tokuno, & Takada, 2002).

2.1.1.1 Multiple Cortico-BG Loops

Earlier studies argued for the presence of a single cortico-BG loop where all the
cortical areas projected to BG. On further investigation using various anatomical
and tracing studies, it has been observed that cortico-BG system indeed consists of
multiple parallel loops, where cortical areas project to distinct and mostly
non-overlapping areas of BG (Alexander, DeLong, & Strick, 1986; DeLong &
Wichmann, 2010; Nakano, 2000). The parallel loops have been primarily segre-
gated into motor (motor and oculomotor), associative (dorsolateral and orbitofrontal
prefrontal cortex), and limbic loops. The projections from each of the cortical areas
to the various BG nuclei in each of the loop are given in Fig. 2.2.
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Fig. 2.2 This figure shows the parallel BG-cortico loops of motor, oculomotor, associative, and
limbic areas with the specific areas M1: primary; SMA: supplementary motor area; FEF: frontal
eye fields; DLC/DLPEC: dorsolateral prefrontal cortex; OFC/LOF: lateral orbitofrontal cortex;
ACA: anterior cingulate area; Gpi: Globus Pallidus internus; SNr: substantia nigra pars reticulata;
STN: subthalamic nucleus; MDpl: medialis dorsalis pars paralamellaris; MDmc: medialis dorsalis
pars magnocellularis; MDpc: medialis dorsalis pars parvocellularis; VAmc: ventralis anterior pars
magnocellularis; VApc: ventralis anterior pars parvocellularis; VLm: ventralis lateralis pars
medialis; VLo: ventralis lateralis pars oralis; VP: ventral pallidum; VS: ventral striatum; cl:
caudolateral; cdm: caudal dorsomedial; dl: dorsolateral; 1: lateral; Idm: lateral dorsomedial; m:
medial; mdm: medialdorsomedial; pm: posteromedial; rd: rostrodorsal; rl: rostrolateral; rm:
rostromedial; vm: ventromedial; vl: ventrolateral

Although the BG loops are functionally/anatomically segregated, it is important
for these individual loops to interact with one another to ensure learning and
information transfer occurs across motor, cognitive, and emotional domains. Newer
anatomical evidence indeed suggests that there is an interaction among these closed
loops (Haber & Calzavara, 2009).

Various theories proposed to explain the functionality of the multi-BG-cortex
closed loops are explained briefly below. The first hypothesis suggests that infor-
mation transfer across the loops is via the crossing of dendritic arbors from loop to
another. The second is based on the overlap in the smaller BG structures which also
have collaterals between them. This configuration creates an ‘edge’ where the
neurons respond to more than one modality (motor/cognitive) (Yelnik, 2002). The
third is the complex non-reciprocal connections providing directional flow of
information. For example, it has been observed that limbic striatum can influence
the motor output in rodents via striato-nigral pathway where the ventral striatum
influences the dorsal via dopaminergic system (Haber, Fudge, & McFarland, 2000).
The final one is based on ‘hot spots’ where an anatomical region within a structure
receives input from multiple functional areas leading to integrative connectivity
(Haber & Calzavara, 2009).
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2.1.2 Cellular Level

In this section, we explain the features of the individual BG nuclei, the types of cells
that constitute the nuclei, and the chemical messengers used by the cells for
signaling.

2.1.2.1 Striatum—The Major Input Gateway

Based on the microanatomical studies, striatal neurons have been classified into two
categories: spiny and aspiny neurons (Kreitzer, 2009). Spiny neurons in striatum,
called the medium spiny neurons (MSNs), which constitute >95% of the population
(Gerfen & Surmeier, 2011) receive projections from layer 5 of all neocortices onto
their spines (Plenz & Kitai, 1998; Reig & Silberberg, 2014). The MSNs, whose
major neurotransmitter is gamma-aminobutyric acid (GABA), have striato-nigral
(direct, i.e., projections to GPi neurons) and striato-pallidal (indirect, i.e., projec-
tions to GPe then to STN then finally to GPi) projections (Gerfen & Surmeier,
2011). MSNs present a distinct compartmental pattern in terms of patch and matrix
when viewed under the microscope. These compartments also have well-defined
projection patterns (Bolam et al., 2006; Kreitzer, 2009). Although both
striato-nigral and striato-pallidal neurons have patch-matrix compartments,
striato-nigral patches predominantly project to SNc instead of SNr (Gerfen, 1984;
Gerfen & Young, 1988).

Electrophysiologically, MSNs are characterized by their hyperpolarized resting
membrane potential, lower input resistance, and bi-stable behavior (Kreitzer, 2009).
This bistability is observed in terms of membrane potential, that is hyperpolarized
(—90 to =70 mv, DOWN state) and depolarized (—60 to —40 mv, UP state) arising
from the intrinsic membrane properties as well as from the glutamatergic input from
cortex and thalamus (Kreitzer, 2009). The DOWN state has been mostly mediated
by AMPA synaptic input, whereas the UP state is also modulated by the slow
NMDA current. The main neuromodulator that affects the MSN’s activity is DA
(Kreitzer, 2009). Anatomically, the dorsal part of striatum receives dopaminergic
projections from SNc (Gerfen & Surmeier, 2011) and ventral from Ventral
Tegmental Area (Nicola, Surmeier, & Malenka, 2000). In the dorsal striatum,
MSNs are the major targets for the dopaminergic projections arising from SNc
targeting the spines and the axons (Surmeier, Ding, Day, Wang, & Shen, 2007;
Surmeier, Song, & Yan, 1996). Using histochemical studies, the striato-nigral
MSNs express D1 class dopaminergic receptors (D1 and DS5) whereas
striato-pallidal MSNs express D2 class (subdivided into D2, D3, and D4) (Kreitzer,
2009; Seeman, 1980; Surmeier et al., 2007). Recently, the presence of heteroge-
neous D1/D2 receptor which is a complex of D1 and D2 protomers was also
observed in striatum (Rashid et al., 2007). Physiologically, the effect of dopamine
on DI and D2 expressing MSNs is opposite in nature when quantified in terms of
firing rate. D1 (D2) receptors enhance (inhibit) the L-type calcium currents, thereby
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increasing (decreasing) the membrane potential eventually increasing (decreasing)
the spiking rate of the MSNs (Kreitzer, 2009). In addition to DA, cholinergic
modulation in MSNss is through the muscarinic ACh receptors for both D1 and D2
type MSNs. This modulation is through the activation of the A-type potassium
currents and makes the neurons more hyperpolarized. However, in the presence of
excitatory drive this A-type potassium current inactivates readily and decreases the
delay in spiking. Experimental recordings show the activity of MSNs to be irregular
and reach a maximum firing rate of 30 Hz (Kreitzer, 2009).

The second category of neurons in striatum is aspiny interneurons, further
classified into fast spiking (FS), low threshold spiking (LTS), and cholinergic
(TAN) neurons (Kawaguchi, 1993). The FS neurons though small in number help
in regulating striatal activity and also receive input from cortex and thalamus. FS
neurons also receive input from cortex and thalamus, not only to regulate their
firing rate but also the cortical inputs received by the MSNs (Mallet, Le Moine,
Charpier, & Gonon, 2005). Anatomical tracing studies show that a single MSN
receives inhibitory synapses from 4 to 27 FS neurons and a single interneuron
projects to 130 MSNs (Kods & Tepper, 1999). The dopaminergic modulation of FS
neurons activity is mediated by D2 (D5) receptors which excite (inhibit) them. An
increase in ACh levels also increases the firing rate of FS through direct depolar-
ization of nicotinic receptors. The other kinds of interneurons are LTS, character-
ized by plateau potentials, and low threshold spikes also receive dopaminergic
(through D5 receptors) and glutamatergic input from SNc and cortical areas
(Kawaguchi, 1993) (Fig. 2.3).

The last ones are the TANs known to be large and constitute 1-2% of striatal
neurons. These neurons are intrinsically active due to sodium and
hyperpolarization-activated cation currents (Bennett, Callaway, & Wilson, 2000).
They primarily receive input from MSNs and sparsely from thalamus and cortex.
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Fig. 2.3 This figure shows various types of neurons present in striatum with projections and type
of receptors on them. MSN: medium spiny neurons, FS: fast-spiking interneurons, LTS: low
threshold spiking interneurons, and TAN: tonically active cholinergic interneurons
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They display a unique ability to pause their firing during salient cues including
reward and reward prediction (Graybiel, Aosaki, Flaherty, & Kimura, 1994). TANs
express both D5 and D2 receptors which control the spiking rate in similar way as
in MSNs.

2.1.2.2 The Oscillator Network of BG

The reciprocally connected excitatory—inhibitory, i.e., STN—GPe network, is known
for its active role in cognitive/motor process of healthy controls to pathological
oscillations observed in PD patients (Baunez et al., 2001; Bergman, Wichmann,
Karmon, & DeLong, 1994; Bevan, Magill, Terman, Bolam, & Wilson, 2002;
Brown, 2003; Brown et al., 2001; Chakravarthy et al., 2010; Hammond, Bergman,
& Brown, 2007; Heida, Marani, & Usunoff, 2008; Holgado, Terry, & Bogacz,
2010; Park, Worth, & Rubchinsky, 2010, 2011; Plenz & Kital, 1999). STN is
unique among other nuclei of BG because it is the sole excitatory nucleus among
BG nuclei (Charpier, Beurrier, & Paz, 2010). It is therefore named the ‘driving
force of BG.” It also receives direct input from cortex forming the hyperdirect
pathway (Nambu et al., 2002), making it the fastest route for the cortico-thalamic
influences to act on BG. STN neuronal activity is generally classified into three
patterns: rhythmic, irregular, and bursting with average firing rate between 18 and
28 spikes/s in awake monkeys (Heida, Marani, et al., 2008). The irregular spon-
taneous spiking pattern is the most commonly observed which is due to large
inward Na™ currents independent of the GABAergic input (Bevan & Wilson, 1999)

(Fig. 2.4).
WA 0 .
Na*o e GABA =~
— = #% D2class
—':J"AMPA ACh = .
D2 = GPe . STN = SHT
. — cat %- Na*
HCN2 -~ (L/T) %AMPA
4//
ainate NMDA
D2 dass K+ NMDA
GABAerglc

) Glutamatergic

Fig. 2.4 This figure shows various receptors and channels with lateral connections in STN-GPe
network. Receptors: gamma-aminobutyric acid (GABA), serotonin (SHT), dopamine (D2), kainate
(KAR), o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate
(NMDA), cholinergic (ACh), Channels: calcium-L/T type (Ca*™), sodium (Na*), potassium (K*),
hyperpolarized cation inward channel (HCN2), slow Ca**-activated K* channel (AHP)
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The ability of STN neurons to produce rebound and burst potentials comes from
the presence of low threshold class-3 or T-type Ca** calcium channels which are
active only during inhibitory GABAergic and do not participate in spontaneous
behavior (Wilson & Bevan, 2011). STN neurons also display plateau potentials in
response to depolarizing or hyperpolarizing current with sustained activity up to
500 ms (Beurrier, Congar, Bioulac, & Hammond, 1999). To obtain such a neural
response, the ion channel responsible should be inactivated at resting membrane
potential (RMP) and re-inactivated at hyperpolarization which was found to be due
to the L-type calcium currents (Heida, Marani, et al., ). STN neurons also have
dopamine (D2 class), serotonin (SHT), opioid, and cholinergic receptors which
modulate their spiking pattern (Heida, Lakke, 2008& Usunoff, 2008).
Glutamatergic input from the cortex (Kita, Chang, & Kitai, 1983) acts on the STN
through both ionotropic (AMPA, NMDA, and kainite) and G-protein coupled
metabotropic receptors. The main inhibitory influence from GPe (around 30%) is
mediated through GABA (ionotropic and metabotropic) currents.

The GPe is an inhibitory nucleus that receives GABAergic projections from
D2-expressing class of MSNs, through the indirect pathway. The majority of
neurons are aspiny neurons and project to neurons of STN, GPi, and SNr (Kita &
Kita, 1994, Sato, Lavallée, Lévesque, & Parent, 2000). Recent experimental studies
show that around 2% of GPe neurons project to STN creating a strong inhibitory
stimulus which aids in desynchronizing the activity of STN (Baufreton et al., 2009;
Steiner & Tseng, 2010). Single unit recordings in awake monkeys show irregular
firing (with few bursting neurons) around 20-100 Hz with average frequency
around 60 Hz. Due to the presence of hyperpolarized-activated inward current
(HCN2) and Navl.6 currents, GPe neurons show autonomous firing property and
are also capable of producing long pauses which is estimated to be due to low
threshold Ca®* or early K* currents. The major source of excitatory input to GPe
comes from STN (around 20%). Apart from inhibitory striatal current, GPe neurons
also receive collateral GABAergic (mainly GABA-A) inputs from 15% of total
neurons (Steiner & Tseng, 2010).

The STN-GPe loop together has a higher impact on the output of BG than
individually. Experimental recordings of STN-GPe system under physiological
condition show desynchronized activity, whereas under dopamine-deficient con-
ditions, either in MPTP monkeys or PD patients, exhibits synchronized bursts
within and between STN and GPe neurons (Bergman et al., 1994; Gillies,
Willshaw, Gillies, & Willshaw, 1998; Park et al., 2011) (Bergman et al., 1994;
Bevan et al., 2002; Hammond et al., 2007; Tachibana, Iwamuro, Kita, Takada, &
Nambu, 2011; Weinberger & Dostrovsky, 2011) (Bergman et al., 1994, 1998).
Plenz and Kitai (1998) worked on in vitro STN-GPe slices and proposed that they
act as a pacemaker (Plenz & Kital, 1999), a source for generating oscillations in
pathological conditions such as Parkinson’s disease. This oscillatory activity was
found to be present in two frequency bands, one around the tremor frequency [2—4
Hz] and another in beta [10-30 Hz] frequency range (Weinberger & Dostrovsky,
2011). Also, an increase of correlations in firing patterns of STN neurons was
observed in PD state (Benazzouz et al., 2002; Brown, 2003; Brown et al., 2001;



12 2 The Molecular, Cellular, and Systems-Level Structure ...

Foffani, Bianchi, Baselli, & Priori, 2005; Levy et al., 2002; Willshaw & Li, 2002).
Park et al. (2011) report the presence of intermittent synchrony between STN
neurons and its local field potentials (LFP), recorded using multiunit activity
electrodes from PD patients undergoing DBS surgery (Park et al., 2011). They also
calculated the duration of synchronized and desynchronized events in neuronal
activity by estimating transition rates, which were obtained with the help of first
return maps plotted using phase of neurons (Park et al., 2010, 2011).

2.1.2.3 The Output Ports of BG (GPi and SNr)

GPi is the most common output port of BG which receives inhibitory GABAergic
input from D1-expressing striatal MSNs (Gerfen, 1984; Gerfen & Surmeier, 2011;
Surmeier et al., 2007) and GPe (Sato et al., 2000), and excitatory glutamatergic input
from STN (Heida, Marani, et al., 2008); GPi integrates these inputs and influences the
final selection of an action. The physiological characteristics of GPi neurons are very
similar to GPe neurons, but GPi neurons fire at a much higher rate (~60-70 Hz). It
has been observed that irregular spiking activity (of GPi) in physiological condition
changes into bursting, synchronized pulses in PD/MPTP condition (Bergman et al.,
1994; Raz, Vaadia, & Bergman, 2000). It has been hypothesized that it is due to this
bursting activity that there is corruption in the transmission of information back to the
cortex via thalamus (Rubin & Terman, 2004).

SNr, a nucleus in the ventrolateral part of the substantia nigra system, fires at a
much higher rate (20-40 Hz) compared to its counterpart (SNc). It receives input
from D1-expressing striatal MSNs, GPe, STN (Nakanishi, Kita, & Kitai, 1987,
Robledo & Féger, 1990), and dopaminergic cells of SNc¢ (Bjorklund & Dunnett,
2007) and projects to Superior Colliculus (Deniau, Hammond, Riszk, & Feger,
1978), ventral part of thalamus and SNc (Marsden, 1986; Tepper, Martin, &
Anderson, 1995) via inhibitory GABAergic projections. Electrophysiological
recordings from SNr slices reveal the presence of two types of neurons: type I and 11
(Nakanishi et al., 1987). Type I are spontaneous with short action potential intervals
and a strong delayed rectification. Type II are not spontaneous and have large action
potential durations and relatively large post-active hyperpolarization and less
prominent delayed rectification (Nakanishi et al., 1987). At system level, SNr has
been mainly involved during saccadic eye movements due to its projections to
Superior Colliculus (Basso, Powers, & Evinger, 1996).

2.1.2.4 Dopaminergic System (SNc)

SNc, a part of the nigrostriatal pathway, is one of the clusters of dopaminergic cells
in the midbrain. The SNc dopaminergic neurons display different types of activity
ranging from regular/pacemaker (6.5 Hz), irregular/random (4 Hz) to bursting (4.25
Hz) and are classified based on the synchronous activity within themselves (Lee &
Tepper, 2009). The dopaminergic neuron action potential can be divided into four
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components: (1) a slow depolarization, (2) an initial segment spike, (3) a
somato-dendritic spike, and (4) an after hyperpolarization (Grace & Bunney, 1983).
Irregular and bursting activity is often followed by slow after-depolarizations, and a
second short latency action potential was seen riding on the depolarizing after
potential following this first spike. Each of these firing patterns modulates the
amount of dopamine released at their target locations. Inputs from other BG nuclei
such as striatum (D1 receptors MSN), SNr (Bjorklund & Dunnett, 2007), is mostly
GABAergic except the glutamatergic one from STN (Lee & Tepper, 2009). Apart
from these nuclei, the interneurons within SNc¢ and SNr also modulate the neural
patterns in SNc. Cholinergic projections from pendenculopontine nucleus influ-
enced through nicotinic and muscarinic receptors, as well as metabotropic gluta-
mate receptor are believed to be another source of excitation apart from STN.
Dopaminergic projections from SNc are targeted to multiple areas of brain
including striatum (dorsal), GPe, and STN, specifically in modulating the activity
patterns in GPe and STN. As stated in the earlier sections, the dopaminergic
receptors predominantly come under either D1 family (D1, D5) or D2 family (D2,
D3, D4) (Beaulieu & Gainetdinov, 2011). But recently neurons that express both
D1/D2 receptors (heteromers) have been discovered in striatum, hippocampus, and
cortex (Hasbi, O’Dowd, & George, 2011).

The death of SNc neurons is believed to be the primary cause for Parkinson’s
disease symptoms though the etiology of their death has been debated by multiple
mechanisms (Blandini, 2010; Rodriguez-Oroz et al., 2010; Singleton et al., 2003;
Wood-Kaczmar, Gandhi, & Wood, 2006). Due to the dopaminergic control on the
activity of several BG nuclei and its pathways, multiple abnormalities have been
reported in PD patients in both cognitive (Chaudhuri, Healy, & Schapira, 2006;
Chaudhuri, Odin, Antonini, & Martinez-Martin, 2011; Merello, 2007) and motor
(Brown, 2007; Schrag & Quinn, 2000; Xia & Mao, 2012) domains. A decrease in
the activity of striatal neurons with D1 family receptors and an increase in the
activity of D2-expressing striatal neurons have been observed (Gerfen et al., 1990;
Gerfen & Surmeier, 2011; Gerfen & Young, 1988). Along with this, the excitatory—
inhibitory circuit of BG, the STN-GPe network transits its activity from chaotic
irregularity to synchronous bursting behavior (Brown, 2003, 2007; Fan, Baufreton,
Surmeier, Chan, & Bevan, 2012; Holgado et al., 2010; Plenz & Kital, 1999). This is
believed that loss of DA causes the observed molecular/cellular level changes at
STN-GPe neurons (Brown, 2003, 2007; Fan et al., 2012).

2.1.2.5 Ventral Tegmental Area (VTA)

Apart from SNc, another major source of dopaminergic release is from Ventral
Tegmental Area (VTA) which is located around the midline and the floor of
midbrain and constitutes the mesocorticolimbic system (Yamaguchi et al., 2011).
Due to its heterogeneous cytoarchitecture, VTA is named as the A10 area which is
further divided into four regions, the paranigral nucleus (PN), the parabrachial
pigmented area (PBP), the parafasciculus retroflexus area (PFR), and the
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rostromedial tegmental nucleus (RMTg) (Morales & Margolis, 2017). The PN and
PBP are rich in dopaminergic cells compared to the other regions. Within the VTA
neurons, part of the A10 cells consists of dopaminergic cells which express the
dopamine-producing enzyme tyrosine hydroxylase (TH) and release dopamine.
VTA also has VTA-GABA and VTA-glutamate neurons which not only regulate
the local neuronal activity but also send long-range projections to areas that are
innervated by the dopaminergic neurons (Morales & Margolis, 2017). It is reported
that VTA has combinatorial neurons which co-express dopamine and GABA or DA
and glutamate with the mechanism of the individual neurotransmitter being a hot
topic currently (Morales & Margolis, 2017).

VTA receives inhibitory input from nucleus accumbens (nAcc) on both of its
dopaminergic and GABA neurons. VTA dopaminergic neurons receive projections
from the anterior cortex including the mesial prefrontal cortex (mPFC) and have
reciprocal connectivity to mPFC (Han et al., 2017). Apart from the receiving
projections from external structures, local synaptic projections from VTA-GABA
and VTA-glutamate are also observed. VTA-DA neurons have divergent projec-
tions to various cortical areas, amygdala, nAcc, hippocampus, raphe nucleus locus
coeruleus, mammillary body, lateral habenula (LHb), and the pallidum (Han et al.,
2017; Morales & Margolis, 2017; Swanson, 1982).

Similar to SNc neurons, VTA neurons also respond to reward and shift their
activation to cues that predict reward (Schultz, 1998). The role of DA in the aspect
of motivation has been extensively studied especially with respect to modulating
nAcc activity. It has also been observed that optogenetic stimulation of dopamine
transporter expressing neurons in the dorsal hippocampus improved the recall
accuracy in a complex spatial navigation task (Morales & Margolis, 2017). The
projections from LHb on to the VTA-DA neurons have been implicated in aversive
learning (Stamatakis et al., 2013) which is also being studied extensively in the area
of depression (Lawson et al., 2016). Similarly, projections from raphe nucleus on to
nAcc via VTA also play a major role in reward conditioning by increasing the
dopamine release into nAcc (Morales & Margolis, 2017).

Pathophysiologically, in combination with meso-striatal (SNc) network, VTA
has been involved in a variety of disorders from Parkinson’s disease (Alberico,
Cassell, & Narayanan, 2015), addiction, schizophrenia (Knable & Weinberger,
1997), and attention deficit hyperactivity disorder (Viggiano & Sadile, 2000). One
of the major psychiatric problems that involve nAcc and VTA is addiction (Oliva &
Wanat, 2016) as they are primary targets where the addictive drugs such as opioids,
amphetamine act on.
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Abstract The basal ganglia are involved in several processes, ranging from motor to
cognitive ones. This chapter briefly discusses the role of the basal ganglia in motor
(including reaching, handwriting, precision grip, gait, saccade generation, and
speech), cognitive (action selection, decision making, attention, working memory,
sequence learning, and sleep regulation), mood/emotion (negative and positive
affect), and autonomic (gastrointestinal and cardiovascular) processes. The chapter
summarizes key experimental studies explaining the role of the basal ganglia in all of
these motor, cognitive, and affective processes. Accordingly, this chapter provides a
background on the function of the basal ganglia, which is key information that guides
the reader to understand the following computational modeling efforts to understand
the role of the basal ganglia in several functional processes.

3.1 Motor Processes of the Basal Ganglia

The basal ganglia influence motor control mainly via at least two pathways: the
cortico-thalamic network and the basal ganglia—brainstem networks (Takakusaki,
Tomita, & Yano, 2008).

The BG and Cortico-thalamic Loop: There are multiple loops in the
cortico-basal ganglia network including the cognitive, motor, and limbic loops
which control planned and automatic movements (Hikosaka et al., 1999; Marsden,
1982). The motor cortical areas which project to the putamen in the striatum are
thought to be involved in discrete voluntary movements (Takakusaki et al., 2008).
Similarly, the prefrontal areas projecting to the caudate nucleus regulate complex
visually guided movements (Takakusaki et al., 2008). The parallel nature of the
cortico-basal ganglia networks aids in effective integration of information from
various sensory resources to plan motor actions (Hikosaka et al., 1999; Nakahara,
Doya, & Hikosaka, 2001). In rats, optogenetic stimulation of the indirect pathway
of the BG led to an increase in freezing and bradykinetic movements which was
rescued completely by activating the direct pathway leading to increased
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locomotion (Kravitz et al., 2010). The BG output nuclei also target the brainstem
regions for automatic control of movements and along with these loops evaluate the
necessary motor programs for a given context.

Before we discuss computational models of the basal ganglia, below, we briefly
discuss the motor, cognitive, mood/emotion, and autonomic processes of the basal
ganglia, respectively.

3.1.1 Hand—Reaching, Handwriting, Precision Grip

Hand movements involve reaching, writing, and precision grip, among others. As
we discuss below, the BG plays a role in all of these processes.

Reaching movements reveal key information about how the brain plans and
execute movement. Studies have found that neural activity indicates that the motor
commands of reaching have a causal role on reaching characteristics such as velocity
and arm position (Harris & Wolpert, 1998). The optimal control of any movement-
related activity is found to be through a feedback control methodology (Schaal &
Schweighofer, 2005; Shadmehr & Krakauer, 2008). Especially, the basal ganglia
(BG) are involved in the learning of new actions and sequences of movements
mediated by the midbrain dopaminergic signals (Hikosaka, Nakamura, Sakai, &
Nakahara, 2002). This understanding applies for other sophisticated motor activity
of hand such as handwriting and exerting precision grip. Handwriting activity is an
interesting interplay of accurate reaches, executing a sequence of strokes which
involves scaling of movements while planning for the subsequent ones (Teulings,
Contreras-Vidal, Stelmach, & Adler, 1997). Precision grip, on the other hand, is the
act of gripping objects between forefinger and thumb, and this also incurs high
sensory-motor control, mediated by basal ganglia network (Fellows, Noth, &
Schwarz, 1998; Ingvarsson, Gordon, & Forssberg, 1997; Napier, 1956).

Parkinson’s disease shows impairments in the kinematics of simple reaching
movement (Majsak, Kaminski, Gentile, & Flanagan, 1998) and that contributes to
impaired goal-directed movement or target-tracking in pursuit-related tasks
(Soliveri, Brown, Jahanshahi, Caraceni, & Marsden, 1997). PD may fall short of
reaching the goal and suffer tremor or rigidity. Hypometric behavior and micro-
graphia are common characteristics of handwriting in many PD patients (Broderick,
Van Gemmert, Shill, & Stelmach, 2009; Teulings et al., 1997; Tucha et al., 2006).
Patients on dopamine medication show high precision grip than controls and
OFF-medication patients (Fellows et al., 1998; Ingvarsson et al., 1997; Miiller &
Abbs, 1990). Some inferences gained from most of the above-described symptoms
suggest that the damage is beyond mere sensory deficit and is extended to basal
ganglia-related network dysfunction. We see that evaluations based on coordinated
arm, wrist, and finger movements on reaching, handwriting, or gripping contribute
as reliable behavioral markers to quantify the damage caused by dopaminergic
dysfunction in PD.
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3.1.2 Gait

BG and Brainstem Interaction: The BG-brainstem interaction is thought to be
responsible for the control of postural tone and the rhythmicity during gait
(Takakusaki, Saitoh, Harada, & Kashiwayanagi, 2004). The influence of the BG
was found to be through the GABAergic output from the substantia nigra pars
reticulata (SNr), which is one of the output nuclei of the BG, and has dense
projections to the mesenpontine tegmentum (Beckstead, Domesick, & Nauta, 1993;
Inglis & Winn, 1995; Moriizumi, Nakamura, Tokuno, Kitao, & Kudo, 1988), where
the MLR and PPN are present. The introduction of GABAA antagonists into the
ventral part of MLR and PPN induced locomotion and muscle atonia (Takakusaki,
Habaguchi, Ohtinata-Sugimoto, Saitoh, & Sakamoto, 2003). It was observed that a
repetitive stimulation of the SNr region altered locomotion by controlling the MLR
region and decreasing the step cycles and increasing the duration of the stance
phase, which is equivalent to reducing the velocity of locomotion (Takakusaki
et al., 2008). The SNr stimulation also decreased the PPN-mediated muscle tone
inhibition. SNr activation had a considerable effect on the amplitude and duration of
the rhythmic membrane oscillations of both the flexor and extensor motor neurons,
suggesting the role of BG in rhythm modulation (Takakusaki, Ohta, & Harada,
2007). As a whole, the BG outputs suppress the inhibitory mechanisms of loco-
motion and increase the excitatory effects leading to termination of locomotion.

Many features of walking such as stride length and velocity, foot strike pattern,
and the associated postural stability are highly influenced by the functioning of
basal ganglia. This subcortical piece of control over the spinal cord’s central pattern
generators forms an essential neural circuit component for gait, in coordination with
the cortical activity (Sahyoun, Floyer-Lea, Johansen-Berg, & Matthews, 2004;
Takakusaki et al., 2008). Specifically, vision, space, and other context-driven
cortical activity influence the gait (Lewis & Barker, 2009; Maruyama &
Yanagisawa, 2006) in association with the subcortical counterpart (the basal gan-
glia). They are well identified in PD condition that particularly suffers an abnor-
mality of basal ganglia control due to dopaminergic cell loss. Some symptoms
include reduced stride velocity and length, flat foot strike, postural sway and
shuffling steps (Hausdorff, Cudkowicz, Firtion, Wei, & Goldberger, 1998;
Kimmeskamp & Hennig, 2001; Morris, lansek, Matyas, & Summers, 1998) and the
more debilitating context-driven freezing of gait (Almeida & Lebold, 2010; Cowie,
Limousin, Peters, & Day, 2010).

The freezing of gait phenomenon is context dependent suggesting a definite role
for the cortical and subcortical components in this impairment. They are charac-
terized by start hesitation, destination hesitation and obstacle avoidance (Maruyama
& Yanagisawa, 2006) increased cognitive load caused due to multiple simultaneous
task goals, working memory has been proposed to facilitate freezing of gait; and
poor availability of resource pool containing dopamine has been hypothesized to be
their root cause (Lewis & Barker, 2009). Some studies also show an impaired
connectivity between cortical and subcortical areas including basal ganglia, for
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facilitating freezing of gait (Shine et al., 2013). Medications are shown to improve
the strides and reduce freezing of gait (Almeida & Lebold, 2010; Cowie et al.,
2010). Patients are quite assisted by stimulating some basal ganglia nuclei such as
STN in addition to administration of medications (Faist et al., 2001; Lubik et al.,
2006). Freezing symptoms can manifest in upper limb in few patients.

3.1.3 Saccades

Saccades are rapid movements of both eyes, interspersed by momentary fixation of
the eyes on objects of attention. Cortical substrates of saccade generation include
the frontal eye fields and the lateral intraparietal sulcus, while the subcortical
substrates include the Superior Colliculus (SC) and the BG. The contributions of
the BG to saccade generation seem to be mediated predominantly by the SC. It was
shown that neurons in one of the output ports of the BG, the substantia nigra pars
reticulata (SNr), inhibit SC and maintain high firing levels during periods of fixa-
tion, and pause for some saccades (Basso & Wurtz, 2002; Hikosaka & Wurtz,
1983). Hikosaka et al. (2000) hypothesize that the BG output controls the SC in two
complementary ways: by disinhibiting the SC when the direct pathway is activated,
and inhibiting the saccade when the indirect pathway is activated (Hikosaka,
Takikawa, & Kawagoe, 2000). The role of the SNr in modulating reward-oriented
saccadic tasks was studied by using a one-direction-rewarded version of the
memory-guided saccade task (Sato & Hikosaka, 2002). One study showed that
certain neurons in SNr exhibited positive reward modulation, suggesting that
neurons of the SNr-SC pathway promote reward modulation. Kori et al. (1995)
studied the effects of the unilateral infusion of MPTP into the monkey caudate
nucleus on visually guided and memory-guided saccades (Kori et al., 1995). They
found that saccade latency was prolonged, while the amplitude and velocity are
decreased. The role of the BG in saccade generation is further confirmed by
impaired saccades in PD conditions, both in animals and humans. Studies with
MPTP monkeys showed prolonged saccades, longer reaction times, and smaller
peak velocities and amplitudes. The animals also showed fewer spontaneous sac-
cades (Kato et al., 1995). PD patients exhibited a peculiar class of saccades known
as ‘square wave’ jerks, in which a small saccade of amplitude 0.5°-3° transiently
moved the eye away from the point of fixation, only to return to the original point of
fixation after a couple of hundred milliseconds. Square wave jerks are also found in
other syndromes like Progressive Supranuclear Palsy (PSP) and other multisystem
Parkinsonian syndromes (Rascol et al., 1991).
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3.1.4 Speech and Language

Many imaging and lesion studies (Cappa & Abutalebi, 1999; Svennilson, Torvik,
Lowe, & Leksell, 1960; Van Buren, Li, & Ojemann, 1966) provide substantial
evidences for the role of basal ganglia in language processing and production
(phonology, syntax, lexical semantics, prosody, and pragmatics). Apart from the
motor aspects of language involving Broca’s area’s control of speech production
(Alm, 2004), several cognitive aspects related to the choice sequence of syntax
generation, syntactic processing, and their perception (predictability) from auditory
language (Kotz, Schwartze, & Schmidt-Kassow, 2009; Nenadic et al., 2003) have
been related to the basal ganglia functioning. Some studies relate language pro-
cessing and control to the framework of decision making that is mediated by
cortico-basal ganglia circuits. Further, complex use of language involves working
memory (Grossman, Carvell, Stern, Gollomp, & Hurtig, 1992), which is also
actively controlled by nuclei such as basal ganglia. Selective attention contribution
of the nuclei helps in syntactic processing (e.g., the BG model of (Brown &
Marsden, 1988) as well. PD patients show abnormality in many aspects of language
processing and production (Grossman et al., 2002; Kotz, Frisch, Von Cramon, &
Friederici, 2003; Kotz et al., 2009; Schirmer, 2004). Several studies su