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Abstract: 

The motor nervous system is one of the main systems of the body and is our principle means of 

behavior. Some of the most debilitating and wide spread disorders are motor system 
pathologies. In particular the basal ganglia are complex networks of the brain that control some 

aspects of movement in all vertebrates. Although these networks have been extensively studied, 

lack of proper methods to study them on a system level has hindered the process of 
understanding what they do and how they do it. In order to facilitate this process I have used 

computational models as an approach that can faithfully take into account many aspects of a 

high dimensional multi faceted system. 

In order to minimize the complexity of the system, I first took agnathan fish and amphibians as 
modeling animals. These animals have rather simple neuronal networks and have been well 

studied so that developing their biologically plausible models is more feasible. I developed 

models of sensory motor transformation centers that are capable of generating basic behaviors 

of approach, avoidance and escape. The networks in these models used a similar layered 
structure having a sensory map in one layer and a motor map on other layers. The visual 

information was received as place coded information, but was converted into population coded 

and ultimately into rate coded signals usable for muscle contractions. 

In parallel to developing models of visuomotor centers, I developed a novel model of the basal 
ganglia. The model suggests that a subsystem of the basal ganglia is in charge of resolving 

conflicts between motor programs suggested by different motor centers in the nervous system. 

This subsystem that is composed of the subthalamic nucleus and pallidum is called the 

arbitration system. Another subsystem of the basal ganglia called the extension system which is 
composed of the striatum and pallidum can bias decisions made by an animal towards the 

actions leading to lower cost and higher outcome by learning to associate proper actions to 

different states. Such states are generally complex states and the novel hypothesis I developed 
suggests that the extension system is capable of learning such complex states and linking them 

to appropriate actions. In this framework, striatal neurons play the role of conjunction (Boolean 

AND) neurons while pallidal neurons can be envisioned as disjunction (Boolean OR) neurons. 

In the next set of experiments I tried to take the idea of basal ganglia subsystems to a new level 

by dividing the rodent arbitration system into two functional subunits. A rostral group of rat 
pallidal neurons form dense local inhibition among themselves and even send inhibitory 

projections to the caudal segment. The caudal segment does not project back to its rostral 

counterpart, but both segments send inhibitory projections to the output nuclei of the rat basal 
ganglia i.e. the entopeduncular nucleus and substantia nigra. The rostral subsystems is capable 

of precisely detecting one (or several) components of a rudimentary action and suppress other 

components. The components that are reinforced are those which lead to rewarding states 
whereas those that are suppressed are those which do not. The hypothesis explains neuronal 

mechanisms involved in this process and suggests that this subsystem is a means of generating 

simple but precise movements (such as using a single digit) from innate crude actions that the 

animal can perform even at birth (such as general movement of the whole limb). In this way, the 

rostral subsystem may play important role in exploration based learning. 

In an attempt to more precisely describe the relation between the arbitration and extension 

systems, we investigated the effect of dynamic synapses between subthalamic, pallidal and 

striatal neurons and output neurons of the basal ganglia. The results imply that output neurons 
are sensitive to striatal bursts and pallidal irregular firing. They also suggest that few striatal 

neurons are enough to fully suppress output neurons. Finally the results show that the globus 

pallidus exerts its effect on output neurons by direct inhibition rather than indirect influence via 

the subthalamic nucleus. 
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Chapter 1 

Introduction 

 

Animals are differentiated from other life forms based on their ability to move around rapidly. 
This is largely due to their use of fast long range focal electrical signaling besides the slow short 

range diffuse chemical signaling they share with other life forms. Even the least motile animals 

such as corals and their polyps have tiny, tentacle-like arms that they use to capture their food 

from the water and sweep into their inscrutable mouths. The concept of rapidly transforming a 
sensory cue into a proper motor response using a neuronal mechanism is central to identity of 

most animals (probably except for Parazoa). This thesis is an attempt to investigate the 

functional organization of some of the most important neural mechanisms involved in 
generation, control and selection of movements. Developing biologically plausible biophysical 

models is the main method I use in this thesis to capture many facets of known anatomy and 

physiology of these motor structures and to generate novel hypotheses that can be tested in 

experimental setups. 

1.1 Motor infrastructure 

In vertebrates, the spinal cord is a first stage in transformation of sensory information into motor 

commands. Many reflexes are generated as a consequence of interactions between sensory 
neurons detecting a stimulus and the motoneurons within the spinal cord. Moreover, specialized 

neuronal networks called central pattern generators (CPGs) located in the spinal cord are 

capable of generating rhythmic movements such as undulations of a fish or walking of a cat. In 
fact, CPGs are found in invertebrates as well and meditate many of the movements in these 

animals. All vertebrate neck, body and limbs movements are generated by activation of spinal 

motoneurons. Facial movements are generated by similar mechanisms in the medulla oblungata. 

Although different levels of motor control exist in different parts of the central nervous system 
(CNS), all such controlling units share the so called spinal motor infrastructure (Grillner 2003). 

The motor infrastructure is controlled by neuronal networks in brain stem, cerebellum, the red 

nucleus, the basal ganglia and the cerebral cortex. These controlling networks are usually 
organized in a rough hierarchy where lower control centers in the brain stem are themselves 

under the control of cerebellum and basal ganglia which are in turn controlled by the cerebral 

cortex. Although this hierarchical organization guaranties that command flows from highest 
centers of the hierarchy to motoneurons, vertebrates have also evolved direct connections 

between higher control centers and spinal networks. This mechanism that utilizes both direct 

and indirect control of spinal motor networks enriches the vertebrate motor system with 

flexibility and reliability of parallel processing in addition to effectiveness and efficiency of 
hierarchical control. The direct control of highest motor structure on spinal motor networks may 

imply the potential importance of these structures especially in higher vertebrates where 

movement dexterity is maximized. 
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1.2 Why study motor system 

Motor system is an interesting system to study in several ways. First, as the human societies are 

getting older, movement disorders are becoming a major health problem globally. Studying the 
motor system is aimed to find medical, surgical, pharmacological and engineering solutions for 

such disorders. Second, since the motor system has an apparent output in the form of overt 

movements, interpretation of the results is rather easy. Thus study of motor system can properly 
shed light to neuronal mechanisms in general. Results from studies in motor neuroscience can 

help generate hypotheses about the function of similar networks elsewhere in the nervous 

system and parallels can be drawn between similar systems in motor system and other systems. 
Third, there are many real world applications in computer science, control theory and robotics 

whose biological solutions are more robust and adaptive than their traditional engineering 

solutions. Thus studying motor system may have impact not only on medicine and neuroscience 

but also on control engineering and robotics. In fact some of the research done in this thesis are 
originally motivated by neurorobotic projects where bioinspired artefacts were developed in 

order to conduct bio-hybrid experiments on vertebrate mechanisms involved in the neural 

control of goal-directed locomotion. 

1.3 Why study the basal ganglia 

Basal ganglia are an integral part of the vertebrate motor system. These structures have been 

observed in all vertebrates studied. They are believed to be involved in reinforcement learning, 

motor control and decision making. These functions are important to a general understanding of 
how the brain works since many brain functions are either involved or are affected by these 

mechanisms. The same topics are of special interest in motor control, computer science and 

economics. Moreover, the basal ganglia are the main structures engaged in the pathology of 
several movement disorders including Parkinson’s disease (PD), Huntington’s disease (HD), 

Tourette syndrome, tics and ballism. Understanding the mechanisms involved in the basal 

ganglia processing, can help the quest for better medical solutions for these disorders. 

1.4 Why use computational simulations 

Neuronal networks are complex systems i.e. in these networks the superposition principle does 

not hold. The effect of a set of inputs to a certain neuron is not simply the sum of the individual 

effect of those inputs. This nonlinearity arises from many sources the most famous of which is 

the threshold effect in generation of action potentials. 

Moreover, neuronal networks are also dynamic systems i.e. the response of a certain neuron 

even to a simple stimulus changes over time due to many molecular biology processes such as 

adaptation and synaptic plasticity. The network activity also evolves over time usually resulting 
in emergent properties of networks. The higher the number and diversity of neuronal and 

synaptic components in the system the more complex it may get. The basal ganglia and its 

subsystems are very good examples of such complex dynamic systems. Human mental 

capacities may not handle this rich complexity, dynamism, multi variability and high 
dimensionality without biasing it towards one or few elements. A system level approach to 

complex dynamic neuronal network is best achieved via computational tools. Computer assisted 

simulations faithfully take into account many aspects of a complex dynamic system over time 
and results in less biased results regarding how the activity starts, evolves and ends in different 

populations of neurons. Furthermore, computational models enable us to both stimulate and 

monitor the activity of each and every single neuron in the network, a capacity that no other 

extant method may offer. This capacity is of special interest in understanding the mechanisms 

involved in neural processes and generating predictions for further experimental work. 
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1.5 Aim of the thesis 

This thesis is an effort to investigate two classes of supraspinal networks in the motor system: 

those involved in control of locomotion and visuomotor transformation and those involved in 
selection of most appropriate movement and learning new actions. In particular, the thesis aims 

to investigate mechanisms involved in generation of visuomotor responses, and the way an 

animal may steer towards an appetitive stimulus or away from an aversive stimulus. The thesis 
is also to study the role of the basal ganglia in selection one of the responses among several 

generated by such visuomotor response. The project further aims to link these systems to 

develop a more comprehensive supraspinal controller. Emphasis is put on assigning specific 
functions to each neuronal group. The model can be used for analyzing both the physiological 

features and pathological states of the basal ganglia. Such analyses generate hypotheses that can 

be tested in real animals. Therefore, another major objective of the thesis is to develop 

experimental setups for testing hypotheses in normal physiological and pathological states in 

real animals. 

1.6 Scope of the thesis 

The thesis is based on four projects: 

I. The arbitration extension hypothesis of the basal ganglia 
II. Visuomotor transformation in networks of the brainstem 

III. Functional divisions of the globus pallidus 

IV. Signal enhancement in output stages of the basal ganglia 

Each project has generated one paper. 

1.6.1 Project I 

This project was aimed to improve existing basal ganglia models using the most recent findings 

about the connectivity, electrophysiology and behavioral studies. Most of extant quantitative 
models of the basal ganglia are based on a now quarter century old qualitative model of 

direct/indirect pathways. Although many studies have questioned the validity of this two 

pathway model, not many computational studies have actually used the new findings in a 

functional framework. We developed novel models of the basal ganglia which have more than 
two pathways of information processing. In one of the articles, we developed the 

corticosubthalamic input into a whole new subsystem called the arbitration system. In the 

second paper, we further divided the arbitration system into two subsystems. 

We used the idea that cerebral cortex and intralaminar thalamus directly innervate the 
subthalamic nucleus. We assumed that these inputs convey motor commands generated in 

cortex or subcortical structures such as tectum, pretectum etc. If some of these motor responses 

are conflicting i.e. sharing the same body part or muscle, the arbitration system composed of the 
subthalamic nucleus and globus pallidus chooses the strongest response and suppresses others. 

On the other hand, the extension system composed of the striatum and globus pallidus is 

responsible for detecting and learning the states under which certain actions are more desirable 

and biasing the animal towards choosing those actions. Based on their electrophysiological 
properties, striatal and pallidal neurons can play the role of conjunction (Boolean AND) and 

disjunction (Boolean OR) units respectively. 
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1.6.2 Project II 

Sensory input is perceived by animals and is rapidly converted into motor commands. This 

transformation occurs in different levels of the nervous system. Although a lot of information is 

available about brainstem networks involved in visuomotor transformation, comprehensive 

computational models are not available to date. Roles of tectum, pretectum and rostral tectum in 
transformation of appetitive, aversive and evasive stimuli and thus generating approach, escape 

and avoidance behavior is investigated in lamprey, an animal model with simple neuronal 

networks. Moreover, the role of mesencephalic locomotor region in conducting motor 
commands to the spinal cord was investigated. The project was done in direct collaboration with 

Sten Grillner’s lab, a leading experimental group in research on lamprey neuronal networks and 

motor systems based in Karolinska Institute. Several other groups including Auke Ijspeert lab in 

EPFL, Jean Marie Cabelguen lab in Bordeaux University were also indirectly involved. 

In the published article, we suggested that the visuomotor transformation is done in laminar 
structure of the tectum, pretectum and rostral tectum. We postulated that the visual information 

is delivered to the superficial layers of these structures which in turn activate the mid layers. 

The connections from superficial input layers to mid level response layers is different in the 
three structures mentioned so that the responses generated upon detection of aversive, appetitive 

and evasive  stimuli located in a certain location is different. Finally, the connection from mid 

level response layers to deep auxiliary layers converts the place code into rate code needed for 
symmetric and asymmetric activation of the motor networks of the spinal cord. We 

hypothesized that the symmetric component is conveyed to reticulospinal neurons via 

connections from tectum, pretectum and rostral tectum to the mesencephalic locomotor region 

and then bilaterally to reticulospinal neurons. The asymmetric component is created by direct 

unilateral input from tectum, pretectum and rostral tectum to the reticulospinal neurons.  

1.6.3 Project III 

This project incorporates a recent anatomical finding into the structure of the arbitration system. 

Two divisions of the rat globus pallidus have recently been reported. A group of neurons whose 

somata live less than 100 microns from striatopallidal border and the rest of globus pallidus 
have different connectivity patterns. The first group, called GPr, inhibit the second group, called 

GPc, but are not inhibited by GPc reciprocally. GPr neurons also send shorter and denser local 

axon collaterals to neighboring neurons while GPc neurons project longer and more dense 

collateral axons locally. The extents of local inhibitory axon collaterals in the two groups 
suggests that the GPr neurons interact with other GPrs that a involved in control of the same 

muscle. In contrast, GPc neurons interact with other GPc neurons representing the same action.  

Moreover, the subthalamic input to these two populations also follows different patterns. The 
subthalamic nucleus sends dense but short axons to GPr. In contrast, it sends wide diffuse 

projections to GPc. Both GPr and GPc inhibit the output stages of the basal ganglia in 

entopeduncular nucleus and substantia nigra. Despite the deep knowledge about the anatomy of 
these two groups, little is known about their functional roles. Here we assign specific roles to 

each group. 

When an animal is exploring its environment, it uses some rudimentary actions with built in 

synergies in muscular activity. However, the animal keeps changing components of muscular 

activity in those rudimentary actions to create variation of the same motor program. We suggest 
that if one of these variations leads to a reward, those muscles whose novel activity profiles 

have caused the variation in the motor program and the rewarding state are detected by GPr-

GPc networks so that the animal learns to suppress other components of a crude movement and 

stick to those components that actually lead to reward. 
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1.6.4 Project IV 

In this project we started exploring the effect of dynamic synapses on the function of the two 

basal ganglia subsystems. The synapses formed by subthalamic nucleus and the striatum on 

output nuclei of the basal ganglia show different dynamics. The synapses between the 

subthalamic nucleus and substantia nigra are depressing while those between the striatum and 
substantia nigra are facilitating. The simulations constructed using most recent information 

about these dynamic synapses indicate that substantia nigra is specifically responsive to bursts 

in the striatum because such bursts are in a proper temporal position to get facilitated. The 
results also support our earlier hypothesis that nigral neurons are disjunction (Boolean OR) 

neurons: Activity in few striatal neurons is enough to suppress nigral neurons. The results also 

support our earlier hypothesis that instead of being a part of “indirect pathway”, the subthalamic 
nucleus is a member of a whole different subsystem. The traditional model which considers 

subthalamus as a part of indirect pathway suggests that striatal inhibition of globus pallidus 

results in disinhibition of subthalamus and consequent excitation of SNr. However, our results 

indicate that depressing subthalamonigral synapses cannot perform this task. Nigral neurons are 
in fact excited following activity in striatal indirect pathway neurons, but their excitation is due 

to direct disinhibition from pallidum. 

1.6.5 Thesis outline 

I will start by explaining the biological backgrounds of motor infrastructure, sensorimotor 

transformation and the basal ganglia in Chapter 2 in order to introduce the most relevant 
concepts needed for understanding the rest of the thesis. Chapter 2 will also include a compact 

review of previous models of the basal ganglia. Readers acquainted with basic knowledge of 

motor system and basal ganglia may skip this chapter. In Chapter 3, I will first discuss the way 

we designed the networks. Since most of the research in this thesis is on development of 
hypotheses regarding function of different subsystems, my focus will be on justifying certain 

connectivity patterns. Later in Chapter 3 I will discuss the neuron and synapse models, software 

used for simulations and how I translated neuroanatomical and neurophysiological information 
into neural networks. Chapter 4 will include the bulk of results from the simulations and 

predictions of the models. The thesis will conclude with discussions about several questions 

arising from and about the results in Chapter 5. 

Although most of the material in the articles is covered in the thesis, some points and details as 

well as most of references may have been left out. Interested readers are advised to refer to the 

original papers for more details and complete list of references. 

1.7 List of papers 

Paper I: Kamali Sarvestani I, Lindahl M, Hellgren-Kotaleski J, Ekeberg Ö. (2011) The 
arbitration-extension hypothesis: a hierarchical interpretation of the functional organization of 

the Basal Ganglia. Front Syst Neurosci. 5:13. 

Paper II: Kamali Sarvestani I, Kozlov A, Harischandra N, Grillner S, Ekeberg Ö. (2012). A 

computational model of visually guided locomotion in lamprey. Biol Cybern. 

Paper III: Kamali Sarvestani I, Ekeberg Ö. (2013). Internal Connectivity of the Globus 

Pallidus and the Arbitration System. Manuscript 

Paper IV: Lindahl M, Kamali Sarvestani I, Ekeberg Ö and Kotaleski J. (2013). Signal 
enhancement in the output stage of the basal ganglia by synaptic short-term plasticity in the 

direct, indirect and hyper direct pathways Front Comp. Neurosci. 
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Chapter 2 

Biological backgrounds 

 

The biological backgrounds needed to comprehend the methods, results and discussions in next 
chapters are reviewed in this chapter. It is assumed that the readers are acquainted with 

fundamentals and principles of neuroscience. Interested readers who may not have a prior 

knowledge of basic neuroscience are referred to Purves et al. (2012) for a brief review or to 

Kandel et al. (2012) for a more advanced review of fundamentals of neuroscience. 

2.1 Spinal central pattern generators 

Besides the simple reflexes, the spinal cord is home to specialized networks responsible for 

generating rhythmic activities such as walking and scratching. These networks that are found in 
both vertebrates and invertebrates are called central pattern generators (CPG). Figure 1 shows a 

cartoon of a well studied CPG generating rhythmic body undulation in fish (Grillner 2003). 

Each CPG consists of two half center oscillators. Individual half centers are capable of 

generating autonomous spontaneous periods of burst and silence because of the intrinsic 
membrane properties of their neurons. However, interconnections between the two half centers 

adjusts the timing of these burst and develops a rhythmic activity (Figure 1). The motoneurons 

on each side activate the muscles on the same side. The excitatory interneurons excite both the 
ipsilateral inhibitory interneurons and the ipsilateral motoneurons. The inhibitory neurons 

however, inhibit the contralateral half center. 

Besides autonomous activity, external input can augment the rhythm. Reticulospinal neurons 

located in the brainstem (see below) excite the half center on the same side. Therefore, if equal 
amount of drive is provided by reticulospinal neurons on both sides, the tie will be arbitrarily 

broken by noise or slight differences in cellular properties of each side and one half center will 

get activated. Activation of one side strongly inhibits the other side. The inhibition is lifted 

when the inhibitory interneurons fail after a period of activity due to their membrane properties. 
When the inhibition fails, the other half is activated and the process continues as long as the 

input drive is maintained. The stronger the input, the faster the oscillations. 



 

7 
 

 

Figure 1: Adopted from Grillner 2003: Glutamatergic interneurons (E) on each side of a CPG excite the motoneurons (M) and the 

glycinergic neurons (I) in the same side. Glycinrgic interneurons in turn inhibit many neurons on the opposite side. Reticulospinal 

neurons (RS) in the brainstem activate the half on the same side. Since the inhibitory neurons are intrinsically silenced after some 

period of activity, under symmetric drive from reticulospinal neurons, the excitatory interneurons and motoneurons in each half find 

equal time to activate. Asymmetric activation by reticulospinal neurons however biases the activity in favor of the stronger side. 

2.2 Medulla, pons and reticulospinal neurons 

One of the first levels of supraspinal motor control is located in the medulla oblungata and pons. 

Medullary and pontine reticular formations are home to several neuronal populations 
descending to the spinal cord. A large group of medullary and pontine reticular formation 

neurons project to the CPGs in the spinal cord to form the medullary and pontine reticulospinal 

tracts. Although reticulospinal tract is a complex descending projection system, it is dominated 
by ipsilaterally projecting neurons from the brain stem to the spinal cord. Stimulation of these 

neurons can cause a myriad of responses in different animals. A common feature of such 

responses is orientation in different planes and directions (Figure 2; Zelenin 2001).  

 

Figure 2: Adopted from Zelenin et al. 2001. Stimulation of different populations in the reticulospinal neurons causes different 

movements in lamprey. MRN, ARN, MRRN and PRRN represent different reticulospinal populations. The numbers under each 

pattern is the number of neurons found (among those tested) in each of the four populations which generated that pattern. Each 

circle represents a cross section of lamprey body. Excitation of a quadrant leads to a bend in the direction of that quadrant. As 

judged by these results, a majority of reticulospinal neurons cause bending in yaw (left-right) or pitch (up-down) planes. Some 

patterns are more complex than a bend in a single plane, but a general function of reticulospinal neurons is probably to activate 

one side (two quadrants) of the spinal networks. 

2.3 Mid brain 

Mid brain (mesencephalon) is home to many different neuronal networks. Of the many 

mesencephalic neuronal groups, we will discuss the tectum and mesencephalic locomotor 
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region (MLR) in this section and substantia nigra and pedunculopontine tegmental nucleus in 

next section on the basal ganglia. 

2.3.1 Mesencephalic locomotor region 

Existence of an area in the mesencephalon stimulation of which results in locomotion has been 

reported in many species (Grillner et al. 1997). The interesting fact about this site is that graded 

stimulation in this region causes graded locomotion speed. Animals receiving stimulation with 
different intensities in this region go from slow walking (low intensity stimulation) to running 

(mid level simulation), trotting and galloping (high intensity stimulation). The neurons in this 

region are shown to connect bilaterally to reticulospinal neurons in lamprey (Zompa and Dubuc 
1998) and stimulation of its neurons result in activation of both sides of reticulospinal 

population. This region is in general area where two other mesencephalic structures reside: the 

cuneiform nucleus and pedunculopontine tegmental area. Although the names of these nuclei 

are sometimes interchangeably used, they are probably different neuronal populations involved 

in locomotion and adjustment of muscle tone (Xiang et al. 2013, Takakusaki 2004). 

2.3.2 Tectum 

Sitting on the “roof” of mesencephalon, the tectum occupies a large volume of the midbrain. It 

has a laminar organization in all vertebrates and is known to transform different sensory 

modalities, especially visual stimuli, into proper actions. Most dorsal superficial layers receive 
visual information from the retina and other vision related areas in the CNS. Mid layers receive 

other sensory modalities and deep layers generate motor commands. These commands are 

delivered to several regions of the CNS including the spinal cord, reticulospinal neurons, 

mesencephalic locomotor region (see below), the subthalamic nucleus and cerebral cortex. The 
input from retina is organized in retinotopic fashion i.e. input from neighboring visual field 

points are delivered to neighboring neurons in the tectum. Tectum has been indicated in visually 

guided movements and saccade generation. In lamprey and salamander, tectum has been shown 
to be involved in prey catching behavior (Gahtan et al. 2005, Finkenstädt and Ewert1983). 

Stimulation of tectum on the other hand generates movements of eye, head and neck in lamprey 

(Saitoh et al. 2007). In higher vertebrates, a homologue structure called the superior colliculus 
(SC) mediates a more complex range of behaviors. In rodents (Dean et al. 1989, Comoli et al. 

2012) for example, medial and lateral collicular segments mediate escape and approach 

behaviors respectively. In primates however, both medial and lateral collicular segments seem 

to be involved in defensive behaviors such as cowering, usually followed by increased 
vocalization and escape-like behaviors, and sometimes with attack of objects (DesJardin et al. 

2013). 

2.4 The basal ganglia 

The basal ganglia (BG) are a group of subcortical neurons that by the virtue of their strong input 

from the cerebral cortex, intense interconnections and massive connections to the thalamus and 

brain stem are believed to be involved in a large variety of functions from motor to emotional 

control. They consist of neuronal groups in the striatum, globus pallidus (GP), subthalamic 

nucleus (STN) and substantia nigra (SN).  

2.4.1 Striatum 

Striatum is a major input site to the rodent basal ganglia. It receives diverse input from cerebral 

cortex, thalamus, hippocampus, amygdala, pedunculopontine nucleus, raphe nuclei and other 

basal ganglia such as globus pallidus, subthalamic nucleus and substantia nigra. The striatum 
projects to a variety of targets most important of which are the globus pallidus, entopeduncular 

nucleus and the substantia nigra. Many functional roles have been associated with the striatum 
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including reinforcement learning and motor control. Although the cellular composition of the 

striatum remains more or less the same throughout its extents, its input output structures define 

heterogeneous sets of projection neurons inside the striatum. Three main axes of heterogeneity 

have been suggested regarding both the thalamostriatal and corticostriatal input to the rodent 
striatum. The first dimension of striatal projection neuron heterogeneity is defined by striatal 

regions. Different regions of the striatum receive inputs from different regions of the cerebral 

cortex and thalamus. Another dimension of heterogeneity is that within each region, there are so 
called compartments which develop differentially, and received input from different layers of 

the same cortical area. The third dimension of heterogeneity is defined by sensitivity of the 

striatal projection neurons to dopamine. Two main classes of striatal projection neurons 
differentially express D1 or D2 dopamine receptors. These two types are intermingled in 

compartments of all regions of the striatum.  

2.4.1.1 Medium spiny neurons 

The main neurons of the striatum are medium spiny neurons (MSNs). As the only projection 

neuron of the striatum, they comprise about 95% of the neurons in this nucleus. These neurons 

receive massive input from cortex and thalamus beside less dense projections from subthalamic 
nucleus and pallidum. MSNs are main targets of neuromodulatory input such as dopamine and 

serotonin from substantia nigra and raphe nuclei respectively. Both dopamine receptor D1 (D1r) 

and dopamine receptor D2 (D2r) are expressed in the striatum. Two major subgroups of MSNs 
are known based on their dopamine receptors. MSNs which mainly express dopamine D1 

receptor and colocalizes substance P (SP) have different morphology, connections and 

electrophysiological properties as compared to those dominantly expressing dopamine D2 

receptors and colocalize Enkephalin (ENK). The neurons having dominant D1 receptors (D1 
MSNs) and those having dominant D2 receptors (D2 MSNs) are intermingled in almost equal 

numbers throughout the striatum. D1 MSNs have more extended dendritic fields and larger 

somata than D2 MSNs (Figure 3). They are also less excitable than the D2 MSNs as judged by 
their resting potential, threshold, tonic firing rate and rheobase current i.e. the minimum current 

injected in a neuron to generate a single spike. Figure 3 right panel shows the instantaneous 

firing frequency of both types of MSNs as a function of the external current injected: 

 

Figure 3: Adopted from Gertler et al. (2008). D1 MSNs have larger somata, more extensive dendritic trees and lower excitability 

compared with D2 MSNs. A current injected into D1 MSNs causing a first spike in them (200 pA) can cause a firing rate of 15 Hz in 

D2 neurons (right panel). 

Axons of rat striatal projection neurons innervate the globus pallidus (GP) and the substantia 

nigra (SN). Besides having more dense dendritic tree, D1 MSNs possess more extended axonal 
projections as well. While axons of D2 MSNs only arborize in the GP (homologue of primates 

external globus pallidus, GPe), axons of D1 MSNs project in GP, EP and SNr. Dopamine 

activates D1 MSNs and inhibits D2 MSNs by causing different molecular mechanisms in each 

type of striatal projection neurons. First models of the basal ganglia function and dysfunction 
were suggested based on different projection patterns of the two MSN types and the differential 

effect of dopamine on each type (Albin et al. 1989, Alexander et al. 1990). 
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2.4.1.2 Striatal microcircuits 

The striatum has a detailed microcircuitry. The MSNs send axon collaterals towards 

neighboring neurons. This dense network of lateral inhibition has been suggested as one of the 

mechanisms of action selection in the BG (Wickens et al. 1995). Neither the sources nor the 

targets of local inhibition are restricted to D1 or D2 MSNs. Both MSN types can inhibit the 

same MSN type or the other. 

Moreover, there are at least one cholinergic (Goldberg and Wilson 2010) and three GABAergic 

(Tepper 2010a) interneurons found in the striatum. The diversity of new interneuron types 

discovered has been increasing recently. The extent of arborization of these interneurons is 
different so that the size of cholinergic interneurons arborizations is much larger than that of 

GABAergic interneurons. These interneurons also differ in their firing pattern and response to 

different behavioral states. Although the richness of these interneurons implies very important 

roles they may be playing in information processing in the striatum, investigation of their 

detailed functional roles is beyond the scope of this thesis. 

2.4.1.3 Striatal regions 

The mammalian striatum has been divided into several regions by different groups of 

researchers for last few decades. Some researchers have further suggested subregions to these 

main regions. A comprehensive study of thalamostriatal and corticostriatal projections in the 
rats has revealed eight regions all over the striatum (Voorn et al. 2004). Figure 4 shows the eight 

regions of the rat striatum we will refer to in our functional modeling hereafter. In this thesis we 

will focus on the motor striatum (region 8) and associated regions of other basal ganglia as a 

template to investigate the neuronal networks of the BG. 

 

Figure 4: Adopted from Voorn et al.2004. Based on differential input from frontal areas, midline and intralaminar thalamus, 

amygdala and hippocampus, the striatum can be divided into at least 8 regions. AIv: Ventral agranular insular cortex, AId: Dorsal 

agranular insular cortex, AGm: Medial agranular cortex, AGl: Lateral agranular cortex, ACd: Dorsal anterior cingulate cortex, 

PLd: Dorsal prelimbic cortex, PLv: Ventral prelimbic cortex, IL: Infralimbic cortex, IMD: Intermediodorsal thalamus, MD: 

mediodorsal thalamus, CeM, Central medial thalamus, PC: Paracentral thalamus, CL: Central lateral thalamus, PV: 

Paraventricular thalamus. 
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Dorsal regions are involved in motor functions whereas ventral regions process limbic 

information. Within dorsal regions, dorsolateral striatum has been shown to be engaged in 

habitual behavior which is not sensitive to devaluation of cue stimuli while dorsomedial regions 

are part of “evaluative brain” and is sensitive to changes in intensity of reward (Thorn et al. 
2010). Such subdivisions are not restricted to dorsal striatum. The ventral striatum has also been 

divided into several functional regions with lateral core of nucleus accumbens (NA) responsible 

for emotional decision making, medial shell of NA engaged in regulation of motivations and 
navigation and ventromedial striatum involved in autonomic functions. Given that the overall 

structure of the striatum, its projection neuron and interneuron morphology and internal 

connectivity remains the same throughout most areas of this nucleus, it is widely believed that 
different regions follow a canonical connectivity pattern. However, since different inputs are 

delivered via cortex and thalamus to the same networks in the 8 regions, different types of 

control signals are generated at the output stages corresponding to these striatal regions. 

2.4.1.4 Striatal compartments 

The second dimension of heterogeneity is the division of each striatal region, except for regions 

6, 7 and 8 in ventral striatum into two compartments i.e. the striosome and extrastriosomal 
matrix (Graybiel and Ragsdale 1978). The two compartments are immunoreactive to different 

agents (Figure 5) and receive differential input and project to different targets (Gerfen 1984) 

and thus may play different functional roles. 

 

Figure 5: Adopted from Groenwegen and Uyllings 2010, courtesy of Dr. Floris Wouterlood. Coronal section of the rat striatum to 

illustrate the compartmental structure. Antibodies against μ-opioid receptors (A; MOR) and calbindin D28K (B; CaB) were used to 

visualize the striosome and extra striosomal matrix respectively.  

Most regions of the striatum, especially those in the dorsal area, have at least two 

compartments. The so called striosomal “patches” develop earlier, and project mainly to 
dopaminergic neurons of the substantia nigra pars compacta whereas the surrounding 

extrastriosomal matrix neurons develop later and innervate globus pallidus and substantia nigra 

pars reticulata. Cortical input has been shown to respect the boundaries of these compartments 
so that corticostriatal input innervating a neuron in a striosome does not extend to surrounding 

matrix. 

2.4.1.5 Corticostriatal projections 

Cerebral cortex projects heavily to the striatum. Although these connections arise from almost 

the whole cortex, the source of densest projections is the frontal lobe of the cortex. Somata of 

corticostriatal neurons reside in layers V, III and II although lower layer II/III sends more axons 
to the striatum than upper layer II/III. Neurons in lower layer V i.e. layer Vb are mainly 

corticofugal neurons targeting spinal cord and brain stem whereas those in layer III and upper 

layer V i.e. layer Va send their axons to other cortical areas and the striatum. The axons of layer 
III and Va neurons do not exit telencephalon. Thus they are called intratelencephalic (IT) 

neurons as opposed to the corticofugal neurons of layer Vb which are usually called pyramidal 

tract (PT) neurons. These different classes of neurons project differentially to the striatum in 
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rodents and primates. On the other hand two types of corticostriatal axons have been observed. 

In one type, the axon arborizes in several clusters each around 50-60 microns in diameter. There 

are one to seven such clusters in an individual axon and the clusters are about 70-80 microns 

apart (Figure 6). The second type of axon, called extended axon, forms a single wide spread 
arborization that extends to a volume larger than a sphere of 1 to 1.5 mm in diameter. The IT 

neurons have only been reported to form extended axonal arborizations in the striatum (Figure 

6) while PT neurons have been shown to form both focal and extended arborizations. However 

majority of PT type axons form focal axonal arborizations in the striatum. 

The PT-type corticosriatal neurons residing deep cortical layer 5 preferentially innervate the D2 

MSNs while IT neurons preferentially target D1 MSNs. Moreover, striosomal compartment 

receives more PT-type axons and extrastriosomal matrix preferentially receives IT-type 
corticostriatal axons. It has been more recently suggested that IT neurons equally contribute to 

innervations of the D1 and D2 MSNs in striosome and extrastriatal matrix (Reiner et al. 2010).  

 

Figure 6: Adopted from Kincaid et al. 1998 (A, B) and Levesque et al. 1996 (C, D). Focal (A, C) and extended (B, D) corticostriatal 

neurons in rats. Focal projections give rise to several clusters of small arborizations while extended projections ramify uniformly in 

a large volume of the striatum. 

The IT and PT neurons encode different signals. In accordance with their direct projections to 

the spinal cord, the PT neurons have been traditionally known to code different features of 

movement such as direction, force, amplitude and speed. IT neurons on the other hand encode a 

variety of attributes which describe the status of body parts. For example it has been suggested 
that the intratelencephalic (IT) neurons in the primary motor cortex of primates may record 
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postural configurations (Turner and DeLong 2000). Some of these neurons fired only when a 

certain combination of hand, elbow and arm states were reached. Some of these neurons fire 

when the postural sate is reached passively, some others fire when the animal actively generates 

the configurational sate and yet others fire with both passive and active processes ending in a 

certain proprioceptive state. 

A complicating factor when dealing with striatal divisions is the connectivity pattern between 

the cerebral cortex and the striatum. Corticosriatal convergence-divergence rules put important 

constraints on how the information may flow in the circuits of the basal ganglia (Wickens and 
Arbuthnott 2010, Wilson 2000). As opposed to original models of the basal ganglia, cortical 

neurons have been suggested to selectively innervate limited number of striatal neurons so that 

adjacent striatal neurons receive only a small amount (almost 1.5%) of shared cortical input. 
Any biologically plausible model of the basal ganglia functional organization should take into 

account such limitations arising from quantitative measurements of the number of neurons, 

synapses and boutons in a specific striatal volume. 

2.4.1.6 Thalamostriatal projections 

Two different sets of thalamic nuclei project to the striatum. Midline and intralaminar thalamic 

nuclei project mainly to the striatum, and provide just a weak diffuse projection to the cerebral 
cortex. In contrast, ventral and mediodorsal thalamic nuclei project to frontal lobe and send 

collaterals to the striatum. These different sets of nuclei may be involved in different 

functionalities of the basal ganglia. 

Midline and intralaminar thalamic nuclei (MIT) project into striatum in a topographic manner 

(Voorn et al. 2004). They make excitatory glutamatergic synapses with the striatal medium 
spiny neurons and cholinergic interneurons. Different nuclei of the MIT are believed to provide 

different input to distinct regions of the striatum thus conforming to the idea of segregated 

information pathways in the basal ganglia loops. 

Non midline-intralaminar nuclei of thalamus (NMI) also project to striatum. The major 
difference between these two sets of thalamic input is that MIT nuclei mainly target the striatum 

(with diffuse collaterals to the cerebral cortex) while NMI nuclei mainly project to the cerebral 

cortex and send focal collaterals to the striatum (Smith et al. 2004). Since these nuclei form 
reciprocal (and non reciprocal) connections with cortical areas innervating the same striatal 

region (McFarland and Haber 2002), we assume that they convey the same type of information 

to the striatum as their corresponding cortical areas. 

Anatomical studies suggest that in primate the intralaminar thalamic nuclei preferentially 

project to D1 MSNs (however, this might not be the case in rodents; Bacci et al., 2004), whereas 
VA and VL mainly target D2 MSNs (Smith et al. 2004; Hoshi et al. 2005). This apparent 

dichotomy between MIT and NMI inputs is consistent with the aforementioned studies 

suggesting that cortical input to striatopallidal neurons comes largely from pyramidal neurons 
contributing to descending motor control circuits, whereas the input to striatonigral neurons 

comes from cortical neurons whose axons are largely intra-telencephalic (Lei et al. 2004). 

Much is not known about the type of information conveyed from MIT neurons to the striatum. 

In fact many of MIT nuclei have traditionally been given a generic role in the so called 

ascending reticular activating system which is (was) believed to mediate general arousal. 
However, a review of the input to these nuclei (Krout and Loewy 2000a and b, Krout et al. 2001 

and 2002) implies that these nuclei serve much more than simple generic arousal centers. 

Lateral parafascicular nucleus of rat thalamus for example receives input from 84 brain stem 
nuclei, 36 of which form dense projections. Most of the brain stem nuclei projecting to the rat 

lateral parafascicular nucleus are those involved in rudimentary and innate movements such as 
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those originating in reticulospinal, tecto-reticulo-spinal, tectospinal, vestibulospinal, 

parabrachial and periaqueductal neural populations. A limited but important input to this 

thalamic nucleus originates in tactile nuclei. The latter information may be signaling tactile 

information associated with rudimentary actions such as defensive movements and approach 

behavior. 

2.4.2 Globus pallidus 

Globus pallidus is one of the main intrinsic nuclei of the basal ganglia which has (usually 

reciprocal) connections to many other structures within the BG. It is located just medial and 

caudal to the striatum. The primate globus pallidus is divided into two segments by medial 
medullary lamina, but the two segments are in close vicinity of each other. The medial segment 

is called internal globus pallidus (GPi) and the lateral segment is called the external globus 

pallidus (GPe). In rodents, the two segments are so far from each other that one is simply called 

the globus pallidus (GP) and the other is called entopeduncular nucleus (EP). Thus, rodent GP 

and EP are homologues of primate GPe and GPi respectively. 

The neurons in the rat GP are almost entirely projection neurons with dense local axon 

collaterals (see below). The local axon collaterals and dendritic fields of pallidal neurons, 

especially those closer to the striatopallidal border arborize parallel with that border. These 
neurons primarily target the subthalamic nucleus, entopeduncular nucleus and substantia nigra 

pars reticulata but also provide axon collaterals to substantia nigra pars compacta and the 

striatum. Some 30% of pallidal neurons are projecting back to the striatum. Some of the 
pallidostriatal axons are collaterals of the descending axons targeting EP, STN and SNr. 

However, in rats a distinct subclass of pallidal neurons has been recently observed which send 

axons with huge arborizations exclusively to the striatum (Mallet et al. 2012). The functional 

role of this interesting class of neurons as well as those of other pallidostriatal projections is 

beyond the scope of this thesis. 

In anesthetized rats, GP neurons fire tonically at about 30 Hz (Urbain et al. 2000). The tonic GP 

firing creates a tonic inhibition on its target structures especially in the subthalamic nucleus and 

both segments of the substantia nigra. 

2.4.2.1 Striatopallidal projections 

In rodents, all striatal MSNs project to the GP. The striatal D2 MSN axons make two dense 

arborizations in the GP, one in the region immediately adjacent to the striatum and one further 
down inside the GP. In accordance with the dendritic structure of pallidal neurons, the axons of 

striatopallidal neurons tend to arborize parallel to the striatopallidal border. Striatal D1 MSNs 

make en passant contacts with GP neurons, but make their strong innervation in the EP and SN. 
The D2-GP axons arborizations are known to contact distal dendrites of pallidal neurons. These 

projections are about a millimeter in diameter (Yelnik 1996) and are thus contacting few GP 

neurons. 

2.4.2.2 Pallidal microcircuits 

In accordance with the dual projections from striatum and subthalamic nucleus to the GP, it has 

been found that two populations of GP neurons exist in rodents. Somata of one population 
reside about 100 microns from the striatopallidal border while the other group live more than 

100 microns away from the striatum (Sadek et al. 2007). The first group occupies the rostral and 

lateral most layer of the GP (GPr) and the second group is located in the caudal and medial 
segment of the GP (GPc). Both groups make inhibitory connections with their neighboring 

neurons via local axon collaterals. However, the pattern and strength of these collaterals is 



 

15 
 

different in GPr and GPc. GPr collaterals are shorter and make less synaptic contacts but since 

they make these contacts in a very small volume the density of these contacts is higher. 

The GPc neurons on the other hand, make long range collaterals with more axon boutons, but 

much lower density of connections (Figure 7 right panel). Moreover, GPr neurons send axon 

collaterals to GPc, but GPc neurons do not project back to GPr (Figure 7 left panel). This 
structural organization suggests that these two subnuclei may be parts of different subsystems. 

Further evidence for participation of these two neuronal groups in different subsystems is found 

in the way STN contacts these two groups (see below). 

 

Figure 7: Adopted from Sadek et al. 2007. Two types of pallidal neurons can be found in rat GP based of their local axonal 

arborizations and distance from striatopallidal border. GP neurons whose somata is located not farther than 100 microns from the 

striatopallidal border (left panel)have their dendrites (black lines) and local axon collaterals (red) parallel with the striatopallidal 

border. The GP neurons whose somata reside farther than 100 microns from the striatopallidal border (right panel) have more 

extended dendritic fields and local axon collaterals. Moreover, the rostral group (GPr) sends axons to the caudal group (GPc). 

2.4.3 Substantia nigra 

Substantia nigra is a group of neurons located in midbrain. These neurons are divided into two 

populations: the densely packed neurons of the substantia nigra pars compacta and less dense 

area of substantia pars reticulata. 

2.4.3.1 Pars compacta 

The dorsal segment of the SN is composed of densely packed dopaminergic neurons whose dark 
appearance gives the nucleus its name. This small group of neurons plays a critical role in 

vertebrae brain by providing the majority of dopamine in the nervous system. Degeneration of 

neurons in this small area is the best known pathology of the Parkinson’s disease. Dendrites of 
these neurons branch in two major loci. One dendritic branch remains in the pars compacta, but 

the other penetrates deep into ventrally located pars reticulata. The local dendrites are equipped 

with dopamine autoreceptors and inhibit their neighboring neurons via dendrodendritic 
interactions. The ventral dendrite is in a proper position to receive strong inhibitory input from 

pars reticulata. 

SNc neurons receive excitatory input from superior colliculus, pedunculopontine tegmental 

nucleus, amygdala, lateral hypothalamus, subthalamic nucleus and the cerebral cortex. Some of 

these inputs such as those from SC and PPN can signal salient stimuli while others such as those 
from amygdala and hypothalamus can report rewarding states. In accordance with this 

excitatory input, the SNc neurons respond both to salient novel stimuli and to rewarding cues. 
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Besides the excitatory input, SNc neurons have tonic firing properties. They fire with a rate of 2 

to 8 Hz in anesthetized animals. 

Excitatory inputs comprise only 30% of the synaptic input to the SNc neurons. 70% of synaptic 

input to the SNc neurons arises from inhibitory neurons of the SNr, GP and the striatum. 

Although direct inhibitory synapses exist from pallidal and striatal neurons on SNc neurons, 
manipulation of these two input sources influences SNc neurons in more complicated ways than 

simple inhibition (Tepper 2010b). Part of this complexity is because both GP and striatum 

connect to SNc not only monosynaptically but also disynaptically via SNr. Moreover, 
sensitivity of SNr neurons to GABA is much higher than that of SNc. Thus, small inhibitory 

input from the striatum activates Inhibits SNr strongly but does not inhibit SNc much. Instead, 

inhibition of SNr by small striatal input causes a strong disinhibition in SNc (see below). 
Therefore with small amount of striatal activity, SNc neurons paradoxically get excited. Larger 

and stronger striatal activity can of course lead to inhibition of SNc. Similar seemingly 

paradoxical observations are made following stimulation of GP. The mechanism behind this 

paradox is most likely the same as that of striatal activity paradox. Similarly since STN excites 
both SNr and SNc, stimulation of STN can paradoxically cause both excitation and inhibition of 

SNc (Tepper 2010b). 

2.4.3.2 Pars reticulata 

Located ventrally to the pars compacta is a group of neurons majority of which are GABAergic. 

These neurons are considered as one of the output stages of the basal ganglia since they send 
axons innervating the thalamus. Substantia nigra has been shown to be organized in a lamellar 

structure. Layers of this structure represent different functional divisions of the SNr (Figure 8). 

Dendritic fields of neurons in each layer respect the laminar organization of the SNr.  

 

Figure 8: Adopted from Deniau and Chavalier 1992. The substantia nigra is organized in a lamellar fashion. Each layer represents 

one functional region such as the striatal regional divisions. Pas compacta almost covers the whole ceiling of the substantia nigra. 

Like most of basal ganglia, SNr neurons are tonically active. In fact their tonic activity creates a 
tonic GABAergic inhibition in thalamus which is believed to stop unwanted movements in early 

models of the basal ganglia (see below). These neurons have a tonic firing rate of 75 Hz on 

average in primates (Schultz 1986). Axons of the SNr neurons form baskets around their targets 

and strongly inhibit them. 

2.4.3.3 Striatonigral projections 

Dopaminergic neurons of the SNc have tonic activity due to their membrane properties. 

However both excitatory and inhibitory inputs they receive can alter this base line tonic activity. 

Excitatory input to midbrain dopaminergic neurons originates in the cerebral cortex, amygdala, 

the subthalamic nucleus (STN), PPN and SC. The excitatory inputs originating in different 
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sources are probably encoding different signals: those with shorter latency signaling salient 

stimuli and those with longer latency signaling rewarding states. These excitatory effects cause 

the dopamine neurons to fire upon detection of a reward or a state predicting the reward or an 

action leading to a reward. 

A major strong source of inhibitory input to dopaminergic SNc neurons is the neighboring SNr. 
A second source of inhibitory input to SNc is the globus pallidus. Since pallidal neurons send 

direct inhibitory projections to both SNc and SNr, they are in a position to both inhibit and 

disinhibit these dopaminergic neurons. Thus, synaptic dynamic between GP, SNr and SNc may 

play a crucial role in shaping the activity of the dopaminergic neurons (Lindahl et al. 2013).  

As opposed to their excitatory input, midbrain dopaminergic neurons receive their inhibitory 

input from within the basal ganglia. This inhibitory input can alter the base line tonic activity of 

the dopaminergic neurons as well as the effect of excitatory input from amygdala, SC, PPN or 

cortex. We investigate two scenarios where midbrain dopaminergic neurons are reported to be 
inhibited: one during their tonic firing and one during phasic excitation. While the former 

causes a dip in tonic dopamine flow, the latter prevents phasic raise in dopaminergic signaling. 

Both scenarios are behaviorally important. A dip in tonic dopamine flow may signal an 
unwanted or unpredicted situation and can be used to teach an action selection network to avoid 

states or actions causing the dip. A raise in tonic dopamine level can be caused by observation 

of a salient and/or rewarding stimulus but as the animal learns what states or actions may have 
caused the salient and/or rewarding signal, the raise in dopaminergic signaling is inhibited so 

that only the antecedent stimulus action but not the precedent can cause an additional flow of 

dopamine. 

Striosomal medium spiny neurons as both controllers and recipients of dopaminergic signaling 

show a rich repertoire of responses to changes in the dopamine level. Although our 
understanding of such responses is far from being complete, several characteristics have been 

pointed out so far (Surmeier et al. 2010). Both D1 and D2 striatal medium spiny neurons 

respond to changes in dopamine level with short and long term responses. Acute responses are 
believed to change the excitability of striatal neurons whereas chronic responses are manifested 

in terms of altered synaptic efficacies.  

2.4.3.4 Nigrostriatal projections 

Dopaminergic nigral neurons project to the striatum and the cerebral cortex. These projections 

innervate different extents of the striatum. Some axons arborize in small focal sites with 

diameters less than 500 microns whereas others arborize in large diffuse areas larger than 2 

millimeters.  

2.4.4 Subthalamic nucleus 

Subthalamic nucleus is a small nucleus with much fewer neurons than the striatum, GP and SNr 

(Oorschot 1996). This nucleus receives direct excitatory glutamatergic input from the cerebral 

cortex (Nambu 2002), thalamus, pedunculopontine tegmental nucleus and superior colliculus  
besides heavy inhibitory input from the GP. The STN projections are known to be excitatory 

and glutamatergic. These projections target the GP, EP and SN. Recent investigations show that 

as many as 80% of STN neurons also send axon collaterals to the striatum (Koshimizu et al. 

2013).  

Corticosubthalamic projections of motor cortical areas originate as collaterals of small number 
of long range corticofugal axons. Between 5% to %10 of corticofugal neurons make collaterals 

in the STN (Kita and Kita 2012). A large majority (>90%) of these neurons are in fact 

corticospinal neurons and the remaining small fraction end in the superior colliculus and pontine 
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nuclei. Somata of these neurons are typically located in mid layer V (superficial part of Vb). Of 

the 60-70 PT type neurons in each cortical minicolumn, some 15 send collaterals to the STN. A 

majority of these neurons project to the striatum as well. Kita and Kita (2012) suggest that each 

cortical neuron targets a small fraction of STN neurons and that each STN receives inputs from 
several cortical neurons in both medial agranular and lateral agranular cortices. We also 

estimate that a single corticosubthalamic neuron innervates few STN neurons because the 

arborization of their axons in the STN is almost in the same size as the dendritic tree of STN 
neurons and they make synapses on distal dendrites of their target neurons in the STN (Bevan et 

al. 1995). We assume that not many cortical neurons project to the same STN neuron because 

only 5% to 10% of corticofugal neurons project to the STN. Given that there are 2.79 million 
corticosriatal neurons a half of which are corticofugal, there are about 70,000 to 140,000 

corticosubthalamic neurons which are 5 to 10 folds of subthalamic neurons (Oorschot 1996). 

This is in a good concordance with a side result from a primate study showing that almost 70-80 

corticosubthalamic neurons are present in a single body part area of the supplementary motor 
area of macaque monkeys (Inoue et al. 2012). Given that the corticosubthalamic projections 

arise from several brain regions (Canteras et al. 1990), the few cortical neurons converging on a 

single STN neuron are most likely located in different areas of the cerebral cortex. 

2.4.4.1 Subthalamopallidal projections 

Single STN neurons on average make 475 synapses within the GP (Koshimizu et al. 2013). STN 
has been reported to project to both the GPr and GPc. In a recent detailed study on distribution 

of STN boutons containing precise axonal arborization of the STN neurons in different targets 

(Koshimizu et al. 2013), some STN axons seem to project to the outer segment only while 

others seem to project to both the GPr and the GPc (Figure 9) Anterograde tracing a small 
number of neurons in the STN reveals two projection sites in the rodents GP. Single axon 

reconstructions show that an individual axon may choose one or two arborization sites within 

the GP (Figure 9). 

 

Figure 9: Adopted from Koshimizu et al. 2013 with slight modifications. STN axons seem to make two types of arborization in the 

GP. Those closer to the striatopallidal border seem to form smaller arborizations whereas those arborizing farther from 

striatopallidal border seem to make extended arborizations. Many STN-GP axons make contacts in both regions, but their regional 

arborizations follow the generic rule of “small arborization near the border and large arborization farther caudally”.  

These two projection sites resemble the rostral layer and caudal segment of the GP. The neurons 

mainly projecting to GPr on average form about 320 boutons with pallidal neurons while those 

projecting to both GP and GPc on average have about 1100 pallidal boutons (Koshimizu et al. 

2013).  

The STN-GP boutons form mostly en passant contacts rarely seen in the vicinity of the GP 

perikarya (Sato et al. 2000). However, they are not formed on distal dendrites of GP neurons 

either. Therefore, they seem to contact proximal and mid level dendrites of GP neurons. Since 
GP neurons have dendrites that expand about 500 microns, proximal and mid level dendritic 

positions are 150-250 microns far from perikarya. As observed in Figure 9, this is in register 

with the extent of STN-GPr arborizations. Thus we assume that STN-GPr arborizations are 

formed around one or few GPr neurons. On the other hand, arborization of STN axons in GPc 
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covers a large volume with a typical diameter of several hundred microns. The latter 

arborization potentially covers several muscle representations in the GPc. Since the STN-GP 

axons are reported to form en passant and terminal varicosities in primates (Sato et al. 2000), we 

assume that the STN-GPc connection is indeed a diffuse projection. Thus STN weakly 
innervates a vast area of GPc but strongly innervates small patches of GPr, containing on or few 

neurons. These differential types of connectivity will be used in our modified version of the 

arborization system. 

2.4.4.2 Pallidosubthalamic projections 

A majority of neurons in the rodent GP are known to project to the STN. Single GPe neurons on 
average make around 275 synapses within the STN in primates (Baufreton et al. 2009). Not 

much is known about the number of synapses each GPe neuron makes on an individual STN 

neuron, but since there are 3-5 GPe synapses on each dendritic branch of STN neurons and STN 

neurons have 3-5 main dendrites (Baufreton et al. 2009), we estimate that each GPe neuron 
makes about 16 synapses with a single STN neuron. Therefore, in our model, an individual GPr 

or GPc neuron innervates about 18 STN neurons. This is in a very good concordance with 

comparisons between estimates based on GABAA receptor-mediated synaptic conductance 
generated by a single GPe axon in STN (11.32 nS; Atherton et al. 2013) and miniature GABAA 

receptor mediated synaptic conductance (0.73 nS; Baufreton et al. 2009). GP axons 

preferentially innervate perikarya and proximal dendrites of STN neurons. If the 18 STN 
neurons contacted by a single GP neuron were neighboring neurons, then the GP-STN axon 

would make arborizations in a sphere of about 100 microns in diameter. However, individual 

GP-STN axons make much larger arborizations in the order of 500-600 microns. This axon 

terminal arborization is much larger than extents of a subthalamic subunit and covers at least 
representations of three body parts. Therefore we assume that most of these 18 neurons should 

be located in larger distances from each other. In fact it has been suggested that terminals 

arising from individual GP neurons are arranged in clusters that are sparsely distributed across 
large expanses of the STN (Baufreton et al. 2009).  The clusters are in the range of spheres of 

30-40 microns separated by spaces of around 50-100 microns. Thus we assume that each GP 

neuron innervates a single neuron among the 12 neurons within a certain subthalamic subunit, 
but instead innervates other neurons in neighboring subthalamic subunits (one in each 

subthalamic subunit). 

2.4.5 Pedunculopontine tegmental nucleus 

Pedunculopontine tegmental nucleus (PPN) is a mesopontine nucleus containing several 

neuronal populations. Most of its neurons use acetylcholine (Ach) as their neurotransmitter. 

Others use glutamate and yet another group uses GABA. Many PPN neurons colocalize Ach 
and other transmitters. The targets of these different populations are also diverse. Basal ganglia 

are among the main targets of PPN projections (Figure 10). In fact due to its dense connections 

to and from the basal ganglia, PPN has recently been suggested as an integrated part of the BG 
(Mena-Segovia et al. 2004). PPN sends glutamatergic projections to the STN and receives 

glutamatergic input from STN.  It sends cholinergic projections to intralaminar (CeL but not Pf) 

and ventral thalamic nuclei (LDTG complements this organization by projecting to mediodorsal 

thalamus). PPN sends cholinergic projections to medullary and pontine reticulospinal neurons 
as well as to the spinal cord. Cholinergic PPN fibers wrap around and strongly activate SNc 

dopaminergic neurons. PPN receives GABAergic inputs from GP and SNr (Mena-Segovia et al. 

2004, Winn 2006). 
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Figure 10: Adopted from Mena-Segovia et al. 2004: Pedunculopontine tegmental nucleus (PPN) is a heterogeneous group of 

neurons which utilize different neurotransmitters and project to a variety of neuronal populations in the central nervous system 

especially to the basal ganglia. A population in PPN projects glutamatergic and cholinergic projections to STN and receives 

reciprocal glutamatergic input from STN. Cholinergic and GABAergic PPN groups project to the substantia nigra. External globus 

pallidus is the only basal ganglia structure that is not in direct contact with the PPN. 

The effect of PPN on spinal cord is of special interest. Although PPN excites a group of 

reticulospinal neurons, this population of reticulospinal neurons seems to innervate the 
inhibitory interneurons of the spinal cord (Figure 11). In fact stimulation of PPN has been 

shown to reduce muscle tone (Takakusaki 2004). Thus, the basal ganglia are in a position to 

both excite and inhibit spinal circuits and motoneurons via adjacent neuronal populations in 

MLR and PPN (Figure 11).  

 

Figure 11: Adopted from Takakusaki 2004. Substantia nigra reticulata (SNr) inhibits both the pedunculopontine tegmental nucleus 

(bottom panel, PPN) and the mesencephalic locomotor region (top panel, MLR). These two adjacent neuronal populations however, 

have different effects on the spinal cord. While MLR projects to motoneurons and central pattern generators (CPGs), PPN projects 

to inhibitory interneurons of the spinal cord. Thus SNr inhibition of MLR causes inhibition in motoneurons whereas inhibition  of 

PPN causes excitation in motoneurons. 

 

 

 

 



 

21 
 

2.5 Models of the basal ganglia 

The basal ganglia form a very complex system with so many parameters involved. In order to 

understand how this enigmatic system works many models have been developed since earliest 
days of BG research. Some models were qualitative models that could not quantify the effect of 

manipulations in one or several neuronal populations. This deficiency ultimately led to 

development of quantitative models where processes can better be understood and more precise 
predictions can be made. Here I first review some of the most influential qualitative and 

quantitative models of the basal ganglia before going to Chapter 3 where I present our own 

modeling strategy. 

2.5.1 Qualitative models 

Early models of the basal ganglia have tried to explain the functionality of these nuclei in terms 

of two subsystems i.e. the direct and indirect pathways. In recent years the hyperdirect pathway 
has been suggested as a third main pathway in the basal ganglia (Nambu et al. 2002). We have 

earlier developed the idea of the hyperdirect pathway by suggesting a whole subsystem called 

the arbitration system including the subthalamic nucleus (STN) and the external and internal 
divisions of the globus pallidus (GPe and GPi respectively) which is responsible for taking the 

strongest response it receives and suppressing the competing responses (Kamali Sarvestani et al. 

2011).  

2.5.1.1 Albin 

By putting together the pieces of connectivity known to that date, Albin et al. (1989) suggested 

that the basal ganglia are organized in two pathways, on directly affecting the output stages via 
striatonigral connections and the other indirectly influencing the output via striato-pallido-

subthalamo-nigral connections. Thy furthermore suggested that hypokinetic and hyperkinetic 

activity may arise from dysfunction of the direct and indirect pathways respectively. 

2.5.1.2 Alexander 

Alexander and Crutcher (1990) extended Albin et al.’s idea by suggesting that several parallel 
networks with the same direct/indirect structure exist. They noticed that the same canonic 

connectivity can be built in different regions of the basal ganglia. They suggested that motor, 

associative and limbic information flow from different cortical areas to corresponding regions of 

striatum in parallel. The information then continue flowing into the pallidum, subthalamus and 
substantia nigra in segregated pathways until they reach different divisions of the thalamus from 

where they are channeled back to original cortical areas. Although several findings have shown 

that serial processing can also be observed in the basal ganglia networks (Haber 2010), the 

original parallel processing idea still remains very influential in the basal ganglia society. 

2.5.1.3 Mink 

Mink (1996) hypothesized that the basal ganglia are not involved in generation of movements 

but are instead in charge of inhibiting competing motor mechanisms that would otherwise 

interfere with the desired movements. He suggested that the diffuse excitatory input from the 

STN to the SNr causes a global inhibition of recipient thalamic neurons. He proposed that the 
striatum simultaneously focally inhibits the output stages of the BG thus removing inhibition 

from the desired motor mechanisms to allow that movement to proceed. In his model slowness 

in movement, abnormal posture and involuntary movements are results of inability to inhibit 

competing motor programs. 
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2.5.1.4 Hikosaka 

Using saccadic eye movements as an example of the basal ganglia involvement in control of 

movements, Hikosaka et al. (1993) suggested that the main contribution of BG output stages is 

to inhibit the thalamic and subcortical nuclei. Thus inhibition of BG output nuclei via direct 

striatonigral connections disinhibits thalamic and other subcortical structures. 

2.5.2 Computational models 

Computational models have helped a lot in understanding the basal ganglia and the activity 
evolving in its diverse structures. Since a major theme of this thesis is computational modeling 

of the BG, a review of previous models is given here. I have tried to keep this review in a rough 

chronological order. A discussion and comparison of models can be found in Chapter 5. 

2.5.2.1 Barto and Houk 

Barto and Houk (Barto 1995, Houk et al. 1995) suggested learning rule taking into account three 

main factors. In their model, reward signal is generated in striatonigral pathways and is used to 
induce LTP in the striatum. They used a simple network of direct and indirect innervation of the 

SNc neurons to simulate the generation of dopamine upon exposure to unexpected rewarding 

stimuli. The network would suppress phasic dopamine signal as the reward became more and 
more predictable and expected (Figure 12). They proposed that once a reward predicting 

conditioned stimulus occurs, cortical neurons report it to the striatal neurons in the striosomal 

compartment. Striosomal neurons convey this message to the midbrain dopaminergic neurons in 
two parallel pathways that have different time scales and signs. In their view the side loop via 

subthalamus would rapidly convey the signal regarding onset of conditioned stimulus to the 

nigral dopaminergic neurons and make them raise their firing rates. The direct slow pathway 

however would inhibit the same dopaminergic neurons so that when primary reward is 
presented, the early excitation from side loop is gone, and the slow sustained inhibition resulting 

from direct pathway silences the otherwise increase in the dopaminergic flow. This model was a 

first attempt to model the dopaminergic signal mechanisms and reconcile it with existing 
reinforcement learning formulations in the computer science. Although the model remains 

vague on exact anatomical details, it remains as one of the most inspiring models of BG. 

 

Figure 12: Adopted from Houk et al. 1995. A schematic diagram of how striatonigral pathways can control dopamine signaling. 

Through their direct and side loop connections with dopaminergic neurons (DA), the spiny neurons of the striatum (SPs) exert 

opposite effects on DAs. DAs receive direct primary reinforcement signals from lateral hypothalamus and thus tend to raise their 

activity when a primary reward is presented to the animal. However, when a conditioned stimulus is presented, it causes two 

opposing effects in DAs. The side loop which has a net excitatory effect immediately responses to conditioned stimulus with a short 

signal. The direct pathway responds to the conditioned stimulus with slow and long inhibitions. The summation results in a burst of 

activity upon onset of conditioned stimulus and removal of dopaminergic flow upon onset of the actual reward (combined trace in 

right panel). 
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2.5.2.2 Beiser and Houk 

Serial order processing was the focus of the Beiser & Houk (1998) hybrid model. The model 

was mainly based on gross anatomy and physiology rather than detailed description of neuronal 

networks. However, some critical biophysical features were also implemented. For example, T-

type calcium channels were used to emulate the rebound responses of thalamic neurons to 
disinhibition. Moreover, GABAa mediated lateral inhibition between MSNs resulted in pattern 

classification. The classified patterns were kept in a short term working memory using 

corticothalamic loops. These patterns recursively call future patterns and updates input vector to 
striatum from cortex. The updated vector represents not only current events but also prior events 

that function as temporal context. 

2.5.2.3 Berns and Sejnowski 

Berns and Sejnowski (1998) proposed a systems-level computational model of the basal ganglia 

based on known anatomy and physiology to that date. They assumed that the internal collateral 

inhibition within the GPi results in selection of the strongest response from several competing 
actions. They also proposed that the reciprocal connection between the GPe and the STN creates 

a working memory. Thus context of previous actions was used to learn a new action, hence 

learning a whole sequence of actions. The striatal neurons were assumed to record a conjunction 
of cortical states. During training, the MSNs could then directly select action in the GP. Leaning 

occurred in STN-GP loops by an associative learning rule and resulted in encoding a sequence 

of action after several iterations. The trained network was capable of recalling the whole 

sequence when the first action in the sequence was given as an input. 

2.5.2.4 Gurney 

In a series of articles, Gurney has suggested that the diffuse excitation from the STN and the 
focused inhibition from the striatum can cause a center-surround architecture that can inhibit all 

candidate actions and disinhibit the strongest (Figure 13).  

 

Figure 13: Adopted from Gurney et al. 2001. The cortical and thalamic inputs reach both the striatum and subthalamic nucleus 

(SN). Via its excitatory diffuse connections with the output layer of the basal ganglia i.e. GPi/SNr, the STN lifts the activity of all 

output neurons. In contrast, the striatum provides focal inhibitory projections to the output layer. Thus all neurons of the output 

layer experience increase in their firing rates except for the one inhibited by the striatal neuron. This model assumes functional 

roles for direct and hyperdirect pathways (middle panel) but does no associate a function with the indirect pathway (right panel). 

In the early model, the indirect pathway was not given a function (Figure 13) but in a later 
revision that captured oscillatory and resonance properties of STN-GP loop besides the action 

selection (Humphries et al. 2006), it was suggested that the circuit comprising D2- dominant 

striatal projection neurons, STN, and GP provided the required amount of inhibition to enable 
signal selection and switching in the selection loop. They termed this circuit the “control 

pathway.” This alternative functional architecture (selection and control pathways) contrasts 

with the then prevailing qualitative model of the basal ganglia anatomy that dissects the system 

into “direct” and “indirect” pathways (Albin et al., 1989). 
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2.5.2.5 Bar-Gad and Bergman 

Bar-Gad and Bergman developed a model of BG that uses local competitive learning rules in 

conjunction with reinforcement signals to reduce the dimensionality of sparse cortical 

information. They suggested that in doing so, the basal ganglia function like a principle 

component analysis system that finds the most determinant dimensions of multidimensional 
input data. Their model predicts that in a steady-state the efficacy of lateral inhibition is reduced 

and synchrony is minimized. The Parkinson’s disease on the other hand is interpreted as a 

persistent state of negative reinforcement, and abnormal synchrony in the basal ganglia activity 

where dimensionality is not efficiently reduced. 

2.5.2.6 Terman and Rubin 

Terman et al. (2002) developed a conductance-based computational network model of the 

subthalamic nucleus and the external segment of the globus pallidus in the indirect pathway of 

the basal ganglia. They first assumed three different connectivity patterns between STN and GP 

(Figure 14) and then changed the coupling strength by altering the synaptic efficacies within GP 
and between STN and GP. Different combinations of efficacies resulted in one of three generic 

classes of sustained firing patterns: clustering, propagating waves, and repetitive spiking that 

may show little regularity or correlation. Their results suggest that the subthalamopallidal circuit 
may either engage in correlated rhythmic activity or fall into irregular autonomous patterns of 

activity that avoids rhythmicity. If striatal inhibitory input to GP is elevated and collateral 

inhibition inside GP is weakened the circuit is biased towards rhythmic activity by the indirect 
pathway. They suggest that this state is caused as a result of dopaminergic neuronal loss in 

Parkinson’s disease. 

2.5.2.7 Rubchinsky 

Rubchinsky model (Rubchinsky et al. 2003) uses available cellular, systems, and clinical data 

on BG and PD to build a biophysically based network model of pallidosubthalamic circuits. The 

model hypothesizes that the BG are involved in inhibition of competing motor responses which 
share resources in favor of facilitating a desired motor program. Their network suggests an out-

of-register connectivity between STN and GP (Figure 15) so that STN neuron representing an 

action is connected to GPi neuron of a competing action. On the other hand, GPe neuron 
representing an action is projects to SN neuron representing another action. The network can 

thus discriminate between competing signals for motor program initiation, thus facilitating a 

single motor program. We have also used the idea of out-of-register connectivity in our models 

of the basal ganglia, but the implementation is slightly different (see section 5.5) 

2.5.2.8 Frank 

Frank (2006) also used the diffuse STN-SNr projections to create a global excitation in the SNr 
which leads to a global inhibition of thalamic nuclei. The model suggests that when there are 

multiple competing responses, the STN reduces premature responding by an early inhibition of 

all responses. Therefore they suggest that STN has an important effect on which response is 
ultimately selected. They hypothesize that the cortico-subthalamic-pallidal pathway is 

effectively functioning as a threshold adjustment system for action selection. The model can 

mimic the dynamics of activity in different BG structures during action selection. They have 

also simulated dopamine depletion and have reported emergent oscillatory activity in BG 
structures similar to those in Parkinson’s tremor. They furthermore suggest why a lesion of STN 

may diminish oscillations, but suggest that this benefit may come at the expense of impaired 

decision making. 
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Figure 14: Adopted from Terman et al.2002. The firing regime in subthalamopallidal network depends not only on connectivity 

pattern (neuroanatomy) but also on synaptic efficacies of subthalamopallidal and pallidosubthalamic synapses (electrophysiology). 

Top, middle and bottom left panels show potential connectivity patterns between subthalamus and pallidum. Right panels show how 

the firing regime changes as a function of the subthalamopallidal synaptic weight (g S->G) and pallidosubthalamic synaptic weight 

(g G->S). 

2.5.2.9 Lebloise 

Lebloise et al. (2006) hypothesize that via their opposite effects on the output stages of the basal 
ganglia, the direct (cortex-striatum-GPi-thalamus-cortex) and the hyperdirect loops (cortex-

subthalamic nucleus-GPi-thalamus-cortex) play a key role in providing the BG-cortex system 

with the ability to perform motor program selection. They show that slight dopamine depletion 

can result in total loss of action selection ability. They also show that stronger depletion of 
dopaminergic neurons can lead to synchronous oscillations. An interesting prediction in their 

model is that the loss of selection ability precedes the tremor. They also suggest that 

synchronous oscillations are driven by the hyperdirect loop and appear in BG after inactivation 

of the striatum. 
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Figure 15: Adopted from Rubchinsky et al. 2003: Two sets of subthalamic (STN), external pallidal (GPe) and internal pallidal (GPi) 

neurons each representing an action are used to demonstrate action selection in pathways of the basal ganglia. GPe neurons are 

connected to opposite STN neuron. STN neurons are also connected to opposite GPi neurons. Other connections are in register. 

2.5.2.10 Morita 

Morita et al. (2012) have recently used a model of cerebral cortex and the basal ganglia which 
can generate temporal difference error. They use an interesting feature of neuronal organization 

in layer V of motor cortex and link it to the known anatomy of corticostriatal organization. It 

has been reported that layer Va neurons project to layer Vb in a unidirectional manner. 
Moreover, layer Va and Vb are believed to preferentially project to D1 and D2 MSNs 

respectively. Thus they hypothesize that layer Va neurons are coding the “current state” and 

layer Vb neurons are coding “previous state”. Through their projections to direct and indirect 

pathway MSNs, these two pieces of information are ultimately subtracted to generate temporal 

difference error. 

2.5.2.11 Doya 

Doya has suggested a computational theory on the roles of the ascending neuromodulatory 

systems from the viewpoint that they mediate the global signals that regulate the distributed 

learning mechanisms in the brain. Although in his hypothesis the effects of these 
neuromodulators go much beyond the striatum to cover the cortex and the whole nervous 

system, but still a large part of effects are envisioned in relation to the BG. Based on the review 

of experimental data and theoretical models, he proposed that dopamine signals the reward 

prediction error, serotonin controls the temporal schedule of predicted reward, noradrenaline 
controls the exploration-exploitation balance, and acetylcholine signals the reinforcement 

leaning rate. 

2.5.2.12 Amemori and Graybiel 

Amemori et al. (2011) proposed a model of the basal ganglia based on the striatal striosome-

matrix organization. They proposed that each striatal module can autonomously learn context 
via reinforcement learning. They hypothesized that striosome-matrisome modules then learn to 

bias behavior toward specific actions but also learn how relevant they are to the instantaneous 

context. Based on the level of relevance, which they name “responsibility, each module 

modifies its own learning and activity. They further hypothesize that the responsibility is 
calculated by striosomes as errors in predicting the upcoming context. The responsibility signal 

is then communicated to matrisomes via local circuit interneurons.  
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2.5.2.13 Matell and Meck 

Using the fact that The neurobiological properties of the basal ganglia, an area known to be 

necessary for interval timing and motor control, Mattel and Meck (2004) suggested that the BG 

act as a coincidence detector of cortical and thalamic input. By implementing a probabilistic 

firing rule, a dynamic response threshold, and adding variance to a number of its components, 
simulations of the striatal beat frequency model were able to produce output that is functionally 

equivalent to the expected behavioral response form of peak-interval timing procedures. 
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Chapter 3 

Methods 

 

In order to analyze the neuronal networks of brainstem and basal ganglia I have first translated 
available neuroanatomical and neurophysiological data into neuronal networks designs. Just like 

any other design, the sketch of a neuronal network guides the construction of these networks by 

indicating how many neurons are to be included in each population and how they should be 

connected to each other. Having the sketch, I then used computational methods to simulate the 
activity of these networks in scenarios similar to real experimental setups. Parameters of models 

were tuned to generate such target experiments. The process of parameter tuning itself is 

instructive and helps to better understand the dynamics of the network in a pedagogic sense, but 
mimicking an experiment that has been already performed does not have much scientific value. 

The main value added by a computational model is generation of novel hypotheses and 

suggesting experiments to justify or falsify those hypotheses. Thus, as a last step in the 

modeling process I suggest several hypotheses and predictions. I introduce the computational 
methods and software I used for simulations first, and then describe the process of designing 

neuronal networks based on the existing data. 

3.1 Computational neuroscience 

As stated earlier, qualitative models are not proper tools for analyzing complex dynamic 

systems. Instead quantitative and computational models can more appropriately analyze the 

behavior of the system and predict the outcome of manipulating one part of the system. 

3.1.1 Neuron models 

The neuron model used in most of the thesis is the leaky integrate-and-fire model (LIF). 

Originally developed by Lapicque (1907), LIF neurons have long been used for modeling 

spiking neuronal processes especially in network structures. We used this model because of its 
simplicity and lack of complex single cell behavior. We used a point neuron model so that the 

soma, dendritic field and axonal arborizations are treated as a single compartment. However, 

axonal conduction time can be explicitly assigned to each individual neuron. Activity of LIF 
neurons is controlled by few parameters: membrane conductance, membrane resistance, resting 

potential, resetting potential and threshold. A simple ordinary differential equation governs the 

membrane potential: 

   tIRtu
dt

du
m .   
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where CRm . , R  is the membrane resistance, C  is the membrane capacitance,  tu  is the 

membrane potential and  tI  is the instantaneous current crossing the membrane. If membrane 

potential reaches the threshold level, it is explicitly reset to the reset voltage. 

Ionic currents are modeled as immediate rises in  tI  exponentially decaying over time. The 

immediate early rise occurs whenever a presynaptic neuron fires. The amplitude of the rise 

depends on the efficacy of the synapse (see below). 

A different neuron model has been used in Paper IV. We have chosen the adaptive exponential 

integrate and fire model (Brette and Gerstner, 2005). It has few parameters, simplifying the 

estimation of them from limited amount of experimental data, as compared to more complicated 
biophysical models with up to hundred or more parameters. The model can capture the spike 

initiation and upstroke, as well as subthreshold resonance and adaptation of neural activity. It 

can be tuned to reproduce simulated subthreshold and spiking behaviors that are very similar to 

in vitro and in vivo neuronal voltage responses. The model equations are explained below, 

where V is the membrane potential and w is the contribution of the neurons slow currents: 

   Iw
T

VV
TgEtug

dt

du
C T

LLL 











 exp..  

  wEVa
dt

dw
Lw   

if V > Vpeak then V = Vr and w = w + b 

Here C is the capacitance, gL is the leak conductance, EL and VT are the resting and threshold 
potentials, T is the slope factor of the spike upstroke, I is a current source and represents 

injected current Iinj and/or synaptic contributions Isyn, τw and a are respectively the time 

constant and the subthreshold adaptation of the recovery current w. When the membrane 

potential V reaches the cut off Vpeak it is reset to Vr and then the recovery current w is 

increased with b. 

3.1.2 Synapse models 

The synapses mostly used in the thesis (except for the Paper IV) are static synapses which are 
controlled by two parameters: weight and delay. The weight is a parameter showing how strong 

the synapses are and the delay is a lump quantity representing axonal and synaptic delays. 

3.1.3 NEST 

Neural Simulation Tool (NEST) is a software package used widely for simulating large scale 
spiking point neurons (Gewaltig and Diesmann 2007). The software has several built in neuron 

and synapse models. Moreover, one can rather easily add new custom neuron and synapse 

models to the library of existing models. Different models of neurons and synapses can be used 
in a single NEST simulation. NEST is equipped with several tools simulating experimental 

input devices such as DC generators and Poisson spike generators. The software also has many 

recording and measurement devices capable of recording different quantities such as spike 

events, membrane voltages, conductances etc. 

Although NEST was originally developed under simulation language interpreter (SLI), a user 
friendly Python interface has been added to its features. Since NEST can be called from within 
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the Python, it can be used in combination with many other Python based packages. In fact, we 

used PyNest in combination with OpenGL and PyODE in project II. PyODE is a Python based 

package for simulating mechanical systems and OpenGL is another Python based package for 

generating graphics and animations. By combining the three softwares we could develop 
simulations of animals with not only realistic neuronal network activity but also realistic 

mechanical properties of body parts. The animals could in fact interact with simulated 

environment, and the results of the simulations were animated and exported as video files. 

3.2 Designing the networks 

 In this section I will explain how we developed neuronal networks based on known anatomy 

and electrophysiology. Two criteria were used to design the networks. First, investigating 
results of tracing studies or single axon reconstructions, we designed the gross connectivity 

patterns. Such patterns indicate if a neuronal group projects to another. They may also indicate 

how far and wide the connections go, but some fine structure of what neuron contacts which 

target usually cannot be resolved with current anatomical information. Our second criterion to 
design the networks was the functional/behavioral outcome reported. Only some configurations 

of exact connectivity pattern yield the results observed in behavioral, imaging and lesion 

studies. We assumed hypothetical fine connectivity for the networks that mimic the macro level 

functions attributed to different nuclei. 

A key point in designing the networks within this thesis is that most of the neuronal structures 

modeled here have a topographical organization. The tectum is known to have a precise 

retinotopic organization and the motor basal ganglia are believed to have a somatotopic 

organization. Connections from a somatotopically organized structure to another neuronal 
population sharing the same somatotopy cannot be nonspecific. For example, somatotopy will 

be lost if two neurons one representing the first and other representing second digit in a 

neuronal group projects to all neurons in a recipient neuronal population. However, this does 
not imply that wide spread projections cannot be observed between somatotopically organized 

structures. Figure 16 shows schematic patterns of two types of somatotopically organized 

projections together with a projection where somatotopy is lost: 

 

Figure 16: Micro topography may alter the interpretation of macro level connectivity. The left panel shows a positive somatotopy or 

topographic projection type where neurons sharing the same receptive field are directly connected. Middle panel shows a negative 

somatotopy or anti topographic projection. In this type of projections specificity is gained through projections from a neuron having 

a certain receptive field to all target neurons except the one sharing its receptive field with the source neuron. Right panel 

demonstrates a non-somatotopic or atopographical connection. Even if the source neurons specifically signal certain receptive field 

properties, the specificity is lost in the target structure because all source neurons project to all targets so that all target neurons 

represent the same mixed signal. 

In the first type (Figure 16 left panel), a neuron representing a body part in source population 
projects to corresponding neuron representing the same body part in target structure. We will 

call this type of projection, positive somatotopy or topographic projection. In a second type of 

somatotopic projection called negative somatotopy or antitopographic projection (Figure 16 

middle panel), a neuron representing a body part in source population projects to all neurons in 
the target population except to the neuron representing corresponding body part. Both types are 

somatotopic in nature and can be contrasted to non-somatotopic or atopographic projections 
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such as those shown in Figure 16 right panel. Although both types of somatotopy preserve the 

order of body parts in a motor structure, the positive projection requires a focal axonal 

arborization while the negative projection needs a wide spread arborization. 

The examples given above are based on motor system and body parts, but one can extend the 

idea to include sensory and cognitive structures of the nervous system. We will use this idea 
among other methods in translating experimental results from animal models into computational 

models and neuronal networks. 

3.2.1 Reticulospinal neurons and MLR 

 

Figure 17: Overall connectivity of macro connections in visuomotor networks of lamprey. Spinal central pattern generators are 

driven by reticulospinal neurons. Reticulospinal neurons are under control of two higher control centers: the visuomotor centers 

(Approach, Avoidance, Escape) and the mesencephalic locomotor region. The locomotor region connects bilaterally to the 

reticulospinal neurons whereas visuomotor centers project unilaterally to the reticulospinal populations. Avoidance and approach 

send ipsilateral while approach center sends contralateral projections to the reticular formation. 

In designing the reticulospinal population, we used a simple animal model to model. Lamprey 
has been used as an experimental animal model for many years now and the wealth of 

knowledge about its nervous system in general and motor system in particular helped us most 

realistically design our neuronal networks. As discussed earlier in Chapter 2, lamprey 
reticulospinal neurons originate in different nuclei of the brain stem and mediate different 

movements, but we chose a planar steering function in yaw plane as an example of how these 

neurons may mediate such movements. Thus we modeled the reticulospinal neurons as two 

populations, one on each side of the body. These neurons ipsilaterally innervate the spinal CPGs 

(Figure 17). 

Mesencephalic locomotor region was also modeled as two populations of neurons with simplest 

spike dynamics. In accordance with experimental data showing bilateral connections from MLR 

to reticulospinal neurons in lamprey, both MLR populations in our model were connected to 

reticulospinal neurons located on both sides. 

3.2.2 Visuomotor structures 

The visual field surrounding an animal falls in a retinotopic space where neighboring retinal 

neurons code neighboring parts of the scene. However, the locomotor drives are rate coded i.e. 

the stronger the reticulospinal neurons on one side fire, the smaller the radius of steering to that 

side. The process of conversion from place code to rate code should happen somewhere 
between retina and reticulospinal neurons. Several mechanisms have been suggested for 

conversion of place codes to rate codes. The simplest conversion mechanism is shown in Figure 
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18 left panel. Retinal place coded neurons on the top array are connected with different synaptic 

weights to the recipient neuron in the bottom. Thus, activation of the right most place coded 

neuron causes a higher activation in the downstream neuron causing a sharper steering while 

activation of the left most neuron in the array causes lower activation of the bottom neuron 
causing a slight turn. Thus, activation of each different neuron in the top array causes a 

corresponding angle of steering (Groh 2000). Figure 18 middle and right panels show the same 

strategy with additional mechanisms suggested by Groh to normalize the activity within the 

network. 

We have taken a different strategy for converting place codes into rate code in the optic tectum 

conforming to three criteria: first tectum is organized in several layers and second, it has been 

observed that a large population of coarsely tuned tectal neurons fire before saccades and the 
ultimate amplitude of the saccade depends on the summation of each individual neuron activity 

within the population (Lee et al. 1988) and third, the superficial layers of the tectum receive 

visual information, mid to deep layers project to STN and reticulospinal neurons. The network 

structure shown in Figure 19 is compliant with all three criteria.  

 

Figure18: Adopted from Groh 2000: Simple mechanisms may convert place coded information into rate codes. Left panel shows a 

layer of place coded neurons with different receptive fields. They all project to a single target whose firing rate is to signal the place 

of a stimulus. Since there is small overlap between the receptive fields of the input layer neurons, only one of them will be  active at 

any point of time. The input layer neurons are connected to output neuron with different weights so that activation of each one 

causes a different level of activity in the output neuron. In this way, the place coded information in the input layer is faithfully 

translated into rate code in the output stage. In order to avoid the potential effect of simulation input layers with different rates and 

thus mislead the conversion mechanism, different remedies can be made. Middle panel shows one such remedy. Bu adding all input 

layer activities and dividing the output neuron activity to sum, normalized ate code is generated in the terminal node. Right panel is 

a mechanism that avoids two simultaneous stimuli to affect the output at the same time. Inhibitory input from summation point 

guaranties that weaker responses will be suppressed in favor of stronger ones. 

The superficial layer of this structure receives retinotopic visual information. Lateral neurons 

receive lateral stimuli and medial neurons receive medial stimuli. This topography is maintained 
in medial layer of Figure 19 top panel but is reversed in Figure 19 bottom panel. This causes a 

distinction between approach response in the top panel and escape response generated in bottom 

panel. The mid layers are connected to the deep layers in a recruiting fashion so that the most 
lateral neurons in the mid layer are connected with all deep layer neurons while the most medial 

neurons of the mid layers are connected only to one neuron in corresponding deep layer. In this 

way, for example a medial aversive stimulus (red in bottom panel) simulates many deep layer 

neurons and causes a strong steering command away from the stimulus. 

In our model of visuomotor structures, all mid layer neurons project to the mesencephalic 
locomotor region. MLR in turn projects bilaterally to the reticulospinal neurons so that 

stimulation of MLR causes symmetric activation of both sides of the body. In contrast, the 

tectoreticular connections in our model were only unilateral and cause activation on only one 
side of the spinal cord. This is in good accordance to experimental data in real animal showing 

bilateral connections in tectoreticular connections with a well pronounced unilateral dominance. 
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Figure 19: The structural connectivity in models of visuomotor centers. All centers are organized in a laminar structure having 

three layers. Each layer is an array of neurons. The neurons in input and response layers are tuned to specific directions of stimuli. 

Connectivity between the response and auxiliary layers is shared in all visuomotor centers. Moreover, the response layer neurons of 

each visuomotor center inhibit other neurons in the response layer of the same visuomotor center. A) The neurons in the input layer 

of the approach center are connected in register to the corresponding neurons in the response layer. The auxiliary layer neurons in 

approach center are connected to the output reticulospinal neurons of the opposite side. B) The neurons in input layer of the  escape 

center are connected to the mirroring neurons in the response layer. The auxiliary layer neurons in escape center are connected to 

the output reticulospinal neurons of the same side. 

3.2.3 The basal ganglia 

A problem usually observed with both qualitative and quantitative models of the basal ganglia is 
that the type of information delivered to the striatum and STN via thalamus and cortex is not 

treated carefully. For example, the motor striatum receives its cortical input mainly from the 

motor and somatosensory areas. Therefore, this region is most likely not directly involved in 

navigation tasks such as choosing one arm among arms of a maze or in associating an odor with 

a certain movement. 

Another usual problem is that connectivity pattern between different neuronal groups is treated 

loosely. In a series of seminal papers for example, Wilson’s group suggested that corticostriatal 

connectivity in a small region of the striatum, about the size of a striosome, most likely does not 
follow an all-to-all pattern. Based on estimations of the average number of synapses on a single 

MSN, number of boutons formed by an individual corticostriatal axon and number of  neurons 

in the volume of an MSN dendritic tree, they concluded that neighboring neurons most likely do 

not share cortical input but for a slim percent. 

In order to avoid such problems, we take into account two important factors. First, we assume 
realistic type of information conveyed from cerebral cortex and thalamus to input stages of the 

basal ganglia. Second, we construct the networks based on realistic estimates of the 

divergence/convergence rules. If nucleus A projects to nucleus B, it is important to know how 
many neurons in B are contacted by an individual neuron in A (divergence rule). It is also 

important to know how many neurons in A project to an individual neuron in B (convergence 

rule). We use motor regions of the basal ganglia to construct the networks from this point on. 
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3.2.3.1 Information conveyed in cortical input: 

Different parameters of movement such as direction, force or amplitude of movement have been 

assigned to PT neurons (Georgopoulos et al. 1982, Moran and Schwartz 1999), but we will here 

assume that these neurons directly signal the activity of agonist or inhibition of antagonist 

muscle(s) involved in movement of an individual body part (Todorov 2000). We furthermore 
assume that cortical activity does not drop to base line immediately after the offset of a 

movement. In other words, although the activity in pyramidal tract may fall below the threshold 

of generating an overt movement upon the offset of the movement, its trace runs for several 
seconds probably though the activity in reciprocal corticocortical and cortico-thalamo-cortical 

loops thus creating a damping memory of recent movements. We assume that due to their 

different sizes, different membrane properties and synaptic efficacies, different neighboring PT 
neurons convey the information about the same movement with different latencies and 

frequencies. These neighboring PT neurons are recruited as the movement starts but lose their 

activity with different time constants. Figure 20 shows the trace of activity in cortical PT 

neurons before, during and after a certain movement which is followed by a reward. The neuron 
experiences a slight preparatory increase followed by a sharp boost in activity during the actual 

movement. When the movement finishes, activity persists in the neuron (Turner and DeLong 

2000) probably due to dense recurrent projections within the cortex (Markram 1997) and 
between cortex and thalamus (McFarland and Haber 2002) supporting persistent activity like 

working memory (Shepherd 2009). 

 

Figure 20: A model of the activity in a pyramidal tract (PT) neuron. Firing of the neuron below some level cannot cause overt 

movements. When a movement is to be triggered, the firing rate in corresponding PT neuron rapidly reaches the level needed for 

manifestation of overt movement and even goes beyond. The activity of the neuron drops as the movement stops. However this 

activity does not drop immediately to baseline level. This is basically because of the heavy corticocortical and 

corticothalamocortical positive feedback loops which delay the damping of the cortical activity. 

We assume that IT neurons report the postural configuration, proprioceptive and tactile state of 

the animal (Turner and DeLong 2000) as well as traces and memories of such sates. Thus, each 

IT neuron fires only when a certain combination of body parts (such as hand, elbow and arm) 

positions are reached. 

3.2.3.2 Geometry of neuronal populations in the basal ganglia: 

We compare the size of axonal arborization of each neuron type with the density of neurons in 
target nucleus to estimate number and distribution of neurons it can possibly contact. Estimates 

of somatic sizes and distances between neurons in each nucleus are a determining factor in such 

comparisons. Figure 21 shows the average diameter and distance between two adjacent neurons 

in major neuronal populations of the rat BG. 
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Figure 21: neurons in different basal ganglia have different sizes and densities. The average distances between two adjacent 

neurons in ach basal ganglion is estimated. Both the diameters and distances are drawn in proportion to the scale bar. 

3.2.3.3 Striatal organization: 

In this thesis, I exploit the idea of columnar structure of the cerebral cortex together with some 

other hints on striatal organization to suggest a structural organization for this neuronal group. 
Thus, we hypothesize that the functional unit of striatum is a rosette like structure. As shown in 

Figure 22, each striatal rosette is composed of a one striosome in the center and several 

matrisomes surrounding it. The striosome and striosomes surrounding it resemble the carpel and 

surrounding petals of a rosette. There are approximately 2800 MSNs in each striosome (Kincaid 
and Wilson 1998) which occupy about 14% of total striatal volume. Therefore, assuming 

homogenous distribution of neurons throughout striatal volume, there are approximately 20,000 

neurons in each rosette. There are approximately 2.8 million MSNs in the rat striatum 
unilaterally (Oorschot 1996), 360,000 of which are in the motor striatum in region 8. Thus rat 

region 8 motor striatum contains almost 18 rosettes. Striosomal patches are almost the same size 

as a single matrisome surrounding it. Thus in this thesis I will use the term striatal subunit to 
indiscriminately refer to striosomes or matrisome. I will also use the terms striatal rosette and 

striatal unit (composed of several subunits) interchangeably. Since striosomal patches 

contribute to 14% (one seventh) of striatal volume and striosomes and matrisomes are 

approximately the same size, on average six matrisomes (petals) surround a single striosome 

(carpel). 

On the corresponding cortical side, we estimate that there are about 2.4 million corticosriatal 

neurons in the primary motor cortex of the rat organized in approximately 240 hypothetical 

hypercolumns each containing some 10000 corticostriatal neurons distributed in layers III and 
V. Thus on average, one striatal rosette in region 8 is innervated by 6 hypercolumns in M1 as 

well as 6 hypercolumns in primary somatosensory cortex (S1). Since rat cortex does not have a 

clear columnar structure, hypercolumns and minicolumns in this thesis are to be conceived as 

functional units. The neurons in these units are located in the proximity of one another and share 
some common features, but do not form apparent columnar clusters as their counterparts in 

primates. 
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Figure 22: The striatum can be modeled as smaller structural units called rosettes. Each rosette is composed of a striosome and 

several matrisomes surrounding it. Average number of matrisomes (petals) surrounding an individual striosome (petal) is six.  Each 

subunit (striosome or matrisome) contains about 2800 neurons. Similar structural organization is also assumed for other basal 

ganglia throughout the thesis. 

We assume that a certain striatal rosette is involved in movement of a certain body part such as 

a digit or a limb or a row of whiskers (Alloway et al. 1999) and the hypercolumns in the 
primary motor and sensory cortices innervating that rosette are involved in control of single 

muscles engaged in that movement. This implies that there are on average 6 muscles involved in 

movement of a certain body part. Since the average number of hypercolumns projecting to a 
striatal rosette and average number of matrisomes in each rosette are equal, we presume that 

there is a one to one correspondence between cortical hypercolumns and striatal matrisomes. 

Thus in our model, each cortical hypercolumn represents a certain muscle and the 

corresponding matrisome is involved in shaping the activity of that muscle via controlling the 

hypercolumn. 

It is estimated that 380,000 corticostriatal axons innervate a certain cluster i.e. a striosome or a 

matrisome (Kincaid et al. 1998). Since on average there are 6 corticostriatal neurons per striatal 

medium spiny neuron, these 380,000 neurons project to 63,000 striatal medium spiny neurons 
which is approximately equal to 3 rosettes. In other words on average 3 rosettes receive shared 

input from about 380,000 corticostriatal axons i.e. 38 hypercolumns, 19 in M1 and 19 in S1 

corresponding to 3 body parts. This is in a good agreement with the extent of arborization of the 
so-called extended corticostriatal axons. Corticosriatal axons innervate a spherical volume of 

almost 1.2 mm in diameter (Kincaid and Wilson 1998) which is equal to volume of 3 rosettes. 

Therefore, information about movement of 3 body parts may be conveyed to 3 striatal rosettes. 

Thus striatal rosettes are able to control the movement of a body part both in solo and in 

combination with at least two other body parts. 

We further assume that there are some 40 minicolumns in a hypercolumn each containing about 

280 corticosriatal neurons divided equally between PT and IT types. PT neurons in a certain 

minicolumn may represent specific features of movement such as direction (Parikh et al. 2007). 
Since more than one muscle is involved in movement of a body part in a certain direction, a 

minicolumn within a hypercolumn may work in concert with 5 other corresponding 

minicolumns in 5 other hypercolumns. Thus, colleague minicolumns are those which are 

activated when the body part moves in a certain direction. 

We hypothesize that striosomes and matrisomes are organized in smaller neuronal groups that 
we will call minisomes in this thesis. Each minisome includes 70-80 striatal medium spiny 

neurons and receives is input from a certain cortical minicolumn in a given hypercolumn and its 

colleague minicolumns i.e. minicolumns coding for the same direction of movement in other 
hypercolumns (see the section on Cortical Input). D1 medium spiny neurons in a minisome 

project to a common target neuron in the globus pallidus as well as to substantia nigra or 
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entopeduncular nucleus and D2 medium spiny neurons in that minisome target the same neuron 

in globus pallidus. Since there are some 70 minisomes in a matrisome, the diameter of a 

minisome is estimated around 100 μm. 

Inhibitory striatal collaterals are restricted to a single compartment in our model, so that striatal 

neurons inhibit their neighboring striatal neurons, but do not send collaterals to other striosomes 

or matrisomes. This is in line with reported extent of striatal collateral inhibition. 

Each rosette (composed of 20000 MSNs) is associated with 100 neurons in STN, 340 neurons in 

GP, 220 neurons in SNr/EP and 50 neurons in SNc. These neurons are assumed to be involved 

in movement of a certain body part. 

3.2.3.4 Corticostriatal axons: 

The pyramidal tract neurons give off collaterals in the striatum on their way to midbrain and 
spinal cord. Axons of a vast majority of these neurons make focal innervations of striatum in a 

sphere of about 100 μm. Focal axons make several arborizations in 1 to 7 foci. These foci are 

separated by gaps about 200 μm wide. Given that the diameter of a minisome is about 100 μm, 

each focus is assumed to innervate a single matrisome or striosome. However, striatal medium 
spiny neurons spread their dendritic tree in a sphere of 400 μm diameter. Therefore, it is 

reasonable to assume that the PT focal innervation targets the proximal dendrites of the neurons 

in a minisome. In our model we assign focal striatal arborization to 75% of PT neurons. 

A smaller portion of PT neurons have extended axonal arborizations covering a striatal diameter 
of 1.2~1.5 mm (Zheng and Wilson 2004). As discussed earlier, these axons cover a striatal 

volume equal to three rosettes. Such PT neurons can convey the activity of a certain muscle to 

the matrisomes responsible for controlling 20 other muscles. In our model we assign extended 

striatal arborization to 25% of PT neurons. 

Another type of corticostriatal neurons are those which do not project outside the telencephalon. 
The axons of such neurons may target ipsilateral or contralateral cortical areas. Striatal 

collaterals of axons originating from such neurons are all of extended type covering a striatal 

diameter of 1.2~1.5 mm. 

It is believed that all striatal medium spiny neurons receive both IT and PT type input. 
However, the D2 medium spiny neurons input is biased towards PT type and D1 medium spiny 

neurons input is dominated by IT type (Reiner). Moreover, striosomal patches are believed to 

receive more PT input than IT. We assume 170 PT type neurons and 110 IT type neurons in 

each minicolumn. As shown in Figure 23 left panel, focal PT neurons have 8 major targets in a 
rosette: D2 populations in 6 matrisomes, D1 and D2 populations in striosomes. The red neuron 

in Figure 23 left panel represents an axon that innervates only one striosome while the green 

neuron targets two and the blue neuron targets three striosomes. 

Different focal axon neurons may target different combinations of targets. Out of 170 focal PT 

neurons in each minicolumn in our model, 1282
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Figure 23: Model of focal and extended corticostriatal axons. The left panel shows three pyramidal tract neurons forming focal 

arborizations in the striatum. These neurons make between one and seven small focal arborizations in the striatum. In our model, 

although a focal projection axon can target several subunits, but each branch of the axons targets an individual neuron in each 

striatal subunit. Moreover, the focal axons do not extend beyond limits of a single rosette. The extended axon shown in right panel 

however targets all the subunits of three adjacent or functionally related rosettes.  

Thus each minisome receives 128 focal inputs from the minicolumn in corresponding 

hypercolumn plus 64
66
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 focal projections from each neighboring hypercolumn. 

Therefore, each minisome receives 128+64*5=448 focal arborization from the hypercolumn 

corresponding to the same muscle. These projections exclusively target D2 medium spiny 

neurons of matrisomes and all neurons of striosomes and make 40 synapses in each focus. 42 
other neurons in PT population are of extended axon type and as shown in Figure 23 right panel, 

project to all minisomes in three rosettes (Zheng and Wilson 2002). Thus on average, each 

minisome receives 840 axon collaterals from extended type PTs each making 50 contacts in the 

same area. 10 of these contacts are made with D1 neurons and 40 are made with D2 neurons. 

There are 132 IT type corticostriatal neurons in each minicolumn i.e. 132*40= 5280 IT neurons 

per hypercolumn in our model. These neurons project one collateral to each of the 21 

matrisomes/striosomes in their three recipient rosettes. Each collateral makes 50 synaptic 
contacts within a matrisome, 10 on D2 and 40 on D1 medium spiny neurons. Thus each 

matrisomal receives 5280*18*40/1400= 2647 synaptic contacts from IT type corticostriatal 

neurons in M1. Given that extended PT type neurons also give few collateral projections to 

matrisomal D1 medium spiny neurons, each matrisomal medium spiny neuron receives about 
2750 synaptic contacts from M1. Similarly, each matrisomal D2 neuron receives 1600 synaptic 

contacts from both IT and PT types in M1. Assuming that S1 provides the same density of 

innervation on the medium spiny neurons in region 8, D1 and D2 medium spiny neurons receive 
5500 and 3200 corticostriatal synapses respectively. The difference between the synaptic inputs 

is due to sparser dendritic tree of D2 type medium spiny neurons (Gertler et al. 2008). 

Focal PT neurons project to proximal dendritic spines of the medium spiny neurons and carry 

the information regarding directional activity of different muscles involved in movement of a 

single body part whereas extended PT neurons fire whenever a muscle is involved in a 

movement regardless of the direction of that movement. 

We assume that stimulating a single extended axon neuron generates an EPSP of amplitude 1.5 

mV and that of focal axon neurons is 4 mV. These can rise to 2.5 mV and 8 mV respectively 

after LTP. 10 focal axon neurons are needed to lift a D2 neuron from resting potential of -85mV 
to threshold of -45 mV (Gertler et al. 2008) before LTP. 28 extended axon neurons are needed 

to lift a D1 neuron from a resting potential of -87 mV to spike threshold of -44 mV (Gertler et 

al. 2008) before LTP. These numbers reduce to 5 and 18 neurons respectively after LTP. 
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3.2.3.5 Corticostriatal convergence: 

The main reason to investigate the corticostriatal ramification rule in previous section is to 

figure out what mixture of cortical information reaches different striatal MSNs. The 

combinatoric structure of PT neurons arborization in the striatum suggests that different MSNs 

receive different combinations of muscle activity signals. Figure 24 top panel shows different 
MSNs that receive cortical information regarding activity of one, two, three and 6 different 

muscles. Figure 24 middle panel shows MSNs receiving similar information about muscular 

activity but in addition also receive proprioceptive information about joint angle of one limb via 
PT neurons in primary somatosensory area. It is worth noting that although PT neurons of 

primary somatosensory areas also project to the spinal cord, but their terminals are restricted to 

the ventral dorsal horn of the spinal cord (Galea and Darian-Smith 1994) which is considered 

the sensory gate of the spinal cord. 

 

Figure 24: Striatal medium spiny neurons receive unique inputs from the cerebral cortex. The combinatorial nature of the focal 

corticostriatal axons results in unique inputs to each individual striatal medium spiny neuron. Top panel shows medium spiny 

neurons that receive information about activity of one, two, three and six muscles. There are 326 such neurons in each striatal 

subunit each firing optimally when a movement engages the exact combination of the corresponding muscles. Neurons in middle 

panel fire when a certain combination of muscles is activated in a specific joint angle. Neurons in the bottom panel require certain 

configuration of two joint angles in addition to proper combination of muscle activities. Information about muscle activities (blue) is 

conveyed by pyramidal tract neurons originating in primary motor cortex whereas the information regarding joint angles (brown) 

originates in pyramidal tract neurons of primary somatosensory cortex. 

Figure 24 bottom panel shows MSNs receiving input from combinations of motor cortical 

neurons signaling activity of the same muscles, but receiving input from two joints of the body 
part. There are 326 neurons receiving purely motor information such as those shown in Figure 

24 top panel in any striatal subunit. This is because in each striatal subunit there is 1 neuron that 

receives input from only one PT, 5 neurons that receive combinations of two muscles, 20 that 

receive combination of 3 muscles, 60 that receive combination of 4 muscles, 120 that receive 

combination of 5 muscles and 120 that receive combination of six muscles. 

We assume that each body part on average has four joints. Therefore in addition to neurons 

receiving PT input exclusively from motor cortex, four other groups of MSNs exist that receive 

proprioceptive information about one, two, three or four joints involved. Each of these groups 
has 326 MSNs and thus there are 326*5= 1630 MSNs that receive dense PT input. As discussed 

earlier, these neurons are more dominantly found among D2 MSNs. Thus almost half of 2800 

neurons within each striatal subunit are comprised of the D2 MSNs receiving PT input. The 

input to these neurons may signal the activity of certain combination of muscles (such as those 
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in Figure 24 top panel) or the activity of such muscles in certain postural configurations (such as 

those in middle and bottom panels). 

3.2.3.6 Pallidal organization: 

Taking striatal organization as a template, we assume that all other basal ganglia have a rosette 

like structure. Each surrounding subunit (petals of the rosette) which corresponds to matrisomes 

processes information about single muscles and the center subunits (carpels of the rosette) 

which correspond to striosomes processes information related to reward and agency. 

Using this scheme we first assume that some 15% of pallidal neurons are GPr neurons and the 

rest are GPc neurons. Thus in our model there are 7,500 GPr and 37,500 GPc neurons in rat. 

Assuming the same 8 regional divisions of striatum for all other basal ganglia, there are roughly 
1,000 GPr and 5000 GPc neurons in motor pallidum. Taking the analogy between the striatum 

and other basal ganglia a step further to assume 18 rosettes in each motor division, we assume 

that individual rosettes in GPr and GPc include 56 and 280 neurons respectively. Thus, 56 GPr 

and 280 GPc neurons are in charge of pallidal control of movement in a single body part. 
Subunits (petals) of 8 and 40 neurons in GPr and GPc respectively are controlling a single 

muscle’s activity. Although pallidal neurons are the largest neurons in the basal ganglia, the 

pallidum is the least dense structure among these nuclei, because of the large distances between 
two adjacent neurons (Figure 21). A sphere of 8 GP neurons will have a diameter of 96 microns 

Since this is in a very close correspondence with the 100 micron layer of GPr, we assume that 

only one rosette can fit in the rostral layer of the GP. The dendritic field and local axonal 
arborization of both GPr and GPc neurons are almost planar. In case of GPr neurons, these 

planes are parallel to the striatopallidal border. As shown in Figure 25, total length of varicose 

axon is about 350 microns. Since average distance between two GP neurons is about 55 

microns, the axon varicosities of a GPr neuron may accommodate somata and proximal 
dendrites of at most 7 GPr neurons. A subunit of 8 GPr neurons represents a single muscle and 

thus the extent of lateral local inhibition in GPr is restricted to neurons representing the same 

muscle (Figure 25). Since GPr axon collaterals on average have 264 varicosities, each GPr 

neuron forms on average 35 to 40 varicosities on other neurons of the GPr subunit. 

 

Figure 25: Adopted and modified from Sadek et al. 2007. The local axon collaterals of rostral pallidal neurons can contact somata 

and proximal dendrites of only a handful of neighboring neurons. Local axon collaterals of rostral pallidal neurons extend around 

350 microns far. Since the average distance between adjacent pallidal neurons (the red and black dots) is about 55 microns, and 

local axon collaterals mainly target the somata of other pallidal neurons, not more than 6-8 neighboring neurons may be contacted 

by individual local axon collateral. Green dots represent axonal varicosities. left panel: coronal section, right panel: sagittal 

section. 

GPc local axon collaterals arborize in circles of about 700 micron diameter (Figure 26). This 

area includes about 180 neurons and is equal to 4 to 5 subunits each having about 35 neurons. 



 

41 
 

This is about the size of a GPc rosette. The GPc local axon collaterals show varicosities 

clustered in almost 10 to 15 groups, each about 60 to 100 microns long (Figure 26). 

 

Figure 26: Adopted and modified from Sadek et al. 2007. Local axonal varicosities of caudal pallidal neurons form several small 

clusters. Axonal varicosities (green dots) in local axon collaterals of caudal pallidal neurons are not uniformly distributed 

throughout the axonal length but grouped in clusters (red circles) of about 120 microns in diameter. There are 10-15 such clusters 

in each local axonal ramification. 

At least one of the clusters is centered around the source neuron (Figure 27) implying that each 
GPc neuron inhibits its immediate neighbors. Since the average distance between two adjacent 

GP neurons is about 55 microns, 40 neighboring GPc neurons fit in a circle of around 350 

microns in diameter (Figure 27). However, the extents of clusters of local axon collateral 
varicosities are only 60 to 100 microns and thus cover only a small portion of the subunit 

(Figure 27). This type of collateralization has important functional consequences. Each GPc 

neuron inhibits its immediate neighbors and if the inhibition from neighbors of a certain neuron 

is removed, then that neuron will be disinhibited from surrounding local inhibition. 

 

Figure 27: A caudal pallidal subunit is much larger than the extents of the clusters of axonal varicosities. Somata of 40 neurons 

spaced 55 microns away from each other and organized in a planar fashion occupy a circle of 350 microns diameter. The clusters 

of local axonal boutons in caudal pallidum are only 100 to 120 microns large. Thus only a few neurons in each subunit can be 

targeted by a single cluster of varicosities. 
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Thus the connectivity pattern shown in Figure 27 serves as to disinhibit the neuron in the center 

of the cluster (not necessarily the center of the subunit). Our results (see next Chapter) suggest 

that this model of local axon collateralization causes a single GPc local axon to disinhibit one 

neuron in each of the 10 to 15 subunits it innervates. These neurons are located in the center of 
clusters shown in Figure 26. In our model we assume that GPc neurons which disinhibit each 

other via local axon collaterals represent different muscle activities during execution of the 

same action (Figure 28) 

. 

Figure 28: Each action has dedicated neurons in subunits of each rosette involved in movement of corresponding body parts. 

As discussed above, local axon collaterals of GPr neurons innervate neurons of the same GPr 

rosette and some neighboring rosettes. In accordance with their local axon collaterals, the longer 

range GP collaterals of GPr neurons innervate an area of the GPc which is also about the size of 
a GPc rosette. Using this correspondence, in our model we assume that neurons representing a 

certain muscle in GPr send axon collaterals to the GPc rosette representing the body part that 

uses that muscle as well as other functionally related body parts.  

3.2.3.7 Entopeduncular/nigral organization 

In our model we assume a lumped role for entopeduncular nucleus and substantia nigra pars 

reticulata (EP/SNr). EP/SNr has about 30,000 neurons. Assuming the same functional 
organization of other basal ganglia for EP/SNr, each output (EP/SNr) subunit has about 30 

neurons. Thus an output rosette contains 210 neurons. Assuming 25,000 output neurons per 

mm3, an output subunit has volume of a sphere of 132 micron diameter and an output rosette 

has a typical diameter of 370 microns. 

Substantia nigra pars compacta has much less neurons as compared with pars reticulata and 

entopeduncular nucleus. Of the 7200 SNc neurons, about 900 are controlled by motor striatum. 

Thus the subunits contain only 7 neurons. SNc units can best be considered as a sphere of 65 

micron diameter. 

3.2.3.8 Subthalamic organization 

Of the 13,600 subthalamic neurons in rats, 1700 take part in primary motor functions. Therefore 
each of the 18 assumed body parts (unilaterally) on average use about 91 neurons organized in 7 

subunits of 13 neurons. Like in the assumed organization of other basal ganglia, each subunit is 

in charge of controlling a single muscle. A sphere containing 13 subthalamic neurons has a 
typical diameter of 56 microns. A typical subthalamic rosette therefore has a diameter of 120 to 

170 microns. 

3.2.3.9 Subthalamopallidal network 

Analyzing dynamics of subthalamopallidal network requires proper modeling of both the 

subthalamopallidal and pallidosubthalamic projections. Three major classes of 
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subthalamopallidal axonal arborizations can be differentiated. As shown in Figure 9, some 

subthalamopallidal neurons exclusively innervate rostral GP, another group exclusively 

innervates the caudal group and a third class projects to both segments of the rat pallidum. The 

neurons projecting to GPr have small arborizations that are more or less parallel to the 
striatopallidal border. This type of arborization mimics that of striatopallidal arborization near 

the border between striatum and pallidum and is in register with the morphology of the GPr 

dendritic fields. The second type of subthalamopallidal neurons project to GPc via large 
extended axonal fields. These arborizations are also in accordance with the shape and direction 

of GPc neurons and mimic the area of GPc local axon collaterals. A third class innervates both 

GPr and GPc. In this thesis we model the first two categories that exclusively project either to 
GPr or to GPe. In our model an individual STN-GPr neuron innervates a single subunit of the 

rostral pallidum. This is in line with both the size of STN-GPr axonal field and the extents of an 

individual GPr neuron local inhibitory network. The axonal arborization size STN-GPc neurons 

also overlaps with the local axonal field of GPc neurons. Therefore, we assume that a single 
STN-GPc neuron excites a group of 10-15 GPc neurons that are internally connected via their 

local inhibitory interconnections. 

Not much is known about the number of synapses each GPe neuron makes on an individual 

STN neuron, but since there are 3-5 GPe synapses on each dendritic branch of STN neurons and 
subthalamic neurons have 3-5 main dendrites (Baufreton et al. 2009), we estimate that each GPe 

neuron makes about 16 synapses with a single STN neuron. Therefore, in our model, an 

individual GPr or GPc neuron innervates about 18 STN neurons. This is in a very good 

concordance with comparisons between estimates based on GABAA receptor-mediated synaptic 
conductance generated by a single GPe axon in STN (11.32 nS; Atherton et al. 2013) and 

miniature GABAA receptor mediated synaptic conductance (0.73 nS; Baufreton et al. 2009). GP 

axons preferentially innervate perikarya and proximal dendrites of STN neurons. If the 18 STN 
neurons contacted by a single GP neuron were neighboring neurons, then the GP-STN axon 

would make arborizations in a sphere of about 100 microns in diameter. However, individual 

GP-STN axons make much larger arborizations in the order of 500-600 microns. This axon 
terminal arborization is much larger than extents of a subthalamic subunit and covers at least 

representations of three body parts. Therefore we assume that most of these 18 neurons should 

be located in larger distances from each other. In fact it has been suggested that terminals 

arising from individual GP neurons are arranged in clusters that are sparsely distributed across 
large expanses of the STN (Baufreton et al. 2009).  The clusters are in the range of spheres of 

30-40 microns separated by spaces of around 50-100 microns. Thus we assume that each GP 

neuron innervates a single neuron among the 6 neurons within a certain subthalamic subunit, but 
instead innervates other neurons in neighboring subthalamic subunits (one in each subthalamic 

subunit). 

 

Figure 29: Schematic view of our model subthalamopallidal network. Different groups of subthalamic neurons target rostral and 

caudal pallidal segments (GPr and GPc respectively). Neurons in both GPr and GPc have local axon collaterals, but the GPr local 

axons ramify within limits of a subunit representing a single muscle while those of GPc arborize in typical extents of a couple of 

units representing two or three body parts. 
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Figure 29 shows a summary of subthalamopallidal connectivity used in our model. STN 

projects heavily but focally to the GPr. GPr neurons representing the same muscle form strong 

inhibitory networks between themselves. STN excites widely but less strongly a GPc area of 

about the size of several body parts. Finally the GPr neurons representing a muscle innervate the 

neurons representing the same muscle in GPc. 

3.2.3.10  Striatopallidal pathway 

In our model, striatopallidal neurons are assumed to inhibit both GPr and GPc neurons 

representing the same muscle as the striatal neuron. By taking this connectivity pattern we could 

(for the first time) provide an explanation for the dual projection of both the subthalamic 

nucleus and the striatum to the globus pallidus.  
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Chapter 4 

Results 

 

The neuronal networks described in previous chapter were not designed in a single project. 
Instead they evolved as requirements for modeling more precise networks emerged in results of 

one project and were taken care of in later studies. Therefore, some of the results shown here 

may have been repeated with more precise updated networks and connectivity patterns. Some 

parts of the older hypotheses may have slightly changed as new facets of the problem were 
discovered over time. I basically present the results in a conceptual manner rather than on a 

chronological order. I will start by presenting some results of the study on visuomotor 

transformation where the control of movement is done by networks of the brain stem, and will 

then discuss the results of the studies on functional organization of the basal ganglia. 

4.1 Tectal structures convert sensory information to motor responses 

It is known that retinal input reaches the tectum in fish (or superior colliculus in mammalians) 

via direct retinotectal pathways. It is also know that the tectum converts this information into 
rudimentary behaviors such as approach or escape. However, the mechanism of visuomotor 

transformation was largely unknown when we started this study. The main objective of this 

study was to generate hypothetical networks having a proper level of plausibility in terms of 
overall structure. The main focus was on developing models that can effectively guide simulated 

animals and ultimately neurorobotic artefacts. A final objective of this project was to suggest 

experimental setups which could justify or falsify the hypothetical network designed and 
implemented. Thus I designed hypothetical networks of three visuomotor centers responsible 

for three basic behaviors i.e. escape, avoidance and approach. We further added the new 

networks to already existing models of the spinal cord to generate a model that can run in a 

more realistic fashion. Our model tectum, pretectum and rostral tectum models effectively 
converted the place coded retinal information into rate coded response in reticulospinal 

population. In a first test, the simulated animal (animat) proved capable of properly responding 

to single stimuli when presented individually (Figure 30). 

As observed in the raster plot of simulated activity in different nuclei of tectal approach center 
during an approach behavior (Figure 31), activity of one neuron in superficial (input) layer of 

tectum corresponds with activity of one neuron in mid (response) layer but is associated with 

activity of  many neuron in the deep (auxiliary) layer at any point of time. In other words, the 

place coded information in input and response layers of the tectum are converted to population 

coded information in the auxiliary layer. 
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Figure 30: The simulated animal can properly respond to single stimuli. It escapes from an aversive (red) stimulus, avoids an 

obstacle (green) and approaches an appetitive stimulus (blue). 

In the next step of information processing in visuomotor centers, the direct convergent 
connections of the auxiliary layer neurons into reticulospinal neurons transforms the population 

code into rate code in the reticulospinal population. The higher the number of active neurons, 

the higher the level of firing rate in recipient reticulospinal neurons. 

 

Figure 31: Raster plots of neuronal activity in input, response and auxiliary layers of the animated lamprey optic tectum (approach 

center). The position of appetitive stimulus is coded in the index of the neurons in the input and response layers. The index  of 

neurons in these layers resembles a coordinate system that shows the position of the stimulus with a single number. The position of 

the stimulus is coded differently in auxiliary layer. In this layer, the number of neurons firing simultaneously codes the location of 

the appetitive stimulus. Thus the coding strategy transforms from place coding into population coding between the tectal layers. 

Symmetric and asymmetric components of the drive to motor infrastructure are generated 

separately because of the connectivity pattern between layers of visuomotor centers and the 

reticulospinal neurons (Figure 32). As described earlier, the graded response in auxiliary layer is 
directly conveyed to reticulospinal population unilaterally. Thus the steering command is 

delivered asymmetrically. The response layer on the other hand is connected to MLR which 

bilaterally innervates the reticulospinal neurons. Thus activity in any one of neurons in response 
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layer activates MLR with the same strength. This activity is translated into symmetric input to 

the reticulospinal neurons.  

 

Figure 32: Different layers of the visuomotor centers contribute to symmetric and asymmetric drives in the 
reticulospinal neurons. In our model the auxiliary layers of the visuomotor centers directly contact the reticulospinal 
neurons unilaterally. These projections convert the population coding of auxiliary layers into asymmetric drive in 
reticulospinal neurons. The response layer on the other hand contacts the locomotor center which in turn projects to 
reticulospinal neurons bilaterally. Therefore, regardless of the nature of the response, any response causes forward 

symmetric swimming. 

These results show several similarities between the real and simulated animals. First both 

behave in the same way i.e. both approach an appetitive stimulus. Second, both have layered 
tectum responsible of approach behavior. Third, both have place coding in their input layers and 

population coding in their output layers (Lee et al. 1988). Fourth, both share common macro 

pathways from retina to visuomotor centers and then to reticulospinal neurons both directly and 

indirectly via MLR. Fifth, MLR and reticulospinal neurons use rate coding in order to convey 

their “commands” into the spinal motor infrastructure. 

These similarities may approve our model as being biologically plausible. The next step in our 

study was then to suggest experiments that can justify or falsify our hypothetical microcircuits. 

This is particularly crucial since the microcircuits of tectum have not been thoroughly studied. 
We developed lesion experiments that could test some parts of our hypothetical networks. In 

order to do so, we simulated the lesions and recoded the resulting neuronal activity in different 

nuclei. Furthermore, we observed the changes in overt behavior of the simulated animal after 

lesion. If experiments on real animals mimic our results, the hypothesis is strengthened and if 

the results are not replicated in real animals then the hypothesis is weakened. 

MLR provides the motor infrastructure with symmetric drive. This can be best observed in the 

simulated lesion experiments in which we have lesioned the MLR. Simulated animals with a 

lesion in MLR can detect and properly orient themselves in relation with the stimulus, but 
cannot locomote towards or away from the stimulus (Figure 33). In other words, the asymmetric 

component of the response remains intact while the symmetric component is removed. 
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Figure 33: A simulated lesion of mesencephalic locomotor region (MLR) keeps the ability of the animat in orienting toward (left 

panel) or away from (right panel) aversive and appetitive stimuli respectively but impairs its ability to locomote. 

In contrast, a lesion of the deep (auxiliary) layers of midbrain visuomotor centers diminishes the 
orientation response but keeps locomotion response intact (Figure 34). Auxiliary layers of 

midbrain visuomotor centers provide the asymmetric drive while the response layers generate 

the symmetric drive via their connections to MLR. Once the deep layer neurons are lesioned the 

response layer keeps activating MLR. Thus the animal locomotes, but cannot orient itself in 

proper direction. 

 

Figure 34: A simulated lesion of visuomotor centers spares the ability of the animat in locomotion but diminishes its ability to orient 

towards (left panel) or away from (right panel) 

Another set of simulated lesions helps us suggest experiments to test the hypothetical networks 

we have designed for our model visuomotor centers. Here we contrast the effect of partial 

lesions of the response and auxiliary layers. Since the auxiliary layer uses population coding, 
partial lesions can partially affect its efficacy. Figure 35 shows the effect of simulated lesions of 

auxiliary layer of tectum. An animal with no lesion properly makes its way towards the 

appetitive stimulus (left trace). However, lesioning one thirds of the auxiliary layer from one 
side hinders the ability of the simulated animal in targeting the stimulus. Additional lesion of 

the same layer impairs the approach behavior even further. Finally a whole lesion of the 

auxiliary layer tally diminishes the targeting capability of the animat.  
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Figure 35: Partial lesioning of the approach center auxiliary layer impairs the targeting capability of the animat proportionally. An 

intact animat follows a short path to approach the appetitive stimulus. Lesioning one thirds of the auxiliary layer hinders the ability 

of the animat to approach the appetitive stimulus. Lesioning two thirds of the auxiliary layer further impairs the animat’s targeting 

capability. Full lesion of the auxiliary layer totally diminishes orienting ability. 

This is in contrast with results of simulated partial lesions of the response layer. Since the 
response layer uses place coding, its ability to locate the object to proper response remains 

untouched with partial lesions (Figure 36). Extending the lesion keep the behavior of the animat 

intact until the lesion reaches the very neuron responsible for coding the place of the appetitive 
stimulus. Such a lesion will abruptly diminish the ability of the animal in targeting the 

appetitive stimulus. These lesion experiments can provide sufficient feedback to justify or 

falsify the hypothetical networks of the tectum.  

 

Figure 36: Effect of partial lesioning of the animat’s response layer. Partial lesioning of the response layer does not hinder the 

targeting proportional to the lesion size. Such a lesion does not impair the targeting capabilities of the animat until the lesion 

reaches the neuron coding the proper response. At this point the targeting capability totally diminishes. 

4.2 Collateral inhibition in response layer 

The neurons in response layer of our model animals inhibit each other while exciting the deep 

layers and the MLR. Although this is not explicitly the mechanism used in real animals but 

since the real mechanisms essentially function as lateral inhibition mechanisms (see 
discussions), we used an explicit mutual inhibition strategy to model lateral competition 

between neurons in response layer. Due to this connectivity pattern, the animal is capable of 

selecting the strongest response among stimuli of the same nature. For example, Figure 37 

shows the behavior of the simulated animal when facing two aversive stimuli or two appetitive 
stimuli. In Figure 37 A, The animal faces two aversive stimuli. It initially escapes from the 

stronger (closer) response. When it gets far enough from the first threat, and the second threat 
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becomes bolder, the animal switches to escape from the now more salient stimulus. Similar 

scenario is observed with the animal in Figure 37 B. 

 

Figure 37: The animat can effectively take the strongest response among two or more similar stimuli and suppress the others. The 

animat in the left panel efficiently escapes from the aversive stimulus which is closer until it reaches a point where the other 

stimulus becomes closer. The animat in the right panel does not take the weaker (farther) appetitive stimulus into account and 

efficiently approaches the closer stimulus. 

4.3 The arbitration system can select the strongest response 

 

Figure 38: The neuronal activity in the networks of the arbitration system suppresses wake responses origination in visuomotor 

centers and keeps the strongest response. The animat in top panel effectively neglects the appetitive stimulus in favor of the more 

urgent escape response. Only when it is far enough from the danger does it head towards the appetitive stimulus. Neural activity in 

different nuclei of the visuomotor centers and basal ganglia are shown in bottom panel. 
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Although lateral inhibition is enough to resolve the conflict within a certain visuomotor center, 

it is not sufficient to resolve the conflicts arising between different visuomotor centers. For 

example a conflict between an escape response generated in pretectum and an approach 

response generated in tectum cannot be resolved by the lateral inhibition within these two 
nuclei. A central conflict resolution handles such conflicts. Figure 38 shows a simulated animal 

subject to stimuli of different nature (one appetitive and one aversive in this example). The 

animal first properly escapes from the threat, and only when it is far enough from the threat 
does it give up escaping and switch to approach mode. The neuronal activities in all layers of 

the three visuomotor centers are shown beside the activity in subthalamopallidal circuits and 

ultimate activity in MLR and different reticulospinal populations. 

4.4  The extension system can form complex logic 

 

Figure 39: The extension system is capable of leaning new behavioral rules using complex logical statements. The animat shown 

has learned that by observing cyan and magenta stimuli alone no change in behavior is needed (two left panels). It has however 

learned that simultaneous presentation of the two stimuli needs a novel behavioral response. Under the circumstances of 

simultaneous presentation of cyan and magenta (middle panel) the animal has learned to ignore the appetitive stimulus. The animal 

has also learned that conjunction of black and white stimuli can also require neglecting the appetitive stimulus. Finally, the animal 

has leaned that existence of the yellow stimulus resumes the appetitive nature of the blue stimulus even in presence of cues warning 

a need for changing behavior (right most panel) 

The functional role of the striatum in learning new rules and linking contextual cues to proper 

actions was demonstrated in a simulated experiment. The simulated artefact represents an 

animal that has learned to ignore appetitive stimuli if two stimuli Cyan and Magenta are 

presented together, but not alone. The animal has also learned that a second combination of cues 
Black and White, but none of them alone devaluates the rewarding nature of the appetitive 

stimulus. Finally, the animal has learned that a Yellow stimulus restores the rewarding nature of 

the appetitive stimulus even in presence of the devaluating cue combinations (Cyan-Magenta 
and Black-White). The experiment does not involve the learning process but demonstrates the 

capacity of the extension system to form complex logic such as the one used here: If “Cyan 

AND Magenta” OR “Black and White” BUT NOT “Yellow” stimuli are present, then ignore the 

appetitive stimulus. 

 

Figure 40: The neuronal network of the basal ganglia by which the animat can learn a certain complex logic: If (cyan AND 

magenta) OR (black AND white) BUT NOT yellow, then neglect appetitive stimuli 
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A subset of striatal neurons involved in this experiment is shown in Figure 40. The two MSNs 

to the right belong to the indirect pathway. One of these neurons fires when both the Cyan and 

Magenta stimuli are present but does not fire when Cyan or Magenta only are presented. The 

other neuron similarly codes the conjunction of Black and White. Both MSNs project on the 
same GPe neuron representing the approach response, thus avoiding the approach response to 

be taken if any of the two MSNs are active. The MSN neuron receiving Yellow stimulus 

belongs to direct pathway MSNs. And can thus directly inhibit the GPi and thus endorse the 

approach response. 

4.5  The subthalamopallidal system is composed of two subsystems 

In order to test how the two segments of the GP work in concert to generate ultimate response, 
we have run a series of simulations. The simulated networks are composed of 54 neurons 

representing 3 actions in the cortex, striatum, STN, GPc, SNr and thalamus besides 18 GPc 

neurons. All neurons in the simulation were stimulated tonically by random Poisson generators 

having baseline frequency reported for each nucleus in vivo. Each ensemble of 18 cortical 
neurons represents one action and individual cortical neurons within the ensemble represent 

activity of certain muscles during that action. We assume similar functional organization for all 

basal ganglia where the 54 neurons in each group correspond to a muscle activity in one of the 

three actions. 

In the first experiment we had two of the cortical inputs activated with different strengths. The 

activity of the new subthalamopallidal network with both STN-GPr and STN-GPc networks is 

shown in Figure 41. It can be observed that the overall network is still functioning as an 

arbitration system, keeping the strongest response and suppressing not only tonic activity in 
neighboring neurons but also the phasic but weaker activity in some neurons within the unit 

representing the same muscle. 

In a second experiment to investigate network activity in the new arbitration system, we kept 

the same two cortical activities used in previous experiment, but added activity to a third 
cortical neuron 1000 ms after the start of simulation. The input activity in the third neuron was 

highest (250 Hz). This would mimic switching from one action to another action. Figure 42 

shows the results of this scenario. The network successfully switches between one 

instantaneously strong(est) response to another one which is stronger but introduced later.  

 

Figure 41: The properties of arbitration system in terms of choosing the strongest response and suppressing other responses are 

preserved when the pallidum is divided into two populations: rostral (GPr) and a caudal (GPc). 
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Figure 42: The new neuronal network made by dividing the pallidum into two functional segments can effectively switch between 

different responses 

The two experiments explained above demonstrate that the new arbitration system network 

functions more or less the same as the old arbitration network in selecting actions and in 

switching between actions. It is worth noting that both subsystems are winner-take-all networks 
due to the lateral inhibition among both GPc and GPr neurons. As observed in Figures 42 and 

43, the activity of GPr and GPc neurons representing the “winning” action increases. 

Before investigating the role of GPr in motor control and learning, we demonstrate an 

interesting property of GPc network. Applying external excitatory or inhibitory inputs to a 

single GPc neuron increases and decreases the activity of several neurons in the GPc. Figure 43 
shows the raster plot of GPc neurons in a 5000 ms interval. An external excitatory source is 

connected to one single neuron between t=1000 ms to t=2000 ms, but the whole corresponding 

ensemble of 18 neurons is excited during that interval. An inhibitory source was then connected 
to the same neuron between t=3000 ms and t=4000 ms, but the whole ensemble undergoes 

inhibition. 

 

Figure 43: GPc Neurons interconnected by local inhibitory collaterals change their firing rates together. An external stimulation 

source was connected to one GPc neuron between t=1000 ms and t=2000 ms. However some other neurons also increased their 

firing rates. When an inhibitory external source was connected to the same neuron between t=3000 ms and t=4000 ms, the firing 

rate of some other neurons also dropped. 
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The neurons which are increasing or decreasing their activities together are members of the 

same ensemble representing one action.  This orchestrated activity among GPc neurons results 

from the structure of local inhibitory axon collaterals (Figure 44). 

 

Figure 44: The difference between the size of subunits in caudal segment of pallidum and extents of local axon arborization in these 

subunits makes neurons in the center of local axon arborizations synchronize with the source neuron. Neuron A inhibits neuron B 

but also disinhibits it by inhibiting all neurons surrounding it. Therefore activation of neuron A leads to disinhibition of neuron B. 

For example, once the activity of the GPc neuron A increases for any reason, GPc neurons B 

and C in the neighboring GPc subunits also experience increases in their activity. This is due to 
added inhibitory input to a limited area around neurons B and C. Inhibition of the neighboring 

neurons disinhibits the central neurons B and C. In contrast, inhibition of neuron A lifts the 

local axon inhibition from the areas surrounding neurons B and C which causes inhibition in B 

and C. In this way neurons presenting activities of different muscles during the same action 
simultaneously change their activities. Synchrony between synergistic neurons in GPc has 

profound effects on how pallidosubthalamic networks function. 

The functional role of GPr is best understood in next series of experiments where a certain 

muscle deviates from its typical activity in an action. In the first experiment, an action is 
selected by the STN-GPr network, but one of the muscles shows increased activity because of 

noise or some external source and this increased activity is accompanied with a phasic 

dopamine flow. The elevated activity affects cortico-STN-GPc and cortico-D2-GPc pathways 

equally. Since these two pathways have opposite signs, their effects cancel out. However, added 
cortical input also reduces GPc activity via cortico-D2-GPr-GPc pathway. Thus the net effect of 

elevated cortical PT neuron is a reduction in activity of the GPc neuron coding the same muscle 

in the winning action while corresponding GPr neuron experiences an increase. Increase in 
corresponding GPr neuron does not affect the SNr neuron signaling the same muscle activity 

during the same action because this neuron is affected by two pathways starting in GPr. GPr-

GPc-SNr and GPr-SNr pathways have different signs and their effects cancel out. However, 
other SNr neurons which signal the activity of other muscles during the same action undergo 

increases. This is because GPc neurons signaling activity of different muscles during an action 

increase and decrease their activities together (see above paragraph). Thus although the SNr 

neuron signaling the activity of the corresponding muscle during the action does not change its 
firing rate, neurons representing all other muscles during the same action experience increases 

in their activities. This keeps that certain muscle active but filters the activity of other muscles. 

Thus if instead of a whole action, activity of a single muscle involved in that action results in 
phasic dopamine signaling, then the GPr-GPc network effectively silences other muscles and 

keeps the activity of the muscle that indeed causes the dopaminergic flow. 

Figure 45 shows the activity of cortex and basal ganglia during execution of a rudimentary 

action. Muscles 1 to 6 are represented by 40 motor cortical neurons each. The index of active 

neurons in the cortex and their firing rates are shown in Figure 45 top left panel. The active 
cortical neurons activate corresponding neurons in the STN and D2 MSN populations since 
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these two populations are in a balance, GPr remains inactive unless for its baseline activity. GPc 

neurons however are activated together (see above) and thus follow the STN pattern of activity. 

This pattern is double negated in GPc-SNr-Thalamus pathway and positive feedback loop from 

thalamus back to cortex invigorates the pattern of activity in ensemble of neurons representing 

the action being taken. 

 

Figure 45: Neuronal activity in the cortex and basal ganglia during a normal rudimentary movement. A handful of active neurons 

among many cortical neurons define a certain rudimentary movement (top left panel). These neurons excite both D2 MSN and STN 

populations in the basal ganglia. Neurons in the GPr only code the active muscles (but unlike other basal ganglia do not code the 

muscular representatives of current movements). GPc neurons a excited by STN and in urn inhibit tonically active SNr population. 

Inhibited SNr neurons disinhibit thalamus and a positive feedback loop is formed which supports the action taken. 

In the experiment of Figure 46, the same rudimentary action of previous experiment is taken but 

the activity of one of the muscles has increased due to a random process, and this change has 
happened to be accompanied with a flow of dopamine. Flow of dopamine depresses Cortex-D2 

synapses so that additional cortical activity cannot activate corresponding D2 neuron beyond its 

“normal” activity as in previous experiment (Figure 45). Corresponding STN neuron however is 

over activated due to over activity in cortex. Thus as opposed to previous experiment, GPr 
neuron representing the muscle with elevated cortical activity gets excited above baseline. This 

additional activity inhibits both the GPc and SNr. 

 

Figure 46: When for any reason activity of one muscle during a stereotyped movement increases above its regular level and this 

increase is accompanied with a phasic dopamine flow, the GPr-GPc network singles out the very muscular activity that caused the 

unexpected dopamine flow. Dopamine flow depresses the more active corticostriatal synapse on D2 MSN so that combination of a 

stronger input and a weaker synapse will not drastically change the activity of the D2 MSN. However, STN that also receives the 

same corticostriatal input increases its activity. Added activity in the STN neuron representing a certain muscle beside unchanged 

D2 activity excites GPr neuron representing the same muscle which in turn inhibits all the GPc neurons signaling the activity of that 

muscle. Inhibition of the neuron representing that muscle in current action does not stay within limits of the GPc subunit bu t 

propagates to other subunits via the local axon collateral network. Other neurons representing activity of other muscles in the same 

action are also inhibited as a result. All these inhibited GPc neurons disinhibit their SNr counterparts except for the one which was 

inhibited directly from the GPr. The same GPr neuron that inhibited GPc also inhibits the SNr. Thus among the handful of neurons 

representing the action in different muscles, all will be silenced except for the one whose deviation from regular firing had  caused 

the whole process. In this way, the GP-GPc network is capable of finding which exact change in an innate movement has caused the 

phasic dopamine flow. 
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Reduction of activity in GPc does not remain constrained to the muscle with elevated cortical 

activity because all neurons in the whole ensemble of GPc neurons representing the executed 

action reduce their activities. This reduction in activity of all GPc neurons of the same action 

elevates firing rate of corresponding SNr neurons except the one representing the muscle having 
elevated cortical activity. In this way all other muscles involved in rudimentary action are 

inhibited except the one whose cortical activity was randomly elevated and whose elevation was 

followed by dopamine release. I will discuss the consequences of having such a system of 

filtering out several muscles from an innate action in Chapter 5. 

In order to investigate potential role of these two subsystems in pathological states we 

performed two other simulations where we simulated lesions to ach of the two segments. The 

results show two different patterns of activity following lesion in each segment. As shown in 
Figure 47, a lesion to GPr generates synchronized activity in the SNr. But does not change the 

mean firing rate drastically. Action selection and switching capacity is hindered but not 

completely diminished. 

 

Figure 47: Lesioning the GPr causes synchronized activity in SNr but does not dramatically change the average firing rate. 

A lesion to the GPc on the other hand does not create synchrony in any of the nuclei in the 
networks, but instead lifts the man firing rate in SNr. As in the case of GPr lesion, action 

selection and switching is impaired but not totally diminished under a lesion of GPc. 

 

Figure 48: Lesion of GPc causes increase in activity of SNr, but does not create synchrony. 
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4.6 The dynamic in subthalamonigral and pallidonigral synapses 

shape the BG output 

Many of the mechanisms described above can alter because of the dynamism in synaptic 

transmission. In order to investigate the role of such dynamic synapses on the output flow of the 
basal ganglia we (Lindahl et al. 2012) conducted several computational simulations. The main 

objective is to study the results of facilitating striatonigral and depressing pallidonigral inputs on 

the recipient neurons in the SNr. The simulations revealed that SNr neurons are particularly 
responsive to bursts in D1 MSN activity (Figure 49) and are just marginally affected by random 

or spontaneous activity in D1 population. However, this comes with a price. Facilitating 

striatonigral synapses cause long delays (about 200 ms) in suppression of the SNr. 

 

Figure 49: The delayed effect of facilitating synapses on MSN D1 to SNr inhibition. (A) Raster plot of the emulated activity of 

15,000 presynaptic MSNs with 4% of the neurons bursting (red) at 20 Hz for 500ms and the rest of the population (blue) firing  at 

0.1 Hz. (B) Firing frequency of pre-synaptic MSNs shown in (A) averaged over the whole population (blue), and over the bursting 

inputs (red) (triangular kernel window 100ms used). (C) The resulting inhibitory response in SNr over time. The facMSND1 

synapses (magenta) need time to be fully activated, delaying the threshold crossing for 200ms here. With the refMSND1 init (blue) 

and refMSND1 max (green) synapses the inhibitory effect appears immediately (triangular kernel window 100ms). The standard 

deviation of population activity between simulations is shown as shaded areas around the mean (solid or dotted lines). 

 

Figure 50: The effect in SNr of depressing GPe to SNr synapses following activation of the indirect pathway. (A) Raster plot of a 

population of 15,000 MSN D2 with 5% neurons bursting (red) at 20 Hz for 500ms and the remaining population (blue) firing at 0.1 

Hz. (B) Firing frequency of MSN D2 input populations bursting- (red) and total population (blue) (triangular kernel window 

100ms). (C) Firing frequency of the GPe population when they are assumed to be diffusely inhibited by the whole pre-synaptic MSN 

D2 pool (magenta) and firing frequency of the GPe population when a non-diffuse (topographic) MSN D2 to GPe projection is 

assumed (blue). This results in some (almost) pausing GPe neurons and some with increased firing. Note that together the GPe 

neurons have the same average firing rate change as the diffusely inhibited population (blue dotted) (triangular kernel window 

100ms used). The standard deviation of population activity between simulations is shown as shaded areas around the mean (solid or 

dotted lines). (D) Resulting disinhibition in SNr when the pre-synaptic GPe neurons receive non-diffuse or diffuse inhibition from 

MSN D2, magenta vs. blue in (C) for depressing (solid lines) and static (dotted lines) synapses. When the pre-synaptic GPe neurons 

are diffusely inhibited (magenta) the spike elevation in SNr is decreasing over time with depressing GPe to SNr synapses (magenta 

solid line) in contrast to when static synapses are used (magenta and blue dotted lines). The disinhibition of SNr via the indirect 

pathway is most efficient when the GPe projections are assumed to be non-diffusely inhibited such that the GPe has pausing 

subpopulations (blue solid line) (triangular kernel window 100ms). The standard deviation of population activity between 

simulations is shown as shaded areas around the mean (solid or dotted lines). 
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In the second experiment we investigated the effect of stimulating the D2 MSN population on 

SNr. A burst of D2 MSNs was generated as input and the effect was evaluated downstream in 

SNr. Different striatopallidal connectivity patterns were contrasted so that the effect of diffuse 

vs. non-diffuse striatopallidal network can be compared (Figure 50). In the case of diffuse 
striatopallidal projection, all pallidal neurons uniformly and slightly reduce their firing rates. 

Their reduced firing rates helps their depressed synapses partially recover from depression over 

time so that GP-SNr transmission is facilitated. Therefore, SNr activity is higher in the 
beginning of the burst. when static synapses are used, there is no depression and no recovery, 

and thus a global reduction in GP firing leads to increase in SNr activity. In case of focal 

topographic projections however, a burst of striatal neurons causes strong rapid inhibition of GP 
neurons which keeps SNr disinhibited during the whole course of the burst. The results indicate 

that SNr activity is higher when GP neurons fire irregularly than in bursting mode.  

An interesting result from the simulations was that very few D1 MSNs are needed to completely 

silence an individual SNr neuron. This would not be the case if the striatonigral synapses are 

considered static (Figure 51).   

 

Figure 51:  Effects of synaptic facilitation in the direct pathway during steady-state. (A) The number of MSN D1 bursting with a 

certain frequency (7–48 Hz) which is needed for action selection, defined as decreasing SNr firing under a certain threshold. If 

facilitated synapses are used (magenta), only a few MSNs are needed when bursting in the interval 17–48 Hz, and with performance 

closer to refMSND1 max (green) synapses than to refMSND1 init (blue) synapses during the last 100ms of the 500ms burst. (B) 

Steady-state firing rate in post-synaptic SNr cells when all pre-synaptic MSN D1 successively increase their firing. Facilitating 

synapses (magenta) allow background activity to increase up to 1.2Hz before suppressing SNr to action signal threshold. (C) SNr 

neuron activity when increasing the total number of MSN D1-SNr synaptic events (#/s). Significantly fewer synaptic events are 

necessary to bring SNr below threshold if the pre-synaptic inputs come from a subpopulation of bursting MSN D1. Arrow 

corresponds to the synaptic event intensity used in Figure 49C. (D) Example of SNr activity as a function of number of bursting pre-

synaptic MSN D1 when keeping the total number of synaptic events constant (450 events/s). The facilitating synapse (magenta) 

enables the SNr neuron to detect a change in input patterns resulting from a few bursting MSN D1. 

 

The long term effect of depressing STN-SNr and GPe-SNr on activity of both indirect and 
hyperdirect pathways were investigated. As observed in Figure 52 top left panel, the depressing 

STN-SNr synapses avoid the SNr from growing sharp with elevated activity in the STN. Similar 

results can be seen in Figure 52 top right panel where instead of STN, D2 MSNs are stimulated. 

Temporal response of the SNr neurons to very short and longer burst stimulation in the STN 

was then simulated (Figure 52 middle and bottom panels). 
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Figure 52: Steady-state and temporal effects following activation of the indirect and hyperdirect pathway. (A) Effects on SNr 

frequency when increasing the total STN population activity for depGPe (solid) and refGPe 30Hz (dotted) GPe to SNr synapses, 

and with static (blue) and depressing (green) STN-SNr synapses. (B) Effects on SNr frequency when increasing MSN D2 population 

activity for depGPe (solid) and refGPe 30 Hz (dotted) synapses. (C) SNr activity in response to a 500ms burst in STN during the 

first 100ms (blue), between 250 and 350ms (green) and during the last 100ms (red) using depressing (solid) and static (dotted) STN 

synapses in SNr. (D) Rate in SNr (blue), GPe (green) and STN (red) after a brief (3ms) high frequency excitatory pulse into STN. 

(E) Same as (D) but with STN to GPe lesioned. (F) Same as (D) but with STN to SNr lesioned. 

Effect of altering the fraction of MSNs bursting on the SNr rate was investigated in the next set 
of simulations. The effects were considered upon the onset and offset of the burst signal (Figure 

53). 

We finally investigated the role of convergence of the pathways targeting SNr i.e. the 

striatonigral, pallidonigral and subthalamonigral pathways. Scenarios with convergent 
pallidonigral and subthalamonigral patterns were contrasted to those where these two pathways 

did no end on the same SNr neuron. 

The results indicate that the SNr activity is controlled by the direct GPe-SNr projections rather 

than the traditionally believed GPe-STN-SNr. This is largely because STN-SN synapses depress 

rapidly. On the other hand since GPe-SNr synapses are depressing, GPe neurons firing single 

spontaneous spikes are more efficiently influencing the system than long lasting activity in GPe. 
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Figure 53: Rate coding in SNr during a sustained burst in striatal populations. (A) Upper panel; effect on SNr firing rate if 2, 4, or  

6% of the pre-synaptic MSN D1 pool burst. The result is shown during the first 100ms of a 500ms long burst. Middle panel; same as 

upper panel but during the last 100ms of the burst. Lower panel shows the slope of linear fits to traces such as in upper and  middle 

panel for three intervals during a 500ms burst: for the first 100ms, between 250 and 350ms and for the last 100ms. The slop e is 

plotted against the percent of bursting MSN D1. The standard deviation is shown as shaded areas around the mean. (B) Upper 

panel; effect on SNr firing rate if 3, 7, or 11% of the pre-synaptic MSN D2 pool is bursting. The result for the first 100ms of a 

500ms long burst is shown. Middle panel; Same as upper panel but during the last 100ms of the burst. Lower panel shows the slope 

of linear fits to traces such as in upper and middle panel for three intervals: the first 100ms (blue trace), between 250 and  350ms 

(green trace) and the last 100ms (red trace). The result is plotted against percent of bursting MSN D2 populations. Diffuse MSN 

D2-GPe projections are assumed here (compare Figure 50). The standard deviation is shown as shaded areas around the mean. 

 

Figure 54: The result of convergent and non-convergent striato-nigral, pallido-nigral and subthalamo-nigral inputs. (A) Scenario 

when STN and GPe converge onto SNr neurons. 500ms 30 Hz bursts in 3% of the MSN D1 pool: alone (blue), combined with 4% 

bursting MSN D2 (green), combined with elevated STN input induced by doubling the background cortical drive to 2 × vSTN Hz 

and using static (red) or depressive STN to SNr synapses (magenta). The standard deviation is shown as shaded areas around th e 

mean. (B) Scenario were STN and GPe do not converge in SNr. GPe receives independent Poisson input, instead of input from STN 

neurons, at 10Hz. 500ms 30Hz bursts in 3% of the MSN D1 pool: alone (blue), combined with elevated STN input induced by 

doubling the background cortical drive to 2 × vSTN Hz and using static (red) or depressive STN to SNr synapses (magenta). In (B) 

it is assumed that the SNr neurons measured from receive increased STN inputs in combination with a constant basal level of GPe 

inhibition. The standard deviation is shown as shaded areas around the mean. 



 

61 
 

 

 

 

Chapter 5 

Discussion 

 

5.1 Inductive vs. deductive motor learning from robotics to dyskinesia 

A common approach in robotics is to construct body parts that can be controlled individually. 

Such body parts can either rotate around a hinge or slide in a reciprocal fashion. Complex 

movements are then generated by combining these simple movements. This type of learning 
complex movements from simple movements resembles an inductive pattern. Animals on the 

other hand do not learn complex movements after learning simple movements. In fact both 

during development and evolution, simpler animals can make synergistic movements of several 
body parts together, but only most developed adult animals can control simple movements of 

one degree of freedom. Newborns for example can make complex instinctive movements but 

cannot control seemingly simpler movements of a single digit alone. As another example, 
salamanders can make complex movements of arm and body to change their gate or to steer 

(Harischandra et al), but are not capable of moving single joints. Higher vertebrates and adult 

animals learn movement of single joints by eliminating components of innate complex 

movements hence learning new movements by deduction. Many movement disorders are 
associated with loss of control on simple movements. For example in dyskinesia, ballism, 

Huntington’s disease or even epilepsy, patients usually make stereotypic rudimentary 

movements but cannot inhibit components of the movement to generate skilled movements of 
single joints. Since the basal ganglia form mainly inhibitory networks especially in their output 

to the thalamocortical neurons, they may be involved deeply in this process. The GPr system 

specifically is located in a position to control such deductive motor leaning processes. The 

computational models of basal ganglia may thus be as important in new trends in robotics as 

their role in understanding pathology of movement disorders. 

5.2 Local mechanisms of action selection 

The basal ganglia, and particularly the arbitration system, comprise a selection mechanism i.e. 
only the instantaneous strongest response survives the winner-take-all networks in 

subthalamopallidal circuits. However, this is not the only selection system in the central nervous 

system. In fact, the nervous system is populated by many such mechanisms. For example, 

Figure 55 shows the connectivity pattern between the superior colliculus (SC), magnocellular 
segment of nucleus isthmi (NIm) and parvocellular segment of nucleus isthmi (Nip). A single 

NIp neuron has been shown to inhibit all SC neurons but the very one that excites it. This 

network which is very similar to the STN-GP network (see next section) is a winner-take-all 
network that suppresses all tectal responses except the strongest. In our model tectum, we have 

used a similar mechanism by providing mutual inhibition between neurons of the tectal response 

layers.  
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Figure 55: Connections between two segments of nucleus isthmi (bottom) and superior colliculus (top) suggest a local winner-take-

all mechanism. An individual neuron in the superior colliculus excites (green axon) neurons in both segments of nucleus isthmi. The 

excitatory feedback (blue axon) targets the reciprocally exciting neuron in the colliculus while the inhibitory feedback (red axon) 

inhibits all collicular neurons except the one exciting it. This network can effectively suppress weaker responses in favor of the 

strongest. The network is strikingly similar to the arbitration system in terms of connectivity pattern. 

This selection system is of limited scope: it resolves the conflicts between responses generated 

only within one of the visuomotor centers but cannot resolve conflicts between visuomotor 

centers. Moreover, many other responses arise from other sensorimotor transformation centers 
and in general from other motor centers in cerebral cortex or subcortical regions. What makes 

the arbitration system rather unique as compared with local selection mechanisms is its access 

to a collection of all motor responses generated in the CNS in both cortical and subcortical 
motor centers via corticosubthalamic and thalamosubthalamic projections. Thus the 

subthalamopallidal network can be viewed as a global conflict resolution center. 

5.3 Subthalamopallidal connectivity 

Our model of STN-GPc is based on a specific type of connectivity between the two structures. 
STN innervates all GPc neurons except the one that reciprocally innervates it. Although this 

type of connectivity may seem unlikely in a first look, it may not be infrequent. Such 

connectivity patterns are seen in other structures in the nervous system (Figure 55) and can be 
made by simple growth rules during development. The example network shown in the Figure 55 

interestingly shares both its structure and its general function with the subthalamopallidal 

circuits (see above section). 

5.4 Thalamostriatal projections: segregated, overlapping or 

hierarchical? 

Different nuclei of the MIT are believed to provide different input to distinct regions of the 

striatum thus conforming to the idea of segregated information pathways in the basal ganglia 

loops. Considering subcortical sources of input to MIT nuclei (Krout  and Loewy 2000a, b, 
Krout et al. 2001, 2002) however, we suggest that the information delivered by different MIT 

nuclei is different but is not segregated. Figure 56 shows the major input to eight different MIT 

nuclei. 
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Figure 56: As opposed to early ideas about the nature of thalamostriatal input, this input is not segregated. Most ventral and medial 

region of the striatum receives input from parataenial nucleus of thalamus (PT). Adjacent region receives its input from anterior 

paraventricular nucleus (PVA). Following the input sources of these two nuclei reveals that the information flowing to parataenial 

nucleus exactly reaches anterior paraventricular thalamus as well. The PVA also receives additional inputs. This type of 

information may not be considered segregated but can be envisioned as inclusion. Information flowing in PT is just a part of that in 

the PVA. This superset/subset relationship continues towards the nuclei projecting to most dorsal and lateral region of the striatum. 

Using his scheme, we indexed the eight regions of the striatum with region 1 being the most ventromedial and region 8 being the 

most dorsolateral. 

All MIT nuclei receive input from substantia nigra pars reticulata, dorsal Raphe nucleus-dorsal, 

caudal, ventrolateral and ventral parts, median and caudal linear Raphe nuclei, locus coeruleus, 

dorsal tegmental nucleus as well as ventral and dorsomedial and laterodorsal tegmental areas. 

This type of input, shown as red circle in Figure 56, signals the general vigilance, alertness, 
stress and arousal levels. This is the only source of subcortical input to parataenial nucleus of 

thalamus (PTN) but is observed in all other MIT nuclei. 

The second source of input to most MIT nuclei originates in pedunculopontine tegmental 

nucleus, deep mesencephalic reticular nucleus, central tegmental field, cuneiform nucleus, 
nucleus of solitary tract, parabrachial pigmented nucleus, pontine reticular nucleus-caudal part, 

Raphe interpositus nucleus, substantia nigra pars compacta, interpeduncular nucleus, nucleus of 

Darkschewitsch, paramedian Raphe nucleus, retrorubral field and gigantocellular reticular 

nucleus. This input, shown in pink in Figure 56, conveys information about muscle tone, 

locomotion speed and simple reflexes. Such information reaches all MIT nuclei except for PTN.  

Another major input to many MIT nuclei is composed of axons originating from periaqueductal 

gray matter-ventrolateral and lateral columns and aqueduct region, medial, ventral lateral and 

central lateral parabrachial subnuclei, precommissural nucleus, interstitial nucleus of Cajal, 
rostral linear nucleus of the Raphe. This type of input, shown as gray in Figure 56, signals pain, 

fear and defensive behavioral states. The input spares PTN as well as both segments of the 

paraventricular thalamic nucleus namely the anterior (PVA) and posterior (PVP) segments. 

An input type shared by all MIT nuclei projecting to dorsal striatum originates from 

intermediate white and gray layers of the superior colliculus-lateral and medial parts, deep white 
layer of the superior colliculus-lateral and medial parts, pontine reticular nucleus-oral part, 

internal lateral parabrachial subnucleus and subpeduncular tegmental nucleus. This input 

conveys signals about location of salient stimuli and potential responses to those stimuli. This 
type of information, shown as light blue in Figure 56, reaches all MI nuclei innervating dorsal 

striatum, but is absent to the MIT nuclei projecting to ventral striatum including PTN, PVA, 

PVP and the intermediodorsal thalamic nucleus (IMD). 

Heavy projections from dorsal paragigantocellular nucleus, vestibular nuclei, deep gray layer of 

the superior colliculus-medial and lateral parts and subcoeruleus nucleus are shared between the 
two MIT nuclei projecting to dorsolateral striatum aka motor striatum. Both central lateral 
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(CeL) and lateral parafascicular (PFl) nuclei of thalamus receive this type of information 

regarding the orienting response due to postural reflexes or external salient stimuli. This input, 

shown as dark blue in Figure 56, is only shared between these two nuclei and other MIT nuclei 

lack such information. 

Projections from cuneate and gracile nuclei, external lateral parabrachial subnucleus-outer and 
inner portions, parabrachial nucleus, medial  and lateral crescents, spinal trigeminal nucleus-

caudal part, prepositus nucleus, lateral paragigantocellular nucleus, A5 area, principal sensory 

trigeminal nucleus, spinal trigeminal nucleus-oral part and Raphe obscure nucleus exclusively 
project to PFl and spare all other MIT nuclei. This input, shown as cyan in Figure 56, conveys 

tactile, pain and proprioceptive information.  

The information flow from subcortical regions to MIT nuclei renders an enrichment pattern 

where the MIT information reaching a certain region of striatum is the subset of the information 

reaching the more dorsal/lateral striatal region and is a superset of the information reaching the 
more ventral/medial striatal region. In fact although different regions of the striatum receive 

different information from the MIT nuclei, these pieces of information are not segregated, but 

are enriched in a certain topographical manner. 

This general rule is violated by two exceptions where additional input to PVP and central 
medial nucleus (CeM), shown in yellow and purple respectively) are not shared by other nuclei. 

It is however important to notice that these additional information are very limited. Thus, 

differences between PVA and PVP as well as those between paracentral nucleus (PC) and CeM 

is basically in their cortical input rather than subcortical input. 

We use this information enrichment rule as a method to index the eight striatal regions 
introduced (Voorn et al. 2004) based on their cortical, midline and intralaminar thalamic, 

amygdala and hippocampal input to the striatum. In this way, the striatal regions receiving input 

from PTN, PVA, PVP, IMD, PC, CeM, CeL and PFl are indexed 1 to 8 respectively. 

5.5 A comparison of existing models of the basal ganglia 

Roughly speaking one can divide the BG models into two main categories: those modeling the 

action selection mechanisms in direct/indirect pathways and those modeling dopamine 

generation mechanisms. 

The original models of Albin and Alexander based on the idea of direct/indirect pathways 
successfully captured the neuroanatomy of the basal ganglia known several decades ago. 

However, more recent data have changed the picture of the basal ganglia circuitry. One major 

update is that the subthalamic nucleus receives direct input from the cerebral cortex. This 
hyperdirect pathway which was not included in the original models is more and more realized to 

be a very important pathway in the basal ganglia organization. The latency of this pathway is 

the lowest among all known pathways of the basal ganglia and can directly affect the output 
stages of the basal ganglia. Therefore, the early models of the BG which did not include this 

pathway may not sufficiently be able to explain physiology or pathology of these structures 

anymore. 

Several models have tried to integrate the corticosubthalamic input into the functional models of 

the basal ganglia. Mink, Gurney and Frank have incorporated cortico-subthalamo-nigral 
pathway in their models, but have interpreted it in different ways. Mink and Gurney envision 

diffuse subthalamonigral connectivity as a means to provide surround inhibition in thalamus. 

The excitatory center in their view originates in the direct pathway. This view has several flaws: 
first, as discussed in Chapter 3, subthalamonigral projection is not always (nor often) diffuse. 

Second, the cortical input to subthalamic nucleus and striatonigral neurons is assumed to be the 
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same. As discussed earlier, the input to subthalamic nucleus originates as collaterals to 

descending corticofugal axons whereas majority of the cortical input to the striatum originates 

as collaterals to corticocortical projections. Moreover, these models do not clearly give the 

striatopallidal pathway a proper role. 

Frank also uses the diffuse subthalamonigral projection to suggest that this projection creates a 
universal pause in all actions before one is selected by the striatum. Beside the shared flaw of 

considering diffuse projections from STN to SN, this view assumes a behavioral outcome which 

does not seem frequent in vertebrates. He assumes that all actions are put on hold for some time 
before proper action is chosen. This does not seem to be the case in real animal life: animals do 

not stop-go. The sequence of actions smoothly flows from one action to the next without 

apparent universal holds. 

In our arbitration-extension hypothesis, we assumed that the subthalamic nucleus is the input 

stage of an autonomous subsystem which also includes the pallidum and substantia nigra. This 
system can work even without a striatum. The system can choose the strongest response among 

many responses generated in the cortex or subcortical motor centers. In this model, subthalamic 

neurons project to some (but not necessarily all) nigral neurons. The nigral neurons contacted by 
an individual STN neuron are those representing a conflicting response. Thus the number and 

mixture of these connections can vary from one action to another. 

A second class of models investigates the generation of dopamine signal in basal ganglia 

networks. Barto’s model was the first to address this question and relate it to computer science 
view of the reinforcement learning. He assumed that primary reward signal comes from lateral 

hypothalamus. He further suggested that signals of stimuli predicting rewards come from the 

cortex and reach dopaminergic neurons of the substantia nigra via two pathways, the side loop 

and direct path. The net effect of the direct path is long lasting inhibition and the net effect of 
the direct path is short excitation. Thus in his view a reward predicting signal in cortex is 

relayed to striatal medium spiny neurons and ultimately to the SNc via the two pathways. The 

short excitatory signal excites the dopaminergic neurons and the long lasting inhibitory signal 

avoids generation of phasic dopamine signal at time of the actual reward delivery. 

It is generally accepted that stimulation of striatum may cause both excitation and inhibition in 

the dopaminergic neurons. However, no study so far has shown long lasting inhibition in SNc 

following stimulation in the striatum. The experimental results both at the time when Barto’s 

idea was suggested and at present time show short term inhibition in SNc neurons following 

striatal stimulation. 

Morita and colleagues used a similar approach to explain how phasic dopamine signal is 

generated. They argued that since cortical IT neurons project to PT neurons, they signal current 

and previous states. The further argued that since striatal D1 and D2 neurons receive IT and PT 
projections respectively, they signal values of the current and previous states. In their 

hypothesis, since these two signals are delivered to dopaminergic neurons with different signs, 

the SNc neurons subtract the two values and add the actual reward signal from 

pedunculopontine nucleus to compute reward prediction error. This approach is interesting, but 
has major flaws: first, although PT neurons receive massive input from IT neurons, this 

transition is by no means a simple relay of states. PT neurons are projecting to spinal cord and 

directly control the muscles. It is very unrealistic to assume that these neurons simply record the 
previous state of the animal. Second, Although SNr simply inhibits SNc, the GP has 

complicated effects on SNc that goes beyond simple excitation or inhibition. Different 

experiments have in fact generated different results. Direct electrical stimulation of GP causes 
IPSPs in the SNc, but chemical treatment of GP by local infusion of bicuculline, which 

increases the mean firing rate of GP neurons by 55%, causes inhibition in SNr. Some authors 

have related these paradoxical observations to the mode of excitation. This may well be the 



 

66 
 

case, but many other factors such as local inhibitory networks in GP may contribute to this 

paradoxical phenomenon. Similar paradoxical observations have been reported following 

simulation of the striatum and recoding in SNc. Third flaw with Morita’s view is that in their 

model, ii ttt  1  is always fixed and is equal to the axonal delay between IT and PT 

neurons. This implies that the model is restricted to calculating prediction errors on fixed time 

grid points. 

In accordance with experimental observations, low stimulation of the striatum in our model 

causes disinhibition of SNc because SNr neurons are more sensitive to GABA while stronger 
stimulation of the striatum inhibits SNc because SNr activity cannot go below zero and from 

that point on, further stimulation will exclusively have a single inhibitory effect on the SNc. In 

our model the striatopallidal neurons of the striosomes effectively predict the precise time of 
delivery of reward after exposure to a stimulus predicting the reward. This removes the 

necessity of predicting the rewards on a temporal grid. 

5.6 An evo-devo view of the basal ganglia 

All vertebrate species most probably have basal ganglia networks (Reiner 2010). The basal 
ganglia have been identified in the oldest vertebrates including agnathans (Stephenson Jones et 

al. 2010). Surprisingly invertebrates seem to have none of the nuclei associated with the BG. 

Some interesting questions arising are: 

 What functionalities do the BG add to vertebrates? 

 Do invertebrates lack the functions associated with the BG such as conflict resolution 

and decision making? Some invertebrates such as cephalopods seem to perform these 
functions better than some vertebrates such as fish. 

 What mechanisms do invertebrates use to select actions? 

 If the basal ganglia are composed of several subsystems, why can’t one find animals 

with one or some of these systems, but not the rest? Is it evolutionary less advantageous 

to have only a limited number of these subsystems? 

 Which subsystems of BG seem evolutionarily older? 

Moreover, the BG are believed to be one of the most allometrically developed networks in the 

phylogenic tree (Granger 2006). They have grown with a much faster pace than general rate of 
growth of the whole nervous system thus becoming notably and disproportionally outsized in 

humans. This may indicate that although they form one of the oldest networks of the CNS, the 

BG keep their critical role in evolution of vertebrates. This is in contrast to some other old 
networks in the CNS whose responsibilities have been largely delegated to phylogenetically 

more recent networks. 

Although evolution is a process which cannot be easily retested, development is a process 

immediately available to investigate. Some of the hypotheses developed in this thesis are 

supported by the differential development time of the basal ganglia. STN and GP are well 
developed and their connections are even myelinated in rats 15. In contrast, Striatal 

development just starts in E15 (Figure 57) 

This may imply that the arbitration system is functional before the striatum is added to the BG. 

Whether this developmental trend may relate to an evolutionary one, is a question that needs 

more investigations both on development and phylogeny. 
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Figure 57: subthalamic nucleus and pallidum develop earlier than the striatum. Myelination of STN-GP network finishes before the 

striatal somata are well in place. This may suggest that the arbitration system can handle some tasks before the striatum is even 

fully developed. 

5.7 Future work 

Basal ganglia make very complex networks. Many of such networks are known to date and I 
expect to see many more details to emerge in near future. More interestingly, the burst in the 

basal ganglia research has not yet helped converge ideas about how these structures function 

and what happens to them in pathological states. New pieces of the BG puzzle barely solve it. 

Instead such new pieces make it harder and harder to interpret the complex interactions between 
these nuclei. There are some known connections that are absolutely essential in understanding 

how the basal ganglia function. 

5.7.1 Microcircuits 

One such piece of detail without which system level analysis of the basal ganglia is almost 

useless is the role of diverse striatal interneurons and local axon collaterals in information 

processing. Although these neurons form a small fraction of striatal neurons, they are known to 

play crucial roles both in the physiological and pathological states. My very next step in 
improving the current model would be to include at least the most prominent striatal 

interneurons such as cholinergic and fast spiking interneurons. 

5.7.2 Pallidostriatal and subthalamostriatal projections 

Another enigmatic piece of detail that has been around for quite some time but has recently 

been given much more attention is the role of feedback connections from pallidum and 

subthalamus to the striatum. Traditional models of the basal ganglia include just the feed 
forward networks and introducing such feedback loops may totally change the face of the 

research on understanding the role of the basal ganglia in motor control. 

5.7.3 Basal ganglia and thalamic reticular nucleus 

The basal ganglia do not control the cerebral cortex directly. On the other hand stimulation of 
the thalamic nuclei receiving input from the basal ganglia has not shown strong activation of the 

cortex. One reason can be the exact timing and mode of simulation relative to activity of the 

thalamic reticular nucleus (TRN). TRN surrounds the thalamus and receives excitatory input 
both from cortex and thalamus but sends inhibitory projections only to the thalamus. Thus this 

inhibitory station can influence type, timing and mode of any information trying to travel 
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between thalamus and cortex. How do basal ganglia cooperate with TRN to generate ultimate 

behavior is a question that has been given little attention. In fact it has been shown that in 

primates, the external segment of the globus pallidus sends collaterals to the TRN (Hazrati and 

Parent 1992) but the functional role of such connections have not been discussed in details. 

5.7.4 Serial processing and non motor basal ganglia 

The basal ganglia have been considered as a parallel processing system for many years. 

Although many groups have established anatomical backgrounds to develop models of serial 
processing in the basal ganglia, such models have not been developed yet. It has been suggested 

that the information may flow from limbic loops of the basal ganglia to associative loops and 

ultimately to motor loops, but the idea needs further polishing and computational models taking 

care of different aspects of this complicating factor. 

5.7.5 Ventral and dorsal dopamine tiers 

Midbrain dopaminergic neurons are known to be organized in two groups, the ventral and dorsal 

tiers. The idea of two tiers is not novel. Even the differential afferent efferent connections of 
these groups have been investigated properly, but very few basal ganglia models that consider 

dopaminergic neurons at all tend to neglect the differences between these two structures. 

5.7.6 The basal ganglia, habenula and PPN 

Two neuronal structures are believed to have dense inter connections with the basal ganglia: 
habenula and PPN. The interconnections are so heavy that some authors have suggested that 

these two nuclei may in fact be considered among the basal ganglia (Mena Segovia et al. 2008). 

Here again, much has been excavated but not much is modeled. 

5.7.7 Basal ganglia and cerebellum 

The basal ganglia and cerebellum are two major centers controlling movements. They both are 

in positions to control the motor infrastructure. However, they have evolved in mysterious ways 
so that in mammalians they show the least level of collaboration. The level of collaboration 

between basal ganglia and sensory structures is probably higher than its interactions with the 

cerebellum. Interestingly the two structures not only share common fields of function in motor 

control but also in conditioning. How do these structures work with no friction? How do they 
resolve their potential conflicts? The answers to such questions may need a whole new PhD 

thesis, but also motivate me to go forward in improving the simplest models I presented in this 

thesis. 
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D2 Receptor   D2r 

Enkephalin   ENK 
Entopeduncular Nucleus  EP 

Globus Pallidus  GP 

Globus Pallidus Caudal Segment GPc 

Globus Pallidus External Segment GPe 
Globus Pallidus Internal Segment GPi 

Globus Pallidus Rostral Segment GPr 

Laterodorsal Tegmental Nucleus LDTg 
Leaky Integrate-And-Fire  LIF 

Long Term Plasticity  LTP 

Medium Spiny Neuron  MSN 

Mesencephalic Locomotor Region MLR 
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