{fromtiers im

SYSTEMS NEUROSCIENCE

HYPOTHESIS ANDTHEORY ARTICLE
published: 11 March 2011
doi: 10.3389/fnsys.2011.00013

The arbitration—-extension hypothesis: a hierarchical
interpretation of the functional organization of the

basal ganglia

Iman Kamali Sarvestani'?*, Mikael Lindahl'?, Jeanette Hellgren-Kotaleski'?* and Orjan Ekeberg'?

" Department of Computational Biology, School of Computer Science and Communication, Royal Institute of Technology, Stockholm, Sweden
2 Stockholm Brain Institute, Stockholm, Sweden
3 Department of Neuroscience, Karolinska Institute, Stockholm, Sweden

Edited by:

Federico Bermudez-Rattoni,
Universidad Nacional Auténoma de
Meéxico, Mexico

Reviewed by:

Federico Bermudez-Rattoni,
Universidad Nacional Autonoma de
Meéxico, Mexico

Jose Bargas, Universidad Nacional
Auténoma de México, Mexico

*Correspondence:

Iman Kamali Sarvestani, Department
of Computational Biology, School of
Computer Science and
Communication, Royal Institute of
Technology, 10044 Stockholm,
Sweden.

e-mail: imanks@kth.se

INTRODUCTION

Based on known anatomy and physiology, we present a hypothesis where the basal ganglia
motor loop is hierarchically organized in two main subsystems: the arbitration system and
the extension system. The arbitration system, comprised of the subthalamic nucleus, globus
pallidus, and pedunculopontine nucleus, serves the role of selecting one out of several candidate
actions as they are ascending from various brain stem motor regions and aggregated in the
centromedian thalamus or descending from the extension system or from the cerebral cortex.
This system is an action-input/action-output system whose winnertake-all mechanism finds
the strongest response among several candidates to execute. This decision is communicated
back to the brain stem by facilitating the desired action via cholinergic/glutamatergic projections
and suppressing conflicting alternatives via GABAergic connections. The extension system,
comprised of the striatum and, again, globus pallidus, can extend the repertoire of responses
by learning to associate novel complex states to certain actions. This system is a state-input/
action-output system, whose organization enables it to encode arbitrarily complex Boolean
logic rules using striatal neurons that only fire given specific constellations of inputs (Boolean
AND) and pallidal neurons that are silenced by any striatal input (Boolean OR). We demonstrate
the capabilities of this hierarchical system by a computational model where a simulated
generic “animal” interacts with an environment by selecting direction of movement based
on combinations of sensory stimuli, some being appetitive, others aversive or neutral. While
the arbitration system can autonomously handle conflicting actions proposed by brain stem
motor nuclei, the extension system is required to execute learned actions not suggested by
external motor centers. Being precise in the functional role of each component of the system,
this hypothesis generates several readily testable predictions.

Keywords: basal ganglia, centromedian parafascicular thalamus, pedunculopontine nucleus, winner-take-all, Boolean
logic, motor synergies, action selection, brain stem

on their dense connections with the traditional BG nuclei, it has

The basal ganglia (BG) are several subcortical nuclei that are
supposedly involved in vertebrate action selection (Mink, 1996),
reinforcement learning (Barto, 1995), and dimensionality reduc-
tion (Bar-Gad and Bergman, 2001) both in motor and cognitive
(Alexander et al., 1986) domains through their extensive intercon-
nections and heavy reciprocal projections with the thalamus and
the brain stem (Parent and Hazrati, 1995a,b). Cerebral cortex sends
direct afferents to the BG but only receives BG efferents indirectly
via specific and non-specific thalamic nuclei, thus forming so called
BG-thalamo-cortical loops (Alexander et al., 1986). Several patho-
logical states such as Parkinson’s and Huntington’s diseases have
been associated to BG.

The traditional components of the BG are six major ganglia
namely the caudate/putamen complex aka striatum (STR), the
subthalamic nucleus (STN), the external globus pallidus (GPe),
the internal globus pallidus (GP1), the substantia nigra pars reticu-
lata (SNr), and the substantia nigra pars compacta (SNc). Based

recently been suggested that several other nuclei may join this club,
in particular the pedunculopontine nucleus (PPN; Mena-Segovia
et al., 2004) and habenula (Hikosaka et al., 2008).

Since the BG output nuclei, i.e., the GPi and the SNr send
projections to both subcortical areas responsible for posture and
locomotion (McHaffie et al., 2005; Grillner, 2006; Grillner et al.,
2008; Takakusaki, 2008; Redgrave et al., 2010) and to parts of the
motor thalamus, which in turn project to motor cortex (Gerfen
etal., 1982), the BG stand in a critical position to both control the
automatic responses of subcortical motor areas and influence the
volitional movements originating in the motor areas of the cortex
(Takakusaki et al., 2004).

The STR is believed to be organized in three functionally dis-
tinct segments, i.e., the skeletomotor, associative, and limbicregions
onone hand (Alexander et al., 1986), and two separated compart-
ments,1.e., the striosomeand the matrixon the other hand (Graybiel
and Ragsdale Jr., 1978, 1979). The combination makes at least six
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different nuclear domains with different histological properties,
input/output structures, and putative functionalities. This separa-
tion is also observed in other components of the BG thus forming
the so called segregated loops. Hereafter, by mentioning the BG
nuclei, we are referring to the skeletomotor loop. However, since
associative STR and STN are reported to project prominently
to the motor GPi and GPe (Joel and Weiner, 1997), here we will
extend the STR and STN to include both their motor and asso-
ciative areas.

We will first review the thalamic and cortical inputs to the BG.
Next, we will cover some of the known connections between these
ganglia and discuss the output they deliver to other regions in the
CNS. We will finally review some existing functional hypotheses
before proposing our novel hypothesis about the functional struc-
ture of the BG.

As a major thalamic input to the BG, the centromedian nucleus
of thalamus (CM; Smith et al., 2004; Smith et al., 2009) projects
both to the STR and to the STN. Therefore, defining the nature of
the information this thalamic nucleus carries to the BG is essential
in forming a functional hypothesis. A review of different nuclei
projecting to the CM in different species (Comans and Snow,
1981; Sadikot and Rymar, 2009) reveals a well conserved affer-
ent structure in all vertebrates. The CM nucleus receives inputs
from nuclei responsible for preliminary transformation of sensory
information into motor commands. The major afferents to the CM
nucleus are from motor cortex, neurons in the intermediate and
deep layers of the superior colliculus that carry motor commands
about eye, head and trunk movements, the lateral and superior
vestibular nuclei reporting postural responses, the ventral horn
of the spinal cord as the end point in transforming the sensory
input to motor output in spinal reflexes, the cerebellar output
nuclei carrying motor commands for correction of movement
and nuclei in the reticular formation responsible for eye and head
orienting commands.

Besides such motor command inputs from CM, shared with the
STN, the STR also receives fibers from the sensory and the associative
thalamus carrying visual, auditory, and somatosensory association
information (Veening et al., 1980; Lin et al., 1984; Phillipson and
Griffiths, 1985; Christie et al., 1987; Fuller et al., 1987; Groenewegen,
1988; Berendse and Groenewegen, 1990).

The cortical input to the STN originates in the primary and
supplementary motor areas (M1 and SMA) as well as frontal eye
field and supplementary frontal eye field (FEF and SFEF; Parent and
Hazrati, 1995b). A slim projection from primary somatosensory
cortex of rat to the STN has been reported (Canteras et al., 1988)
but has not been verified by other studies (Petras, 1967; Hartmann
von Monakow et al., 1978; McBride and Larsen, 1980; Afsharpour,
1985). Therefore, the sensory input to the STN may not play a major
role in its overall functionality.

Following the same typical pattern as their thalamic counter-
parts, the cortical afferents to the STR are not limited to motor
regions but extend to sensory and associative areas (Clary and
Irvine, 1986; Graziano and Gross, 1993; Parent and Hazrati, 1995a).

The thalamic and cortical information sent to the STN and the
STR is distributed to other ganglia via several pathways. The STN
sends its glutamatergic outputs to the GPe and the GPi and in turn
receives GABAergic projections from the GPe (Shink et al., 1996; Sato

et al.,, 2000). The STN also sends glutamatergic projections to the
PPN and receives reciprocal mixed cholinergic/glutamatergic pro-
jections from the PPN (Bevan and Bolam, 1995). It is worth noting
that since PPN is a heterogeneous structure with disputed anatomi-
cal boundaries and is associated with a vast spectrum of putative
behaviors, we will exclusively consider cholinergic and glutamatergic
neuronal populations involved in regulation of postural muscle tone
and locomotion (Takakusaki et al., 2004). We will call the set of neu-
rons associated with these two motor tasks the PPN/mesencephalic
locomotor region (MLR) complex. Therefore, other neuronal groups
within the PPN are left out of the hypothesis hereafter.

The GPe neurons inhibit their GPi counterparts, the SNr and
other GPe neurons through GABAergic connections. Unlike the
GPe, GPi does not directly project back to the STN, but there are
polysynaptic pathways between these two ganglia. The GPiand SNr
send inhibitory projections to several brain stem nuclei, the CM
(Sadikot and Rymar, 2009), the PPN/MLR and some motor nuclei
of ventral thalamus. The PPN/MLR complex serves as the excitatory
complement of the GPi output (Winn, 2006) by projecting to the
CM, the superior colliculus and other brain stem nuclei especially
those in control of locomotion and postural reflexes (Garcia-Rill,
1991; Karachi et al., 2010).

The striatal medium spiny neurons (MSNs) project mainly
to the GPe and GPi. The MSNs are traditionally classified in two
categories: Those expressing substance-P while having dominant
dopamine receptor type 1 (D1R) and those expressing enkephalin
while having dominant dopamine receptor type 2 (D2R). Although
early hypotheses postulated that the DIR dominant neurons
(DIRN) project to GPi (direct pathway) and D2R dominant neu-
rons (D2RN) project to the GPe (indirect pathway), later observa-
tions revealed that the D1RNs also send collaterals to GPe on their
way to the GPi (Lévesque and Parent, 2005). Figure 1 summarizes
the interconnection of BG nuclei and their position in the CNS.

The first widely accepted model of functional organization in
the BG (Albin etal., 1989; Wichmann and DeLong, 1996) proposed
that the direct pathway carries information about the action(s) to
do [Go command(s)] and the indirect pathway contains informa-
tion about the action(s) to avoid [NoGo command(s)]. A more
recent model has suggested that the striatopallidal pathways may be
interpreted as systems to reduce the dimensional order of cortical
information (Bar-Gad and Bergman, 2001). Both models focus on
the role of the striatopallidal pathways and give the STN a minor
role as a part of the indirect pathway. The complexities and ambi-
guities arising from inclusion of the STN in the classical models
of the BG stem in three major questions: First, the type of input
to the STN, second, how the STN relays its message to other nuclei
and third, the functional role of the STN in overall BG networks.

Early models of the BG considered GPe as the exclusive source
of input to the STN. In other words, they tended to view the STN
as a secondary relay stage carrying the GPe commands to the GPi.
In this view, GPe messages were transferred to the GPi not only
monosynaptically but also disynaptically via the STN. Introduction
of the so called hyperdirect pathway considering the STN as a major
input to the BG (Nambu et al., 2002), however, revolutionized
the field. Inspired by the idea that the STN receives direct input
that reaches the GPi faster than the STR message, some authors
included the hyperdirect pathway in their models (Gurney et al,,
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FIGURE 1 | The basal ganglia projections and connections to other CNS
regions (excitatory and inhibitory projections are shown by arrows and
stars respectively). Decisions are made by several mechanisms organized
hierarchically. CM, centromedian thalamus; D1, D1 receptor dominant medium

spiny neurons; D2, D2 receptor dominant medium spiny neurons; GPe, external
globus pallidus; GPi, internal globus pallidus; PPN/MLR, pedunculopontine
nucleus; STN, subthalamic nucleus; STR, striatum; VA, ventral anterior thalamus;
VL, ventral lateral thalamus.

2001; Rubchinsky et al., 2003; Frank, 2006; Humphries et al., 2006;
Lebloise et al., 2006). However, such models do not differentiate
between the type of the input to the STR and those of STN.

The topography of connections between the STN and other
nuclei especially the globus pallidus is another source of ambiguity
in different models of the BG. Some authors have reported exact
reciprocal projection from the STN to the globus pallidus (Shink
etal., 1996). Later observations however, have shown that a single
STN neuron contacts several neurons in the globus pallidus (Sato
et al., 2000). Some models have interpreted the multiple targeted
projection of the STN neurons on pallidal neurons as diffuse one-
to-all connectivity (Mink, 1996; Gurney et al., 2001; Frank, 2006;
Humphries et al., 2006; Lebloise et al., 2006) while others have
assumed focused but out of register topography for the STN-GPe
projection (Rubchinsky et al., 2003).

In accordance with the ambiguities in input type and con-
nectivity pattern, the functional role of STN in the BG circuitry
has also been interpreted differently by different authors. Some
emphasize the spatial role of the assumed diffuse connections
from the STN to the globus pallidus as providing an off surround
whose on center comes from the inhibitory projections of the
STR so that the combined effect will choose one action and sup-
press all others (Gurney et al., 2001; Lebloise et al., 2006). Other
authors (Frank, 2006) have highlighted the temporal role of the
presumed diffuse projections from the STN to the GPi/SNr as
putting hold on all actions (global NoGo) until the right time
for triggering one action via striatal inhibition. Having observed
three temporally distinct responses in the GPi after stimulation
in the cortex, some authors have extended the idea of temporal
sequencing by assuming differential roles for the hyperdirect,
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direct, and indirect pathways creating the global NoGo (early
excitation), start (inhibition), and termination (late excitation)
commands respectively (Nambu et al., 2000).

Some fundamental questions and several new observations
remain untouched in current models of the BG. First, the nature
of the input to the BG has been treated quite loosely. The models
proposed so far toggle between the sensory and motor nature of
the inputs to the BG. Second, those models that include STN as an
input site tend to assume the same input to the STN and the STR.
Third, the BG output via the STN-PPN/MLR path is ignored in BG
models. The importance of PPN in the decision making process has
been appreciated in some models (Mena-Segovia et al., 2004) but
a more precise explanation of the role it may play seems needed.
Fourth, the assumption of one-to-all connectivity in STN-GPe
connections reduces the role of the STN to a modulatory nucleus
setting the threshold of action selection in decisions involving
high conflicts. This is inconsistent with precise topographic maps
observed in the STN. Fifth, striatal and pallidal neurons are usu-
ally treated as relay neurons and their computational capacities
are neglected. Sixth, the functional properties of the DIRN-GPe
projections have been included in some models (Cohen and Frank,
2009) for reward generation but not for motor control. These,
together with some other problems in the interpretation of BG
activity (Graybiel, 2005; Nambu, 2008) have been the driving forces
to develop the current system level hypothesis on the functional
organization of the BG.

HYPOTHESIS

The arbitration—extension hypothesis of the BG organization,
developed in this article, is based on anatomical and electrophysi-
ological data on the BG interconnections. In order to keep the
analysis transparent, we intentionally avoid introducing any learn-
ing mechanisms and will focus on what the structural organiza-
tion of BG can perform after learning. We will postpone a brief
explanation of how the efficacy of connections may be modified to
the discussion section but do not count it as a part of the hypoth-
esis itself. We will also focus on the relationship between the BG
and subcortical areas because of three reasons: First, decerebrate
animals possess a rich repertoire of behaviors that are supposed to
be controlled by the neuronal networks of the BG and brainstem
(Bjursten et al., 1976; Grillner and Wallén, 1985). Second, many
vertebrate species do not have a well developed layered cerebral
cortex yet have full machinery of the BG (Stephensson-Jones et al.,
in preparation). Such animals do choose different behaviors by
selecting the direction, velocity, and amount of movement and
changing the gait. They can also adjust the muscle tone for pos-
tural control during movement. Third, the GPi receiving thalamic
neurons have their terminals in layers I and II of the motor cortex
(Jinnai et al., 1987) while the cortical neurons projecting to the
matrix compartment of the STR are located mainly in layer V
and to less extent in layers III and II (Gerfen, 1989). The cortical
activity is so complex both layer-wise and corticocortically with
so many players involved, that it cannot naively be regarded as
simplistic relay neurons disinhibited by the GPi via thalamic relays.
Including the cortex as a target to the BG adds the complications
of cortical processing to the already complicated network process-
ing in the BG. In contrast, GPi can effectively inhibit subcortical

nuclei responsible for locomotion and muscle tone as well as the
CM nucleus of thalamus that directly projects back to the BG thus
forming a clear “loop.”

THETWO SYSTEMS OF THE BASAL GANGLIA

A major theme of the arbitration—extension hypothesis is the dis-
sociated role of two major systems in the BG: The arbitration system
and the extension system. The arbitration system composed of the
STN, PPN/MLR, GPe, and GPij, serves as a selection mechanism
capable of choosing one out of several conflicting actions. The
extension system composed of the STR, GPe, and GPji, extends the
repertoire of behaviors by overriding the innate choices of the arbi-
tration system and imposing actions they have learned to take under
certain states. The two systems have different inputs, outputs, and
putative functionality while communicating via shared components.

Input

The inputs to the arbitration system are the motor commands
originating in the brain stem sensory—motor transformation
nuclei aggregated in the CM nucleus of thalamus as well as the
motor commands initiated by the motor areas of the cortex, i.e.,
the M1, the SMA, the FEF, and the SFEE. In contrast to the input to
the arbitration system, the extension system receives sensory and
associative inputs from all sensory and associative cortical areas in
addition to the motor commands. In other words, the inputs to the
arbitration system are the candidate actions while the inputs to the
extension system represents the spontaneous state of the animal. It
is worth noticing that the state of the animal is not only defined by
sensory and associative information but also by information about
the current action being performed and probable candidates to
replace the current action sequentially. Therefore, we consider the
arbitration system as an action-input/action-output system but
regard the extension system as a state-input/action-output system.

Function

The brain stem contains several nuclei for transforming early sen-
sory information to preliminary motor responses. These nuclei
possess pre-wired connections and serve the innate goals of an
animal. The CM is here considered as an aggregation point for all
such responses, i.e., the CM efferents carry an instantaneous mix
of brain stem responses. A mixture of responses is rarely the best
motor output for an animal. For example, averaging the motor
responses when an animal faces two targets one on the left and the
other on the right side leads to an erroneous decision to go between
the two. The STN via its connections with the PPN/MLR and GPe
selects one of the candidate actions suggested by the brain stem
and cortical motor regions. Thus, the arbitration system essentially
suppresses all but one action at a time.

The arbitration system is serving the pre-wired innate goals
together with the fixed policies associated with them. However,
an animal has a clear evolutionary advantage if policies can be
formed and modified during its life time via learning mechanisms.
The extension system is the substrate for such plastic modifica-
tions. This system extends the repertoire of responses an animal
displays when facing more complex states by learning the associa-
tion between such compound stimuli and the responses. Simple
stimuli are combined to form arbitrarily complex states. Therefore,
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the extension system can be viewed as a general purpose Boolean
logic machine (crisp or fuzzy) to construct and implement complex
rules using complex states.

Hierarchical organization and output

The arbitration system is in the position to control the outcome of
the brain stem decision nuclei. The extension system in turn is capa-
ble of altering the selected responses proposed by the arbitration
system by introducing learned policies to the arbitration process.
This hierarchical organization suggests an evolutionary process
as well as an advanced system of decision making in vertebrates
facilitated with different levels of decision making, serving both
the hard wired evolutionary goals and learned strategies. Such a
hierarchical organization requires common output structures to
avoid dual decision making centers.

The arbitration system is in charge of controlling the brain stem
via two pathways: one excitatory output via PPN/MLR and one
inhibitory output via the GPi. The extension system has direct
access only to one inhibitory output via GPi, but also has the power
to modify the output of the arbitration system by influencing both
the GPi and the GPe.

THE ARBITRATION SYSTEM

The arbitration system is a winner-take-all network composed
primarily of one positive and one negative feedback loop centered
around the STN. The main feature of the negative feedback loop
via the GPe is the diffuse excitatory leg from the STN to the globus
pallidus and focused inhibitory leg back to the STN. The combina-
tion of such a negative feedback loop and the self-excitatory nature
of the positive feedback loop via the PPN/MLR is the essence of the
winner-take-all network of the arbitration system. We postulate that
each nucleus in the arbitration system contains an array of neurons
each representing a certain response and that each action enter-
ing as a candidate has a strength value assigned to it. The strength,
associated with “salience” used by other authors (Humphries et al.,
2006), is representing the urgency of the responses generated by
the brain stem and aggregated in the CM or coming from motor
cortex or proposed by the extension system as it enters the gateways
of the arbitration system in the STN or the globus pallidus. This
system facilitates the strongest response and suppresses the others.

Primary loops

There are two disynaptic primary loops in the arbitration system.
The STN and the PPN are linked reciprocally by excitatory (gluta-
matergic and cholinergic) projections (Bevan and Bolam, 1995).
Although not much is known about the precise synaptic connec-
tivity and axonal branching of this loop, we hypothesize that the
neurons representing one action in the STN and those representing
the same action (topographic projection) in PPN are reciprocally
connected thus enhancing the activity of the neurons representing
the selected action.

The STN and GPe form a well-known connection of the BG
whose activity both in physiological and pathological states has
been an active area of research. We hypothesize that the STN-GPe
loop functionally provides mutual inhibition between the STN
neurons. The exact mechanism of this phenomenon is unclear.
In one possible connectivity pattern we use in our computational

model, a certain neuron in STN representing a specific action pro-
vides excitatory input to the GPe neurons representing compet-
ing action(s) (antitopographic projection) which in turn project
back topographically thus inhibiting conflicting STN neurons. The
number of actions competing with a certain action may range from
one to several hundreds. Therefore, the antitopographic projections
from the STN to GPe may form a spectrum from focal to diffuse.
The back projection from GPe to STN is usually more focused and
topographically organized. However, if the action is a compound
one, then GPe neurons may target several distinct patches of STN
neurons focally. The combined effect of the STN-PPN/MLR and
STN-GPe loops is to facilitate an action and suppress competing
action(s) in the STN, a process that eventually leads to a single
action stand alone as the winner.

Secondary loops

There are three negative and two positive secondary feedback loops
in the arbitration system. These polysynaptic loops provide afferent
copies to nuclei of interest. Moreover, the variety of latencies offered
by such secondary loops improves the robustness of decisions in
different temporal scales of decision making.

We assume that the STN—GPi projections are similar to those
of STN-GPe but the inhibitory feedback travels a longer path
before reaching the STN. There are several long negative feed-
back pathways from GPi to the STN, the shortest of which is the
GPi—-CM-STN pathway. This topographic pathway inhibits the
CM neurons instead of directly inhibiting the STN. The overall
effect is however pretty much the same as that of GPe—STN with
a longer latency. An important consequence of the connectivity
between the GPiand the CM is that the CM neurons will also carry
a copy of the winner. As we will argue later, this copy is used by
the extension system.

A second long inhibitory pathway from the GPi to the STN is
the topographically organized GPi—~PPN/MLR-STN loop. Positive
feedback loops such as STN-PPN/MLR are prone to instability if
loop gain is larger than one. The GPe and the GPi, respectively
inhibiting the STN and PPN/MLR neurons avoid this loop from
going unbound. Since the PPN/MLR neurons are disynaptically
connected to the spinal cord, the GPi innervations of PPN/MLR
seems crucial in avoiding facilitation of several actions.

Internal globus pallidus output reaches brain stem nuclei not
only indirectly but also by monosynaptic innervations of some
brain stem nuclei. This connection guarantees that brain stem deci-
sion nuclei do not generate shadow decisions in parallel to the
decision made by the arbitration system.

We hypothesize that the PPN/MLR-CM connection is the posi-
tive dual of the GPi—-CM connection and the PPN/MLR-brain stem
connection is the positive dual of the GPi~brain stem connection.
The GPi connections to the CM and brain stem suppresses the
losing actions representatives in the brain stem while the PPN con-
nections to the same targets facilitate the winner. Together, the four
projections convey sufficient and necessary information to execute
the proper action in the spinal cord and brain stem. The existence
of an excitatory output besides the inhibitory output considered
in classical models of the BG may explain the paradoxically minor
influence lesioning the GPi has on motor performance (Inase et al.,
1996; Desmurget and Turner, 2008).
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THE EXTENSION SYSTEM

During their lifetimes, animals face many complex states, i.e.,
states composed of several stimuli. Those animals capable of
exploring higher levels of state complexity and learning appro-
priate rules associated with those states may exploit their sur-
roundings more efficiently. The extension system is responsible
for learning such complex states and linking them to single actions
or sets of actions. We postulate that the linkage between a state
and the learned response associated with it is achieved via the
striatopallidal fibers running from a population of MSNs to each
GPineuron. We name a single GPi neuron, D1RNs connecting to
it and the D2RNs connecting to those D1RNs via inhibitory col-
laterals a Go action unit (Figure 2). Each action unit keeps records
of all states requiring facilitation of the same shared response. In
the same way we name a single GPe neuron, D2RNs connecting
to it and the D1RNs connecting to those D2RNs via inhibitory
collaterals a NoGo action unit. We postulate that an action unit is
the functional equivalent of a pallidal neuron and its matrisome,
groups of striatal neurons receiving sensory input from the same
body part representation in the sensory cortex and converging
on the same pallidal neuron (Flaherty and Graybiel, 1993, 1994;
Kincaid and Wilson, 1996).

Neuronal types and functions

We hypothesize differentiated functionality for the MSNs and the
pallidal neurons. Through their very low resting membrane poten-
tials, high thresholds and extensive dendritic trees, the MSNs well
qualify to play the role of conjunction (AND) neurons. They do
not fire unless a complete constellation (conjunction) of stimuli

excites them. In other words, the output of any MSN depends
on the conjunction of the stimuli it receives on its dendritic tree.
Pallidal neurons, on the other hand, have relatively high membrane
potentials and low thresholds, qualifying them as disjunction (OR)
neurons. They reduce their firing rates when any of the D1RNs in
their action unit fires, i.e., the output of a given pallidal neuron
depends on the disjunction of the striatal inputs it receives. In this
framework, the disjunction of conjunctions of state components
can actively be generated within an action unit.

Disjunction of conjunctions can represent any arbitrarily
complex Boolean rule when facilitated with a negation operation.
We postulate that the inhibitory collaterals between the D2RNs
and the D1RNs in the same action unit effectively play the role of
negation (NOT) between conjunctions. In other words, the D2RNs
record the conjunction of stimuli to be negated in the Boolean
logic representation of a certain complex state. They enforce this
“NOT” operation by sending inhibitory collaterals to the DIRNs
in their action unit.

Striatopallidal projections

In accordance with classical models of the BG, we postulate that the
Go action units facilitate execution of actions leading to rewards or
reduced punishment while NoGo action units suppress the actions
leading in punishment or reduced reward.

We hypothesize that the arbitration system can operate autono-
mously in the absence of the extension system using brain stem
and cortical motor commands. Therefore, when the extension
system learns to facilitate a certain response via D1RN-GPi pro-
jections, it must simultaneously suppress competing responses,

Typical Striosome

Excitatory Synapse ‘

aAND b OR
¢ AND £BUT NOT
Inhibitory Synapse & ¢ AND d

FIGURE 2 | The striatofugal pathways: (A) sensory, associative, or motor
components of state represented by green circles are fed to striatal neurons
shown in light (D1RN) and dark (D2RN) blue. Some of these inputs can
stimulate the striatal neurons more effectively since they form stronger synapses
with them. The striatal neuron that fires effectively inhibits its counterparts in the
same matrisome. The D1RNs in the same matrisome inhibit the same GPi/SNr

neuron. r is the input from CM. (B) The inhibitory collaterals within a matrisome
have diverse connectivity patterns corresponding to the state they record.

(C) The D1RNs in the matrisome of a certain action unit inhibit the GPi/SNr
neuron attached to that action unit while sending collaterals to the GPe neurons
of competing action units (the light blue axons). The D2RNs in the same action
unit however, project to the corresponding GPe neuron (dark blue axons).
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especially those who would be suggested independently by the
arbitration system otherwise. We hypothesize that DIRNs in
a certain action unit project antitopographically to the GPe.
Suppression of competing actions in the GPe lifts the inhibition
off the corresponding GPi neurons via the topographic GPe—GPi
projections. The combined effect of DIRN—GPi and D1RN-GPe
projections is to suppress all but one response. Thus, a Go action
unit must facilitate a response and at the same time suppress
its competitors.

When the NoGo action units suppress a response however,
they do not need to offer an alternative. The brain stem and
cortical alternatives are already there ready to be selected by the
arbitration system. We hypothesize that if a NoGo action unit
does not provide an alternative response, then its striatopallidal
fibers project only to GPe. On the other hand, by sending an
antitopographic collateral to the GPi, a NoGo action unit may
provide an alternative besides suppressing a response. This pat-
tern of connectivity is in accordance with the experimental data
showing that all MSNs project to the GPe, and some proceed
their way toward the GPi.

When several action units are active at the same time, the arbi-
tration system arbitrates the response as it does for brain stem and
cortical responses. A given action can even have both Go and NoGo
representations and the probability that it will be actually selected
depends on the relative difference in its Go—NoGo activation level
(Frank, 2005).

Figure 2A shows a cartoon of a typical action unit and its
input projections. State components originating in sensory,
associative, and motor areas of the cerebral cortex and thalamus
are fed to the action unit. Bigger triangles belong to reinforced
state components and smaller triangles belong to depressed
components. Each striatal neuron has a unique set of reinforced
and depressed states. The DIRN on the left side of Figure 2A
for example has learned to associate the conjunction of two
components of the state, namely components a and b to action
3. The D1RN on right side of Figure 2A on the other hand
has learned to link a different situation, i.e., the conjunction
of state components e and f to the same action. The D2RN in
Figure 2A however, has learned to veto taking action 3 under
the conjunction of components ¢ and d of the state. The D2RN
can shunt the activity of the action unit because the D2RNs are
more excitable than D1RNs (Gertler et al., 2008). Therefore, this
mechanism effectively models a complex rule: If (aand b) or (e
and f) but not (c and d) then take the action 3. We postulate that
each matrisome can record the complex state under which the
pallidal neuron it is attached to should be inhibited. Therefore,
the collateral connectivity pattern within different matrisomes
may vary according to the Boolean logic expression of the state
they are recording (Figure 2B). Figure 2C abstracts all DIRN
projections to a certain GPi neuron in a single axon to show
how the D1RNs in a certain action unit project not only to the
GPi neuron in the same action unit, but also send collaterals to
GPe neurons representing competing action(s) thus suppressing
the alternative action that would be independently selected by
the arbitration system otherwise. Projections of all D2RNs in
the same action unit are likewise abstracted in the same axon in
Figure 2C to demonstrate their connection to the GPe.

SUMMARY
To put it in a compact form, here we summarize the hypothesis:

(a) The basal ganglia are composed of two functional systems: the
arbitration system and the extension system.

(b) The two systems are operating hierarchically so that the
arbitration system controls the brain stem and cortical motor
regions and in turn is controlled by the extension system.

(c) The input to the arbitration system is a set of candidate actions
from different sensory—motor transformation regions in the
brain stem and cerebral cortex while the input to the exten-
sion system is a set of state components that can have sen-
sory, associative, or motor nature.

(d) The arbitration system has two outputs via PPN/MLR and GPi
whereas the extension system has just the GPi as an output.

(e) The arbitration system operates as a winner-take-all network
facilitating the candidate action with highest strength and
suppressing others.

(f) The extension system extends the repertoire of responses by
learning to associate appropriate responses to complex states.

(g) The extension system is organized in topographic units called
action units.

(h) A Go action unit is composed of a GPi neuron, the D1RNs
projecting to it and the D2RNs projecting to those D1RNs.

(i) A NoGo action unit is composed of a GPe neuron, the D2RNs
projecting to it and the D1RNs projecting to those D2RNss.

(j) The combination of conjunction (Boolean AND) neurons,
i.e., the MSNs and disjunction (Boolean OR) neurons, i.e.,
the pallidal neurons in a certain action unit records a com-
plex state and links it to a certain response via a learning
mechanism.

(k) State negation (Boolean NOT) is achieved via the inhibitory
collaterals between the D2RNs and the DIRNS.

(I) All Go action units project antitopographically to the GPe to
suppress competing actions.

(m) Some NoGo action units may send collaterals to GPi to facili-
tate an alternative response besides suppressing one.

(n) Conflicts between action units are resolved by the arbitration
system.

(0) An action unit is the functional equivalent of a matrisome and
the GPi neuron connected to it.

MODEL AND DEMONSTRATIONS

In order to verify whether this hypothetical model can actively make
decisions using both the arbitration and the extension systems while
keeping the biological plausibility on a fairly high level, we designed
asimulation framework. The model represents a simple simulated
“animal” with a one dimensional array representing a “retina” of
128 pixels capable of observing and measuring its relative distance
to aversive (designated by red color), appetitive (designated by blue
color), obstacle (designated by green color), and contextual stimuli
(designated by different levels of gray).

The animal’s motor system can steer it toward any of the 128
directions. The animal must decide about the instantaneous direc-
tion of the movement. All ganglia involved except for the STR
have 128 neurons each representing steering toward one of the
directions. The STR has two arrays of DIRNs and one array of
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FIGURE 3 | Activity of the BG nuclei during decision making and
corresponding decisions. The subplots to the left display the activity of the
nuclei indexed. The horizontal axes represent time (in seconds) whereas the
vertical axes show 128 different neurons each corresponding to a certain
directions of movement, i.e., the competing actions. The neuronal activity is
color coded in brightness of each neuron in a given point in time. (A) An animal
without the BG will average the mixed responses it receives. Such an animal is

deprived of effective escape and precise targeting behaviors. (B) An animal
with arbitration system is capable of selecting one action and suppress all of
its competitors hence enhancing the escape and targeting behaviors. (C) An
animal with D1RN connections to the GPe and the GPi can enforce learned
responses and suppress the otherwise strongest action in certain states.
(D) An animal with D2RN collaterals can suppress the learned responses in
certain states.

D2RNs each containing 128 neurons of an action unit connected
similar to the action unit shown in Figure 2A. Three pre-wired
brain stem responses are included in the simulation for escape,
approach and avoidance behaviors to aversive, appetitive and obsta-
cle stimuli respectively.

We use conductance based two compartmental integrate-and-
fire neurons simulated in Neural Simulation Tool NEST (Gewaltig
and Diesmann, 2007). The cell properties and synaptic weights
are tuned to match those reported in electrophysiological studies

(Nakanishi et al., 1987; Gertler et al., 2008; Heida et al., 2008). Here
we use some simulations to demonstrate the way the proposed
hypothesis can work.

In the first demonstration, the brain stem nuclei are activated as
the animal observes different types of stimuli around it but their
activation is not transmitted to neither of the BG systems. Figure 3A
shows the neuronal activity in the brain stem nuclei (aggregated in
one subplot) and the CM alongside the resulting trajectory of the
animal in the field. The animal without BG averages the responses
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it receives from different preliminary decision centers and there-
fore is deprived of effective escapes and precise targeting behavior
and is often trapped in conflicting situations of multiple stimuli
such as those shown in the figure. In the second demonstration
we connect the pre-wired brain stem responses to the arbitration
system via the CM. Exploiting the winner-take-all property of the
arbitration system, the animal successfully suppresses all but one
of the responses at a time, resulting in an effective escape followed
by a precise targeting (Figure 3B). The activities in all nuclei of the
arbitration system show domination of a single action at any given
time and a proper soft switch between actions when the relative
strength of the second response takes over (Figure 3B).

In the third demonstration, the capability of storing disjunction
of conjunctions patterns in an action unit is shown. The animal is
assumed to have learned that either the combination of landmarks
a and b or the combination of landmarks e and f will transform
the red stimulus (originally aversive) into an appetitive one. Lack
of a proper combination of landmark stimuli (a and b together
or e and f together) fails to push the membrane potential of the
MSNis to the vicinity of threshold. However, a proper combination
of landmarks available activates either of the D1RNs in the action
unit (matrisome) responsible for approach behavior. Activation of
D1RNs inhibits the GPe neurons representing the escape response
hence suppressing the innate tendency of the animal to escape
from the aversive stimulus. The same striatal neurons also inhibit
GPi neurons representing approach response thus lifting inhibi-
tion from corresponding PPN/MLR. The PPN/MLR neurons fire
by the virtue of their intrinsic spontaneous activity, enforcing the
learned approach response (Figure 3C). The same GPi neurons
disinhibit the CM neurons which in turn activates corresponding
STN neurons thus facilitating a new arbitrated winner.

In the fourth demonstration, the capability of D2RN-D1RN
inhibitory collaterals in negating a certain situation (Boolean NOT)
is shown. Landmarks cand d the combination of which is assumed to
restore the original nature of the red stimulus (as an aversive stimu-
lus) accompany landmarks a and b in this demonstration. Since
the learned action induced by stimulation of the DIRN in previous
demonstration is to be suppressed here, the D2RN stimulated by
components c and d of the state sends its axon collaterals not only to
GPe but also to the DIRN somata hence inhibiting them and remov-
ing the influence of the extension system on the GPi (Figure 3D). It
is worth noting that although there is enough contextual support to
activate both MSNs, since D2RN is more excitable than the D1RNSs,
it fires more easily and wins the mutual competition.

DISCUSSION

Our hypothesis intentionally avoids addressing some important
features of the BG anatomy and physiology, most notably the
microcircuitry, neuro-modulation, and learning, as a compromise
for a comprehensive description of the input—output structure, and
functional connectivity of the system. However, a brief sketch of how
learning protocols can possibly shape the extension system networks
is given here: Before learning, all MSNs receive random sensory,
associative, and motor inputs on weak synapses that are not strong
enough to depolarize the cells to fire. The threshold is reached when
the CM neuron representing the action just taken (designated asr in
Figure 2A) depolarizes the MSN further via its dendritic synapses. If

the conjunction of this response and constellation of stimuli form-
ing a certain context is rewarded, then dopamine flow will reinforce
synaptic inputs from currently active stimuli and depress others.
This process will eventually lead to differential synaptic efficacies
on the MSN similar to those shown in Figure 2A. Since D1RNs in
an action unit are mutually inhibitory only one of them will have
the opportunity to record a certain rewarding situation (such as a
AND b) hence keeping the recording capacity of the rest for other
rewarding situation (such as e AND f). If the animal fails to receive
an expected reward, the D2RNs record the inhibiting context by
potentiating the present state elements and depressing others.

The cortical input to the STR comes from two major subtypes of
corticostriatal neurons with different innervations patterns within
the STR (Cowan and Wilson, 1994). The pyramidal tract (PT) neu-
rons conveying motor commands from the motor cortex to the
brain stem and spinal cord sends collaterals to the STR (Donoghue
and Kitai, 1981). These neurons target few neurons in the STR
focally. The intratelencephalic tract (IT) with corticostriatal neu-
rons that may carry sensory and associative information via their
dense corticocortical arborization on the other hand, synapse on
many striatal neurons. This matches very well with our hypothesis.
A certain PT neuron may innervate D1RN in a single action unit.
The sensory and associative information however, is not specific to
a single action unit and many action units may use different parts
of the same sensory or associative data.

The immense learning capacity of the STR has biased the classical
models of the BG functional organization toward an STR-centered
view. The STN has traditionally been interpreted as a supplemen-
tary structure assisting the STR in delivering its message to the GPi.
Our hypothesis however, suggests a relatively independent role for
the STN as the central nucleus of the arbitration system. We sug-
gests that the classical models of the BG are actually models of the
extension system. The traditional GO-NOGO model, recently sup-
ported experimentally (Bateup et al., 2010; Kravitz et al., 2010) for
example, is embedded (with some refinement as discussed below)
in our hypothesis, but we interpret it as a model of the extension
system exclusively. Furthermore, the classical models of the BG
(here assumed as models of the extension system) tend to view the
neurons in BG nuclei as relay neurons. We try to refine this view by
assigning different functional roles to STR and GPi neurons, each
being capable of serving a certain Boolean logical operation. Thus,
the current hypothesis can be seen as both refining the models of the
extension system to account for formation of Boolean logic based
states on one side and broadening the BG models beyond models
of the extension system functional organization by introducing
the independently functional arbitration system on the other side.

Another feature of the striatopallidal structure that is ignored
in canonical models of the BG is the DIRN—GPe (and D2RN-GPi)
connections. Since our hypothesis divides the BG into two func-
tional subsystems, these connections finally make sense.

One clear prediction following the independence of the arbitra-
tion system from the extension system is that striatal lesioning will
only eliminate the learned responses but will not interfere with the
process of selecting the strongest brain stem or cortical response in
the arbitration system. Therefore, according to our hypothesis, an
animal with striatal lesion must still be capable of executing many
fundamental actions. Although some authors (Denny-Brown,
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1962) have reported that decorticated and de-striated animals
are actually successful in following moving objects, other authors
suggest (White, 2009) a spectrum of deficits in decision making
including turning behavior and recalcitrance after striatal lesion-
ing. Whole striatal lesioning definitely destroys the fine balance
of neuromodulators in the BG and such an unbalance can have
many unpredictable consequences. We predict that more focused
lesioning of the STR restricted to a set of competing action units
may leave the arbitration system function properly.

Although the independence of the arbitration system in choos-
ing the strongest response it receives is achieved via the antitopo-
graphic projection of STN to GPe and the topographic projections
from GPe to STN in the model demonstrated here, other connec-
tivity patterns may also generate the same functional effect. For
example, a one-to-all projection from STN to GPe, in parallel with
focused STN-PPN reciprocal excitatory connection will also lead
to a winner action stand out alone. In fact, a computational study
(Terman et al., 2002) has shown that random connectivity between
the STN and GPe will lead to just few STN and GPe neurons con-
nected reciprocally.

The central role of the STN in our model can give novel test-
able insights about the mechanisms of deep brain stimulation in
treatment of Parkinsonian patients. Electrical stimulation of the
STN can activate the excitatory pathway of the BG composed of the
CM, the STN, and the PPN and ultimately the brain stem nuclei
and the spinal cord. In fact, the components of the BG excitatory
pathway, i.e., the CM, the STN, and the PPN are all targets of deep
brain stimulation.

The hierarchical organization of our hypothesis suggests that
the arbitration system is serving more fundamental functionalities
and is probably an evolutionary older structure. However, recent
studies show that all components of the BG are present even in the
most primitive vertebrates (Stephensson-Jones et al., in prepara-
tion). In fact, no living animal has been reported to possess the
BG without the STR. Both systems have actually evolved in size,
neuronal types, number of neurons, neurotransmitter diversity

REFERENCES
Afsharpour, S. (1985). Topographical pro-

Beiser (Cambridge, MA: MIT Press),
215-232.

etc. The early development of the STN in comparison to the STR
however, may suggest a clue about the evolutionary age of the
two systems.

Although our hypothesis initially excludes the cortex as a target
for the BG to avoid extra complications arising from involvement
of cortical activity and isolate the BG activity in order to analyze it
independently, the final hypothesis can be used as a generic hypoth-
esis of the BG functionality with subcortical or cortical output.

Our hypothesis suggests that the topographic and antitopo-
graphic projections are hard wired in the structure of the arbitra-
tion system thus creating synergies between actions originating in
different sensory—motor mechanisms. Hard wired synergies are also
observed in the spinal cord and the brain stem. The major differ-
ence between spinal cord and brain stem synergies and those in the
arbitration system is possibly that the lower level synergies are often
constructed within a single mechanism while the arbitration system
wirings serve multi-system synergies. Moreover, the extension sys-
tem has the capacity to create synergistic connection patterns. Here,
in the absence of more precise anatomical data, the organization
of projections both in the arbitration and extension systems has
necessarily been constructed based on speculations to generate the
desired outcome. For example the antitopographical projections
from D1RNs to GPe and topographical projection from GPe to
GPi is functionally equivalent to topographical projections from
D1RNs to GPe followed by antitopographical projections from GPe
to GPi and the true connectivity pattern cannot be revealed by
computational or hypothetical tools. Besides the functional level
tools, precise anatomical experiments are required to reveal the true
topology and develop the hypothesis into a comprehensive theory.

ACKNOWLEDGMENTS

The authors wish to thank professor Sten Grillner for his valuable
comments on the manuscript. This work was supported by grants
from the EU LAMPETRA project, FP7 ICT-2007.8.3., Swedish
Research Council, Parkinson’s Foundations,and EU SELECT AND
ACT project, Health 2007/2.2. 1-2.

cats without cerebral cortex from
infancy. Exp. Brain Res. 25, 115-130.

ganglia function in learning, memory
and choice. Behav. Brain Res. 199,

jections of the cerebral cortex to the
subthalamic nucleus. J. Comp. Neurol.
236, 14-28.

Albin, R. L., Young A. B., and Penney J.
B. (1989). The functional anatomy
of basal ganglia disorders. Trends
Neurosci. 12, 366-375.

Alexander, G. E., DeLong, M. R., and
Strick, P. L. (1986). Parallel organiza-
tion of functionally segregated circuits
linking basal ganglia and cortex. Annu.
Rev. Neurosci. 9, 357-381.

Bar-Gad, 1., and Bergman, H. (2001).
Stepping out of the box: information
processing in the neural networks
of the basal ganglia. Curr. Opin.
Neurobiol. 11, 689-695.

Barto, A. (1995). “Adaptive critics and the
basal ganglia,” in Models of Information
Processing in the Basal Ganglia, eds
J. C. Houk, J. L. Davis, and D. G.

Bateup, H. S., Santini, E., Shen, W.,
Birnbaum, S., Valjent, E., Surmeier,
D. J., Fisone, G., Nestler, E. J., and
Greengard, P. (2010). Distinct sub-
classes of medium spiny neurons
differentially regulate striatal motor
behaviors. Proc. Natl. Acad. Sci. U.S.A.
107, 14845-14850.

Berendse, H. W., and Groenewegen, H. J.
(1990). Organization of thalamostri-
atal projection in the rat, with special
emphasis on the ventral striatum. J.
Comp. Neurol. 299, 187-228.

Bevan, M. D., and Bolam, J. P. (1995).
Cholinergic, GABAergic, and
glutamate-enriched inputs from the
mesopontine tegmentum to the sub-
thalamic nucleus in the rat. J. Neurosci.
15,7105-7120.

Bjursten, L. M., Norrsell, K., and Norrsell,
U. (1976). Behavioural repertory of

Canteras, N. S., Shammah-Lagnado, S.J.,
Silva, B. A., and Ricardo, J. A. (1988).
Somatosensory inputs to the subtha-
lamic nucleus a combined retrograde
and anterograde horseradish peroxi-
dase study in the rat. Brain Res. 458,
53-64.

Christie, M.]., Summers, R.]., Stephenson,
J. A., Cook, C. J., and Beart, P. M.
(1987). Excitatory amino acid projec-
tions to the nucleus accumbens septi
in the rat: a retrograde transport study
utilizing D[3H] aspartate and [3H]
GABA. Neuroscience 22, 425-439.

Clary, J. C., and Irvine, D. R. E. (1986).
Auditory response properties of
neurons in the claustrum and puta-
men of the cat. Exp. Brain Res. 61,
432-437.

Cohen, M. X,, and Frank, M. J. (2009).
Neurocomputational models of basal

141-156.

Comans, P. E., and Snow, P. J. (1981).
Ascending projections to nucleus
parafascicularis of the cat. Brain Res.
230, 337-341.

Cowan, R. L., and Wilson, C. J. (1994).
Spontaneous firing patterns and
axonal projections of single corticostri-
atal neurons in the rat medial agranu-
lar cortex. J. Neurophysiol. 71, 17-32.

Denny-Brown, D. (1962). The midbrain
and motor integration. Proc. R. Soc.
Med. 55, 527-538.

Desmurget, M., and Turner, R. S. (2008).
Testing basal ganglia motor functions
through reversible inactivation in the
posterior internal globus pallidus. J.
Neurophysiol. 99, 1057-1076.

Donoghue, J. P.,,and Kitai, S. T. (1981). A
collateral pathway to the neostriatum
from corticofugal neurons of the rat

Frontiers in Systems Neuroscience

www.frontiersin.org

March 2011 | Volume 5 | Article 13 | 10


http://www.frontiersin.org/Systems_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

Kamali Sarvestani et al.

Arbitration—extension hypothesis

sensory—motor cortex: an intracellu-
lar HRP study. J. Comp. Neurol. 201,
1-13.

Flaherty, A. W., and Graybiel, A. M.
(1993). Two input systems for body
representations in the primate stri-
atal matrix: experimental evidence
in the squirrel monkey. J. Neurosci.
13,1120-1137.

Flaherty, A.W.,and Graybiel, A. M. (1994).
Input—output organization of the
sensorimotor striatum in the squir-
rel monkey. J. Neurosci. 14, 599-610.

Frank, M. J. (2005). Dynamic dopamine
modulation in the basal ganglia: a neu-
rocomputational account of cognitive
deficits in medicated and non-medi-
cated parkinsonism. J. Cogn. Neurosci.
17,51-72.

Frank, M. J. (2006). Hold your horses: a
dynamic computational role for the
subthalamic nucleus in decision mak-
ing. Neural. Netw. 19, 1120-1136.

Fuller, T. A., Russchen, E. T., and Price,
J. L. (1987). Sources of presumptive
glutamatergic/aspartergic afferents to
the rat ventral striatopallidal region. J.
Comp. Neurol. 258, 317-338.

Garcia-Rill, E. (1991). The pedunculo-
pontine nucleus. Prog. Neurobiol. 36,
363-389.

Gerfen, C. R. (1989). The neostriatal
mosaic: striatal patch-matrix organi-
zation is related to cortical lamination.
Science 246, 385-388.

Gerfen, C. R., Staines, W. A., Arbuthnott,
G. W, and Fibiger, H. C. (1982).
Crossed connections of the substan-
tia nigra in the rat. J. Comp. Neurol.
207, 283-303.

Gertler, T., Chan, S., and Surmeier, J.
(2008). Dichotomous anatomical
properties of adult striatal medium
spiny neurons. J. Neurosci. 28,
10814-10824.

Gewaltig, M. O., and Diesmann, M.
(2007). NEST (neural simulation
tool). Scholarpedia 2, 1430.

Graybiel, A. (2005). The basal ganglia:
learning new tricks and loving it. Curr.
Opin. Neurobiol. 15, 638—644.

Graybiel, A. M., and Ragsdale C. W. Jr.
(1978). Histochemically distinct com-
partments in the striatum of human,
monkeys, and cat demonstrated by
acetylthiocholinesterase staining. Proc.
Natl. Acad. Sci. U.S.A. 75,5723-5726.

Graybiel, A. M., and Ragsdale, C. W. Jr.
(1979). Fiber connections of the basal
ganglia. Prog. Brain Res. 51,237-283.

Graziano, S. A., and Gross, C. G. (1993).
A bimodal map of space, somatosen-
sory receptive fields in the macaque
putamen with corresponding visual
receptive fields. Exp. Brain Res. 97,
96-109.

Grillner, S. (2006). Neuronal networks in
motion from ion channels to behav-

iour. An. R. Acad. Nac. Med. (Madr.)
123,297-298.

Grillner, S.,and Wallén, P. (1985). Central
pattern generators for locomotion,
with special reference to vertebrates.
Annu. Rev. Neurosci. 8,233-261.

Grillner, S., Wallén, P,, Saitoh, K., Kozlov,
A., and Robertson, B. (2008). Neural
bases of goal-directed locomotion in
vertebrates — an overview. Brain Res.
Rev. 57,2-12.

Groenewegen, H.J. (1988). Organization
of the afferent connections of the
mediodorsal thalamic nucleus in
the rat, related to the mediodorsal—
prefrontal topography. Neuroscience
24,379-431.

Gurney, K., Prescott, T. J., and Redgrave,
P. (2001). A computational model of
action selection in the basal ganglia.
I. A new functional anatomy. Biol.
Cybern. 84,401-410.

Hartmann von Monakow, K., Akert, K.,
and Kiinzle, H. (1978). Projections of
the precentral motor cortex and other
cortical areas of the frontal lobe to the
subthalamic nucleus in the monkey.
Exp. Brain Res. 33, 395-403.

Heida, T., Marani, E., and Usunoff, K.
G. (2008). The subthalamic nucleus
part IT: modelling and simulation of
activity. Adv. Anat. Embryol. Cell Biol.
199, 1-85, vii.

Hikosaka, O., Sesack, S. R., Lecourtier, L.,
and Shepard, P. D. (2008). Habenula:
crossroad between the basal ganglia
and the limbic system. J. Neurosci. 28,
11825-11829.

Humphries, M. D., Stewart, R. D., and
Gurney, K.N. (2006). A physiologically
plausible model of action selection
and oscillatory activity in the basal
ganglia. J. Neurosci. 26,12921-12942.

Inase, M., Buford, J. A., and Anderson,
M. E. (1996). Changes in the control
of arm position, movement, and tha-
lamic discharge during local inactiva-
tion in the globus pallidus of monkey.
J. Neurophysiol. 75, 1087-1104.

Jinnai, K., Nambu, A., and Yoshida, S.
(1987). Thalamic afferents to layer I
of anterior sigmoid cortex originat-
ing from the VA-VL neurons with
entopeduncular input. Exp. Brain
Res. 69, 67-76.

Joel, D., and Weiner, 1. (1997). The con-
nections of the primate subthalamic
nucleus: indirect pathways and the
open-interconnected scheme of basal
ganglia-thalamocortical circuitry.
Brain Res. Brain Res. Rev. 23, 62-78.

Karachi, C., Grabli, D., Bernard, F. A.,
Tandé, D., Wattiez, N., Belaid, H.,
Bardinet, E., Prigent, A., Nothacker,
H. P.,, Hunot, S., Hartmann, A.,
Lehéricy, S., Hirsch, E. C., and
Frangois, C. (2010). Cholinergic
mesencephalic neurons are involved

in gait and postural disorders in
Parkinson disease. J. Clin. Invest. 120,
2745-2754.

Kincaid, A. E., and Wilson, C. J. (1996).
Corticostriatal innervation of the
patch and matrix in the rat neostria-
tum. J. Comp. Neurol. 374, 578-592.

Kravitz, A. V., Freeze, B. S., Parker, P. R.,
Kay, K., Thwin, M. T., Deisseroth,
K., and Kreitzer, A. C. (2010).
Regulation of Parkinsonian motor
behaviours by optogenetic control
of basal ganglia circuitry. Nature 29,
466, 622-626.

Lebloise, A., Boraud. T., Meissner, W.,
Bergman, H., and Hansel, D. (2006).
Competition between feedback loops
underlies normal and pathologi-
cal dynamics in the basal ganglia. J.
Neurosci. 26, 3567-3583.

Lévesque, M., and Parent, A. (2005). The
striatofugal fiber system in primates:
a reevaluation of its organization
based on single-axon tracing stud-
ies. Proc. Natl. Acad. Sci. U.S.A. 102,
11888-11893.

Lin, C. S., May, P. J., and Hall, W. C.
(1984). Nonintralaminar thalamos-
triatal projections in the gray squirrel
(Sciurus carolinensis) and tree shrew
(Tupaia glis). J. Comp. Neurol. 230,
33-46.

McBride, R. L., and Larsen, K. D. (1980).
Projections of the feline globus pal-
lidus. Brain Res. 189, 3—14.

McHaffie, J. G., Stanford, T. R., Stein, B.
E., Coizet, V.,and Redgrave, P. (2005).
Subcortical loops through the basal
ganglia. Trends Neurosci. 28,401-407.

Mena-Segovia, J., Bolam, J. P, and Magil
P.J.(2004). Pedunculopontine nucleus
and basal ganglia: distant relatives
or part of the same family? Trends
Neurosci. 27, 585-588.

Mink, J. W. (1996). The basal ganglia:
focused selection and inhibition of
competing motor programs. Prog.
Neurobiol. 50, 381-425.

Nakanishi, H., Kita, H., and Kitai, S. T.
(1987). Electrical membrane proper-
ties of rat subthalamic neurons in an
in vitro slice preparation. Brain Res.
437,35-44.

Nambu, A. (2008). Seven problems on the
basal ganglia. Curr. Opin. Neurobiol.
18, 595-604.

Nambu, A., Tokuno, H., Hamada, 1.,
Kita, H., Imanishi, M., Akazawa, T.,
Tkeuchi, Y., and Hasegawa, N. (2000).
Excitatory cortical inputs to pallidal
neurons via the subthalamic nucleus
in the monkey. J. Neurophysiol. 84,
289-300.

Nambu, A., Tokuno H., and Takada M.
(2002). Functional significance of the
cortico-subthalamo-pallidal ‘hyper-
direct’ pathway. Neurosci. Res. 43,
111-117.

Parent, A., and Hazrati, L, N. (1995a).
Functional anatomy of the basal
ganglia. I. The cortico-basal ganglia-
thalamo-cortical loop. Brain Res. Brain
Res. Rev. 20,91-127.

Parent, A., and Hazrati, L. N. (1995b).
Functional anatomy of the basal
ganglia. II: the place of subthalamic
nucleus and external pallidum in basal
ganglia circuitry. Brain Res. Brain Res.
Rev. 20, 128-154.

Petras,J. M. (1967). Some efferent connec-
tions of the motor and somatosensory
cortex of simian primates and felid,
canid, and procyonid carnivores. Ann.
N. Y. Acad. Sci. 167, 469-505.

Phillipson, O. T., and Griffiths, A. C.
(1985). The topographic order of
inputs to nucleus accumbens in the
rat. Neuroscience 16, 275-296.

Redgrave, P., Coizet, V., Comoli, E.,
McHaffie, J. G., Leriche, M., Vautrelle,
N., Hayes, L. M., and Overton, P.
(2010). Interactions between the mid-
brain superior colliculus and the basal
ganglia. Front. Neuroanat. 4:132. doi:
10.3389/fnana.2010.00132

Rubchinsky, L. L., Kopell, N., and
Sigvardt, K. A. (2003). Modeling
facilitation and inhibition of com-
peting motor programs in basal
ganglia subthalamic nucleus-pallidal
circuits. Proc. Natl. Acad. Sci. U.S.A.
100, 14427-14432.

Sadikot, A. F,and Rymar, V. V. (2009). The
primate centromedian-parafascicular
complex: anatomical organization
with a note on neuromodulation.
Brain Res. Bull. 78, 122-130.

Sato, E, Parent, M., Lévesque, M., and
Parent, A. (2000). Axonal branching
pattern of neurons of the subthalamic
nucleus in primates. J. Comp. Neurol.
424, 142-152.

Shink, E., Bevan, M. D., Bolam, J. P, and
Smith, Y. (1996). The subthalamic
nucleus and the external pallidum:
two tightly interconnected structures
that control the output of the basal
ganglia in the monkey. Neuroscience
73,335-357.

Smith, Y., Raju, D. V., Pare, J. E, and Sidibe,
M. (2004). The thalamostriatal system:
a highly specific network of the basal
ganglia circuitry. Trends Neurosci. 27,
520-527.

Smith, Y., Raju, D., Nanda, B., Pare, J. E,
Galvan, A.,and Wichmann, T. (2009).
The thalamostriatal systems: anatomi-
cal and functional organization in
normal and Parkinsonian states. Brain
Res. Bull. 78, 60—68.

Takakusaki, K. (2008). Forebrain control
oflocomotor behaviors. Brain Res Rev.
57,192-198.

Takakusaki, K., Saitoh, K., Harada, H.,
and Kashiwayanagi, M. (2004). Role
of basal ganglia-brainstem pathways

Frontiers in Systems Neuroscience

www.frontiersin.org

March 2011 | Volume 5 | Article 13 | 11


http://www.frontiersin.org/Systems_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

Kamali Sarvestani et al.

Arbitration—extension hypothesis

in the control of motor behaviors.
Neurosci. Res. 50, 137-151.

Terman, D., Rubin, J. E., Yew, A. C., and
Wilson, C.J. (2002). Activity patterns
in a model for the subthalamopalli-
dal network of the basal ganglia. J.
Neurosci. 22,2963-2976.

Veening, J. G., Cornelissen, F. M., and
Lieven, P. A. (1980). The topical
organization of the afferents to the
caudatoputamen of the rat. A horse-
radish peroxidase study. Neuroscience
5,1253-1268.

White, N. M. (2009). Some highlights
of research on the effects of caudate
nucleus lesions over the past 200 years.
Behav. Brain Res. 199, 3-23.

Wichmann, T.,and DeLong, M. R. (1996).
Functional and pathophysiological
models of the basal ganglia. Curr.
Opin. Neurobiol. 6,751-758.

Winn, P. (2006). How best to consider the
structure and function of the pedun-
culopontine tegmental nucleus: evi-
dence from animal studies. J. Neurol.
Sci. 248, 234-250.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential conflict
of interest.

Received: 09 November 2010; accepted:
24 February 2011; published online: 11
March 2011.

Citation: Kamali Sarvestani I, Lindahl M,
Hellgren-Kotaleski ] and Ekeberg O (2011)
The arbitration—extension hypothesis: a

hierarchical interpretation of the func-
tional organization of the basal ganglia.
Front. Syst. Neurosci. 5:13. doi: 10.3389/
frsys.2011.00013

Copyright © 2011 Kamali Sarvestani,
Lindahl, Hellgren-Kotaleski and
Ekeberg. This is an open-access article
subject to an exclusive license agree-
ment between the authors and Frontiers
Media SA, which permits unrestricted
use, distribution, and reproduction in
any medium, provided the original
authors and source are credited.

Frontiers in Systems Neuroscience

www.frontiersin.org

March 2011 | Volume 5 | Article 13 | 12


http://www.frontiersin.org/Systems_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

	The arbitration–extension hypothesis: a hierarchical interpretation of the functional organization of the 
basal ganglia
	Introduction
	Hypothesis
	The two systems of the basal ganglia
	Input
	Function
	Hierarchical organization and output

	The arbitration system
	Primary loops
	Secondary loops

	The extension system
	Neuronal types and functions
	Striatopallidal projections

	Summary

	Model and demonstrations
	Discussion
	Acknowledgments
	References




