J Physiol 591.22 (2013) pp 5425-5431 5425

SYMPOSIUM REVIEW

The evolutionary origin of the vertebrate basal ganglia
and its role in action selection

Sten Grillner, Brita Robertson and Marcus Stephenson-Jones

Department of Neuroscience, Karolinska Institutet, SE-17177 Stockholm, Sweden

Neuroscience

Abstract The group of nuclei within the basal ganglia of the forebrain is central to the control of
movement. We present data showing that the structure and function of the basal ganglia have been
conserved throughout vertebrate evolution over some 560 million years. The interaction between
the different nuclei within the basal ganglia is conserved as well as the cellular and synaptic
properties and transmitters. We consider the role of the conserved basal ganglia circuitry for basic
patterns of motor behaviour controlled via brainstem circuits. The output of the basal ganglia
consists of tonically active GABAergic neurones, which target brainstem motor centres responsible
for different patterns of behaviour, such as eye and locomotor movements, posture, and feeding.
A prerequisite for activating or releasing a motor programme is that this GABAergic inhibition is
temporarily reduced. This can be achieved through activation of GABAergic projection neurons
from striatum, the input level of the basal ganglia, given an appropriate synaptic drive from
cortex, thalamus and the dopamine system. The tonic inhibition of the motor centres at rest
most likely serves to prevent the different motor programmes from becoming active when not
intended. Striatal projection neurones are subdivided into one group with dopamine 1 receptors
that provides increased excitability of the direct pathway that can initiate movements, while
inhibitory dopamine 2 receptors are expressed on neurones that instead inhibit movements and
are part of the ‘indirect loop’ in mammals as well as lamprey. We review the evidence showing
that all basic features of the basal ganglia have been conserved throughout vertebrate phylogeny,
and discuss these findings in relation to the role of the basal ganglia in selection of behaviour.
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eye movements or fight and flight behaviour, each species
has a set of motor programmes that are primed and can be
To generate the basic motor repertoire allowing any  activated ata given point of time (Fig. 1). The programmes
vertebrate to move, breath and swallow, or to perform  underlying these integrated patterns of behaviour are

Introduction

Sten Grillner is professor in neuroscience at the Karolinska Institutet. He is known for his work on the intrinsic function of the
brainstem—spinal cord networks controlling locomotion in mammals and a lower vertebrate model, the lamprey. Most recently
he has been working on the neural mechanisms underlying selection of behaviour using the lamprey as a model, which has had
a focus on the role of the basal ganglia and has shown that the organisation of the basal ganglia is conserved throughout the
vertebrate phylum. The co-authors, Marcus Stephenson-Jones and Brita Robertson, have contributed very importantly to this
work.

This report was presented at a symposium on Neural circuits in movement control, which took place at Trolleholm Castle (Lund), Sweden on 27-28
May 2011.
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generally conserved from cyclostomes (lamprey) to man,
although specific details of the movements may vary. These
motor programmes are for the most part generated at
the brainstem and spinal cord levels (see Grillner, 2003,
2006). In this review, we will consider the mechanisms
that determine when a given motor programme should be
recruited and in particular, consider the role of the basal
ganglia. We will first review the structure and function
of the basal ganglia and focus on the important direct
projections from the output nuclei to different brainstem
motor centres. We will show that the detailed organisation
of the basal ganglia is practically identical in mammals and
the lamprey, representing the oldest group of vertebrates,
and thus it has been conserved throughout vertebrate

phylogeny.

The output of the basal ganglia controls brainstem
motor programmes

The output level of the basal ganglia (see Fig. 2A) consists
of tonically active GABAergic neurones originating from
two nuclei, globus pallidus interna (GPi) and substantia
nigra pars reticulata (SNr). Subpopulations of GABAergic
output neurones from both structures have prominent
projections to different motor centres in the brainstem in
rodents, cats and primates as well as lower vertebrates
(superior colliculus, mesencephalic locomotor region,
postural centres, swallowing central pattern generators
(CPGs); Fig. 1) (see Swanson 2000). These neurons are
tonically active at rest and therefore maintain a continuous
inhibitory drive (Grillner ef al. 1997, 2005; Hikosaka et al.
2000; Takakusaki et al. 2004; Ménard et al. 2007; Ménard &
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Grillner, 2008; Takakusaki, 2008, 2010; Stephenson-Jones
et al. 2011, 2012a). Triggering a motor programme will
depend on removal of this tonic inhibition and therefore
the pallidal output neurones in turn need to be inhibited
from the input layer of the basal ganglia, the striatum
(see Brudzynski & Mogenson, 1985; Mogenson, 1991;
Hikosaka et al. 2000; Grillner et al. 2005, 2008; Ménard
et al. 2007; Kozlov et al. 2009). One important role of
the basal ganglia output in this context is to keep the
different motor centres under inhibitory control during
resting conditions, so that they only are released when
intended.

In addition to the pallidal control of motor centres,
the pallidum also projects back to groups of cells within
the thalamus that in turn project back to the cortex and
its counterpart pallium in lower vertebrates, which lack
a layered neocortex. The pallido-thalamo-cortical loops
have received considerable attention in the basal ganglia
literature and loops focused on emotions, motor and
cognitive functions (Alexander et al. 1986), although the
role of these pallido-thalamo-cortical loops is not yet clear.
A disinhibition of thalamocortical neurones caused by a
cessation of GPi/SNr discharge is thought to increase the
level of excitation of the different cortical target areas
including motor cortex. In humans, unilateral lesions
of the thalamic relay nucleus or of the pallidum are
performed to alleviate some of the motor symptoms of
Parkinson’s disease (e.g. Duval et al. 2006). These lesions
decrease the tremor, but leave the Parkinsonian gait and
posture unchanged. It is remarkable that no cognitive
or emotional symptoms are reported. It would be of
considerable interest to further explore the effects of such
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Figure 1. Common motor infrastructure from lamprey to man

Basic patterns of motor behaviour are controlled by neuronal networks (CPGs) located in the brainstem (e.g.
swallowing, breathing) or the spinal cord (e.g. locomotion) (indicated as yellow circles), and the organisation is
very similar throughout vertebrate phylogeny. The organisation of the basal ganglia is conserved from lamprey to
primates. The basal ganglia control the activity in different brainstem motor centres and play a crucial role in the
selection of motor behaviours. In primates and man a well-developed cerebral cortex provides a locus for networks
controlling fine motor skills, and it also receives input from the basal ganglia via the thalamus.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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lesions in order to acquire a better understanding of the
role of these pallido-thalamo-cortical loops. Under these
conditions, when cortex is out of the loop, all actions of
the basal ganglia will be exerted directly over brainstem
targets. In this context, it may be important to note that
mammals (e.g. cat) devoid of neocortex, but with all other
parts of the forebrain intact, display basic goal-directed
movements like searching for food and eating (Bjursten
et al. 1976), which is most likely dependent on the basal
ganglia control of brainstem circuits.

Cortex/Pallium

Striatum

Tectum/MLR/DLR

Motor Programs

B
lamprey _
560 mya mammals -
130 mya humans
0.2 mya

Figure 2. The organisation of the basal ganglia is almost
identical throughout vertebrate phylogeny — from lamprey to
primates

A, the striatum consists of GABAergic neurones (blue), as also globus
pallidus externa (GPe), globus pallidus interna (GPi) and substantia
nigra pars reticulata (SNr). SNr and GPi represent the output level of
the basal ganglia, and it projects via different subpopulations of
neurones to tectum (superior colliculus), the mesencephalic (MLR)
and diencephalic (DLR) locomotor command regions and other
brainstem motor centres, and also back to thalamus and cortex
(pallium in lower vertebrates). The indirect loop is represented by the
GPe, the subthalamic nucleus (STN) and the output level (SNr/GPi).
The striatal neurones of the direct pathway to SNr/GPi express D1R
and substance P (D1/SP), while the indirect pathway neurones in
striatum express D2R and enkephalin (D2/Enk). Excitatory
glutamatergic neurones are in pink. Also indicated is the dopamine
supply from the substantia nigra pars compacta (SNc; green). B, the
vertebrate lineage is represented. The lamprey had already diverged
from the main vertebrate line 560 million years ago (mya); mammals
emerged only some 130 mya and humans some 0.2 mya. Yet the
design of the basal ganglia is conserved from lamprey to primates. In
mammals there is a well-described pallido-thalamo-cortico projection
that has not yet been investigated in the lamprey.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Mechanisms underlying striatal control of action

We next need to consider the intrinsic function of striatum
and the intrinsic nuclei of the basal ganglia that ultimately
control the output level we have just discussed. The
projection neurones in the striatum are of two types
(see Fig.2A), one of which projects directly to sub-
populations of neurones at the output level (GPi, SNr)
and express dopamine receptors of the D1 type (DIR),
which mediate additional excitation. The other type
of projection neurones express dopamine D2 receptors
(D2R), which instead lower the excitability of this striatal
neurone subtype that projects to globus pallidus externa
(GPe), and this in turn interacts with the subthalamic
nucleus (STN), which projects to the output level. The
DI1R projection neurones are referred as a direct pathway
(to GPi and SNr) and are involved in the initiation of
different motor programmes, while the D2R projection
neurones are part of the indirect pathway, which inhibit
movements and serve asa NO-GO pathway (deLong, 1990;
Kravitz et al. 2010). There is also a ‘hyperdirect’ NO-GO
pathway from cortex to the subthalamic nucleus that will
enhance the inhibitory output. All these components of
the basal ganglia are conserved from lamprey to mammals
(see below).

Subpopulations of DIR projection neurones can thus be
thought of as controlling basic aspects of motor behaviour.
They are in turn dependent on excitatory input from
thalamus and cortex/pallium, which determine whether
they become activated or not. If activated they will take
part in the initiation of a given motor programme. The
cortical input to striatum has received much attention in
the literature, but there is also a direct input from the
thalamostriatal neurones (Lacey et al. 2007; Doig et al.
2010), which is almost as large as the cortical input and it
will presumably have a similar weight in determining the
activity level in striatal neurones.

The rich dopamine innervation of striatum is of
fundamental importance (Gerfen & Surmeier, 2011).
The tonic level of dopamine release determines the
responsiveness of the striatal neurons, and so too little
dopamine makes it difficult to initiate movements in
Parkinson’s disease. Similar motor symptoms occur in all
vertebrates investigated from lamprey to man (Thompson
et al. 2008). Essentially, too little dopamine will make
the DIR direct pathway more difficult to activate, while
the D2R NO-GO pathway instead will become more
active due to lack of D2R depression. Conversely, when
too much dopamine is available, for instance due to
medication, the threshold for initiation of movement is
lowered to the extent that involuntary movements may
arise, hyperkinesias, as opposed to the hypokinesia of
Parkinson’s disease. Together these observations testify to
the paramount importance of the basal ganglia in motor
control.
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The tonic level of dopamine release is thus a very
important feature for normal function of the basal ganglia
and the motor system. The dopamine neurones also have
another prominent role: to respond with short-lasting
bursts of activity during novelty perception or when a
reward is anticipated (Redgrave & Gurney, 2006; Schultz,
2007), a feature that can be important in promoting motor
learning. Conversely, a short-lasting decline in dopamine
activity occurs during aversive behaviour. The control of
activity in the dopamine system is thus another critical
element in the control of the striatal microcircuits. The
neural circuits responsible for the value-based changes
in dopamine discharge are not fully understood. The
lateral habenula plays an important role, in particular
for the phasic decline of dopamine activity during
aversive behaviour in both mammals and in the lamprey
(Hikosaka, 2010; Shabel et al. 2012; Stephenson-Jones
et al. 2012b). These circuits that control the striatum
via the lateral habenula and the dopamine system are
also exceedingly well conserved (Stephenson-Jones et al.
2012b).

The lamprey basal ganglia

Work in primates, rodents and lamprey have shown that
the different components of the basal ganglia in terms of
striatum, GPi, SN, GPe and STN and their connectivity,
as well as molecular phenotypes, are all conserved from
lamprey to mammals (Reiner et al. 1998; Hikosaka et al.
20005 Ericsson et al. 2011; Stephenson-Jones et al. 2011,
2012a; Ericson, 2012; Robertson et al. 2012). Also in birds
the indirect and direct pathways are present, although the
GPiand GPe neurones are located within the same nucleus
(Reiner et al. 1998).

The lamprey represents the oldest extant species, which
diverged from the main vertebrate line around 560 million
years ago (Kumar & Hedges, 1998; see Fig. 2B). Common
mechanisms within the organisation of the lamprey and
mammalian basal ganglia should thus be expected to have
been present from the beginning of vertebrate evolution.

During the last few years we have explored the structure
and function of the lamprey basal ganglia (Ericsson
et al. 2011, 2012; Stephenson-Jones et al. 2011, 2012a;
Robertson et al. 2012). At the onset of this work, we knew
that the lamprey had a striatum (Pombal et al. 19974,b),
but there were reports in the literature that the pallidum
was absent (Murakami et al. 2005). We have since shown
that the striatum contains two types of spiny projection
neurones that express D1 and D2 receptors and that these
neurones have similar membrane properties to those of
mammals, characterised by inwardly rectifying potassium
channels (Kir), which serve to keep the neurones at a
hyperpolarised level during rest, but which are inactivated
when the neurones are depolarised by excitatory input
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(Ericsson et al. 2011; Ericsson, 2012). The DIR spiny
neurones also express substance P. They project directly to
the lamprey SNr and GPi (Stephenson-Jones et al. 2011,
2012a). These output nuclei both contain tonically active
GABAergic neurones, which project to the different brain-
stem centres. The D2R (enkephalin)-expressing neuro-
nes instead project to GPe neurones that in turn project
to the glutamatergic lamprey STN, which projects back
to the globus pallidus. This means that the intrinsic
connectivity within the basal ganglia, the transmitters,
synaptic interaction, level of tonic activity, and subtypes
of ion channels are conserved from lamprey to primates
(Ericsson et al. 2011, 2012; Stephenson-Jones ef al. 2011,
2012a; Robertson et al. 2012).

The extrinsic input to the striatum from thalamus and
the lateral pallium is conserved even at the level of synaptic
dynamics with both providing a glutamatergic excitatory
input that activates AMPA and NMDA receptors on striatal
neurones. During a stimulus train the EPSPs elicited from
the pallium sum progressively at a facilitating synapse;
while the initial EPSPs from thalamus are large, the sub-
sequent EPSPs decline in amplitude, so sustained activity
generates a short-term depression (Ericsson ef al. 2012).
The mammalian cortical input to the striatum is also
facilitating, whereas it is depressing from thalamus (Ding
et al. 2008). This similar arrangement of the synaptic
properties between rodents and lamprey has been pre-
served throughout evolution, which may have functional
implications. Furthermore, there is a pallial projection
to the subthalamic nucleus (see Fig.2A), which would
correspond to the ‘hyperdirect pathway’ in mammals,
a pathway postulated to rapidly terminate an ongoing
movement by activating the GABAergic output neurones
(GPi/SNr) (Ocana et al. 2012).

A possible modular structure conserved from lamprey
to mammals

It thus appears that practically all details of the basal
ganglia circuitry had developed some 560 million years
ago (Ericsson er al. 2011, 2012; Stephenson-Jones et al.
2011, 2012a; Ericson, 2012; Robertson et al. 2012)
and continued in mammals when they appeared some
130 million years ago (see Fig.2B). The basal ganglia
structure developed most likely to control basic patterns
of behaviour, such as initiation of locomotion, steering,
eye movements and feeding. Figure3 illustrates the
concept that different modules within the basal ganglia
would be responsible for controlling different motor
programmes such as locomotion, eye movements and so
forth. Each such module would depend on input from
pallium/cortex, thalamus and the dopamine system, and
it would contain the different components of both the
direct (D1) and indirect pathways (D2), while the output

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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cells from GPiand SNr target different motor centres. Sub-
populations of pallidal neurons are engaged in the control
of different brainstem motor programmes and project
to the respective output structures in both lamprey and
rodents (Takakusaki, 2008; Stephenson-Jones et al. 2011,
2012a), and most likely there will be a corresponding
specificity in the striatum. Whether a given module is
selected for action will then depend on the excitatory
input from thalamus and pallium/cortex and in addition
the degree of tonic dopamine activity.

A conceptual scheme of this type could thus account
for the selection of one pattern of behaviour. Some motor
patterns can be combined, one can for instance walk and
chew at the same time (Kozlov et al. 2009), or walk and
turn at the same time; however, one can only turn left
or right, not both at the same time. There must thus be
a mechanism that gives priority to one behaviour over
another. These mechanisms remain to be understood, but
it is clear that the basal ganglia play an important role
in this context, but turning left or right could also be
handled at a downstream level through reciprocal action.
It is clear, however, that in humans an intact function
of the basal ganglia is required in order to generate a
smooth sequence of movements. In Parkinsonian patients
this ability is compromised and the patients tend only to
be able to perform one motor pattern at a time. In one
clinical test, the patient is asked to pick up an object from
the floor and then take two steps forward and put it on
a shelf (Johnels e al. 2001). A normal person combines

N
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N \?}(\ N
&
N
Q,§\\\>
s A
A
Feeding
Steering

Eye movement
Locomotion

Figure 3. Conceptual scheme of a modular organisation of the
basal ganglia, with one module for each type of motor
programme

Each module would contain the D1R and D2R projection neurones
and the components of the direct and indirect pathway GPi, SNr,
GPe and STN (see Fig. 2A). Each module would be activated, if
sufficient drive occurs from neurones in pallium/cortex and
thalamus. The responsiveness of the modules would be determined
by the tonic dopaminergic drive. Whereas the lamprey would have a
limited behavioural repertoire and few modules, mammals and
particularly primates have a very varied and versatile motor
repertoire and presumably a greater number of modules.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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these motor patterns in a smooth way, while the patient
breaks up the sequence into discrete steps.

Evolutionary considerations: exaptation

Whereas the lamprey has a very limited behavioural
repertoire and presumably a limited number of putative
modules to control different motor programmes, the
situation is different in mammals with an extensive
and varied set of motor behaviours. Since all the
different components of the basal ganglia are conserved,
it would seem likely that during development the
number of modules controlling behaviour has increased
with each new pattern of behaviour that has evolved.
The development would seem to have taken place
through a multiplication of basal ganglia modules
(Stephenson-Jones ef al. 2011) rather than through a
development of the intrinsic circuits of the basal ganglia,
which had been generally assumed. Such a process of
multiplication of existing types of modules to control new
functions is referred to as exaptation.

Concluding remarks

In this brief account we have tried to convey some under-
standing of the basal ganglia and their role in determining
which motor programme should be recruited at a given
moment of time. We have reviewed the evidence showing
that the basic features of the basal ganglia have been
conserved throughout vertebrate phylogeny, from lamprey
to primates. This indicates that this type of control circuit
is of critical importance and illustrates how an under-
standing of conserved vertebrate physiology can provide
insights into the integrated function of the neural circuits
controlling behaviour in mammals and other vertebrates.
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