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Abstract: Integrating individual actions into coherent,
organised behavioural units, a process called chunking, is a
fundamental, evolutionarily conserved process that renders
actions automatic. In vertebrates, evidence points to the
basal ganglia — a complex network believed to be involved in
action selection — as a key component of action sequence
encoding, although the underlying mechanisms are only just
beginning to be understood. Central pattern generators
control many innate automatic behavioural sequences that
form some of the most basic behaviours in an animal’s
repertoire, and in vertebrates, brainstem and spinal pattern
generators are under the control of higher order structures
such as the basal ganglia. Evidence suggests that the basal
ganglia play a crucial role in the concatenation of simpler
behaviours into more complex chunks, in the context of
innate behavioural sequences such as chain grooming in
rats, as well as sequences in which innate capabilities and
learning interact such as birdsong, and sequences that are
learned from scratch, such as lever press sequences in
operant behaviour. It has been proposed that the role of the
striatum, the largest input structure of the basal ganglia,
might lie in selecting and allowing the relevant central
pattern generators to gain access to the motor system in the
correct order, while inhibiting other behaviours. As behav-
iours become more complex and flexible, the pattern gen-
erators seem to become more dependent on descending
signals. Indeed, during learning, the striatum itself may
adopt the functional characteristics of a higher order pattern
generator, facilitated at the microcircuit level by striatal
neuropeptides.
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1 Introduction

Performing most behavioural patterns requires executing
sequences of actions with some degree of order. From
pressing alever, to making a cup of tea, behavioural patterns
tend to group themselves into units that are performed in a
fluent and seemingly effortless way. How individual actions
are integrated into coherent and organised behavioural
units, a process called chunking, is an important focus in
psychology and neuroscience (Buxton et al. 2017; Drummond
1981; Graybiel and Grafton 2015; Jin et al. 2014). The term
chunking was established by Miller (1956) in his classical
experiments on memory, in which he found that a single
item of information could be formed by a chunk of several
items. A chunk has been defined as “a collection of elements
having strong associations with one another, but weak
associations with elements within other chunks” (Gobet et al.
2001). Being able to represent information in this way is
believed to be a fundamental cognitive mechanism, since it
presumably alleviates the cognitive and memory load of any
system trying to store and process large amounts of infor-
mation (Solopchuk et al. 2016; Veksler et al. 2014).

In the motor domain, having a mechanism that allows the
storage of sequences of actions as integrated units has been
suggested as an efficient way of processing the large reper-
toire of behaviours that an animal can acquire throughout its
lifetime. Indeed, it is known that once a motor sequence is
learned, its performance is rendered faster and automatic,
suggesting a reduction in the cognitive load associated to its
performance (Dezfouli and Balleine 2012; Sakai et al. 2003;
Savalia et al. 2016; Smith and Grayhbiel 2016). In vertebrates,
evidence points to the basal ganglia — a complex network
believed to be involved in action selection — as a key system
implicated in action sequence encoding (Graybiel 1998; Jin
and Costa 2015).

2 The basal ganglia circuit

The basal ganglia are a group of subcortical nuclei that have
been found to be important in motor, cognitive and emotional
domains. Dysfunction of these nuclei has been associated
with a diverse range of disorders, from motor disorders,
such as Parkinson’s disease (PD) and Huntington’s disease, to
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cognitive disorders, such as obsessive-compulsive disorder
and other forms of compulsive behaviours (DeLong 1990;
Graybiel 2000). To understand the role of the basal ganglia in
behaviour it is important to begin with a short review of its
main nuclei and connections.

The basal ganglia consist of six main nuclei (see Figure
1). The striatum is its largest structure and its main input
nucleus, receiving substantial inputs from all over the brain,
mainly from the cortex and the thalamus, but also from
other structures, such as the globus pallidus and substantia
nigra pars compacta (SNc) (Guo et al. 2015; Wall et al. 2013).
Cortical inputs from motor, sensory and frontal areas either
extend no further than the striatum (intratelencephalic) or in
the case of neurons contributing to the pyramidal tracts,
innervate the striatum via collaterals of axons that extend
beyond the telencephalon, projecting to the thalamus, su-
perior colliculus and brainstem, amongst others (Shepherd
2013). Intratelencephalic projections from different cortical
areas show substantial overlap within the striatum, while
pyramidal tract neurons display more focal projections to
striatal subregions, putting the striatum in a privileged po-
sition to integrate information from several cortical areas
while still maintaining some segregation in the information
(Hooks et al. 2018). Another important source of inputs
comes from the thalamus, representing approximately 50 %
of the glutamatergic innervation to striatum (Doig et al.
2010), with the highest density coming from the paraf-
ascicular nucleus (PF) (Mandelbaum et al. 2019). Cortical and
thalamic inputs mainly target GABAergic medium spiny
neurons (MSNs), which comprise around 90-95% of the
striatum’s neuronal population. The remaining 5 % consists
of different types of interneurons, such as cholinergic and
GABAergic neurons, which, although a small proportion,
have been found to receive inputs from both within and
outside the striatum (Silberberg and Bolam 2015) and to play
an important role in behavioural output (e.g. Aoki et al. 2015;
O’Hare et al. 2017).

Striatal MSNs have been divided into two populations
that create two semi-independent pathways referred to as
the direct and indirect pathways. In the classical view, the
direct pathway is formed of MSNs that mainly express D1-
type dopamine receptors and directly project to the sub-
stantia nigra pars reticulata (SNr) and to the globus pallidus
internal section (GPi), the output nuclei of the basal ganglia.
On the other hand, MSNs of the indirect pathway express
mainly D2-type dopamine receptors and they indirectly
project to the output nuclei, mainly through the globus pal-
lidus external section (GPe) and the subthalamic nucleus
(STN), which are reciprocally connected. The STN and the
GPe are both connected to the basal ganglia output nuclei by
excitatory and inhibitory connections, respectively (Dong
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et al. 2021). Finally, the GPi and SNr project to the thalamus —
with densest projections to the PF and ventromedial
thalamic nuclei — which in turn projects back to the cortex
creating parallel, re-entrant, topographically organized
closed loops, where body subregions such as upper limb,
mouth and trunk, are represented separately (Bolam et al.
2000; Foster et al. 2021; Wickens 1997; see Figure 1). In
addition to these widely documented basal ganglia — thala-
mocortical loops, a parallel series of subcortical loops have
been identified, connecting the basal ganglia and the
brainstem. These loops run through the basal ganglia,
outputting via the SNr back to the input structures, such as
the superior colliculus and periaqueductal grey (McHaffie
et al. 2005). Alternatively, shorter loops between the SNr and
the brainstem have recently been identified (Al Tannir et al.
2023), and it has been shown that the SNr projects to over 40
brainstem targets in a topographically organized fashion,
giving the basal ganglia direct access to a wide range of
brainstem effector systems (McElvain et al. 2021). Thus, this
subcortical looped architecture has the capability to control
a wide range of behaviourally relevant functions indepen-
dently of, or in concert with, those arising from the cortex/
thalamus. For example, recent evidence suggests that the
basal ganglia, in particular the SNr, exerts direct control
over glutamatergic neurons in the midbrain locomotor
region (Roseberry et al. 2016). Overall, the basal ganglia’s
differentiated control of targets in the brainstem and in the
cortex, where evidence suggests that the loops through the
basal ganglia are themselves divided into numerous topo-
graphically organized sub-loops, suggests that the basal
ganglia exert highly specific control over diverse behav-
ioural domains (Alexander and Crutcher 1990; Foster et al.
2021).

This means that the direct and indirect pathways of the
basal ganglia can modulate behaviour through both cortical
and subcortical loops. These two pathways are believed to
have an important role in action selection (Cui et al. 2013;
Graybiel 2000; Redgrave et al. 1999). The basic idea behind
the classical model is that when MSNs of the direct pathway
are activated, they directly inhibit the output nuclei, SNr and
GPj, and given that these nuclei in turn exert tonic inhibition
over their thalamic targets, activation of direct pathway
MSNs ends up releasing the thalamus and the cortex from
inhibition, facilitating behaviour. On the other hand, acti-
vation of the indirect pathway leads to inhibition of the GPe,
which, given its inhibitory projections to the STN, releases
the excitatory STN input to the output nuclei. Thus, activa-
tion of the indirect pathway ends up increasing the activity
of the basal ganglia output nuclei, increasing inhibition over
thalamus and cortex, inhibiting behaviour (Albin et al. 1989;
DeLong 1990). Behavioural inhibition is further effected via
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Figure 1: Simplified diagram showing the connections between the main
basal ganglia nuclei. The striatum is the main input nucleus, receiving
inputs from cortex and thalamus. The basal ganglia network (within the
pink square) is classically divided into the direct pathway, which
comprises of medium spiny neurons (MSNs) that project directly from the
striatum to the substantia nigra pars reticulata (SNr) and globus pallidus
internal part (GPi); and the indirect pathway, which comprises of MSNs
that project to the output nuclei through connections with the globus
pallidus external part (GPe) and the subthalamic nucleus (STN). A
hyperdirect pathway connects the cortex with the STN and the SNR/GPi,
and the SNr/GPi both project to the thalamus and brainstem, as well as
the habenula in the case of the GPi. A loop links the GPe and STN, and a
return pathway has been identified from the GPe to the striatum,
originating from a population of neurons referred to as arkypallidal cells.
There is also a direct connection from GPe to the SNR/GPi, and from the
thalamus to the striatum. Finally, the substantia nigra pars compacta
(SNc) sends a dopaminergic projection to the striatum that is excitatory at
D1-type dopamine receptor expressing MSNs and inhibitory at D2-type
dopamine receptor expressing MSNs. Excitatory connections are in red
and inhibitory connections are in blue.

two additional pathways: (1) by a specialised class of inhib-
itory neurons in the GPe, the arkypallidal cells, which project
back to the striatum and hence are able to suppress behav-
iour (Mallet et al. 2016); and (2) through a class of GPe neu-
rons that directly inhibit the SNr (Dong et al. 2021). With
respect to the direct and indirect pathways, presumably the
existence of subcortical loops requires the classical model to
be extended such that the direct and indirect pathways exert
their control over the brainstem via direct projections from
the SNr (Al Tannir et al. 2023).

The striatum also receives a substantial dopaminergic
input from the SNc and ventral tegmental area, and dopa-
mine has a robust effect over striatal activity (Fisher et al.
2017; Matsuda et al. 2009). Dopaminergic afferents reach the
striatum primarily at the level of the dendritic spines and
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shafts of MSNs, converging in many cases with glutamatergic
cortical afferents (Freund et al. 1984), thus, dopamine is in a
privileged position to modulate cortico-striatal synapses
(Reynolds and Wickens 2002; Wickens 1997). The effects of
dopamine on the striatum have been found to be manifold,
depending on the area of the striatum, the activation of
specific dopamine receptors and on the pre and postsynaptic
firing pattern (Reynolds and Wickens 2002). Normally, low
levels of dopamine, pre (cortical) and post (striatal) synaptic
activity will cause long-term depression (LTD) (Calabressi
et al. 1992). However, the timing and pattern of the dopamine
released plays a key role, thus, it has been reported that if
dopamine is released in a high frequency phasic manner, at
the same time that cortical and striatal activity are present,
long-term potentiation (LTP) is induced at cortico-striatal
synapses (Reynolds and Wickens 2002; Wickens et al. 1996).
In summary, activation of the direct pathway disinhibits
the thalamus and the brainstem, and thus its main role has
been suggested to be to allow the expression of behaviours,
whereas activation of the indirect pathway increases inhi-
bition over the thalamus and the brainstem, thus, decreasing
behavioural expression, with dopamine playing a key role in
modulating striatal output. When it comes to learning and
executing sequential behavioural patterns, although it is
known that patients with disorders such as PD, in which the
striatum is severely affected, display disrupted sequencing
and automaticity of actions (Casarrubea et al. 2019; Har-
rington and Haaland 1991; Tremblay et al. 2010), the under-
lying mechanisms responsible for encoding action
sequences as units are only just beginning to be understood.
In the following sections some of the main results obtained
from innate and learned action sequences are reviewed.

3 Innate behavioural sequences

It has been argued that examining how action sequences are
implemented in models of innate and seemingly simple be-
haviours, could help us elucidate how more complex
behavioural patterns are assembled, given that many of the
higher order processes that we observe in animals and
humans are believed to be the result of modifications to
innate behavioural mechanisms (Berridge and Whishaw
1992; Grillner and Wallen 2004). Fixed action patterns are
classically defined as behavioural patterns that are (1)
innate, that is, they have not been modified by learning, and
(2) triggered by specific stimuli, both external (e.g. the
presence of an object) and internal (e.g. the release of a
hormone). The complexity of these fixed action patterns can
vary from simple actions, like the Greylag goose retrieving
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eggs back to its nest, to elaborate sequences, such as the
mating dance of the three-spined stickleback (Tinbergen
1951). Although it is now more accepted that some innate
patterns can be modified to some extent by processes such as
learning and sensory feedback (Grillner and Wallen 2004),
using fixed action patterns as models to study action se-
quences has the advantage that any disruption found in their
sequential implementation is minimally confounded by
other cognitive processes. Thus, they give the opportunity to
study the mechanisms behind sequential patterning in a
relatively isolated preparation (Berridge and Whishaw 1992;
Kalueff et al. 2007). There are several examples of innate
behaviours that have been used to study the serial order
problem. In this review we will focus on three major cate-
gories: innate rhythmic behaviours, rodent grooming, and
birdsong, all of which have been thoroughly studied.

3.1 Rhythmic behaviours

Many of the most basic behaviours that are in our behav-
ioural repertoire, such as breathing, and others that do not
seem so basic, such as walking, are formed of rhythmic se-
quences of movements. Many of these patterns involve
temporally organised sequences of muscle activations that
are regulated subcortically by neural networks called cen-
tral pattern generators (CPGs) (Bucher et al. 2015). CPGs are
neural networks that control many innate automatic
behavioural sequences that form some of the most basic
behaviours in an animal’s repertoire, something that has
been called the motor infrastructure (Grillner and Wallen
2004). CPGs are present in many species, both in in-
vertebrates, controlling behaviours such as crawling in
leeches and swimming in molluscs (Cacciatore et al. 2000;
Sakurai and Katz 2016); and in vertebrates, underlying
locomotion and other behaviours in several species, such as
lampreys, zebrafish, turtles and cats, to mention a few
(Berkowitz et al. 2010; Marder 2000). Although most studies
of CPGs have been performed on small invertebrates and
lower vertebrates, due to their reduced number of neurons,
several shared characteristics across many species have
been found (Bass 2014; Grillner and Wallen 2002; Grillner
et al. 2005).

The main characteristic of CPGs is that they can generate
continuous rhythmic activity without external tonic timing
inputs or sensory feedback (Marder and Bucher 2001; Sat-
terlie 1985). Thus, as their name indicates, their pattern of
activity can be produced intrinsically, both by synaptic
connections and through neuromodulation (Bucher et al.
2015; Marder and Bucher 2001). This means that the basic
behavioural patterns controlled by CPGs can still be found
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after deafferentation. For example, both leeches and cats can
still produce somewhat normal coordinated locomotion af-
ter deafferentation and, in the case of leeches, even after
complete decerebration (Cacciatore et al. 2000; Frigon and
Grossard 2010).

Although sensory feedback is not necessary for the
production of the basic activity pattern, depending on the
behaviour, some characteristics of the CPG’s dynamics do
depend on sensory feedback to different degrees. For
example, the rhythmic wing sequence of movements
executed by some insects to fly can still be produced after
sensory deafferentation, but it is considerably slowed down
and the inter-segmental coordination is affected (Pearson
and Wolf 1987). Other CPGs, like the ones controlling
swimming in the crayfish, can still produce basic rhyth-
micity and coordination after all sensory afferents have
been cut (Hughes and Wiersma 1960). The dependency on
sensory feedback is believed to be subject to how stable or
variable the environment was in which the behaviours
evolved (Cacciatore et al. 2000).

3.2 Neural bases of CPGs

A CPG unit has been described as “a group of neurons that
can generate recurrent bursts” (Grillner 2006). This bursting
activity pattern in vertebrates arises from relatively simple
designs formed mostly of motoneurons and glutamatergic
(excitatory) and glycinergic (inhibitory) interneurons
located in the brainstem and spinal cord (Grillner 2003).
There are two main neural mechanisms by which a CPG
network is able to produce rhythmic sequential activity.
First, some CPGs have neurons with intrinsic oscillatory
properties, referred to as “pacemakers”, which are able to
impose rhythm on a network that by itself does not burst
periodically (Marder and Bucher 2001). These types of net-
works usually control behaviours where the rhythm needs
to be present for prolonged times or even at all times, such as
respiration in mammals and swimming in jellyfish (Marder
and Bucher 2001; Rekling and Feldman 1998; Satterlie and
Nolan 2001).

Nonetheless, it is more common that the patterned
activity of a CPG is the result of its synaptic interactions, and
that the resulting behaviour can be started and stopped at
will, as in locomotion, which can be initiated and ended in a
goal-directed manner (Grillner 2006; Grillner and Wallen
2004). Thus, in cases where there are no pacemaker neurons,
the rhythmic activity of the networks emerges from the
connections between its neurons and the descending affer-
ents that reach the CPGs (Bucher et al. 2015; Satterlie 1985). In
general terms, it is believed that CPG reconfiguration
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Figure 2: Central pattern generator (CPG) selection. The cortex in
mammals and the corresponding structures in lower vertebrates
(pallium), alongside the thalamus, provide an excitatory (red) input to
striatum. The striatum consists primarily of inhibitory (blue) GABAergic
neurons, which in turn inhibit the output nuclei of the basal ganglia
(pallidum, and in mammals, the substantia nigra pars reticulata [not
shown]), as part of the basal ganglia’s direct pathway. The output nuclei
again consist of GABAergic neurons, and their high level of baseline
activity keeps CPGs elsewhere in the nervous system under tonic
inhibition. This is released when the striatum is activated and inhibits the
output nuclei, resulting in a disinhibition of the CPGs. Dopamine (DA)
affects the responsiveness of striatal neurons. Reproduced with
permission from Grillner et al. (2006).

depends significantly on neuro-modulatory projections,
both from descending projections and from sensory feed-
back (Marder 2000; Ramakrishnan et al. 2014). The basal
ganglia output nuclei send projections to brainstem nuclei,
which project back to the striatum through the thalamus,
thus, putting the basal ganglia in a position to modulate the
selection of motor plans encoded in brainstem and spinal
CPGs via descending commands (Grillner et al. 2005;
McHaffie et al. 2005; see Figure 2).

In conclusion, CPGs are neuronal networks that control
basic sequences of movements, and are able to sustain their
basic firing pattern without external inputs, although, in
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some instances they can be modified by sensory feedback
and descending influences, giving them some flexibility
(Grillner 2006). Those descending influences, for example
from the basal ganglia, are also in a position to select
appropriate CPGs as required (Grillner et al. 2005; McHaffie
et al. 2005). In the following section we will review grooming
sequences, an innate behaviour that — although controlled
by CPGs in the brainstem — its sequential patterning seems to
come from the basal ganglia.

3.3 Grooming behaviour

Grooming hehaviours, such as body licking, face washing
and paw licking, are innate behaviours present in many
species and can be rich in structure. Berridge et al. (1987)
discovered that among the several behaviours that are
performed within a grooming bout, rodents execute
grooming chains with a very specific order, both spontane-
ously and triggered by certain stimuli (e.g. water on the
rodent’s fur). These stereotypical grooming chains are pre-
sent in many species — such as squirrels, guinea pigs, gerbils
and hamsters — that differ up to 65 million years in their
evolution, suggesting that the implementation of this
patterned behaviour, and possibly the mechanism underly-
ing it, is highly conserved (Berridge 1990).

The stereotypical grooming chain is different in each
species of rodent. Nonetheless, in all of them, around four
sequential phases with a hierarchical structure can be found
(Berridge 1990). In rats, the grooming chain consists of four
phases executed in a specific order, with a cephalo-caudal
direction (Kalueff et al. 2007). The first phase consists of a
series of very fast and small elliptical strokes around the
nose. This is followed by a series of unilateral strokes around
the mystacial vibrissae below the eye and a set of large
bilateral and symmetrical strokes that usually go over the

TIME (SECONDS)
T T T T
0 1
RIGHT 2 2 2
VIBRASSAE ,\/\/\/\/\'\
Ja'aa'a'A'AA)
S~ MIDLINE e T
VIBRASSAE
EYE
LEFT

B Unilateral Stroke C Bllateral Stroke

gL RN

Phase 2 Phase 3

Phase 1

D

Flank Lick

Phase 4

Figure 3: Phases of the grooming chain. Bottom: Drawings showing the four phases (A-D) of the grooming chain in their order of appearance; Top: The
movement path of the forelimbs over time, showing the distance from midline (vertical dimension). The inset diagram to the left shows a rat’s face as
viewed from below on the video monitor on which the distances were determined. The movements from midline are measured from the midline to the
centre of the forepaw (Y dimension on this drawing), with the base of the vibrissae, eyes, and ears as landmarks. Reproduced with permission from

Aldridge and Berridge (1998); © 1998 The Society for Neuroscience.
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ears. The chain is finished when animals turn to their flank
and begin to lick their body. The completion of the first three
phases takes between 3 and 5s, while the last element’s
length can vary, lasting up to 30 s (Berridge 1990; Berridge
et al. 1987; see Figure 3).

It has been calculated that the appearance of this
grooming chain is 13,000 times more likely than would be
expected by chance, representing an exceptional case of
serial order (Berridge et al. 1987). Thus, it is believed that the
execution of the grooming chain is not the result of some
random process, but rather the product of an active sequen-
tial mechanism. However, it is also possible to observe the
behaviours that are part of the grooming chain performed in
an unstructured way during grooming bouts. This has been
used as a way to compare whether a treatment has an effect
only in the context of the grooming chain or on the whole
grooming hout (Berridge 1990). Importantly, the grooming
chain is executed as a unit. Once the first element of the
chain is performed, the probability that the rest of the
elements will be completed in the same order is around 0.9
or higher (Berridge and Whishaw 1992). Therefore, the
execution of the first element, the elliptical strokes, is usually
taken as a reliable criterion to identify the presence of a
grooming chain. The high degree of stereotypy and the fact
that the elements of the chain are easily distinguishable, have
made it a useful behavioural model to study the imple-
mentation of sequential organisation (Kalueff et al. 2007).

3.4 Neural substrate underlying the
grooming chain

Berridge, Aldridge and collaborators exploited the grooming
chain as a behavioural model to investigate the neural
structures underlying the implementation of action se-
quences. Through different lesion and electrophysiological
studies, they have found that the basal ganglia are a key
network in the performance of this sequential innate
behaviour. Accordingly, it has been found that disruptions in
the execution of the grooming chain are present in animal
models of Tourette’s syndrome (Taylor et al. 2010), obsessive
compulsive disorder (Berridgem et al. 2005) and Hunting-
ton’s disease (Tartaglione et al. 2016), all of them disorders
related to dysfunction of the basal ganglia.

From several studies, the striatum has emerged as a key
region for the implementation of the sequential order of the
grooming chain. Striatal damage decreases the probability of
completing the grooming chain and increases its duration,
without actually damaging the ability of the rats to perform
each behaviour individually (Berridge and Fentress 1987b;
Tartaglione et al. 2016). Lesions to brain structures known to
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have a role in motor control, such as the cerebellum, primary
and secondary motor cortex or the entire neocortex, do not
seem to produce any lasting effects on the sequential orga-
nisation of the grooming chain (Berridge and Whishaw
1992). Furthermore, lesions to other structures in the rat,
such as globus pallidus (equivalent to the primate GPe) or
ventral pallidum do not affect grooming chain serial per-
formance either (Cromwell and Berridge 1996).

In more detailed studies, it has been found that only
lesions in the anterior dorsolateral striatum (DLS) disrupt
the serial execution of the grooming chain, with only around
24 % of the chains being completed correctly. Excitotoxic
lesions in the dorsomedial, ventromedial or ventrolateral
striatum do not disrupt its execution (Cromwell and Ber-
ridge 1996). This is interesting, given that the DLS has been
related to the performance of habitual behaviours, sug-
gesting a possible overlap of mechanisms (Yin and Knowlton
2006). Again, interestingly, sensory deafferentation of the
face also has no effect on grooming chain performance,
suggesting that the serial order of this behavioural pattern is
not based on somatosensory feedback, but rather on some
central mechanism possibly implemented or at least modu-
lated by the striatum (Berridge and Fentress 1987a). This
independence from sensory feedback and the fact that the
order of the grooming chain seems to be independent of
timing from cortical inputs has led to the suggestion that
CPGs in the brainstem are modulated by the striatum, which
contributes to the sequential pattern (Cromwell and Ber-
ridge 1996).

Electrophysiological studies have revealed that neurons
in the DLS display higher firing rates when each of the chain
behaviours are executed in the context of the ordered
grooming chain than when these same behaviours are
performed in an unordered fashion. This is not observed in
the ventromedial striatum, where neuronal activity seems to
be more strongly related to the initiation of the grooming
sequence (Aldridge and Berridge 1998; Aldridge et al. 1993).
Neurons in the SNr have also been found to show distinctive
firing patterns according to whether the grooming behav-
iours are performed inside or outside the grooming chain.
Neurons in SNr are excited during the initiation of the chain,
and significantly more inhibited as the grooming chain is
performed (Meyer-Luehmann et al. 2002). The distinctive
increase in activity observed when the grooming chain is
executed has also been observed in the execution of se-
quences that, although not as stereotyped, follow a certain
order. Aldridge et al. (2004) analysed what they called the
“warm-up sequence”, a sequence of behaviours that occurs
when rats transition from periods of immobility to periods of
movement. This sequence is composed of resting, head and
torso movements and locomotion, and it tends to occur in
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this particular order, although not in such a fixed way as the
grooming chain. Nevertheless, a similar increase of striatal
activity is observed during its execution. Although this
increased firing is at a lower level than the one observed in
the grooming chain, these results suggest that the striatum
could be involved in sequential action organisation in a
general way.

Finally, damaging dopaminergic nigrostriatal pro-
jections can lead to a decrease in the percentage of correct
completions of the grooming chain, suggesting a role for
dopamine in sequence implementation (Berridge 1989;
Pelosi et al. 2015). Accordingly, increasing dopamine levels in
the mouse brain renders the performance of the grooming
chain more rigid, making hyper-dopaminergic mice more
resistant to disruptions of the chain (Berridge et al. 2005).
Likewise, D1-type receptor agonists generate super-stereotypy
in the grooming chain; and co-administration of D2-type
receptor antagonists decrease these effects, suggesting that
both D1-type and D2-type dopamine receptors are involved
in the implementation of sequential stereotypy (Taylor
et al. 2010).

In summary, studies carried out with the grooming
chain as a model have suggested that the basal ganglia, and
in particular the DLS, play a crucial role in the imple-
mentation of these sequential patterns, with increased firing
rates only during ordered sequences both in striatum and
SNr, with an important role for dopamine. It has been pro-
posed that the role of the striatum might lie in selecting and
allowing the CPGs in charge of the grooming chain to gain
access to the motor system in the correct order, while
inhibiting other behaviours (Berridge and Wishaw 1992). In
the following section we will discuss some results that have
been found in another innate sequential behaviour linked to
the basal ganglia, birdsong, which unlike grooming, has a
learning phase.

3.5 Birdsong

Many species of birds sing songs in order to reproduce and
defend territory. These songs are arrays of complex se-
quences of syllables that display long-range correlations that
can extend up to 10 s over time (Markowitz et al. 2013); thus,
they have also been used as a behavioural model to study
sequence codification. Much like the grooming chain, bird-
songs are arrangements of syllables that are not random —
they tend to follow a predictable order and they recurrently
start and finish in the same way (Gil and Slater 2000).
However, unlike other innate behaviours, birds go through a
learning period before they crystallise their song structures,
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which has suggested that birdsong arose from the relaxation
of an innate mechanism (Gardner et al. 2005).

The process of vocal learning in birds is usually divided
into two general phases: (1) a sensory phase in which birds
listen to the songs of more experienced “tutor” birds, and (2)
a sensorimotor learning phase, in which birds practice the
memorised songs and perfect them. After these phases,
songs are crystallised into highly stereotyped patterns
(Williams 2004). Therefore, birdsongs are an interesting
sequential behavioural pattern to review, because both
innate and learning mechanisms are at play in the devel-
opment of the songs’ structure (Gardner et al. 2005).

Depending on the species, birds develop different song
repertoires, from Bengalese finches performing only one
stereotyped song, to nightingales that produce over 200
different song types. To deal with the serial information
present in the songs, it has been shown that many species of
birds, such as canaries, zebra finches and nightingales,
produce phrases of syllables, sometimes called “motifs”,
which themselves can be grouped into songs (Hultsch and
Todt 1989). This arrangement of syllables is believed to be
done in a hierarchical manner, which, much like chunks in
the motor domain, allows an efficient way to process and
store the large number of syllables a bird can come to
produce (Markowitz et al. 2013).

These syllable phrases have been described as “subsets
of sequentially associated items”. They are characterised by
having large transition probabilities between elements of
the same phrase or chunk, and low transition probabilities
between phrase boundaries. Furthermore, these syllable
phrases are separated from each other by long silent in-
tervals. The timing of these intervals correlates with how the
syllables are sequenced, with high transition probabilities
associated with short silent intervals and low transition
probabilities with long ones (Matheson and Sakata 2015;
Takashi et al. 2010), suggesting a similar sequence represen-
tation as the one described in mammals, who display short
inter-response times between actions within a chunk, and
long inter-response times between chunks (Sakai et al. 2003).

This syllable organisation gives rise to highly consistent
songs. The high degree of song stereotypy is believed to have
been selected by evolution, since female birds prefer males
that sing more stereotyped syllable sequences (Sakata and
Vehrencamp 2011). Indeed, it is known that some aspects of
the syntactic organisation of songs is imposed by innate
mechanisms, given that birds reared in isolation are able to
develop some structured songs (Liu and Nottebohm 2007).
Moreover, even if birds are exposed to incorrect tutor songs,
they still develop structured songs. For example, birds
tutored with songs without the species-typical first element,
tend to invent their own initial element (Hultsch and Todt
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1989). Interestingly, creating chunks of syllables also seems
to be, at least partly, an innate characteristic, since birds
exposed to really long tutor songs (i.e. with less and shorter
boundaries) have a tendency to spontaneously segment the
songs into smaller segments, even though they were not
explicitly tutored to do it (Hultsch 1992).

Nonetheless, although birds exposed to these “incor-
rect” tutor songs or birds reared alone (i.e. untutored) pre-
serve some characteristics of normal songs, they do display
odd structures, with decreased sequential stereotypy and
smaller song repertoires (Hultsch 1992; Hughes et al. 2002),
meaning that learning in birdsongs plays an important role
for the development of their structure. During the learning
period, sensory feedback is very important to refine the
precise execution of the song, but once learned, a song’s
rendition becomes very stable, and it does not change even if
birds are exposed to new tutor songs (Brainard and Doupe
2000). However, after crystallisation, if auditory feedback is
disturbed by external noises, birdsongs display disruptions
both in sequencing and timing aspects, with less stereotyped
songs and with slower tempo (Sakata and Brainard 2006).
This seems to be in contrast with chain grooming, a much
less flexible behaviour, which can be carried out normally
without any sensory feedback (Berridge and Fentress 1987a).
Thus, more flexible mechanisms play an important role in
the execution of crystallised syllable sequences.

3.6 Neural circuits underlying birdsong

The system in charge of producing songs in birds involves
the avian cortex, basal ganglia, thalamus and brainstem
nuclei. This song system has been typically divided into two
pathways: (1) the motor or posterior pathway which is
necessary for acquisition and execution, and (2) the anterior
pathway which is only necessary for acquisition (Nottebohm
2005). In the motor pathway, neurons from the high vocal
centre (HVC) send projections to the robust nucleus of the
arcopallium (RA), which in turn is directly connected to
brainstem and midbrain neurons that control the vocal and
respiration muscles (Bertram et al. 2014). On the other hand,
in the anterior pathway, neurons from the HVC send pro-
jections to Area X, a structure homologous to the mammalian
striatum. Area X in turn sends exclusive inhibitory pro-
jections to a portion of the dorsolateral anterior thalamic
nucleus, which in turn sends exclusive projections to the
lateral magnocellular nucleus of the anterior nidopallium
(LMAN; Bottjer et al. 1989), which by projecting back to the
RA closes the cortico-basal ganglia-thalamocortical loop.
HVC and RA are analogous to the premotor and motor cortex
in mammals, respectively (Brainard and Doupe 2013), thus,

DE GRUYTER
Mammal Songbird
LMAN p—
— —— RA p—
Cortex — Ve
Basal ganglia Area X
Pallidum Pallidum
—<« Thalamus —— —< Thalamus ——
Dopamine Dopamine
Sequential Song
motor output
output

Figure 4: Comparison of the mammalian and avian basal ganglia
network. LMAN: The lateral magnocellular nucleus of the anterior
nidopallium, HVC: High vocal centre, RA: robust nucleus of the
arcopallium. Excitatory connections are in red and inhibitory connections
are in blue. Yellow/semi-circles indicate mixed excitatory/inhibitory
connections.

the posterior pathway is mostly a motor cortical circuit,
while the anterior pathway resembles the cortico-thalamo-
basal ganglia loop observed in mammals (Jarvis et al. 1998;
Mooney 2009). A comparison is shown in Figure 4.

The roles of these two pathways differ at the different
stages of song acquisition. The motor pathway, as its names
indicates, is fundamental for motor control. Lesions to this
pathway lead to the complete loss of singing (Nottebohm
et al. 1976). Furthermore, the highly stereotyped perfor-
mance of crystallised songs is believed to come from activity
in this pathway, since lesions to the HVC (i.e. homologue of
the premotor cortex) lead to disruptions in the songs’
stereotypy and timing (Long and Fee 2008; Thompson and
Johnson 2007). Recordings made from HVC neurons have
shown that these neurons fire only once per song phrase or
motif, suggesting a sparse hierarchical coding of song
phrases in this area (Hahnloser et al. 2002). Neurons in the
HVC are connected in a chain fashion, believed to be
responsible for producing the ordered sequences of syllables
(Long et al. 2010), which shares some similarities with the
neuronal chains believed to orchestrate sequential activa-
tion for crawling patterns in leeches (Cacciatore et al. 2000).

Lesions to the anterior pathway (i.e. the avian basal
ganglia) only disrupt the songs’ structure when they are
performed during the phase of song acquisition. If lesions to
the LMAN are made during acquisition, the stereotypy of the
songs significantly increases, producing highly repetitive
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patterns from very early on, indicating that one of the main
roles of this pathway is to introduce variability, a key
component for learning (Olveczky et al. 2005). This vari-
ability is apparently not completely random, since it has
been shown that stimulating the LMAN can bias the song
towards specific goals (Kao et al. 2005). On the other hand,
birds that are lesioned in Area X, equivalent to the
mammalian striatum, are never able to develop a struc-
tured song, displaying longer than normal syllables and
less sequence stereotypy (Scharff and Nottebohm 1991).
When birds are already adults, lesions to Area X slow down
the song production, increasing the inter-syllable intervals,
although unlike the chain grooming and the mammalian
striatum, sequence production is preserved (Chen et al.
2014). That said, similar to the mammalian striatum, Area X
in birds receives a dopaminergic input. Optogenetic inac-
tivation or excitation of these dopaminergic terminals
leads to online changes in the songs’ structure, suggesting
that dopamine serves as a key teaching signal shaping the
songs (Xiao et al. 2018). Finally, the medial portion of the
avian dorsolateral anterior thalamic nucleus seems to be
more implicated in song initiation, since birds lesioned in
this area, although still able to produce certain calls, hardly
sing and when they do, they show disrupted rhythm,
possibly showing a deficit in initiating and pacing of syl-
lable sequences (Chen et al. 2014).

In conclusion, it seems that developing chunks or motifs
is a strategy that has been used by several species to deal
with large amounts of serial information, with a hierarchical
representation being favoured. However, in contrast to the
grooming chain and other innate behaviours, in birdsong
there is an added learning process, in which both sensory
feedback and variability are two fundamental aspects for
the development of stereotyped sequences. In terms of the
neural circuits involved, while in the grooming chain the
striatum along with its downstream targets are apparently
enough for its sequential implementation, in birdsong,
damage to the homologous striatum, Area X, preserves the
ability to produce a sequentially ordered song once learnt.
However, it renders birds unable to learn new structured
songs. Syllable sequencing with learnt songs seems to be
imposed by the cortical pathway, with the avian cortico-
basal ganglia network playing a key role in the sensorimotor
learning of the songs. Furthermore, the flexibility in song
production suggests that as behaviours become more com-
plex, such that they incorporate a learned component, CPGs
in the brainstem and spinal cord seem to become more
dependent on descending signals. In the following section,
we take learning one step further and review some of the
findings in scenarios in which completely new sequences of
behaviours have to be acquired.
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4 Learned behavioural sequences

Innate behaviours are only a part of an animal’s behavioural
repertoire. One of the most important abilities linked to
survival is the capacity to learn new behavioural patterns in
order to adjust to a changing environment. There are several
ways in which a new behaviour can be acquired. In this
section we will focus on reinforcement learning (RL), in
which - by trial and error — animals learn to modify their
behaviour in order to obtain reinforcers, such as food or
shelter (Sutton and Barto 1998). RL is believed to involve the
acquisition of two basic relationships: a response-outcome
relationship and a stimulus-response relationship. These
two associations are believed to be the basis of goal-directed
and habitual behaviours, respectively (Balleine et al. 2009).
The cortico-basal ganglia network has been thoroughly
implicated in these two learning systems, with the dorso-
medial striatum (DMS) found to underlie goal-directed pro-
cesses and the dorsolateral striatum, habitual ones (Lipton
et al. 2019; Yin and Knowlton 2006). Although learning an
action sequence encompasses both associations, there are
added challenges when instrumentally learning a new
sequence of actions.

First of all, in most instances of action sequence
learning, there is no template to which each element of a
sequence can be compared, unlike birds learning songs,
which hold a copy of their tutor’s song in memory and adjust
their performance in accordance. Usually, the feedback
about whether the actions were performed correctly or not
is only obtained after the whole sequence is completed,
meaning that animals must learn to assign credit to tempo-
rally distant elements. Although the main proposal has been
that credit back-propagates as action sequences are learned,
that is, the last element of an action sequence is learned first
and earlier elements are subsequently learned, recent
findings have called into question this idea (Fu and Anderson
2008; Geddes et al. 2018). Additionally, it has been found that
a well learned action sequence can resurface in the behav-
ioural repertoire of an animal even after it has been extin-
guished (Bacha-Mendez et al. 2007). This is believed to
indicate that the sequence has been chunked into an inte-
grated unit, possibly involving not only action-outcome and
stimulus—action relations, but also action-action associa-
tions. This suggests that some kind of neural representation
of the sequence as a unit and action—action associations
must be encoded and stored somewhere in the brain. How-
ever, how learned action sequences are actually put together
and then represented is still a matter of debate. In the
following section we turn to some of the findings that have
shed some light to these questions.
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4.1 Neural substrate underlying sequence
learning and performance

Just as the cortico-basal ganglia network is necessary for
learning sequences of syllables in hirds, it has also been found
to be fundamental for sequential learning and chunking in
mammals (Boyd et al. 2009; Fee and Scharff 2010; Graybiel
1998). In this section, studies involving lesions, electrophysi-
ological recordings, pharmacological interventions and
optogenetic manipulations of the basal ganglia during
sequential learning tasks are reviewed.

First of all, as with the innate grooming chain, the
striatum has been found to be a key region in learned action
sequences, with different roles for the medial and lateral
aspects. Lesions to the DLS, but not the DMS during the early
stage of learning have been found to selectively disrupt
action sequence acquisition, without actually producing any
deficit in single action learning, suggesting that the DLS
might have a very specific role in action concatenation
(Geddes et al. 2018; Yin 2010). This has also been reported in
humans, in which evidence also suggests that sequencing is a
task of the striatum, while premotor areas of the cortex and
cerebellum are more involved in other motor and cognitive
aspects of the task (Janacsek et al. 2020; Wymbs et al. 2012).

Furthermore, electrophysiological recordings have
revealed that as a sequence is learned a bracketing activity
at the beginning and end of the sequence emerges and re-
mains even after devaluation, suggesting that this activity
pattern might represent the action sequence as a unit (Jin
and Costa 2010; Jog et al. 1999; Smith and Graybiel 2013). This
start/stop activity is expressed both in direct and indirect
pathway MSNs, with direct pathway MSNs firing both at the
beginning and end of a sequence, and indirect pathway
MSNs firing preferentially at the beginning of the sequence
(Jin et al. 2014). Direct pathway MSNs also display sustained
firing during the complete execution of a learned action
sequence, while indirect pathway MSNs have been found to
display inhibited firing (Jin and Costa 2010; Jin et al. 2014).
Importantly, this seems to be a specific characteristic of the
DLS, since this bracketing activity is not found in the DMS
(Martiros et al. 2018). It has also been reported that fast
spiking interneurons (FSIs) in the striatum are important for
habitual behaviour (O’Hare et al. 2017). FSI interneurons
play a crucial role in regulating the output of striatal circuits
by forming strong connections with MSNs, particularly those
belonging to the direct pathway, thereby serving as one of
the primary mediators of feedforward inhibition within the
striatum (Gittits et al. 2010). In action sequences, FSIs have
been found to develop specific firing patterns as an action
sequence is learned, firing mostly in the middle of a learned
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action sequence (Martiros et al. 2018). The start/stop activity
in MSNs alongside the activity of FSIs in the middle of
learned action sequences is presumably at least in part
facilitated by the inhibitory impact of FSIs on MSNs (Mallet
et al. 2005). Importantly, these activity patterns, both in
MSNs and interneurons, are only observed when the se-
quences are performed correctly, indicating that these
different patterns, possibly encoding the action sequences as
a unit, emerge in the basal ganglia as a consequence of RL
(Martiros et al. 2018).

The striatum is not only important during early-stage
sequence learning, as in birdsong, but also once the sequence
has been well learned, with specific roles for the direct and
indirect pathways. Completely ablating MSNs of the direct
pathway in the dorsal striatum has been found to completely
disrupt the performance of a crystallised sequence, with an-
imals showing a return to initial performance, becoming
unable to correctly complete the sequence. On the other hand,
ablating indirect MSNs produces a deficit in switching be-
tween elements of the sequence (Geddes et al. 2018; Rothwell
et al. 2015). Importantly, these findings have been shown not
to be the result of disrupted locomotion, motivation or general
switching, but rather they seem to be indicating a specific
deficit in sequential performance.

With the development of optogenetics, transient acti-
vation or inactivation at particular time points is now
possible, making manipulations very specific. This has
allowed further differentiation of the roles of direct and
indirect pathway MSNs during the performance of learned
sequences. Transient optogenetic stimulation of direct
pathway MSNs performed in the middle of alearned sequence
facilitates behaviour by adding actions to the sequence;
whereas transient stimulation of indirect pathway MSNs
leads to elimination of ongoing actions, making the se-
quences shorter (Geddes et al. 2018). Accordingly, Tecuapetla
et al. (2016) found that activating DLS indirect pathway MSNs
in the middle of a well learned sequence leads animals to
abort the ongoing sequence and switch to other unrelated
behaviours. On the other hand, if optogenetic activation or
inactivation of each pathway in the DLS is performed right
before an action sequence is started, this leads to increased
latency to the first element of the sequence (Tecuapetla et al.
2016). Thus, it seems that very specific activity patterns of
striatal MSNs are critical for action sequence acquisition and
performance.

Given that it is known that striatal MSNs are quiescent
much of the time, these findings have led to the question of
what is driving these striatal firing patterns. One of the main
excitatory inputs to the striatum comes from the cortex
(Wall et al. 2013), and it has been shown that NMDA- and
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AMPA-dependent plasticity at these synapses are necessary
for acquisition of sequential stepping patterns on a rotarod
(Dang et al. 2006; Nakamura et al. 2017; Yin et al. 2009). Thus,
one proposal is that cortico-striatal plasticity is one of the
mechanisms that shapes MSN activity during action sequence
learning (Jin and Costa 2015; Tremblay et al. 2010). That said,
studies investigating the role of cortical inputs in action
sequences has yielded mixed results. During the initial
learning phase, lesions to the primary and secondary motor
cortices render animals unable to learn action sequences
(Kawai et al. 2015). In line with these findings, Rothwell et al.
(2015) have also reported that the during acquisition of a two-
action sequence, the synapses between secondary motor
cortex (M2) and striatum are strengthened, and that these
synapses are fundamental for action sequence initiation,
even after crystallisation of the learned action sequence.
Finally, the bracketing firing pattern found in striatum
during the execution of a learned motor sequence has also
been observed in the prefrontal cortex during the perfor-
mance of oculomotor sequences (Fuji and Graybiel 2003).

However, Ostlund et al. (2009) report that damage to the
dorso-medial prefrontal cortex (i.e. M2) does not impair rats
in learning to perform an action sequence, but it does pre-
vent sequence-level representations to form, only noticeable
in a devaluation test, not in performance itself. Furthermore,
others have reported that once an action sequence has been
learned, bilateral lesions to primary and secondary motor
cortex have no effect in its performance (Dhawale et al. 2021;
Kawali et al. 2015). Recordings made in the primary motor
cortex by Martiros et al. (2018) seem to confirm this, since
their results revealed that although the cortex represents the
individual actions of a sequence, this is regardless of their
reinforcement history. Moreover, optogenetically inhibiting
these cortical neurons has no effect on the sequence per-
formance, or in the bracketing activity of the striatum. Thus,
it seems that some parts of the cortex might be necessary for
learning, playing a tutor role to the striatum, but not for
storing or performing a well learned action sequence
(Dhawahle et al. 2021).

So, it seems that as a sequence is learned and progres-
sively chunked, it can be executed without inputs from the
cortex. This is associated with a more automatic perfor-
mance, as indicated by a reduction in inter-response times
(Sakai et al. 2003), and a decrease in the sensitivity to the
environmental feedback resembling a characteristic of CPG
networks (Dezfoulli et al. 2014; Grillner 2006). This has led to
the proposal that, once a sequence is learned, its underlying
neuronal representation might resemble a CPG network (Yin
et al. 2009). This is in line with the proposal that CPG-like
structures could be found in other parts of the central ner-
vous system. Indeed, it has been suggested that there are
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similarities between the CPG network arrangements found
in the spinal cord and brainstem, and neural networks found
in cortex, both with similar oscillatory properties (Yuste
et al. 2005). Although the CPG-like structures suggested to be
in cortex would largely be more flexible than those found
subcortically, Yuste et al. (2005) propose that a basic CPG-like
neuronal organisation could be found throughout the CNS,
in which excitatory recurrent networks are ingrained in
inhibitory circuits, with neurons displaying oscillations be-
tween up states (depolarized) and down states (hyper-
polarized). Interestingly, in vitro studies have shown that the
striatum has neuronal ensembles that display spatiotem-
poral activity patterns with similar characteristics to those
found in CPGs, displaying recurrent and synchronised ac-
tivity patterns (Carrillo-Reid et al. 2008).

Furthermore, it is most likely that other structures be-
sides the cortex that send projections to the striatum are also
important for the organisation of sequences, and that the
process of learning and performing a behavioural sequence
is really distributed in several areas (Penhune and Steele
2012). The pedunculopontine and laterodorsal tegmental
nuclei provide a cholinergic input to the striatum (Dautan
et al. 2016), however the thalamus is the major subcortical
source of innervation, with the PF having the highest density
of striatally-projecting neurons of any subcortical structure
(Mandelbaum et al. 2019). In a recent study, Diaz-Hernandez
et al. (2018) have shown that activity in the thalamic reticular
nucleus is modulated by the initiation and performance of
an action sequence, and that optogenetic inhibition of these
neurons delays the beginning and execution of a learned
action sequence. A similar function for sequence initiation
has been found in birdsong (Chen et al. 2014). This makes
sense, given that motor information from subcortical-basal
ganglia loops goes through a thalamic relay before reaching
the striatum (McHaffie et al. 2005).

Finally, it is known that dopamine is a main modulator of
cortico-striatal synaptic plasticity (Reynolds and Wickens
2002). Thus, not surprisingly, dopamine has also been impli-
cated in chunking of action sequences. Accordingly, rats
lesioned in the SNc display an abnormal temporal structure of
open field behavioural sequences (Casarrubea et al. 2019), and
blocking D2-type dopamine receptors in the striatum during
sequence learning in monkeys disrupts motor chunking
(Levesque et al. 2007). As an action sequence is learned, it has
beenreported that preferential dopamine release moves from
the last element to the first element of the sequence (Collins
et al. 2016; Wassum et al. 2012), thus possibly contributing to
the bracketing activity found in the DLS. Accordingly, diffi-
culties in chunking have been well reported in PD patients,
who suffer from dopamine depletion in the striatum. PD pa-
tients are known to have difficulties initiating, performing
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and ending action sequences, and in particular, they show
difficulties switching between two different actions (Geor-
giou et al. 1994; Harrington and Haaland 1991). This seems to
be dopamine dependent, given that only when PD patients
are off their medication are they unable to chunk actions, as
evidenced by an inability to reduce the inter-response times
after extended training (Tremblay et al. 2010). Furthermore,
PD patients do not show an increase in striatal activity that is
normally found in healthy individuals when executing
automatic action sequences. Instead, they show greater
cortical activity than controls, suggesting that the cortex
never stops playing its tutor role (Wu et al. 2010). PD patients
not only have sequencing deficits in the motor domain, but
they have also been found to display disrupted cognitive
sequencing (i.e. in a serial prediction task), which correlates
with decreased striatal activity (Schonberger et al. 2015).
Overall, these findings have led to the suggestion that PD
patients are unable to shift control from cortical to subcor-
tical areas, which might be why they cannot chunk actions
together (Tremblay et al. 2010).

Taken together, experimental and clinical evidence
suggests a complex role for the cortico-basal ganglia network
in learned action sequences, with distinctive roles for the
direct and indirect pathways and their inputs. As in chain
grooming, learned action sequences also display specific
striatal activity patterns; however, unlike chain grooming,
which can occur without the whole cortex, the acquisition
and possibly some aspects of the performance of a learned
action sequence seem to require different parts of the cortex,
with cortico-striatal plasticity believed to play a central role
in acquisition, mediated partially by dopamine. Interest-
ingly, this is similar to findings in birdsong, in which the
cortex plays a central role, and dopamine is also believed to
be fundamentally involved in the plasticity needed for
learning syllable sequences. However, in spite of a recent
surge in research, the mechanisms in the striatum that lead
to action—action associations are still not fully understood.
That said, some clues are beginning to emerge from closer
study of the striatal microcircuit, especially in relation to
striatal neurotransmission.

5 Striatal microcircuit:
neurotransmitters in the
striatum

There is a complex microcircuit within the striatum with

several neurotransmitters systems believed to play different

functions, and it has been pointed out that the complex
biochemical links known to mediate communication
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between MSNs have been largely left out from classical
models of the basal ganglia (Calabresi et al. 2014). As
described earlier, approximately 95 % of the neurons in the
striatum are GABAergic MSNs and they can be divided into
two populations, those from the direct pathway, and those
from the indirect pathway. However, besides GABA, these
two neuronal populations express different neuropeptides
and dopamine receptors, with direct pathway MSNs mostly
expressing substance P (SP) and Dl-type dopamine re-
ceptors, and indirect pathway MSNs mainly expressing
enkephalin and D2-type dopamine receptors (Gerfen et al.
1990). This diversity of neuromodulators suggests a complex
chemical regulation of striatal activity. Although dopamine
has been the focus of much research in relation to action
sequences, SP and enkephalin have also been reported to
influence learning and memory (Huston and Hasenohrl
1995), and they actually interact with dopamine in inter-
esting ways (Brimblecombe and Cragg 2015). Furthermore,
SP and enkephalin have been recently proposed as possible
chemical mediators of action sequence chunking (Buxton
et al. 2017).

5.1 Substance P

SP is part of a family of neuropeptides referred to as
tachykinins that is present both in the central and peripheral
nervous systems. Its effects are mediated primarily through
the NKI1 receptor, a G-protein coupled receptor, but it also
binds to NK2 and NK3 receptors in a lesser degree (Rupniak
and Kramer 2002). In the central nervous system, NK1
receptors and SP fibres can be found in the basal ganglia,
nucleus accumbens (NAc), amygdala, thalamus and hypo-
thalamus, amongst other areas. In the basal ganglia specif-
ically, NK1 receptors and SP fibres can be found in SNr,
globus pallidus, NAc and striatum, however, cell bodies
containing SP are only present in striatum and NAc (Ribeiro-
da-Silva and Hokfelt 2000; Shults et al. 1984). In the striatum,
SP is mainly released by direct pathway MSNs, and SP boutons
mainly target other MSNs, primarily at the dendritic shafts
and spines; though they also contact striatal interneurons
(Bolam and Izzo 1988; Bolam et al. 1986). Accordingly, NK1
receptors can be found both postsynaptically on cholinergic
and GABAergic striatal interneurons, and presynaptically on
axon terminals contacting MSNs, most likely afferents from
cortex or thalamus (Chen et al. 2001, 2003; Jakab and
Goldman-Rakic 1996). The conditions under which SP is
released are still under research. However, MSNs are known
to often fire in bursts of 3—-10 action potentials (Stern et al.
1997) and antidromically activating globus pallidus-projecting
MSNs in a bursting pattern has a greater SP-mediated
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facilitatory effect on glutamatergic excitation than single
spike activation (Blomeley et al. 2009). Furthermore, it has
been found that high frequency but not low frequency
activation of direct pathway MSNs causes the release of SP in
the NAc (Francis et al. 2019), which makes sense given that
high frequency stimulation is known to be required for some
peptide release (Hokfelt et al. 2000). This evidence indirectly
suggests that SP may be preferentially released during high
frequency bursts. Given that SP is co-released with GABA,
burst-induced release may be necessary to counteract the
effects of co-released GABA.

SP influences neuronal activity through different path-
ways. First of all, although NK1 receptors have not been
reported on MSNs directly, it has been demonstrated that SP
can directly elicit depolarization of MSNs (Blomeley and
Bracci 2008). This is believed to be mediated by presynaptic
effects, since SP has been shown to facilitate the response of
neighbouring MSNs to glutamatergic inputs in the rat,
through presynaptic NK1 receptors (Blomeley et al. 2009). SP
facilitation of glutamatergic inputs to MSNs leads on to the
second way that SP influences neuronal activity. As shown in
Figure 5, in some dual-cell recordings in the striatum, if an
MSN is repeatedly activated before a cortical input arrives
to a second connected neighbouring MSN, the response
amplitude in the second MSN increases over time, suggesting
some kind of long-term plasticity mediated by SP. This could
mean that SP connections between MSNs might encode the
order in which two neurons are repeatedly activated by
cortical inputs. A similar finding has been shown in the spinal
cord of lampreys. It has been reported that SP facilitates the
response to descending reticulospinal inputs by potentiating
glutamatergic transmission, which ultimately leads the
network to a more stable and higher frequency of bursting,
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which behaviourally would lead to faster and “better”
swimming in the lamprey (Parker et al. 1998). Whether this is
a long-term effect in the spinal cord is not known.

Besides directly affecting MSNs, either post or presyn-
aptically, applying SP to the striatum has also been found to
produce excitatory responses in cholinergic interneurons,
increasing acetylcholine (Ach) levels in freely moving rats
(Anderson et al. 1993; Aosaki and Kawaguchi 1996). Further-
more, it has also been reported that SP released by direct
pathway MSNs causes a long-lasting potentiation of indirect
pathway MSNs through cholinergic interneurons in the NAc,
suggesting that SP might play a fundamental role in
communication between the direct and indirect pathways
through interneuron networks, at least in the NAc (Francis
et al. 2019). Finally, several studies have found a modulatory
effect of SP on dopamine. Although there is no consensus on
whether SP increases or decreases dopamine levels in the
striatum (Gauchy et al. 1996; Gygi et al. 1993; Kraft et al. 2001;
Tremblay et al. 1992), Brimblecombe and Cragg (2015) have
proposed that the mixed results concerning SP and dopa-
mine are due to different effects of SP on the matrix and
striosomes, two biochemical compartments of the striatum
(Crittenden and Graybiel 2011). Their results suggest that SP
upregulates dopamine only in striosomes, inhibits it at the
striosome-matrix boundaries and leaves it unaltered in
matrix.

These results suggest that SP’s effects on striatal output
are manifold. Thus, not surprisingly, studies in which SP, NK1
agonists or antagonists have been injected, either locally or
systemically, have produced numerous effects on behaviour.
In terms of general locomotion, systemic injections of SP
have been reported to increase behavioural output, with
increased locomotion, grooming, scratching and rearing

Preceded by MSN1 activation

Trial number

Figure 5: Long term plasticity mediated by SP. An example of data from a paired recording experiment in a striatal slice in which glutamatergic afferents
to striatal neurons were electrically activated. Five spikes were evoked by current injection in medium spiny neuron 1 (MSN1) 100 ms before every other
afferent stimulation. The amplitude of the response to glutamatergic afferent activation in a second connected medium spiny neuron (MSN2) are shown
preceded (right) or not preceded (left) by spikes in the first medium spiny neuron. GABA,, GABAg and broad spectrum opioid receptor antagonists were
present throughout. While no significant change over time was observed for responses not preceded by spikes, a significant linear trend (p < 0.001) was
present for responses preceded by spikes. Blomeley and Bracci (unpublished data).
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having been reported (Hall et al. 1987; Katz and Gelbart 1978;
Van Wimersma Greidanus and Maigret 1988). Accordingly,
blocking SP has been found to inhibit stereotypical behav-
iours (Duffy et al. 2002). However, others have reported that
mice injected with an NK1 antagonist and mice lacking NK1
receptors actually display hyperactivity or no effect on
locomotion (Kertes et al. 2010; Porter et al. 2015; Yan et al.
2010). Either way, these effects of SP on behavioural output
have been suggested to be partially regulated by dopamine,
since intrastriatally blocking NK1 receptors decreases the
locomotion induced by D1-type dopamine receptor agonists
or dopamine-related drugs like amphetamine (Duffy et al.
2002; Gonzalez-Nicolini and McGinty 2002; Krolewski et al.
2005). Furthermore, administration of an NK1 receptor
antagonist significantly diminishes cocaine-induced DA
release (Kraft et al. 2001).

The possibility that SP plays a role in the serial organi-
sation of behaviour has recently been proposed by Buxton
et al. (2017) using a computational modelling approach. Ac-
cording to Buxton et al.’s (2017) model, SP, being an excitatory
neuropeptide co-released by direct pathway MSNs, contrib-
utes to striatal activity, allowing sustained selection of ac-
tions, and facilitates the response of neighbouring neurons,
aiding subsequent actions to be selected in the correct order.
Interestingly, this is similar to the proposal of Cacciatore et al.
(2000), who suggest that the sequential coordination of
leeches’ body segments could be achieved with a neural
chain, in which neurons from one unit directly excite the next
unit, spreading activity in an orderly fashion. In summary,
this computational model suggests that directed release of SP
in the striatum improves action selection performance, both
in ordered and unordered sequences of actions.

The potential role of SP in the serial organisation of
behaviour has received further support from experimental
studies. Earlier studies have used the 5-choice serial reaction
time task, a task that uses random sequences of nose pokes
guided by light. Using this task, it has been found that mice
lacking NK1 receptors display a greater percentage of
omissions in the sequence (i.e. they fail to respond), per-
severations and premature responses, and they take longer
times to retrieve the reward (Porter et al. 2015; Weir et al.
2013; Yan et al. 2011). Overall, these results suggest that mice
lacking NK1 receptors display disrupted action selection and
attentional deficits in a sequential unordered task. Although
interesting, the structure of the task (i.e. random sequences
with guiding stimuli) means that the mice were not able to
develop integrated sequences.

More recently, we have examined role of SP in innate
and learned action sequences by examining the behavioural
impact of the systemic administration of an SP antagonist.
Looking first at chain grooming (innate behaviour), we
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found that blocking SP receptors made the highly fixed
transitions inside the grooming chain and the overall
grooming bout transition structure significantly more vari-
able and less diverse than in the control group injected with
saline (Favila et al. 2021). Overall, this suggest that blocking
SP led to a general break down in the fluency of behavioural
patterns, making them more variable and simpler. Inter-
estingly, when rats are decerebrated at the metencephalic
and mesencephalic level they are still able to produce a few
complete grooming chains (Berridge 1989), although with a
decreased efficiency. Therefore, it is plausible to think that
the results obtained after blocking SP were due to effects at
the striatal level.

Moving to learned action sequences, using a simple left-
right (L-R) lever behavioural chunk, we found that blocking
SP receptors had the effect of making learning a new
sequence (e.g. R-L after L-R), and simultaneously extin-
guishing an overlearned old sequence, faster than in the
control group, whereas blocking SP receptors had no effect
on the stable performance of a well learned sequence (Favila
et al. 2023). The results obtained with the SP antagonist
appeared surprising at first, given that the grooming chain
results seem to intuitively suggest that injecting the SP
antagonist should have had a detrimental effect on learning
anew sequence. Taking a closer look at the results, the effect
of the antagonist seems to have been on the extinguishing
process of the first learned sequence, which disintegrated
faster when SP was blocked, allowing the rats to learn a new
sequence faster. These experiments suggest that the effect of
blocking SP was on the initial phase when the contingencies
change, by particularly affecting the speed at which an
overlearned sequence was extinguished. As a consequence,
it is tempting to propose that the role of the SP could be to
consolidate action sequence representation by facilitating
cortico-striatal plasticity (Figure 5), which would result in
the orderly spreading of activity among striatal neurons.
That said, computational modelling based on our behav-
ioural results highlights the possibility that an interaction at
the striatal level between SP and dopamine affecting the
reward prediction error, an important concept in rein-
forcement learning, could also make a contribution (Favila
et al. 2023).

5.2 Enkephalin

Enkephalin is an endogenous opioid neuropeptide that acts
mainly through 6 and p opioid receptors, both G-protein
coupled receptors. Enkephalin is widely expressed in the
nervous system, with high concentrations in the amygdala,
NAc, periaqueductal grey and hypothalamus, amongst others.
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In the basal ganglia in particular, its highest concentration can
be found at the striatum and globus pallidus, and in both
structures cell bodies containing enkephalin can be observed
(Ingham et al. 1991; Mallet et al. 2012; Miller and Cuatrecasas
1978). Although computational modelling suggests that
enkephalin facilitates action sequence production (Buxton
et al. 2017), that possibility has been poorly explored experi-
mentally, with the exception of Horner et al. (2012), who re-
ported that intra-striatal treatment with the u opioid receptor
agonist DAMGO in the striatum led to an increase in repeti-
tion, frequency, duration and spatial distribution of stereo-
typic behaviours induced by methamphetamine.

6 Conclusions

Evidence suggests that the basal ganglia play a crucial role in
the concatenation of simpler behaviours into more complex
chunks, in the context of innate behavioural sequences such
as chain grooming in rats, as well as sequences in which
innate capabilities and learning interact such as birdsong,
and sequences that are learned from scratch, such as lever
press sequences in operant behaviour. It has been proposed
that the role of the striatum, the largest input structure of the
basal ganglia, might lie in selecting and allowing the relevant
CPGs to gain access to the motor system in the correct order,
while inhibiting other behaviours (Berridge and Wishaw
1992). With chain grooming, lesions of a wide range of
striatally-projecting structures including the entire neocortex
do not seem to produce any lasting effects on the sequential
organisation of the grooming chain (Berridge and Whishaw
1992; Cromwell and Berridge 1996). Although thalamic inputs
to the striatum were still intact in these early studies, they
suggest that the striatum is able to organise sequential
behaviours via aspects of intra-striatal organisation. As be-
haviours become more complex and flexible, for example
when animals are learning new behavioural sequences, the
striatum seems to become more dependent on external
signals. However, after learning, in mammals (unlike birds)
the striatum itself may adopt the functional characteristics
of a higher order CPG, operating relatively independently of
the need for external inputs. There are clearly many un-
knowns here, but one of the most salient is how does the
striatum move from needing to be instructed by external
inputs to being a possibly largely autonomous higher
order CPG?

Although speculative, enough is known to piece together
a plausible proposal. Cortico-striatal synaptic plasticity has
been proposed as one of the mechanisms that shapes MSN
activity during action sequence learning (Jin and Costa 2015;
Tremblay et al. 2010). Striatal SP appears to be able to
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facilitate cortico-striatal excitation, consolidating retention
of learned sequences (Favila et al. 2023), and when present,
cortico-striatal synapses exhibit evidence of plasticity
(Figure 5). In simpler rhythmic systems like the leech,
sequential movements are produced via a neural chain in
which neurons from one unit directly excite the next unit,
spreading activity in an orderly fashion (Cacciatore et al.
2000). Similar connectivity is apparent in the HVC of song-
birds (Long et al. 2010). Murray and Escola (2017) have
recently suggested that sequential firing patterns across
neuronal ensembles encoding specific behavioural compo-
nents in the striatum could be implemented by depot-
entiation of inhibitory synapses between MSNs, effectively
establishing a neural chain in the striatum. Although
inhibitory synapses between MSNs are relatively sparse and
weak in terms of their impact (Czubayko and Plenz 2002;
Jaeger et al. 1994; Tunstall et al. 2002), each MSN is thought to
receive inputs from around 300 adjacent MSNs (Guzman
et al. 2003) and many MSNs firing together may mediate
more effective inter-cellular inhibition. According to compu-
tational modelling, depotentiation of inhibitory synapses
between MSNs is an effective means of encapsulating a
sequence at the striatal level and acting as the substrate
upon which learning works (Murray and Escola 2017). The
missing link is how cortico-striatal synaptic plasticity
translates into decreased inhibitory connectivity strength
between MSNs. In relation to that, one possibility is sug-
gested by work in the hippocampus where it has been
demonstrated that enhanced glutamate-mediated trans-
mission at some synapses in the CAl region can produce
heterosynaptic long term depression of inhibitory synaptic
transmission at others (Chevaleyre and Castillo 2003). This
effect in the hippocampus is initiated by excitatory metab-
otropic glutamate (mGlu) 1/5 receptors (Chevaleyre and
Castillo 2003). Low to moderate levels of mGIuR1 and a high
level of mGluR5 mRNAs are expressed in the vast majority of
either striatonigral or striatopallidal projection neurons
(Kerner et al. 1997; Testa et al. 1994), suggesting that the
appropriate synaptic machinery is present in the striatum
for similar heterosynaptic effects to occur. Hence, cortico-
striatal plasticity may lead to decreased levels of MSN-MSN
inhibition in the striatum for a given behavioural sequence.
MSNSs, connected individually or in clusters via depotentiated
inhibitory interconnections and innervating appropriate
downstream CPGs, could form the neurobiological substrate
for chunks.

That said, there are clearly still many unanswered
questions. For example, given that individual grooming be-
haviours can occur inside or outside of the grooming chain
(Favila et al. 2021), how can a single behaviour that occurs
within a chunk be selected without engaging the remainder



16 —— N. Favila et al.: Basal ganglia and behavioural sequences

of the chunk? Grooming behaviours selected outside of
chains are associated with lower levels of striatal activity
than those same behaviours selected inside of chains
(Aldridge and Berridge 1998), suggesting that a certain level
of neuronal activation may be required to trigger a chain.
The neuropeptide SP would be well-positioned to exert in-
fluence over behavioural sequence selection given that
peptide release necessitates high-frequency stimulation
(Francis et al. 2019; Hokfelt et al. 2000). Another set of
unknowns are around the role of dopamine in chunking.
Agonists at D1-type dopamine receptors lead to so called
‘super-stereotypy’ within the grooming chain (Berridge and
Aldridge 2000) and we have hypothesised elsewhere that SP
may interact with dopamine in the striatum to produce some
of its effects (Favila et al. 2023). Dopamine may also ‘bracket’
the behavioural chunk, encoding the beginning and end (Jin
and Costa 2010). Bracketed dopaminergic activity, alongside
bracketed MSN activity (Jin et al. 2014; Martiros et al. 2018),
have yet-to-be-discovered roles to play in chunking. Like-
wise, as both the direct and indirect pathway appear to have
a role to play in chunking (Geddes et al. 2018; Rothwell et al.
2015), the manner in which those pathways interact has yet
to be unravelled. Although there is still much to be discov-
ered, there is a definite sense that a full understanding of the
relationship between the basal ganglia and sequential
behaviour is now within reach.
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