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Abstract

Many behaviors necessary for organism survival are learned anew and become organized as 

complex sequences of actions. Recent studies suggest that cortico-basal ganglia circuits are 

important for chunking isolated movements into precise and robust action sequences that permit 

the achievement of particular goals. During sequence learning many neurons in the basal ganglia 

develop sequence-related activity - related to the initiation, execution, and termination of 

sequences - suggesting that action sequences are processed as action units. Corticostriatal 

plasticity is critical for the crystallization of action sequences, and for the development of 

sequence-related neural activity. Furthermore, this sequence-related activity is differentially 

expressed in direct and indirect basal ganglia pathways. These findings have implications for 

understanding the symptoms associated with movement and psychiatric disorders.

“Action may not always bring happiness; but there is no happiness without action.”

- Benjamin Disraeli (1804–1881)

Animals survive and reproduce by behaving, i.e. by interacting with, adapting to and 

changing the environment around them. Many of the behaviors animals generate are innate, 

genetically determined, and pre-wired during development [1]. Although these behaviors 

may be modulated by an animal’s experience or internal state, they are essentially fixed 

action patterns produced by either reflex-like stimulus-response circuits [2], or by central 

pattern generators (CPGs) - intrinsic neuronal networks capable of generating organized 

motor activity [3,4]. However, we and other animals have the extraordinary capacity of 

developing novel, sophisticated action skills to communicate with each other, seek resources 

and build new environments. This amazing ability raises several interesting challenges in 

neuroscience. One is to understand the mechanisms by which an organism can generate 

novel actions. Another is to understand how these new actions are organized through 

experience into precise sequences of movements to produce complex skills that are 

accurately performed. Still another challenge is to understand how the brain then executes 
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different motor sequences and switches between them, e.g. how each sequence is initiated 

and terminated in a given situation. Dissecting the molecular and circuit mechanisms 

underlying these processes will greatly advance our understanding of how neural circuits 

generate novel complex behavior [5], and hopefully give important insights into a wide 

range of neurological and psychiatric diseases [6–8].

There is increasing evidence that cortico-basal ganglia circuits, including the mesencephalic 

dopamine system, play a critical role in generating, shaping, and executing action sequences 

[9–15]. “Chunking” in psychology was first proposed as a phenomenon to associate a 

collection of elements together because of the limited ‘channel capacity’ in memory systems 

[16]. The sequential organization of behavior may result from a sensorimotor form of 

“chunking”, and has been proposed to include a hierarchical representation of actions 

[17,18]. Numerous studies in humans, non-human primates, rodents, pigeons, etc, show that 

something akin to “chunking” takes place during action learning, as revealed by the 

systematic decrease in response times following the training of motor sequences, and by the 

increase in precision and accuracy [14,19–22]. The basal ganglia, an ancient set of circuits 

streaming through a series of interconnected nuclei functionally conserved in virtually all 

vertebrates [5,23], has been proposed to be critically involved in “chunking” of sequences of 

actions [9,13,14,24]. In this review, we discuss how basal ganglia circuits contribute to the 

shaping of action sequences, focusing heavily on recent genetic and physiological studies in 

mice.

Taming Variability and Shaping Action Sequences

Learning new actions often starts from trying. Selection from variability has been proposed 

as a general feature contributing to a wide range of biological phenomena, from evolution to 

gene expression, to development, and behavior and learning [25–28]. Although generation 

of action variability is essential for new learning, the selection of movements and 

improvement of motor accuracy, speed, and efficiency as actions are repeated is critical for 

survival. There are plenty examples of decreased action variability during sequence learning 

- handwriting and computer keyboard typing are among those experienced by most in 

everyday life. Songbirds, like humans, crystallize their songs into a precise, stable template 

after learning [11,29]. This is also evident in monkeys trained to perform a visuomotor 

sequence task [9,24]. Furthermore, it appears that this decrease in motor variability and 

organization of behavior as action sequences is commonly observed during skill learning, 

even if there are no explicit rules dictating that behavior should be organized into 

sequences[14,19]. Rather it appears that the statistics of the interaction with the environment 

are essential for the selection of the appropriate elements in a sequence, the order in which 

they should be executed, the speed, the pauses, eventual division into subsequences, etc 

[28]. For example, if animals are trained in self-paced operant tasks where they obtain a 

sucrose reinforcer after pressing a certain number of times (e.g. eight times, with no explicit 

signal indicating when reward is available. And no specific need of doing theses presses in 

sequences or bouts) they eventually start pressing in bouts or clusters of presses of about the 

number of presses needed for reward delivery [14] (Figure 1). With training animals execute 

the sequences better and faster by decreasing sequence duration and inter-sequence interval 

(ISI), while increasing within-sequence press rate, indicating that performance speed 
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increased with training. Most importantly though, the within-animal variability (measured 

for example by coefficient of variation) for all the behavioral features decreases with 

training (Figure 1), indicating that an individual but robust structure of lever–pressing 

behavior emerges with training [14]. If the training rule is different, for example with 

animals being reinforced for faster and faster sequences of presses the variability of the 

press rate decreases [15].

What are the neural mechanism underlying the decrease in variability and increased speed 

during sequence learning? Again, theoretical and experimental studies have suggested that 

changes in basal ganglia circuits are critical for the decrease in variability and improvement 

in performance observed in sequence learning [9,13,14,24,30]. Clinical observations in 

human patients with basal ganglia disorders, like Parkinson’s and Huntington’s diseases, 

have also revealed a critical role of basal ganglia in sequence learning [31–33].

A natural prediction from the above findings is that variability in neuronal activity activity 

patterns in cortico-basal ganglia circuits is critical for the generation of action diversity, and 

that the decrease in behavioral variability observed during sequence learning may result 

from a reduction in the variability of neuronal activity patterns in these circuits. 

Measurements of the variation in neural activity of motor cortex and dorsal striatum 

ensembles throughout learning of a novel skill strongly supported these predictions [34,35]. 

It was found that early training there was a large variability in neuronal ensemble activity 

between trials in both striatum and motor cortex. This variability decreased substantially 

with training as the skill was consolidated [34,35]. It is interesting to note that this training-

related decrease in neuronal ensemble variability occurred in the absence of any detectable 

changes in average firing rate modulation of the same neuronal ensembles [34], suggesting 

that coordinated, network-wide plasticity in corticostrital circuits may have taken place. 

These data suggest that as skills are crystallized there is a selection of particular activity 

patterns in particular ensembles of cortico-basal ganglia circuits, which form circuits akin to 

reflexive stimulus-response type circuits, which may contribute to faster and more accurate 

motor performance after learning.

Sequence Learning and Corticostriatal Plasticity

What mechanisms could mediate the selection of particular activity patterns in specific 

neuronal ensembles? A somewhat obvious answer would be that synaptic plasticity in 

cortico-basal ganglia circuits could select some subcircuits/patterns and dismiss others. 

There is increasing evidence of synaptic plasticity in cortico-basal ganglia circuits during 

skill or sequence learning [36–39].

In the striatum, learning an operant task where rodents pressed a lever for intracranial self-

stimulation induced long-term potentiation of glutamatergic inputs onto striatal medium 

spiny projection neurons, and the changes in synaptic efficacy were correlated with 

behavioral learning and performance [36]. It has been also been shown that skill learning on 

an accelerating rotarod leads to long-term potentiation of glutamatergic inputs onto striatal 

projection neurons [37]. Additionally, genetic deletion of NMDA receptors in dopaminergic 
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neurons, which selectively disrupts the burst firing of dopamine neurons, resulted in 

impairments in action learning and formation of habit [40–42].

Is this plasticity of glutamatergic inputs onto striatal projection neurons (SPN) necessary for 

the reduction in behavioral variability observed during the “chunking” of sequences? Long-

term potentiation of glutamatergic inputs onto striatal projection neurons is NMDA receptor-

dependent [43,44]. Selective deletion of NMDA receptors in striatal projection neurons [45] 

severely impairs the ability of mutant animals to consolidate precise behavioral sequences 

and reduce behavioral variability with training (Figure 1, comparison between mutant and 

littermate controls) [14]. Importantly, the ability to learn to perform the sequences faster 

with training was not affected in these mutant mice, indicating that learning to precisely 

organize behavioral sequences and to perform them faster are dissociable processes [14]. 

These data suggest that corticostriatal plasticity is necessary to select and consolidate 

particular motor patterns. This consolidation of particular motor patterns could be subserved 

by the selection and consolidation of particular neural patterns [28,39]. Consistently, 

NMDA-dependent corticostriatal plasticity seems to be necessary to select and consolidate 

particular neural activity patterns in motor cortex of mice performing a closed-loop brain-

machine interface paradigm [46].

Still, the selection of particular neuronal patterns underlying the action crystallization 

process should involve bidirectional modification of synaptic connections within a network, 

which poses the question of the role of corticostriatal long-term depression (LTD) in 

sequence learning. Corticostriatal synapses onto SPNs exhibit LTD after high-frequency 

stimulation of excitatory afferents in vitro [47–49], which depends on the activation of 

presynaptic CB1 receptors by endocannabinoids [50,51]. Consistently, CB1 knockout 

mutants do not have LTD at corticostriatal synapses [51]. Interestingly, these mutants are 

impaired in habit stimulus-response learning [52]. Mice carrying a point mutation in Foxp2 

similar to that found in humans of the KE family, which have speech deficits [53], also have 

impaired LTD in the dorsolateral striatum [54]. These mice are impaired in skill learning 

[54,55] and display dramatic higher basal striatal firing rate and abnormal plasticity in vivo 

during skill learning [55]. Interestingly, it was also found that knockdown of Foxp2 in 

songbird Area X, a region homologous to mammalian basal ganglia, impairs song learning 

[56]. Consistently, introduction of a humanized version of Foxp2 into the mice also affects 

skill learning and striatal neuroplasticity [57,58].

These studies underscore the importance of plasticity in cortico-basal ganglia circuits in 

sequence learning, and suggest that this plasticity is important for the selection of the 

neuronal activity patterns underlying the shaping of action sequences.

Sequence-Related Neural Activity in Basal Ganglia Circuits

How are learned sequences encoded and executed? Identifying the first and the last elements 

within a sequence is critical not only in the sensory domain for perceptual recognition [59], 

but also in the motor domain for behavioral execution. Consolidated or crystallized 

sequences of movements can be reliably reproduced once activated, much like reflexes or 

stimulus-response type circuits producing innate actions, but how are these learned action 
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sequences initiated and terminated? Previous studies have reported changes in neuronal 

activity of basal ganglia neurons, including neurons in the dorsal striatum and the substantia 

nigra pars reticulata (SNr), during the initiation of natural grooming sequences [60,61]. In 

agreement, lesions of the dorsal striatum have been shown to disrupt syntactic grooming 

chains without disrupting constituent movements [62], and lack of SAPAP3 in striatum 

results in compulsive grooming [63]. Human patients with Parkinson’s disease, which 

results from the degeneration of dopamine-containing cells in the substantia nigra pars 

compacta (SNc), or Huntington’s disease, which shows degeneration of projection neurons 

in the striatum, have profound difficulty in the initiation and termination of voluntary 

actions, especially for sequential movements [64,65]. These data suggest a crucial role for 

basal ganglia circuits in the initiation and termination of learned action sequences.

In the striatum, neural activity selectively encoding the initiation or termination of visually-

guided repetitive or heterogeneous action sequences has been repeatedly observed [66–68]. 

Similarly, using a T-maze procedure-learning task in rats, it has been reported striatal 

neuronal activity exhibits phasic increase during cue-signaled running initiation and goal 

arrival, marking the boundary of the running procedure by the same striatal cells [69]. 

Recordings of neuronal activity in nigrostriatal circuits (SNc dopaminergic neurons, striatal 

projection neurons, and SNr basal ganglia output neurons) while mice developed robust 

action sequences in a self-paced lever-pressing task revealed that many striatal SPNs, SNr 

GABAergic and SNc dopaminergic neurons show activity related to every action (lever 

press) in a sequence (Figure 2) [14]. However, a large proportion of neurons in these three 

brain areas display phasic changes in activity specifically before the first (start) or around 

the final (stop) lever press within a lever press sequence. This start/stop activity increases 

with learning and seems to be dependent on corticostraiatal plasticity, as striatal NR1-KOs 

develop less start/stop activity compared to control animals [14]. Few neurons in striatum, 

SNr and SNc displayed activity signaling both the initiation and the termination of the 

sequence (i.e. sequence boundary) (Figure 2) [14]. Furthermore, start/stop activity in 

nigrostriatal circuits seems to be specific for particular action sequences, e.g. if a neuron 

signals initiation of a particular sequence of lever presses, it would likely not signal the 

initiation of a sequence of presses on a different lever, suggesting they are signaling the 

specific action of initiating and the specific action of terminating a particular sequence, 

rather than marking the overall boundary of the sequence [14,70]. This finding contrasts 

with the fact many striatal neurons were found signaling the boundary (both the beginning 

and end) of procedural running in a T-maze task [69], but this could be because in a 

locomotor sequence initiating and terminating locomotion may be more similar actions. This 

would be consistent with the finding of putative VTA DA neurons exhibited both onset and 

offset related burst activity during a running wheel locomotion task [71]. Consistent with 

what was observed in primate cortex [10,72,73], boundary activity was prominent in the 

primary motor cortex of mice performing a self-paced action sequence task [15]. These data 

suggest that basal ganglia circuits are more engaged in the specific actions of initiating or 

terminating a particular sequence (which are different actions), while frontal cortices may 

have a more abstract representation of sequences with many neurons signaling the boundary 

of sequences (Figure 2). In addition to start/stop activity, many neurons in basal ganglia 

circuits display sustained or inhibited activity throughout the whole period execution of the 
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sequence (Figure 2) [15], again indicating that basal ganglia circuits can encode actions 

sequences as modules or chunks.

Distinct sequence-related activity in direct/indirect pathways

Basal ganglia circuitry comprises two major pathways linking input (striatum) and output 

(SNr and GPi): a monosynaptic GABAergic projection from dopamine D1 receptor-

expressing striatal projection neurons (dSPNs) to the output nuclei including substantia nigra 

pars reticulata (SNr), called ‘direct pathway’; and a polysynaptic projection from dopamine 

D2 receptor-expressing striatal projection neurons (iSPNs) to the output nuclei through 

external globus pallidus (GP) via subthalamic nucleus (STN), called ‘indirect pathway’ [74]. 

Traditional functional models of basal ganglia suggested that these two pathways work in an 

antagonistic manner to facilitate and inhibit movements respectively [75,76]. According to 

this view, movement initiation would relate to activation of direct pathway, while movement 

inhibition or arrest would relate to activation of indirect pathway [75,76]. Imbalance of 

activity in the two pathways would lead to many basal ganglia related disorders. For 

instance, Parkinson’s disease would results from over-excitement of the indirect vs. direct 

pathway after loss of dopamine, leading to greater inhibition of thalamocortical circuits and 

development of akinesia [75,76].

Surprisingly, neural activity recordings using optogenetics-aided cell identification [77] 

revealed that a similar proportion of striatonigral (dSPNs) and striatopallidal neurons 

(iSPNs) were phasically active during action initiation. The same was observed for action 

termination (Figure 3). However, more dSPNs show sequence-related sustained than 

inhibited activity (Figure 3). Conversely, more iSPNs show sequence-related inhibited 

activity than sustained. The downstream nuclei of SNr and GPe, which receive GABAergic 

innervation from striatonigral and striatopallidal neurons, behave in a symmetric way, 

indicating that the direct and indirect pathways indeed have different activity during the 

execution of action sequences [15]. These data highlight the diverse and heterogeneous 

neuronal activity in different striatal cell types during sequence performance, and supports a 

model advocating complementary but distinct roles of direct and indirect pathway neurons 

in action selection/execution [15].

The neuronal activity observed in the direct and indirect pathways during the performing of 

action sequences seems partly consistent with the classic models of basal ganglia function, 

which postulates that direct pathway is prokinetic thus activated during movement while the 

indirect pathway is antikinetic and would be inhibited [75,76]. Previous studies found that 

optogenetic stimulation of direct vs. indirect pathway can facilitate and inhibit locomotor 

behavior respectively [78], which seems in line with the traditional model. However, the 

striatal neurons in both direct and indirect pathways are activated during action initiation 

[79,80], and clearly exhibited a concomitant burst during both the initiation and termination 

of action sequences [15], which echoes the alternative models hypothesizing that balanced 

activity of direct and indirect pathways is critical for action selection [81,82]. All together 

these data suggest that direct pathway neurons could function to select the desired motor 

program, while indirect pathway neurons would inhibit the competing motor programs; co-

activation of these pathways would allow the appropriate action selection [81,82]. Such a 

Jin and Costa Page 6

Curr Opin Neurobiol. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



model is supported by recent findings showing that the iSPNs are really concomitantly 

activated with dSPNs before action sequence initiation [15] (Figure 3B), and that balanced 

activity between dSPNs and iSPNs is critical for contraversive movements [83].

Although the diverse types of sequence-initiation, termination and execution related neural 

activity strongly suggests that the basal ganglia might be sufficient to sequence actions, the 

existence of neural correlates per se does not permit us to disambiguate between different 

models of basal ganglia function in sequence learning and execution. Furthermore overall 

stimulation of direct and indirect pathways would not distinguish between the prokinetic/

antikinetic or the action selection models - in either model general stimulation of direct 

pathway could result in more movements being supported, while general stimulation of the 

indirect pathway could result in more movements being suppressed. Future work employing 

better spatiotemporally precise manipulations of neuronal activity in specific cell types 

should permit the clarification of the role of basal ganglia subcircuits in sequence initiation 

and performance. Additionally, further work will be needed to investigate how these 

different types of sequence-related activity in the basal ganglia are generated at the cellular 

and circuit level, as well as how they are functionally connected with and distinct from the 

cerebral cortex [10,72,84].

Organization of action sequences

Early psychologists proposed that behavioral sequences were governed by reflex chains, 

where the activation of the first movement elicits the second, which triggers the third, and so 

on, based on a stimulation-response type principle [2]. This reflex chain theory predicts that 

action sequences are organized in a serial manner (Figure 4A). This theory has been called 

into question by the fact that the neural activity before the first movement of a sequence 

could sometimes correlate with the order or complexity of the whole sequence and not just 

the first action. However, recent studies provide evidence for sequential activity in HVC 

neurons responsible for temporally precise control of birdsong generated through synaptic 

chains [85], suggesting that the chain model might function at least in certain brain regions. 

A structure with hierarchical organization has also been proposed for action sequence 

organization (Figure 4B) [17,86]. According to this view, during skill learning, multiple 

movement units can be combined into larger units by “chunking”, and multiple chunks can 

be formed to build up the whole behavioral sequence [13,17,18,86]. Thus, one action 

sequence may consist of multiple sub-sequences, which in turn can contain multiple sub-

sub-sequences. Hierarchical organization of action sequences can afford for example the 

advantage of error tolerance over serial representations during retrieval or sequence 

execution. In a hierarchical structure, lower level errors do not necessarily abort the 

sequence given the ability of the higher levels to access other representations or actions and 

continue sequence execution. Hierarchical representations also offer savings for re-usage of 

sub-modules in future action sequences. For example, behavioral studies of Sakai et al. [19] 

have found that the performance on a shuffled sequence was much slower and less accurate 

if the sub-sequence (chunk) structure was disrupted rather than preserved from the originally 

learned sequence. The data reviewed here further supports some type of hierarchical 

organization since single cortical neurons can signal both the initiation and termination 

(boundary) of sequences, while different subsets of neurons in the basal ganglia are related 
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to sequence initiation, whole sequence performance, and sequence termination [13–15,17–

19,22,86].

Conclusions

We presented evidence that basal ganglia circuits are involved in the shaping of newly 

acquired action sequences. The basal ganglia circuits are important for the “chunking” of 

isolated motor elements into action sequences, and the shaping of behavioral variability 

which leads to the emergence of complex action sequences as consolidated modules or units 

of behavior. This behavioral “crystallization” is accompanied by a decrease in trial-to-trial 

variability of corticostriatal activity, most likely via plasticity in these circuits. 

Concomitantly, neural activity related to the initiation, execution, and termination of newly 

learned action sequences emerges in different cell types and pathways in the basal ganglia 

circuits. The data adds support to a hierarchical model of organization of newly learned 

action sequences, and offers insights into the mechanisms underlying the sequence learning 

deficits observed in Parkinson´s and Huntington´s diseases.
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Highlights

- The basal ganglia are critical for chunking motor elements into action 

sequences

- Consolidation of motor sequences is paralleled by decreases in neural 

variability

- Neural activity related to action sequences emerges in basal ganglia circuits

- Sequence-related activity is differentially expressed in basal ganglia 

subcircuits

- Corticostriatal plasticity is critical for neural and behavioral crystallization
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Figure 1. 
Learning-related decrease of behavior variability and crystallization of action sequences 

depends on striatal NMDA receptors. (A–B) Behavioral microstructure during the first day 

(A) and last day (B) of self-paced fixed-ratio eight (FR8) sequence training. (C–D) 

Behavioral microstructure of a striatal NMDA-KO mouse during the first day (C) and last 

day (D) of self-paced FR8 sequence training. (E–H) Variability of sequence length (E), 

sequence duration (F), inter-sequence interval (G) and within-sequence press rate (H), 

measured as coefficient of variation (CV), in control (black) and striatal NMDA-KO mice 

(red) during training. Adapted from Jin and Costa (2010).
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Figure 2. 
Different types of neural signals during action sequences. There are neurons showing phasic 

firing modulation during the execution of every element in a sequence (‘Every action’), 

neurons signaling selectively the initiation (‘Start’), termination (‘Stop’) or both initiation 

and termination (‘Boundary’) of the action sequence, neurons exhibiting sustained 

oscillation firing (‘Sustained’) or inhibition (Inhibited) throughout the whole action 

sequence. See text for detailed references.

Jin and Costa Page 15

Curr Opin Neurobiol. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Heterogeneous sequence-related neuronal activity in the direct vs. indirect pathways. (A) 

dSPNs and iSPNs are co-activated during both sequence initiation (‘Start’) and sequence 

termination (‘Stop’). There are more D1 neurons exhibited ‘sustained’activity, and more D2 

neurons showed ‘inhibited’ activity during sequence execution. (B) Distribution of 

activation timing for dSPNs and iSPN during sequence initiation. Adapted from Jin et al. 

(2014).
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Figure 4. 
Serial vs. hierarchical models for the organization of action sequences. (A) Taking the FR8 

lever pressing task as an example, the serial model proposes that action sequences are 

governed by reflex-type chains, where the execution of a previous movement elicits the 

following one and the whole sequence is thus generated based on a stimulus-response type 

principle. (B) The hierarchical model, however, suggests the action sequences are organized 

hierarchically as sub-sequences or sub-chunks, which could further consist of elements of 

sub-sub-sequences, and the higher centers have the capability to access different 

components in lower levels.
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