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The ability to learn and perform a sequence of movements is a key component of
voluntary motor behavior. During the learning of sequential movements, individuals
go through distinct stages of performance improvement. For instance, sequential
movements are initially learned relatively fast and later learned more slowly. Over multiple
sessions of repetitive practice, performance of the sequential movements can be further
improved to the expert level and maintained as a motor skill. How the brain binds
elementary movements together into a meaningful action has been a topic of much
interest. Studies in human and non-human primates have shown that a brain-wide
distributed network is active during the learning and performance of skilled sequential
movements. The current challenge is to identify a unique contribution of each area to the
complex process of learning and maintenance of skilled sequential movements. Here,
| bring together the recent progress in the field to discuss the distinct roles of cortical
motor areas in this process.
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INTRODUCTION

The production of sequential movements is a fundamental aspect of voluntary behavior. Many
of our daily actions, such as playing a musical instrument, handwriting, typing, etc., depend on
attaining a high level of skill in the performance of sequential movements. The performance
of sequential movements can be acquired and improved to the expert level through extensive
practice (Rosenbaum, 2010). Such performance can be maintained as a motor skill. How the brain
binds elementary movements together into skilled sequential movements has been a fundamental
problem of systems neuroscience.

The neural basis of sequential movements has been extensively studied in human and non-
human primates. Human imaging studies have shown that a brain-wide distributed network,
which is composed of the presupplementary motor area (pre-SMA), supplementary motor area
(SMA), dorsal premotor cortex (PMd), primary motor cortex (M1), primary somatosensory cortex,
superior parietal lobule, thalamus, basal ganglia, and the cerebellum, subserves the learning
and performance of skilled sequential movements (e.g., Shibasaki et al., 1993; Grafton et al.,
1994, 1995; Karni et al, 1995; Hikosaka et al, 1996, 2002; Sakai et al., 1998; Ungerleider
et al., 2002; Dayan and Cohen, 2011; Hardwick et al.,, 2013). Studies in non-human primates
showed that neural activity of these areas reflected aspects of sequences (e.g., Mushiake et al.,
1991; Mushiake and Strick, 1993, 1995; Tanji and Shima, 1994, 1996b; Clower and Alexander,
1998; Nakamura et al., 1998; Miyachi et al., 2002; Lee and Quessy, 2003; Matsuzaka et al.,
2007; Picard et al, 2013; Ohbayashi et al., 2016). Nevertheless, the results sometimes appear
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contradictory. This could be due to the various cognitive
demands associated with different formulations of sequential
tasks. Several features of sequential movement tasks can be
identified, such as guidance (i.e., guided by external vs. internal
cues), memory (i.e., guided by short-term vs. long-term memory),
movement outcome (i.e., configuration vs. spatial position), and
movement flow (i.e., with temporal separation vs. continuous).
It was suggested that spatial and non-spatial sequences may be
learned and controlled by different cortical circuits (Tanji, 2001;
Ohbayashi et al., 2016). Furthermore, neural activity has been
shown to change as a result of practice on motor skill tasks (e.g.,
Grafton et al., 1994; Karni et al., 1995; Sakai et al., 1998; Coynel
etal., 2010).

In this review, I will focus on the roles of the SMA,
PMd, and M1 in skilled sequential movements, i.e., those
acquired through repetitive practice and internally generated
from long-term memory. I will especially focus on the spatial
sequence tasks as this type of task was used in non-human
primate studies after extensive practice (Table 1). The current
challenge is to identify a unique contribution of each area to
the complex process of acquisition and retention of sequential
movements. Interventional studies in non-human primates could
represent a valuable complement to neuroimaging studies.
These methods can critically address the causal relationship
between the activity in a brain area and behavior. I will aim
to integrate recent discoveries regarding the cortical control of
skilled sequential movements at multiple levels of complexity
by highlighting interventional (e.g., inactivation) studies in non-
human primates.

LEARNING OF SKILLED SEQUENTIAL
MOVEMENTS

An important characteristic of learning skilled sequential
movements is that individuals seem to go through several
learning stages (Fitts and Posner, 1967; Hikosaka et al., 2002;
Doyon et al., 2003; Doyon and Benali, 2005; Rosenbaum,
2010; Dayan and Cohen, 2011; Schmidt and Lee, 2011). An
improvement of performance can be detected as changes in
the speed and accuracy during learning (Figure 1). During an
initial learning stage of skilled sequential movements, a subject
improves performance of sequential movements relatively fast.
The subject tends to make a large number of errors and highly
variable movements with a lack of consistency from trial to trial,
but achieves large performance improvements (Fitts and Posner,
1967; Rosenbaum, 2010; Dayan and Cohen, 2011; Schmidt and
Lee, 2011). Later, the subject improves the performance more
slowly over multiple sessions of practice by making fewer and
smaller errors. The durations of the learning stages are highly
specific to the tasks, subjects, and definitions. For example, the
fast stage of learning to perform a sequential finger opposition
task was defined as an initial within-session improvement phase
in a human study (Karni et al., 1995, 1998), whereas the fast
stage of learning to play an advanced piano piece may last
months. Monkeys performing a sequential reaching task rapidly
improved their response speed over about 50 days (Matsuzaka

et al., 2007). Despite timing differences, the learning curves on
different skill tasks follow the same patterns of initially fast,
then slowing performance improvements with further practice.
Through extensive and repetitive training, subjects can further
improve their performance to the expert level. Then, the skill
will become almost automatic with very small variability and
small improvement (Fitts and Posner, 1967; Rosenbaum, 2010;
Schmidt and Lee, 2011).

The progress in the learning of sequential movements is
associated with a shift in functional MRI (fMRI) activation from
the anterior regions to the posterior regions of the brain (Grafton
et al., 1994; Sakai et al., 1998; Coynel et al,, 2010). The change
in fMRI activation is shown to be associated with improvement
in the task performance during learning (Bassett et al., 2015;
Reddy et al., 2018). This suggests that the extent of contribution
of each area may change during learning. Hikosaka et al. (2002)
proposed that a subject learns the spatial features of sequences
during the fast learning stage and then learns the motor features
of the sequences during the slow learning stage. In the following
sections, I will discuss the contributions of the SMA, PMd, and
M1 to the learning and performance of spatial sequence tasks
and how the skilled sequential movements are maintained after
extensive practice.

SUPPLEMENTARY MOTOR AREA

Classically, the preparation for and the generation of sequential
movements have been thought to depend on the supplementary
motor area (SMA) and the pre-SMA (Roland et al, 1980;
Brinkman, 1984; Goldberg, 1985; Dick et al., 1986; Halsband,
1987; Halsband et al., 1993; Tanji and Shima, 1994, 1996a,b;
Grafton et al., 1995; Shima et al., 1996; Taniji et al., 1996; Gerloft
et al,, 1997; Picard and Strick, 1997, 2001; Nakamura et al.,
1998; Shima and Tanji, 1998, 2000; Tanji, 2001; Hikosaka et al.,
2002). Human patients with lesions that include these areas
had deficits in performing self-initiated movements, sequential
movements, and/or speech (Goldberg, 1985; Dick et al., 1986;
Halsband et al., 1993). In agreement with the reports of human
patients, studies in non-human primates clearly demonstrated
the contributions of the SMA and pre-SMA to the learning
or performance of sequence tasks composed of non-spatial
movements (Brinkman, 1984; Halsband, 1987; Tanji and Shima,
1994, 1996a,b; Shima et al, 1996; Tanji et al., 1996; Shima
and Tanji, 1998, 2000, 2006; Tanji, 2001; Table 2). Neural
recordings in monkeys demonstrated that neurons in the SMA
and the pre-SMA respond preferentially to a specific order of
movements rather than a single movement (Tanji and Shima,
1994, 1996a; Shima and Tanji, 2000). The inactivation of these
areas in monkeys demonstrated the contributions of the SMA
and pre-SMA in the performance of a sequence composed of
non-spatial movements (Shima and Tanji, 1998). When the SMA
or pre-SMA was bilaterally inactivated by injecting muscimol
(GABA4 agonist), the inactivation disrupted the monkey’s
performance of sequences of arm movements guided by memory,
leaving the execution of simpler, single movements unaffected
(Shima and Tanji, 1998).
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On the other hand, non-human primate studies using spatial
sequence tasks suggested that spatial and non-spatial sequences
may be learned and controlled by different cortical circuits
(Tanji, 2001; Ohbayashi et al., 2016). Even though neural activity
reflected a specific order of movements in a sequence in both
types of tasks, the results of an inactivation study using a spatial
sequence task were different from the results using the non-
spatial sequence task. Neurons in the SMA and the pre-SMA
respond preferentially to a specific order of movements rather
than a single movement during the performance of internally
generated spatial sequence tasks (Clower and Alexander, 1998;
Nakamura et al., 1998; Lee and Quessy, 2003). The activity of the
SMA neurons reflected a particular serial position in a sequence
(Lee and Quessy, 2003). The pre-SMA is particularly active for the
learning of new sequences of movements, but not the production
of movement components (e.g., reaching) (Hikosaka et al,
1996). Furthermore, the 2-deoxyglucose (2DG) signals of these
areas after extensive practice (>12 months) reflected the effect
of long-term training on spatial sequences (Picard and Strick,

1997, 2003). The 2DG signal is suggested to be associated with
presynaptic activity at both excitatory and inhibitory synapses
and reflects the metabolic activity of synapses (discussed in
Picard and Strick, 2003). In the studies, the monkeys were
trained on remembered sequential movements or visually guided
reaching for years (>12 months). After extensive practice, both
the SMA and the pre-SMA displayed substantial uptakes of 2DG
in association with visually guided reaching movements (Picard
and Strick, 2003). On the other hand, 2DG incorporation in the
SMA and pre-SMA was relatively low in the case of remembered
sequential reaching movements (Picard and Strick, 1997). The
differential metabolic activities of the pre-SMA and SMA in
the two tasks suggested that these areas may be reorganized
with overtraining on the remembered sequences after extensive
practice. Therefore, the results from neural recording and 2DG
showed that neurons in both the SMA and pre-SMA may play
roles in the learning and performance of spatial sequence tasks.
Nevertheless, an inactivation study using spatial sequences
provided results different from the inactivation study using

TABLE 1 | Non-human primate studies on memory-guided sequential reaching tasks.

Study Area Training duration Method Main findings

Lee and Quessy, 2003 SMA 1 day Neural recording About one-third of the neurons in the SMA displayed gradual changes in
their activity across different trials when a particular movement sequence
was repeatedly performed.

Mushiake et al., 1991 SMA, PMd, M1 3-5 months Neural recording More than a half of the SMA neurons were preferentially active during
memory-guided sequential reaching (55% and 65% during the
pre-movement and movement periods). More than a half of the PM neurons
were preferentially active in visually guided reaching (55% and 64% during
the pre-movement and movement periods). M1 neurons showed similar
activity regardless of whether it was guided by memory or visual stimulus.

Clower and Alexander, 1998 SMA - Neural recording Neurons in the SMA and pre-SMA reflected the numerical order of the
specific movement component of a sequence.

Nakamura et al., 1998 SMA 8 months-2 years ~ Neural recording Neurons in the SMA and pre-SMA respond preferentially to a specific order
of movements.

Nakamura et al., 1999 SMA 8 months-2 years ~ Muscimol injection  Inactivation of the SMA did not disrupt the learning or performance of the
sequential reaching guided by memory.

Picard and Strick, 1997 SMA ~39 months 2DG 2DG uptakes in the SMA and pre-SMA were relatively low in the
remembered sequential reaching movements.

Picard and Strick, 2003 SMA 12-17 months 2DG 2DG uptakes in the SMA and pre-SMA were substantial in the visually
guided reaching.

Ohbayashi et al., 2016 PMd >50 days Neural recording, Injection of muscimol disrupted the performance of the memory-guided

muscimol injection  sequential reaching, but not the visually guided reaching. Forty-three
percent of the neurons were differentially active during the memory-guided
sequential reaching and visually guided reaching.

Lu and Ashe, 2005 M1 ~6 months Neural recording, Neurons exhibited anticipatory activity related to specific sequences. After
muscimol injection muscimol injection, the number of errors in the sequential movements

increased.

Ohbayashi, 2020 M1 >100 days Anisomycin Anisomycin injection disrupted the performance of the memory-guided
injection, muscimol  sequential reaching, but not the visually guided reaching. Muscimol injection
injection disrupted the performance of both the memory-guided sequential reaching

and visually guided reaching.

Matsuzaka et al., 2007 M1 >2 years Neural recording ~40% of the task-related neurons were differentially active during the
memory-guided sequential reaching and visually guided reaching.

Picard et al., 2013 M1 ~1-6 years 2DG, neural 2DG uptake was lower in monkeys that performed sequential reaching

recording guided by memory compared with the 2DG uptake in monkeys that

performed visually guided reaching. 2DG uptake was lower in monkeys that
were trained for a longer duration.

SMA, supplementary motor area; PMd, dorsal premotor cortex; M1, primary motor cortex; 2DG, 2-deoxyglucose.—: Training duration was not provided in the manuscript.
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FIGURE 1 | Schematic diagram of the learning of skilled sequential
movements. During learning, individuals seem to go through several learning
stages. The subject improved the performance of sequential movements
relatively fast initially and, later, more slowly over multiple sessions of practice.
Through repetitive practice, subjects improve their speed and accuracy of
sequential movements. The performance of sequential movements can be
improved to the expert level through extensive practice and can be
maintained as a motor skill.

non-spatial sequences. Hikosaka’s group trained monkeys to
learn a spatial sequence of reaching movements to targets
(Nakamura et al., 1999). In their sequence task, reaching
movements in space were required, so that the selection of spatial
end points in sequential reaching was a critical factor to control.
When the pre-SMA was bilaterally inactivated by injecting
muscimol, the inactivation disrupted the monkeys’ learning
of a new sequence of movements, but not the performance
of the memorized sequence of movements. Interestingly, local
inactivation of the SMA did not significantly disrupt the learning
or the performance of the sequential reaching task (Nakamura
etal., 1999). The result suggests that the SMA may not be critically
involved in the performance of this type of spatial sequences
at the tested stage of learning, even though neurons exhibited
the sequence-related activity. Clearly, the inactivation results
highlight the most unique contribution of the targeted area to
the sequence task.

Taken these findings together, the pre-SMA seems to be more
critically involved in the cognitive aspects of acquiring a novel
sequence of movements compared to the SMA (Hikosaka et al.,
1996; Shima et al., 1996; Nakamura et al., 1998, 1999; Shima
and Tanji, 2000, 2006). The SMA seems to be involved in the
temporal organization of multiple non-spatial movements into
a sequence (Boecker et al.,, 1998; Shima and Tanji, 1998; Tanji,
2001; Nachev et al., 2008; Orban et al., 2010; Wiener et al., 2010;
Cona and Semenza, 2017). On the other hand, for the spatial
sequence tasks, even though neural activity of the SMA neurons

reflected aspects of sequences, its role is still debatable and needs
to be further investigated. The results of the spatial sequence task
suggested that the effect of muscimol injection in the SMA could
be compensated by another motor area, possibly the PMd, which
is anatomically connected with both the SMA and M1. In the next
section, I will discuss the role of the PMd in the performance of
internally generated sequential movement tasks.

DORSAL PREMOTOR CORTEX

The dorsal premotor cortex (PMd) has been regarded as the
area for the visual guidance of motor behavior in many studies
(Kalaska and Crammond, 1995; Johnson et al., 1996; Wise et al.,
1997; Hoshi and Tanji, 2007; Averbeck et al., 2009). Moreover,
the PMd is suggested to be involved in the cognitive aspects
of visually guided motor tasks, such as mental rehearsal and a
decision making (Cisek and Kalaska, 2002, 2004, 2005; Pesaran
et al., 2008). Considerable evidence suggests that the PMd is
specifically involved in the guidance of movements based on
memorized arbitrary sensorimotor associations (Passingham,
1988; Mitz etal., 1991; Kurata and Hoffman, 1994). Firstly, lesions
or the inactivation of the PMd produces deficits on tasks that
rely on the associations between an arbitrary visual cue (e.g.,
color or shape of a visual stimulus) and a movement (Halsband
and Passingham, 1982; Passingham, 1988; Kurata and Hoffman,
1994). For example, Kurata and Hoffman trained monkeys to
learn the visuo-motor association task in which the monkeys
were required to move their wrist to the right or the left direction
based on the color of a conditional cue (Kurata and Hoffman,
1994). Then, they locally inactivated the PMd by injecting a small
amount of muscimol at sites where the preparatory neural activity
was recorded during the performance of the conditional visuo-
motor association task. The local inactivation of PMd disrupted
the monkeys’” performance of the visuo-motor association task.
Secondly, neurons in the PMd show a sustained activity that
is specifically related to the performance of these visuo-motor
association tasks (Kurata and Wise, 1988; Mitz et al., 1991; Kurata
and Hoffman, 1994). The PMd neurons showed sustained activity
after the presentation of the arbitrary visual cue during the
movement preparation period (Kurata and Wise, 1988; Kurata
and Hoffman, 1994). Although these findings are in line with the
proposal that the PMd plays a crucial role in the visual guidance
of movements in general, they specifically point to the important
contribution of the PMd to memory-guided movements in which
selection, preparation, and execution of movements are guided by
memorized visuo-motor associations (Halsband and Passingham,
1982; Wise, 1985; di Pellegrino and Wise, 1993; Kurata and
Hoffman, 1994).

Moreover, human imaging studies consistently reported the
activity of the PMd during the performance of sequential
movements (Dayan and Cohen, 2011; Hardwick et al., 2013).
The studies indicated that the PMd may be a structure of
key importance for sequence learning and may contribute
to sequence learning by selecting appropriate responses. This
idea was verified by a study using non-human primates. The
role of the PMd in internally guided sequential reaching
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was studied using neural recordings and local inactivation
(Ohbayashi et al., 2016). Monkeys were trained to perform
two types of reaching tasks (Figures 2A-C). In one task, the
movements were instructed by spatial visual cues (random task,
visually guided reaching; Figure 2B), whereas in the other task,
sequential movements were internally generated from memory
after extended practice (repeating task, internally generated
sequential movements guided by memory; Figure 2C; Ohbayashi
et al., 2016; Ohbayashi and Picard, 2020). After more than
50 days of training on the tasks, the group examined neural
activity in the arm area of the PMd, which was identified
by intracortical microstimulation. About 40% of the neurons
displayed responses that were enhanced in one task compared
with the other (i.e., differential neurons). Approximately half of
the differential neurons displayed enhanced activity during the
repeating task, internally generated sequential movements. In the
same study, the PMd was locally and transiently inactivated by
injecting a small amount of muscimol into the arm representation
area of the PMd after more than 50 days of training (Figures 3A-
E). The inactivation of the PMd had a marked effect only on
the performance of sequential movements that were guided
by memory, but not on the performance of visually guided
reaching (Figures 3D,E; Ohbayashi et al., 2016). Even though
comparable numbers of neurons displayed enhanced activity
during the internally guided sequential reaching and visually
guided reaching, movement performance during the visually
guided reaching was unaffected by the PMd inactivation.
Furthermore, the monkeys made two types of errors after
the inactivation of the PMd: errors of accuracy and errors
in direction. Accuracy errors reveal an execution deficit: the
monkeys reached in the correct direction for the next target
in the sequence, but the movement end points were outside
of the correct target. Direction errors indicate a deficit in the
selection of the next target in a sequence: the monkeys reached
in the direction opposite to the correct target. The inactivation
results provide a clear demonstration of the importance of
the PMd in the performance of internally generated sequential
movements. Similarly, an inactivation of the left PMd of a human
subject using transcranial magnetic stimulation (TMS) disrupted
the performance of internally generated sequential movements

(Wymbs and Grafton, 2013). In the study, human subjects
practiced sequence production task using either a button box or
a laptop keyboard with their right hand. After 30 days of practice,
when the left PMd was stimulated, the error rate during the
retrieval of practiced sequences increased.

Taken together, the results suggest that, although the PMd
neurons are active during both visually guided and internally
generated sequential movements, the PMd plays an important
role in the internal generation of sequential movements. The
inactivation results demonstrated that the PMd is involved in
guiding sequential movements based on internal instructions
after practice. With practice on sequential movements, the animal
could learn arbitrary motor-motor associations of elements in
the sequence and perform the practiced sequence in a seamless
and predictive manner. Therefore, one possible interpretation
is that the PMd inactivation disrupted the arbitrary motor-
motor associations in the same way as lesions of the premotor
cortex disrupt an animal’s performance of arbitrary sensorimotor
associations (Halsband and Passingham, 1982; Wise, 1985;
Passingham, 1988; di Pellegrino and Wise, 1993; Kurata and
Hoffman, 1994). This is consistent with human imaging studies
in which performance of the serial reaction time task (SRTT)
variants elicited the bilateral PMd activity (e.g., Hardwick et al.,
2013). Hardwick et al. (2013) suggested that the left PMd of
humans is “a critical node in the motor learning network” for
sequential movements. Further studies are necessary to explore
the role of the PMd during early learning and after extensive
practice, as well as in different types of sequential movements
such as non-spatial sequence tasks.

PRIMARY MOTOR CORTEX

The primary motor cortex (M1) controls muscle activity through
its projections to the spinal cord, and its contribution to
patterning muscle activity has been extensively studied (Evarts,
1981). Growing evidence suggests that M1 is involved in both
the learning and maintenance of motor skills (e.g., Shibasaki
et al., 1993; Karni et al., 1995, 1998; Ungerleider et al., 2002;
Floyer-Lea and Matthews, 2004). For example, human imaging

TABLE 2 | Non-human primate studies on non-spatial sequence tasks guided by memory.

Study Area Training duration Method Main findings

Tanji and Shima, 1994 SMA - Neural recording A group of neurons exhibited activity related to a
predetermined sequence of movements.

Shima et al., 1996 Pre-SMA - Neural recording A group of pre-SMA cells were active when a monkey was
required to switch a sequence of movements to perform
the next one.

Shima and Tanji, 1998 SMA, pre-SMA - Muscimol injection An inactivation of either the SMA or the pre-SMA disrupted
the performance of memorized sequential movements.

Shima and Tanji, 2000 SMA, pre-SMA - Neural recording Neurons in both the SMA and pre-SMA exhibited activity at
different phases in the task.

Shima and Tanji, 2006 Pre-SMA - Neural recording A group of pre-SMA neurons represented odd-numbered

trials within the sequential movements; others represented
even-numbered trials.

pre-SMA, presupplementary motor area; SMA, supplementary motor area.—: Training duration was not provided in the manuscript.
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FIGURE 2 | (A) Apparatus of the training setup. A monkey sits in front of a touch-sensitive monitor. To make a correct response, the monkey is required to contact a
yellow target cue displayed on the touch monitor. The yellow target is presented at one of five squares displayed on the touch monitor. Squares are arranged in a
horizontal row and identified as numbers 7 to 5 from left to right. (B) Random task. A new target cue is presented in pseudo-random order in one of the five squares.
A new target is presented 100 ms after the monkey made a correct response or immediately after an error. Therefore, the monkey performs visually guided reaching
from a target to the next target. (C) Repeating task. Targets are presented according to a predetermined sequence (left). As the monkey learns the sequence, the
monkey started to touch the target in the sequence before the presentation of the visual cue (right). After extended practice, the monkeys perform the task without

help of visual cues (modified from Ohbayashi and Picard, 2020).

studies have shown that the fMRI blood oxygen level-dependent
(BOLD) signal in M1 is modulated by the learning of sequential
movement tasks. Karni et al. (1995) reported that after 3 weeks
of practice on finger opposition sequences, the extent of M1
activation evoked during the performance of a trained sequence
was significantly larger compared with the extent of activation
evoked by the control task. The change in the BOLD signal in M1
persisted for several months. Moreover, the effects of prolonged
and repetitive practice on the functional organization and cortical
structure in M1 have been studied with musicians (i.e., the
experts of sequential movements). The functional activation in
M1 during the performance of sequential tasks is reduced or
becomes more focused in professional musicians compared to
non-musicians or amateurs (Hund-Georgiadis and von Cramon,
1999; Jancke et al., 2000; Krings et al., 2000; Haslinger et al.,
2004; Meister et al., 2005). The reduced activation after years
of extensive training is considered as evidence for the increased
efficacy of the motor system and the need for a smaller number
of active neurons to perform a highly trained set of sequential

movements (Jancke et al., 2000; Krings et al., 2000; Haslinger
et al., 2004; Meister et al., 2005). These suggested that the M1
of musicians is reorganized after years of extensive practice on
sequential movements.

The view that M1 is reorganized after extensive practice on
sequential movements has also been supported by studies focused
on the anatomical and functional changes of musicians’ M1. The
volume of M1 is reported to be larger in professional musicians
compared to that in amateurs or non-musicians (Amunts et al.,
1997; Gaser and Schlaug, 2003a,b; Draganski and May, 2008;
Herholz and Zatorre, 2012; Zatorre et al., 2012; Sampaio-Baptista
and Johansen-Berg, 2017; Wenger et al., 2017). The motor
representations of the body parts used for skilled performance
are enlarged in professional musicians compared with non-
musicians (Elbert et al., 1995; Schwenkreis et al., 2007). The
structural changes were proposed to be supported by processes
occurring at the synapse level, including intracortical remodeling
of dendritic spines and axonal terminals, glial hypertrophy,
and synaptogenesis (Anderson et al., 1994; Draganski and May,
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FIGURE 3 | Effect of muscimol injection in the PMd on the performance of internally generated sequential movements. (A) Sequence 5-3-1 of the repeating task.
(B) Lateral view of a Cebus brain. Dashed lines indicate the M1-PMd border and the pre-PMd-PMd border. PS, principal sulcus; ArS, arcuate sulcus; CS, central
sulcus; IPS, intra parietal sulcus; LS, lateral sulcus; pre-PMd, pre-dorsal premotor cortex; PMd, dorsal premotor cortex; M1, primary motor cortex; R, rostral; L,
lateral. (C) Intracortical stimulation map of a Cebus monkey. Letters indicate the movements evoked at each site. S, shoulder; E, elbow; W, wrist; D, digit; F, face.
Injections were done at sites in which intracortical stimulation evoked shoulder or elbow movements (i.e., arm representation) in the PMd. (D) Reaching end points of
movements from target 5 to target 3 before and after muscimol injection in the PMd. Left: pre-injection; right: post-injection. Top: random task; bottom: repeating
task. The monkey was performing sequence 5-3-1 during the repeating task. E4: accuracy errors, a reach performed in the correct direction (e.g., to the left), but to
an end point outside of the correct target. Gray dots: correct response; black dots: error response. The percentages of trials ending in each target are given below
the targets. *p < 0.05. (E) Error rates of the random task (left) and the repeating task (Right) in the injection session in (D). After muscimol injection, the number of
errors increased dramatically in the repeating task, but not in the random task (modified from Ohbayashi et al., 2016. Copyright 2016 Society for Neuroscience).

2008; Herholz and Zatorre, 2012; Zatorre et al., 2012). These
studies suggested that increased synaptic efficacy as a result
of extensive practice may contribute to changes in structural
volume. Similarly, the plasticity of the white matter structure
was correlated with skill practice, such as the number of practice
hours (Bengtsson et al., 2005; Han et al., 2009). Bengtsson et al.
(2005) discussed that increased myelination, caused by neural
activity in fiber tracts during training, could be a mechanism
underlying the observed increased volume of white matter.
Taken together, extensive practice on sequential movements
is suggested to lead to the increased synaptic efficacy in M1
through the remodeling of dendritic spines and axonal terminals,
synaptogenesis, increased myelination, and glial hypertrophy.
The change of fMRI activation in the M1 of humans, decreased

2DG signal in the M1 of non-human primates, and the enlarged
volume of the M1 in musicians may all reflect the reorganization
in M1 with extensive practice.

Recent fMRI studies suggested that M1’s contribution to
structured and higher-order aspects of sequential movements
may be limited when the training duration was short (Yokoi
and Diedrichsen, 2019). In the study, human subjects practiced
higher-order sequences that are composed of chunks of short
sequences of keyboard pressing. Then, the authors examined
whether this hierarchical structure was reflected in the brain
activity patterns of the participants using fMRI data (Yokoi and
Diedrichsen, 2019). The authors concluded that single-finger
movements were represented in M1 and higher-order sequences
were represented throughout the frontoparietal regions of the
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cortex after 1 week of training. The neural basis for the acquisition
and retention of long and high-ordered sequences after extensive
practice should be further investigated in future studies.

Neurophysiological studies in non-human primates showed
that the neural activity in M1 is modulated by the sequence
components. When a monkey performs sequential movements,
the neural activity of M1 neurons reflects aspects of the sequential
movements (Hatsopoulos et al., 2003; Lu and Ashe, 2005). The
effect of extensive practice on the neural and metabolic activities
in the M1 of monkeys was examined after 1-6 years of training
on a sequential reaching task (Matsuzaka et al., 2007; Picard
et al, 2013). In these studies, the monkeys were trained to
perform the internally generated sequential reaching task and
visually guided reaching task for 1-6 years (Figure 2). Then,
the neural and metabolic activities were compared between
these two conditions to elucidate the characteristics specific to
the extensively trained sequential movements. After extensive
training on the two tasks (~2 years), Matsuzaka et al. (2007)
recorded the activity of single neurons in the proximal arm
representation of M1. In this experiment design, the movements
were performed either in the context of an internally generated
trained sequence or of a visually guided reaching on the same
experiment day (e.g., movement from target 5 to target 3
in Figures 2B,C). Therefore, the comparison of activity for
movements performed in two different contexts (i.e., internally
generated sequence or visually guided reaching) revealed changes
of activity associated with training, even though the activity
patterns of the neurons before training were unknown (ie.,
not recorded). Forty percent of the task-related neurons in
M1 were differentially active during the performance of the
visually guided and internally generated sequential reaching. The
majority of differentially active neurons had enhanced activity for
the trained, internally generated sequential reaching (Matsuzaka
et al., 2007). Similarly, the uptake of 2DG was examined in
the arm area of M1 after extensive training of the sequential
reaching task (Picard et al., 2013). Uptake of 2DG is suggested
to be associated with presynaptic activity at both excitatory and
inhibitory synapses (discussed in Picard and Strick, 2003; Picard
et al., 2013). They found that the uptake of 2DG was low in
monkeys that performed highly practiced, internally generated
sequences of movements compared with the 2DG uptake in
monkeys that performed visually guided reaching (Picard et al.,
2013). Surprisingly, the low uptake of 2DG was not matched by
low neural activity in the same area. Neural activity in arm M1
during the internally generated movements was comparable to
that observed during the visually guided movements. Therefore,
there was a marked dissociation between the metabolic and
neural activities in M1. These observations imply an increase
of the synaptic efficacy in M1 after extensive practice, which
led to M1’s contribution to the planning and generation of
sequential movements.

M1 is critical for implementing motor output, so that it has
been challenging to test its involvement in the acquisition or
the maintenance of motor sequences. Lesions or inactivation
of M1 will abolish the motor commands to the spinal cord
that generates muscle activity. A few studies reported that,
when M1 was inactivated, subjects made more errors in

the performance of trained sequential movements compared
with that before the inactivation (Lu and Ashe, 2005; Cohen
et al, 2009; Censor et al., 2014). However, because M1 is
critically involved in motor execution, an advanced approach
is required to further understand how MI1 contributes to
internally generated sequential movements without the confound
of basic motor deficits. This was achieved in a recent study by
selectively manipulating protein synthesis in the M1 of non-
human primates in order to disrupt information storage in
this cortical area (Figure 4; Ohbayashi, 2020). In the study,
the monkeys were trained on two tasks: internally generated
sequential movements (repeating task, guided by memory;
Figures 2C, 4A) and reaching movements guided by visual
cues (random task, visually guided reaching as a control task;
Figure 2B; Ohbayashi, 2020). After the monkeys practiced
each sequence for more than 100 training days and started
to perform the memorized sequential movements predictively,
the protein synthesis inhibitor anisomycin was injected into
the arm representation of M1 to test M1’s involvement in the
maintenance of sequential movements after extensive practice
(Figure 4B). Anisomycin injections had a significant effect on
the performance of the sequential movements guided by memory
during the repeating task. The injections resulted in a significant
increase in the number of errors (Figures 4C,D) and a significant
decrease in the number of predictive responses, an indication
of sequence learning, during the repeating task. Moreover, the
monkeys made errors reaching in the direction opposite to the
correct target (Figure 4C, bottom). This type of error suggests a
deficit in selecting the movement component in the sequence. In
contrast, performance of the visually guided movements during
the random task was not significantly disrupted. Interestingly,
inactivation of M1 using muscimol injection disrupted the
performance on both the random and repeating tasks, suggesting
that the inactivation of M1 caused a deficit of motor production
(Ohbayashi, 2020). Differences in the effects between anisomycin
injection and muscimol injection suggest that the anisomycin
injection disrupted the performance of internally generated
sequential movements by interfering with the information
storage in this area. This observation emphasizes the importance
of M1 for the generation of sequential movements guided by
memory. The results suggest that, although M1 is critical for
movement production, it also is involved in the maintenance of
skilled sequential movements (Ohbayashi, 2020).

Protein synthesis inhibitors have been widely used in rodents
to study the neural basis of learning and memory. The studies
have been conducted in rodents, especially extensively in the
context of fear conditioning (Davis and Squire, 1984; Nader
et al., 2000a,b; Kandel, 2001; Dudai, 2004, 2012; Dudai and
Eisenberg, 2004; Kelleher et al., 2004; Rudy, 2008a,b). De novo
protein synthesis, during or shortly after the initial training, is
shown to be essential in the consolidation of long-term memory
(Davis and Squire, 1984). Moreover, when a protein synthesis
inhibitor (e.g., anisomycin) was given during the retrieval, the
performance of retrieved task was disrupted (Nader et al., 2000a;
Nader, 2003; Lee et al., 2008). The studies suggested that the
neural trace may be destabilized upon retrieval through protein
degradation and then rebounded through protein synthesis
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FIGURE 4 | Effect of anisomycin injection in M1 on the performance of internally generated sequential movements. (A) Sequence 1-2-4 of the repeating task.

(B) Intracortical stimulation map of a Cebus monkey. Letters indicate the movements evoked at each site. S, shoulder; E, eloow; W, wrist; D, digit. Injections were
done at sites in which intracortical stimulation evoked shoulder or elbow movements (i.e., arm representation). (C) Reaching end points of trials from target 2 to target
4 before and after anisomycin injection. Left: pre-injection; right: post-injection. Top: random task; bottom: repeating task. The monkey was performing sequence
1-2-4 during the repeating task. E4: accuracy errors, a reach performed in the correct direction (e.g., to the right), but to an end point outside of the correct target;
Ep: direction errors, a reach performed in the direction opposite to the correct target. Gray dots: correct response; black dots: error response. The percentages of
trials ending in each target are given below the targets. *p < 0.05. (D) Averaged error rates of six injection sessions in the random task (left) and the repeating task
(right). After anisomycin injection, the number of errors increased dramatically in the repeating task, but not in the random task (modified from Ohbayashi, 2020).

during the “reconsolidation” process (Nader et al., 2000a,b; Sara,
2000; Nader, 2003; Lee et al., 2008; Rudy, 2008a,b; Dudai, 2012).
Thus, the injection of the protein synthesis inhibitor disrupted
the task performance as the inhibitor prevented the synthesis of
the proteins needed to reconsolidate the memory trace (Nader
et al., 2000a; Lee et al., 2008; Dudai, 2012). The series of studies
also proposed that the destabilized trace may be bidirectionally
modified to be weakened or strengthened, so that the neural
trace can be “updated” (Sara, 2000; Dudai and Eisenberg, 2004;
Rudy, 2008b; Dudai, 2012). Although it is unclear whether these
proposals can be generalized to other forms of memory, they
may inform us of the way by which anisomycin injected in M1
interfered with the performance of the well-practiced sequential
movements (discussed in Ohbayashi, 2020). The neural basis

for motor skill improvement needs to be further investigated
in future studies.

The rodent studies provide valuable insights into the
reorganization of the motor cortex during motor skill learning,
even though the rodent motor system and the range of motor
skills differ from those of human and non-human primates (Dum
and Strick, 1991; He et al,, 1993, 1995; Rathelot et al., 2016).
Early in the learning of the reach-grasp task, the expressions
of transcription factors (e.g., an immediate early gene, c-fos)
increase within the rodent’s motor cortex and remain elevated
in the plateau phase of the learning curve relative to control
animals (Kleim et al., 1996). The increase of gene expression
precedes both the changes in synapse number and motor map
reorganization (Kleim et al., 1996). The injection of protein
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synthesis inhibitors into the motor cortex of rodents disrupted
the maintenance (Kleim et al., 2003) or the learning (Luft et al.,
2004) of the skilled forelimb reaching. In these studies, the rats
were trained to reach and grasp for a food pellet placed outside
the cage (Kleim et al., 2003; Luft et al., 2004). The injection of
anisomycin into the motor cortex after the training disrupted the
performance of the skilled forelimb task and caused reductions in
the synapse number and size in the motor cortex in vivo (Kleim
etal., 2003). The injection of anisomycin into the rodents’ motor
cortex during the learning disrupted the learning of the motor
skill task (Luft et al., 2004). Two photon imaging or electron
microscopy studies have shown that skill training leads to the
rapid formation of enduring postsynaptic dendritic spines and
an increase in synaptic density in neurons in the motor cortex
(Kleim et al., 2003; Xu et al., 2009; Yang et al., 2009; Yu and
Zuo0,2011). When the newly modified dendritic spines during the
training of rotarod tasks were optically manipulated to shrink in
the motor cortex, the rodents’ performance of the trained task
was disrupted (Hayashi-Takagi et al., 2015). The study suggested
that the structural plasticity of spines plays a critical role in the
learning of motor skills in the motor cortex of rodents.

Taken together, these observations support the view that M1
is involved in skilled sequential movements, especially after
extensive practice. The neural activity, metabolic activity, and
the structural organization in M1 were influenced by extensive
practice on the motor skill tasks. Further studies will expand
our understanding of how M1 contributes to the continuous
improvement of skilled sequential movements during repetitive
practice as well as its contribution to fast learning.

COLLABORATION OF CORTICAL
MOTOR AREAS

Studies on anatomical connectivity provided valuable insights
into the interaction between multiple areas. The functional
distinction of pre-SMA and SMA is supported by the differences
in the anatomical connections between these areas (Luppino
et al, 1990, 1993; Bates and Goldman-Rakic, 1993, reviewed
in Picard and Strick, 2001). Firstly, only the SMA has direct
projections to the M1 and the spinal cord (Muakkassa and
Strick, 1979; Dum and Strick, 1991, 1996; He et al., 1995; Wang
et al.,, 2001). Secondly, the pre-SMA does not have substantial
connections with M1 (Tokuno and Tanji, 1993; Galea and
Darian-Smith, 1994; Lu et al., 1994; Hatanaka et al., 2001; Dum
and Strick, 2005). Instead, the pre-SMA is densely interconnected
with regions of the prefrontal cortex as well as from the rostral
cingulate motor area and pre-PMd (F7) (Luppino et al., 1990,
1993, 2003; Bates and Goldman-Rakic, 1993; Lu et al., 1994;
Takada et al., 2004; Wang et al., 2005). Moreover, the pre-SMA
does not appear to be densely interconnected with the SMA
(Luppino et al., 1990, 1993, 2003; Wang et al., 2001). These
observations suggest that the SMA is a part of the cortical motor
areas and that the pre-SMA can be functionally considered as
a region of the prefrontal areas (Bates and Goldman-Rakic,
1993; Luppino et al., 1993; Lu et al., 1994; Picard and Strick,
2001). This view is consistent with the observations of the

inactivation studies described above showing that the pre-SMA
is involved in cognitive aspects such as the early learning of
movement sequences, whereas the SMA is primarily involved in
the performance of memorized movement sequences.

The anatomical connections of the M1, PMd, PMv (ventral
premotor cortex), and the SMA of monkeys were precisely
studied by Dum and Strick’s group (Dum and Strick, 2005).
The anatomy results showed that the digit representations of the
PMd, PMy, and M1 are densely interconnected with each other.
Thus, these three cortical areas form a network for the control
of hand movements (Dum and Strick, 2005). The projections
from the digit representation in the SMA to the PMd and the
PMv are stronger than the SMA projections to M1 (Dum and
Strick, 2005). This suggests that the SMA may influence through
connections with the premotor areas rather than through M1.
Overall, the laminar origins of neurons that interconnect the
PMd, PMyv, and M1 are typical of “lateral” interactions. Dum
and Strick commented that “from an anatomical perspective, this
cortical network lacks a clear hierarchical organization” (Dum
and Strick, 2005). The strong, reciprocal interconnections suggest
that these areas may act in concert with each other to produce
commands for movements.

In fact, a subset of neurons in each premotor area exhibits
activity for relatively simple movements as M1 neurons do
(Kurata and Tanji, 1986; Shima et al., 1991; Cadoret and Smith,
1997). Furthermore, in non-human primate studies, aspects of
practiced sequences were reflected in the neural or the metabolic
activity in all the SMA, PMd, and M1 (Picard and Strick, 1997,
2003; Matsuzaka et al., 2007; Picard et al., 2013; Ohbayashi et al.,
2016; Ohbayashi, 2020). On the other hand, the injection of
chemical agents in these areas showed that each premotor area is
differentially involved in sequential movements. Inactivation of
the SMA did not have an effect on the learning and performance
of internally generated spatial sequences (Nakamura et al., 1999).
Nevertheless, both the muscimol injection in the PMd and the
anisomycin injection in M1 selectively disrupted the performance
of internally generated sequences, but not the visually guided
reaching (Ohbayashi et al., 2016; Ohbayashi, 2020). Moreover,
both injections caused deficits in target selection, in which a
monkey reached to the direction opposite to the correct target
(Ohbayashi et al.,, 2016; Ohbayashi, 2020). Together with the
dense anatomical connection between the PMd and M1, as
described above, these suggested a possibility that anisomycin
injection disrupted the interaction from the PMd to M1, which
resulted in the deficit in the performance of internally generated
spatial sequences. These suggest that the PMd functions as
a major source of input to M1 to guide the performance
of internally generated spatial sequences after practice. More
experiments are required to tease out the exact nature of
interactions between M1 and the premotor areas in the learning
and performance of sequential movements.

SUMMARY

The performance of sequential movements can be improved
to the expert level and maintained as a motor skill through

Frontiers in Behavioral Neuroscience | www.frontiersin.org

June 2021 | Volume 15 | Article 640659


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Ohbayashi

Motor Areas in Sequential Movements

extensive practice. Functional imaging studies in humans show
that a brain-wide network subserves the performance of skilled
sequential movements. Interventional studies in non-human
primates advanced our understanding of its neural basis. The
results of interventional studies suggested that each motor area
in the network makes a distinct contribution to skilled sequential
movements. The SMA is involved in the temporal organization
of multiple non-spatial movements into a sequence and the
execution of the sequential actions. Its role in spatial sequences
is still debatable and needs to be further investigated. The
PMd may act as a key structure for the learning of sequential
movements by contributing to the selection of appropriate
responses. Specifically, the PMd may be critical for the acquisition
and maintenance of arbitrary motor-motor associations. In M1,
the neural activity, metabolic activity, and structural organization
were shown to be modified by extensive practice on sequential
movements. M1’s involvement in sequential movements after
extensive practice was verified by an interventional study using
an inhibitor for protein synthesis. These studies suggest that
the PMd functions as a major source of input to M1 to guide
the performance of internally generated sequences. Together, the
PMd and M1 may be parts of the key structures for the learning
and maintenance of internally generated sequential movements.
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