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Abstract

This review paper focuses on studies in healthy human subjects that examined the functional neuroanatomy and cerebral plasticity
associated with the learning, consolidation and retention phases of motor skilled behaviors using modern brain imaging techniques. Evidence
in support of a recent model proposed by Doyon and Ungerleider [Functional Anatomy of Motor Skill Learning. In: Squire LR, Schacter DL,
editors. Neuropsychology of Memory. New York: Guilford Press, 2002.] is also discussed. The latter suggests that experience-dependent
changes in the brain depend not only on the stage of learning, but also on whether subjects are required to learn a new sequence of
movements (motor sequence learning) or learn to adapt to environmental perturbations (motor adaptation). This model proposes that the
cortico-striatal and cortico-cerebellar systems contribute differentially to motor sequence learning and motor adaptation, respectively, and
that this is most apparent during the slow learning phase (i.e. automatization) when subjects achieve asymptotic performance, as well as
during reactivation of the new skilled behavior in the retention phase.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In everyday life, we go about activities using a variety of
motor skills that have been acquired gradually through prac-
tice and interactions with our environment. These include,
for example, the use of smooth co-articulation of finger
movements into a specific sequence (e.g. when playing a
musical instrument like the piano), of regular multi-joint
movement synergies (e.g. during reaching and grasping of
small objects), and of a smoothly executed eye-body coor-
dinated action (e.g. in playing sports such as golf). To study
the time course, the biomechanics, the learning mechanisms
(e.g. implicit versus explicit) and the neural substrates me-
diating our ability to learn such skilled behaviors in the
laboratory, investigators have used experimental paradigms
that fall into two categories: the first measures the incremen-
tal acquisition of movements into a well-executed behavior
(motor sequence learning), whereas the second tests our
capacity to compensate for environmental changes (motor
adaptation) (e.g.[8,11,15,18,31,32,57,58]). Operationally
defined, these two forms of motor skill learning refer to
the process by which movements, either produced alone or
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in a sequence, come to be performed effortlessly through
repeated practice[68].

In both animals and humans, motor skill learning is usu-
ally measured by a reduction in reaction time and the num-
ber of errors, and/or by a change in movement synergy and
kinematics (e.g.[5–7,24,30,57,60]for reviews). For some
skills, such as learning to play a new melody on a musical
instrument, early learning can be facilitated using explicit
knowledge (i.e. requiring thought). For most motor skills,
however, motor performance is ultimately over-learned to a
point where it can be performed implicitly (i.e. without con-
scious recollection). As opposed to other forms of memory
(e.g. episodic memory), these changes in performance are
known to evolve slowly, requiring many repetitions over sev-
eral training sessions[30,60]. Indeed, psychophysical stud-
ies have demonstrated that the incremental acquisition of
motor skills follows two distinct stages: first, an early, fast
learning stage in which considerable improvement in per-
formance can be seen within a single training session; and
second, a later, slow stage in which further gains can be
observed across several sessions (and even weeks) of prac-
tice [4,32,42]. In addition to these two stages, an interme-
diate phase corresponding to a consolidation period of the
motor routine has recently been proposed, as gains in per-
formance have been reported following a latent period of
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more than 6 h after the first training session without addi-
tional practice on the task (e.g.[26,33]). Additionally, there
is little or no interference from a competing task, provided
it is administered beyond a critical time window of about
4–6 h[4,49,57]. Finally, with extended practice, the skilled
behavior is thought to become resistant both to interference
and to the simple passage of time[45]. Once over-learned,
a motor skill can thus be readily retrieved with reasonable
performance despite long periods without practice.

Based on animal and human work, several brain struc-
tures, including the striatum, cerebellum, and motor cor-
tical regions of the frontal lobe have been thought to
be critical for the acquisition and/or retention of mo-
tor skilled behaviors (e.g.[2,5,9,10,14,19,30,53,62,64,65]
for reviews). Anatomical studies have demonstrated that
these structures form two distinct cortical-subcortical
circuits: a cortico-basal ganglia-thalamo-cortical loop
and a cortico-cerebello-thalamo-cortical loop[37,46,61]
(see Fig. 1). Evidence supporting the role of these
cortical-subcortical systems in motor skill learning has come
from impairments found in patients with striatal dysfunction
(e.g. in Parkinson’s or Huntington’s disease), with damage
to the cerebellum, or with a circumscribed lesion involving
the frontal motor areas (e.g.[1,6,7,13,22,44,52,69]). Fur-
ther support has come from neurophysiological studies (e.g.

Fig. 1. Diagram illustrating the major cortical and subcortical structures in-
volved in motor skill learning, and their interconnections. These structures
are organized into two main circuits: a cortico-striato-thalamo-cortical loop
and a cortico-cerebello-thalamo-cortical loop. Dynamic changes within
these loops occur during motor sequence learning and motor adaptation
(see text for more details): SMA, supplementary motor area; PM, pre-
motor cortex; M1, primary motor cortex; Vlo, ventrolateral nucleus, oral
division; X, area X; VLc, ventrolateral nucleus, caudal division; VPLo,
ventralposterior nucleus, oral division.

[21,42,61]), as well as from lesion experiments in rodents
(e.g. [36,67] for a review) and non-human primates (e.g.
[35,38]). More recently, modern brain imaging techniques
have allowed us to confirm not only the functional contribu-
tion of both cortico-striatal and cortico-cerebellar systems
in motor skill learning, but also to identify in vivo the neural
substrates mediating this type of memory and the functional
dynamic changes that occur over the entire course of the
acquisition process (e.g. see[5,9,10,30,64,65]for reviews).

In this review paper, we will discuss the results of stud-
ies in healthy human subjects that examined the functional
anatomy and the cerebral plasticity associated with the
learning, consolidation and retention phases of motor skilled
behaviors using brain imaging technology, such as positron
emission tomography (PET) and functional magnetic res-
onance imaging (fMRI). Previous literature reviews have
often pointed out the heterogeneity in the results obtained
with this methodological approach[5,10,15,65]. However,
Doyon and Ungerleider[10] have recently proposed that
much of the variability in the pattern of results across stud-
ies can be accounted for if one considers the type of motor
task and the learning phase at which subjects are scanned.
The latter model suggests that the cortico-striatal and
cortico-cerebellar systems contribute differentially to motor
sequence learning and motor adaptation, respectively, and
that this is most apparent during the slow learning phase
(i.e. automatization) when subjects achieve asymptotic per-
formance, as well as during reactivation of the new skilled
behavior in the retention phase. In support of this model,
we will put emphasis on the results of our own series of
experiments with tasks designed to investigate the neural
substrate mediating motor sequence learning, and will also
describe in more detail some of the studies that focused on
the neuronal system involved in motor adaptation.

2. Neural correlates of motor sequence learning

In brain imaging investigations designed to better under-
stand the neuroanatomy of motor skill learning, subjects are
typically required to produce a sequence of movements that
they know explicitly before scanning[9,31,32,54,56], to dis-
cover a particular sequence by trial and error[27–29,50,63],
or to follow the display of visual stimuli appearing sequen-
tially on a screen[6,9,15,23,47,48]. The motor responses in
those tasks involve finger-to-thumb opposition movements
(e.g. [31,32,56]), finger presses on response boxes (e.g.
[15,47,48]) or movements of the whole arm (e.g.[8,16]).
However, other sequence tasks, including rotor pursuit
[17,18], the tracing of cut-out mazes[66], and the practice
of repeating two-dimensional trajectorial movements[55]
have also been employed in previous brain imaging studies
to examine this form of motor learning.

Using such paradigms, changes in activity in both cortico-
striatal and cortico-cerebellar circuits have been reported.
For example, activity in the striatum and the cerebellum
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has been associated with both the encoding of motor se-
quence programs (e.g.[8,15,27,28,47,54,56,63]) and the
retrieval of learned sequences of movements[3,27,28]. On
the few occasions in which learning-related activation in the
cerebellum has not been observed[15,17,47], the negative
findings have been thought to result from the limited field
of view of the PET camera, thereby precluding full visu-
alization of the inferior potions of the cerebellum[5,65].
Either or both the striatum and cerebellum, in concert with
motor cortical regions, have also been shown to be activated
during implicit learning [8,15,47,48], when subjects are
practicing a motor sequence for which they have complete
explicit knowledge[9,15,54,56,63], and during tasks in
which subjects need to utilize problem-solving strategies to
find a repeating sequence of finger movements[27,28,63].

Changes in activity in both the striatum and cerebellum
have also been observed at different stages of the acquisition
process of motor sequence learning. Numerous studies have
demonstrated that the cerebellum is active during the fast
learning phase[8,9,27], but that this activity decreases with
practice and may become undetectable when the sequential
movements are well learned[9,12,18,28,55,63]. Some in-
vestigators have also reported striatal activations in the early
acquisition phase of motor sequence learning, when subjects
have to rely more strongly on the use of cognitive strate-
gies and working memory[27,28,63]. However, the results
of other studies have shown that the striatum is significantly
more activated when subjects have reached asymptotic per-
formance on the task than when they are at the beginning of
the acquisition process (e.g.[8,18,28]). Furthermore, unlike
the pattern of activity changes in the cerebellum (see next
section), no decrease in striatal activity is observed with ex-
tended practice. Together, the latter findings suggest that the
striatum (and motor cortical areas discussed below) may be
critical for the long-term storage of well-learned sequences
of movements.

Evidence to support the role of the cortico-striatal sys-
tem in memory storage comes from a PET study by Grafton
et al.[18], who scanned subjects on two separate occasions:
(1) on day 1, while they were learning to keep a stylus on
a rotating disk (rotor pursuit task); and (2) on day 2, af-
ter they had completed an extensive practice session on the
task. On day 1, learning-dependent changes were observed
in the ipsilateral anterior cerebellum and parasagittal vermal
area. Additional activations were seen in the primary motor
cortex (M1) contralaterally, in the supplemental motor area
(SMA) bilaterally, and in the cingulate and inferior parietal
regions. By contrast, on day 2, after the subjects had re-
ceived additional practice and achieved an asymptotic level
of performance, activations were observed in the putamen
bilaterally, as well as in parietal cortex bilaterally and the
left inferior premotor area, but not in the cerebellum.

Other evidence supporting the role of the cortico-striatal
system in storing well-learned behaviors come from our re-
cent fMRI study[9]. Subjects were scanned during motor
sequence learning using a version of the serial reaction time

Fig. 2. (a) Materials and stimuli used in the motor sequence learning
task[41]. The stimuli consisted of four blue boxes that were aligned in a
horizontal row, and of a red circle that appeared above one of the boxes
on each trial. These stimuli were projected on a screen located in front of
the subject, and were reflected through a mirror embedded within the head
coil. Subjects made responses using an optical-fiber device; (b) subjects’
mean reaction time in both Random and Explicit Learning conditions
across the three scanning sessions.

task, in which they were required to press as quickly as pos-
sible one of four buttons corresponding to the location of
a red circle that appeared on a screen (Fig. 2a). The stim-
uli were either presented in an unpredictable order (random
condition [R]) or followed a repeating 10-item sequence of
movements that was taught to each subject prior to scanning
(explicit learning condition [L]). Subjects were scanned over
three separate sessions with intervening periods of practice
of the 10-item sequence administered just prior to the sec-
ond and third scan session.

As a group, the subjects showed consistent improvement
in executing the sequence of finger movements across scan-
ning sessions (Fig. 2b). The results revealed that subjects
were faster to respond in the L than in the R condition. The
results of the contrast between the L and R conditions across
sessions revealed the existence of dynamic changes in acti-
vation within the cerebellum and other motor-related struc-
tures. First, a significant activation in Lobule V and Crus1 of
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Fig. 3. Merged fMRI-MRI horizontal sections through the cerebellum (z = −33) illustrating the results of the multiple regression analysis averaged
over 9 subjects. The results are shown asz-score maps and reveal both increases (orange) and decreases (blue) in BOLD signal over the three scanning
sessions, and are displayed overlaid on a co-planar, high resolution MRI scan of a single subject. In the horizontal sections, thez-coordinate represents
the position of the section relative to the anterior–posterior commissure line. The subject’s right cerebellar hemisphere is on the left: (a) significant
increases and decreases of activation (z-score >3.09,P < 0.001) in both the cerebellar cortex (Lobule V and Crus1) and deep nuclei across sessions; (b)
results of the subtraction analysis comparing thez-score maps obtained in Sessions 2 vs. 1, and in Sessions 3 vs. 2.

the cerebellar cortex, mainly on the right, was seen in both
Sessions 1 and 2, but not in Session 3 (Fig. 3a). Further-
more, comparisons between sessions demonstrated that the
extent of the area activated in the cerebellar cortex declined
significantly from Session 1 to 2, and again from Session
2 to 3 (Fig. 3b). By contrast, activations in the deep cere-
bellar nuclei, and in the right dentate nucleus in particular,
were observed in Session 2 only (Fig. 3a), thereby yielding
a significant increase in activation from Session 1 to Session
2, followed by a significant decline in activation in Session
3 (Fig. 3b). Thus, while the cerebellar cortex was activated
at the beginning of learning, involvement of the dentate nu-
cleus was seen only later in the acquisition process, suggest-
ing that the contributions of the cerebellar cortex and deep
nuclei differ in time as a function of the amount of motor
sequence practice.

In addition to the experience-dependent shifts of activa-
tion in the cerebellum, plastic changes across sessions were
also seen in the cerebral cortex and striatum, another sub-
cortical structure frequently associated with motor sequence
learning (e.g.[5,20,29,39,48,51]). From Session 1 to Session
2, increases in BOLD signal were observed in anterior cin-
gulate and dorsal premotor cortex, with the activated regions
located predominantly on the right (Fig. 4a). A complex

pattern of change was seen in the right inferior parietal cortex
when Sessions 1 and 2 were compared directly, with some
voxels showing an increase in signal but others showing a
decrease. Activations within both the right anterior cingu-
late and premotor regions subsequently declined in Session
3, whereas a further increase in activation was observed in
the right inferior parietal region; this activation was located
in a slightly more superior region than the one found in the
subtraction between Sessions 2 and 1. Thus, changes in ac-
tivation within the anterior cingulate and dorsal premotor
cortex followed the same temporal pattern during learning
as found in the dentate nucleus. This suggests that, like the
cerebellum, these frontal regions participate in the formation
of motor routines mediating the implicit learning associated
with practice of an explicitly known sequence of movements.

The drop in activation in the anterior cingulate and dorsal
premotor regions in Session 3 was accompanied by increased
activation in the striatum (in particular, the putamen), sup-
plementary motor area (SMA), precuneus, and ventrolateral
prefrontal cortex in the right hemisphere (Fig. 4b). Increases
in activation from Session1 to Session 2, and from Session
2 to Session 3 were also observed in the inferior parietal
cortex (Fig. 4a). The latter findings suggest that when a se-
quence of movements is well learned and its execution has
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Fig. 4. Merged fMRI-MRI horizontal sections illustrating the results of the subtraction ofz-score maps at the level of the cortex and striatum: (a) sessions
2–1: The results yielded an increase (z-score >1.64,P < 0.05) in BOLD signal from Session 1 to Session 2 in the right anterior cingulate (x = 3;
y = 2, z = 45) and dorsal premotor region (x = 38; y = 3, z = 45). Both an increase and a decrease (z-score<−1.64, P < 0.05) in activation was
also seen in the right inferior parietal cortex (x = 40; y = −53, z = 45). Sessions 3–2: by contrast, activations within both the right anterior cingulate
and premotor regions subsequently declined (blue) in Session 3, while a further increase in activation was observed in the right inferior parietal region
(x = 56; y = −5, z = 45); this activation was located in a slightly more superior region; (b) horizontal sections illustrate the significant increase in
BOLD signal in the striatum (x = 23; y = 0, z = 0), SMA (x = 9; y = −2, z = 57), precuneus (x = 9; y = −68, z = 51), inferior parietal cortex
(x = 50; y = −45, z = 51) and ventrolateral prefrontal cortex (x = 45; y = 36, z = 3).

become “automatic”, a distributed neural system composed
of the striatum and related motor cortical regions, but not
the cerebellum, may be sufficient to express and retain the
learned behavior.

To examine the neural structures involved in long-term
retention of a motor skill Penhune and Doyon[45] recently
used PET to compare brain regions active during recall of
a timed motor sequence with those active during learning
of the same skill. Subjects were scanned during learning
(LRN) and baseline (ISO) on 3 days: during early learn-
ing (day 1), after 5 days of practice (day 5) and after a
4-week delay with no additional practice (Recall). In this
task, subjects were required to reproduce a complex timed
motor sequence using a single key of the computer mouse.
Stimuli were 10-element visual sequences made up of a
series of white squares presented sequentially in the center
of the computer screen (Fig. 5a). In the LRN condition,
the sequences were made up of five long (750 msec) and
five short (250 msec) elements with a constant ISI (500
msec). In the ISO condition, the sequences were made up
of alternating sequences of either all long or all short ele-
ments. Subjects’ key-press and key-release durations were

recorded and used to calculate three indices of learning:
accuracy, response variance and response asynchrony.

On day 1 subjects were explicitly taught the LRN se-
quence to a criterion of three consecutive correct repetitions
and then scanned during performance of one block of the
LRN and ISO conditions. On days 2–4, subjects returned to
the laboratory and practiced the LRN sequence without scan-
ning. On day 5 and at Recall subjects were again scanned
during performance of one block of the LRN and ISO con-
ditions. Across the 5 days of learning, subjects performed
20 blocks (240 trials) of the LRN sequence and three blocks
(36 trials) of the ISO sequences. Behavioral data (Fig. 5b)
showed significant improvements in response variance and
response asynchrony across the 5 days of learning. No sig-
nificant differences were found between day 5 of learning
and Recall, indicating that once learned the sequences were
well retained.

The PET data revealed a network of cortical and subcor-
tical structures that contribute differentially to the early and
late phases of motor learning and to delayed recall. Overall,
significant changes in activity were seen across days for
the LRN condition, but not the ISO baseline. Day 1 results
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Fig. 5. (a) Illustrates the temporal structure of the isochronous and learned sequences used in the experiment by Penhune and Doyon[45]; (b) illustrates changes in performance for the learned sequences
across days of scanning. The left graph shows the change in percent correct; the middle graph shows changes in the coefficient of variation and the rightgraph shows changes in response asynchrony.
© Society for Neuroscience 2002.
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Fig. 6. PET results of the study by Penhune and Doyon[45]. The left panel presentsz-statistic maps showing significant regions of activation in M1,
PMC, parietal cortex and medial area 8 observed at Recall (REC-LRN2). PET data is co-registered with the average MRI of the nine subjects and slice
levels are given in the standardized space of Talairach and Tournoux (t-value range: 2.5 to 4.8). The right panel graphs changes in nCBF values extracted
from each VOI showing significant increases in activity between day 5 and Recall (significant differences are indicated with an asterisk). © Society for
Neuroscience 2002.

revealed extensive activation in the cerebellum, including
medial areas III/IV and V/VI, as well as lobules VI, VIIIA
and VIIIB bilaterally. Day 5 results showed decreased cere-
bellar activity with increased activity in the basal ganglia
(putamen/globus pallidus) and medial frontal lobe. At Re-
call, significantly greater activation was seen in M1, PMC
and the parietal lobe, with no significant activity in the cere-
bellum or BG (Fig. 6). The results of the subtraction analy-
ses were confirmed by changes in normalized CBF (nCBF).
Across days of learning, nCBF in the cerebellum decreased,
but increased in the BG between day 1 and day 5. No signifi-
cant changes were observed across days for the isochronous
condition. At Recall, nCBF for the learned sequences in-
creased in M1, PMC and parietal cortex, but not for the
isochronous baseline (Fig. 6).

These results are consistent with Doyon and Ungerleider’s
[10] hypothesis that the cerebellum is most actively involved
in early sequence learning, with the BG and cortical regions
more actively involved once the sequence is well-learned.
During this early phase, cerebellar mechanisms may be
involved in adjusting movement kinematics according to
sensory input to produce accurate motor output. Once the
sequence is well-learned these mechanisms are less actively
required and the BG may be involved in the more automatic
phase of performance. Finally, relative to learning, delayed
recall of a motor sequence appears to be mediated by a pre-

dominantly cortical network including M1, the PMC and
parietal cortex.

3. Neural correlates of motor adaptation

Several studies have examined the neural systems that
are involved in motor adaptation. Tasks have included target
reaching with the upper limb, in which the relationship be-
tween movements of a manipulandum and cursor on a moni-
tor is reversed[11,25], and pointing to a target with a robotic
arm to which different force fields are applied[34,58,59]. In
these studies, subjects have been tested during both early in
the fast learning process and later when they have achieved
asymptotic performance on the task. In addition, in some
studies, the relative changes in activation between sessions
after variable time intervals have been considered in order to
identify the cerebral structures mediating the memory con-
solidation[58] or the long-term retention[40] of the motor
skilled behavior, as well as the ability to inhibit competing
motor memories[59].

In a series of PET studies, Shadmehr and Holcomb[58,59]
found that, at the beginning of the acquisition process, the
capacity of subjects to adapt to a perturbing force field when
reaching to randomly presented targets with a robotic arm
was associated with increased activity in the left putamen
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and dorsolateral prefrontal cortex (DLPFC) bilaterally. Later
in the fast learning phase of the first training session, when
subjects failed to show further gains in performance, de-
creased activity in the putamen was seen. This pattern of
findings in the striatum has been corroborated by Krebs et al.
[34] who have used a similar force-field task with PET. In
the latter study, early (fast) learning was associated with ac-
tivations in the ventral striatum, as well as in the contralat-
eral primary sensory cortex and bilateral parietal association
areas. By contrast, when the skill was well learned and the
subjects produced smooth reaching movements, there was a
shift of activity from the striatum and parietal areas to the
left motor and premotor regions and to the right cerebellar
cortex, suggesting that the cortico-striatal circuit contributes
more importantly during early motor adaptation learning,
whereas the cortico-cerebellar circuit plays a more critical
role during late adaptation learning.

The distinct contribution of the cerebellum to motor adap-
tation has also been studied by Imamizu et al.[25] and by
Flament et al.[11] using fMRI technology, using tasks in
which subjects are required to adjust to a change in their
sensorimotor coordinate system. Both groups of researchers
found an inverse relationship between the subjects’ level
of performance and the extent of cerebellar activation: bet-
ter performance on the task was associated with decreased
activity in the cerebellum, supporting the notion that this
structure participates in the detection and correction of er-
rors. In addition, however, these studies showed a sustained
increase of activity in specific areas of the cerebellum with
continued practice (i.e. in an area near the posterior supe-
rior fissure in Imamizu et al.[25] (Fig. 7), and possibly in
the dentate nucleus in Flament et al.[11]), suggesting that
these cerebellar regions may be part of the neuronal system
engaged in the creation of a long-term representation of the
skilled movements necessary to execute these motor adap-
tation tasks proficiently.

4. Changes in motor representations over the course of
learning

A very limited number of imaging studies have investi-
gated the changes in motor representation that occur in the
brain over the entire course of motor learning[18,31,32,63].
Consequently, little is known about the neural circuitry
mediating the acquisition of new motor skills that become
fully mastered. Furthermore, the relative contribution of the
cortico-striatal and cortico-cerebellar systems during the
consolidation and long-term retention of motor skills re-
mains largely unknown. Nevertheless, one indisputable find-
ing emerging from the studies reviewed above is that prac-
tice of a motor task elicits plastic neuronal changes in both
cortical and subcortical structures within these two circuits.

A few investigators have proposed that modifications
in the representation of motor skills with learning occur
within the same cerebral structures used to execute the task.

Evidence supporting such a model of plasticity comes, for
example, from a PET study by Grafton et al.[17] who
showed that learning-dependent changes associated with
performance of a rotor pursuit task were located in ar-
eas that were part of a more distributed network active
during motor execution. Additional evidence stems from
Karni et al. [31,32] who have reported the existence of
experience-specific reorganization in the primary motor cor-
tex (M1) after 4 weeks of practice on a sequence of finger
movements. Finally, the results from Nudo and co-workers
[42,43] using conventional intracortical microstimulation
techniques in squirrel monkeys are also in accord with
this view, inasmuch as the distal forelimb zone of M1 was
found to undergo significant changes in cortical representa-
tion following extended practice on a reach-and-grasp task
requiring skilled finger manipulations.

There is however evidence supporting an alternative view,
namely, that the acquisition of motor skills produces repre-
sentational changes in different cerebral structures over the
course of learning (Fig. 8). This model of cerebral plastic-
ity suggests that representational changes depend not only
on the stage of learning, but also on whether subjects are
required to learn a new sequence of movements (Motor se-
quence learning) or learn to adapt to environmental per-
turbations (Motor adaptation). We propose that, depending
upon the nature of the cognitive processes (e.g. learning by
trial and error, implicit learning, etc.) required during learn-
ing, both motor sequence and motor adaptation tasks re-
cruit similar cerebral structures early in the learning phase:
the striatum, cerebellum, motor cortical regions (e.g. premo-
tor cortex, SMA, pre-SMA, anterior cingulate), as well as
prefrontal and parietal areas. Dynamic interactions between
these structures are likely to be critical for establishing the
motor routines necessary to learn the skilled motor behav-
ior. As learning progresses after consolidation in the slow
learning phase, however, representational changes can be
observed. For example, Krebs et al.[34] have demonstrated
that learning to adapt to a force field first elicits activation
in the striatum, which is followed by a change of activity in
the cerebellum, whereas others (e.g.[9,18,45]) have shown
that during motor sequence learning the cerebellar contri-
bution to the task precedes that of the striatum. When a
motor task is well learned and asymptotic performance is
achieved in the automatization phase, the representation of
the skill may be distributed in a network of structures that
involves either the cortico-cerebellar or the cortico-striatal
circuit, depending on the type of learning acquired. We sug-
gest that, at this stage, for motor adaptation, the striatum is
no longer necessary for the execution and retention of the
acquired skill; increased activity in regions representing this
skill will now be present in the cerebellum, parietal cortex
and motor-related cortical regions. By contrast, a reverse
pattern of plasticity is proposed to occur in motor sequence
learning, such that with extended practice, the cerebellum
becomes no longer essential, and the long-lasting retention
of the skill will now involve representational changes (as
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Fig. 7. Behavioral and neural changes associated with learning a motor adaptation task, during which subjects moved a cursor with a computer mouse
to reach a randomly moving target on a screen. During the test period, the cursor appeared in a position rotated 120◦ around the center of the screen,
whereas in the baseline period, the cursor was not rotated. Top: mean tracking errors over the training sessions; bottom:t-statistic maps showing two
types of changes in learning-dependent activity within the cerebellum: one is spread over wide areas of the cerebellum, but decreases proportionally
with the reduction in error signal that guides the acquisition of this skill, whereas the second is located in an area near the posterior superior fissure
and remains stable even after subjects have reached asymptotic performance (see Session 9). Adapted from[25]. Copyright 2000 by Nature Publishing
Group. Reprinted by permission.

Fig. 8. Model of cerebral plasticity within the cortico-striatal and cortico-cerebellar systems over the course of learning a new sequence of movements
(motor sequence learning) or to adapt to environmental perturbations (motor adaptation) (see text for more details)[10].
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reflected through increased activity) in the striatum and its
associated motor cortical regions, including the parietal and
motor-related structures. Finally, when a well-learned motor
behavior is elicited again, even after a long delay without
practice, it is proposed that the same cortico-subcortical sys-
tems are reactivated. For motor sequence learning skills, it
is expected that the long-term retention of this type of skill
is dependent upon activity maintained in the cortico-striatal
system, whereas for motor adaptation skills, the long lasting
representation of this form of learning is mediated through
the cortico-cerebellar system.

Interestingly, the model of cerebral plasticity during mo-
tor learning that we propose here makes predictions that can
be tested experimentally. For example, based on the results
from Shadmehr and Holcomb[58] who have shown that the
cerebellum is critical for consolidating adaptation learning,
and those from Imamizu et al.[25] who have demonstrated
that this structure constitutes a storage site for this form of
motor memory, one would expect that the striatum would
play an equally important role in the consolidation of move-
ment sequences, as this structure is known to contribute to
the development and maintenance of the final representation
of this skill. At present, however, this remains a working
hypothesis, awaiting experimental investigation.
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