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Central mechanisms of motor skill learning
Okihide Hikosaka*, Kae Nakamura†, Katsuyuki Sakai‡, Hiroyuki Nakahara§
Recent studies have shown that frontoparietal cortices and
interconnecting regions in the basal ganglia and the
cerebellum are related to motor skill learning. We propose that
motor skill learning occurs independently and in different
coordinates in two sets of loop circuits: cortex–basal ganglia
and cortex–cerebellum. This architecture accounts for the
seemingly diverse features of motor learning.
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Abbreviations
BG
basal ganglia
CB
cerebellum
DA
dopamine
M1
primary motor cortex
preSMA
presupplementary motor area
SEF
supplementary eye field
SMA
supplementary motor area

Introduction
Neuroscience has evolved from the study of simple
behaviors to examinations of complex behaviors. In particular,
we are beginning to learn more about complex motor
behaviors. We are usually unaware of how intricately our
tongue moves during conversation and how elaborate our
finger movements are during typing. Such awesome but
implicit complexities had discouraged scientific approaches
to skilled behaviors until recently.
A major breakthrough occurred when human imaging
studies were developed. Recent imaging studies have
addressed complex motor learning in human subjects.
Their remarkable results have promoted neural theories of
motor learning and have also renewed interest in studies
of motor control on animal subjects.
In this review, we integrate diverse data obtained recently
on the motor control of complex behaviors and provide a
common ground for researchers working on motor skill
learning. Due to space limitations, we leave out several
important topics in motor learning, including visuomotor

associations, sensorimotor adaptations, cellular mechanisms
of neural plasticity, and motor learning in birds.

Multiple neural mechanisms for motor
skill learning
A complex motor skill is often composed of a fixed
sequence of movements [1,2]. It has been suggested that
the supplementary motor area (SMA) plays an important
role in sequential movements [3]. By training monkeys to
perform different movements in specific orders, Shima and
Tanji [4•] found that many neurons in the SMA become
active specifically at particular transitions, not in response
to particular movements. Neurons in the presupplementary
motor area (preSMA), a cortical area anterior to the SMA,
may be active specifically at certain rank orders in a
sequence. On the basis of these results, Tanji proposed
that the SMA and the preSMA work together to produce
sequential movements correctly [5••].
How are such motor sequences acquired in the brain? To
address this question, Hikosaka et al. [6] devised a sequential
button press task, called the 2×5 task, in which the subject
(either monkey or human) learned to press buttons in the
correct order, by trial and error. This task enables the testing
of an infinite number of different sequences and the effect
of well-learned motor skills simultaneously on the same
subject. Using this task, Nakamura et al. showed that the
preSMA, rather than the SMA, is crucial for learning new
sequences. Many neurons in the preSMA were activated
during learning of new sequences, but not during the
performance of learned sequences [7]. Furthermore, functional blockade of the preSMA led to selective deficits in
learning new sequences [8]. The anterior cingulate cortex,
ventral to the preSMA, may also contribute new sequence
learning [9•]. As well as higher premotor areas, the primary
motor cortex (M1) has been implicated in motor learning.
Functional [10•,11•] and structural [12] changes occur in
M1 during simple motor learning.
Consistent with these observations, functional neuroimaging
studies on human subjects revealed that motor skill
learning is associated with activation of many brain areas in
the frontoparietal cortices. Researchers have begun asking
how these areas contribute to motor learning. By applying
the 2×5 task to human subjects (in a 2×10 version), Sakai
et al. [13] demonstrated learning-related transition of activation from frontal to parietal areas. By using functional
magnetic resonance imaging, they showed that the dorsolateral prefrontal cortex and the preSMA were activated
during early stages of learning, whereas more parietal areas
— the intraparietal sulcus and the precuneus — were activated at later stages. Toni et al. [14] and Petersen et al. [15]
also reported dynamic changes in human cortical activation
during motor learning. Furthermore, a change in motor
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Scheme of motor skill learning. We propose that motor skill learning
operates as the interaction of two orthogonal connections: intracortical
serial connections (horizontal arrows) and cortico–BG/cortico–CB
loop circuits (vertical arrows). A sequence of movements is
represented in two ways —spatial sequence and motor sequence.
The left side of the figure is characteristic of the spatial sequence, the
right side is characteristic of the motor sequence. The frontoparietal
cortices form loop circuits with the associative region of the BG and
CB, whereas the motor cortices form loop circuits with the motor
region of the BG and CB. At the beginning of learning, movements are
executed individually through the spatiomotor conversion process
(horizontal connections). After learning, the movement sequence is
represented by at least two networks in different coordinates: a spatial
sequence supported by the parietal–prefrontal cortical loops and a
motor sequence supported by the motor cortical loops (vertical
connections). Spatial sequences are effector-unspecific (unless coding
of space is effector-centered), are usually processed explicitly and
therefore quickly acquired (as they may be accompanied by spatial
attention or working memory), but require maximum attention. Motor
sequences are effector-specific (as different effectors may perform
different sequences), are usually processed implicitly and therefore
slowly acquired, but require minimum attention. Performance on the

basis of the spatial sequence mechanism is accurate in space but slow
(as its output must be converted to motor coordinates). Performance
on the basis of the motor sequence mechanism is quick. Long-term
retention of a motor skill is supported mainly by the motor sequence
mechanism so that its speed is maintained even without awareness.
Signals from the frontoparietal cortices and the motor cortices are
sent to different functional divisions of the BG and CB (vertical
arrows). In the BG, the signals are evaluated for their reward or
likelihood values; in the CB, they are evaluated for their sensorimotor
or timing errors (gray lines). Hence, the performance of the spatial
and motor sequence mechanisms can be optimized independently.
Note that the scheme may fail to account for the following kinds or
aspects of motor learning. First, non-sequential motor skills:
sequencing may not be important for some motor skills such as
adaptation in a force field [59] and arbitrary visuomotor associations
[60]. Second, non-spatial sequences: learning can occur for a
sequence of objects or colors, for which the preSMA [61], but not the
dorsolateral prefrontal cortex [62], is recruited. Third, abstract rules:
learning can transfer to another sequence that shares the same
global structure, not elements [63,64]. Fourth, temporal sequences:
timing errors may be encoded in the cerebellar posterior lobe [38•],
an important area for future research.

effector (finger versus arm) affects activation of sensorimotor
cortex, but not parietal cortex [16]. Awareness of performance — explicit learning — is correlated with activation
of the prefrontal cortex and preSMA, but not sensorimotor
cortex [17].

Related behavioral studies also suggest that different brain
areas control different aspects of motor learning. With
practice, accuracy of performance was acquired earlier than
speed of performance [6]. Accuracy was effector-unspecific,
in the early learning stage, whereas the speed was
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effector-specific [18,19•,20•]. Learning occurred independently
for the kinematics — the spatial reference — of movements
and for the dynamics — the load bearing — of movements
[21]. The motor skill, once established, was maintained
for a long time, mainly in the form of speed [6]. For a more
extensive review on behavioral studies of motor skill
learning, the reader is referred to Willingham [2], in which
important concepts are described.
These results suggest that motor skill learning may be the
integrative product of multiple neural mechanisms, each
contributing to a different aspect of learning. How, then,
do different neural mechanisms interact with each other to
acquire and store motor skills efficiently? The basal ganglia
and the cerebellum may play crucial roles.

Learning is optimized by the basal ganglia and
the cerebellum
In addition to human functional imaging studies [22,23],
several lines of evidence suggest that both the basal
ganglia (BG) and the cerebellum (CB) are involved in
motor sequence learning. Several studies implicate the
BG. Activity of monkey caudate neurons is related to
spatial sequence [24]. Dopamine depletion disrupts skilful
performance of sequential movements [25]. Population
activity of striatal neurons changes with long-term motor
learning [26]. Reversible blockade of the anterior striatum
(associative region) leads to deficits in learning new
sequences, and blockade of the posterior striatum (motor
region) leads to disruptions in the execution of learned
sequences [27].
The CB also seems necessary for motor skill learning.
Cerebellar blockade disrupts learning of complex goaldirected behaviors [28]. Cerebellar lesions impair motor
sequence learning, but not conditional visuomotor learning
or spatial working memory [29]. In contrast, blockade of
the dorsal part of the dentate nucleus (which is connected
with M1) does not affect learning new sequences, but
disrupts the performance of learned sequences [30].
Long-term memories for motor skills may be stored in
the CB [31•]. The conclusions of these studies seem
inconsistent but may reflect anatomical and functional
differentiation in the CB between motor and associative
regions [32•].
What then is unique about the BG or the CB, compared
with the cerebral cortex? Doya [33••] proposed that learning in the BG and the CB is guided by error signals, unlike
in the cerebral cortex. This error signal may be mediated
by midbrain dopamine (DA) neurons in the BG and by
climbing fibers in the CB. DA neurons encode reward
expectation error [34] and/or novelty [35], whereas climbing fibers encode sensorimotor error signals [36], which
possibly include a timing error [37•,38•] (Figure 1). In the
BG, cortical signals are integrated with reward error
signals carried by DA neurons in striatal projection
neurons: visual and memory responses of caudate neurons

219

were strongly modulated by reward expectation [39]. In
the CB, cortical signals and sensorimotor error signals
carried by the climbing fibers are integrated in Purkinje
cells [40]. These signals would, at least partly, be relayed
back to the cerebral cortex.
Thus, signals originating from the cerebral cortex are
optimized in terms of their reward value and sensorimotor
accuracy, by going through the BG and cerebellar loop
circuits, respectively. This feedback is likely to be a
critical process for motor skill learning.

Rules, concepts, and models for motor learning
Having reviewed the literature on motor skill learning, we
are struck by the diversity of brain structures and
mechanisms that are supposedly responsible for motor skill
learning. To understand the nature and mechanisms of
motor skill learning, it is necessary to integrate such diversity
of information into schemes or models [2,33••,41–45]. To
make such attempts realistic, the concepts of coordinate
transformation and loop circuits must be incorporated. For
simple reaching to a visual target, for example, the target
position is first coded in spatial coordinates — for example,
centered around the eye, head or object — and then
converted to motor coordinates — for example, joint
angles or muscle forces. This coordinate transformation
process may roughly correspond to the intracortical
connections from the association cortices to the motor
cortices [46•,47,48•] (horizontal connections in Figure 1).
The frontoparietal cortices and the motor cortices form
loop circuits with different regions in the BG and the
CB (vertical connections in Figure 1) [49,50••,51].
The scheme shown in Figure 1 was derived from the
above considerations [52,53]. According to this model, a
motor sequence is learned by two sets of cortex–BG and
cortex–CB loop circuits independently, but in different
coordinates — spatial and motor. The scheme successfully
accounts for various lines of experimental observations,
including coordinate transformation, hand transfer, awareness,
and attentional cost.
Nakahara et al. [54••] elaborated this scheme by
formulating a neural network model and successfully
replicated various experimental results of the 2´5 task in a
unified manner. One problem foreseen with this neural
network was that the spatial and motor mechanisms might
produce different results because they work independently.
Such ‘between network error’, which is inherent to any
parallel network model, was solved in this model by a kind
of conflict monitor, corresponding to the preSMA. The
proposed architecture turned out to be robust. Even if one
of the spatial or motor mechanisms was destroyed, the
other mechanism could still learn the sequence, though
not perfectly [54••]. Once a sequence is implemented as
a motor sequence, the spatial sequence mechanism can
work on other sequences so that eventually many
sequences can be learned.
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Conclusions and future directions
Motor skills emerge from our experience, not from
knowledge, as they easily escape our consciousness.
Naturally, we acquire many motor skills and execute them
without awareness. Such ever-changing and hidden properties of motor skills have impeded analytical approaches.
The discovery of synaptic plasticity in single neurons was
revolutionary, but was far from sufficient to explain motor
skills. Recent integrative and multidisciplinary approaches
have begun to suggest that essential features of motor
skills reside in dynamic interactions between multiple
neural networks. Such networks are composed of loop
circuits formed by the frontoparietal cortices, the BG, and
the CB. These circuits acquire the same motor sequence
in different coordinates, at diverse speeds, with varying
robustness, and with different levels of attention and
awareness. Their operation is likely optimized by learning
mechanisms, each unique to the BG and CB. Such dynamic
interactions of neural networks would thus create the
emergent and ever-changing properties of motor skills.
However, such integrative approaches have just started and
modeling attempts of motor learning mechanisms have
created more questions. Let us raise one important issue:
timing. At the most advanced stage of a motor skill, movements of different body parts are accurately coordinated in
time [55•]. A key structure for such a timing function might
be the CB [37•,38•,56]. Related to timing is a phenomenon
called ‘chunking’ [57] or ‘rhythm’ [58]. After practice, a
long sequence of movements is often grouped into a series
of chunks [1]. From these chunks may emerge the hierarchical
organization of learned behavior.

Update
Lu et al. [66••] have recently found that many neurons in the
supplementary eye field (SEF) were active in specific
learned sequences of saccadic eye movements. These data,
together with the preceding data on the SMA and preSMA,
suggest that the medial frontal cortex represents learned
sequences of eye–hand movements. They further suggest
that the relationship between the eye and hand mechanisms
is flexible, being either independent or well-coordinated,
depending on the context or the level of practice.

Acknowledgements
We thank Miya Kato Rand, Shigehiro Miyachi, Xiaofeng Lu, and Satoru
Miyauchi for collaborative works and Johan Lauwereyns for helpful
comments. This work was supported by Grant-in-Aid for Scientific
Research on Priority Areas of the Ministry of Education, Culture, Sports,
Science and Technology (MEXT) and the Japan Society for the Promotion
of Science Research for the Future program.

2.

Willingham DB: A neuropsychological theory of motor skill
learning. Psychol Rev 1998, 105:558-584.

3.

Tanji J: New concepts of the supplementary motor area. Curr Opin
Neurobiol 1996, 6:782-787.

4.
•

Shima K, Tanji J: Neuronal activity in the supplementary and
presupplementary motor areas for temporal organization of
multiple movements. J Neurophysiol 2000, 84:2148-2160.
The authors observe activity selective for the interval between elements in
the SMA, whereas the preSMA was found to be more active in response to
abstract aspects, such as a sequence as a whole or rank order of the
components in a sequence. This study shows the specific mechanism for the
retrieval of sequential movements.
5.
••

Tanji J: Sequential organization of multiple movements:
involvement of cortical motor areas. Annu Rev Neurosci 2001,
24:631-651.
An excellent review, focusing on the execution of multiple movements and
the brain areas involved in these. Tanji finds that interval-selective activity is
preferentially located in the SMA, whereas rank-order-selective activity
is more localized in the preSMA during sequence execution. Given these
findings, he argues that the former activity is useful to connect two elements
in a sequence, whereas the latter activity is useful to signal the start and end
of the transition between elements in a sequence.
6.

Hikosaka O, Rand MK, Miyachi S, Miyashita K: Learning of
sequential movements in the monkey — process of learning and
retention of memory. J Neurophysiol 1995, 74:1652-1661.

7.

Nakamura K, Sakai K, Hikosaka O: Neuronal activity in medial
frontal cortex during learning of sequential procedures.
J Neurophysiol 1998, 80:2671-2687.

8.

Nakamura K, Sakai K, Hikosaka O: Effects of local inactivation of
monkey medial frontal cortex in learning of sequential
procedures. J Neurophysiol 1999, 82:1063-1068.

9.
•

Procyk E, Tanaka YL, Joseph JP: Anterior cingulate activity during
routine and non-routine sequential behaviors in macaques. Nat
Neurosci 2000, 3:502-508.
Here, monkeys learned three-move motor sequences. Neurons in the anterior
cingulate sulcus were selectively active in either new learning or learned
trials. Interestingly, the new-learning neurons ceased to fire as soon as
monkeys acquired the correct sequence.

10. Rioult-Pedotti M-S, Friedman D, Donoghue JP: Learning induced LTP
•
in neocortex. Science 2000, 290:533-536.
It has been proposed that long-term potentiation (LTP) is related to learning
but this has not yet been proved. These authors observed LTP occlusion in
M1 of naturally trained rats. This indicates that LTP is the neural basis of
motor learning or synaptic modification in M1.
11. Li C-SR, Padoa-Schioppa C, Bizzi E: Neuronal correlates of motor
•
performance and motor learning in the primary motor cortex of
monkeys adapting to an external force field. Neuron 2001,
30:593-607.
Using a force field adaptation task, the authors find that the firing rate and
spatial tuning of M1 neurons change during learning and that these changes
outlast the period of learning.
12. Klintsova AY, Greenough WT: Synaptic plasticity in cortical
systems. Curr Opin Neurobiol 1999, 9:203-208.
13. Sakai K, Hikosaka O, Miyauchi S, Takino R, Sasaki Y, Pütz B:
Transition of brain activation from frontal to parietal areas in
visuo-motor sequence learning. J Neurosci 1998, 18:1827-1840.
14. Toni I, Krams M, Turner R, Passingham RE: The time course of
changes during motor sequence learning: a whole-brain fMRI
study. Neuroimage 1998, 8:50-61.
15. Petersen SE, Van Mier H, Fiez JA, Raichle ME: The effects of
practice on the functional anatomy of task performance. Proc Natl
Acad Sci USA 1998, 95:853-860.

References and recommended reading

16. Grafton ST, Hazaltine E, Ivry RB: Abstract and effector-specific
representations of motor sequences identified with PET.
J Neurosci 1998, 18:9420-9428.

Papers of particular interest, published within the annual period of review,
have been highlighted as:

17.

• of special interest
•• of outstanding interest
1.

Rosenbaum DA, Kenny SB, Derr MA: Hierarchical control of rapid
movement sequences. J Exp Psychol Human Percept 1983,
9:86-102.

Honda M, Deiber M-P, Ibanez V, Pascual-Leone A, Zhuang P,
Hallett M: Dynamic cortical involvement in implicit and explicit
motor sequence learning A PET study. Brain 1998,
121:2159-2173.

18. Rand MK, Hikosaka O, Miyachi S, Lu X, Miyashita K: Characteristics
of a long-term procedural skill in the monkey. Exp Brain Res 1998,
118:293-297.

Central mechanisms of motor skill learning Hikosaka et al.

19. Rand MK, Hikosaka O, Miyachi S, Lu X, Nakamura K, Kitaguchi K,
•
Shimo Y: Characteristics of sequential movements during early
learning period in monkeys. Exp Brain Res 2000, 131:293-304.
Using the 2×5 task [6], this paper shows that the nature of memory for motor
sequences changes with practice. During the early stage of learning, memory
for the correct performance (measured as the number of errors) was
accessible from the hand that had not been used for practice. Memory for
fast performance (measured as the performance time) was relatively specific
to the hand used. During the late stage of learning, both kinds of memory
became more specific to the hand used for practice.
20. Bapi RS, Doya K, Harner AM: Evidence for effector independent
•
and dependent representations and their differential time course
of acquisition during motor sequence learning. Exp Brain Res
2000, 132:149-162.
After learning a sequential button press task (the modified 2×10 task),
subjects performed either the same visuospatial sequence with a different
finger movement or a different visuospatial sequence with the same finger
movement. Bapi et al. found that the response time was significantly shorter
when the finger movement was the same compared to when the spatial
sequence was the same. The result suggests two parallel learning mechanisms: sequence learning and movement learning.
21. Krakauer JW, Ghilardi M-F, Ghez C: Independent learning of internal
models for kinematic and dynamic control of reaching. Nat
Neurosci 1999, 2:1026-1031.
22. Doyon J, Gaudreau D, Laforce R, Castonguay M, Bedard PJ, Bedard F,
Bouchard J-P: Role of the striatum, cerebellum, and frontal lobes
in the learning of a visuomotor sequence. Brain Cogn 1997,
34:218-245.
23. Jueptner M, Frith CD, Brooks DJ, Frackowiak RSJ, Passingham RE:
Anatomy of motor learning. II. Subcortical structures and learning
by trial and error. J Neurophysiol 1997, 77:1325-1337.
24. Kermadi I, Joseph JP: Activity in the caudate nucleus of monkey
during spatial sequencing. J Neurophysiol 1995, 74:911-933.
25. Matsumoto N, Hanakawa T, Maki S, Graybiel AM, Kimura M:
Nigrostriatal dopamine system in learning to perform sequential
motor tasks in a predictive manner. J Neurophysiol 1999,
82:978-998.
26. Jog MS, Kubota Y, Connolly CI, Hillegaart V, Graybiel M: Building
neural representations of habits. Science 1999, 286:1745-1749.
27.

Miyachi S, Hikosaka O, Miyashita K, Karadi Z, Rand MK: Differential
roles of monkey striatum in learning of sequential hand
movement. Exp Brain Res 1997, 115:1-5.

28. Bloedel JR, Bracha V, Shimansky Y, Milak MS: The role of the
cerebellum in the acquisition of complex, volitional forelimb
movement. In The Acquisition of Motor Behavior in Vertebrates.
Edited by Bloedel JR, Ebner TJ, Wise SP. Cambridge, MA: MIT Press;
1997: 319-342.
29. Nixon PD, Passingham RE: The cerebellum and cognition:
cerebellar lesions impair sequence learning but not conditional
visuomotor learning in monkeys. Neuropsychologia 2000,
38:1054-1072.
30. Lu X, Hikosaka O, Miyachi S: Role of monkey cerebellar nuclei in
skill for sequential movement. J Neurophysiol 1998,
79:2245-2254.
31. Imamizu H, Miyauchi S, Tamada T, Sasaki Y, Takino R, Pütz B,
•
Yoshioka T, Kawato M: Human cerebellar activity reflecting an
acquired internal model of a new tool. Nature 2000, 403:192-195.
Using functional magnetic resonance imaging, the authors identify two types
of learning-related cerebellar activity; one related to error signals seen early
in learning, the other related to an internal model seen at the late stage
of learning.
32. Middleton FA, Strick PL: Basal ganglia and cerebellar loops: motor
•
and cognitive circuits. Brain Res Rev 2000, 31:236-250.
A review of a series of the authors’ studies using retrograde transneuronal
transport of herpes simplex virus 1. The experiments have provided anatomical evidence of segregated multiple parallel cortex–BG and cortex–CB
loops. M1, premotor, oculomotor, prefrontal and inferotemporal areas were
also found to be the target of each discrete part of the BG and CB, through
distinct parts of the thalamus. Each loop appears to be involved in different
motor functions in primates and humans.
33. Doya K: Complementary roles of basal ganglia and cerebellum in
•• learning and motor control. Curr Opin Neurobiol 2000, 10:732-739.
This review paper proposes a novel characterization of the role of the BG
and CB, on the basis of learning algorithm types. The BG are specialized for
reinforcement learning, on the basis of a reward signal encoded in the DA

221

fibers from the substantia nigra. The CB is specialized for supervized
learning, on the basis of error signals provided by climbing fibers. With these
different learning algorithms, the cortex–BG loops and the cortex–CB loops
work together on common representations that are efficiently organized by
the cerebral cortex.
34. Schultz W: Predictive reward signal of dopamine neurons.
J Neurophysiol 1998, 80:1-27.
35. Redgrave P, Prescott TJ, Gurney K: Is the short-latency dopamine
response too short to signal reward error? Trends Neurosci 1999,
22:146-151.
36. Kitazawa S, Kimura T, Yin P-B: Cerebellar complex spikes encode
both destinations and errors in arm movements. Nature 1998,
392:494-497.
37.
•

Medina JF, Garcia KS, Nores WL, Taylor NM, Mauk MD: Timing
mechanisms in the cerebellum: testing predictions of a largescale computer simulation. J Neurosci 2000, 20:5516-5525.
By using a realistic model of the cerebellum, the authors demonstrate
that plastic synapses from granule cells to Purkinje cells play a key role in a
well-timed eye blink response.
38. Sakai K, Hikosaka O, Takino R, Miyauchi S, Nielsen M, Tamada T:
•
What and when: parallel and convergent processing in motor
control. J Neurosci 2000, 20:2691-2700.
The authors examine how the brain decides ‘what to do’ (response selection)
and ‘when to do it’ (timing adjustment). The preSMA was selectively involved
in response selection, whereas the cerebellar posterior lobe was selectively
involved in timing adjustment, suggesting parallel processing of the two
circuits. The lateral premotor cortex was most active when both processes
were required, suggesting convergent processing.
39. Kawagoe R, Takikawa Y, Hikosaka O: Expectation of reward
modulates cognitive signals in the basal ganglia. Nat Neurosci
1998, 1:411-416.
40. Wang SS-H, Khiroug L, Augustine GJ: Quantification of spread of
cerebellar long-term depression with chemical two-photon
uncaging of glutamate. Proc Natl Acad Sci USA 2000,
97:8635-8640.
41. Beiser DG, Houk JC: Model of cortical–basal ganglionic
processing: Encoding the serial order of sensory events.
J Neurophysiol 1998, 79:3168-3188.
42. Dominey PF: A shared system for learning serial and temporal
structure of sensori-motor sequence? Evidence from simulation
and human experiments. Cogn Brain Res 1998, 6:163-172.
43. Berns GS, Sejnowski TJ: A computational model of how the basal
ganglia produce sequences. J Cogn Neurosci 1998, 10:108-121.
44. Fukai T: Sequence generation in arbitrary temporal patterns from
theta-nested gamma oscillations: a model of the basal
ganglia–thalamo–cortical loops. Neural Networks 1999, 12:975-987.
45. Grossberg S, Paine RW: A neural model of cortico-cerebellar
interactions during attentive imitation and predictive learning of
sequential handwriting movements. Neural Networks 2000,
13:999-1046.
46. Snyder LH: Coordinate transformations for eye and arm
•
movements in the brain. Curr Opin Neurobiol 2000, 10:747-754.
A review on coordinate transformations in relation to eye and arm movements. The author discusses different coordinate transformation steps, with
different corresponding cortical areas, towards action. The perspective
offered here corresponds to the discussions on parallel circuits for motor
learning outlined in the main text of this review.
47.

Kakei S, Hoffman DS, Strick PL: Muscle and movement representations
in the primary motor cortex. Science 1999, 285:2136-2139.

48. Kakei S, Hoffman DS, Strick PL: Direction of action is represented
•
in the ventral premotor cortex. Nat Neurosci 2001, 4:1020-1025.
Using the same paradigm as [47], Kakei et al. found that nearly all neurons in the
ventral premotor area encode movement in space independent of the posture of
the arm, thus providing evidence of corticocortical sensorimotor transformation.
49. Hoover JE, Strick PL: The organization of cerebellar and basal
ganglia outputs to primary motor cortex as revealed by retrograde
transneuronal transport of herpes simplex virus type 1. J Neurosci
1999, 19:1446-1463.
50. Middleton FA, Strick PL: Cerebellar projections to the prefrontal
•• cortex of the primate. J Neurosci 2001, 21:700-712.
Here, different prefrontal regions (areas 9M, 9L, 46D, and 12) were found to
receive projections from distinct parts of the cerebellar nucleus via distinct

222

Cognitive neuroscience

parts of thalamus. These results provide anatomical evidence that the
cerebellum is involved in cognitive functions, in addition to its motor functions.

57.

51. Clower DM, West RA, Lynch JC, Strick PL: The inferior parietal
lobule is the target of output from the superior colliculus,
hippocampus, and cerebellum. J Neurosci 2001, 21:6283-6291.

58. Sakai K, Hikosaka O, Miyauchi S, Takino R, Tamada T, Iwata NK,
Nielsen M: Neural representation of a rhythm depends on its
interval ratio. J Neurosci 1999, 19:10074-10081.

52. Hikosaka O, Nakahara H, Rand MK, Sakai K, Lu X, Nakamura K,
Miyachi S, Doya K: Parallel neural networks for learning sequential
procedures. Trends Neurosci 1999, 22:464-471.

59. Shadmehr R, Holcomb HH: Neural correlates of motor memory
consolidation. Science 1997, 277:821-825.

53. Hikosaka O, Sakai K, Nakahara H, Lu X, Miyachi S, Nakamura K,
Rand MK: Neural mechanisms for learning of sequential
procedures. In The New Cognitive Neurosciences. Edited by
Gazzaniga MS. Cambridge, MA: MIT Press; 1999:553-572.
54. Nakahara H, Doya K, Hikosaka O: Parallel cortico–basal ganglia
•• mechanisms for acquisition and execution of visuomotor
sequences — a computational approach. J Cogn Neurosci 2001,
13:626-647.
This study puts together the concepts and schemes of two parallel
cortex–BG circuits for motor sequence learning into a working model and
examines the model’s performance in the monkey’s 2×5 task experimental
results. A very good match was found between the computer simulations
and the experimental results, including hand transfer and sequence-dependent learning. The simulation indicated differential involvement of the two
cortex–BG parallel and an important role for a comparator (coordinator) in
the learning and execution of motor sequences. The simulation also indicated
a role of working memory in motor skill learning.
55. Johansson RS, Westling G, Böckström A, Flanagan JR: Eye-hand
•
coordination in object manipulation. J Neurosci 2001, 21:6917-6932.
This paper shows a tight temporal coupling between eye-fixation offset from
a target and the kinematic event at the target produced by hand movements.
Such anticipatory gaze control mechanisms, which have been demonstrated
in the 2×5 task as well [65], may be essential to the acquisition and storage
of motor skill.
56. Schubotz RI, von Cramon DY: Interval and ordinal properties of
sequences are associated with distinct premotor areas. Cereb
Cortex 2001, 11:210-222.

Graybiel AM: The basal ganglia and chunking of action repertoires.
Neurobiol Learn Mem 1998, 70:119-136.

60. Wise SP, Murray EA: Arbitrary associations between antecedents
and actions. Trends Neurosci 2000, 23:271-276.
61. Sakai K, Hikosaka O, Miyauchi S, Sasaki Y, Fujimaki N, Pütz B:
Pre-SMA activation during sequence learning reflects visuo-motor
association. J Neurosci 1999, 19:RC1.
62. Robertson EM, Tormos JM, Maeda F, Pascual-Leone A: The role of
the dorsolateral prefrontal cortex during sequence learning is
specific for spatial information. Cereb Cortex 2001, 11:628-635.
63. Dominey PF, Lelekov T, Ventre-Dominey J, Jeannerod M: Dissociable
processes for learning the surface structure and abstract
structure of sensorimotor sequences. J Cogn Neurosci 1998,
10:734-751.
64. Harrington DL, Rao S, Haaland KY, Bobholz JA, Mayer AR, Binder JR,
Cox RW: Specialized neural systems underlying representations
of sequential movements. J Cogn Neurosci 2000, 12:56-77.
65. Miyashita K, Rand MK, Miyachi S, Hikosaka O: Anticipatory
saccades in sequential procedural learning in monkeys.
J Neurophysiol 1996, 76:1361-1366.
66. Lu X, Matsuzawa M, Hikosaka O: A neural correlate of oculomotor
•• sequences in supplementary eye field. Neuron 2002, in press.
Using an oculomotor version of the 2´5 task [6], these authors found that many
neurons in the SEF became active with a specific target/distractor combination in a specific sequence. Other neurons were less specific to the sequence,
but were more selective for saccadic output. The results suggest that the SEF
contributes to the generation of saccades in many learned sequences.

