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Abstract
For a long time, the cerebellum has been known to be a structure related to posture and equilibrium control. According to
the anatomic structure of inputs and internal structure of the cerebellum, its role in learning was theoretically reasoned and
experimentally proved. The hypothesis of an inverse internal model based on feedback-error learning mechanism combines
feedforward control by the cerebellum and feedback control by the cerebral motor cortex. The cerebellar cortex is suggested
to acquire internal models of the body and objects in the external world. During learning of a new tool the motor cortex
receives feedback from the realized movement while the cerebellum produces only feedforward command. To realize a
desired movement without feedback of the realized movement, the cerebellum needs to form an inverse model of the hand/
arm system. This suggestion was supported by FMRi data. The role of cerebellum in learning new postural tasks mainly
concerns reorganization of natural synergies. A learned postural pattern in dogs has been shown to be disturbed after lesions
of the cerebral motor cortex or cerebellar nuclei. In humans, learning voluntary control of center of pressure position is
greatly disturbed after cerebellar lesions. However, motor cortex and basal ganglia are also involved in the feedback learning
postural tasks.
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Introduction: Cerebellum and postural control

The role of cerebellum in motor control and,

particularly, in postural control (position of the

supporting segments, i.e., trunk and limbs) and

equilibrium was described in clinical and experi-

mental studies (1–8). Luciani (8) pointed out the

role of the cerebellum in control of postural tone and

muscle force. He described the main results of

cerebellar lesions: atonia, asthenia, astasia and

dysmetria. Later on, these symptoms were detailed

and role of the cerebellum in timing between

movement components and coordination of the

agonists and antagonists sequence was described

(see 3). Babinski (9) demonstrated a characteristic

balance deficit during backward body inclinations in

patients with cerebellar lesions. Further studies

showed that lesions of different parts of cerebellum

may result in different postural deficits because of

their various afferent and efferent connections

(2,10,11). According to the contemporary clinical

and 3D MRI data (12), limb ataxia is mainly

correlated with lesions of the interposited and part

of the dentate nuclei, ataxia of posture and gait with

lesions of the fastigial nuclei including interposited

nucleus. Correlations with cortical lesions are less

significant and present in the superior cerebellum

only. Ataxia of posture and gait is correlated with

lesions of vermal and paravermal lobules II, III and

IV. Lesions involved in the cerebellar nuclei are

shown to be not fully compensated. Massion (13)

distinguishes two main functions of the postural

control system: (i) antigravity and balance function,

and (ii) orientation and position of segments as a

reference frame for perception and action with

respect to the external world. Concerning the

balance control, two discrete strategies for the

postural reactions to external perturbation in the

sagittal plane have been described, namely, ankle

and hip strategies (14). With regards to the role of

sensory inputs in postural stability, the vestibular

system has been shown to be involved in hip strategy

(7,15,16). In patients with cerebellar anterior lobe

pathology, somatosensory feedback could be used

for scaling of the disturbance velocities while the

scaling of initial postural response magnitude to

expected displacement amplitudes disappeared (16).

An important point of postural control is anti-

cipatory postural adjustments (APAs) which was

described first in animals (17) and then in humans
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(18). After cerebellar lesions, the basic pattern of

APA was preserved but the temporal coordination of

muscle activity and scaling of muscle force was

found to be under cerebellar control (19). Temporal

discoordination after cerebellar lesions was also

observed in bimanual unloading reaction where

anticipatory postural adjustments consisted of

changes in the activity of a forearm flexor muscle

prior to active unloading of the limb and acted to

stabilize the forearm position (20).

Role of cerebellum in learning

In addition, the cerebellum is also regarded as a

structure involved in learning. The theoretical back-

ground for this was elaborated by Brindley (21),

Marr (22) and Albus (23). The theory is based on

the anatomic structure of inputs and the internal

structure of the cerebellum.

Brindley suggested that cerebellum adjusts corti-

cal motor command with the context of the move-

ment. According to Marr’s theory, afferent

information (context) reaches the cerebellum by

activation of mossy fibers bringing it to many

Purkinje cells through granule cells and parallel

fibers, while an efferent command copy comes by

climbing fibers from the inferior olive to individual

Purkinje cells. By this way, the cerebellum can

correct the inital motor command taking into

account features of the context: ‘The ‘‘learned’’

movement is distinguished from the ‘‘unlearned’’

conscious movement by its now being automatic,

rapid, and stereotyped’ (24). Albus (23) proposed

that the climbing fiber discharge suppresses rather

than activates the Purkinje cell response to the input

activity of parallel fibers. Since Purkinje cells inhibit

the cerebellar nuclei, the depression of their activity

results in activation of the nuclei and an increase in

the output command. The Marr-Albus hypothesis

was supported in a number of experiments

(11,25,26). Some changes to the model were

brought by the adjustable pattern generator (APG)

model with quasi-feedforward characteristics (27).

Then the general theory on error-driven LTD-based

reorganization of the neuronal circuit in a micro-

complex, functional module of the cerebellum as a

basic mechanism of motor learning was formulated

and signal transduction for LTD was analyzed by Ito

(28,29). According to the Marr-Albus-Ito hypo-

thesis, this error-driven reorganization is promoted

by climbing fibers and what is reorganized is the

efficacy of the coupling between parallel fibers and

P-cells. However, Llinas and Welsh (30) suggested

that the climbing fiber input is directly involved in

eliciting the motor response, rather than in modulat-

ing the strength of parallel fiber/P-cells coupling.

Thus, the olivocerebellar system is mainly involved

in the coordination of movements. Thach (24,31)

has reviewed the role of cerebellum in motor

coordination. He paid attention to activation of

varied combination of muscles in precise time-

amplitude specification so as to produce coordinated

movements appropriate to specific contexts.

Particularly, he discussed the influence of cerebel-

lum on frontal planning area in order to take part in

planning movements that are to be executed, and

movements that are not to be executed (24).

It appears that an important function of the

cerebellum is storing motor memory (28). Miles

and Lisberger (32) proposed, however, that the role

of the cerebellum was not to store the motor

memory but rather to compute the instructive signal

guiding the induction of plasticity. This position has

been supported by Boyden et al. (33).

Classical conception of motor learning is based

on the main role of feedback afferent control for

error corrections. However, fast and coordinated

movements cannot be performed solely under

feedback control, since biological feedback loops

are very slow and have small gains. A popular

hypothesis suggests that, during motor learning,

the brain uses feedback error control to acquire

neural internal models of the motor apparatus and

environment for planning and executing move-

ments. The hypothesis of inverse internal model

(34–36) is based on feedback-error learning

mechanism combining feedforward control by the

cerebellum and feedback control by the cerebral

motor cortex. This suggests that the cerebellar

cortex can acquire internal models of the body and

objects in the external world. During learning a

new task the motor cortex receives feedback

afferent signal from the realized movement while

the cerebellum produces only feedforward com-

mand. So, to realize a desired movement without

feedback of the realized movement, the cerebellum

needs to form an inverse model of the hand/arm

system. This suggestion was supported by FMRi

data (35). Multiple internal models have been

proposed and shown to be able to control different

movements in different situations (37).

A relative contribution of the cerebellar cortex and

nuclei to motor learning was suggested to depend on

the characteristics of training (38). The cerebellum

has been shown to be important for making move-

ment more automatic (requiring less attention to the

details of a movement) (39). The subjects with

cerebellar lesions could improve the movement

being learned to a very limited extend with practice.

The motor performance decreased to prepractice

level when attention was focused away from the

performed movement. Stimulation of cerebellar

nuclei during performimg a learned movement in

animals interferes with the movement program and

disorganizes it (40). The high frequency stimulation

(100–500 Hz) produced postural disturbances, and

the strengthening of the stimulation resulted in the

loss of the equilibrium (41).
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Cerebellum and learning postural tasks

The role of the cerebellum in the reorganization of

posture and in learning new postural tasks has also

been studied. The anterior cerebellum has been

shown to play a critical role in modifying the

magnitude of automatic postural responses to a

platform displacement to anticipated displacement

conditions based on prior experience (16). The

cerebellum appears to be important for predictive

adaptation of anticipatory postural adjustment dur-

ing step initiation (42). Distinct parts of the medial

and lateral cerebellum are shown to be involved in

long-term habituation of the acoustic startle

response (implicit learning of unspecific postural

aversive reactions) (43,44). However, no difference

in changes of postural response size to repeated

perturbations during training have been found

between groups of patients with cerebellar lesions

and control subjects (45). Meanwhile, classical

conditioning (tilting of the platform preceded by

an auditory conditioning stimulus) has been shown

to be remarkably disturbed in cerebellar patients

(46). As was mentioned above, temporal organiza-

tion of the learned anticipation of the forearm flexion

in bimanual unloading task is also disturbed in

patients with cerebellar lesions (20).

The presented data are somewhat controversial

but in general they show that the cerebellum is

involved into control of learned automatic postural

reactions, particularly in their temporal and magni-

tude structure. Let us consider now a role of

cerebellum in reorganization of postural coordina-

tion by learning.

Reorganization of innate postural pattern in animals

When motor coordination has to be changed, it

needs time for retraining (27,31). The cerebellum

plays an important role in such reorganization of

motor coordination. Cerebellar nuclei lesions dis-

turb the performance of learned coordination in

animals (40). Moreover, a learned postural pattern

in dogs has been shown to be disturbed after lesions

of the cerebral motor cortex (47,48) or cerebellar

nuclei (49). When dogs lift a forelimb in a

conditioned avoidance task, they normally exhibit a

diagonal pattern of postural adjustment: the limb

diagonally opposite to the lifted one is unloaded

while the other pair of diagonal limbs is loaded. In

the mentioned experiments, dogs were trained to

suppress this natural pattern and to perform the so-

called unilateral pattern: to unload the hindlimb

ipsilateral to the limb being lifted, and to load the

two contralateral limbs (Fig. 1). The diagonality

coefficient was calculated using the formula

D~1{
DF1�DF4j jz DF2�DF3j j

DF1j jz DF2j jz DF3j jz DF4j j

where D is the value of the coefficient of diagonality,

F1, F2, F3, F4, values of suppport forces of left and

right forelimbs and left and right hindlimbs, respec-

tively. Maximum D value equal to 1 corresponds to

the lifting of two diagonal limbs (50). The trajec-

tories of limb movements, center of gravity displace-

ment and the diagonality coefficient were assessed

(Fig. 2).

A lesion of the motor cortex in the hemisphere

contralateral to the limb being lifted results in

temporary disturbances of the reorganized pattern

of postural adjustment which may be recovered by

retraining for 3–4 weeks. However, a subsequent

lesion in the ipsilateral motor cortex causes stable

disappearance of the learned postural pattern, and

only diagonal pattern of postural adjustment can be

elicited. No recovery of the unilateral pattern may be

obtained by retraining. It was shown earlier (51),

that the learned head-forelimb coordination (main-

taining a cup with food lifted by the lifted forelimb

during eating with lowered head) in dogs dis-

appeared after lesion of the motor cortex and only

natural coordination (lowering the forelimb during

lowering the head) was possible. Meantime, the

motor cortex lesion did not prevent the forelimb

lifting itself since the eating with maintaining the

forelimb lifted was still possible after motor cortex

lesion if the food was given from above and the dog

Figure 1. Rearrangement of the diagonal pattern of postural

adjustment accompanying the avoidance reaction into a unilateral

one. (A) Diagonal pattern of postural adjustment (simultaneous

unloading vs. loading in pairs of the diagonal limbs); (B)

Unilateral pattern of postural adjustment (simultaneous unload-

ing vs. loading in pairs of the ipsilateral limbs). On the left,

schemes of the support forces changes, on the right, fragments of

the recordings: LF, RF, LH, RH, force traces of the left and right

forelimbs and left and right hindlimbs, respectively (+ and

downward force traces displacement correspond to loading,

2 and upward displacement correspond to unloading), M, trace

of the limb movement, CS, US, marks of the conditioned and

unconditioned stimuli, T, time marks, s.
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could eat with lifted but not lowered head. This

suggested that during learning the motor cortex

inhibits motor patterns interfering with the pattern

being learned. The above experiments with learning

a new postural pattern suggest that the motor cortex

inhibits interfering postural coordination during

their rearrangement as well as it does for limb

movements (47,48).

Some interesting results were seen in studies of the

role of cerebellum in such reorganization of the

natural postural pattern (49). Learning began after

bilateral electrolytic lesions of cerebellar nuclei in

two groups of dogs. Both the dentate and inter-

positus were lesioned in two dogs (Group 1) and

only the dentate nucleus in two others (Group 2).

Training results were different in the two groups

of animals (Fig. 3). After combined bilateral lesions

of dentate and interpositus (Group 1), the dogs had

dramatic difficulties in maintaining position of the

lifted limb, stabilization of the center of gravity

trajectory, and its final position. Learning the new

unilateral postural pattern was impossible despite

three months of postoperative training. By contrast,

when the dentate alone was lesioned (Group 2), the

dogs learned to keep the limb lifted, to perform

ballistic and stereotyped center of gravity displace-

ment, and to produce the new unilateral pattern.

The results show that the cerebellum plays a role in

reorganization of the natural postural pattern. In

particular, the role of the interpositus is very

important. Some possibilities can be considered.

The first is that interpositus itself plays a role in

learning a new program that results in reorganization

of the natural coordination. The other suggestion is

that interpositus can compensate for the deficit of

posture and movement after the dentate lesion. A

basis for this might be axonal sprouting, particularly,

changes of the location of cortico-rubral or inter-

posito-rubral terminals on rubral neurons (52). Also,

neural plasticity in cerebellum, manly based on LTD

of parallel fiber synapses onto Purkinje cells or on

multiple mechanisms (11,27,28,33) might be a

mechanism of the reorganization. However, there

were no selective lesions of the interpositus in the

described experiments, so we can not exclude the

possibility that, in normal conditions, both nuclei

take part in the reorganization of the natural postural

pattern.

Supervised learning of postural tasks in humans

However, other brain structures besides the cere-

bellum play important roles in motor learning.

According to the ‘computational hypothesis of

learning’ (53), three kinds of learning can be

distinguished: supervised learning, reinforcement

learning and unsupervised learning. Supervised

learning (feedback learning) is based on the

Figure 2. Changes of the diagonality coefficient (D) in the course of the rearrangement of the diagonal pattern of postural adjustment into a

unilateral one. (A) Changes of the limb movement amplitude (H, cm) and diagonality coefficient (D) in the well trained avoidance reflex.

Average of 10 trials; (B) The same, after the rearrangement of diagonal pattern of postural adjustment into unilateral. Average of 10 trials.

Abscissa, time marks, s; (C) Dynamics of D in the course of rearrangement of diagonal postural pattern into unilateral; abscissa, successive

sessions, ordinate, logarithm of mean values of D for a session, per cent.
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evaluation of error during performing a reaction and

correction of it for improving the result. Feedback

learning is usually involved in motor learning when

an error signal is available. The cerebellum estimates

an error signal and is considered to play a pivotal role

in supervised learning. Reinforcement learning is

learning what to do in a given situation to maximize

the probability and value of reward. The basal

ganglia are shown to be involved in the estimation

of the reinforcement value and selection of the action

to reach it, thus they play the main role in

reinforcement learning. The cerebral cortex is

considered to work by the principle of unsupervised

learning, i.e., purely in an associative manner based

on Hebbian plasticity (35,53,54). Further, different

neuromodulators are thought to have roles in

different kinds of learning. According to the above-

mentioned hypothesis of multiple internal models,

various ‘responsibility’ signals have been suggested

for gating the learning of the internal models (37). It

is proposed that serotonin controls the ‘responsi-

bility’ of each cerebellar unit (or microcomplex) in

cerebellar learning and control; norepinephrine is

assumed to play ‘gating of learning’ role in the

cerebellar cortex; dopamine enhances goal-oriented

cerebellar learning; and, finally, acetylcholine con-

trols the speed of supervised learning in Purkinje

cells (37).

Since there are a lot of data concerning the role of

the motor cortex in learning, including error

estimation, it seemed important to study the roles

of cerebellum, basal ganglia, and motor cortex in

supervised learning. A particular question con-

cerned the role of these structures in learning new

postural tasks. This was studied by learning

voluntary control of center of pressure (CP)

position in visual feedback training in patients with

lesions of the motor cortex or pyramidal system

(poststroke hemiparesis), nigro-striatal system

(Parkinson’s disease) and cerebellum (spinocere-

bellar ataxia) (55). The subjects stood on a force

platform and were trained to change the position of

the center of pressure presented as a cursor on a

monitor screen in front of the patient (Fig. 4).

Subjects were instructed to align the CP with the

target and then move the target by shifting the CP

in the indicated direction. Two different tasks were

used. In ‘Balls’, the target (a ball) position varied

randomly, so the subject learned a general strategy

of voluntary CP control. In ‘Bricks’, the subject had

to always move the target in a single direction

(downward) from the top to the bottom of the

screen, so that a precise postural coordination had

to be learned. The training consisted of 10 sessions

for each task. The number of correctly performed

trials for a session (2 min for each task) was scored.

The voluntary control of the CP position was

initially impaired in all groups of patients in both

tasks. In ‘Balls’, there were no differences between

the groups of the patients on the first day. The

learning course was somewhat better in hemiparetic

patients than in the other groups while in the group

of cerebellar patients the learning course was the

worst. In ‘Bricks’, the initial deficit was greater in

the groups of parkinsonian and cerebellar patients

than in hemiparetic patients. However, learning

was more efficient in parkinsonian than in hemi-

paretic and cerebellar patients. In the group of

cerebellar patients the learning course in ‘Bricks’

was the worst as well. After 10 days of training, the

hemiparetic and cerebellar patients had reached a

plateau with no further acquisition (the lowest level

was in the cerebellar patients group) whereas the

parkinsonian patients showed the potential for

Figure 3. Rearrangement of the diagonal postural pattern in two groups of animals. Top, dynamics of diagonality coefficient. Abscissa,

successive sessions (3 sessions per week), ordinate, logarithm of mean values of D for a session, per cent. Arrows: beginning of the

rearrangement. Bottom, (A) force traces in the corners and trajectories of the center of gravity in the center; (B) time course of the limb

movement (Mt) and diagonality (D). Abscissa, time, s; ordinate, amplitude of the limb lifting (cm) and value of diagonality. Superposition

of eight trials. The traces on the bottom belong to the last period of training.
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further improvement. The results suggest that the

motor cortex, cerebellum, and basal ganglia are all

involved in voluntary control of posture and

learning different postural tasks. However, these

structures play different roles in postural control

and learning: the basal ganglia are mainly involved

in learning a general strategy of CP control while

the function of the motor cortex chiefly concerns

learning a specific CP trajectory. The cerebellum is

involved in both kinds of learning. Both learning a

general strategy of CP control and CP trajectory are

more disturbed after cerebellar lesions than after

isolated basal ganglia or motor cortex lesions.

Conclusion

Thus, the cerebellum plays a very important role in

learning new postural tasks. Though other brain

systems such as the basal ganglia and the motor

cortex-pyramidal system are specifically involved in

this process as well, the cerebellum seems to be one

of the main structures providing learning voluntary

control of posture. The above mentioned cerebellar

mechanisms of feedforward-feedback learning could

be a basis of this process. Particularly, the motor

cortex might be involved in feedback control

whereas the cerebellum might play a role in

feedforward control by acquiring internal models in

new postural tasks.

Acknowledgements

The authors thank Janice Perkins and Natalia

Kurova for reading and correction of the manu-

script, Alexander Frolov for important discussions

and anonymous referee for very useful comments.

The work was supported by the Russian Foundation

of Basic Research (grants # 05-04-48610 and 04-

04-48378) and Russian Foundation of Humanity

(grant # 06-06-00275).

References

1. Barlow JB. The cerebellum and adaptive control. New York:

Cambridge University Press; 2002.

2. Dichgans J, Diener HC. Different forms of postural ataxia in

patients with cerebellar diseases. In: Igarashi M, Black FO,

editors. Disorders of posture and gait. Amsterdam: Elsevier;

1986. pp 207–13.

3. Diener HC, Dichgans J. Pathophysiology of cerebellar ataxia.

Mot Disord. 1992;7:95–109.

4. Dow RS, Moruzzi G. The physiology and pathology of the

cerebellum. Minneapolis: Univ. Minnesota Press, 1958.

5. Herrick CJ. Neurological foundation of animal behavior. New

York: Henry Holt and Co., 1924.

6. Holmes G. The cerebellum of man. Brain. 1939;62:1–30.

7. Horak FB, Nashner LM, Diener HC. Postural synergies

associated with somatosensory and vestibular loss. Exp Brain

Res. 1993;82:167–77.

8. Luciani L. Il cervelletto. Nuovi studi di fisiologia normale e

patologica. Firenze, Le Monnier, 1891.

Figure 4. Feedback learning two postural tasks in patients with different cerebral lesions. (A) Sketch of the experimental paradigm; (B)

Representation of the computer games: balls (left) and bricks (right). The cross corresponds to the position of CP. A ball (left) appeared

randomly in different parts of the screen and the subjects learned to catch the ball by the cursor and to move the CP to put the ball into a

randomly illuminated (shaded) basket. A brick (right) appeared always on the top of the screen and the subject had to put it down to arrange

rows of bricks. The number of correct trials for two minutes of the session was scored; (C) Regression curves corresponding to the learning

course in different investigated groups. Exponential model: S, stroke group; PD, Parkinson’s disease group; SA, spinocerebellar ataxia

group; H, group of healthy subjects (55).

92 M. E. Ioffe



9. Babinski J. De l’asynergie cerebelleuse. Rev Neurol.

1899;7:806–16.

10. Diener HC, Dichgans J, Bacher M, Gompf B. Quantification

of postural sway in normals and patients with cerebellar

diseases. Electroencephalog Clin Neurophysiol. 1984;57:

134–42.

11. Ito M. The cerebellum and neural control. New York: Raven

Press; 1984.

12. Schoch B, Dimitrova A, Gizewski ER, Timmann D.

Functional localization in the human cerebellum based on

voxelwise statistical analysis: a study of 90 patients.

Neuroimage. 2006;30:36–51.

13. Massion J. Postural control system. Curr Opin Biol.

1994;4:877–87.

14. Horak FB, Nashner LM. Central programming of postural

movements: adaptation to altered support-surface configura-

tion. J Neurophysiol. 1986;55:1369–81.

15. Allum JHJ, Honegger F, Schicks H. Vestibular and proprio-

ceptive modulation of postural synergies in normal subjects. J

Vestibular Res. 1993;3:59–85.

16. Horak FB, Diener HC. Cerebellar control of postural

scaling and central set in stance. J Neurophysiol. 1994;72:

479–93.

17. Shumilina AI. On participation of pyramidal and extrapyr-

amidal systems in motor activity of a deafferented limb. In:

Anokhin PK, editor. Problems of higher nervous activity.

Moscow: AMN SSSR; 1949. pp 176–85 (in Russian).

18. Belen’kii VE, Gurfinkel’ VS, Pal’tsev EI. Control elements

of voluntary movements. Biofizika. 1967;12:135–41 (in

Russian).

19. Diener HC, Dichgans J, Guschlbauer B, Bacher M, Rapp H,

Langenbach P. Associated postural adjustments with

body movement in normal subjects and patients with

parkinsonism and cerebellar disease. Rev Neurol (Paris).

1990;146:555–63.

20. Diedrichsen J, Verstynen T, Lehman SL, Ivry RB. Cerebellar

involvement in anticipating the consequences of self-pro-

duced actions during bimanual movements. J Neurophysiol.

2005;93:801–12.

21. Brindley GS. The use made by the cerebellum of the

information that it receives from sense organs. Int Brain Res

Org Bull. 1964;3:80.

22. Marr D. A theory of cerebellar cortex. J Physiol.

1969;202:437–70.

23. Albus JS. A theory of cerebellar function. Math Biosci.

1971;10:25–61.

24. Thach WT. On the specific role of the cerebellum in motor

learning and cognition: clues from PET activation and lesion

studies in man. Behav Brain Sci. 1996;19:411–31.

25. Campbell NC, Ekerot CF, Hesslow G, Oscarsson O.

Dendritic plateau potentials evoked in Purkinje cells by

parallel fiber volleys in the cat. J Physiol. 1983;340:209–23.

26. Sasaki K, Gemba H. Learning of fast and stable hand

movement and cerebro-cerbellar interactions in the monkey.

Brain Res. 1983;277:41–6.

27. Houk JC, Buckingham JT, Barto AG. Models of the

cerebellum and motor learning. Behav Brain Sci.

1996;19:368–83.

28. Ito M. Mechanisms of motor learning in the cerebellum.

Brain Res. 2000;886:237–45.

29. Ito M. Cerebellar long-term depression: characterization,

signal transduction, and functional roles. Physiol Rev.

2001;81:1143–95.

30. Llinas R, Welsh JP. On the cerebellum and motor learning.

Curr Opin Neurobiol. 1993;3:958–65.

31. Thach WT, Goodkin HP, Keating JG. The cerebellum and

the adaptive coordination of movement. Ann Rev Neurosci.

1992;15:403–42.

32. Miles FA, Lisberger SG. Plasticity in the vestibulo-ocular

reflex: a new hypothesis. Ann Rev Neurosci. 1981;4:273–99.

33. Boyden ES, Katoh A, Raymond JL. Cerebellum-dependent

learning: the role of multiple plasticity mechanisms. Ann Rev

Neurosci. 2004;27:581–609.

34. Gomi H, Kawato M. Equilibrium-point control hypothesis

examined by measured arm stiffness during multijoint move-

ment. Science. 1996;272:117–20.

35. Imamizu H, Miyauchi S, Tamada T, Sasaki Y, Takino R,

Putz B, et al. Human cerebellar activity reflecting an

acquired internal model of a new tool. Nature. 2000;403:

192–95.

36. Kawato M, Wolpert D. Internal models for motor control.

Novartis Found Symp. 1998;218:291–304.

37. Schweighofer N, Doya K, Kuroda S. Cerebellar aminergic

neuromodulation: towards a functional understanding. Brain

Res Brain Res Rev. 2004;44:103–16.

38. Mauk MD. Roles of cerebellar cortex and nuclei in motor

learning: contradictions or cues? Neuron. 1997;18:343–46.

39. Lang CE, Bastian AJ. Cerebellar damage impairs automati-

city of a recently practiced movement. J Neurophysiol.

2002;87:1336–47.

40. Balezina NP, Varga ME, Vasilyeva ON, Ivanova NG,

Ioffe ME, Pavlova OG, et al. A study of mechanisms of

reorganization of motor coordination in learning. In:

Airapetyants MG, editor. Brain and behavior. Moscow:

Nauka; 1990. pp 105–19 (in Russian).

41. Balezina NP, Pavlova OG, Ioffe ME. The postural effects of

the cerebellar nuclei stimulation in the dogs. In:

Fanardjian VV, editor. Cerebellum and brainstem structures.

Yerevan: Armenian Acad. Press; 1995. pp 179–83 (in

Russian).

42. Timmann D, Horak FB. Perturbed step initiation in

cerebellar subjects: 2. Modification of anticipatory postural

adjustments. Exp Brain Res. 2001;141:110–20.

43. Frings M, Awad N, Jentzen W, Dimitrova A, Kolb FP,

Diener HC, et al. Involvement of the human cerebellum in

short-term and long-term habituation of the acoustic startle-

response: a serial PET study. Clin Neurophysiol. 2006;

117:1290–300.

44. Maschke M, Drepper J, Kindsvater K, Kolb FP, Diener HC,

Timmann D. Involvement of the human medial cerebellum in

long-term habituation of the acoustic startle-response. Exp

Brain Res. 2000;133:359–67.

45. Schwabe A, Drepper J, Maschke M, Diener HC,

Timmann D. The role of human cerebellum in schort- and

long-term habituation of postural response. Gait Posture.

2004;19:16–23.

46. Kolb FP, Lachauer S, Maschke M, Timmann D. Classically

conditioned postural reflex in cerebellar patients. Exp Brain

Res. 2004;158:163–79.

47. Ioffe M, Ivanova N, Frolov AA, Biryukova E, Kiselyova N.

On the role of motor cortex in the learned rearrangement of

postural coordinations. In: Gurfinkel VS, Ioffe ME,

Massion J, Roll , JP , editors. Stance and motion: facts and

concepts. New York, London: Plenum Press; 1988.

pp 213–26.

48. Ioffe M. The motor cortex inhibits synergies interfering with a

learned movement: reorganization of postural coordination in

dogs. In: Miller R, Ivanitsky AM, Balaban PM, editors.

Complex brain function: conceptual advances in Russian

neurosciences. Amsterdam: Harwood Academic Publishers;

2000. pp 289–300.

49. Ioffe ME, Vasilyeva ON, Balezina NP, Mats VN,

Alexandrov AV. On the role of n.interpositus in the motor

learning after dentate lesions in dogs. In: Stuart D, editor.

Motor control-VII. Tucson, AZ: Motor Control Press; 1996.

pp 181–83.

50. Gahery Y, Ioffe ME, Massion J, Polit A. The postural support

of movement in cat and dog. Acta Neurobiol Exp.

1980;40:741–55.

51. Ioffe ME. Pyramidal influences in establishment of new motor

coordinations in dogs. Physiol Behav. 1973;11:145–53.

Role of cerebellum in learning postural tasks 93



52. Tsukahara N. Cellular basis of classical conditioning

mediated by the red nucleus in the cat. In: Alkon DL,

Woody CD, editors. Neural mechanisms of conditioning.

New York: Plenum Press; 1986. pp 129–39.

53. Doya K. What are the computations of the cerebellum, of the

basal ganglia, and cerebral cortex. J Neural Networks.

1999;12:961–74.

54. Doya K. Complementary roles of basal ganglia and cerebel-

lum in learning and motor control. Curr Opin Neurobiol.

2000;10:732–39.

55. Ioffe ME, Ustinova KI, Chernikova LA, Kulikov MA.

Supervised learning of postural tasks in patients with

poststroke hemiparesis, Parkinson’s disease or cerebellar

ataxia. Exp Brain Res. 2006;168:384–94.

94 M. E. Ioffe


