Chapter 12 
Global motor control

Now we need to have a look at the levels of the motor system where detailed information from the special senses first begins to be important.  In ascending hierarchical order, these are the cerebral motor cortex, the cerebellum, the basal ganglia and prefrontal cortex.

Primary motor cortex

SYMBOL 38 \f "Wingdings"  By the middle of the last century, there was an increasing interest in the interactions between electricity and living tissues, and particularly in the kinds of responses that could be obtained by electrical stimulation of the central nervous system.  It turned out that there was a conveniently accessible region in the middle of the cerebral cortex, where stimulation evoked reproducible movements of parts of the opposite side of the body; since no other area of the cortex generated movements on stimulation, this region was called the motor cortex.  At about the same time, the English neurologist Hughlings Jackson (see p. xxx) had been studying the relation between paralysis of different parts of the body due to stroke, and the post-mortem location of the associated cerebral lesions.  He was also interested in a special variety of epilepsy called Jacksonian epilepsy in which there are characteristic motor signs such as spontaneous twitching, that start at one particular location - often an extremity such as a finger tip - and then move progressively and systematically, for example up the hand and arm, until they culminate in a more generalised convulsion. Putting these two types of observation together, he suggested that the progress of the epileptic signs over the body was the result of a 'march' of the region of pathological abnormality over the cortex itself.  This is now known to be perfectly correct.  An epileptic focus of over activity in one cortical region tends to spread to the regions with which it communicates, a fact of importance in trying to treat epilepsy by surgical means.  The orderly representation of parts of the body in the cortex was wholly confirmed when accurate motor maps were made by investigators such as Sherrington in the monkey, and later by Penfield and others in human patients, in the course of operations to treat Jacksonian epilepsy.  This area, the primary motor area, lies just in front of the central sulcus (Fig. 12. 1), and corresponds to Brodmann's area 4.  It thus lies alongside the primary somatosensory projection area (Areas 3, 2, and 1), and indeed shows a similar distribution of the representation of different parts of the body.  Some regions of the body, such as the hands and mouth, have a disproportionately larger representation than others in this motor homunculus: a possible reason for this will be considered later.  Next to Area 4 lies another motor area 6, sometimes called the premotor area (PMA), and in Man some five or six times larger than area 4 itself.  It is now recognised to have two or three subdivisions, with distinct functions, but the terminology is still confused.   There is also a quite separate secondary motor area (called MII, the first being MI; it is also known as the supplementary motor area (SMA): Fig. 12.1) which, like the corresponding sensory area SII, is more bilaterally organised than the strictly contralateral MI. SYMBOL 58 \f "Wingdings"
Figure 12.1 MCX 

Two thalamic nuclei are paired in this way with the cortical motor areas (Fig. 12.2): they are the ventrolateral nucleus, which projects mostly to area 4 and receives fibres back from both area 4 and the somatosensory cortex; and the ventroanterior nucleus, which projects to area 6 and receives reciprocal connections from both area 4 and area 6.  The ascending input to the motor nuclei of the thalamus is not sensory, but comes partly from the basal ganglia and cerebellum and partly from the reticular formation; these regions also project to the more diffuse centromedial thalamic nuclei, which communicate more widely with both somatosensory and motor cortex, and other areas as well.   The output from the sensorimotor regions is diverse: some of course makes up the corticospinal tract (CST), some can reach the cord indirectly via the red nucleus and the nucleus gigantocellularis of the reticular formation, but most projects to the basal ganglia and - via relays in the pons and inferior olive - to the cerebellum.  These indirect routes are sometimes lumped together under the heading of extrapyramidal pathways, those outputs that do not simply go straight down into the spinal cord. SYMBOL 58 \f "Wingdings"
Figure 12.2 connections

Cortical influence on the spinal cord

Now area 4 is differentiated from all other areas of the cortex by having a number of particularly big cells in layer V, the giant Betz cells.  Their size suggests that they might be the origin of the corticospinal tract, and for a long time the notion was current that the essence of the voluntary motor system was something like what is shown in Fig. 12.3, with 'volition' triggering off in some way the Betz cells of area 4, which in turn synapsed directly with spinal motor neurons: the former were called the 'upper motor neurons' and the latter the 'lower motor neurons', with the implication that the effects of stimulating the motor cortex were entirely due to stimulation of the cortical tract.  This is an unhelpful and misleading picture in a number of ways.  In the first place, it is clear that the Betz cells are not the sole origin of the corticospinal tract: for one thing, the latter contains about a million fibres, whereas there are only some 30 000 Betz cells.  It is not even true that the tract comes only from the motor cortex: in primates about 30 per cent comes from area 4, another 30 per cent from area 6, and the rest from more posterior areas, somatosensory and parietal.  Nor is it true that the effects of cortical stimulation are even mainly due to activation of corticospinal fibres.  If in the monkey one traces the motor map by electrical stimulation both before and then after completely severing the pyramidal tract, the distribution of responses is found to be essentially unchanged (though they may tend to be a little slower and require a larger current to be evoked).  And finally, as we have already seen, even in the primates only some of the corticospinal fibres end directly on motor neurons, while in other species none do: cortical control is probably rather of spinal circuits than of individual muscle units.  The corticospinal tract is not a particularly rapid conduction route: some 5% are unmyelinated in Man, and of the myelinated fibres, 90% of the fibres are quite small, with diameters around 1-4m. 

Figure 12.3 Betz
Lesions of the corticospinal tract give similar, but not identical, effects to lesions of the cortex itself: no gross defect, but generally some hypotonia and weakness (paresis), and more specifically loss of skilled movements, particularly of extremities such as the fingers as in picking up a small object; lesions of area 4 are in general rather more severe, resulting at first in a wholly flaccid paralysis, and typically in greater functional loss than pyramidal section by itself, as Fig. 12.3 would suggest.  There are certain difficulties of interpretation, however, both by reason of the marked species variation that is seen - a cat can still apparently run about after complete resection of its pyramids - and also because gradual (though variable) recovery is a feature of lesions of both cortex and pyramidal tract.  In time, the immediate flaccidity resulting from a lesion in area 4 usually develops into a spasticity, presumably through some kind of release phenomenon.  Lesions that are large enough to encroach on area 6 as well as 4 also tend to produce spasticity, which might be interpreted as suggesting that area 6 has some kind of tonic inhibitory action, a notion reinforced by observations of the effects of stimulating area 6 during voluntary or evoked movements.  At all events, the classical clinical description is that an 'upper motor lesion' gives a spastic paralysis, without muscle wasting, while a 'lower motor lesion' produces a flaccid paralysis.  In summary, the CST is only partly from Area 4; Area 4 projects only partly to the CST.

Recent work with intracellular electrodes indicates clearly that the effect of stimulating one pyramidal tract neuron is the excitation of only one muscle at a time, either directly (most obviously in Man), or via the specific facilitation (or sometimes inhibition) of one particular stretch reflex.  There is also a systematic representation in the cortex, analogous to that found in somatosensory or visual cortex, with a grouping of neurons corresponding to synergistic muscles in columns; it is presumably for this reason that extracellular stimulation gives the appearance of co-ordinated activation of synergists.   A reverse mapping of pyramidal cells making monosynaptic connections with individual motor neurons in the monkey shows them in primary motor cortex to be distributed typically over an area of some 10mm in diameter; conversely, recordings from individual pyramidal cells during spontaneous directed movements in monkeys show that movements are encoded by populations of neurons.   The final direction of a movement is the result of a kind of weighted average of the activity in an ensemble of cortical neurons, and arrangement which – for reasons which are as it were the mirror image of the reasons given in Chapter 4 for the desirability of overlap of fields in sensory systems – gives robustness and sensitivity to small changes.
Co-ordination of somatosensory input with motor output

One of the most interesting findings comes from using the same microelectrode for recording as well as stimulation.  What is found is that pyramidal cells have very wide, multi-modal receptive fields, from joint receptors and tendon organs as well as skin receptors, and with a small representation of spindle afferents as well.  If one looks at the relationship between what any particular cell does when it is stimulated and what it actually responds to, it is striking that frequently the cutaneous receptive fields represent areas of skin that are normally brought into contact with one another when that particular muscle contracts (Fig. 12.4), and are found to be most active during precision grip rather than power grip.  This suggests rather strongly that the cortex is the site of the kinds of sensorimotor correlation that are obviously necessary whenever grasping or touching or some other manipulation is being performed.

Figure 12.4 Asanuma 

That this is perhaps the most important single function of the primary motor cortex is suggested also by the relative sizes of different parts of the body in the motor map.  In Man, only two areas of the body are used to any large extent for tasks of this kind that require accurate feedback from the skin, namely the hands and the mouth; and both of these together form by far the greatest proportion of the motor map.  In the monkey, which makes more use of its feet for handling objects, they have almost as large a representation as the hands, and relatively much larger than in Man.  In most four-footed animals it is only the mouth and lips that are used for grasping and exploration, and their representation is correspondingly enlarged (Fig. 12.5); virtually the whole of the pig's motor cortex is said to be devoted to its snout! It is also perhaps significant that lesions in area 6 - which we saw to be predominantly inhibitory in effect - often produce uninhibited grasping of the kind frequently observed in very young children: any object touched against the palm results in immediate forceful seizure, with an unwillingness to let go.  Destruction of the motor cortex also abolishes the tactile placing reaction described in Chapter 11.  

Figure 12.5 homunculi 

One further function of primary motor cortex, of a related kind, is probably the generation of the 'expected force' commands that were described in Chapter 10.  We saw there that these commands need to be adjusted to match the load that is to be encountered, and that one source of information about load that seems to be used to do this comes from pressure receptors in the skin; tendon organs, which as we have seen also project to pyramidal cells, are another likely source of information about load (see Fig. 10.19).  Could it be the pyramidal tract fibres that are the route by which force commands are sent to the spinal cord?  They certainly have the right kinds of information at their disposal to carry out such a function, and also appear to give the expected effects of facilitating stretch reflexes when stimulated.  And if one records from the pyramidal tract of a conscious freely moving animal, and observes the circumstances under which pyramidal fibres actually fire during voluntary movements, one finds that whereas the correlation between pyramidal activity and muscle length or velocity is poor, there is a clear correlation between frequency of firing and the force that is being produced at any moment to generate the movement, suggesting very strongly that this tract does indeed provide force commands.  

Finally, we have seen that the effect of lesions to motor cortex or pyramidal tract is not just a loss of the kinds of skilled movements that require close co-ordination between skin sensation and movement, but also a general weakness of the muscles, with a correspondingly increased sense of effort on the part of the patient.  Sense of effort seems to be found in situations where the gain of stretch reflexes is insufficient, for example in the experiments of Fig. 10.18 when the pressure receptors in the subject's thumb were blocked by local anaesthesia, and may well be associated with voluntary excitation of motor cortex neurons.  Partial paralysis tends to result in an apparent increase in the heaviness of a weight being lifted.

If it is true that the main function of the motor cortex is a relatively simple co-ordination between skin and other spinal afferents and the gain of stretch reflexes, one might well wonder why this function has to be carried out in the cortex and not in the cord itself, where the inputs and outputs actually are.  Why bother to go all the way up to the top of the head?  There are probably two reasons why the spinal cord is essentially unsuited to the task.  The first is that most spinal reflexes seem to be organised in a segmental manner.  But the feedback from skin receptors resulting from contraction of a particular muscle will not always return to the cord via the dorsal roots of the same segment; in the cortex, however, information from different segments is brought into much closer approximation, and the large amount of convergence and divergence - in the monkey, each pyramidal cell receives some 60 000 synapses - means that connections from different inputs can presumably be attached more easily to their appropriate muscles, rather as subscribers' lines converge on a telephone exchange.  

The second point is that it is difficult to see how appropriate connections could ever be set up in the cord in the first place: how can an incoming sensory fibre from the skin know which of the hundreds of thousands of ventral horn cells are the ones to which they are supposed to make contact? It seems much more likely that such connections are established through experience, by frequent association of stimulation of a particular afferent with contraction of a particular muscle.  This implies a richness and flexibility of connections, an ability to form functional contacts as the result of experience, that the cortex seems specifically adapted to perform, through the same types of memory-like mechanisms suggested in Chapter 7 in the case of the visual cortex.  And just as deprivation of sensory input can cause large and rapid alterations in the relative areas of somatosensory cortex devoted to different regions of the body, similar changes can be demonstrated in primary cortex by stimulation or by reduction of use.

Finally, it should not be forgotten that if it is convenient for the control of movement to have cutaneous information readily available in areas 1, 2 and 3 right next door to the motor cortex, it is equally important in analysing cutaneous sensations to have information immediately on hand about what movements are being executed.  It was emphasised in Chapter 4 that such common sensations as softness, resilience, roughness, stickiness, and the like rely on knowledge of what forces are being applied to the surface in question by the motor system, knowledge that is easily supplied by pyramidal tract neurons, through the rich interconnections between the two cortical areas.  In human patients, electrical stimulation of the motor cortex produces sensory effects not very different from those resulting from stimulation of the somatosensory cortex: numbness, tingling, and a sense of movement which may or may not be accompanied by actual movement; if it is, the subject feels that he has been 'made' to carry out the action by the experimenter rather than 'wanting' to make it.

Secondary motor cortex

The functions of the two secondary areas, SMA and PMA, are much less well understood.  Lesions in the supplementary motor area seem to cause a specific detriment in internally-generated movements made from purely motor memory, though the animal can still learn the same movements in response to external signals.   This is analogous, as we shall see, to what is observed in certain kinds of disorder of the basal ganglia (from which SMA receives input), and suggests a possible functional linkage between the two.  Electrical stimulation of SMA can produce movement, and recording in conscious monkeys has shown a specific activation of SMA in complex tasks, especially those involving carrying out a sequence of actions from memory.  Stimulation in parts of PMA also produce movement, and lesions in certain parts of it suggest a clear distinction between SMA and PMA, that the former is on the whole more concerned with internally triggered movements and is related to the basal ganglia, the latter with movements guided by external stimuli, and related to the cerebellum (from which it receives a great deal of input).  However, this is a very active area of research, complicated by difficulties of identifying and classifying the functional boundaries of the areas themselves, and by uncertainties in relating observations in monkeys to what happens in the human.

Cerebellum

SYMBOL 38 \f "Wingdings" The cerebellum and basal ganglia are, very broadly speaking, at a higher hierarchical level in the motor system than the cortex, in the sense that when they go wrong they tend to produce disorders of function, sometimes of a subtle kind, rather than discrete paralysis or weakness.  We have already seen that anatomically they are considerably further from the final output, in that they send no fibres directly into the spinal cord.  They are also older structures than neocortex, prominent in all vertebrates; in birds and reptiles the motor cortex or its equivalent does not appear to exist, so that one is forced to conclude that the cortex has developed more for refining actions than for generating them in the first place.

The cerebellum seems to have grown out of the brainstem as an adjunct to the vestibular system; but this oldest part of it, the archicerebellum or vestibular cerebellum, is now dwarfed by two newer areas: the paleocerebellum associated with the spinal cord, and hence also sometimes called the spinocerebellum, and the large and central neocerebellum or corticocerebellum, whose development has been in step with that of the cerebral cortex from which most of its input is derived (Fig. 12.6). The cortex of the cerebellum has a very regular and beautiful neuronal structure quite unlike the chaos seen practically everywhere else in the central nervous system, which has led to it being called 'the neuronal machine', and has provoked more speculation than anywhere else - particularly from mathematicians and computer scientists - about how its circuits might work.

Figure 12.6 cerebellum 

Cerebellar neurons and their connections

The most conspicuous type of cell in the cerebellar cortex is the Purkinje cell, which has a huge dendritic tree that is confined to a plane perpendicular to the surface and roughly anteroposterior (Fig. 12.7); the cells are lined up in soldierly rows over the whole of the cortex, with their dendritic trees thus stacked like a pack of playing cards.  There are about 15 million of them, and each has a dendritic surface area equivalent to two average-sized front doors.  They form the sole output of the cerebellar cortex, for their fibres run downwards to the deep nuclei that lie in the core of the whole structure.  In primates there are four of these nuclei on each side (fastigial, emboliform, globose and dentate); in other species the second and third of these are fused into one, called the interpositus.  In one region – the flocculo-nodular lobe – the Purkinje output is not to a ‘deep nucleus’ but to part of the vestibular nuclei (Fig. 12.8).  

Figure 12.7 Purk cell

Fig. 12.8  Deep nuclei etc

The projection from the cerebellar cortex on to these nuclei is a systematic one: medial areas project to the fastigial region, lateral ones to the dentate, and the intervening region to the interpositus.  A curious feature of the Purkinje cell is that although it is the only output from the cortex, it is entirely inhibitory (the transmitter is GABA) on the deep nuclei.  Finally, the deep nuclei themselves project to various other motor structures: the fastigial primarily to the vestibular nuclei, interpositus to the red nucleus, and dentate to the thalamus (mainly ventrolateral) and hence to the cerebral cortex; all probably also send fibres to the reticular formation of the brainstem.  Thus there are several routes by which the cerebellum can influence the spinal cord.

Afferent information reaches the Purkinje cells by two quite distinct pathways (Fig. 12.9). In the first place, each Purkinje cell receives a unique single fibre that climbs up its efferent axon and then branches to clamber all over its dendrites like ivy on a tree, forming synaptic contacts that are very strongly excitatory.  These climbing fibres come from the inferior olive in the brainstem, which receives its input in turn mostly from the cerebral cortex, but also from the spinal cord and to some extent from the special senses (as for example from the visual system, in the case of the vestibulocerebellum); as well as these contacts with Purkinje cells, they also excite the deep nuclei to which the Purkinje cells project.  Such specificity of synaptic contact with a single cell is rather a rarity in the central nervous system, where wide divergence and convergence seems to be the general rule, and experimentally it is found that a single shock to a climbing fibre never fails to fire the associated Purkinje cell, sometimes repetitively.   However, it is important to realise that Purkinje cells are normally extremely active at all times, including at rest, whereas climbing fibres seem to fire only infrequently (perhaps once a second on average, if ‘average’ means anything in this context).  On the other hand, the extensive intimacy of contact between climbing fibre and Purkinje cell, and the latter’s unusual electrophysiology (with voltage-gated calcium channels in its dendrites) means that a single climbing fibre impulse can have a highly significant effect on the Purkinje cell, triggering a ‘complex spike’ (actually a burst of spikes followed by a period of quiescence) that is capable of signalling to the whole dendritic tree, as is required if remote synapses from parallel fibres are to be capable of Hebbian plasticity (see below).

Figure 12.9 cerebellar cortex

The other type of afferent system is utterly different.  Here, the incoming fibres enter the lower layers of the cerebellar cortex and branch to form large terminal structures (giving them their name of mossy fibres) that synapse in glomeruli with a number of dendrites from granule cells in the cortex.  These in turn send ascending axons to the surface, where they bifurcate and send two thin axons (called parallel fibres) in opposite directions, perpendicularly piercing the planes of the stacked Purkinje cells, to whose dendritic trees they form side-connections, like telephone wires on a telephone pole (Fig. 12.9).  In this way, and in complete contrast to the highly specific climbing fibres, each parallel fibre can contact a large number of Purkinje cells; conversely, each Purkinje cell receives nearly half a million contacts from parallel fibres.  Mossy fibres carry information from a very wide range of sources: directly, from vestibular and spinal afferents, notably from muscle spindles, and visual, auditory and spinal afferents also indirectly through the precerebellar nuclei in the reticular formation (lateral reticular nucleus, the nucleus reticularis tegmentum pontis and the paramedian reticular nucleus), and finally from the cortex via relays in the pons.  The receptive fields of Purkinje cells are very large indeed - sometimes extending over a whole limb - and are remarkably multimodal.  This arrangement of parallel fibres and flat Purkinje cells is an efficient way of providing the largest possible number of output channels with access to the largest number of input sources, within the smallest possible space.  It is quite instructive to compare this general arrangement with the other kind of cortex that is already familiar from Chapter 4, cerebral cortex (Fig. 12.10).  In both cases there are large output cells, with a great deal of input forming modifiable connections with them.  But in cerebral cortex, the input projects to a relatively circumscribed region, the column, whereas the cerebellum seems designed for a given mossy input to reach the maximum possible number of Purkinje cells.  A second, and very important, difference is that in the cerebellum there is a second and very specific kind of input, the climbing fibre, which is not associative but forces the Purkinje cell to fire; as far as we know there is no equivalent to this in cerebral cortex, though one could draw a broad analogy with the specific thalamic afferents.  Just as the job of the cerebellum could be said to associate general patterns of activity in mossy fibres with specific and real errors signalled by the climbing fibres, so as to be able to predict them, so in cerebral cortex one could regard one of the functions of a column as allowing general associative input from other columns to learn to predict activity in thalamic afferents that represent real events in the outside world.

Figure 12.10 comparison

Thus the basic structure is essentially simple: one system of inputs - the climbing fibres - which is extraordinarily precise, and a second system - the mossy fibres - which is equally extraordinarily diffuse and non-specific (Fig. 12.11).  It is only slightly complicated by the existence - as everywhere else in the central nervous system - of various types of interneuron that mostly appear to provide lateral inhibition, sharpening up any spatial patterns of excitation that may be present.  These include basket cells, excited by parallel fibres and inhibiting a parasagittal row of Purkinje cells, and Golgi cells, also excited by parallel fibres, but inhibiting granule cells instead and thus acting at the input rather than at the output (Fig. 12. 12).

Figure 12.11 schematic

Figure 12.12 basket

Disorders of the cerebellum

Although our knowledge of the neuronal structure of the cerebellum is quite precise, our knowledge of its function is less secure, and until recently was almost entirely limited to the effects of cerebellar lesions and other kinds of damage, which are often quite specific and revealing (See Box) SYMBOL 38 \f "Wingdings".   Damage to the vestibulocerebellum leads to difficulties of postural co-ordination that are similar to what is found with damage to the vestibular apparatus with which it is associated.  There may be difficulty in standing upright, a tendency to dizziness, and sometimes a staggering gait when walking.  It is very likely that this area acts as the centre of co-ordination for the various postural mechanisms described in the previous chapter.  In some species, as was noted earlier, visual information enters the vestibulocerebellum through the climbing fibres, and vestibular fibres via the mossies; it seems probable that it is here that the comparison and integration of postural information from these two sources takes place.  As mentioned earlier, cerebellar ablation in dogs leads not only to abolition of the effects of prism reversal on vestibular reflexes, but also to freedom from motion sickness: these will be considered in more detail below.

Difficulties of gait - ataxia - are also found after damage to other cerebellar areas, but the effects are then found to be more generalised and not just postural: a lack of co-ordination of all kinds of movement (asynergia), generally in association with a loss of muscle tone (hypotonia).  It is worth considering some specific examples of these defects in more detail, since they reveal a good deal about the nature of cerebellar disability.  Many can be explained in terms of the patient's motor system taking too long to respond to sensory information, of added delay round a feedback loop.  Thus dysmetria or overshoot may be seen: when the patient reaches out to touch something, his hand goes too far, presumably because the command to stop the movement is sent out too late.  A consequence of this is intention tremor, in which the overshoot is subsequently corrected by a movement in the opposite direction which then itself overshoots, resulting in a new correction, and so on - the result being an oscillation or tremor around the desired position.  The tremor is not seen at rest, but only when the patient is aiming to achieve a particular limb position.  This slowness to react to changed circumstances is seen also in rebound: if for example the patient is asked to flex his arm against a force, which is then suddenly removed, whereas in the normal patient the resultant inward movement of the hand is quickly checked, in the cerebellar patient it is not, and may strike his body with considerable violence.  A related defect is adiadochokinesis: the patient is unable to make rapid alternating movements, as for example rapid oscillatory rotation of his wrist between pronation and supination; he cannot apparently issue the command to reverse a movement sufficiently soon after having sent the command to start it (Fig. 12.13). In the same way, he may show scanning speech: whereas a normal person does not have to think about the sequence of mouth and tongue actions that he makes while speaking, the cerebellar patient seems unable to generate the series of commands sufficiently rapidly, and appears to have to think about the formation of each separate phoneme, like someone trying to speak an obscure foreign language for the first time.  

Figure 12.13 wobble

Altogether, in fact, the patient has to bring enormously more conscious control into his movements; and it is the time required to think that slows things up.  A normal person can walk along, pick things up and so on without thinking much beyond merely willing the final outcome; but a cerebellar patient has to plan and think about the details not just of what to do, but how to do it.  This is perhaps most clearly demonstrated in another dysfunction called decomposition of movement: complex movements that require the temporal co-ordination of several different muscles are simplified by being broken down into their components, being executed in effect by one muscle group at a time.  Normal people can see for themselves what it is like to be in this condition by the simple expedient of getting drunk: alcohol seems to have a particularly noticeable effect on the cerebellum, and in such circumstances one does indeed sense the need to think consciously about putting one foot in front of the other in order to walk, and one's conversation may begin to approximate to scanning speech.

The difficulty that cerebellar patients have is essentially in using stored programs to carry out motor sequences that are usually automatic: their actions are performed as if they were learning them for the first time.  In fact the execution of any new task by a normal subject is strikingly similar to what is seen in cerebellar patients all the time.  A simple experiment you can do yourself is to try drawing whilst looking at what you are doing not directly, but in a mirror.  If you attempt to move your pencil smartly towards a particular point on the page, you will see both dysmetria and intention tremor; more complex manoeuvres are only achieved by decomposition of movement; and all the time one is painfully aware of the need for continual thought about the details of the movements one is making (Fig. 12.13). SYMBOL 58 \f "Wingdings" With enough practice, of course, one would in time learn to execute mirror-drawing without these defects, and without the need for continual conscious intervention; presumably some part of the brain is then carrying out automatically, perhaps by means of some kind of internal model, as in Fig. 9.6, what previously had to be thought about.  It seems increasingly probable that it is the cerebellum that is the part of the brain that carries out this kind of motor learning; that it acts, in a sense, as the body's autopilot. SYMBOL 38 \f "Wingdings"
Theories of cerebellar action

What has always captured the imagination of neurophysiologists is the way the cerebellum seems so beautifully regular: a sort of neural crystal.  In particular, the contrast between the tight, one-to-one coupling of climbing fibres and Purkinje cells, and the grid-like arrangement of the connections with the myriad parallel fibres has suggested that whereas the former are in a sense hard-wired, the parallel fibre synapses might be of variable strength: programmable in a way that would account for the cerebellum's ability to learn.  A plausible rule for such programming is the Hebbian rule (see Chapter 13, p. xxxx) that for synaptic strengthening to occur if there is a coincidence of presynaptic and post-synaptic activity: if, in other words, a particular parallel fibre fires at the same time as the Purkinje cell.  On this hypothesis, originally put forward by the late David Marr, it is possible to provide a ready explanation for the kinds of defects associated with cerebellar damage, as well as for more recent and precise observations. SYMBOL 38 \f "Wingdings" He suggested that the cerebellum stores and executes specific sequences of actions by means of a gradual process in which the sequences are first generated consciously while the subject is attempting to master the task, but as the result of repetition are gradually taken over by the cerebellum itself.  A crucial idea here is that every movement takes place in a sensory context, some of which will be due to feedback from the last movement that has been made.  If we have a device that can learn to form an association between the feedback generated by one movement, and the initiation of the next, then we can use it to generate each fragment of a movement automatically from its predecessor.  In its final form the theory is a complex one, requiring complex mathematics to be fully appreciated: but a simplified example may help to convey Marr's basic argument.

Consider how we might learn to play a scale on the piano.  To simplify things, let us begin by supposing that there is one Purkinje cell that corresponds to each of the fingers playing 'C, D, E, F' (Fig. 12.14), and that when the cell fires, it causes that finger to play the corresponding note. (The fact that the Purkinje output is inhibitory need not be an embarrassment: if we inhibit an inhibitory cell, the result is excitation, and neuronal circuits within the CNS can work equally well whether we consider either an increase or a decrease in firing rate to represent a 'positive' signal: one need only think of the hyperpolarisation of certain retinal receptors in response to light.) Now we have seen that the Purkinje cells are powerfully and specifically excited by their climbing fibres, and that one important source of these fibres, via the inferior olive, is the cerebral cortex.  What is suggested is that during the initial learning phase, the Purkinje cells are driven by these climbing fibres - activated by some kind of volitional process - in the correct sequence: C,D,E,F; under these circumstances the cerebellum is doing nothing more elaborate than simply relaying this sequence of commands to some lower level.

Figure 12.14 Marr

But consider what meanwhile is happening to the parallel fibres: with their diffuse activation from every kind of sensory input, the pattern of their firing embodies the sensory context in which the action is taking place.  Every time we carry out a motor act, it necessarily results in a kind of echo that comes back to us through our senses.  When we play a note on the piano, we get feedback not only from proprioceptors, the muscle spindles, tendon organs and joint receptors, but also from endings in the skin, not to mention the visual stimulus of seeing the finger move and the note go down, and the auditory stimulus of hearing the result.  Each note that is played consequently generates a particular pattern of sensory feedback that will be quite specific to that particular action and to no other.  This pattern will be reflected in the pattern of activity of the parallel fibres, which we saw to convey information of the most diverse kinds to the dendrites of the Purkinje cells.  Thus when we play the note D, having just played C, the Purkinje cell corresponding to D is activated by its climbing fibre during a sensory context that is quite specific to the state of having just played C, and is quite literally present at its dendritic branches in the form of a particular and specific pattern of parallel fibre activity.  And if we now recollect our original, Hebbian, supposition that the condition their synapses getting stronger is that the parallel fibre should often fire at the same time as the Purkinje cell, then we have a system that will learn to recognise the context associated with a particular action, and eventually respond to it automatically by generating the action itself.  For if we play the sequence C-D over and over again, each time we do it the parallel fibres that are activated by the sensory feedback from C will fire at the same time as Purkinje cell D, so that their synaptic contacts with the latter will gradually get stronger and stronger.  Eventually they will get so strong that they can fire D off even in the absence of a volitional command from the climbing fibre: D will then be produced spontaneously simply as the natural result of having played C, with no conscious intervention.  In the same way, E will come to follow automatically from D, F from E, and G from F; and in the end all the subject needs to do is to initiate the sequence, and it will follow automatically - and more rapidly than if they had to wait for actual sensory feedback from the periphery. SYMBOL 58 \f "Wingdings"
Such a model explains the phenomenon of adiadochokinesis particularly simply.  If we imagine just two Purkinje cells, one for supination and one for pronation, then what we are doing when we learn to make the rapid alternation of hand position is to connect the two cells up reciprocally so that the context produced by one eventually comes to fire the other, resulting in almost automatic oscillation; those familiar with electronics will recognise that we have in effect built an astable multivibrator out of our cerebellar components.  That these alternating movements have to be learnt in the first place is clear if you try and execute them with some less familiar part of the body: most people - unless they've been practising - suffer from adiadochokinesis of the toes, as you can easily verify for yourself.  Finally, it is perhaps worth mentioning that Marr's model has already found a potentially useful application in the field of industrial robots: machines have been built that incorporate similar circuits and are equipped with sensors from the work area, and will learn to perform complex sequences of operations by first being driven 'consciously' (by a human operator, in fact) and then gradually recognising the patterns of sensory input that are to act as triggers for particular items of motor output.

With slight modifications, the same model can also form the basis of the other two types of motor learning discussed in Chapter 9, namely the storage of ballistic programs, and the prediction of expected results from copies of motor commands, by means of a stored model of the behaviour of the body.  In the first case, we need only assume that a part of the mossy fibre input comes from other motor areas at a lower hierarchical level, rather than from sensory receptors (as indeed is the case, particularly in the neocerebellum).  Then instead of relying on actual feedback from the results of any particular item of a motor sequence, the command for one such item can trigger the next, producing ballistic sequences of motor acts that do not have to wait for actual feedback from results.  Under these circumstances, the climbing fibre input (whose function in Marr's model is in effect to say to the Purkinje cells 'now learn this!') could be used to provide parametric feedback in order to improve ballistic performance through experience. 

For example, we have already seen that in the vestibulocerebellum there is evidence that visual information enters through climbing fibres and vestibular through the mossy fibres (Fig. 12.15).  In Marr's model, this would imply that visual information would not only drive postural responses such as eye movements directly, but also strengthen those vestibular connections to Purkinje cells that were appropriate, in the sense that they were in close correspondence with the visual signal.  Such a mechanism could explain very nicely the way in which visual information appears to be capable of continually calibrating the vestibular input in such situations as the prism induced reversal of vestibulo-ocular reflexes mentioned earlier.  The synapses of those vestibular parallel fibres whose activity was in agreement with visual climbing fibre input would strengthen, and those in disagreement would weaken.  When tested in the dark, this would lead to the kinds of alternations in response that are actually observed. SYMBOL 58 \f "Wingdings" 

Figure 12.15  VOR learning

And lastly, if we imagine the parallel fibres to convey copies of motor commands, and the climbing fibres to be activated by actual sensory feedback from the results of those commands, then we have a system in which Purkinje cell output will as a result of experience come to provide an estimate of the result of motor commands, of the kind required in internal feedback systems like that of Fig. 9.6.SYMBOL 38 \f "Wingdings"  

Marr's model is thus a very versatile one, capable of embodying almost any kind of motor learning by defining its inputs and outputs in different ways.  Many would say in fact that it explains almost too much, and is consequently difficult to test; and it has to be admitted that elegant and powerful though it is, there is as yet little direct neurophysiological evidence to support it.  Its value at present is perhaps essentially explanatory, in that it helps to tie together in a coherent way both the observed effects of cerebellar dysfunction and what is known of cerebellar microanatomy and function.   There are several details of it which certainly require correction in the light of subsequent work.   For instance, while it is true that NMDA synapses showing the expected strengthening in response to coincidence of afferent and efferent activity are indeed found in the cerebellum, they are on granule cells rather than on the Purkinje cells where they ought to be.  Synaptic plasticity of the connections from parallel fibres to Purkinje cells can be demonstrated, but it is a weakening rather than strengthening (long-term depression rather than long-term potentiation).  This in itself is not fatal, for shortly after Marr's work was published it was pointed out that the model would in some respects work better with just such a modification. SYMBOL 38 \f "Wingdings"  Much more seriously, in the case of modification of the vestibulo-ocular reflex, it is now clear that while some learning changes occur in the cerebellum, the most important ones occur in the brainstem, though they are certainly cerebellum-dependent.  A picture is beginning to emerge of a cerebellum that learns, but also teaches: it learns to predict errors before they actually occur, and these errors - whether real or virtual - are then used to modify the behaviour of the more primitive circuits in the brainstem. 

Basal ganglia

Unfortunately the functions of the basal ganglia are as uncertain in detail as their structure is complex.  A prominent component of the basal ganglia is the corpus striatum lying in the mesencephalon at the level of the thalamus; in higher animals it has suffered the fate that frequently falls to older structures in the brain - as we saw in the case of the archicerebellum - in that it has been elbowed out of the way by newer structures that have consequently distorted it into an even more tortuous shape than is altogether necessary (Fig. 12.16). Thus what was originally a relatively compact mass of cells has been disrupted by the arrival of the internal capsule - like a motor way through a village - with the result that it is now an elongated structure that twists its way round the newer ascending fibres.  The stripes seen in cross-section, that give it its name, divide it into a number of different regions: of these, the most important distinction is between the older part, the paleostriatum or globus pallidus, which lies on the inside, and the outer putamen, which is continuous with the long arc of the caudate nucleus, the two together forming the neostriatum or simply 'Striatum'.  There are other nuclei which conventionally are also considered part of the basal ganglia, though not everyone agrees as to what should or should not be included.  They include the subthalamus lying below the thalamus, and the substantia nigra (so called because certain of its cells are darkly pigmented with melanin).  Both of these structures are highly developed in Man, but less so in other animals; and some authors also include the red nucleus.  

Figure 12.16 BG gross

The connections between these structures are very complex and their functional significance largely a matter for speculation.  The important flow of information seems to be a projection from the cerebral cortex to the putamen and caudate nucleus, thence to the internal and external layers of the globus pallidus and substantia nigra pars reticulata (SNPR), both of which then project to VA and VL of the thalamus, and thus back to the cortex again (mostly to the supplementary motor area, but also to motor and premotor areas), forming two large feedback loop (Fig. 12.17).  In addition, there is a second output route from SNPR to the superior colliculus, through which head and eye movements can be controlled.  More is known about the transmitters here than in most parts of the brain: keen transmitter-spotters will be glad to know that the striato-pallidal and striato-nigral projections are GABAergic, and that the efferent cells of the striatum receive glutamate-secreting fibres from the cerebral cortex, and serotonin fibres from the raphe nucleus, dopaminergic fibres from the substantia nigra and inhibitory cholinergic fibres from neighbouring interneurons.  The subthalamus has connections to and from the globus pallidus, and the substantia nigra receives an input from the putamen, while sending fibres back to both parts of the corpus striatum (Fig. 12.17). Other connections are difficult to establish, though it is likely that there are indirect connections from the older areas of the brain such as the limbic system (which is concerned with motivation and emotion), possibly via the nucleus accumbens, and at least in fish one may demonstrate a functional projection from the olfactory system, which as we have seen is one of the oldest senses and one that is particularly associated with limbic functions.  A suggestive recent finding is that within the striatum here appear to be two distinct populations of cells, one forming relatively dense clusters ('striosomes') and the other forming a looser background ('matrix').   The input to the striosomes appears to be predominantly from motivational areas of the limbic system, while that to the matrix is mostly from cerebral cortex. SYMBOL 38 \f "Wingdings"
Figure 12.17 connections

As with the cerebellum, such meagre information as we have about the functions of the basal ganglia is almost entirely derived from clinical observations of the effects of damage in Man.  The best known of these disorders is Parkinsonism or paralysis agitans, associated especially with damage to the pathways linking the substantia nigra and the putamen. SYMBOL 38 \f "Wingdings"  The main feature of classical Parkinsonism is a general poverty of movement (akinesia).  Expressive movements, such as the normal mobility of the face, may be absent, giving the patient a lifeless and apathetic appearance, and there may be a loss of associated movements, movements that normally occur in conjunction with a particular primary activity, but are not strictly necessary (such as swinging the arms when walking).  The patient may blink less often than a normal subject; there is often a shuffling gait, and he may be very slow in walking about.  None of these things are defects of the peripheral motor apparatus, for under the right circumstances, especially under strong emotional stimulation, quite normal movements may be made.  Thus a Parkinson patient may be shuffling his way across the road when a car comes: he then runs briskly to the other side, only to continue his slow shuffle along the pavement.  The difficulty, in other words, is not in the execution of the movement, but in its initiation.  A patient may find it very difficult to start to walk, but some martial music, or even a few lines drawn on the ground to act as a visual stimulus, may be sufficient to get the movement going. SYMBOL 38 \f "Wingdings" Equally, once started it may be difficult to stop: perseveration of movement.  It is clear that these are difficulties at a very high level of the motor system, and it is significant that Parkinsonian patients often show emotional disorders of a related kind: a more general apathy and immobility of mind as well as body.  Other common features of Parkinsonism are a general rigidity and slowness (bradykinesia), vague postural difficulties, and a tremor that is the exact opposite of the intention tremor of cerebellar damage, being present only at rest, and disappearing as soon as some voluntary action is attempted. SYMBOL 38 \f "Wingdings"
If Parkinsonism is essentially a state of poverty of movement, other disorders of the basal ganglia, by contrast, result in the spontaneous production of unwanted movements.  Lesions of the subthalamus in particular give rise to ballismus, in which the patient may throw his limbs about in a violent manner.  In other regions, damage may give rise to less energetic spontaneous movements called chorea ('dancing'), for example continual shaking or twitching, or to slow writhing movements known as athetosis.  Some of these symptoms get worse as the patient tries to reach a particular goal.  There may also be an exaggeration of associated movements.  With the exception of the ballismus that can be produced in monkeys as well as Man by damage to the subthalamus, these effects are not clearly associated with lesions of specific areas of the basal ganglia, and indeed it has not proved possible to simulate them very closely in experimental animals.  Consequently, treatment of these disorders is generally of a rather rough-and-ready kind: it is sometimes found, for example, that a Parkinson patient's rigidity and tremor may be alleviated by actually making further lesions in other parts of the basal ganglia.  Another treatment for Parkinsonism that is often helpful and has the appearance of being more scientific is to treat the patient with DOPA, a precursor of dopamine, the transmitter in the projection from substantia nigra to putamen; it is possible that it is some defect in the production of transmitter here that gives rise to the condition in the first place.

At all events, it is certainly not yet possible to use the existence of these clinical disorders to deduce the detailed functioning of the basal ganglia; and single-unit recording is only just beginning to make a contribution to our understanding of what they do.  To suggest, as some of the older accounts do, that because damage to a certain area gives rise to tremor or to sudden violent movements, the function of that area is to reduce tremor or smooth movements out in some way, is only slightly less absurd than the analogy presented in Chapter 1, of removing  a  circuit  board  from  a  hi-fi  and deducing that its function was to inhibit whistling.  As yet, recording from basal ganglia has - apart from a specific role in the control of eye movements - produced only equivocal findings.   In the case of the putamen, it is not even at all clear that the neurons are motor and not sensory (if that distinction has meaning at this level): most are best described as responding to a stimulus if it has some behavioural significance for the animal. 

But one can deduce a great deal about the hierarchical level at which the basal ganglia operate.  In all these cases, whether there is loss of voluntary initiation of movements that can be evoked involuntarily, or the intrusion,-)f unwanted movements that are, in their way, quite well executed (or even elegant, as in athetosis), it is clear that we are at a very high level in the motor system.  Lesions of the cerebellum give rise to defects of execution but not of initiation, and lesions of the cortex lead to even 'lower' defects like weakness or frank paralysis.  But damage to the basal ganglia clearly interferes with the level at which movements are strategically planned and initiated.  We saw in Chapter 7 that recent experiments have provided direct evidence for precisely such a role for SNPR in the control of eye movements (Fig. 12.18), hierarchically above the level that actual links location to directed movement, and acting by a process of disinhibition.  So if we had to represent, in general terms, what the relative hierarchical positions of these three higher levels were, we would put the basal ganglia at the top, responsible for the initiation and perhaps the large-scale or strategic planning of movements, particularly in cases where the movement is not simply an automatic response to an external stimulus; the cerebellum underneath, automatically translating these commands into sequences of unitary actions, with reference to feedback from the periphery; and at the bottom the motor cortex, where command concerning the desired positions of the limbs and so forth may be converted into yet more detailed instructions governing the forces required from moment to moment in order to achieve these results.

One might well ask what, if anything, lies above the basal ganglia in such a scheme.  The problem here is partly one of terminology.  In the general representation of the brain presented at the beginning of Chapter 9, it was emphasised that there is in effect a gradual series of neuronal levels that convert sensory information into motor movements.  When we are considering areas near the centre of such a scheme, at the highest hierarchical levels, the distinction between 'sensory' and 'motor' becomes a somewhat arbitrary one. (Of course, one might cut through this problem at one stroke by introducing a 'ghost in the machine' which is both conscious of incoming sensory information and also capable of willing volitional movements: by definition, any structure upstream of such an entity is sensory, and downstream, motor.  The question of whether such a notion is necessary in `understanding human behaviour is postponed until Chapter 14).  

Figure 12.18 SNPR, saccades

Meanwhile, all one can usefully say is that it is simply a matter of convention that the inputs that provide the drive for motor acts are normally reckoned not to be part of the motor system.  There are in fact two distinct types of input that must be considered; first of all the sensory information about the environment without which one clearly cannot make decisions about how to plan one's motor acts, even on a large scale; and secondly, the neural mechanisms that decide what is to be done, that choose between all the various possible courses of action that are open to the brain at any particular moment.  The first type of input, that of high-level integrated sensory information about the environment, forms the subject of the next chapter; the second type, which is what motivates the motor system, and requires information not just about the outside world but also about one's internal environment as well, one's state of need, forms the subject of Chapter 14.

Prefrontal cortex

SYMBOL 38 \f "Wingdings"  It is convenient at this point also to consider a region that is not often considered ‘motor’ in the sense that the cerebellum and basal ganglia are normally regarded, but is nevertheless certainly concerned, at the very highest level of all, with the initiation of movement.  Prefrontal cortex forms the largest single division of the cortex in Man, with a diverse output that extends to the hypothalamus as well as to the striatum, subthalamus and midbrain.  It receives afferents from the correspondingly large dorsomedial nucleus of the thalamus, which in turn receives fibres not only back from the frontal lobe, but also from the hypothalamus and other parts of the limbic system, an area predominantly associated with such functions as emotion and motivation, to be discussed in Chapter 14.  These are very old parts of the brain indeed, found practically unchanged throughout the animal kingdom, and it is striking that their cortical projection is to the very newest part of that new area, the cerebral cortex.  Man is in fact distinguished most from primates by the absolute and relative size of his frontal lobes; until a century or so ago it was assumed that they must therefore be the seat of the very highest functions - intelligence, morality, religion, etc. - those that were thought to differentiate Man most clearly from the apes.

The case of Phineas Gage in 1848 therefore came as something of a shock.  He was an American mining engineer, who was one day tamping down explosive with an iron bar.  The iron struck a spark, setting off the explosive and converting the bar into a ballistic missile.  The consequence can be imagined (Fig. 12.19). Astonishingly, when one considers contemporary standards of medical care, he survived, and made a precarious living for some years by exhibiting himself in public, together with the bar.  Post-mortem examination showed that a very large portion of the frontal cortex had been destroyed; yet what was extraordinary was how little effect this seemed to have on him.  Far from turning into an ape, or losing his powers of reason, he seemed to suffer little more than a slight change in personality.  His doctor described him as 'fitful, irreverent, indulging at times in the grossest profanity (which was not previously his custom), manifesting but little deference for his fellows, impatient of restraint or advice when it conflicts with his desires, at times pertinaciously obstinate, yet capricious and vacillating' - what, in fact, we would now call perfectly normal.   Indeed his friends said that in some ways he was actually happier - more carefree and less inhibited - after the accident than before.

Figure 12.19 Gage 

As a result of this dramatic demonstration, controlled experiments were performed on animals, with the same conclusion: that lesions in the frontal lobes seem generally to reduce anxiety - monkeys worry less when they make mistakes in learning tasks - and inevitably the idea developed that such a procedure might even be of benefit to depressive patients or anxious schizophrenics.  This operation, frontal leucotomy or lobotomy (Fig. 12.19) began to be practised around 1935 and remained popular until the introduction of pharmacological agents doing much the same thing in a more reversible manner, in the early 1960s.  There is no doubt that the operation gave a great deal of relief: not only alleviation of tension and anxiety but better adjustment to work, and increased weight and energy.  A difficulty was that the changes in personality might go too far, developing into euphoria, tactlessness, a lackadaisical approach to life, and a lack of such social inhibitions as those that discourage urination in the fireplace.  One circumstance where these side-effects seemed worth putting up with was in the treatment of intractable pain, not easily dealt with by other measures.  The result in this case was not so much loss of the objective knowledge of the pain - not, in other words, analgesia - but rather a loss of the 'affekt' of the pain, its unpleasant or emotional quality.  Thus when asked what the pain was like, a patient might reply 'Oh doctor, it's absolutely appalling, unbearable', yet would be smiling as he said it and not - apparently - really feeling it despite being able to sense it.

What is perhaps most notable about the effects of frontal lesions is how little defect of ordinary intelligence occurs, with one exception: there are almost always difficulties in carrying out two programs of activity simultaneously.  Thus a patient may be asked to recite the letters of the alphabet 'A,B,C,D', and then be interrupted and asked to add together 13 and 15: '28'; if then told to carry on the response may be'29,30,31, . . .': the original task is forgotten.  Similarly, there may be an inability to organise actions in proper temporal sequence; this may become apparent when trying to prepare a meal, where one has of course to plan well ahead, bearing in mind the different times that different things take to cook, so that everything is ready simultaneously.  This impairment of the sense that something has to be done can be demonstrated in monkeys by means of the delayed reaction test (Fig. 12.20).  Here a monkey sits behind a glass partition in a cage, in front of which are two boxes, one of them containing a reward such as a banana.  The doors of the boxes are first opened to show what is in them, then closed again; after an interval of perhaps ten minutes, the partition is raised, allowing the monkey to go and open the correct box and receive his reward.  Normal animals can do this very well: animals with pre-frontal lesions cannot, unless they spend the waiting period doing nothing except sitting and concentrating single-mindedly on the correct door.  Recordings from neurons in prefrontal areas during delayed response trials confirm the idea that these areas are in some sense to do with waiting to do something, with activity in many units starting up on receipt of the command, then firing in a sustained way until the response is finally made.

Fig.  12.20  Delayed RT

These miscellaneous observations concerning the prefrontal areas can be unified quite satisfactorily once it is appreciated that each involves a defect in remembering to do a deferred action – as if there were some sort of pre-frontal supply of yellow Post-It notes.  Anxiety is of course a side-effect of the sense that something has to be done in the future, and lack of anxiety may sometimes merely indicate a lack of forethought: worry, if rational, is a thoroughly good thing.  Thus it was anxiety that presumably made our ancestors save some of their seed harvest to plant for next year, despite their immediate needs, and it is perhaps not going too far to suggest that the enhancement of useful anxiety of this kind is indeed what separates us most from the other primates.  Finally, it may also be that the unpleasantness of pain, particularly when it results from terminal illnesses (it is this type of pain that frontal leucotomy seems best at alleviating) is at least in part due to the anxiety it causes us by reminding us of our impending death: the painfulness of an injury depends very much on the significance that we attach to it (see Chapter 4).  By stripping pain of its meaning for the future, we also relieve its emotional threat.

The three components of voluntary action

Students often find the higher levels of the motor system difficult to understand: so do those who do research on them!  As we have already seen, there are peculiar experimental difficulties with investigating motor systems in conventional ways.  At the same time the anatomy of the pathways is complex and open to too many interpretations (compare it with that of the visual system, for instance).  And finally, and perhaps most important of all, the complexity of the movements themselves is extraordinarily hard to grasp.   Think what is involved in one of the most familiar sequences of actions of all, getting dressed in the morning.  Faced in semi-darkness with a crumpled, partially inside-out, shirt, what astonishing feats of computation are need to work out how to pick it up, manipulate into the right configuration, guide it over the correct bits of ones anatomy, deal with buttons and cufflinks.  This is not a peculiarly human ability, not particularly dependant on primate-sized cortex: you only have to see a bird elegantly swoop between the branches of a tree, killing its speed with exactly the right timing to come to rest on one particular twig, to realise that equally daunting motor tasks can be accomplished with remarkably little neural hardware.  

One way of thinking about movement that many students find helpful is first to be tangible – consider a familiar, representative, action – and then to break it down into its components.  A good example is reaching out to take a cake from a plate on a table (Fig. 12.21).  Starting at the end – always the best plan in neurophysiology – we have grasping.  The force in the fingertips must be carefully regulated to grip the cake safely without crushing it, despite its soft plasticity.  There must be immediate sensing of any slip, and immediate adjustments must slightly increase the pressure of grip.  Its weight must be estimated so that it appropriate lifting forces are applied: it may perhaps stick to the plate.  But before all these mechanisms of manipulation come into play, we must have succeeded in reaching it, an operation demanding an entirely different set of computations and control mechanisms.  During the reaching the position of the cake must be monitored, using visual information supplemented by knowledge of eye position relative to the head, and head position relative to the trunk.  Meanwhile, we need constant proprioceptive feedback from out limbs so that we can match the position of our hand to that of the cake.  At the same time, we need to make slight postural adjustments to counteract the destabilising effect of extending the arm.   And preceding both reaching and grasping come the processes of decision and planning.  Are we actually hungry?  Do we want the pink cake or the yellow one?  Do social conventions either require or forbid taking the cake at all?  What route will avoid knocking over that milk-jug?  

Figure 12.21 – Plan, reach, grasp
By a happy coincidence, these logically distinct stages of planning, reaching and grasping happen to correspond with precisely those three main areas that we have been looking at in this chapter.  Grasping, as we saw, is the province of the primary motor cortex, that receives precisely the kind of information need to manipulate objects and has the right descending connections to be able to control force and velocity with precision and speed.  Patients with damage to this region, or indeed impairment of the sensory systems relaying the requisite information from the skin, can plan and reach perfectly well, but are clumsy when it comes to the last stage of actually grasping and lifting, particularly when the thing being picked up is unfamiliar.  With cerebellar patients, on the other hand, the problem is mostly in the reaching: distances are misjudged, with overshoot and intention tremor, and there is decomposition of the trajectory into more tractable sub-components.  The hand is guided on to the target with conscious effort.   Finally, with hypokinetic disorders of the basal ganglia such as Parkinson’s disease, movements may be well executed if they are executed at all, but the patient is conscious of the difficulty of getting them started, or sometimes of stopping them once they are under way.   And frontal precortex damage may encourage cake-snatching, socially inappropriate but deftly executed – an error of decision rather than of planning, reaching or grasping.   

Figure captions

Fig 12.1  (a) Lateral and medial views of human brain, showing the approximate positions of motor cortex, areas MI and MII. (b) Transverse section through MI, showing the distributions of areas devoted to different parts of the body. (c) Motor homunculus (compare the corresponding sensory homunculus, Fig. 4.8). (Partly after Penfield and Rasmussen, 1950)

Fig 12.2  Stylised representation of the main interconnections of motor cortex and thalamus.  Thalamic nuclei: VA, ventroanterior; VL, ventrolateral; VPL, ventral posterolateral; CM, centromedian.  

Fig 12.3  A, classical but misleading concept of 'upper' and 'lower' motor neuron.  B, a closer approximation to reality.

Fig 12.4  Cutaneous sensory fields associated with pyramidal cells of monkey causing (a) thumb flexion, and (b) digital flexion on stimulation. The cutaneous fields correspond with areas that would be brought into contact by resultant movement. (After Rosen and Asanuma, 1972).

Fig 12.5  Motor 'homunculi' of rabbit, monkey and Man, showing differences in the relative degree representation of different regions (highly schematic: partly after Woolsey, 1958).

Fig 12.6  Gross structure of the cerebellum. Left, viewed from various directions, and in sagittal section. Right, 'unrolled', showing the main anatomical divisions. Functionally, it may be divided into vestibulo-cerebellum (black), spinocerebellum (stippled) and neocerebellum (unshaded), though the divisions are not as clear-cut as this diagram implies.

Fig 12.7  Cerebellar cortex, stained by the Golgi silver method, to show a large part of the dendritic tree of a single Purkinje cell.

Fig. 12.8  ‘Unrolled’ diagram of cerebellum, as in Fig. 12.6, showing approximate regions that project to particular deep nuclei.

Fig 12.9  Diagrammatic representation of the connections between mossy afferents mf (bottom left), granule cells gc and parallel fibres pf (left), Purkinje cells P and climbing fibres cf.

Fig. 12.10  Comparison of cerebellar (left) and cerebral cortex.  Output cells are shown in black; associative afferents in red.

Fig 12.11  Highly schematic diagram of cerebellar inputs and output

Fig 12.12  Inhibitory interneurons in cerebellar cortex. Left, a Golgi cell inhibiting a cluster of granule cells (gc); right, a basket cell inhibiting a row of Purkinje cells (P). pf, parallel fibres; mf, mossy fibres.

Fig 12.13  Illustrations of some signs of cerebellar damage. Above, the (normal) subject was instructed to draw a pencil line linking the dots ABCD in the order shown; (a) is with normal vision, (b) looking in a mirror.  Dysmetria, intention tremor and decomposition of movement , of a kind similar to the signs of cerebellar damage, is obvious.  (c) Adiadochokinesis: records from a patient with damage to his left cerebellum, who can make rapid alterations of pronation and supination with his right arm (R) but not with his left (L). The duration of the trace is 5 seconds. (Holmes, 1922)

Fig 12.14  A model of how the cerebellum may learn sequences of motor actions. Left, highly simplified diagram of cerebellar inputs and outputs (see Fig. 12.10) showing feedback from motor actions to the parallel fibres. Right, the hypothetical sequence of events before and after learning to play a piano scale C, D, E, . . . (for explanation, see text).

Fig. 12.15  Postulated role of the flocculo-nodular lobe (FNL) of the cerebellum in adaptation of the VOR.   At bottom, head velocity signals from the semicircular canals drive the oculomotor nuclei (OMN) via the vestibular nuclei (VN).  In addition to this direct route, canal fibres also project to cerebellar cortex, where they impinge on Purkinje cells (PC) as parallel fibres (pf).  Since the FNL Purkinje cells inhibit the VN pathway, this provides a route by which the gain of the VOR can be altered.  Climbing fibres (cf) to the FNL come from the dorsal cap of the inferior olive (IO) and are driven by visual slip; since this is an error signal (it represents the difference between eye and head velocity) it is ideally suited to alter the strength of the connections between parallel fibres and Purkinje cells, and thus alter VOR gain to improve performance.  However, experiments show that the learning in VOR adaptation is not confined to the cerebellum.

Fig 12.16  Lateral view of the principal components of the basal ganglia, together with the thalamus; right, a horizontal section at level of the dotted line, showing in addition  the fibres of the internal capsule pushing their way through. (Partly after Netter, 1962; copyright CIBA Pharmaceutical Company.)

Fig 12.17  Left, schematised representation of the principal connections of the basal ganglia. CS, corpus striatum; GP, globus pallidus;  SN, substantia nigra; SThal, subthalamus; Ass CX and MCX, cerebral cortex, associational and motor, the latter mostly SMA; VA+VL, ventroanterior and ventrolateral thalamic nuclei.  Inhibitory cells and endings in black, dopaminergic in red.  Right, an alternative representation, distinguishing between the striosomal and matrix areas of the striatum.  SNr, SNc: pars reticulat and compacta of SN; VTA: ventral tegmental area.

Fig 12.18  Cascade through basal ganglia causing the initiation of saccades.  Saccadic burst units in the brainstem drive oculomotor neurons; they are tonically inhibited by Pause units, which stop firing to permit a saccade.  The Pause units are in turn inhibited by burst units in the superior colliculus, under visual control; but these too are held tonically in check by inhibitory pause units in substantia nigra pars reticulata (SNPR); these in turn appear to be gated by higher areas, including parietal and frontal cortex.  Inhibitory neurons black, excitatory white.

Fig. 12.19  Prefrontal damage. Left, Phineas Gage's skull, with tamping iron; horizontal section below indicates the subsequent area of destruction (black) and probable neural damage (shaded) (after Cobb, 1946). Right, deliberate frontal leucotomy, showing (above) the approximate plane of the cut, and below, cross-section of an actual cut of this kind. The operation is performed by means of a spatula inserted through skull openings at the points marked A on each side (after Freeman and Watts, 1948).

Fig. 12.20  Two kinds of delayed reaction tasks.   Left, reaching for a reward after an enforced wait; right, making a saccade to a briefly glimpsed target, again after a wait.

Fig. 12.21  (no caption)
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Notes

Higher motor areas    Some excellent general accounts: Evarts, E. V., Wise, S. P. and  Bousfield, D. (1985) The Motor System in Neurobiology. (Elsevier, Amsterdam);  Rothwell, J. C. (1994) Control of human voluntary movement. (Chapman and Hall, London); Brooks, V. B. (1988) The Neural Basis of Motor Control. (Oxford University Press, Oxford); Jeannerod, M. (1997) The Cognitive Neuroscience of Action  (Blackwell, Oxford); Berthoz, A. (1997)  The Brain's Sense of Movement.  (Harvard University Press)

p.  Motor cortex    Useful accounts include: Passingham, R. (1993) The frontal lobes and voluntary reaction. (Oxford University Press, Oxford); Phillips, C. G. and  Porter, R. (1977) Corticospinal neurons: their role in movement. (Academic, London); Porter, R. and  Lemon, R. (1993) Cortico-spinal function and voluntary movement. (Oxford University Press, Oxford); Schmitt, F. O., Worden, F. G., Adelman, G. and  Dennis, S. G. (1981) The Organization of the Cerebral Cortex (MIT Press, Massachusetts).

p.   Cerebellum     Two comprehensive accounts: Ito, M. (1984) The cerebellum and neural control. (Raven, New York);  Palay, S. L. and Chan-Palay, V. (1974) Cerebellar Cortex (Springer, Berlin).

p.   Effects of cerebellar damage   Someone is sure to tell you that the cerebellum can't be that important since just the other day a body turned up in the dissecting room where the cerebellum had been totally absent from birth, yet the man had made his living as a steeplejack (or ballet dancer or pole-vaulter or something similar).  Professor Mitchell Glickstein has traced the origin of this extraordinarily resilient urban myth in Glickstein, M. (1994) Cerebellar agenesis. Brain 117, 1209-1212.

p.    Marr's theory   Marr, D. (1969) A theory of cerebellar cortex. Journal of Physiology 202, 437-507

p.  Cerebellum a motor learner  And perhaps not just motor: some believe that it may play a part in purely cognitive functions, but this is somewhat controversial.  See Leiner, H. C., Leiner, A. L. and  Dow, R. S. (1993) Cognitive and language functions of the cerebellum. Trends in Neuroscience 16, 444-454, with its lively commentaries and discussion afterwards.

p.  Cerebellar predictive models?   There is an excellent recent discussion of this possibility in Miall, R. C., Weir, D. J., Wolpert, D. M. and  Stein, J. F. (1993) Is the cerebellum a Smith predictor? Journal of Motor Behaviour 25, 203-216.

p.  Depression and not potentiation   See Albus, J. S. (1971) A theory of cerebellar function. Mathematical Biosciences 10, 25-61.

 p.  James Parkinson   It is worth reading Parkinson, J. (1817) An Essay on the Shaking Palsy (Whittingham and Rowland, London) partly as an admirable example of clear clinical description, and partly to see how excellent observation and plausible deductions can lead to an utterly false conclusion, in this case that the cause was 'some slow morbid change in the structure of the medulla, or its investing membranes, or theca, occasioned by simple inflammation, or rheumatic or scrophulous affection'.

p.   Striosomes   See Graybiel, A. M. (1990) Neurotransmitters and neuromodulators in the basal ganglia. Trends in Neuroscience 13, 244-253.

p.  The need for external cues   A description of such a patient from that unusually thoughtful and wise analysis of what is really happening in Parkinsonism, Sacks, O. (1982) Awakenings. (Pan, London): "Once a first step was taken - and walking could be inaugurated by a little push from behind, a verbal command from the examiner, or a visual command in the form of a stick, a piece of paper, or something definite to step over on the floor - Miss D. would teeter forward in tiny rapid steps. ... In remarkable contrast was her excellent ability to climb stairs stably and steadily, each stair providing a stimulus to a step; having reached the top of the stairs, however, Miss D. would again find herself 'frozen' and unable to proceed.  She often remarked that 'if the world consisted entirely of stairs' she would have no difficulty in getting around whatever."  
Brotchie, P., Iansek, R. and  Horne, M. K. (1991) Motor functions of the monkey globus pallidus. I. Neuronal discharge and parameters of movement. Brain 114, 1667-1684.

p.  Prefrontal cortex    Two excellent and comprehensive accounts are Fuster, J. M. (1989) The Prefrontal Cortex (Raven Press, New York), and Levin, H. S., Eisenberg, H. W. and  Benton, A. L. (1991) Frontal lobe function and dysfunction. (Oxford University Press, New York).

NeuroLab
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  p.  Cortical regions  A simple map of functional cortical areas, for self-testing.   Click on one of the radio buttons designating an area of cortex, and the name and Brodmann number will appear in the box at right.  Alternatively, click on the pull-down button at the right of the box to display the whole list, and click on an item: the corresponding radio button will be selected.
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  p.  Anatomical pathways   A data-base of nuclei and other areas in the CNS, and the tracts and pathways that join them, that you can use for reference or for self-testing.   The two upper windows list sources and destinations, the lower one has the names of tracts that join them.   If you click on the name of a tract, its origin(s) and destination(s) appear in the upper windows.  To restore the full lists, click on Show all.   If you click on a source in one of the upper windows, the destination window lists the major areas to which it projects, and the corresponding tracts are listed below.  Similarly, clicking on a destination shows the sources and their linking tracts.  Double-clicking on a destination takes you on stage further on, by treating it as a source and showing you its destinations; similarly, double-clicking on a source takes you one stage further back.  
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  p.  Cerebellar dysmetria   This exhibit shows how upsetting the normal relationship between movement and visual feedback results in phenomena very similar to those of cerebellar damage, including dysmetria, decomposition of movement and intention tremor.   Click on the centre spot, then - holding the mouse button down - move as quickly and accurately as possibly to each of the other three spots in turn.   This demonstration relies on your not being too skilled in using the mouse; if you are, use your other hand, or -even more spectacularly, turn the mouse through 180SYMBOL 176 \f "GreekMathSymbols", so its cable is towards you and your movements are reversed.
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  p.  Cerebellar learning   A very simple implementation of Marr's model of cerebellar sequence learning.  The screen shows a row of (dark blue) Purkinje cells, A - E.  Clicking on their corresponding buttons activates them, and also causes sensory feedback whose spatial patterning is characteristic of each response: see this for your self by clicking on each of the buttons in turn.   Now, in Learn mode (radio button at bottom) press the buttons in a particular sequence at a steady pace, and repeat this training a few times.  You will see that sensory feedback in parallel fibres from one button coincides with firing of the next Purkinje cell.  Then select Execute, and press the first button of the sequence only: the model should then perform the rest of the sequence.   Explore the limitations of its learning capability.  The Forget button resets the synapses to their original (ineffective) state.

  p.  Parametric feedback   This exhibit shows the functioning of parametric feedback in the vestibulo-ocular reflex: it has already been described in Chapter 11 (p.  [whatever it is]).

Boxes

Classical signs of cerebellar impairment

Ataxia

Hypotonia

Asynergia:

dysmetria



intention tremor



decomposition of movement



adiadochokinesis



scanning speech

Rebound

In general, impairment of execution rather than of initiation;   
 more conscious intervention required in actions previously
 performed automatically.

Classical signs of basal ganglia impairment

Hyperkinetic:


Ballismus  (subthalamus)


Chorea
 (corpus striatum)


Athetosis
 (corpus striatum)


Hypokinetic: Parkinsonism  (nigro-striatal)


Rigidity


Bradykinesia


Tremor at rest


Akinesia:
loss of associated movements



loss of expressive movements



difficulty of initiation



bradykinesia


In general, difficulties are at a higher level: of initiation
 rather than of execution.  In the right circumstances, 
 movements may be performed relatively normally.

People

Gordon Holmes (1876 – 1966), one of the greatest English neurologists, did much to elaborate the idea of hierarchical levels within the brain.  His research was mostly concerned with determining the precise effect of small, localised lesions in the brain, especially in the cerebellum and visual pathways: to some extent this work was aided by the changing nature of the injuries caused by the development high-velocity rifle bullets.

John Hughlings Jackson (1835 - 1911) gave his name to Jacksonian epilepsy, in which the 'march' of the motor effects, together with other clinical evidence, suggested to him that the human motor cortex was somatotopically organised.  He also developed the concept of hierarchical levels in brain and particularly in motor function, and is alleged to be the source of the well-known dictum that the cerebellum is the part of the brain that is soluble in alcohol.

