Chapter 10   

Local motor control

Motor neurons

The final output from the central nervous system to skeletal muscle is from the motor neurons in the ventral horn of the spinal cord or in the brainstem, cells whose large size reflects the length of their axons. SYMBOL 38 \f "Wingdings"    Each controls a scattered group of individual muscle fibres called a motor unit: a unit may comprise as few as a dozen fibres in some of the muscles of the middle ear and in eye muscles, or as many as 1500 in large and crude muscles such as gluteus maximus. SYMBOL 38 \f "Wingdings"  In the cat's leg, a single unit is capable of exerting a maximum force of some 10 g.  Gradations of force are brought about partly by changes in the firing frequency of individual motor neurons, and partly by a process of recruitment, in which more and more units are brought into play as the required muscle tension increases.   Normally it is the smallest neurons, innervating the most 'tonic' and least fatigable muscle fibres, that are the first to be recruited. SYMBOL 38 \f "Wingdings"  Although individual motor neurons may sometimes fire at very low frequencies, this does not normally cause discrete twitching of the muscles because different units fire out of synchrony with one another.  One of the functions of the Renshaw cells mentioned in Chapter 3 is probably to provide a kind of lateral inhibition between motor neurons that discourages synchronisation of this kind.

Motor neurons have an orderly and systematic arrangement within the cord, in clumps not quite well enough defined to be called nuclei, that reflects the topology of the muscles they serve (Fig. 10.1).  Medial neurons innervate the muscles of the trunk, the most distal parts of limbs are governed by the most lateral neurons, and flexors and extensors tend to be under the control of the more dorsal and ventral groups respectively.  Because these cells represent the ultimate funnel through which all nervous excitation must pass whenever a motor act is made, whatever its source, together they form what is sometimes called the final common path.  On these cells terminate all the afferents from interneurons, and in some cases receptors, that serve the various spinal reflexes and responses, as well as certain of the descending paths from higher levels.  The quantity of information that thus converges on a single ventral horn cell is enormous, and is reflected in the huge size of its dendritic tree, which may often extend over a large part of the grey matter of the cord (Fig. 10.1).

Figure 10.1 ventral horn 

It is those afferents whose origins, perhaps via one or more interneurons, are sensory fibres that enter the dorsal roots that give rise to spinal reflexes (p. xxxx ff).  It is never easy to define exactly what is meant by a reflex.  Any response that can be elicited from a spinal animal is certainly a spinal reflex.  But we have already seen that although a response may be essentially a spinal one, in the sense that its neural circuitry lies entirely within the spinal cord, yet one may not be able to elicit it in the spinal preparation because the usual facilitating, permissive, influences descending from the brain are absent.  It is not quite enough to describe a reflex as an automatic, reproducible, response that is independent of the will, as one may readily influence one's own spinal reflexes by willed inhibition or facilitation from above.   For example, there is a mechanism in the cord called the withdrawal or flexion reflex that causes a rapid flexion when the skin is touched by a hot object or other noxious stimulus: yet we all know from personal experience that in cases of necessity - when carrying a plate that proves to be hotter than we thought when we picked it up - we can (up to a point!) inhibit the reflex completely.  We shall see later on that what at first sight appears the simplest and most automatic spinal reflex of all, the monosynaptic stretch reflex, is actually under almost total control from other, mainly descending, influences.  In fact when we look at the mode of termination of the tracts descending from the brain, we find that the great majority of them end, not on the motor neurons themselves, but rather on the interneurons that form part of these reflex arcs.  Descending control is not so much of muscles as of actions, amounting to a selection from the cord's repertoire: the brain plays on the spinal cord not as one plays a piano, but rather as one selects a disc from a juke box.

Descending pathways

There are five important tracts that descend from brain to spinal cord; four of these come from closely neighbouring parts of the brain, in the brainstem and medulla.  These are the reticular formation, the vestibular nuclei, the red nucleus, and the tectum; the fifth origin of descending fibres is the cerebral cortex.  SYMBOL 58 \f "Wingdings"  

Reticular formation

If you take the brainstem, and remove all its sensory and motor nerve nuclei, all the fibre tracts that have to go through it, and all other well-demarcated structure, a considerable area of terra incognita is left unaccounted for.  This is the reticular formation (‘reticulum’ = net), once described as a formed of ‘diffuse aggregations of cells interspersed with fibres going in all directions’, (source – in Brodal?), full of axons and dendrites weaving inextricably between one another (Fig. 10.2), and with long branching axons going both upwards to the midbrain, and forebrain, and also down to the spinal cord.  However, one shouldn’t exaggerate its homogeneity and randomness.  There are nuclei within it: although they can’t necessarily be made out by classical light microscopy, they can be defined by their transmitters or their connections or functions, rather than being apparent using conventional histological techniques.  

Figure 10.2 – Reticular histol

It is one of the most important and oldest structures in the brain, a direct descendant of the nerve nets controlling creatures like the sea anemone: in protochordates such as Amphioxus all descending influences from the brain have to be relayed via the reticular formation.  It stretches from the superior cervical spinal cord up to the intralaminar thalamic nuclei with which it merges at the top.   One feature shared by cells in these primitive networks and in the reticular formation is the existence of long ascending and descending axons.   Another defining feature of the reticular formation is that dendritic fields tend to lie in slices perpendicular to the axis of the brainstem: hence the term isodendritic core.  These dendrites receive profuse axon collaterals from  sensory fibres ascending to higher levels, as well as from descending motor pathways (Fig. 10.3).

Figure 10.3 – Reticular slices

Nevertheless, the reticular formation is not entirely shapeless and unstructured.  Overall, it consists of essentially three longitudinal zones:

The raphe (‘raphe’ = seam), very close to the midline;  

The medial zone, with cells that are particularly large because they are the origin of long ascending and particularly descending projections.  Some of its subdivisions are shown in Fig. 10.4: the most important are the magnocellular (gigantocellular) nucleus with unusually large cell bodies, and the locus ceruleus.

The lateral zone, with smaller cells, and somewhat shorter axons; in particular, the parvocellular nucleus, which is more obvious at the bottom of the pons and top of the medulla, and has close association with cranial nerve nuclei: in a sense it is more sensory than motor, projecting predominantly upward, partly via the mesencephalic reticular formation at the top (Fig. 10.4).

 Figure 10.4 – Reticular connections

So what does all this do?  Despite being so diffuse and apparently homogeneous, what it does falls into two fairly clear-cut categories, both a kind of integration.  In its upwards projections, it is concerned with the regulation of the level of activity of the brain, such functions as attention, sleep, arousal; these are dealt with in Chapter 14.   Its downward-projecting systems are concerned with the generation of patterns of response, which can often be quite stereotyped.  These in turn can be roughly divided into two kinds.  Firstly, the reticular formation provides in a sense the executive brains behind much visceral and vegetative activity: the control of heart rate and the generation of the rhythms of breathing, for instance.   Secondly, similar circuits seem to underlie other timing functions that are more obviously motor in the conventional sense.  One of the best-understood is the generation of saccadic eye movements, and it’s quite helpful to look at this in a little detail as an example of the rather sophisticated things the reticular formation is capable of. 

Saccades were introduced in Chapter 9 and their visual control was discussed in Chapter 7.  We saw that they are incredibly fast, as little as 20-30msec in duration and with velocities around 800 deg/sec.  Yet the muscles are not intrinsically particularly fast, and in response to a step increase in afferent activity may take some half a second to settle down at a new length, which seems paradoxical.   The explanation comes from looking at the time course of the signal that is sent to them by their motor neurons to create a saccade (Fig. 10.5).   It consist of two components: a step of activity, designed to be just enough to hold the eye at its new position, and a very brief pulse of maximal activity, that kicks the eye as rapidly as possibly into place.  It turns out that this very sophisticated pattern is generated by neural circuits in the prepontine and mesencephalic reticular formation (Fig. 10.6), close to the motor neurons in nuclei III, IV and VI.  Two kinds of neuron are found there, called tonic units  and burst units, that provide the step and pulse components by summing together at the motor neuron.   The burst neurons indirectly drive the tonic neurons through an indirect pathway, and  descending from the superior colliculus and some other areas trigger whole thing off: a very neat piece of neural mechanism.  It is easy to imagine similar special-purpose neural circuits for all kinds of movements, and we know that the machinery for much of the very basic but beautifully co-ordinated patterns of behaviour like walking are in the reticular formation, as well some even more biologically basic behaviours like clasping, chewing, suckling, and sexual behaviour. 

Figure 10.5 Saccadic circuits

Figure 10.6  sagittal 

What are the routes by which all these movements are generated?  In the case of eye movements, there are relatively direct projections on to the cranial nerve nuclei.  But movements mediated by the spinal cord are brought about essentially by two large descending tracts that go down to the spinal cord, and terminate on both alpha and gamma motor neurons, in some cases causing excitation and sometimes inhibition: these are the two reticulospinal tracts (Fig. 10.7): 

Medial RST: ipsilateral from pons (nucleus pontis caudalis)

Lateral RST: mostly ipsilateral from medulla (nucleus gigantocellularis)

As is typical of the older tracts, both are mainly homolateral with only a little crossing of fibres.  Most of the fibres terminate diffusely on interneurons rather than on the motor neurons themselves, except for certain fibres of the lateral tract; they influence muscles of the trunk and proximal parts of limbs rather than the extremities.  

Figure 10.7 descending 

In addition to acting more-or-less directly on the spinal cord, the reticular formation also has extraordinarily widespread indirect influence on the central motor system.  It projects to the cerebellum, via the lateral and paramedian nuclei, and to the basal ganglia via the mesencephalic reticular formation; and this is quite apart from the more diffuse ascending projections to basal ganglia and cortex that we’ll be looking at later.   Conversely, nearly every level of motor system sends projections down to the reticular formation: basal ganglia, cerebellum, superior colliculus, vestibular nucleus, substantia nigra, and much of the cortex, including motor and somatosensory areas.   It is clear that the reticular formation is a major alternative descending route for the higher control of movement, as well as doing things on its own initiative. 

The vestibular nuclei

In the course of evolution, areas of the reticular formation concerned with particular sources of sensory stimulation have tended to condense together to form separate nuclei, and migrate towards their common source of excitation.  The vestibular nuclei seem to have emerged in this way under the influence of afferent fibres from the vestibular apparatus, which as we saw in Chapter 5 are concerned with sensing movements of the head and the direction of gravity.  At least four nuclei make up the vestibular complex, of which the medial and lateral (Deiter's) nuclei are the origin of an important descending motor tract, the vestibulospinal tract (Fig. 10.7b). As might be expected from the reticular origin of the vestibular nuclei, the course of this tract is similar those of the reticulospinal tracts: virtually all the fibres are uncrossed, most end on interneurons, but some excite motor neurons monosynaptically.  A medial vestibulospinal tract also exists, projecting bilaterally mainly to cervical and upper thoracic regions.  The functions of these tracts are essentially to maintain posture and to support the body against the force of gravity; consequently they are mostly concerned with the control of extensors rather than flexors.  The vestibular nuclei are also closely associated with the cerebellum, one of the largest and most important higher motor areas, and the descending tracts may provide one way in which the cerebellum may control the spinal cord: it has no direct projections of its own.

The red nucleus

The third descending pathway is the rubrospinal tract, which is derived from the red nucleus (Latin 'ruber', red), a well defined region lying above the pons in the midbrain (Fig. 10.6).  This area, being highly vascular, is pinkish in fresh specimens, giving it its name.  Like the vestibular nuclei, it forms all-important output relay from the cerebellum (interpositus and dentate), but is not associated with any particular sensory modality; it also receives descending fibres from the cerebral cortex.  In animals it is more prominent than in Man, and projects somatotopically mainly to caudal rather than cervical parts of the cord, terminating on interneurons; it produces flexion rather than extension when electrically stimulated.  Its fibres cross at a high level and then descend laterally, as shown in Fig. 10.6c. Its functions are something of a mystery.

The superior colliculus

The fourth motor tract is the tectospinal tract (Fig. 10.7d). 'Tectum' is Latin for roof, and anatomically the tectum is simply the roof of the fourth ventricle comprising the superior and inferior colliculi in mammals.  These are integrating centres for vision and hearing respectively, although as one ascends the evolutionary tree one finds their functions increasingly taken over, or at least supplemented, by the cerebral cortex.  They seem to be concerned in particular with orientating responses, as for example in turning to look at the source of a sudden sound.  The superior colliculus was described in Chapter 7 (p. whatever), and you may recall that here one finds neurons that are responsive to visual stimuli in precise locations in the visual field, and when stimulated they cause the eyes to execute a saccade to the very same part of the field: large movements evoked in this way may involve the head as well.  As one might expect from such orientating responses, the tectospinal tract projects no further than cervical segments.  Some of its efferent neurons send branches both to areas of the reticular formation that trigger saccades, and also to spinal regions controlling the neck.  The fibres are crossed, and appear to end on interneurons.

The corticospinal tract

Finally we come to a tract that has been investigated to a degree perhaps somewhat out of proportion to its real importance: the corticospinal or  pyramidal tract (Fig. 10.7e). Its neurons are some of the longest in the body, since they run from the cerebral cortex in the top of the skull all the way down into the cord.  Not much more than half come from frontal cortex, including primary motor cortex; many of the others come from somatosensory and parietal cortex.  In Man, some 80 per cent cross in the medulla (in other species the proportion is greater: 100 per cent in the dog), and as they lie on the extreme ventral surface (the pyramids of the medulla, hence 'pyramidal'), the decussation can generally be seen with the naked eye.  The crossed fibres descend as the lateral corticospinal tract, and the uncrossed ones as the anterior corticospinal tract.  Both are relatively recent pathways, their development following that of the cerebral cortex itself, and consequently there is a good deal of species variation as to their size and disposition.  In Man, there are about a million fibres in the pyramidal tract, forming some 30 per cent of the white matter of the cord: in the dog, 10 per cent.  Only in Man and some primates do any fibres terminate on motor neurons; in many species they project no further than cervical segments, and in any case form a relatively small component of the total white matter of the cord.  Their clinical importance is however very great indeed, since at the upper end, where in ascending from medulla to cortex the fibres fan out into a sheet called the internal capsule, in order to squeeze past the thalamus and basal ganglia, they are particularly susceptible to damage from vascular accidents, resulting in the paralysis that often accompanies stroke.  The functions of the corticospinal tract will be considered in more detail both later in this chapter and also in Chapter 12; it predominantly controls the extremities and by and large it is concerned with fine, skilled, voluntary movements, and particularly with manipulation.

Effects of transverse sections

Some of the tonic actions of these various centres, and their interrelations, can be deduced from classical experiments involving lesions in the brainstem that effectively disconnect them from the spinal cord, or from each other.  Despite what might at first seem to be the crudity of the techniques, it is nevertheless possible to come to quite firm, if general, conclusions from them.  The spinal preparation has already been mentioned; this is one in which all the tracts are cut, so that the cord is completely isolated from the brain (Fig. 10.6). SYMBOL 38 \f "Wingdings" The result of this is a floppy or flaccid paralysis, in which there is loss both of voluntary movement and of muscle tone.  Whereas a normal person's muscles fire tonically excited by a steady level of motor neuron activity, and offer resistance to any movement imposed on the limbs from outside, in flaccid paralysis they are relaxed and offer no resistance at all: thus one may be able to pick up such a patient's arm and fling it in his face, something that cannot be done to a normal conscious subject.  

Another frequently studied preparation is the decerebrate preparation, classically produced by a cut at the level of the colliculi (Fig. 10.6). The effect of such a transection, once the animal is allowed to recover, is utterly different from the floppiness of the spinal preparation: the animal now has muscles that, far from being flaccid and relaxed, are - especially extensors - tonically hyperactive, and the general picture is one of stiffness - decerebrate rigidity.  The increased tonic activity of the decerebrate animal as compared with the spinal animal must presumably be interpreted as a release phenomenon of the kind discussed in the previous chapter, and due to unopposed activity originating in some structure that lies between the levels of the two cuts.  A feature of decerebrate rigidity is that the pattern of stiffness in the legs depends markedly on which way up the animal is (Fig. 10.8), so it seems likely that the tonic overactivity is essentially due to the influence of sensory stimuli from the vestibular apparatus, normally held in check by centres lying above the brainstem: the rigidity is abolished by lesions in the lateral vestibular nuclei. 

Figure 10.8 topsy turvy 

A kind of rigidity may also be produced by destruction of the cerebral cortex (giving a decorticate preparation) rather than decerebration: but in this case lesions of the vestibular nuclei have relatively little effect.  This second kind of rigidity - it differs in other ways as well, and is clinically called spasticity - is thought to be due to a tonic excitatory influence from upper areas of the reticular formation, which are disconnected from the cord in decerebration, and presumably normally inhibited by the cortex (Fig. 10.9). Direct confirmation of this has come from electrical stimulation of the upper reticular formation, which results in a general facilitation both of spinal reflexes and of the effects of electrical stimulation elsewhere in the brain.  In this respect, the lower or bulbar reticular formation is exactly the opposite: electrical stimulation causes not facilitation but depression of reflexes and evoked movements.  The tonic relationships between these structures that may be deduced from such experiments are summarised in Fig. 10.5; lesions and stimulation of the cerebellum and basal ganglia also influence rigidity, but these effects are more complex and will be described later on.  A striking fact about the relation between the higher motor levels and the cord is that the two largest areas of all, the basal ganglia and cerebellum, have absolutely no direct projections to spinal levels: all that they do must be achieved by indirect relay through one of the five tracts described above.  Furthermore, these tracts themselves act for the most part only indirectly, influencing spinal reflexes rather than motor neurons, underlining once again the essentially hierarchical nature of the motor system.  The rest of this chapter will be concerned with one particular spinal reflex, the stretch reflex, which probably plays a more important part than any other in the control of movements, and illustrates something of the way in which the brain can make use of indirect control of this kind.

Figure 10.9 decerebration 

 Sensory feedback from muscles

Muscle spindles

In the previous chapter, we saw that there is an intimate involvement of sensory feedback at every level of the nervous system, and examined some of the ways in which this feedback might be used to improve motor control.  Here we shall be concerned with the very lowest level of this feedback, that from the muscles themselves.  Figure 10.10 shows what an enormous quantity of this information there is.  In this particular instance, compared with the 150 or so fibres that are truly motor, innervating extrafusal muscle fibres, there are some 150 sensory fibres, and another hundred or so SYMBOL 103 \f-fibres, which as we saw in Chapter 5 do not directly cause contraction of the muscle itself, but rather modify sensory signals from the muscle spindles.  In other words, some 250 fibres are concerned with afferent information, whilst only 150 are strictly motor.  

Figure 10.10  soleus 

Of the two types of sensory receptor within muscles, the spindle and Golgi tendon organ, the functions of the latter are less well understood.  We saw in Chapter 5 that being in series with the main contractile elements it acts as a force transducer; what is not altogether clear is how this information about muscle tension is actually put to use.  One reflex for which it is (partly) responsible is the clasp-knife reflex; if you take hold of someone's hand and then push on it in such a way as to bend his elbow - having told him to push back as hard as he can to resist you - there will come a point (assuming that you are the stronger!) at which the force he exerts suddenly seems to give way, and the arm folds up like a clasp-knife.  This reflex is thought to be brought about by some such neuronal circuit as in Fig. 10.11, in which the incoming tendon organ fibres inhibit their parent motor neuron through an interneuron, with some kind of threshold; but GTOs are not the only sensory input to what is now realised to be a complex response.  It is usually claimed that this reflex is protective in function, preventing damage to tendons by pulling on them too hard; if so, it is not very good at its job, since athletes do of course frequently 'pull' their tendons despite the existence of the reflex.  It is difficult to believe in fact that this is all the tendon organs do, and a role for them in the control of muscle movement is suggested later in this chapter: it is the spindles with which we are mainly now concerned.

Figure 10.11 circuit 

Spindle reflexes

We saw in Chapter 5 that spindles essentially signal both muscle length and also - especially in the case of the la fibres - rate of change of length, and that the messages they convey are also modified by the activity of the -efferent fibres to the intrafusal fibres: to a first approximation, their response is a function of the amount of external stretch plus the amount of internal stretch caused by -activity.  Or to put it another way, they signal -activity minus the degree of muscle contraction (Fig. 10.12).  What do these signals actually do?

Fig. 10.12  Extra gamma

One of their best known actions comes about because the la afferents monosynaptically excite motor neurons of the same muscle (Fig. 10.11), forming the classical monosynaptic reflex arc, the simplest imaginable kind of neuronal circuit that could link a stimulus to a response.  The result is that any stretch of the muscle, but particularly a brief, phasic one that will preferentially excite the rate-sensitive Ia fibres, will stimulate the motor neuron and cause a rapid contraction of the muscle.  An easy way to elicit such a response is in the familiar tendon jerk: tapping a muscle's tendon produces just the right sort of fast-rising stretch to elicit a brisk reflex contraction.  The patellar tendon is convenient, and gives an easily noticeable response, but other tendons such as the Achilles tendon will do just as well.  Another effective way of stimulating the la fibres is by the use of massage vibrators; much of their 'exercising' effect is due to the fact that they induce tonic reflex contractions.  In the normal person, these reflexes are rather feeble, but in certain experimental preparations - and pathological states - they are much increased, which is why they may often be valuable in clinical neurological diagnosis.  In the decerebrate animal one may demonstrate not just a phasic reflex of this kind but also a tonic component, in which the muscle responds to steady stretch with a steady contraction - the myotatic or tonic stretch reflex.  A record of this kind is shown in Fig. 10.13: in response to the 6 mm stretch shown by the lower line, the muscle responded with a steady tension of nearly 4 kg: some of this, but only a small part, was due simply to the muscle's intrinsic elasticity, which may be revealed if it is paralysed so as to suppress the reflex component.  Since in this case a stretch of 6 mm generated about 3 kg of reflex tension, we can say that the gain of the reflex - the extra tension evoked per unit of stretch - was about 500 g/mm.  The stretch reflex thus makes muscles appear stiffer - less elastic - than they naturally are.  In fact it is easy to show that the stiffness of decerebrate rigidity is entirely due to over-activity of the stretch reflexes, probably through excitation of the SYMBOL 103 \f-efferents, for if the dorsal roots are cut in such a preparation, preventing the la discharges from reaching the motor neurons, rigidity vanishes.  Decerebrate rigidity might therefore be described as a sort of hyper-stretch-reflexia.

Figure 10.13  myotatic 

Muscle tone

Thus the first notion about the function of muscle spindles that came to be accepted was that by acting through the stretch reflex they were responsible for the generation of muscle tone, the constant muscular activity that is necessary as a background to actual movement in order to maintain the basic attitude of the body, particularly against the force of gravity.  But tone is something that essentially opposes movement, that tends to keep muscles at pre-set lengths by making them resist any changes.  Hence the idea arose that during movements one would have to alter the degree of tone in step with the movement if there was not to be a degree of conflict between the two, and that the SYMBOL 103 \f-fibres were ideally suited to doing just this.  If every time a command was sent via the -motor fibres (the ones innervating the extrafusal fibres) to make the muscle contract, the SYMBOL 103 \f-fibres were simultaneously activated, then all would be well.  The internal stretch generated by the intrafusal fibres would make up for the reduced external stretch, so that the stretch reflex would still function and there would be no loss of tone.

The simple servo hypothesis

It then became apparent that one could carry this line of thought a stage further and envisage an even more active role for the SYMBOL 103 \f-fibres than this.  Imagine for a moment that the SYMBOL 103 \f-fibres were stimulated without simultaneous direct activation of the SYMBOL 103 \f-fibres.  What would happen? By shortening the intrafusal fibres of the spindle, such a stimulus would result in excitation of the sensory afferents just as if an actual stretch had occurred (Fig. 10.14); consequently there would be a reflex activation of the a-motor neurons, and the muscle would contract automatically until the stretch receptors found themselves back at their original resting degree of stretch.  In other words, SYMBOL 103 \f stimulation could in principle initiate contraction, in exactly the same way as direct -stimulation.  But would there be any point in such a roundabout way of making muscles contract?

Figure  10.14  simple servo

The answer is that there would.  We saw earlier that the sensory endings in the spindle are signalling something like the difference between the amount of SYMBOL 103 \f-activity and the shortness of the muscle.  If we think of SYMBOL 103 \f-activity as telling the muscle how short it ought to be, then the spindle becomes a comparator generating an error-signal, 'error' here being the difference between the desired length of the muscle and its actual length.  So if now we redraw the stretch reflex in a more formal way (Fig. 10.15) it is immediately apparent that what we have is a classical feedback or servo system.  The fibres set the desired length; if this is shorter than the actual length, the spindle afferents stimulate the motor neurons to generate a force that makes the muscle contract.  The advantage of such an arrangement, like all feedback systems, is that it automatically allows for noise, in this case the existence of unpredictable loads that have to be moved.  

Figure 10.15 formal servo

Load

The motor system faces a fundamental dilemma.  What we want to do is reach out for objects, pick them, move around: in other words, we want to achieve particular limb positions, joint angles, velocities.  But unfortunately this is not the language that muscles understand: they think in terms of force, something that we do not usually want to know about.   In general terms, ‘load’ means the force against which a muscle has to operate.  How much a muscle moves when a command is sent to it from  motor neurons depends essentially on the difference between the resultant force of contraction and the load on the muscle.  So we cannot tell how much movement will occur in response to a given command unless we know the load as well.  

Now if all we used our muscles for was supporting our own weight, and moving around, then these loads, if not constant, would at least be relatively predictable, and one could imagine the brain using feed-forward information to predict what  commands would be needed in any particular situation to achieve a particular movement.  But – especially for humans, for whom these skills underpin their biological supremacy – if we are to manipulate objects in the outside world, lifting them, moving them, throwing them and so on, the loads we encounter will not be under our control.  While some feed-forward is still possible – we can estimate how heavy a case of wine is before we lift it – in general the need to cope with variable load creates a huge control problem.

Consider for example the problem posed by holding out a cup while someone is filling it with tea: clearly, one's task here is to keep the various muscles concerned at a constant length, despite the fact that the force required to do this is continually increasing as the load - the amount of tea in the cup - gets bigger.  Now one could of course imagine the brain continually monitoring the situation, and deciding at every instant exactly how much direct  -excitation to send down into the cord to keep the hand steady.  But how much simpler it would be just to send, once and for all, a message indicating not the force needed but the desired position of the hand, and leave the spinal cord to get on with the job of adjusting the force to the load automatically, by sensing the extent to which the actual position of the cup matches the brain's command.  In other words, such a feedback system would provide load compensation, by acting as what is sometimes called a follow-up servo: the main muscles simply act as slaves that follow any length changes signalled to the intrafusal fibres.  The problem the motor system is faced with is how to work out what force is needed to produce a certain position with a given load: the beauty of the simple servo model is that it saves the brain having to worry about such matters at all. SYMBOL 58 \f "Wingdings"  It can think simply in terms of the desired effect, and leave the lower levels to get on with the humdrum task of working out how to achieve it. SYMBOL 38 \f "Wingdings"
Granted that the SYMBOL 103 \f-fibres could in principle initiate movements of limbs on their own, is there any evidence that they in fact do so? For certain types of movement, the answer is a clear yes.  Figure 10.16 shows an extremely elegant experiment that establishes this beyond dispute, at least in particular circumstances.  Here recordings are made of the leg movements of a decerebrate cat whose head is moved rhythmically up and down, a stimulus that causes vestibularly-driven reflex changes in the tone of its limbs.  At the same time, recordings are made of afferent activity from muscle spindles in the leg.  In (a) it can be seen that the frequency of firing is modulated in time with the head movement: this in itself proves nothing, since it could merely be the result of changes in length of the muscle, rather than activation of SYMBOL 103 \f-fibres.  But if now the dorsal roots are cut, preventing the stretch reflex from operating, two facts are immediately obvious.  First of all, the limb movement is abolished.   This shows conclusively that the original movement could not have been caused by descending pathways acting on a-motor neurons, for these would not be affected by dorsal root section: the response must have been due to the stretch reflex.  Secondly, the spindle discharge is still modulated by the stimulus.  Since the muscle length is no longer changing, the only possible way in which this modulation can be taking place is by varying activation of the SYMBOL 103 \f-fibres.  In other words, it is quite certain in this case that the movement is indeed initiated by SYMBOL 103 \f-activation of the stretch reflex servo and not by descending alpha commands.  Of course, a decerebrate cat with its dorsal roots cut is hardly in a physiological condition, and these observations concern only one kind of reflex activity, driven by the vestibular system.   But nevertheless it proves beyond doubt that some movements are driven by a simple servo mechanism.

Figure 10.16 demonstration

But figure 10.16 also shows the results of an equally elegant experiment in Man, looking not at reflex vestibular activity but at the effects of a voluntary contraction.  Here, the activity in Ia fibres during voluntary movement of the wrist was recorded, together with the electromyogram from the muscle itself.  Again, there are two clear conclusions from the record.   First, that the electromyogram starts at the same time as, or slightly before, the  activity in the Ia fibres.  This completely rules out the idea that – as in the simple servo – the contraction could be caused by the afferent Ia activity.  Therefore this movement must have been initiated by direct activation of alpha motor neurons.  Secondly, that although it is shortening that is taking place - which by itself would of course reduce Ia activity - nevertheless there is an increase in spindle discharge.  The only possible explanation is that stimulation of SYMBOL 103 \f-fibres must be taking place as well as alpha.  So while SYMBOL 103 \f-initiation seems to occur for certain postural responses, it is almost certainly not used for ordinary, willed movements.

Further, there is a theoretical consideration that casts doubt on the possibility of driving real movements solely by means of SYMBOL 103 \f-activation, and that is the size of the gain of stretch reflexes; 'gain' here means how much extra tension is generated by a given error in length.  Returning to the problem of holding out the teacup, it is a relatively simple matter to work out what gain this reflex would need to have in order to perform adequately (Fig. 10.17).  From our definition of the gain, G, it follows that for every degree of error e (that is, for every value of the difference between actual and desired muscle length) there is a corresponding reflex force F that is developed by the muscle, where F = e. G. So when a muscle is supporting a load F, its actual length will be slightly greater than what is desired, by an amount e = F/G.  In the case of the muscle shown in Fig. 10.13, this means that a load of 500 g would cause an error of 1 mm, the stretch required to generate the 500 g needed to sustain the load.  Now most muscles, because of the way they are attached to their bones, work under a considerable mechanical disadvantage: in the case of the human biceps, every kilogram of load on the hand results in some 10 kg of tension in the muscle; and conversely, a muscle movement of 1 mm moves the hand by some 10 mm.  If for the sake of argument the gain of the stretch reflex being used to hold the teacup was also 500 g/mm, then this means that every 50 g of load in the hand will cause a muscle extension of 1 mm, and the hand will move some 10 mm.  In other words, the extra 300 g or so produced by filling the cup would be expected to make the hand droop by no less than 6 cm! 

Figure 10.17 droop

Somehow, the force generated by the system must be automatically increased in step with the changed requirements as the cup is filled.  If for instance the force was always increased in such a way as to be proportional to the load, then the system would perform equally well, regardless of how big the load was.  How could this information about load be obtained?  It could for instance come from pressure receptors in the hand.  Experiments carried out in human subjects suggest that something of the sort does indeed occur, and that pressure information does indeed modify the force generated in the stretch reflex.  Here a subject was required to use his thumb to push a lever at a constant velocity against a fixed resistance: he was provided with visual feedback from the lever to tell him how well he was doing.  Recordings of his electromyogram (Fig. 10. 118) show a steadily rising averaged activity during the course of the movement, as the muscle shortens.  If now, without the subject's knowledge, a stop is introduced into the apparatus that prevents the lever moving past a certain point, one finds that after a short latency the EMG quickly rises, reflecting the subject's effort to overcome the unexpected obstacle.  In fact the latency is too short to be due to a conscious decision of this kind.  A simpler explanation is that because of the stop there develops an increasing error between desired and actual thumb position - the former increasing steadily, and the latter having stopped - and this causes a stretch reflex.  What is found is that if the experiment is repeated with different degrees of resistance to the thumb movement - with different loads, in other words - the force generated by a given error increases with increasing load in any particular trial (Fig. 10. 18b).  That this change is caused by pressure receptors in the skin is suggested by the fact that if the thumb is anaesthetised the extra force drops nearly to zero (Fig. 10. 18c).  The latency suggests that what is being modified is not the monosynaptic reflex but the slower long-loop reflex that probably passes through the motor cortex; it seems likely that the cutaneous signals that are also conveyed to motor cortex are here used to modify the size of the response, perhaps by recruitment. 
Figure 10.18 MMM

Servo-assistance

Consequently one is forced to conclude that in the control of movements there are two separate signals or commands that are sent to the spinal cord by the brain.  One is a position command, that indicates, via the -fibres, what the desired length of a muscle is to be; the other is a force command, an estimate of the load that is to be encountered.  In the case of the teacup, the latter information could be obtained from receptors in the skin, or for that matter from Golgi tendon organs: but many tasks are more ballistic in nature and require anticipation in advance of what the load is likely to be.  In such cases past experience and the more sophisticated use of special senses like vision may be brought into play as well.  When we go to pick up a sack of potatoes as opposed to a sack of waste paper, or when we fling open a swing door with which we are familiar - too little force, and we walk into it: too much, and we smash it - we have clearly estimated beforehand what the likely load will be, and thus what force is required.  This notion of simultaneous force and length command is sometimes called alpha/gamma co-activation; if the estimate of force is an accurate one, then the system behaves, in effect, ballistically, and there is no error for the spindles to have to correct.  So the job of the stretch reflex is now simply to deal with any residual errors left over after the estimated force is put into operation; it is not expected to provide the whole force necessary for the job, which we have seen it is too feeble to provide. SYMBOL 38 \f "Wingdings"  

A system of this kind is known as a servo-assisted system, and may be represented by an arrangement like that of Fig. 10. 19: it is really a ballistic system with a safety net provided by a back-up guided system.  Thus a patient whose spindle afferents from the hand have been destroyed by disease may perform quite well in skilled movements where the loads are known in advance, but will come to grief as soon as any kind of unexpected resistance or variation in load is encountered. SYMBOL 38 \f "Wingdings"
Figure 10.19 servo assist

In the servo-assistance model the spindles play two distinct roles.  In the first place, through the stretch reflex, they provide immediate correction of any errors in the estimate of force; in the second place, they may also supply parametric feedback that in the long term can make future corrections of the estimates themselves.  We shall see later that there is reason to think that the origin of the force command may be the cerebral cortex, via the corticospinal tract, and that it may be the cerebellum, which is richly supplied with afferents from muscle spindles (unlike the cortex) that is the site of the motor program store.  These ideas will be discussed later, in Chapter 12.

Finally, it is perhaps worth mentioning that the muscles of the eye, though richly endowed with stretch receptors and SYMBOL 103 \f-motor fibres, show no stretch reflexes whatever.   It seems in this case that because of the predictable relation between force commands and resultant eye position emphasised earlier, errors arise so seldom that no short-term correction mechanism is needed.  It seems very likely that the sole function of these spindle afferents is to provide parametric feedback in order that the essentially ballistic control of such movements as saccades may in the long run be performed accurately.  Though ocular spindles fail to generate stretch reflex, where they do project in great numbers is the cerebellum, a region - as we shall see in Chapter 12 - know to be associated with parametric feedback and other kinds of motor learning.

Figure captions

Fig. 10.1  Left, relation between motor neurons, spinal cord and ventral root.  Middle, Golgi preparation of a single ventral horn cell, showing the enormous extent of its dendritic field (after Scheibel and Scheibel, 1960).  Right, schematic representation of localization of motor neurons corresponding to various groups of muscles. SYMBOL 38 \f "Wingdings"
Fig. 10.2  Reticular formation: apparent chaos (P.Brodal, 1998)

Fig. 10.3  Left: transverse organisation of brainstem reticular formation (Rat: after Scheibel and Scheibel, 1958); right, schematic representation of typical neuron with dendrites perpendicular to its axonal axis.

Fig. 10.4  RF anatomy.  Left, showing schematically the position of some of the principal nuclei (after Fitzgerald, 1985).  Right, highly schematic diagram of the main connecting pathways.

Fig. 10.5  Reticular circuits for saccades.  Left, a step increase in activity produces only a slow deviation of the eye.  Right, the actual pattern observed is a combination of step and burst, throwing the eye rapidly to its new place; this is produced by summation of the activity of separate tonic and burst neurons.

Fig. 10.6  Sagittal section of human brainstem, showing reticular nuclei, and other areas that are sources of descending tracts. The dashed line shows the approximate position at which a cut is classically made in the decerebrate preparation.

Fig. 10.7  Left, section of cord showing the approximate positions of the major descending tracts. Right, diagrammatic representation of arrangement of the descending fibres in the major motor tracts. RF, reticular formation.

Fig. 10.8  Tone in the limbs as a function of head position in the decerebrate cat. (Bell et al., 1961)

Fig. 10.9  Highly schematic representation of apparent tonic facilitatory (+) and inhibitory (-) influences between various central regions, and their relationships to the levels of section in different experimental preparations. RF, reticular formation

Fig. 10.10  Flow of information to and from a typical cat soleus muscle, showing some 250 efferent fibres and 150 afferents; of the total number of fibres, 250 are concerned with sensory information from the muscle, and only 150 are directly responsible for muscle tension. (Data from Matthews, 1972)

Fig. 10.11  Schematic representation of the neural circuits thought to underlie two spinal reflexes. Left, the clasp-knife reflex: excessive muscle tension, sensed by the Golgi tendon organs, results in reflex inhibition of the muscle's motor neurons. Right, the monosynaptic phasic stretch reflex: rapid stretch activates the Ia fibres, which monosynaptically excite the motor neurons.

Fig. 10.12  Muscle spindles signal the difference between intrafusal and extrafusal length.  The red arrow indicates the degree of afferent activation in the various conditions.

Fig. 10.13  Tonic stretch reflex in decerebrate cat. The muscle was stretched with the time-course shown in the bottom curve, and the resultant tension was measured (black line above). The red line shows the result of the same experiment when the muscle was paralysed. (After Liddell and Sherrington, 1924)

Fig. 10.14  Reflex contraction via SYMBOL 103 \f "GreekMathSymbols"-fibre stimulation. 1, muscle at rest; 2, activation of SYMBOL 103 \f "GreekMathSymbols"-fibres stretches sensory endings in spindle, leading to (3) excitation of spindle afferents, which in turn (4) cause excitation of-motor neurons and contraction of extrafusal muscle fibres.

Fig. 10.15  How the spindle might function as a comparator in a simple servo-system in which a muscle's length is automatically made to conform to the desired length signalled by the SYMBOL 103 \f "GreekMathSymbols"-efferents (compare Fig. 9.5)

Fig. 10.16  Demonstration that SYMBOL 103 \f "GreekMathSymbols"fibres may be used to generate reflex movements. Above, tension (T) in decerebrate cat soleus muscle, and associated firing of a spindle afferent (S) during reflex contraction evoked by head movement. Below, after cutting the dorsal root, no contraction occurs, yet modulation of spindle discharge is much as before: this can only be through SYMBOL 103 \f "GreekMathSymbols"-activation (after Eldred et al., 1953). (b) Records of Ia discharge and electromyogram (EMG) during voluntary human wrist movements; the Ia discharge clearly does not precede the muscle activity, as would be expected if the muscle were only driven by a servo-system like that of Fig. 10.14 (after Vallbo, 1971)

Fig. 10.17  The problem of holding a cup. Taking the mechanical disadvantage of the lever system in the forearm as 10, then a weight F in the hand must be balanced by a tension 10.F in the muscle. At the same time, an error e in muscle length will result in a descent 10.e by the cup. Thus if the static gain of the stretch reflex is G, the cup will fall by 100/G for every unit of weight.

Fig. 10.18  Evidence for variable forces produced by stretch reflex. (a) A subject moves his thumb (lower trace shows its position) against a steady load so as to track a uniformly moving target; the resultant steady increase in EMG is shown above (C = control). If a stop is now introduced at the point S, after a latent period the EMG starts to rise more rapidly (H = halt trial). (b) If the load against which the thumb is pushing is increased by a factor of 10, the EMG in response to the error also increases by nearly the same factor. (c) as (b) but with the hand anaesthetized, resulting in almost complete abolition of the stretch reflex. (Note the change in scale of the EMG in (b) and (c); each trace is an average of 8 trials. After Marsden et al., 1972; copyright Macmilllan Journals Ltd.)

Fig. 10.19  Hypothetical scheme of a servo-assisted control system for muscle length. Spindles provide an error signal (discrepancy between actual and desired length) that is used directly in the stretch reflex to correct the response, and also indirectly to modify the ballistic programs for future action. The brain signals to the cord not only desired length but also an estimate of the force needed to achieve that length, derived partly from stored programs embodying previous experience, and also partly from immediate information from sensory receptors about the load that is present.
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Notes

p.  The final output   To move things is all mankind can do, and for such the sole executant is muscle, whether whispering or felling a tree. (Charles Scott Sherrington,  Man on his Nature).  But Bernard Shaw though differently:  What made this brain of mine, do you think?  Not the need to move my limbs; for a rat with half my brain moves as well as I.  (George Bernard Shaw, Man and Superman.)

p.   Muscle   Discussion of the functional properties of muscle itself is beyond the scope of this book.  A clear and stimulating account is McMahon, T. A. (1984) Muscles, Reflexes and Locomotion. (Princeton University Press, New Jersey).  There are also excellent accounts in Rothwell, J.C. (1994) Control of Human Voluntary Movement (Chapman and Hall) and Cody, F. W. J. (Ed.) Neural Control of Skilled Human Movement (Portland Press, London, on behalf of the Physiological Society)

p.  Recruitment  The result is that muscle tension is a sort of accelerating function of degree of afferent excitation, so that the increment of tension per unit extra stimulation increases with the tension.  This is obviously reminiscent of the Weber-Fechner Law (p.xxxx) that I/I is constant.  

p.  Reflexes   Two classical accounts of reflexes in general: Creed, R. S., Denny-Brown, D., Liddell, E. G. T. and  Sherrington, C. S. (1932) Reflex Activity of the Spinal Cord. (Oxford University Press, Oxford), and Sherrington, C. S. (1906) The Integrative Action of the Nervous System. (Yale University Press, New Haven, Conn.)

p.  Spinal preparation  Sherrington's description of the state of spinal shock: "There can hardly be witnessed a more striking phenomenon in the physiology of the nervous system.  From the limp limbs, even if the knee jerks be elicitable, no responsive movement, beyond perhaps a feeble tremulous adduction or bending of the thumb or hallux, can be evoked even by insults severe in the extreme … a hot iron laid across thumb, index and palm remains an absolutely impotent excitant … A more impassable condition of block, or torpor, can hardly be imagined"  Selected Writings (1939), ed. D. Denny-Brown p. 121.

p.  Thinking in terms of results   A rather nice demonstration that broadly supports such a view is to have a subject first write their name and address in the usual way, with movement at the wrist, then (on a larger scale) with the wrist immobilised and using the elbow instead, and then finally with the whole hand and arm rigid, and the movement occurring at the shoulder.  Despite the novelty of the second two tasks, and the fact that entirely different muscles are being used, the characteristics of the 'hand' writing are essentially retained.  

p. Co-activation  If commands are often being sent simultaneously to alphas and gammas, one might perhaps some efferent fibres to innervate both intrafusal and extrafusal fibres: and this is in fact the case.  These fibres are called -axons (though they are the same size as alphas), and in amphibia they appear to be the only motor innervation of spindles.  They are not a useful arrangement when much variation of load can be expected, since the whole point of separate alpha and gamma innervation is to be able to have separate control of force and length.

p.  Deafferentation  See for instance Marsden, C. D., Rothwell, J. C. and  Day, B. L. (1984) The use of peripheral feedback in the control of movement. Trends in Neuroscience 7, 253-257.  Taylor, A. and  Prochazka, A. (1981) Muscle receptors and Movement. MacMillan, London is a useful account of the use of muscle feedback in general.  Cole, J. (1991) Pride and a Daily Marathon. (Duckworth, London) is a popular account of a patient with an unusually complete loss of afferent innervation, who has to carry out consciously, under visual guidance, what most of us take utterly for granted: "I'm going to buy a tin of beans in Sainsbury's.  First, I have to pick a safe route down the aisle, because if someone brushes against me, and I haven't allowed for it, then I am thrown off balance.  I reach the shelf and check my body position in space.  I then lock my legs and focus on the tin.  Then monitoring my arm movements all the time, I move it towards the tin.  I grasp the in - I don't know how much pressure to exert and I can't assess weight.  The only way I know if something is too heavy is if I topple forwards."  In addition, lack of sensory feedback can lead the owner to feel alienated from the part affected, as brilliantly described in Sacks, O. (1993) A Leg to Stand On (Harper, New York).
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  p.  Spinal tracts  A simple self-testing exhibit covering the ascending and descending tracts of the spinal cord.  Click on one of the buttons round the edge of the cross-section (ascending paths on the right, descending on the left).  The name of the corresponding tract will appear in the box at top right.  Alternatively, click on the button to the right of the box to bring down a list of tracts: click on one, and its corresponding button will display.
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  p.  Stretch reflex as a servo  This is a dynamic model of the stretch reflex that can be configured in different ways.  On the left, a symbolic representation of extrafusal fibres (shown as a large hydraulic ram on the left) and intrafusal fibres (a smaller ram on the right, with a blue elastic ball representing the stretch-sensitive element) in parallel, supporting a load (purple square).   One slider controls the size of this load, the other determines the size of the command sent to motor neurons.  Radio buttons on the right select the mode of operation.  

Select Alpha only, when commands are sent only to the alpha motor neuron, with no feedback.  With a moderate load, try to set the muscle to a particular length: it is not easy, and any change in load immediately causes the length to change.  Now select Gamma only.  You can see for yourself how commands sent to the intrafusal fibres cause distortion of the stretch-sensitive endings, which in turn activates the alpha motor neuron.  It is now much easier to set a particular length, though there is a tendency to overshoot, and although load has much less effect than before, it still has some.  Now select Alpha/gamma.  Information about load is now sent to the alpha motor neuron as well.  As a result the system is much less affected by changes in load.  It still shows a tendency to overshoot, which is because the spindle afferents in this model have not been given rate-sensitivity.

People

Sir Charles Sherrington (1857 - 1952) was a profound thinker and writer on the brain, who obtained his Nobel Prize in  medicine in 1932, with Adrian,  for his contributions to understanding reflexes and their neuronal basis, and their relation to the more complex relationships that he characterised in motor cortex.

Pat Merton (?1921 – 2000) Waiting for portrait and biographical information
