Chapter  5

 Proprioception

This chapter is concerned with those mechanoreceptors that provide us with information about ourselves: about the positions and movements of our limbs, the forces generated by our muscles, and our attitude and motion relative to the earth.  The brain mostly uses this information to help control movement; consequently a discussion of the functions of these proprioceptive modalities is left until Chapters 10 and 11, which deal with the control of muscle length and of posture.

Muscle proprioceptors

Two distinct kinds of proprioceptors are found in voluntary muscles, specialised for providing information about two quite different things: muscle spindles that respond to muscle length and rate of change of length; and Golgi tendon organs that signal muscle tension or force.  Both are essentially stretch receptors: their difference in function comes about because of their different situation in the muscle as a whole (Fig. 5.1).  Whereas the spindles are in parallel with the main contractile elements in the muscle, so that their stretching is simply a measure of the degree of stretch of the muscle itself, the tendon organs are situated in the muscle tendons, in series with the contractile elements and the load, so that their stretch is proportional to the tension exerted by the muscle.

Figure 5.1 series/parallel 

Spindles

Muscle spindles are found in practically all the striated muscles of the body, but are greatly outnumbered by the striated muscle fibres themselves: in cat soleus, there is only one spindle for every 500 or so ordinary fibres.  Each consists of a fluid-filled capsule some 2-4 mm long and a few hundred micro​meters in diameter, whose ends are attached to the exterior sheaths of neighbouring muscle fibres (Fig. 5.2). Inside is a small number of modified muscle fibres called intrafusal fibres (the 'fus-' root means 'spindle'), each having contractile ends, and a region in the middle that is not contractile, but contains the nuclei.  Two main types of intrafusal fibre are found, differing in the way in which these nuclei are distributed.   Nuclear chain fibres are thinner, and their nuclei are lined up in a row along the central portion like peas in a pod; nuclear bag fibres have a pronounced bulge in the middle in which the nuclei are bunched together.  A typical spindle has some half-dozen intrafusal fibres, the nuclear chain fibres generally being in the majority.  Two kinds of afferent or sensory fibres innervate the spindle: the larger, primary fibres, belonging to group la, send branches to the central portions of both types of fibre and have annulospiral endings; the smaller secondary fibres are of group II and terminate partly as annulospiral and partly as flower-spray endings mainly on the nuclear chain fibres, more peripherally than the Ia endings. 

Figure 5.2 spindle gross

These two kinds of nerve fibre respond very differently to muscle stretch.  The secondary fibres are in a sense the simpler: their signals are more or less directly proportional to the degree of stretch of the spindle at any moment, so that their frequency of firing, whether the muscle is suddenly stretched to a new length, stretched more slowly, made to shorten, or alternately stretched and relaxed in a sinusoidal manner, mirrors quite accurately the instantaneous value of the muscle length (Fig. 5.3). These fibres are thus essentially non- adapting or static.  The Ia fibres, in contrast, are dynamic and show very pronounced adaptation.  During a sudden stretch they fire maximally during the period of stretching and only at a reduced rate when the muscle is held at its new length; during a slow stretch they again respond most during the move​ment, at a frequency nearly proportional to the rate of stretch; and during sinusoidal stretching their maximum firing is not at the moment of maximum stretch but near the point of maximum rate of change of stretch.  In other words, they respond partly in proportion to muscle length (though rather little at rest) but mostly in proportion to its rate of change, or velocity.

Figure 5.3 Ia/II 

Now we saw in Chapter 3 that adaptation in sensory receptors can in general be due to two distinct processes: there may be energy filtering, in which static information is wholly or partly thrown away before it even reaches the transducer element itself; or there may be membrane adaptation, in which even a steady conductance at the ending results in a fall-off in firing frequency.  Whereas in the Pacinian corpuscle both of these mechanisms contribute almost equally to the adaptation that is observed, in the case of the muscle spindle it appears that nearly all is of the energy-filtering kind, and not very different from what is produced by the concentric lamellae of the Pacinian corpuscle.  The contractile portions of the intrafusal fibres behave as if they were very much more viscous than the central portion (this is partic​ularly true of the nuclear-bag fibres), so that the mechanical properties of the fibres as a whole may be represented by a mechanical model like that of Figure 5.4.  In a brief stretch, there is no time for the viscous elements to lengthen, and the stretch is entirely taken up by the central region, where the annulospiral endings are.  But if the stretch is maintained, the viscous elements gradually yield, releasing the strain on the middle portion, and causing the frequency of firing to drop.  The difference between the non-adapting properties of the secondary fibres and the marked adaptation of the primaries seems partly to be due to the fact that the former go only to chain fibres, which are less viscous, and also to the fact that they innervate more peripheral parts of them.

Figure 5.4 model 

Besides the two kinds of afferent fibre, spindles also receive a motor innerva​tion from the -fibres, (belonging to group A) and around 6 SYMBOL 109 \f "GreekMathSymbols"m in diameter.  There are two types of fusimotor fibre, called  s, and  d - static and dyna​mic - and they innervate respectively the nuclear chain (mostly) and nuclear bag fibres (Fig. 5.2), causing contraction of the peripheral regions. SYMBOL 38 \f "Wingdings"  For any given muscle length, such a contraction must of course stretch the sensory elements and thus increase the firing of the afferent fibres, and in fact the effect of  stimulation is in general much the same as if an extra stretch had been applied to the muscle as a whole, though they may also increase the sensitivity of the endings to stretch, by altering the elasticity of the intrafusal fibres and thus changing the proportion of the stretch that is experienced by the stretch receptors themselves.  Figure 5.5 shows some recordings of the firing frequency of stretch receptor afferents in response to different degrees of stretch, when the corresponding  fibres were also stimulated at different rates: the interaction between external stretch, and the internal stretch produced by the  activa​tion, can be clearly seen.  The static and dynamic  fibres produce slightly different effects on primary and secondary afferent responses, as would be expected from their differing distribution to the bag and chain fibres.  Dynamic  fibres increase the sensitivity of group Ia fibres but have no effect on group II fibres, whereas the static ones increase the sensitivity of both the secondaries and primaries to static stretch, but actually decrease the primary sensitivity to rate of stretch.  Thus the central nervous system can, through the  efferents, control not just the sensitivity of the spindle afferents, but also in a sense their adaptational properties.  The way in which this control is actually used by the motor system is left for consideration in Chapter 10.

Figure 5.5 gammas

Golgi tendon organs

The Golgi tendon organs have received much less attention from experimenters.  In appearance they are very similar to the Ruffini organs in the skin (Chapter 4), and like them appear to respond to tension in the fibres with which they are associated, in the tendon; they are innervated by afferents of group Ib.  At one time their importance was under​estimated because they seemed to have such high thresholds: large forces had to be applied to the tendon as a whole before they could be induced to fire.  But it is now clear that this was because in these circumstances the total tension applied is in effect shared out amongst the tendinous fascicles, so that each tendon organ feels only a small fraction of it: they respond in fact very briskly to the modest tensions generated by the actual muscle fibres to which they are joined.  (The contraction of less than a dozen motor units can be enough to generate activate in a tendon organ).  Because they register tension rather than muscle length, during active movements their discharge generally has a reciprocal relationship to that of the muscle spindles: extrafusal activity simultaneously increases the tension in the tendons and decreases muscle length; but during passive movements, both kinds of response are normally in step with one another.  Like many other mechanoreceptor, they respond partly to change, in this case changing load or tension.

The central pathways of both these sensory modalities are quite similar.  Fibres enter the dorsal roots in the usual way, and branches of the majority synapse in a spinal nucleus called Clarke's column with fibres that ascend in the homolateral posterior spinocerebellar tract to an extremely important region in the control of movement, the cerebellum (Fig. 5.6).  However, Clarke's column fades out above T1 or so, and more rostral afferents turn upwards and ascend to the accessory cuneate nucleus of the medulla, from which fibres run in the cuneocerebellar tract; they carry information from the forelimbs, which are not represented in the dorsal pathway.  Another route by which both cutaneous and proprioceptive information may reach the cerebellum is via the spino-olivary tract to the inferior olive, which in turn projects through climbing fibres to the cerebellar cortex (see Chapter 12). Apart from ascending to the cerebellum, branches of fibres from muscle proprioceptors are involved in various reflex mechanisms within the spinal cord, notably the stretch reflex (which in its simplest form consists of a monosynaptic excitation of a motor neuron by a la afferent) and the clasp-knife reflex: these are discussed in Chapter 10.  There is also some projection of muscle proprioceptors to the cerebral cortex, via the ventral posterior thalamus.

Figure 5.6 tracts 

Joint receptors

Another important source of information about limb position and movement comes from the mechanoreceptors that are found in the ligaments and capsules of joints.  They are of a variety of morphological types, some very similar or identical to those found in the skin.  Thus Pacinian corpuscles and Golgi-like endings are found with large axons (group I), Ruffini endings (II), and also small nerve fibres with unencapsulated endings.  Some show complete adaptation and are thus more sensitive to rate of change, but most show incomplete adaptation and thus signal limb position as well (Fig. 5.7).  The patterns of response are complicated to a certain extent by the fact that few receptors are able to respond over the whole range of movement that a joint is capable of: their 'excitatory angle' is typically less than half the entire possible range, thus increasing sensitivity to changes in position within that range.  This means that information about the position of a limb is partly coded by frequency of firing, but also by which neurons are firing.  Although in some joints, most of the afferent fibres fire preferentially at extremes of joint position and are presumably intended to give warning that the joint is about to become dislocated, nevertheless there appear to be sufficient fibres responding at mid-range positions to provide adequate proprioceptive information; in other joints the majority are mid-range anyway.  Afferent information from joints follows the same route as that from Pacinian and other corpuscles in the skin (see Fig. 4.5): fibres ascend in the ipsilateral posterior columns, relay in the cuneate and gracile nuclei, cross and proceed via the medial lemniscus to the ventral posterolateral thalamus and thence to the somatosensory cortex; some also contribute to the spinocerebellar pathways.

Figure 5.7 knee 

Conscious proprioception

How are these sources of information actually used by the brain in sensing the position of our limbs?  For a long time this question was the subject of bitter controversy, between those who believed that such sensations came only from the muscles and those who favoured joint receptors, each side seeking to show that the other mechanism contributed nothing at all.  It seems strange in retrospect that the modern view that both contribute, and indeed other sources of information such as the skin as well, was not grasped sooner. SYMBOL 38 \f "Wingdings"
The main evidence that mechanoreceptors in joints contribute to pro​prioception comes by anaesthetising the receptors either by direct injection into the synovial fluid, or by putting an inflatable cuff around the limb in such a way that it stops the blood flow to the joint but not to the muscles that move it.  The sense of limb position is then greatly impaired, though the sub​ject will generally still be able to sense movement: static proprioception is more affected than dynamic.  It is clear therefore that the joints con​tribute to proprioception, but that they are not the sole source.  Indeed, after operations in which the hip joint is replaced with a prosthesis and the mechanoreceptors are entirely lost, the patient can still sense joint position (though with reduced sensitivity), presumably by using information from muscles and from the skin.  Conversely, it is not difficult to demonstrate the muscle contribution directly.  Conscious patients have often reported a sense of limb movement when surgeons pull on exposed tendons without moving the joint.  A less traumatic way of stimulating the stretch receptors is to apply a vibrator to a muscle or its tendon (Fig. 5.8), which acts preferentially on the Ia endings because of the high rates of stretch it generates.  Such a stimulus produces an illusion that the muscle is shortening even though it is in fact held stationary, as can be seen if the subject is asked to match the felt position of the vibrated arm with the other one: this feeling is greatly enhanced if at the same time a cuff has been applied in such a way that the corresponding joint is anaesthetised.  Under these conditions it can be shown that the illusion is essentially one of a roughly constant rate of movement rather than of static position.

Figure 5.8 – arm matching

Experiments like these leave little room for doubt: both joints and muscles play a part in providing proprioceptive information, with limb position being sensed more by joint receptors, and velocity by spindles; it also seems highly probable that skin receptors round joints play a part as well, though this is less well established.   The other sensation that we seem to get from our muscles is that of the forces we exert with them, and the sense of weight.  In this case it is clear from experiments that as well as mechanical information from the skin, an important factor is the sense of effort, the size of the commands that we send to them.  In circumstances where an extra effort is needed for the same load, with muscle fatigue, or because the usual reflex contribution from sensory receptors has been blocked by local anaesthesia (see chapter 10), subjects feel that loads are heavier and that they are generating greater tensions.  It may be that Golgi tendon organs also contribute to the sense of load, but this has not been demonstrated unequivocally.   

Box ("Contributions to sense of limb...")
near here 

The vestibular apparatus

The vestibular apparatus forms part of the labyrinth of the inner ear.  As its name suggests, it is a complex structure, which has partly evolved from the lateral line organ in fishes.  This is a system of tubes lined with ciliated sensory cells and in communication with the surrounding water; the cells are stimulated by the flow of water through the tubes, as a result either of something moving in the outside world and setting up fluid currents, or of the fish's own motion through the water.  In the course of time, this system sealed itself off from the outside world, and its two functions - one exteroceptive, one proprioceptive - came to be carried out by two separate organs: the cochlea, signalling movement of the surrounding air in the form of sound waves (discussed in Chapter 6), and the vestibular apparatus, signalling movement of the head itself. SYMBOL 38 \f "Wingdings"
The vestibular part of the labyrinth is divided functionally into two components: the semicircular canals, of which there are three on each side of the head, and the otolith organs, of which there are two on each side, the saccule and utricle (Fig. 5.9).  The ciliated sensory cells are very similar in all parts of the vestibular apparatus, and will be described first; it is the accessory structures that enclose them that makes them specifically responsive to different types of stimuli.

Box ("Divisions of the vestibular apparatus") 

Figure 5.9 SCC gross 

The sensory cells

The sensory epithelium of the vestibular apparatus is made up of a mosaic of sensory cells and supporting cells, the former being divided into two morphological types: a flask-shaped type I cell, and a roughly cylindrical type II cell.  Each sensory cell has a characteristic pattern of cilia projecting from its upper surface, consisting of a single flexible kinocilium, whose root is near the edge of the receptor, and between sixty and a hundred stereocilia, relatively thin and stiff, and arranged in a regular array in the more central area.  The latter are graded in size rather like a set of organ pipes, the longest ones being nearest to the kinocilium (Fig. 5.10).  The kinocilium is a much more elaborate structure than the stereocilia, having the 'nine plus two' arrangement of longitudinal filaments characteristic of motile cilia, and basal bodies.  The asymmetrical arrangement of kinocilium and stereocilia defines a direction of polarisation for each cell, and it is found that bending in the direction of the kinocilium leads to excitation, while bending in the opposite direction gives inhibition.   The deformation caused by bending alters the ionic permeability of the stereocilia, through mechanisms that are presumed to be essentially the same as in the hair cells in the cochlea, discussed in more detail in the next chapter, and probably involve direct attachments from mechanically-opening channels at the tip of one stereocilium that are linked by filaments to its longer neighbour.  This generates currents that alter the membrane potential of the far end of the cell, causing calcium entry and release of transmitter, which is probably glutamate.

Figure 5.10 epithelium 

The sensory cells are innervated by branches of the vestibular nerve: type I cells are almost completely enclosed in a nerve calyx or chalice, and there are often regions of close apposition, which together with the large synaptic area suggest that the transmission process here may be partly electrical as well as chemical in nature.  Type II cells generally receive more than one ending; the terminals are smaller in size, and some of them are efferent rather than afferent.  There seems to be much more convergence from type II cells on to their afferent fibres than in the case of the type I cells, and more still in the case of the efferent fibres: there are only some 200 fibres in a cat's vestibular nerve going to the receptors, in contrast with the 12 000 or so afferents.  Sensory and efferent fibres travel together in the vestibular division of the VIIIth nerve to the region of the vestibular nuclei, of which the lateral nucleus is the origin of the efferents.  Most of the afferent fibres terminate within the nuclei, but some carry on through and project ultimately to the cerebellum.  Most afferent fibres fire spontaneously, and one finds that a stimulus that bends the kinocilium in one direction accelerates the rate of firing, and in the other decreases it: thus each cell has a specific direction of polarisation, which is generally similar to its neighbours'.  Different cells tend to have different spontaneous firing frequencies so that they function over different parts of the total possible range of stimulation, in a manner reminiscent of joint receptor afferents.

Otolith organs (utricle and saccule)

The utricle and saccule are a pair of hollow sacs containing endolymph, a fluid whose ionic composition is of the intracellular type (with a high K+/Na+ ratio), and continuous throughout the whole of the labyrinth.  Surrounding the endolymphatic sac is a second sac containing perilymph, whose composi​tion is low in K+ and more like that of a typical extracellular fluid.  The receptor cells of the otolith organs are confined to a special region of the sac called the macula, and their projecting cilia are embedded in a jelly-like mass, the otolith, whose density is increased by the incorporation of large quantities of calcite crystals called otoconia.  If the head is tilted, this mass moves relative to the macula, bending the cilia and thus resulting in stimulation of the afferent nerve fibres (Fig. 5. 11).  The cells also respond to linear accelerations of the head, since in this case the otoliths tend to get left behind and hence cause the same sort of bending.  Thus the afferent signals from the otolith organs are dependent simply on the vector sum of the acceleration due to gravity and any linear acceleration that may be occurring at the same time: in other words, on the effective direction of gravity (Fig. 5.11).  There is necessarily no way in which the brain can distinguish between head tilt and linear acceleration - since 'gravity' is itself of course simply a kind of linear acceleration - nor is it particularly desirable that it should.  From the point of view of controlling posture (as for example in trying to stand upright in a bus that suddenly accelerates) it is the effective direction of gravity that matters (see Chapter 11, p. [whatever it is]).

Figure 5.11 tilt 

Information about the direction of the acceleration vector is available because the maculae of utricle and saccule lie in different planes - in the utricle roughly horizontal, in the saccule roughly vertical - and also because in each case the direction of polarisation of the hair cells varies in a systematic way over the macular surface (Fig. 5.12); recordings from indi​vidual otolith fibres show that each one fires maximally at a particular orientation of the head, and that there is a fall-off in frequency as the head is tilted away from that position.  Thus the pattern of discharge from the whole population of receptors provides information about the direction of accelera​tion.  As might be expected, most units show little adaptation, and for the most part faithfully signal head position without decrement over indefinitely long periods of time.  Some do, however, show adaptation, firing most rapidly during changes of head position, but their adaptation is not complete and their tonic discharge still gives a measure of head position: it is the semicircular canals that primarily signal changes in the attitude of the head.

Figure 5.12  near here – situation 

The semicircular canals

Each canal consists of a looped tube containing endolymph and having a swelling at one point along its length, the ampulla, into which projects a crest, the crista, which is covered with sensory hair cells (Fig. 5.13).  Their cilia are embedded in a jelly-like structure called the cupula, forming a kind of flap which can swing backwards and forwards in response to movement of fluid along the canal, thus bending the cilia and causing neural excitation.  Unlike the otolith, this jelly does not contain calcareous granules, and is in fact of exactly the same density as the endolymph surrounding it: it is very important that this should be so, as otherwise the hair cells would respond to gravity in the same way as the muscular receptors.  What they do respond to, in fact, is rotation of the head.  When the head is turned, the fluid in the canals tends to get left behind and pushes on the trap-door-like cupula, thus bending the sensory cilia.  

Figure 5.13 cupula 

Because the three canals on each side of the head are arranged in more or less mutually perpendicular planes (Fig. 5.13) they are able to signal rotations about any axis in space.  In most animals, with the head in the normal upright position, the horizontal canals are parallel with the ground, and the superior and posterior canals lie at about 45SYMBOL 176 \f "GreekMathSymbols" to the sagittal plane.  The cells in each crista are all oriented in the same direction: thus turning the head to the left stimulates fibres from the left horizontal canal but decreases the frequency of firing of those from the right (Fig. 5.15), and similar mutual antagonisms exist between the superior canal of one side and the posterior canal of the other.  Corresponding to this arrangement, one finds cells in the vestibular nuclei that are excited by a particular canal but inhibited by its opposite number on the other side, thus effectively combining the signals from the two sides in a 'push-pull' manner.  (Fig. 5.15) For this reason, rotation is not a good stimulus to use if we want to test each of a subject's vestibular organs separately; instead, we need to use a stimulus that only acts on one side at a time.  In clinical practice, caloric stimulation of the canals is sometimes used; the outer ear is irrigated with warm water, which appears to set up convection currents in the endolymph of the canals and thus produces unilateral vestibular stimulation. SYMBOL 38 \f "Wingdings"
Figure 5.14 directions

Figure 5.15 Reciprocal inhibition

The adaptational properties of the canals are very important, and are almost entirely of the 'energy-filtering' type.  If the cupula were completely unrestrained, and moved in unison with the fluid of the canal, then the bending of the cilia of the sensory cells would simply signal rotational position of the head; the endolymph would be acting rather like the gyroscope in an inertial guidance system.  A mechanical model of such a system is illustrated in Fig. 5.16a. A large truck, representing the head, has a smaller truck that is free to move on top of it, representing the cupula and the inertial mass M of the endolymph.  If the big truck moves a distance x, the small truck will remain (in absolute terms) exactly where it was before, resulting in a relative displacement between the two - in effect, what is signalled by the hair cells - of x, the new position of the big truck.

Figure 5.16 trolley 

But consider now what would happen if the little truck, instead of being completely free to move, were coupled to the big one by an elastic element, a spring (b).  The system is now no longer a position detector; what we have done is to make it into an acceleration detector, or accelerometer.  For if the truck moves off with acceleration a the spring will experience a force equal to M.a, and will therefore stretch by an amount that is simply proportional to the acceleration.  Does the cupula in fact behave as a rotational accelerometer?  It is perfectly true that it is indeed elastic, and if pushed to one side exerts a restoring force that tends to bring it back to the middle.  But it turns out that the cupula and the endolymph are both very viscous (Fig. 5.16c) and the effect of this viscosity is to slow down the mechanical response.  Consider a subject on a swivel chair that is suddenly set into rotation at constant angular velocity.  A true accelerometer would give a brief response only at the instant at which the rotation started, since this is the only time at which acceleration occurs; but recordings of the firing frequency of vestibular units from the canals show that in these circumstances the period of response is very much drawn out by the damping effect of the viscosity, lasting for some 20 seconds or so after the acceleration has stopped.  Under natural circumstances - continual rotation of the head in one direction is not after all very common in real life! - the frequency of firing mirrors much more closely the instantaneous rotational velocity of the head than its acceleration (Fig. 5.17).  

In other words, the semicircular canals are not really rotational acceleration detectors at all, but rather velocity detectors.  It is only under very peculiar laboratory conditions that their acceleration sensitivity (which can be thought of as an adapting velocity response, just as velocity sensitivity is equivalent to an adapting positional response) manifests itself.  A consequence of this adaptation is that a subject who has been set spinning at constant velocity has a gradually decreasing sense that he is actually rotating; even with his eyes open, after 20 seconds or so he has the strong impression that he is actually sitting still, and that the world is spinning round him, as anyone who has had a ride in a fairground 'rotor' will know.  Furthermore, if the chair is then suddenly stopped, his cupula, which had previously resumed its resting position, will now be pushed in the opposite direction by the tendency of the endolymph to retain the previous motion of the head; he will then have the very strong impression of rotating in the opposite direction, although he is in fact stationary.   Some postural conse​quences of these adaptational properties are discussed in Chapter 11.

Figure 5.17 natural turns 

Figure captions

Fig. 5.1  Schematic representation of contractile and stretch-sensitive elements in muscle.  The contractile elements within the spindle (intrafusal) are innervated separately from the main (extrafusal) muscle fibres, and make only a negligible contribution to overall muscle tension T.  Thus, whereas tendon organs respond essentially to muscle tension, spindles respond to length, x, but in a manner modified by the activity of their own contractile elements.

Fig. 5.2  Above, a typical mammalian muscle spindle (simplified, from Barker, 1948).  Below, schematic representation of the central region of a nuclear bag and nuclear chain fibre, showing the afferent Ia and II innervation, and the two kinds of  fibre.

Fig. 5.3  Idealised responses of primary (Ia) and secondary (II) fibres to various patterns of muscular stretch.  (After Matthews, 1964).

Fig. 5.4  Left, three simple models of the mechanical properties of spindle fibres: (a) peripheral region purely elastic; (b) purely viscous; (c) mixed (viscoelastic).  Right, the response of each model, assumed to be proportional to stretch of the central region, to a sudden stretch and to slow stretching.  Actual Ia fibres behave most like (c), group II fibres like (a).

Fig. 5.5  Effect of  fibre stimulation on afferent response to stretch, in an eye muscle from the goat; the rates of stimulation are shown on the right.  (Data from Whitteridge, 1959).

Fig. 5.6  Schematic representation of the principal spinocerebellar pathways.  An additional route, not shown, is via the inferior olive and climbing fibres (I, II: first- and second-order fibres).

Fig. 5.7  Firing frequency of an afferent from a cat's knee-joint in response to flexion through a fixed angle at the different rates shown at the top, demonstrating incomplete adaptation.  (Data from Boyd and Roberts, 1953).

Fig. 5.8  Arm matching experiment: a vibrator is applied to left biceps, and the subject tries to match the felt position of the left arm with the right.  Below, time course of angle of extension of each arm in such an experiment (data from Goodwin et al, 1972).

Fig. 5.9  Gross structure of the vestibular part of the labyrinth, viewed laterally (somewhat schematic).

Fig. 5.10  Diagrammatic cross-section of sensory epithelium of vestibular system, showing type I and type II cells with their innervation.  Inset, a typical arrangement of the cilia seen in horizontal section.

Fig. 5.11 Equivalence of head tilt and linear acceleration.  Schematic representation of action of macular receptors (left) at rest, (middle) with head tilt, and (right) under horizontal linear acceleration.  the last two conditions are indistinguishable as far as stimulation of the hair cells is concerned.

Fig. 5.12  Stylised representation of the orientation of the utricular and saccular maculae in the head.  The small arrows indicate the approximate direction of  polarisation of receptors at different points on the surface.

Fig. 5.13  Diagrammatic section through a single canal in the region of the ampulla, showing the cupula, the hair cells of the crista and their innervation.

Fig. 5.14  Above, approximate orientation of the semicircular canals in Man (S superior; H horizontal; P posterior); the arrows show the direction of fluid movement that is stimulatory in each case.  Below, directions of head movement that stimulate each of the canals on the left side of the head.

Fig. 5.15  Balanced bilateral projections of canals to vestibular nuclei.  At rest (top) the spontaneous activity from each canal cancels out, through reciprocal inhibitory innervation.  When the head turns (middle), there is excitation of one side and inhibition of the other, leading to a large differential signal.  With unilateral vestibular damage (bottom) at the first there is an illusory sense of rotation because of the unopposed spontaneous activity of the functioning vestibular apparatus.

Fig. 5.16  Mechanical model of the action of the cupula in semicircular canals.  (a) A small truck of mass M representing endolymph inertia rests freely on a larger truck representing the head.  The reading r of the pointer provides a measure of the position x of the big truck, since the little one remains stationary.  (b) If the two trucks are coupled elastically, r indicates not position but acceleration, a.  (c) Actual cupular movement is as if the coupling were partly elastic but predominantly viscous: this produces an adapting velocity response.

Fig. 5.17  Responses of the semicircular canals.  Left: during a head rotation at constant angular velocity, canal response declines exponentially over some 20 seconds; on stopping the movement, there is an opposite response that again declines in the same way.  Right:  time course of head angular position, velocity and acceleration during a natural turn of the head (left).  Cupular deflection (right) behaves more like the velocity curve than either of the others.  (Courtesy Dr T. D. M. Roberts).
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Notes

p.  Spindle motor innervation   Chain fibres also receive some innervation from branches of alpha fibres, sometimes (unhelpfully) called -fibres.  Their function is unclear.

p.  Conscious proprioception   Some useful accounts: Brodie, E. E. and  Ross, H. E. (1984) Sensorimotor mechanisms in weight discrimination. Perception and Psychophysics 36, 477-481;  Burgess, P. R., Wei, J. Y., Clark, F. J. and  Simon, J. (1982) Signalling of kinaesthetic information by peripheral sensory receptors. Annual Review of Neuroscience 5, 171-187; Matthews, P. C. B. (1982) Where does Sherrington's 'muscular sense' originate?  Muscles, joints, corollary discharges? Annual Review of Neuroscience 5, 189-218.

p.   The vestibular receptors   A very thorough account of the vestibular periphery is Wilson, V. J. and  Melvill Jones, G.  (1979) Mammalian Vestibular Physiology. Plenum, New York.

p.   Caloric nystagmus  Not entirely through convection currents, for it still occurs under zero-gravity conditions: see Schere, H., Brandt, U., Clarke, A. H., Merbold, U. and  Parker, R. (1986) European vestibular experiments on the Spacelab-1 mission. 3. Caloric nystagmus in microgravity. Experimental Brain Research 64, 255-263.
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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.   Adaptation    This exhibit, which demonstrates various aspects of adaptation, has already been described in Chapter 3: see p. [whatever it is].
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