Chapter 4   




Skin sense

This chapter is concerned with the information that comes from sensory receptors in the skin, and from the very similar ones that can be found in the gut and other visceral organs.  The whole system is often loosely termed the somatosensory system, but this strictly also includes receptors from muscles and joints, which as proprioceptors are considered in Chapter 5.  

Structures and pathways

Types of cutaneous receptor

The afferent fibres from cutaneous receptors are bipolar cells: their bodies lie in the dorsal root ganglia near the spinal cord, and axons run all the way from the sensory endings in the skin to their terminals within the central nervous system (Fig. 4.1). The dorsal roots are connected in an orderly way to different areas of the skin, and one may draw maps of the body surface showing the dermatomes or regions projecting to each dorsal root (Fig. 4.2). SYMBOL 38 \f "Wingdings"   The demarca​tion of the different zones is not actually as sharp as such idealised representa​tions suggest, and because of overlap between adjacent dermatomes, each point on the body surface is connected to at least two dorsal roots; overlap is more marked for touch than it is for pain or temperature.  Sensory fibres from the viscera are found in both the sympathetic and parasympathetic divisions of the autonomic nervous system.SYMBOL 38 \f "Wingdings"  The former pass in peripheral sympathetic nerves to the sympathetic chain, and thence via the dorsal root ganglia (where their cell bodies are) to the dorsal root; parasympathetic afferents of the sacral region travel with the corresponding efferents and again have their cell bodies in the dorsal root ganglion, while the cell bodies of afferents in the vagus are in the inferior (nodose) ganglion.  

Fig. 4.1  afferents

Fig. 4.2  Dermatomes

At the peripheral end, the fibres branch and terminate either as naked endings or in terminal encapsulations, of which many varieties have been described SYMBOL 38 \f "Wingdings".  One such is the Pacinian corpuscle, whose responses to pressure were discussed in the previous chapter. SYMBOL 58 \f "Wingdings" Others include Meissner's corpuscle, Merkel's discs, and the Ruffini endings (Fig. 4.3, 4.4). Encapsulated endings are found mainly in hairless or glabrous skin: the palms of the hands and soles of the feet, the lips, eyelids, mucosal surfaces and parts of the external genitalia.  Some, notably the Pacinian corpuscles, are distributed in visceral structures and in joints and ligaments and deep connective tissue.  Free or naked endings are abundant in hairy skin, some innervating the hair follicles themselves and sensing hair movement, and are also to be found in both glabrous skin and in deep fascia and visceral organs.  Their afferent fibres are small and sometimes unmyelinated, falling into group C and group A (or III and IV, with a few in II): the fibres from encapsulated endings are mainly of group A (or II). (See Box; cf. also Box 2.2) In addition, there are specialised sensory structures associated with sinus hairs (the eyelashes, for example, or the whiskers of a cat: Fig. 4.5). The hair is surrounded at its base by pressure-sensitive Pacinian corpuscles; in the middle it is encircled by a ring of Merkel's discs; and along part of its length the hair is linked by thin filaments to a palisade of fast-adapting lanceolate endings.  The result of this battery of mechanoreceptors is to provide the brain with exquisitely sensitive and highly directional information about displace​ments of the hair brought about by contact with external objects.

Fig. 4.3 Receptor types

Fig. 4.4  Micrographs

Fig. 4.5 Sinus hair

It is only recently that we have begun to form a clear picture of what this great variety of receptor types in the skin is actually for.   Broadly speaking, there is a clear division between the large afferents (A) coming entirely from encapsulated mechanoreceptors, and the small afferents (A and C) that come from free endings and other fibres that together respond to a wide range of stimuli, thermal and chemical as well as mechanical.   The question of the correspondence between the categories of what we feel from the skin (sensory modalities) and the categories of nerve fibre is a complex and controversial one, that is discussed more fully later in this chapter (p.xxx).  One might perhaps have expected each type of ending to correspond to one of the classical modalities, but this turns out not to be the case.  The naked or free endings seem to serve the modalities both of warmth and pain, and are probably sensitive to mechanical stimuli as well.  Specific encapsulated endings for cold have recently been described, but do not yet have a name: unusually for encapsulated endings, their axons fall into the A category.  All the other endings that are known are mechanoreceptors of one kind or another, and it is clear that the classical descriptions of 'light touch' or 'pressure' are completely inadequate for classifying the various kinds of mechanical stimuli to which they respond.  A stimulus may generate uniform pressure over an area of skin, or it may cause shear if it exerts a sideways force, or tension if it is sticky (Fig. 4.6); there may be localised indentation, or more complex spatial textures; and all these stimuli may vary in time.   

Fig. 4.6  Types

In many cases the structure of the endings makes it fairly clear what they do.  The concentric layers of the Pacinian corpuscle, apart from making it a complete and rapid adapter, also imply a rather non-directional sensitivity to local pressure.  Ruffini organs consist of branched naked nerve endings twisted in between collagen fibres that leave the capsule and are anchored to nearby muscle cells and other structures: tension in these fibres appears to distort the nerve endings and thus stimulates them; they adapt incompletely. (Similar endings are found in the tendons of muscles, called Golgi tendon organs: as proprioceptors they are considered in Chapter 5).  Merkel's discs lie much closer to the outside world, at the bottom of the epidermis, to which they are attached by desmosomes: they are extremely sensitive to deformation of the skin, and show incomplete adapta​tion.  In classical terms, they might be regarded as light touch receptors; more functionally, they may serve to indicate local skin deformation and contact.  Finally, Meissner's corpuscles, like Ruffini endings, have nerve endings that are associated with collagen fibres.  The corpuscles are found in the dermal folds beneath the epidermal ridges, and the collagen fibres are connected sideways with the epidermal cells on each side.  Thus they are ideally placed to register sideways shearing of the skin, of the kind that is experienced, for example, when holding an object in the fingers and then lifting it (they are in fact most commonly found in the fingertips).  A curious feature is that their density declines dramatically with age, from some 50 per square mm at 10 years to about 10 at 50 years.

The fact that many of these receptors show complete adaptation means that it is only when the pattern of stimulation to the skin is changing that we perceive very much.  Shut your eyes, and run your hand over some nearby object, perhaps the table-top: your hand gives you a vivid impression of its texture, of its cracks and dents and all its other surface properties.  Now keep your hand still: at once this perception vanishes, and it is hard to be sure that one is sensing anything at all except its temperature.  It is evidently the temporal patterns of firing of mechanoreceptors from the skin, combined with knowledge of the movements we make, that determines what we feel when we touch something.

Afferent pathways

The broad division of afferent fibres into two groups (small, mostly from free endings; large, from encapsulated endings) is reflected in their mode of termination within the central nervous system.   In the spinal cord, they both terminate in the dorsal horn, but in different parts of it.  The dorsal horn is conventionally divided into a set of six roughly parallel laminae (Rexed's laminae: Fig. 4.7).   Smaller fibres enter directly from the dorsal root and terminate in layers I and II; the largest fibres sweep round dorsally on their way up to their main destinations higher up, but branches terminate in layers III-V, where amongst other cells they make contact with short interneurons conveying mechanical information back to layer II.  This is fact of some significance in the processing of pain signals.   The neurons of the dorsal horn are also under firm control from the brain: if the descending pathways are experimentally blocked the receptive fields of dorsal horn cells undergo radical alteration.  We shall see that this too is of very great significance in the case of pain.

Fig. 4.7 Rexed

The mode of projection to higher levels is also distinctive.  Branches of the larger fibres, from encapsulated mechanoreceptors, essentially turn their back on their spinal cord, turning upwards soon after entering the dorsal horn, to form a pair of large ascending tracts called the posterior or dorsal columns (Fig. 4.7, 4.8).  SYMBOL 58 \f "Wingdings" These continue ipsilaterally up to the level of the medulla and terminate in the dorsal column nuclei (gracile and cuneate); the gracile receives afferents from sacral, lumbar, and lower thoracic segments, and the cuneate from higher regions.  The smaller fibres, on the other hand, project only to the cord itself, and ascending fibres are derived from second-order neurons.  As will become apparent, this difference between large and small fibres reflects a profound difference in their function.   The large fibres are not much concerned with the initiation of responses: their main job is to provide feedback that is used by the brain – particularly by the primary motor cortex – to improve the way in which it manipulates objects.  This phylogenetically new system, sometimes described as epicritic (implying the provision of precise, objective information) is the opposite of the ancient system of small fibres, sometimes called protopathic (‘primitive feeling’) whose function is to cause appropriate responses to quite specific types of stimuli, and incidentally to give rise to corresponding feelings that can be extremely marked.  Such responses as withdrawal from a noxious stimulus, brushing off an insect, thermoregulatory responses to warm and cold, and sexual responses to caresses all fall in this category, and are characterised by instinctive and often powerful behavioural responses often strongly resistant to conscious control.  Of these, pain is of such fundamental clinical importance that it is discussed separately later in this chapter.

Fig. 4.8 Ascending paths

The final sensory destination of these ascending pathways is in the thalamus and then to cerebral cortex, and this is a convenient point to have a preliminary introduction to these areas, structures that we will be coming across again and again in subsequent chapters, since they dominate all the neural systems of the brain.

Cerebral cortex

Cortex is the rind of the brain; we perhaps tend to overestimate it first because it is on the outside and therefore relatively easy to investigate, and secondly because for us humans it is the bit we’re most proud of, in which – because of its huge expansion - we differ most from lower species.  But we need to remind ourselves not to be totally infatuated with humans.  When we look at sheep or gerbils or sparrows, we see that despite distinct deficiencies in the cortex department they lead happy and useful lives, and do all the biologically important things in life no worse than us, and in some ways better.  At the risk of stating the obvious, cortex in fact is for refinement, a bolt-on extra whose function is to add flexibility and programmability to what otherwise would be rather robotic.  Cortex is the icing on the cerebral cake.

Apart from expansion, another evolutionary trend has been the superseding of a simpler three-layered sheet of neurons called archicortex by the more elaborate six-layered form, neocortex (Fig. 4.9).   Neocortex first appears in reptiles, but in marsupials and mammals it starts to expand dramatically in area.  In most mammals it forms by far the largest part of the cortex, elaborately wrinkled into the complex pattern of sulci and gyri that enables a large surface area to be stuffed into a relatively small volume.  By the time we get to Man, about 90% of the brain is neocortex, with some 1010 neurons.  Under each square millimetre of cortical surface lie nearly a quarter of a million neurons.

Fig. 4.9  3 & 6 layers

The structure of neocortex is essentially quite uniform, with only two main kinds of neurons (Fig. 4.10).  The main output from the cortex comes from the large pyramidal cells of layer V forming what are known as the projection efferents, that go to subcortical destinations.  However, in a sense the whole point of the cortex is to bring many diverse types of input and output into functional association, and to a large extent this is brought about by smaller pyramidal cells having cell bodies in layer III of one cortical area, that send off axons (association fibres) terminating in vertical columns in some other area.   Pyramidal cells have a long apical dendrite, and a group of basal dendrites at their base, where the axon exits downwards, so that the cells are capable of being influenced by all layers of the cortex, within a radius of half a millimetre or so.  They are excitatory, releasing glutamate or possibly aspartate.   The other main type of neuron, the stellate cell, is entirely confined to the cortex itself.  It comes in two main kinds: smooth stellates are inhibitory and release GABA; spiny stellates are excitatory and are covered in a profusion of dendritic spines (Fig. 4.11).  These neurons are organised into organised horizontally into layers and vertically into columns some 0.5 mm in diameter.  Corresponding to the projection efferents, on the input side there are the specific projection afferents of subcortical origin (mostly in fact from the thalamus) that ramify into large terminal trees around layers III and IV and tend to end on stellates rather than on pyramidal cells.  There is also a diffuse input mostly from reticular formation, influencing the activity of cortex in a rather global way: this is discussed in chapter 14.  In addition to these primary types of neuron, other varieties of interneuron that communicate from layer to layer as well as horizontally, many of which are inhibitory in nature and probably carry out functions analogous to lateral inhibition.

Fig. 4.10  Cortex
Fig. 4.11 Stellates

Of the six neocortical layers, III, V and VI contain most of the pyramidal cell bodies, while the stellates are mostly in layers II and IV, and there are horizontal interneurons in layer I.  The larger projection pyramidals are mostly in layer V, which tends therefore to be more prominent in motor areas; conversely, because layer IV is where the bushy afferents from the thalamus terminate, it tends to be more prominent in sensory cortex.  In fact, because different regions have different proportions of input and output, so the relative size and appearance of these different layers varies from place to place. There is a broad division into granular cortex (sensory, input layers bigger) and agranular (motor, output), with other intermediate types (Fig. 4.12).  Finer differences in sizes of layers and density of fibres and so on form the basis of the division of cerebral cortex into the Brodmann areas whose numbers are a convenient shorthand (Fig. 4.13).  Increasingly, however, it is found find that the classic Brodmann areas need to be further subdivided because of obvious functional differences between one sub-region and another.

Fig. 4.12 Architectonics

Fig. 4.13 Brodmann

Thalamus

The thalamus is strategically placed, bang in the centre of the cerebral hemispheres like jam in a doughnut.   Its neurons project entirely to the cerebral cortex, and much of its input comes from the various sensory systems, so it is natural to think of it as a relay for afferent fibres to the cortex.   But if that were all it was it would be perfectly pointless, and in fact it is clear from its other connections that it is far more than that.  In the first place, fibres don’t just go from the thalamus to the cortex: they go the other way round as well (Fig. 4.14).  In fact there can often be more reverse fibres than direct, for example in the case its connections with the visual cortex.  Secondly, if it were just a relay, then you would only expect sensory areas to have thalamic connections.  But in fact nearly all cortical areas have projections from the thalamus, including areas that are very definitely motor.  It is important to appreciate that cortex and thalamus work together very much as a single unit. SYMBOL 38 \f "Wingdings"    

Fig. 4.14  Thalamus general

Figure 4.15 shows how in cross-section the thalamus is divided by the internal medullary lamina into three major areas: anterior, medial and lateral.  The sub-divisions of these regions are set out in the Box, and shown in Fig. 4.16.  For the moment, in the context of the somatosensory pathways, we should note two nuclei in the lateral division, the  ventroposterolateral (VPL), which receives somatosensory information from the entire body apart from the head and face, which are dealt with by the ventroposteromedial nucleus (VPM).   Second-order afferents from the dorsal column nuclei first cross the midline, and then continue up as the medial lemniscus to VPL, from which third-order fibres travel through the internal capsule to a region of cerebral cortex called the somatosensory cortical area or SI (Brodmann areas 3, 2 and 1) SYMBOL 58 \f "Wingdings". SYMBOL 38 \f "Wingdings"  Throughout this system - often called the lemniscal system - the general topological relationship between the repre​sentations of different areas of the skin is preserved, so that the soma​tosensory cortex itself embodies a map of the opposite side of the skin surface (Fig. 4.17).  This map, the sensory homunculus, is topologically correct in the sense that neighbouring parts of the body surface are on the whole represented by neighbouring regions of cortex, but very much distorted in shape; those areas such as the hands and lips with the greatest cutaneous sensitivity and acuity have a much larger area devoted to them than regions like the trunk and back.  A second somatosensory area, SII, is found in primates (Fig. 4.17) which differs from SI in receiving somatosensory informa​tion from both sides, and to some extent in the modalities to which it responds.

Fig. 4.15 Thalamus

Fig. 4.16 Thalamus

Fig. 4.17 Cortex

As was noted earlier, the smaller afferents, derived from free endings and also from some of the encapsulated ones, and concerned with temperature, pain and light touch, do not immediately ascend on entering the cord: instead, either directly or via an interneuron, they activate neurons in layers I and V whose axons cross to the other side and proceed upwards as part of the spinothalamic projection (Fig. 4.8). There are two of these spinothalamic pathways, the anterior spinothalamic tract and the lateral spinothalamic (the whole system is called the anterolateral system).  Though they are both evolutionarily older than the more recent lemniscal system, the anterior tract is more highly developed in higher animals than the lateral, and for this reason they are also known as the neo- and paleo-spinothalamic pathways; how​ever, more recent work suggests that one should not exaggerate the difference between them.  The former projects only to the border of VPL, and to nearby regions that are not wholly somatosensory, terminating in large bushy arborisations (in contrast to the more compact lemniscal endings).  The paleo-spinothalamic afferents project to central and intralaminar regions of the thalamus, and also rather diffusely to the reticular formation of the medulla and pons: they are concerned more with pain and temperature than with touch.

These differences reflect the epicritic/protopathic distinction mentioned earlier.  On the one hand we have the new, fast lemniscal system with its precise and orderly projection of accurate mechanical information directly up to the cortex; and on the other, the older, slower, and more diffuse projection of less precise, but in a sense more immediately important information - often with an affective or emotional quality to it - by the anterolateral system, which scarcely projects to the cortex at all.  One provides objective information which we can take or leave; the other demands a response: one goes straight up the brain with hardly a nod to the spinal cord; the other terminates in the spinal cord, which may or may not bother to inform the brain about it.  

The differences between the two systems can be of diagnostic value in certain kinds of disorders of the spinal cord.  Thus a hemisection of the cord, that interrupts all ascending fibres on one side, will result in a loss of deep pressure and vibra​tion sense below the level of the section on the same side, and loss of pain, tempera​ture and light touch on the other (the Brown-Séquard syndrome).   In syringomyelia enlargement of the central spinal canal damages the nearby fibres, notably those crossing to form the anterolateral system.  Consequently there is a dermatomal band, corresponding to the site of the lesion, in which pain and temperature sense is bilaterally impaired.  Deliberate anterolateral chordotomy is in fact sometimes performed to deal with otherwise intractable pain of peripheral origin; it has little effect on tactile sensibility.  Finally, some cutaneous fibres ascend to the cerebellum in the posterior spinocerebellar tract (see p. whatever it is).

Neural responses

Larger mechanoreceptive afferents

The larger, A or group II, fibres from the skin all respond specifically to mechanical stimuli.  As we have seen, some are completely adapting, and thus only respond to changes in the deformation of the skin: they originate from the Pacinian and Meissner corpuscles and from some of the endings in hair follicles.  Because of their adapting properties, they are particularly sensitive to vibration, and thus are well suited to contribute to the sense of roughness when the hand is passed over a textured surface.  They are also extraordinarily sensitive: the threshold of a Pacinian corpuscle is of the order of 10m of skin displacement, provided it is rapidly applied.  They may well help one to sense when an object being lifted between the fingers begins to slip, and thus assist in regulating the pressure with which such an object is grasped.  The importance of this kind of information can be seen by comparing the strength used to grip and lift an object covered with surfaces of different slipperiness: normally grip force is modified with short latency to take account of the nature of the surface, but if the skin of the fingers is anaesthetised these rapid responses to slip do not occur. SYMBOL 38 \f "Wingdings"  Other fibres show only incomplete adaptation and can therefore signal static deformation as well: they come mostly from Merkel's discs and Ruffini endings.   Useful information has come from micro-electrode recording from afferents from the hand running in the medial nerve, in conscious human subjects, the particular advantage being that one can also perform micro-stimulation and see what the subject feels.  One can demonstrate, for instance, that a single action potential in some of the fastest-adapting fibres is sufficient to evoke a sensation. SYMBOL 38 \f "Wingdings" 

Responses from smaller afferents

The cutaneous fibres of groups A and C that are associated with light touch, pain and temperature, show response patterns that are a little more complex than those of the larger fibres.  Warm and cold fibres, of A size, fire tonically at a rate that is a function of temperature, with a peak for warm fibres around 45 deg C and for cold receptors around 30 deg C (Fig. 4.18).  Both also show incomplete adaptation: sudden warming of the skin results in a transient increased discharge of warm fibres, whose activity then settles down to a new level, while sudden cooling has the same effect on cold fibres.  However, it appears that the cold receptors also respond transiently to warming above some 45 deg C, giving rise to the familiar sensation of paradoxical cold: a hot object, when briefly touched, may often give the immediate impression of being intensely cold.  

These adapting properties of the thermoreceptors dominate one's sense of skin temperature.  Thus a swimming pool that seems appallingly cold when one first dives in soon seems quite comfortable, and a bowl of warm water may feel simultaneously cold to one hand and hot to the other, if previously the two hands had been held respectively in hot and cold water.  The receptive fields of thermoreceptors are very small and, far from overlapping, are actually separated from one another by large areas of skin that do not respond at all.  Thus one may find warm and cold spots on the skin; on the hand the cold spots are about 5-10 mm apart and the warm spots some 15 mm. (Temperature is not of course a cutaneous sense for which accurate localisation is particularly important, and as a consequence the spatial resolution of these small-fibre afferent systems is poor:  this is reflected in the very small number of fibres that ascend in the spinothalamic tract - in Man perhaps as few as a thousand.)  Thermoreceptive properties similar to what is described above are also found amongst C fibres, more of them responding to cooling than to warming; other C fibres respond to light touch in the same general way as A fibres.  The remaining A and C fibres serve the sense of pain, produced by noxious stimuli, and are discussed later in this chapter.  

Fig. 4.18  Cold & warm

Receptive fields

In order to be effective in stimulating a fibre, a stimulus must lie within a particular area of the skin called the receptive field. SYMBOL 38 \f "Wingdings"  The size of this field is partly a consequence of the unavoidable spread of the stimulus itself - any indentation of the skin, however localised, will cause deformation of the layers of the skin over a much wider area - but is also the result of the branching of the afferent fibre and consequent distribution of its endings over an extended region.  In the case of the fibres innervating hair follicles, for example, one finds that each fibre may innervate as many as a hundred follicles, and each follicle in turn receives branches from several fibres.  Thus the receptive fields of the individual fibres are quite large, and also show a considerable degree of overlap (Fig. 4.19).  Such a pattern of overlapping receptive fields is a common one in all kinds of sensory systems.  What is the point of it?  Surely, one would think, it would be better to avoid this duplication by making the receptive fields smaller, resulting in an improvement of the precision with which a stimulus can be localised.  Yet it turns out, on closer analysis, that a system in which the receptive fields overlap is not only just as good as one in which they are discrete, but in many ways actually much better.

Fig. 4.19 Receptive fields

Consider first the question of accuracy of localisation of a stimulus.  If the fields were discrete, then all the brain could tell about the position of a stimulus is that it must lie somewhere inside a particular receptive field: there is no way in which it could find out where it lay within that field.  But consider the case of two overlapping fields: if a stimulus lies within the area of overlap, then it will stimulate the two fibres in different proportions, depending on its exact position.  So by analysing the pattern of discharge of the two neurons - by comparing the frequency of firing of one with that of the other - the central nervous system could determine the position of the stimulus much more accurately than if the fields were discrete (Fig. 4.20).  Overlap has the further advantage that it makes the system much less vulnerable to damage: destruction of any one fibre will still leave each area of skin with the innervation of its neighbours. SYMBOL 38 \f "Wingdings" 

Fig. 4.20 Overlap

Now it is perfectly true that if one thinks of the receptors as converting the spatial pattern of the stimulus into a kind of 'neural image' - a corresponding pattern of firing amongst the array of afferent fibres - then it must follow that the effect of having large receptive fields will be to blur this neural image.  Sharp stimulus boundaries will be converted into a rather fuzzy gradation between those fibres that are firing maximally and those that are not firing at all.  However, there is a simple way in which the brain can mitigate the effects of this kind of neural blur, called lateral inhibition.
Lateral inhibition

Imagine that at  the  level  at  which  the  incoming  fibres  first  relay  on  to ascending, second-order, neurons - in this case, in the gracile and cuneate nuclei - they excite local interneurons as well; and suppose that the inter​neurons in turn send inhibitory connections to neighbouring second-order cells (Fig. 4.21).  What will happen now is that each incoming fibre will stimulate its own second-order cell, but inhibit the ones that surround it: the cells will, in effect, be pushing on each others' shoulders.  Thus a cell that is stimulated more than average will have a larger effect on its neighbours than they will in turn have on it.  The result will be to exaggerate changes in inten​sity, compensating to some extent for the blurring effect of the original overlap of the receptive fields.  This mechanism of lateral inhibition is of fundamental importance in understanding the processing of neural information, and occurs in every kind of sensory system.  It is also found universally within the central nervous system itself, since blurring can occur not only through having large receptive fields, but also whenever there is convergence and divergence in the projection from one neuronal level to another. SYMBOL 58 \f "Wingdings"
Fig. 4.21 Lateral inhib 1

Lateral inhibition also tends to enhance edges.  A cell lying just within the edge of an extended uniform stimulus will receive less lateral inhibition than one further in (Fig. 4.22), resulting in a pattern of neural activity that is maximal around the border of the stimulus.  In many ways, lateral inhibition is analogous to adaptation, but in the spatial rather than in the temporal domain: it makes neurons sensitive to a change in activity across a pattern of neural activity, as opposed to a change in any one neuron as a function of time.  Just as adaptation causes a burst of activity at the onset of a steady stimulus, so lateral inhibition emphasises those regions where an area of sti​mulation begins or ends.

Fig. 4.22 Lat In 2

One can sense this quite easily in one's own skin: stepping into a bath when the water is almost too hot to bear, the maximum discomfort is localised not so much in the foot, but rather at the line formed by the surface of the water around the leg, where the spatial rate of change of temperature is greatest.  Or if you put your finger into a beaker of mercury (since mercury is poisonous you need to wear a light rubber glove), what you feel is a tight constriction round the meniscus, even though the pressure is of course greatest at the fingertip.  And like adaptation, lateral inhibition helps reduce the redundancy of neural signals.  An analogy may help to make clear why this is.

Imagine a central weather bureau whose function is to gather information from a network of weather stations to compile up-to-the-minute charts of the changing patterns of weather in the region as a whole.  One way of obtaining the necessary information would be to get the local weather stations to ring up every five minutes and describe local conditions.  But this would not be a very economical arrangement; quite apart from the cost of the enormous number of telephone calls that would be required, the central office would have to employ a very large staff simply in order to receive them.  Clearly the weather at any one place does not in practice vary much from one 5-minute period to the next, so that most of the phone calls in such a system would be redundant, consisting simply of the message 'same as before'.  The first rationalising step would be to instruct the local stations to ring only when a change in the weather has occurred; to act, in fact, like completely adapting sense organs.  The next improvement would be to recognise the existence of spatial redundancy in their reports; in general, the weather experienced by any one station is likely to be much the same as that experienced by its neighbours.  So by telling the local stations to call only when they are aware that they are on the edge of a particular condition (a cold front, for instance), the number of calls, and the staff required to process them, could be reduced still further.  We shall see later that this process is particularly prominent in the visual system.  It helps to explain why outline drawings are as effective as they are in evoking the appearance of what they represent, even though topologically they are so different: since the visual system in effect converts everything it sees into an outline drawing anyway, it doesn't mind if what it normally throws away isn't there.

However, the one thing that lateral inhibition cannot do - contrary to a popular misconception - is to improve acuity.  Acuity is a measure of how well a sensory system can transmit in its neural images the spatial detail that is presented to it.  A common test of cutaneous acuity is the two-point discrimina​tion test: the skin is stimulated at two points simultaneously - a pair of dividers does this very well - and the distance between the points is gradually increased until the subject has the sensation that there are two points and not one.  Cutaneous acuity varies greatly from one part of the body to another, almost in proportion to the size of its representation in the somatosensory cortex, from a few millimetres on the fingers to nearly 50 on the calves.  This variation essentially reflects the size of the cutaneous receptive fields, for if two points of stimulation are separated by less than the receptive field size, no amount of subsequent neural processing in the form of lateral inhibition or anything else will enable one to distinguish the neural image from that produced by a single point.  Localisation on the other hand is in general more accurate than acuity, because of the extra information provided by the overlap of receptive fields.  Consequently, one finds the apparently paradoxical situa​tion that with the dividers set to a distance less than the local acuity, so that we cannot tell whether there is one point or two, one can nevertheless still tell, when only one of the points is applied, which one it was.   

An analogy that may help to make this surprising conclusion more intuitive is shown in Figure 4.23.  Imagine a man holding a tray above his head, on which weights can be put.  He has just two channels of information about the weights, namely the force felt in each of his arms.  He will still be able to sense the position of a single weight on the tray quite accurately, from the relative forces felt in each arm.  Yet he will be completely unable to tell the difference between  a single central weight and two smaller weights arranged symmetrically on each side.

Fig. 4.23 Baker

Finally, it is worth mentioning that the neural circuit for lateral inhibition presented in Fig. 4.21 is only one of several possible arrangements that have broadly similar effects.  The one that is shown there is a feedforward system - the source of the inhibition is the incoming fibres, and the inhibition itself is of the post-synaptic type.  In fact, it appears that the lateral inhibition actually observed in the dorsal column nuclei is primarily presynaptic in nature, and results in depolarisation of the afferent terminals.  At higher levels of the somatosensory system, in the thalamus and cortex, lateral inhibition appears to be mainly post-synaptic.  A further possibility is that it may be not the incoming fibres but collaterals of the outgoing ones that excite the inhibitory interneurons: this is called feedback lateral inhibition (Fig. 4.24), and is found for instance at the level of the thalamic relay of ascending somatosensory pathways; its functional properties are slightly different.  Finally, feedback inhibition may originate not from the outgoing fibres themselves but from the higher levels to which they project; the cortex can be shown to inhibit both thalamic and dorsal column relays in this way, as well as the spinothalamic pathways at the level of the cord itself.

Fig. 4.24 Feedback & forward

We shall see later (Chapter 13, p. [whatever it is]) that the idea of lateral inhibition can be extended considerably, particularly to cases in which the 'laterality' is not literally spatial, and inhibition extends to neurons which are adjacent in a more abstract sense (for example, responding to stimuli that are similar in terms of modality).

Central responses

Thalamic responses to lemniscal and anterolateral afferents are not partic​ularly interesting: they show the modality specificity that would be expected from the fibres that project to them, in contralateral receptive fields that may sometimes be larger than those of neurons at lower levels in the somato​sensory system.  In somatosensory area SI of the cortex, responses are again not qualitatively different from those in the thalamus.  One striking feature of the distribution of responses over the cortical surface, apart from its large-scale organisation in the form of the sensory homunculus already described, is the fact that the cortical organisation appears to be in the form of a mosaic of columns a few hundred micrometers in diameter, such that responses from cells at any depth within a particular column are confined both to a particular modality and also to a localised region of the skin.  In general, each column is surrounded by neighbours of different modality but similar location, and there are mutually inhibitory connections between columns that presumably accentuate differences in their activity, by a kind of lateral inhibition.  There also appear to be differences between the Brodmann areas 1, 2 and 3 in the predominance of the different classical modalities, at least as regards deep versus superficial receptors.  What is also striking is the extent to which these maps are labile and dynamic: simply bandaging a monkey's hand is sufficient to cause a reduction within a matter of hours in the hand's representation in the cortical map, and after amputation or severing of peripheral nerves the cortical representation is lost altogether, taken over by other parts that are more functional.

In the second sensory area, SII, we begin to find evidence of more complex kinds of analysis of afferent information.  Units here are on the whole bilaterally activated, and the receptive field for one side of the body is approximately the mirror image of that for the other.  Many of the cells show specific responses to stimuli that move across the skin in particular directions.  As one examines more and more outlying regions of the somatosensory cortex, one begins to find cells that may respond to more than one stimulus modality, and also to painful stimuli, a property not usually reported in the main part of SI and SII.  Electrical stimulation of the somatosensory cortex in conscious human subjects tends to produce tingling, 'electrical' sensations rather than the illusion of actual tactile stimulation; pain is only rarely reported.  Lesions here result in raised tactile thresholds, in reduced two-point discrimination, and a general impairment in the finer somatosensory judgements such as estimating weights.  In Man, lesions affecting the further, posterior parietal, regions of the somatosensory cortex are sometimes associated with astereognosis, an inability to 'put together' somatosensory information in judging such things as the shape of an object held in the hand, even though primary somatic sensibility - as measured by tests such as the two-point threshold - may be relatively unimpaired.  Posterior parietal cortex is further considered in Chapter 13.

Sensory modalities

Many types of stimulus can produce sensations from the skin, and one of the functions of the somatosensory system is to distinguish between them.   Thus to a large extent, as we have seen, the receptors and pathways of cutaneous sensation are modality-specific, responding preferen​tially to such specialised categories as pressure, cold, warmth and so on.  But the concept of 'modality specificity' is not quite as straightforward as might be thought at first sight, as will become particularly obvious when we come to consider pain.   Some preliminary reflection on what exactly is meant by a ‘sensory modality’ is needed.

The concept of modalities comes about through our natural urge to classify the objects around us; the reason that difficulties arise in its use is that there are many criteria by which objects may be classified, and unless one is clear about which type of classification is referred to, misunderstandings become inevitable.  If we consider all the kinds of things that may come in contact with the skin, we might group them according to their physical effects (as mechanical, thermal, etc.), or according to the sensations they produce (pain, tickle, softness), or even in terms of the types of peripheral nerve fibres they stimulate.  Each of these classifications will in general divide the whole set of stimuli into different patterns of subsets (Fig. 4.25) which may or may not correspond with one another.  Now if it happened that in each system of classification the boundaries were identical, as in (a) and (c) of the figure, then no difficulties would arise, and we could say with certainty that the fibres were modality-specific.  For example, if we found a particular type of fibre that responded only to heating of the skin, and that this in turn was also a clear and distinct class of sensation, then one could say that the fibres in question were specific for that particular stimulus or sensory modality.  But in practice, things are seldom so simple, and there is no uniquely valid way of classifying either the physical attributes of objects or the sensations they evoke.  In partic​ular, there is a danger of introducing a degree of tautology: one may be influenced by one's knowledge of one of three levels of classification when drawing up the boundaries for the others.  

Fig. 4.25 Modalities

If just for a moment you forget all you have been taught and ask yourself what you really feel to be the categories of cutaneous sensation, your list is likely to include not just the familiar stereo​types of pain, warmth, pressure and so forth, but also other sensations that are just as immediate and apparently 'primary': tickle, itch, softness, roughness, hardness, stickiness, wetness, sharpness, and many others.  It is doubtful whether someone who had never read a physiology book would naturally consider the classical modalities to be more 'primary' than the others.  Our classification of the physical classes of stimuli is almost equally biased.  Some physical attributes are left out: for instance, the all-important factor of local curvature of the skin, that gives rise to the sense of sharpness and roughness, is usually wholly ignored.  Other, mythical, physical stimuli are simply invented.  In an effort to try to produce some physical quality that could be said to correspond with the obvious sensation of pain, it is customary to invent a special class of physical stimulus, whether mechanical, thermal or even chemical, that causes tissue damage of some kind and may therefore be called 'noxious', and sensed by 'nociceptors': yet many kinds of pain are not asso​ciated with tissue damage at all.

In other words, there is a danger of unconsciously falsifying what might be called 'natural' classifications of sensations or physical types of stimulus; and if our modalities are thus defined by what is observed in sensory fibres, then it must follow tautologically that one fibre responds only to one modality.  A discussion about whether a particular system is modality-specific, or whether on the contrary a particular mode of stimulation gives rise to a characteristic pattern of activity amongst a set of afferent fibres that is indicative of that class of stimulus (as for example seeing the letter 'A' does to our retinal fibres), amounts in the end simply to an argument about how we happen to name what we perceive. SYMBOL 38 \f "Wingdings"
A further, insidious, bias that may creep into investigations of sensory systems - this applies with equal if not greater force to other special senses such as vision and audition - is that by having preconceived notions as to what the categories of stimulus are, based on categories of primary fibres rather than on what might be important to the organism in controlling its behaviour, one may tend to limit oneself to those categories when trying experimentally to evoke responses from higher levels of the brain.  This error may become self perpetuating: if one explores the neurons of the somatosensory cortex using only stimuli of light touch, warmth, cold, or one of the other traditional modalities, then naturally all the cells that respond at all must fall into one of these categories.  If there were cells responding to more useful things like sticki​ness or wetness, one would never discover them; and so the myth would be perpetuated.  So it is very important to bear in mind these reservations about over-simple categorisations of stimuli into modalities when considering the specificity of receptors and of central neurons to cutaneous and other kinds of stimulation.  Our cutaneous sensory world is vastly richer than the pathetic number of 'modalities' derived from studies of skin fibres.  SYMBOL 38 \f "Wingdings"
Pain

SYMBOL 38 \f "Wingdings"  It is a common experience that there are two qualities of pain sensation, often called pricking pain or first pain, and burning pain or second pain.  If one stubs one's toe against something, the feeling is a sort of immediate 'Ow!' followed by a more drawn-out 'Ooooh!', and these two kinds of pain are thought to be the result of stimulating the A and C fibres respectively.  The main evidence for this comes from experiments in Man in which the conduc​tion of peripheral nerves is partially blocked either by anoxia or by local anaesthetics.  Anoxia, which can most easily be produced by inflating a cuff round the arm, affects the largest fibres first and the C fibres only after a considerable delay.  The subject loses pressure and position sense first; then, as the A fibres begin to be affected, temperature sense and pricking pain; and lastly burning pain and itch.  The sequence of block for local anaesthetics is different: the C fibres are the first to suffer, and the largest A fibres the last; as a result it is then burning pain and itch that are the first to go, followed by temperature and pricking pain, and lastly pressure.  Recordings from single afferents have shown that the Apain fibres are specifically sensitive to mechanical deformation of the skin and that although their receptive fields are quite large, within each field the sensitivity is limited to specific 'pain spots' similar to those found in the case of thermoreception.  The C fibres on the other hand are of various types: some show a response to mechanical stimulation, while others respond specifically to extreme cold or heat.  Both these and the Afibres responding to noxious stimuli are thought to originate in the free endings of the skin.

One might wonder what purpose is served by having both fast and slow fibres signalling pain.  It is often helpful, when faced with peculiarities in sensory coding, to think not so much of the sensations they produce, but rather what use they are to the body - what behaviour they are meant to control.  Pain elicits two very different kinds of response.  One is reflex withdrawal, as when touching a hot object; the other is immobilisation, protecting the affected part from being further injured by movement (particularly obvious after a back injury).  Withdrawal demands a rapid response and fast-conducting fibres; immobilisation is a long-term response where slow fibres will do perfectly well. (The question of why we have warm and cold endings rather than a single temperature receptor may be answered in an analogous way).  It is significant that the visceral pain is mediated by C fibres only, since withdrawal here is not an option.

Pain may also be experienced by certain kinds of stimulation of the viscera, particularly severe distension or constriction; yet the digestive tract is said to be quite insensitive to some stimuli - notably cutting and burning, and some chemical stimuli - that are painful when applied to the skin.  Visceral pain is often felt not in its 'true' position, but referred to the region of body surface that shares the same dorsal root: thus pain is felt in the groin in response to a stone in the ureter, and in the left arm in angina pectoris. SYMBOL 38 \f "Wingdings"  A corresponding observation is that all cells in the spinal cord that respond to stimulation of visceral afferents also have a somatic receptive field.   Itch is not well understood.  The blocking experiments described above indicate that the information generating the sense of itching is carried in C fibres; but specific itch fibres have never been found.  It may, like tickle, simply represent the sensation produced by a particular pattern of stimulation of the C fibres, perhaps as the result of the release of histamine from damaged tissue, an extremely powerful stimulus for itch when injected locally.  Both stimuli, as always with C fibres, demand a response.

The central pathways for pain start with the anterolateral system, a section of which causes a complete peripheral analgesia for both pricking and burn​ing pain.  At higher levels the two types of pain show slightly differing distri​butions; ascending fibres concerned with pricking pain go to the somatosensory thalamus and from thence to the cortex, particularly area SII, while the pathways for burning pain appear to be both older and more diffuse, involving the more central thalamic regions, with their rather general projec​tions to the cortex, the ascending reticular formation, periaqueductal grey and hypothalamus.  In Man, interference with the thalamus generally has more effect on pain than with the cortex.  Electrical stimulation of the ventro​basal region may produce sensations of pricking pain, and of the central regions a general sense of intense unpleasantness.  Lesions of the thalamus can have widely varying effects ranging from relief from pre-existing chronic pain to the production of unendurable spontaneous pain, while the sensation of pain is usually unaffected, or at most slightly reduced, by cortical damage.  Correspondingly, stimulation of cortex has never been reported as producing pain sensations.

The central pathways for pain are in fact rather complex and poorly understood, partly because the sensation of pain is itself very complex.  The relation between the type or intensity of a stimulus and the degree of pain that is felt is a highly variable one, that depends to a large extent on the emotional state of the subject and on any implications or meaning that the pain may have.  We have all had the experience of injuring ourselves inadvertently, and of not feeling pain until we actually see what we have done.  In states of excite​ment, as frequently reported by soldiers severely wounded in battle, there may be a general insensitivity to injuries that would certainly be painful under normal circumstances.  In one study, more than a third of patients admitted to an emergency clinic said that they felt no pain when they were injured SYMBOL 38 \f "Wingdings".  Conversely, some patients, perhaps when particularly apprehensive, may show exaggerated responses to quite mild stimuli: in the dentist's chair, we may respond violently to almost any unexpected dental stimulus.  One might almost go so far as to call pain an emotion that is simply triggered off by certain patterns of cutaneous stimulation in certain behavioural circumstances but not others, in much the same way that, for example, the very same pattern of skin stimulation may produce erotic sensations when done by one person but not by another.  One of the clearest pieces of evidence that there is a degree of separation between peripheral neural discharges and the objective sense of the existence of a noxious stimulus on the one hand, and actually feeling the pain on the other, comes from patients who have undergone frontal leucotomy to relieve intract​able pain.  As described later in Chapter 13, on questioning they may indicate to the doctor that they sense the pain, yet from their attitude and mood it is evident that they do not, in any normal sense, 'feel' it.

Pain is also influenced to a larger extent than other sensory modalities by other modes of skin stimulation, being reduced for example by warmth and by mechanical stimulation such as rubbing, or for that matter by acu​puncture; self-stimulation with implanted electrodes has been used successfully for many years for the relief of certain kinds of intractable pain.  Conversely, in certain circumstances specific damage to the larger cutaneous afferents may result in an increased sensitivity to painful stimuli.  A plausible model of the neural mechanism for this antagonism between the large cutaneous afferents and the small pain fibres was originally proposed by Melzack and Wall.  Interneurons in the substantia gelatinosa, in layers I and II of the dorsal horn, receive excitatory information relayed from incoming large mechanical fibres, and inhibit the neurons of the ascending anterolateral system; thus the size of central response to a nociceptive stimulus will depend in general on the balance between the degree of stimulation of the large and small fibres.  Although the precise details of this gating mechanism are unclear and to some extent controversial, SYMBOL 38 \f "Wingdings"  recordings from the anterolateral neurons show that the majority of them, called wide dynamic range or WDR cells, do indeed have the kinds of properties that would be expected from such an arrange​ment.  Typically, they have a concentric receptive field arrangement in which the centre responds to light touch as well as noxious stimuli, but the surround is inhibited by mechanical stimulation Fig. 4.26).  

Fig. 4.26 WDR cell

One can think of this as a mechanism for making the signals that are sent to the brain more specifically nociceptive than the A fibres themselves that respond to mechanical stimulation as well as noxious stimuli.  With purely mechanical stimuli, provided they are large enough, the effects of centre and surround will cancel each other out, and an erroneous pain message will not be transmitted.  So what we have is a kind of lateral inhibition, used not to reduce the effects of spatial overlap, but rather to reduce overlap between modalities.  In addition, it also means that a mechanical stimulus that is sufficiently small in extent will stimulate the central area but not the periphery.  As a result it will also cause pain, before it actually causes tissue damage.  It is a matter of common experience that such stimuli - a thorn, the point of a drawing pin - do indeed cause pain without damaging the skin in the slightest; the advantage of responding in this way when walking barefoot is obvious enough.

Direct evidence that the feeling of pain is not linked in any simple, direct way to 'pain' fibres has come from recording from C fibres in conscious human subjects.  Heat is applied to the skin until pain is just felt, and the frequency of discharge is noted; then pressure is applied instead, and increased until the nerve is firing at the same frequency: yet no pain is felt, until the pressure is increased much further and the frequency is some four or five times higher than the original threshold SYMBOL 38 \f "Wingdings"
Some of the descending control exerted by the brain on the transmission of pain messages seems to be related to the release of the natural opiates, the endorphins and enkephalins.  The functions of these neuropeptides, that are widely distributed as transmitters throughout the nervous system, and to some extent as hormones as well, are not yet fully understood.  Some of them produce marked analgesia when injected either intravenously or into partic​ular regions of the brain.  One such area is the periaqueductal grey (PAG); it is thought that an excitatory pathway exists from this region to the raphe nucleus (magnus) of the medullary reticular formation, which in turn sends descending fibres down into the superficial laminae of the spinal cord which ultimately inhibit the transmission of afferent pain impulses through a spinal interneuron that itself releases enkephalin (Fig. 4.27).  Stimulation of the raphe or of PAG in humans can produce profound anaesthesia, and abolish behavioural responses to noxious stimuli.   PAG is in turn is probably stimulated indirectly by nociceptive afferents, providing a negative feedback system by which pain might modify its own transmission.   It is also stimulated by limbic areas – especially during preoccupying behaviour such as copulation  – and by opiates, through a mechanism of disinhibition.  It also seems to be stimulated by quite meaningless stimuli, if they’re strong enough. SYMBOL 38 \f "Wingdings"
Fig. 4.27 PAG etc

The principal thalamic nuclei

Anterior (Ant): input from mammillary bodies; projects to the cingulate gyrus (limbic paleocortex).

Dorsomedial (DM): limbic input, for example from the amygdala, dorsal striatum and hypothalamus;  projects to frontal assoc cortex. 

Lateral dorsal (LD): input uncertain; projects to cingulate gyrus

Lateral posterior (LP): input from associational visual and somatosensory and visual cortex; projects to PTO cortex.

Pulvinar: input from LGN, MGN, associational and visual cortex; projects to PTO cortex. 

Ventroanterior (VA): input from basal ganglia; projects to motor cortex, especially SMA 

Ventrolateral (VL): input mostly from cerebellum; projects to motor cortex, especially primary and PMA.
Ventroposterolateral (VPL), Ventroposteromedial (VPM): somatosensory input, from body and head respectively; project to somatosensory cortex (areas 1,2,3)

Lateral geniculate (LGN): visual input; projects to primary visual cortex (area17) 

Medial geniculate (MGN): auditory input; projects to primary auditory cortex (area 41)

Figure captions

Fig 4.1  Afferent pathways from the skin and viscera (schematic)

Fig 4.2  Pattern of dermatomes in Man: C, cervical; L, lumbar; S, sacral; T, thoracic; V, trigeminal.  

Fig 4.3  Representative types of endings in glabrous skin (somewhat schematic).  A, Meissner's corpuscle; B, Ruffini endings; C, Merkel's discs; D, Pacinian corpuscle; E, free endings.

Fig 4.4 Some somatosensory receptors.  Top left, Pacinian corpuscle (human plantar); below, Golgi tendon rogan, similar in structure to a Ruffini organ, silver stain; right, free endings in dermis, penetrating the stratum corneum (pig snout).

Fig 4.5 Stylised longitudinal section of base of a sinus hair showing the mechanoreceptors with which it is associated (After Halala, 1975)

Fig 4.6 Types of mechanical stimuli.

Fig 4.7  Schematic representation of laminae in the dorsal horn of the spinal cord, showing the approximate sites of termination of different kinds of sensory afferent, and the cells of origin of the spinothalamic tracts.  Also shown are lateral inhibitory interneurons found in layers I and II, and interneurons relaying information from large (mechanical) afferents from layer IV to layer II.  There are also descending fibres (not shown) that enter layer II and inhibit the transmission of pain signals.

Fig. 4.8  The main ascending somatosensory pathways.  Left, the lemniscal system; right, the neo- and paleo-spinothalamic divisions of the anterolateral system.  

Fig 4.9   (no caption)

Fig 4.10 Above, representation of the distribution of some types of neuron in the cerebral cortex, and their principal connections.  Below, equivalent schematic representation of the corresponding neural circuits.

Fig 4.11 Spiny and smooth stellate cells, Golgi stained.  (Nauta and Freitag, 1996

Fig 4.12 Architectonics.  Left, typical differences in the layers in different cortical regions.  Right, the transition from area 17 to area 18 of macaque, showing the stripe of Gennari.  (courtesy D.H. Hubel)

Fig 4.13 The classic Brodmann areas.  (Brodmann, 1909)

Fig. 4.14  (no caption)

Fig 4.15 Horizontal section of the human brain, showing the position of the thalamus and its major divisions.  The red arrows show the thalamocortical projections traversing the thalamic reticular nucleus, TRN (pink) (Partly after Nolte, 1999)

Fig 4.16  The subdivisions of the thalamus, and the corresponding areas of cerebral cortex.  (MG, LG: medial and lateral geniculate; VPM, VPL, VL, VA: ventroposteromedial , ventroposterolateral, ventrolateral and ventro-anterior nuclei; LP, LD: lateral posterior and lateral dorsal; DM: dorsomedial; CM: centromedian; Ant: anterior; TRN: thalamic reticular nucleus.  (Partly after Brodal, 1998)

Fig 4.17  (a) Lateral view of human cerebral cortex, showing approximate positions of somatosensory areas SI and SII.  (b) Frontal section through the primary somatosensory cortex in Man, showing the approximate areas associated with different parts of the body. (c): Sensory homunculus, distorted so as to indicate by the relative size of different parts of the body the relative areas devoted to each in somatosensory cortex (after Penfield and Rasmussen, 1950).

Fig 4.18  Tonic firing frequencies of cold and warm fibres from monkey skin in response to different temperatures.  (Data from Kenshalo, 1976).

Fig 4.19  Left, the receptive field of a single idealised cutaneous afferent fibre; right, showing the overlap between neighbouring fields.

Fig 4.20  Advantages of overlap.  Left, the brain can determine the exact position of a stimulus within an area of overlap by analysing the relative activities of the corresponding fibres.  Right, overlap means that damage to any one fibre does not necessarily produce an area of anaesthesia.

Fig 4.21  Lateral inhibition.  If a second-order neuron, S, is excited by one receptor but inhibited by interneurons driven by its neighbours, the result will be to reduce the size of the excitatory receptive field, and to surround it with an area in which stimulation will give rise to inhibition.

Fig 4.22  Left, lateral inhibition will exaggerate the response of  second-order neurons to an edge, compared to the uniform areas on each side. A similar effect can be perceived directly as an illusion when viewing a series of steps of intensity (right). 

Fig 4.23  (no caption)

Fig 4.24  Two varieties of lateral inhibition.  

Fig 4.25  A set of miscellaneous objects classified according to shape (a), size (b), and colour (c).

Fig. 4.26  Lateral inhibition in WDR cells between large and nociceptive afferents increases specificity to noxious stimuli, as well as causing pain from mild, small mechanical stimuli.

Fig 4.27  A descending system from the raphe nucleus that may serve to modify the transmission of afferent impulses generating the feeling of pain and associated responses.
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Notes

The skin   Useful general accounts include Sinclair, D. (1981) Mechanisms of Cutaneous Sensation. (Oxford University Press, Oxford);  Willis, W. D. and  Coggeshall, R. E. (1978) Sensory Mechanisms of the Spinal Cord. (Wiley, New York);  Zotterman, Y. (1976) Sensory Functions of the Skin in Primates. (Oxford University Press, Oxford).

Fig. 4.2
   Dermatomes.  The boundaries between dermatomes are nothing like as sharp as the figure implies, and there is a certain amount of disagreement between authors concerning some of the details.  An excellent source, with comparisons with the earlier maps of Head, Elze, Richter,  and others is Hansen K, Schliak H. Segmentale Innervation. Ihre Bedeutung für Klinik und Praxis. (Stuttgart: Georg Thieme Verlag), 1962; another is Keegan J J and Garrett FD, The segmental distribution of the cutaneous nerves in the limbs of man.  Anatomical Records 102, 409-437, 1948.  Corresponding to the dermatomes on the motor side are the myotomes – they also overlap one another considerably

p.   Visceral afferents   They - and probably small somatic afferents as well - contain an extraordinary range of peptide transmitters, including VIP, somatostatin, angiotensin, substance P, CCK-like peptides, and so on.  What are they all for?

p.     Morphology of endings  See for instance Iggo, A. and  Andres, K. H. (1982) Morphology of cutaneous receptors. Annual Review of Neuroscience 5, 1-31; and Halata, Z. (1975) The mechanoreceptors of mammalian skin.  Ultrastructure and morphological classification. Advances in Anatomy, Embryology and Cell Biology 50, 1-77.

p.   Receptive field  The concept of the receptive field is one we shall be coming across repeatedly, and applies most obviously to spatial systems like the somatosensory and visual.  At slightly higher levels, parts of the fields may be excitatory and some inhibitory.  It can also apply to neurons at much higher levels still, which may be responsive to a particular kind of stimulus (in vision, a line of a particular orientation, for example) but still only within a defined area.    Finally, the concept can usefully be extended to cover attributes which are not literally spatial, but can be thought of as arranged along an axis, for instance in the case of visual neurons responding to a range of wavelengths, auditory cells tuned to certain frequencies, or olfactory neurons responding to some odorants and not others.  

p.   Overlap providing redundancy   This principle seems to extend right up to higher levels of the sensory pathways.   Recordings from sensory cortex in conscious cats have shown that local anaesthesia in the periphery can cause an almost immediate restructuring of cortical receptive fields, with the appearance of new areas that previously had no effective contribution.  See Metzler, J. and  Marks, P. S. (1979) Functional changes in cat somatosensory and motor cortex during short-term reversible epidural blocks. Brain Research 177, 379-383.

p.    Thalamus and cortex.  Indeed, far from the thalamus being subservient to the cortex, perhaps it is really the other way round.   Maybe experimenters tend to think that the cortex is important merely because it is easy to work on!

p. Internal capsule  Because of its position it is peculiarly vulnerable to the damaging effects of stroke.

p.  Slip and grip     See for example Johansson, R. S. and Westling, G. (1987) Signals in tactile afferents from the fingers eliciting adaptive motor responses during precision grip. Experimental Brain Research 66, 141-154.  Robot hands designed for grasping and lifting objects are sometimes provided with a similar sense, in the form of microphones built into the gripping surfaces, whose output is used in a feedback loop to increase the pressure when the object is slipping.  

p.  Single units of the human hand   See for example  Johansson, R. S. (1978) Tactile sensibility in the human hand: receptive field characteristics of mechanoreceptive units in the glabrous skin area. Journal of Physiology 281, 101-127;  Johansson, R. S. and  Vallbo, Å. (1979) Tactile sensibility in the human hand: relative and absolute densities of four types of mechanoreceptive units in glabrous skin. Journal of Physiology 286, 283-300; Vallbo, Å., Olsson, K. Å., Westberg, K.-G. and  Clark, F. J. (1984) Microstimulation of single tactile afferents from the human hand. Brain 107, 727-749.

p.    Modalities are just names   An example may make this clearer.  Imagine a simple-minded creature - perhaps some kind of slug - whose cutaneous sensations fall into only three categories: 'wet', 'earth', and 'nice' - the last being the result of contact with a slug of the opposite sex.  A slug who studies physiology and investigates the responses of his own somatosensory neurons would find that some fibres - what we call 'light touch' receptors - fire during both 'earth' and 'nice', while others ('cold') fire during 'wet' and sometimes during 'earth', and so on: he would deduce in fact that his fibres were not modality-specific, but that 'earth', 'wet' and 'nice' were coded in the form of particular patterns of activity.  A human physiologist would completely disagree: what he would report would be highly specific fibres responding to the traditional categories of 'warm', 'cold', 'light touch' and so on: but the argument would clearly be about the naming of sensory categories, not about the observations themselves.  

A thoughtful discussion of this whole area (one that many students find difficult) can be found in Melzack, R. and Wall, P. D. (1962) On the nature of cutaneous sensory mechanisms. Brain 85, 331-356.

p.    Complexity of skin sensation   Two accounts that do justice to this area:  Katz, D. (1989) The World of Touch. Lawrence Erlbaum, Hillsdale, New Jersey; and Sathian, K. (1989) Tactile sensing of surface features. Trends in Neuroscience 12, 513-519.

p. Pain     Intelligent accounts may be found in Holden, A. V. and  Winlow, W. (1984) The Neurobiology of Pain. (Manchester University Press, Manchester); and Melzack, R. and  Wall, P. D. (1982) The Challenge of Pain. (Penguin, Harmondsworth). NB new M & W reference – find.
p.  Referred pain   It is interesting to speculate on … Footnote about whether due to embryological common origin?  Is it true?
p.  Injury without pain    See Wall, P. D. (1985) Pain and no pain. In Functions of the Brain, ed. C. W. Coen. Clarendon, Oxford.

p.  Gating theory    This theory generated a quite astonishing degree of hostility when it was first proposed, partly, one suspects, because people did not like to have their comfortable, simplistic ideas of 'one fibre, one modality' unsettled.  See Melzack, R. and  Wall, P. D. (1982) The Challenge of Pain. (Penguin, Harmondsworth), p. 233. 

p.   Human single C fibres    See van Hees, J. and  Gybels, J. M. (1972) Pain related to single afferent C fibers from human skin. Brain Research 48, 397-400.

p.  Pain reduced by meaningless stimuli  In the 17th and 18th century large numbers of itinerant mountebanks would travel to fairs round the country drawing people’s teeth,  a popular public spectacle.  Often they would have a drummer with them whose job was to perform a prolonged drum-roll close to the victim’s head during the operation, which apparently induced a certain degree of anaesthesia – and of course helped drown his screams, which would have put off other customers.
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p.  Pacinian Corpuscle   This exhibit has already been described, in Chapter 3: see p. [whatever it is].
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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.  Anatomical pathways   A data-base of nuclei and other areas in the CNS, and the tracts and pathways that join them, that you can use for reference or for self-testing.   The two upper windows list sources and destinations, the lower one has the names of tracts that join them.   If you click on the name of a tract, its origin(s) and destination(s) appear in the upper windows.  To restore the full lists, click on Show all.   If you click on a source in one of the upper windows, the destination window lists the major areas to which it projects, and the corresponding tracts are listed below.  Similarly, clicking on a destination shows the sources and their linking tracts.  Double-clicking on a destination takes you on stage further on, by treating it as a source and showing you its destinations; similarly, double-clicking on a source takes you one stage further back.  
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  p.  Lateral inhibition    This exhibit demonstrates various aspects of lateral inhibition.  Some of the items in it are essentially visual, and are described in Chapter 7, p. [whatever it is].   The section which is more general is on the left, which shows a spatial stimulus (blue) and the spatial pattern of its response (green).  The radio buttons choose as stimulus either a single line or point, and edge, or a pair of lines.  The buttons just to the right generate either blur or lateral inhibition, and can be used repetitively to increase the effect: Restore returns to the original state.   At top right, the slider called Completeness determines how much lateral inhibition is applied.   Look first at an edge, blur it once, and then apply lateral inhibition once; do this for several settings of completeness.  With full completeness, the steady DC component on each side of the edge is completely removed.  Using a point stimulus, notice how lateral inhibition counteracts blur, at least up to a point.  With a double stimulus, notice that if you add blur to the point where the two stimuli cannot be distinguished, lateral inhibition does not separate them again: in other words, strictly speaking lateral inhibition does not improve acuity.
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  p.  Cortical regions  A simple map of functional cortical areas, for self-testing.   Click on one of the radio buttons designating an area of cortex, and the name and Brodmann number will appear in the box at right.  Alternatively, click on the pull-down button at the right of the box to display the whole list, and click on an item: the corresponding radio button will be selected.
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Incomplete

A, C

Cold, hot
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Mechanical

People

Henry Head (1861 - 1940) and William Rivers (1864 - 1922) in Rivers' room in St John's College, Cambridge, where they carried out their observations on the recovery from section of a peripheral nerve that gave rise to their idea of the division of cutaneous sense into protopathic and epicritic.  Rivers is best known for his having treated the author Siegfried Sassoon at Craiglockhart for 'shell shock'.

Vernon Mountcastle (b. 1918)  spent essentially all his professional life at the Johns Hopkins School of Medicine, where his systematic studies of cerebral cortex established the columnar organisation of somatosensory cortex, later confirmed for other areas of cortex as well.  He has written widely on the problems of relating cortical activity to perceptions.

