Chapter 8



Smell and taste

All neurons in the brain respond to chemical transmitters, so chemosensitivity is hardly a specialisation of function at all.  We shall be concerned here only with chemical stimuli that originate outside the body, with olfaction (smell) and gustation (taste).  The functions of the chemoreceptors that monitor the composition of the blood, and are used in the regulation of autonomic and hormonal functions, are discussed in Chapter 14.

Olfaction 

Receptors

If you have had the privilege of dissecting a human head you will be aware that the nose has an internal complexity that is quite startling in comparison with its rather drab exterior.SYMBOL 38 \f "Wingdings"  The surface area of the nasal cavity is enormously inflated by the presence of three conchae on each side, highly vascular organs covered with erectile tissue whose function is primarily to moisten and warm the incoming air, and conversely to limit the loss of heat and water in the air that is expired (Fig. 8.1).  The olfactory receptors form part of the olfactory epithelium, tucked away in the olfactory cleft right at the top of the cavity, and in normal quiet breathing only a very small proportion of the air actually reaches the olfactory epithelium.SYMBOL 38 \f "Wingdings"  However, in sniffing, turbulences are set up round the conchae, and an appreciable fraction of the air gets to the olfactory receptors.  This fraction is critically dependent on the state of the conchae: if you have a cold, they tend to become engorged with blood, hindering the passage of air to the higher regions and causing the familiar partial loss of smell.

Figure 8.1 conchae 

Man is a microsmatic animal: smell plays a far smaller part in his sensory world and in the regulation of his actions than in the case of macrosmatic animals such as the dog, and his olfactory sensitivity is in general correspondingly reduced.

To some extent this is reflected in the small area of our olfactory epithelium: about 5 cm2 in all, compared with some five times that in the cat, despite its very much smaller head.  This epithelium has a number of easily recognisable features.  It contains Bowman's glands of tubulo-alveolar form producing a lipid-rich secretion that bathes the surface of the receptors; consequently, to have an odour a substance must to some extent be lipid-soluble.  Another characteristic is that one of the types of epithelial cells contains granules of pigment: the depth of colour in different species is often correlated with olfactory sensitivity, being light yellow in Man and dark yellow or brown in dogs.  It has sometimes been suggested that this pigment may play some part in the mechanism of olfactory transduction, perhaps being involved in the absorption of some kind of radiation such as infra-red, an idea discussed later in the chapter.  Finally there are the receptors themselves, of which there are some ten million in Man.  They are distinguished by a terminal enlargement above the surface of the epithelium, from which project some 8-20 olfactory cilia (Fig. 8.2). These cilia show the usual 9 + 2 fibril arrangement at the base, but are not believed to be actively motile: they form a dense and tangled mat that covers the olfactory area.  Vacuoles can also be seen in the terminal enlargement, and experiments have shown that they are actively pinocytotic: fluid is being continually drunk in by the receptors and passed down the olfactory nerves into the brain.  The significance of this surprising feature is unclear.  A further curiosity of the olfactory receptors is their remarkably short life: after a month or two they degenerate and are replaced by new ones from below.  

Figure 8.2 receptor 

In addition to the conventional olfactory epithelium, there is another region, much less studied, that appears to contribute to olfaction.  This is the vomeronasal organ, or Jacobson’s organ, connected by a duct to the nasal airways and probably more receptive than the olfactory epithelium to the pheromones that have such profound effects on behaviour. SYMBOL 38 \f "Wingdings" 

Olfactory bulb

Unlike many receptor cells, the olfactory receptors send their own axons to the CNS without an intervening synapse.  These fibres, the fila olfactaria, make up the first cranial nerve: they are exceedingly fine and difficult to see with the light microscope.  They pass through the cribriform plate at the base of the cranial cavity in individual holes ('cribriform' = 'sieve-like') and enter the olfactory bulb which lies just above the olfactory epithelium (Fig. 8.3).  Here they synapse with dendrites of the large mitral cells (they are supposed to look like bishops' mitres) and tufted cells in specialised nexuses called glomeruli.  In rabbits, which have been particularly well studied, each glomerulus receives information from some 26 000 receptors, and has an output to about 24 mitral cells: there are probably only some 2000 glomeruli in all.  The fibres entering any one glomerulus come from a wide area of the epithelium, so that detailed information about any spatial patterns of activity must be largely thrown away.  But as is the case for rods in the eye, this enormous degree of convergence must certainly enhance the nose's sensitivity by providing a mechanism by which the contributions of very large numbers of receptors can be added together.  The final output of the bulb consists of the axons of the mitral and tufted cells, forming the olfactory tract: this has two divisions, lateral and medial, of which only the lateral one appears to be important in Man.  The vomeronasal bulb has its own nerve to an outlier of the olfactory bulb, the accessory olfactory bulb, whose projections are broadly similar to those of the main bulb itself.

Figure 8.3 bulb

The olfactory bulb is not just a simple relay.  It has two other properties that we have already seen to be common to all the sensory systems examined so far, namely lateral inhibition, and negative feedback control of afferent information.  The most prominent feedback path is formed by projections from the second-order mitral and tufted cells, that excite granule cells (Fig. 8.3) which in turn inhibit neighbouring second-order cells.  An interesting feature of these synapses is that they are dendro-dendritic (the granule cells have no axons), and reciprocal: excitation and inhibition occur simultaneously - in opposite directions - at the same synapse.  Other collaterals of the second-order cells' axons synapse in the anterior olfactory nucleus with interneurons which also return and synapse with granule cells; but in this case some of the interneurons project contralaterally in the anterior commissure to influence the opposite bulb in the same way.  The significance of this mutual inhibition between the two bulbs is not clear: one possibility is that it may serve to enhance differences between the activities of the two bulbs - another kind of lateral inhibition - in a way that might perhaps be useful for localising smells.  Careful experiments have shown that even humans are capable of localising odorous objects in a rather approximate way, presumably through slight differences in the timing or intensity of the stimuli in each nostril.  Finally there are the periglomerular cells, which appear to carry out lateral inhibition at the level of the glomeruli, through reciprocal synapses with the second-order cells, and direct connections from the fila olfactaria.  All this is strikingly reminiscent of the retina, where horizontal cells appear to carry out similar functions to periglomerular cells, and amacrine cells to granule cells, using the similar kinds of synaptic mechanism.

Central olfactory projections

The central projections of the olfactory system provide something of an embarras de richesses, very different from the orderliness with which for example the optic tract projects to the lateral geniculate nucleus and thence to the cerebral cortex: indeed olfaction seems to be unique in projecting straight on to cortical areas without relaying in the thalamus or any equivalent structure.   You need to bear in mind that the olfactory system is very much older than such senses as vision and hearing, and in more primitive animals a very much larger proportion of the brain is directly or indirectly concerned with olfaction (Fig. 8.4).  The reason for this is not hard to see: simple animals depend much more immediately than we do on knowing directly from their senses whether food is in the vicinity, and their motor systems are likely to be more pressingly governed by the need to move towards nutrients and avoid poisons, and to seek out mates by recognising the chemical attractants they release.  Their motivation - the drive that tells their motor systems what to do - is essentially olfactory.  

Figure 8.4 comparative 

Even in Man, the remains of this very basic system for chemical motivation and emotion (emotion being the sensory correlate of motivation) can still be seen in the central olfactory projections (Fig. 8.5).  Many of these structures form part of the limbic system, a group of nuclei, cortical regions and connecting tracts of great evolutionary antiquity that appear to be concerned with precisely those kinds of function that one would expect in a primitive animal to be closely related to chemical stimulation: motivation, emotion, and certain kinds of memory.  The limbic system and its functions are discussed more fully in Chapters 13 and 14; for the moment we may note for example that the septal nuclei and amygdala contain regions known as 'pleasure centres', in the sense that when electrically stimulated they seem to provide a kind of direct positive motivation.  The hippocampus seems to be concerned with associating different places in the environment with the promise of food or pleasure signalled more directly by olfactory stimulation, and recognising such a stimulus in the future as a source of motivation in its own right.  

Figure 8.5 central paths 

What seems to have happened in the course of evolution is that this kind of secondary motivation by stimuli that only acquire their meaning through experience and learning has steadily grown in importance relative to that of primary olfactory motivation (Fig. 8.6). For Man, money is perhaps the most obvious secondary motivation, and the most powerful of all: given the choice between a plate of fish and chips and a plate of £10 notes, unless one were exceptionally hungry there is no doubt which would cause the greater motivational drive! SYMBOL 38 \f "Wingdings"
Figure 8.6 motivation 

For this reason, limbic structures that were originally subservient to olfaction are now not primarily olfactory at all; and the name rhinencephalon ('nose-brain') which is sometimes given to the limbic system is an inappropriate one in higher animals.  Finally, there are important connections between the limbic system and the hypothalamus (see Chapter 14, p. [whatever it is]), providing routes by which olfactory stimuli can cause such obvious autonomic effects as salivation and other secretory responses to food smells, as well as influencing the choice of food: a single instance of particular odorant, associated with nausea even some hours later, can condition an animal to avoid the substance for the rest of its life SYMBOL 38 \f "Wingdings".   Smell my also have much more widespread hormonal and behavioural effects, of which the best known are perhaps sexual arousal and modification of reproductive cycles, even abortion. SYMBOL 38 \f "Wingdings"  Many creatures emit specific pheromones (air- or water-borne signals) that act as sexual attractants, often over large distances.  A curious feature of some of these lures is that they often resemble, in species as different as the civet and the moth, the steroid reproductive hormones themselves (at least in overall shape: Fig. 8.7).  Furthermore, some of them - such as civet oil and musk - are used in perfumery and so presumably act as lures for human males as well (curiously abundant also in church incense).  There are said to be marked sex differences in the olfactory thresholds for some of these macrocyclic compounds, which may also vary with the phase of the menstrual cycle.  But it is not just the sex-life of animals that is dominated by smell.  Predators sniff out their prey; fish find their way back to their native streams - sometimes from hundreds of miles away - through smell.  Pheromones in the urine or from facial glands may be used as territorial markers; herd animals use them to warn others of the approach of a predator and personal smells are an essential means by which many animals recognise their own social groups and mothers their young.  It is natural to speculate whether we humans are influenced subconsciously in the same kind of way: if so, it would have the most profound psychological and sociological implications.  Firm evidence is lacking, though pheromone sprays for men apparently sell well. SYMBOL 38 \f "Wingdings"  The vomeronasal organ, described earlier, appears to be particularly involved in detecting olfactory stimuli with strong behavioural implications: via the accessory olfactory bulb, it projects extensively to various parts of the limbic system, particularly the medial nucleus of the amygdala.

Figure 8.7 pheromones  

Box near here

However, one striking indication of the psychological links between olfactory and limbic functions in Man is the very vivid way in which odours may call up - often with surprising intensity - recollections of past experience; and it is interesting how often such evocations are not just of the objective circumstances of a particular event, but also of the mood or emotion that was felt at the time, in a way that is seldom experienced with purely auditory or visual stimulation.  The direct penetration of the emotional areas of the brain by olfactory fibres seems exactly reflected by what we feel. SYMBOL 38 \f "Wingdings".  

Recordings from olfactory cells

Perhaps because smell does not seem as useful or important to us as say vision or hearing, and also because of certain difficulties of experimental technique, our knowledge of the electrophysiology of olfaction is still somewhat rudimentary.  In those species where it has been possible to measure the time-course of the response, the transduction process is found to be extremely prolonged, extending over a second or more (Fig. 8.8).  This, and the extraordinary olfactory sensitivity to be discussed later (with a very steep dose-response curve), suggests some kind of amplificatory cascade similar to what is found in photoreceptors: in the case of smell there has presumably been less evolutionary pressure to make things happen fast.  As was mentioned in Chapter 3, we now know the initial transduction process is of a highly unconventional indirect form, with cAMP acting as an intermediary and causing an increase in both sodium and calcium permeability, the calcium in turn triggering the third-order opening of chloride channels, that – very unusually – are excitatory because of the unusually high intracellular chloride concentration.   In addition, there is evidence for a second mechanism in parallel, in which the receptor triggers the opening of calcium channels (and thence chloride) through g-protein activation of IP3, and that some odorants vary in the extent to which they affect one pathway rather than the other.  

The details of stimulus encoding in the olfactory nerve fibres are not very clear.   One of the difficulties is that whereas it is comparatively easy to stick an electrode into the optic nerve or auditory nerve and record the way in which single fibres respond to particular stimuli, it is rather hard to do the same thing in the case of smell: the olfactory fibres are exceedingly fine, rather short, and buried for much of their length in the cribriform plate.  An electrode in the olfactory epithelium tends to pick up not spike responses from individual cells, but an averaged slow potential from many of them together, the electro-olfactogram or EOG.  The size and shape of the EOG often shows rather little obvious correlation with the kind of substance that is applied.  

Figure 8.8 responses 

With care, one may be lucky enough to record spikes from individual fibres, usually with the EOG superimposed on top, but again there is generally no simple relation between firing frequency and the kind of stimulus applied.   In fact with a single-unit preparation of this kind one can draw up a list in two columns, showing for a particular cell which substances excite it and which inhibit it.  Such lists turn out to be quite chaotic, with apparently similar substances like menthol and menthone (which smell identical to us) often on opposite sides.  Even more perplexingly, if one moves the electrode to record from a different cell, one finds in general an entirely different list, with substances that were excitatory for one cell being now inhibitory for the other, and substances that were on the same side of one list being on opposite sides of the other.  In fact there seems no system whatever in the way in which chemical stimuli are coded into patterns of firing of the olfactory nerve: each unit has its own assortment of molecular receptors, and thus its private idiosyncratic view of the olfactory world, like a spoilt child who likes baked beans but not bananas, fudge but not fish fingers, in a wholly arbitrary manner.  The situation could hardly be more different from a sensory organ like the retina, with each of its units closely specified in terms of position, intensity and colour.  Randomness of this kind is not necessarily a weakness in a sensory system; no information need be lost, since by looking at the pattern of response over the fibres as a whole the nature of the original stimulus can still be reconstructed.  Imagine a nursery of spoilt children seated at a dinner table and provided with push buttons with which they can register approval or disapproval of what is set in front of them: if these buttons were connected to an array of lights on a screen, it is clear that although any individual child's preferences may be quite idiosyncratic and quite unlike any other's, nevertheless any particular dish will result in a perfectly characteristic and reproducible pattern of lights by which it may be recognised.  The ultimate reason for this randomness is almost certainly that there is a large repertoire of receptor proteins, presumably specific for particular groups of odorants, but only a few of these are expressed in any particular receptor cell.  There is evidence for a degree of rough spatial patterning in this expression over the surface of the olfactory epithelium.

Recordings from the olfactory bulb show a reduced degree of chaos: Fig. 8.9a shows in graphical form the responses of a large number of units in the olfactory bulb of a monkey, and it can be seen that a small proportion of the cells responded to just one of the eight chemicals used as stimuli, and most showed excitation or inhibition to at least three.  This increased specificity is undoubtedly the result of the lateral inhibition via periglomerular and granule cells, that occurs early on in the bulb.   Just as in the skin, where lateral inhibition reduces functional overlap between receptors by emphasising differences in spatial firing patterns, here too - in a more abstract sense - it is reducing overlap between receptors not literally in space but in 'odorant space'.SYMBOL 58 \f "Wingdings"  Of more central areas little is certain: responses to olfactory stimulation can be recorded from wide areas of the brain, not just in the limbic system but as far afield as the basal ganglia as well.  One region that has been studied in more detail is the prepyriform cortex (fig 8.5): here units show properties that suggest that the chaos characteristic of preceding levels of the olfactory system is beginning to be sorted out, and a significantly larger proportion of units respond to just one of a series of chemicals (Fig. 8.9b). On the whole there is a tendency for a larger proportion of units to respond to 'meaningful' smells like food or urine than to such things as the smell of mothballs.

Figure 8.9 grid 

Psychophysics of smell

The sense of smell shows a number of interesting and unusual features, which as well as shedding light on one's understanding of sensory processes in general, also account for some of the peculiar experimental difficulties of studying olfaction.

The sensitivity of olfaction in many species is astonishing: just as the rods in the eye respond to single photons, and the ear to vibrations of the air of subatomic dimensions, so the olfactory receptors are very near the theoretical limit of their sensitivity, and can apparently respond to the absorption of one or two molecules.  Tests on tracker dogs have shown that they can respond to one millilitre of butyric acid (an ingredient of stale sweat) in some 1011 litres of air.  This means that each sniff contains only about 200 000 molecules, and since the dog has roughly 200 million receptors, it follows that the absorption of two molecules at the most must be enough to excite an individual receptor.  Sensitivity of this kind makes for considerable difficulty in experimentation, for when one measures an apparent response to one particular substance A, unless A is quite exceptionally pure, one can never be quite certain that what one is measuring is not the response to some other substance B present in exceedingly small amounts as a contaminant.

Another characteristic of olfactory sensitivity is that adaptation, though not particularly rapid, is usually absolutely complete.  Thus men working in uncommonly smelly environments such as sewers or gas works soon become quite insensitive to the smells around them, and people are in general unaware of their own body odours.  Professional food evaluators have to take special precautions to avoid adaptation of this kind.  Wine-tasters, aware of this danger, may nibble a piece of cheese between sips to restore the keenness of their palates (and with intriguing symmetry, Scottish cheese-tasters take a nip of whisky after each sample, ostensibly for the same reason).  This may perhaps be why the olfactory epithelium does not lie on the path of the incoming air in normal breathing: in sniffing, a sufficient change in odour concentration may be set up that overcomes unwanted adaptation.

The most fundamental way in which smell differs from the other special senses is in the lack of a systematic method of classifying and analysing different types of odour.  To some extent this is because we ordinarily pay little conscious attention to smell, having enough to do in coping with the flood of more interesting information pouring in from our eyes and ears.  Helen Keller, the writer who was blind and deaf from an early age, was able to develop her olfactory discrimination to an extraordinary degree through not being distracted by her other senses; she could for example recognise people she met and places she visited solely through their characteristic odours.SYMBOL 38 \f "Wingdings"  

Part of the trouble is undoubtedly our lack of a proper vocabulary for describing smells: if we want to convey to someone what a eucalyptus smells like, we are literally at a loss for words.  The difficulty is that there exists no objective, physical, way of classifying smells systematically in the way that we can, for example, order colours into a spectrum or tones into a scale.  In the case of vision our system of classification leads us to formulate simple rules using the colour triangle that enable us to predict the result of mixing colours in certain proportions to produce other colours: but in the case of smell this is quite impossible.  We can never predict in advance what the result of mixing two odours together will be, and the results of doing so are frequently quite paradoxical.  For example, the smells of iodoform and of coffee, individually strong and characteristic, are said to cancel each other out if appropriately mixed; other examples of cancellation of this kind have sometimes been exploited commercially to produce specific deodorants.  Worse still, many odours smell quite different at different concentrations.  Indole, which is a major component of dog excreta, and smells like it when concentrated, has a pleasant floral smell when very dilute and has actually been used in cheap perfumes!  SYMBOL 38 \f "Wingdings"  Many of the organic sulphides smell appalling at close range, but in small quantities turn out to be mainly responsible for the appetising smell of foods such as roast beef and onion.  Conversely, the nose is usually unaware without special training whether a particular smell is pure, in the sense that only one kind of molecule is present, or a mixture.  Many natural odours that seem perfectly unitary and pure, like that of raspberries, are in fact composed of dozens of components, many of which taken by themselves are rather unpleasant, and cannot be detected for what they are in the whole ensemble.

For all these reasons, although in the past strenuous efforts have been made to try to classify smells into primary odour classes, like the nineteenth-century six-fold classification shown in Fig. 8.10, no classification is ever really satisfactory because it does not enable one to predict the results of making mixtures, in the way that the colour triangle does for colours.  There is no such thing, in fact, as a primary odour.  The explanation for this unsatisfying state of affairs lies in the chaotic way in which individual receptor cells respond to particular chemicals, which in turn is presumably a function of the apparently haphazard way in which they are allocated different types of molecular receptors.  If we have two substances A and B which each produce characteristic patterns of activity in the olfactory nerve as a whole, then the response to A and B together will not be simply the sum of the responses to each separately: it will be a new pattern altogether.  Thus the number of 'primary odours' will be of the order of the number of types of receptor, which is likely to be very large.

Figure 8.10 Henning 

Transduction mechanisms

Though we know in a general way that the firing of olfactory nerve fibres is a consequence of a non-specific increase in ionic permeability, mediated by cAMP, how odorant molecules actually trigger this change remains something of a mystery.   Presumably there are receptor sites that recognise particular molecules or classes of molecule, but the basis of this recognition it not as straight-forward a matter as one might imagine.  A simple concept that has been around for some time is due to Amoore.  He suggested that either on the receptor membrane, or possibly inside, there are hollow receptacles of molecular proportions, which accept or reject odorant molecules according to how well they fit the site (Fig. 8.11).  In his theory he chooses just seven types of site, and each site has its corresponding odour quality - floral, minty, and so on - and two of the sites are for electrophilic and electrophobic molecules.  In general terms the theory is plausible enough, except for the very small number of primary classes that is envisaged: we have already seen that a classification with only a few primary odours is quite insufficient to describe the richness and complexity of the real olfactory world.  Another problem is that in practice there is often a striking lack of the expected correlation between a molecule's overall shape and what it smells like.  Camphor and hexachlorethane smell practically identical to us, yet one could hardly imagine two molecules more different in size and structure (Fig. 8.12). Again, optical isomers - molecules having the same structure but mirror images of one another - generally have identical smells: it is difficult to see how the same site could fit both forms.

Figure 8.11 Amoore 

Figure 8.12 camphor 

A second theory that was devised partly to get round this problem of lack of consistency between molecular shape and odour-quality is the infra-red vibrational theory developed by Wright (1964).  The basic notion here is that while odour must ultimately be determined by chemical structure - the structure after all defines what the chemical is - overall shape is by no means the only property of a molecule that is determined by its structure.  All molecules undergo mechanical vibrations, and the frequencies of these vibrations lie mostly in the infra-red region, and depend in a rather complex way on the molecule's structure.  In principle one could certainly imagine a sensory system that analysed the spectrum of these frequencies of vibration, perhaps mutual resonance at particular sites on receptors.  In such a case one might well find two substances with similar shape but different smells because their frequencies of vibration were different; or conversely, substances sharing particular vibration frequencies and thus smelling similar, but of very different overall shape.  There are a number of examples of the latter phenomenon that lend some support to the theory: nitrobenzene, benzonitrile and alphanitrothiophen, all of which smell of bitter almonds, happen to have many of their vibrational frequencies in common, but have widely differing shapes.  Optical isomers necessarily have identical vibrational frequencies, and usually smell identical as well.  But while the theory has a certain plausibility in the more primitive parts of the animal kingdom SYMBOL 38 \f "Wingdings", in the case of warm-blooded animals there is a grave physical objection: it is very difficult to see how an olfactory system working with infra-red radiation could function with such exquisite sensitivity - responding to single odorant molecules - in the presence of the inevitable background 'noise' generated by the body's own heat.  It might conceivably be that the pigmentation of the olfactory epithelium could play some role in the absorption of radiant energy, and its presence is otherwise somewhat puzzling.  But few physiologists would care to accept the infra-red theory as the explanation of olfaction in higher animals.

It may very well be that Amoore's theory is basically correct, but with perhaps a couple of thousand different receptors rather than just seven, whose affinity for different molecules is determined by something rather more sophisticated than simply their overall shape (perhaps vibrational frequency might come into it as well).  As mentioned earlier, these receptor proteins seem to expressed a few a time in any one receptor cell, it what seems a random way.  It is interesting in this context that many otherwise normal people show specific anosmias - 'blindness' to particular smells (that of freesias being a common example) - that are inherited as single recessive genes, suggesting perhaps the loss of a single receptor protein.  More than sixty such specific anosmias are known. SYMBOL 38 \f "Wingdings"
Taste

The receptors and central pathways

What the man in the street means by 'taste' is actually very largely smell, with purely somatosensory contributions such as texture, temperature and even pain (as in pepper) playing a part as well.  People with anosmia, perhaps as a result of a cold, find their sense of 'taste' profoundly disturbed: apples taste like onions, vintage port like blackcurrant syrup.  In fact the human tongue appears to have only four modalities of taste apart from ordinary cutaneous sensation: salt, sour, bitter and sweet.  These four qualities have obvious physiological significance: sweet things are on the whole sources of metabolic energy; bitterness is usually associated with poisons; sourness is simply a measure of acidity, and salt essentially of sodium chloride concentration, two fundamental physiological variables.  Some amino acids and their derivatives also stimulate taste receptors, but it is not clear whether this constitutes a fifth sub-modality; in some species water is an effective stimulus as well.  To some extent taste thresholds and preferences are under the influence of the body's state of physiological need: salt-deprived rats show a preference for drinking salt solutions instead of water, and will tolerate strong saline solutions that other rats will refuse to drink.  Coal miners, who sweat a lot, often used to put salt in their beer, though to others it tasted revolting.  Whether the body's acid-base balance similarly affects perceived sourness is unclear.

If one stimulates the tongue with solutions applied locally through small pipettes, it is evident that certain areas are more sensitive than others to particular stimulus modalities (though the zones are not nearly as clearly demarcated as figures such as Fig. 8.13 inevitably imply), and furthermore that the sense of taste is confined to special structures on the tongue called the papillae.  In Man, three main types of papilla have been described: one of these, the filiform papilla, is not concerned with taste at all but is specialised for rasping and particularly well developed in meat-eaters like the cat. Circumvallate papillae, associated with sour and bitter taste, are found at the back of the tongue and consist of a sort of dome surrounded by a moat (Fig. 8.14), and in the walls of this moat one can find sensory cells with microvilli arranged in pit-like invaginations together with accessory cells, 30-50 in all, forming taste-buds.  Similar buds are found in the fungiform papillae, which respond to salt and sweet and lie more towards the edge of the tongue.  Unlike the olfactory receptors, these do not send their own axons to the CNS, but are innervated by fibres of cranial nerves VII and IX, whose cell bodies are in the geniculate ganglion and glossopharyngeal ganglion respectively; the tongue is also innervated by the trigeminal nerve (V), providing ordinary somatic sensibility.  The afferent taste fibres go to the rostral part of the nucleus solitarius, which projects via a positive relay to the medial part of the ventral posterolateral area of the thalamus, whence fibres ascend to a small area of the insular cerebral cortex (Fig. 8.15), where they are joined by a part of the olfactory projection.  On the whole the anatomy of the gustatory system is much more like that of ordinary cutaneous sense than is the case for olfaction, though gustatory projections to the periamygdaloid cortex, hypothalamus and other limbic areas certainly exist as well.
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Figure 8.15 taste paths 

One branch of the lingual nerve passes rather conveniently in the chorda tympani, where it is relatively accessible for recording.  Single units show almost the same chaotic properties seen in the olfactory fibres (Fig. 8.16); instead of responding strictly to just one of the four modalities, they tend to respond to a random assortment of them (and often to water as well, which in many species should really be thought of as a fifth gustatory modality).  Once again, each unit seems to have its own viewpoint of the gustatory world, and stimuli are encoded in the spatial pattern with which the ensemble of afferent fibres discharges.  At the thalamic level (Fig. 8.16) the situation seems hardly less chaotic, although there may be more of a tendency for units to be selective for one type of stimulus.

Figure 8.16 responses 

Transduction mechanisms

For two of the modalities of taste, salt and sour, the complexities so characteristic of olfaction seem to be absent: sourness depends in a simple way on pH (though not all solutions of equal pH are equally sour, and the anion contributes), and saltiness is a function mostly of the sodium ion concentrations, though to some extent of lithium as well (figure 8.17).   The transduction of both these modalities seems relatively straight-forward: in the former case, hydrogen ions appear to reduce the permeability to potassium, either directly or via cAMP, while the response to sodium seems simply to be due to its direct entry through passive sodium channels, altering the Nernst potential for sodium and hence the resting potential.  One can also show that the neural response to salt solutions is modified by salt-deprivation in the way that would be expected from behavioural observations.  

Fig. 8.17  transduction etc

But in the case of sweet and bitter, the situation is much more like that in the nose: once again we find a distinct lack of correlation between overall molecular shape and taste, as for example in the well known artificial sweeteners, whose thresholds are vastly lower than the actual sugars for which the receptors were presumably intended.  But the fact that we are dealing here with only two classes instead of indefinitely many simplifies things considerably, and it is now clear that there are specific receptor proteins which in some cases have been extracted and found to bind to sweet or bitter substances, and are 'fooled' by false stimuli like saccharin in the same way that we are ourselves.   The sweet receptors - which respond to some amino acids as well as sugars and sweeteners - appear to increase cAMP via activation of  G protein and generate a depolarisation through a decrease in PK.  Bitter substances, again via a G protein, activate the production of IP3 which then causes calcium to be released from internal stores, which in turn causes the release of transmitter from the vesicles.  These findings give some confidence to the idea that olfactory transduction might also be mediated by specific receptor proteins, although necessarily with an enormously greater repertoire of types of binding site.  Here and in the case of olfaction, there are also certain parallels with immunological mechanisms, that may suggest a common origin.

Figure captions

Fig. 8.1  The nasal cavity in Man; longitudinal and transverse section, showing the superior, medial and inferior conchae (s, m, and i), the olfactory cleft, and approximate position of the vomeronasal organ.

Fig. 8.2  Typical olfactory receptor, showing terminal enlargement with cilia and vacuoles projecting above the level of the surrounding epithelium. Note that the cilia are truncated in this picture: in practice they vary considerably in length, some being shorter than the receptor cell body, and some several times its length.

Fig. 8.3  Simplified representation of the cell types of the olfactory bulb, and their connections p, periglomerular cells; g, granule cells; AON, anterior olfactory nucleus.

Fig. 8.4  Reduction in relative size of olfactory bulb (black) with phylogenetic development of the brain. (Partly after Carpenter, 1976)

Fig. 8.5  Highly schematic diagram of areas of the brain directly or indirectly driven by olfactory stimuli: ‘rhinal cortex’ includes  periamygdaloid, prepyriform and entorhinal cortex, hippocampus and subiculum.

Fig. 8.6  Schematic representation of motivation through primarily olfactory stimuli in primitive organism (a), and in a more developed animal (b) through other stimuli (secondary motivators) that become potent through association.

Fig. 8.7  The structure of testosterone (above) and of two olfactory sexual attractants (below)

Fig. 8.8  Above, olfactory transduction appears to be a doubly indirect process, in which olfactant triggers a G-protein linked increase in cAMP, that opens sodium and potassium channels and thus depolarises the cell.  But calcium enters as well, and this indirectly causes chloride channels to open.  Normally this would be inhibitory, but because olfactory receptors have unusually high [Cl-], chloride leaves rather than enters, and further depolarisation results. Below,  patch-clamped salamander olfactory receptor responding to brief puffs of odorant of different concentrations.  The odorant was mixed with potassium to act as a marker to give the effective duration of the stimulus; the potassium generated the first, brief phase of the response.  The later, extended part of the response is due to the odorant itself.   (Firestein and Werblin, 1989)

Fig. 8.9  Graphical representation of responses of neurons in the olfactory system of a monkey to each of eight different odours (A-H). Red = excitation, pink = inhibition. (a) 40 different units in the olfactory bulb; (b) 73 units in prepyriform cortex and amygdala: a larger proportion of the more central units respond to a smaller set of the stimuli applied. (Data from Tanabe et al., 1975)

Fig. 8.10  Henning's prism: an attempt to divide olfactory stimuli into six 'primary' classes

Fig. 8.11  Five of the receptor sites proposed by Amoore, and (bottom, right) the floral site occupied by a molecule of geraniol, a constituent of the smell of roses. (After Amoore, 1963; copyright MacMillan Journals Ltd.)

Fig. 8.12  Two substances whose smell is extremely similar though their shapes and chemical properties are entirely different.

Fig. 8.13  Human tongue, showing regions where the four components of taste are most readily evoked, and the approximate distribution of two kinds of papillae. (After Moncrieff, 1967)  The distribution of the different sensations actually overlap more than this figure implies.

Fig. 8.14  (a) Scanning electron micrograph of circumvallate papilla; the arrows show the openings of taste pits or buds on the surface of the papilla (Kessel and Kardon, 1979; copyright W. H. Freeman and Co.). (b) Schematic section of such a papilla, showing the sensory cells lying within the taste bud.

Fig. 8.15  Simplified scheme of the main afferent gustatory pathways (V, VII, IX, cranial nerves; CT, chorda tympani; GG, geniculate ganglion; VPM, ventral posterior medial thalamic nucleus; PGC, pontine gustatory area).

Fig. 8.16  Responses of gustatory neurons. (a) Records of activity of a single fibre in the chorda tympani of a cat, showing discharges in response to water and quinine (bitter), but not to salt. (b) Diagrammatic representation of the responses of seven individual taste receptors in the rat to four different stimuli, showing the varieties of stimulus preference. (c) Similar representation for 18 taste units in monkey thalamus. (Shading indicates size of response: data from Cohen et al., 1955; Kimura and Beidler, 1961; Benjamin, 1963)

Fig. 8.17  The transduction mechanisms believed to be responsible for the four main types of taste receptor.  In the case of the salt taste, the mechanism appears to be simply one of modification of the Nernst potential for sodium; sweetness appears to be the result of a decrease in potassium permeability, mediated by a G-protein and cAMP, while bitter receptors work by activation of phospholipase C to produce IP3 which then triggers release of internal calcium stores which in turn triggers transmitter release.
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Notes

p.  The chemical senses are under-represented in the literature.  Three useful sources are: Cagan, R. H. (1989) Neural Mechanisms in Taste. CRC Press; Davis, J. L. and  Eichenbaum, H. (1991) Olfaction. MIT Press, Cambridge, Mass; Finger, T. E. and  Silver, W. L. (1987) Neurobiology of taste and smell. Wiley, New York.  Moncrieff, R. W. (1967) The Chemical Senses. Leonard Hill, London has a great deal of detailed information relating to the psychophysics, especially in relation to perfumery, but is otherwise out of date.  Earlier books in this general area are mentioned in the note for p. xxxx, below. 

p.  The outer nose is not without neurological interest: see Critchley, M. (1979) Man's Attitude to his Nose, in The Divine Banquet of the Brain. Raven, New York.

p.    Air not normally reaching the olfactory cleft    In 1882, the Viennese physiologist E. Paulsen performed an elegant but somewhat macabre experiment to establish this point.  Having cut a human head down the middle, he placed tiny squares of red litmus all over the nasal cavities; then, sticking the two halves together again, he drew air laden with ammonia from a bottle held under the nose by appropriate manipulation of a pair of bellows attached to the trachea.  On opening the head he could see by which pieces of litmus had turned blue what course the air had taken: very little reached the receptor region.  (See the description of this and other similar experiments in Finger, S. (1994) Origins of Neuroscience: a History of Explorations into Brain Function. Oxford University Press, Oxford).

p.  Vomeronasal organ  Lyall Watson (1999) Jacobson’s Organ: the Remarkable Nature of Smell (Allen Lane) is a recent and engaging account of the vomeronasal organ in particular and its links with behaviour.  

p.  Olfactory localisation  The experiments were conducted by von Békésy, of auditory fame: see von Békésy, G. (1964) Olfactory analogue to directional hearing. Journal of Applied Physiology 19, 369-373.

p.   Man relatively indifferent to smell  Aldous Huxley: 'Man's sense of smell is relatively poor and this apparent handicap has proved to be an actual advantage to him.  Instead of running round like a dog, sniffing at lamp-posts and becoming deeply agitated by what he smells on them, Man is able to stand away from the world and use his eyes and his wits relatively unmoved'  Quoted in McCartney, W. (1968) Olfaction and Odours. Springer Verlag, New York.

p.    Permanent olfactory aversions  See for instance Garcia, J. and Ervin, F. R. (1986) Gustatory-visceral and teloreceptor-cutaneous conditioning: adaptation in internal and external milieus. Communications in Biology A1, 389.

p.   Olfaction and sexual attraction   Recall Nelson's apocryphal message to Lady Hamilton: 'The fleet's in: don't wash!'.  Conversely, in one experiment  photographs of men were rated as friendlier when the air was scented with an extract from male armpits (Kirk-Smith, M., Booth, D. A., Carroll, D. and  Davies, P. (1978) Human social attitudes affected by androstenol. Research Communications in Psychological Psychiatry and Behaviour 3, 379-384). 

p.  Emotional effects  Dementia patients who are confused, restless or aggressive can be calmed if they are exposed to external stimuli which they recognise to be associated in the past with calm and safety.  Since demented patients lose recent memory before early memories, childhood smells can be particularly effective:  for instance, one elderly patient who was disorientated and confused (and as a result aggressive) was calmed by exposing her to the smell of lavender, abundant in her childhood home.

p.   Olfaction and behaviour in general  Two excellent books by Stoddart review this field very well: Stoddart, D. M. (1980) The Ecology of Vertebrate Olfaction. Chapman and Hall, London, and Stoddart, D. M. (1990) The Scented Ape: the Biology and Culture of Human Odour. Cambridge University Press, Cambridge.  Doty, R. L. (1976) Mammalian Olfaction, Reproductive Processes and Behaviour. Academic, New York is another useful book in this area.  Social aspects of smell are also discussed in Bedichek, R. (1960) The Sense of Smell. Michael Joseph, London - with many entertaining anecdotes - and in Burton, R. (1976) The Language of Smell. Routledge and Kegan Paul, London.

p.  Helen Keller  'Smell,' she wrote, 'is a potent wizard that transports us across thousands of miles and all the years we have lived.  The odours of fruits waft me to my southern home, to my childhood frolics in the peach orchard ... The sense of smell has told me of a coming storm hours before there was any sign of it visible.  I notice first ... a slight quiver, a concentration in my nostrils.  As the storm draws near my nostrils dilate, the better to receive the flood of earth odours which seem to multiply and extend, until I feel the splash of rain against my cheek. ... I know the kind of house we enter.  I have recognised an old-fashioned country house because it has several layers of odours, left by a succession of families, of plants, perfumes and draperies.'  Keller, H. (1903) My Life. Hodder and Staughton, London.

p.  Changes of character on dilution  Robert Boyle (1627-1691) describing an odd encounter of this kind:  'An eminent professor of mathematics affirmed to me, that, chancing one day in the heat of summer with another mathematician to pass by a large dunghil that was then in Lincoln's-Inn Fields, when they came to a certain distance from it, they were both of them surprised to meet with a very strong smell of musk, which each was for a while shy of taking notice of, for fear his companion should have laughed at him for it; but when they came much nearer the dunghil that pleasing smell was succeeded by a stink proper to such a heap of excrements.'  Quoted in McCartney, W. (1968) Olfaction and Odours. Springer Verlag, New York. 

p.  Amoore's theory   See for instance Amoore, J. E. (1964) Current status of the steric theory of odour. Annals of the New York Academy of Sciences 116, 456.

p.  The infra-red theory   Support for this idea has also come from a study of the curious way in which male moths are attracted by candles.  It turns out that candles have characteristically spiky infra-red spectra, and that a number of the emission lines coincide with the vibrational frequencies of the female moth's pheromone: other sources such as hurricane lamps that emit as much infra-red but lack the spikes are much less powerful attractants.  So it seems that the suicidal fascination of the candle for the moth is a sexual one: the candle is the flamme fatale of mothdom!  See Callahan, P. S. (1977) Moth and candle: the candle flame as sexual mimic of the coded infrared wavelengths from a moth sex scent (pheromone). Applied Optics 12, 3089-3097.  The infrared theory is forcefully argued in Wright, R. H. (1982) The Sense of Smell. CRC Press, London.

p.  Molecular recognition  See for instance Reed, R. R. (1990) How does the nose know? Cell 60, 1-2.
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  p.  Olfactory recognition   This very simple exhibit shows how a lack of specificity for particular odorants amongst receptors can easily be overcome by a subsequent stage of lateral inhibition.  On the left, you can select an odorant (A to J) with a radio button.  Each receptor (middle) is labelled with the odorants to which it responds, and any particular odorant will cause several of them to fire; the coding at this stage is by spatial pattern rather than by labelled lines.  The second-order neurons (right) receive excitatory connections (red) from some receptors, and inhibitory (blue) from others.  As a result, overlapping between patterns is eliminated, and each second-order neuron codes for one specific odorant.  (Because there are more odorants than second-order neurons, some are not encoded at all)

Boxes

Examples of behaviour controlled by olfaction


Feeding 

Hunting and finding food, eating and aversion, 



 stimulation of digestive secretions.  







Sexual

Recognition of receptive females, triggering or



 suppression of ovulation, sexual attraction 



 and arousal.







Maternal

Recognition of offspring, triggering of maternal 



 behaviour







Avoidance

Scenting of predators, response to alarm



 pheromones released by other herd members.







Territorial

Recognition of urinal territorial markers, 



 homing and recognition of breeding-grounds, 

Social


Recognition of individuals and members of 



 species or group, social dominance.

People

Helen Keller (1880 - 1968) was deprived by an illness of both vision and hearing when she was less than two years old.  As a result, she developed extraordinary compensatory sensitivity in her remaining senses, most notably in olfaction, as well as a vigorous crusading spirit in defence of the rights of women and the those with disabilities.

