Chapter 14   
Motivation and the control of behaviour

SYMBOL 38 \f "Wingdings" We first came across the concept of the hierarchical structure of the brain, its organisation in an ascending series of levels, in Chapter 9.  Now, in this final chapter we look at the very highest levels of all, those that determine what we do rather than how we do it.  

Actually, there is no very clear or logical distinction between 'what' and 'how' in this sense: the task of deciding what to do amounts in the end to deciding how to stay alive, or at worst, how to immortalise our genetic instructions.  It is for this reason that the sensory inputs of this highest level come - paradoxically - not just from the special senses that tell us about the outside world, but also from interoceptive, self-monitoring senses that are usually considered so 'low' as to be beneath our conscious notice.  What they provide is information about the physiological well-being of the body, the state of the milieu intérieur, and our distance from that final condition that awaits all of us.

Motivation

Why, in fact, do we ever bother to do anything at all?  

The answer is basically to do with income and expenditure, of energy.  Even at rest, we are remorselessly expending energy: if we don't replace this energy, we die.  If like corals or sea-anemones we were lucky enough to live in an environment where we were bombarded by food, we could just glue ourselves to rock and keep our mouths open.  But for the big spenders, warm-blooded animals like us, the only way of keeping in surplus is to gamble.  We expend a lot of energy as a stake, in order to perform actions from which we hope to get more in return, rather like a business investing some of its profit in the hope of even huger profits in the future.  In a sense this decision-making - to do or not to do - is the most difficult task an organism has to undertake.  As we shall see, the whole of the brain can usefully be thought of as a mechanism for reducing the risk, by making more and more accurate predictions about the likely result of any particular course of action, on the basis of past experience, stored not just in our brains, but in our books.   

To put it another way, we need to apply the principles of homeostasis, which loom so large in general physiology, not just to the milieu intérieur but to the outside world as well.  In addition to internal homeostasis, controlled by hormones and ANS, we have to add external homeostasis, controlled by the brain, achieved sometimes by literally altering our environment, but more often by moving to somewhere nicer, or by engulfing or penetrating things we like. 

Motivational maps

But the decision process need not be as complex as this.  In a simple creature - an amoeba is an extreme case - the nature of the fundamental mechanism is particularly obvious: its motivation is entirely a function of its immediate environment, sensed chemically:  Consequently we see tropisms in response to gradients of things like food (positive) or poisons (negative).   On the one hand, attractive stimuli set up a positive gradient down which the animal moves; on the other hand, threatening conditions create a negative gradient, and it moves away (Fig. 14. 1).  So the amoeba's environment is a sort of motivational potential field or contour map, and the amoeba is like a little charged particle that moves around in response to local gradients, the path it traces out being a direct function of its environment.  Very simple tropistic mechanisms like these give rise to surprisingly life-like behaviour, as in Grey-Walter’s pioneering Elsie (Fig. 14.2) which ran amiably around the floor looking for light, or the interactive version in NeuroLab SYMBOL 58 \f "Wingdings".  Though higher animals produce more complex behaviour, the mechanism is essentially the same.  The added complexity comes about for two reasons.  

Figure 14.1 gradients 

Figure 14.2  Elsie

First, because there are many more types of desirable and undesirable stimuli to which they may react, and many of them - perhaps most - are learnt: these are the secondary motivators (like money) that through experience become associated with other more self-evidently desirable goals (Chapter 8).  Consequently each individual has its own classification of stimuli into desirable and undesirable categories, unique because it is the result of that individual's own personal experience.  

The second complicating factor is that whether a particular stimulus like food is a motivator or not depends also on ones own need - in this case, whether or not one is hungry.  Motivation, in other words, is something like the product of gradient and need, so changing patterns of need give rise to changing patterns of activity even though the environment itself is the same, and to an outsider the resulting behaviour may appear to be complex or even unpredictable.  Thus Cambridge for me consists of a large number of separate gradient or contour maps, each corresponding to a different need: one for food, with high points at all the food shops and restaurants, one for money, centred on my bank and supplemented by cash machines, one for newspapers, one for avoiding rain,  and so on.  Which one is operative at any particular moment depends on my need at that moment, rather like those electrical maps sometimes seen at the more down-market tourist resorts, with bulbs that light up when you press one of a set of buttons marked 'parking', 'pubs', 'post offices', and so on.  

So the fundamental limbic motivational computer has to be a sort of ‘yellow pages’ connecting particular needs with a kind of library of motivational maps of the outside world: like the tourist map, it translates information about need into the kind of tropistic data that can in turn be turned by the higher levels of the motor system into actual patterns of activity (Fig. 14.3).  Some evidence suggests that these 'yellow pages' or motivational maps are embodied in the hippocampus. SYMBOL 38 \f "Wingdings" Hippocampal neurons have been found in the rat that respond specifically when the animal is at a particular point in its environment, for example within a maze that the rat has learnt (Fig. 14.4); its involvement in certain kinds of learning was discussed in the previous chapter.   Similarly, scans of London-taxi drivers have shown hippocampal areas that light up when the driver imagines trying to drive from one particular location to another.  Equally, it is the hypothalamus, that provides information about need, about the state of the body, and projects to the hippocampus via the septal nuclei.  It is the centre to which autonomic afferents project, and its neurons monitor such physiological states of the blood as glucose concentration, temperature and osmolarity, as well as levels of circulating hormones, that decides one's state of need.  It is also in the hypothalamus that primary consummatory responses such as eating and drinking may be triggered off by electrical stimulation.  The hypothalamus is thus at the heart of the neural mechanisms that generate motivation.

Figure 14.3  maps

Figure 14.4 rat map 

It is natural to feel a certain resistance to the notion that our own richly complex lives, the apparent wealth of choices open to us, and our sense of liberty to choose among them, could possibly be determined by so simple a mechanism.  But as Herbert Simon has said, human behaviour is really rather simple, but because most people live in very complex physical, man-made and social environments, their actual behaviour appears extremely complicated; thus the path traced out by an ant moving over rough ground may be very complex in appearance, even though its behaviour is simply directed at getting back to its nest.  To some extent it is in fact possible to plot motivational maps in man: by averaging over large numbers of individuals, it is not difficult to measure quite directly the same kinds of tropistic gradients for us humans, that work so well in describing what an amoeba does.  If you take a group of people and ask them the very simple question 'Where in Britain would you like to be?', it is possible to obtain contour maps of average preferences (Fig. 14.5).   These are certainly motivational maps, in the sense that if the individuals had the means to do it, they would be translated into actual migratory behaviour not very different in essence from our amoeba moving blindly down its tropistic gradient.

Figure 14.5 Britain 

Emotion

But motivational tropisms are not the only kind of behaviour.  Some of our activity is not aimed directly at achieving particular goals in the way that the tropisms are; instead it is preparatory to the directed behaviour itself. The release of adrenaline associated with the need for sudden exertion is a classic example: it has the obvious effect of preparing the muscles and circulatory system for action.  This sort of thing is what is meant in the widest sense by emotional behaviour; the emotions that we may feel at the same time are the sensory side-effects of this undirected behaviour (Fig. 14.6).  There are as many types of emotional behaviour as there are types of motivational goal, and they include some kinds of activity that are not regarded as ‘emotional’ in common parlance.  Salivation, for example, is in this sense an emotional response accompanying the directed behaviour of getting food and eating it; and penile erection is an obvious preparatory response to another kind of goal. Much of the release of hormones falls in this general category, as for example the surge of LH that triggers ovulation in response to copulation in some species.  Thinking of emotion and emotional behaviour in this more inclusive way helps to dispel some of the misunderstanding and muddle that tend to surround this topic.

As Man has a richer set of possible needs and goals, including abstract or even spiritual ones, so his types of emotional behaviour and emotional sensations are more varied and complex.  But there are two absolutely basic emotional patterns found throughout the animal kingdom, and perfectly evident in Man as well, associated with tropisms of any kind: these are arousal and conservation.

Figure 14.6 need 

Two basic emotional states

Arousal signifies the emotional state associated with a steep tropistic gradient, which may be either towards a desirable goal or away from a source of threat (Fig. 14. 1): the state often described by physiologists as 'fight, fright or flight', that results in an increase in the general activity of the sympathetic system, and the release of adrenaline.  The consequent bodily responses are all of more or less obvious use in preparing the body for the expenditure of the energy used to achieve the goal: blood flow through the muscles is increased, the heart rate is raised, glucose is released into the blood, the bronchioles and pupils dilate, the electrical activity of the brain increases, reaction times get quicker, and there is an associated feeling of general excitement.  All of this of course involves a certain expenditure of energy, and would be a drain on the body's resources if kept up for a long time: but much is now at stake, and the gamble is one worth taking.

Conservation or withdrawal is in a sense the opposite of arousal.  In a situation like that shown in Fig. 14.7, when every possible action is unpleasant - like standing in the middle of a minefield! - the sensible response is to conserve one's resources, and do nothing at all, in the hope that the difficulties will go away of their own accord.  The result is inactivity and stupor, a loss of muscle tone, sleep or even hibernation; if the situation is a sudden one, there may be abrupt immobility or freezing - the animal thus incidentally making itself inconspicuous and feigning death (a common response to oncoming motorcars, but not a particularly helpful one).  By all these means the rate of energy expenditure is greatly reduced, enabling the animal to ride out what may be only a temporary state of siege.  The associated feelings are of apathy, tiredness and weakness: because of the reduction in muscle tone, one may actually feel heavier, pressed to the ground - the origin of the word 'depression'.  Loss of muscle tone in the face produces a characteristic sagging of the lower jaw and of the corners of the mouth, and bowed head.  In mild forms, the conservation state occurs only too commonly when a person feels that nothing is worth doing and circumstances are against him, giving rise to reactive depression.  The more acute form of conservation is fortunately only rarely seen in civilised societies, except in response to cataclysmic disasters.  The woman in Fig. 14.8 has just emerged from shelter after an earthquake that has destroyed most of the town in which she lived.  The objective signs of conservation are obvious: the stooped posture, the hand lifted to the face to support the dropped jaw, the immobile staring eyes.  In such circumstances one may find a general state of apathy and inactivity that continues for a long time and is not conducive to survival.  A curious feature of such chronic depression, though one that is readily understandable in terms of motivational maps, is that in times of severe and particular stress, as in war, the incidence of this kind of emotional state actually decreases, perhaps because collective activity is required.  Sleep can usefully regarded as a variety of conservation, and is considered in a separate section below.

Figure 14.7  Minefield
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We seldom see either of these two kinds of emotional state in their pure forms.  Real objects tend to be both attractive and repellent: a hunting animal's prey may both be desirable as food and also dangerous, and in many species even the sexual act is a risky undertaking for the male.  It can be illuminating to think of emotions in terms of a continuum of types distributed around the two primary axes of arousal and conservation (Fig. 14.9), emphasising the ambivalent nature of such states as rage and fear, the knife-edge between attack and retreat.  Food does not usually have quite this effect on humans - dining is rarely a frightening experience in modern society - but rage can easily be elicited in situations of frustration, when the positive and negative aspects of a possible goal are nicely balanced.  The nature of the goal clearly affects the precise response that is made, yet there can often be a curious generality about arousal, most obvious perhaps in human sexual behaviour: sexual aggression shades off imperceptibly into sadism, and affection is expressed by licking and biting and other responses more appropriate to an edible goal.  

Of course such schemes are over-simplistic; for one thing, they ignore the important part that memory, especially the kind of anticipatory memory discussed in the previous chapter in connection with the frontal lobes, may play in introducing an extra temporal dimension into our emotions: such emotional states as hope, worry, confidence and regret clearly involve an element of this kind.  But it may help us to remember that there is nothing particularly recherché or high-falutin' about human emotional responses, and that there is no reason to suppose that they are produced by fundamentally different mechanisms from those generating the remarkably similar patterns of behaviour seen in animals.

Figure 14.9 axes 

Neural mechanisms

In short, keeping alive is a matter of monitoring the milieu intérieur and making homeostatic adjustments to it, adjustments that are partly neural and autonomic and partly hormonal: internal responses to internal stimuli.  But this process is made much more effective by reacting to external stimuli as well, and by generating external responses.  The development of the brain has permitted more and more sophisticated analysis of external stimuli, and greater and greater elaboration of patterns of external response, so that most of its bulk is concerned either with sensory analysis or motor co-ordination.  But in the end, the only part of it that really matters is the region where the four fundamental signals – internal and external inputs and outputs - actually come together.  That region is the hypothalamus. 

The hypothalamus

Homeostatic functions

SYMBOL 38 \f "Wingdings" SYMBOL 58 \f "Wingdings" The hypothalamus lies on either side of the third ventricle, immediately above the pituitary (hypophysis) and below the thalamus, and consists of several fairly distinct subdivisions (Fig. 14.10).  Though scarcely larger than a peanut, it has a pivotal role in the control of behaviour, whether controlled externally or internally:  the reason is because it is in effect an interface that straddles the blood and the brain.  At the lower level it acts as what Sherrington called the head ganglion of the autonomic system, effectively being in charge of the whole of the milieu intérieur, through its autonomic efferents as well of course as through its control of the entire endocrine system through the pituitary; and it has feedback from the body again through autonomic afferents, and also from its own private sensors monitoring such things as osmolarity, blood glucose and temperature: in a sense it is a sort of death predictor. 

Figure 14.10 hypo 1

What has happened in the course of evolution is simply that on the one hand the hypothalamus has come to rely more and more heavily on special senses and on massive limbic input to predict what is going to happen to the milieu intérieur - think of temperature receptors in the skin, for example, or information about general light level telling you about the time of day, or taste receptors telling you that you're about to experience an elevation of blood glucose.  But on the output side as well, the hypothalamus can generate actual behaviour through its projections to limbic and motor pathways: a sensible response to cold is putting more clothes on; a sensible response to a river if you're thirsty is to bend down and drink.  It is both need detector and response generator.  (Fig. 14.11): the rest of the brain is really just a way of making the hypothalamus work better.

Figure 14.11 hypo 2

Its hormonal output, the pituitary, is controlled by two distinct mechanisms: one is direct, the other indirect.  

Direct: the axons of neurons in the supraoptic and paraventricular nuclei pass right down into the pituitary stalk to terminate in the posterior lobe (neurohypophysis).  Here they release their transmitters, not at synaptic junctions but directly into the bloodstream; thus these neurons are acting directly as endocrine cells, and their transmitters are actually hormones.  Neurons of the supraoptic region predominantly release antidiuretic hormone (ADH), those of the paraventricular region mostly oxytocin.  Both these hormones are nonapeptides of very similar structure, but their effects are entirely different.  ADH helps control the osmolarity of the blood by stimulating the retention of water in the kidney; in large doses it may also increase blood pressure through arteriolar constriction (hence its alternative name of vasopressin).  Oxytocin stimulates the smooth muscle of the uterus in labour, and also causes milk ejection during lactation; in both cases the stimulus to its release is essentially neural, predominantly from mechanoreceptors in the regions concerned.

Indirect: the other route by which the hypothalamus controls the secretion of hormones from the pituitary is quite different.  Axons from other hypothalamic neurons terminate in a region on the ventral surface (the median eminence) where a system of fenestrated capillaries carries arterial blood down to the anterior pituitary through a portal systemSYMBOL 38 \f "Wingdings"  The substances released from their terminals (releasing or inhibiting hormones) enter this portal system and are transported to the anterior pituitary where they each either stimulate or inhibit the release of some corresponding pituitary hormone.  Thus the release of the pituitary hormone prolactin, which stimulates the secretion of milk and has other functions related to pregnancy, is stimulated by prolactin-releasing hormone (PRH) and inhibited by prolactin-inhibiting hormone (PIH), from medial regions of the hypothalamus.  Other hypothalamic hormones have their corresponding pituitary ones: apart from PIH (which is known to be dopamine) they are all small peptides.  It is probably most helpful to consider them in a functional context, by examining a number of specific instances of homeostatic systems in which hormonal and neural signals are integrated by the hypothalamus to produce external, behavioural, responses as well as internal ones.

Hypothalamus and glucostasis

The control of blood glucose is a clear example of the interplay between internal and external homeostasis (Fig. 4.12).  On the one hand, there are the well-known hormonal mechanisms that ensure that glucose flooding in from the gut during a meal is quickly stored away, and later distributed to longer-term depots where it is needed; in addition, there are several hormonal mechanisms that supply glucose when and where it is needed, during acute or chronic periods of need.  On the other hand, it is only through behaviour –predation and ingestion – that glucose or its precursors will ever arrive in the gut at all.  And in the hypothalamus we find neurons that are concerned with all aspects of both internal and external glucostasis.

The ventromedial and lateral areas regulate feeding behaviour by monitoring the level of blood glucose, and this information is also used in a negative feedback loop that regulates pituitary growth hormone release by means of GRH and GIH (somatostatin) in response to fluctuations in blood glucose.   The ventromedial hypothalamus has also long been known to be associated with the control of eating.  An animal with a lesion in the ventromedial area develops a voracious appetite, as if unable to sense when it has had enough, and as a consequence it becomes obese.  Lesions in the lateral hypothalamus have exactly the opposite effect: appetite is reduced, the animal displays little interest in food and loses weight.  For this reason, the lateral area is often described as a 'feeding centre', and the ventromedial area as a 'satiety centre'.   Cells of the ventromedial area take up glucose at a particularly high rate; as a consequence, injections of the poisonous glucose derivative gold thioglucose cause specific localised lesions that result in hyperphagia.  In addition, the short-term control of eating is of course also dependent on sensory information coming both internally from the digestive tract and externally from smell and taste.  Thus we have here a clear example of a system in which internal information from both the blood and viscera is used in conjunction with external stimuli to produce an integrated response that is partly internal (the regulation of growth hormone, and also the production of saliva and other digestive secretions, and other autonomic effects) and partly external - the eating itself.

Figure 14.12  Example of homeostasis

Hypothalamus and fluid balance

The control of the concentration and volume of the body fluids, is equally clearly a matter of co-operation between internal and external mechanisms of homeostasis, between hormonal regulation and behaviour, and is associated particularly with the supraoptic region.  Certain cells in this region act as osmoreceptors, stimulating the release of ADH when the blood becomes too concentrated; autonomic afferents carrying information about blood volume from stretch receptors in the venous circulation also appear to contribute to the control of ADH by the hypothalamus.  Other information that is relevant to the regulation of water balance comes from receptors in the subfornical region, just above the hypothalamus; they respond to the hormone angiotensin II that essentially signals a low average blood pressure, but are more concerned with the regulation of drinking than with the control of ADH.  Again, autonomic afferents from the oesophagus and stomach are also believed to contribute to thirst and to the initiation and especially the termination of drinking: animals stop drinking long before their body fluids have yet become fully rehydrated – if they didn’t, they would drink far too much.  The effects of hypothalamic lesions suggest that like eating, drinking is controlled by two opposed systems located in different areas.  Lesions in the supraoptic region produce excessive drinking (polydipsia), while those in the lateral hypothalamus reduce drinking as well as eating; electrical stimulation of the lateral nuclei, on the contrary, cause an animal to take in enormous amounts of water.

Hypothalamus and temperature regulation

Temperature regulation is in fact another example of homeostasis achieved through a mixture of internal and external responses: autonomically, hormonally, and also through overt behaviour such as curling up in the cold and seeking warmth (not to mention putting on or taking off one's clothes).  Once again, the input to this system is partly neural and partly humoral; afferent signals from somatosensory warm and cold receptors, and from cells in the anterior hypothalamus that themselves respond to the temperature of the blood.  Temperature regulation appears to be represented rather diffusely in the hypothalamus.  Electrical stimulation at many points can produce fragments of temperature-regulating activity such as shivering, piloerection, vasoconstriction and sweating.  Broadly speaking, the anterior half is concerned with mechanisms for losing heat in a hot environment and the posterior half with conserving heat when it is cold.  More generally, there is a tendency for sympathetic responses to be found in the posterior half and parasympathetic in the anterior half.  The fact that none of these effects are sharply localised simply reflects the high degree of interrelationship that exists between different homeostatic functions: a given response such as vasoconstriction may be caused by many diverse kinds of stimulus (fear, low temperature, low blood pressure), and will in turn have a disturbing effect on several different homeostatic systems.  The thyroid-stimulating hormone TSH is controlled by TRH, associated with more ventral parts of the hypothalamus.  The thyroid hormones have many interrelated effects on metabolism and growth, which are not well understood.  One of its functions appears to be to cause a general increase in metabolic rate, helping to maintain body temperature under conditions of chronic cold.  

Hypothalamus and reproduction

The endless multiplication of examples can soon become wearisome, and in any case leads far outside the scope of this book; the remaining pituitary outputs will be only mentioned very briefly.  The gonadotropic hormones LH and FSH, jointly controlled by a single releasing factor (LHRFH), together with the pituitary hormone prolactin are the means by which the brain influences the reproductive systems.  What is particularly interesting about them is that gonadal steroids feed back on to receptors in the hypothalamus, not only influencing the production of the hormones themselves (and thus generating reproductive cycles) but also controlling sexual and maternal behaviour.  They also illustrate very clearly how an essentially hormonal control system can be influenced by a host of different types of stimuli from the special senses.  One need only think of the effects of light on the timing of ovulation and breeding seasons, of the effect of skin and other kinds of stimulation on sexual arousal, of the influence of the sound or smell of offspring on maternal behaviour, of pheromones on ovulation and mating, and so on.  Similarly, the effects of the various kinds of internal and external stimuli that constitute 'stress' on the secretion of corticotropic hormone (ACTH), that regulates the secretion of corticosteroids from the adrenals and is controlled by CRH, are well known: ACTH is actually quite widely distributed in the brain, including the superior colliculus and substantia nigra and amygdala.  Finally, there are the melanocyte-stimulating hormones (MSH), regulating the pigmentation of the skin in certain species and released from the interstitial part of the pituitary, that are controlled in a similar way by MRH and MIH, under the influence predominantly of visual stimulation.

Relation to limbic system

SYMBOL 38 \f "Wingdings" The neural pathways to and from the hypothalamus are not well understood.  In particular, although it is evident that the hypothalamus is, in Sherrington's words, 'the head ganglion of the autonomic system', it has not been possible to identify conclusively by what routes its autonomic functions are mediated.  Its connections with the limbic system are clearer: it receives afferents from the hippocampal region functions of all this? through a massive fibre bundle (the fornix), and is interconnected through the medial forebrain bundle with many parts of the limbic system and reticular formation, including the areas controlling respiration and the cardiovascular system (Fig. 13.12).  The medial forebrain bundle also carries afferent olfactory information.  Some hypothalamic nuclei - notably the supraoptic and paraventricular, project to extraordinarily diverse areas, including substantia nigra and the substantia gelatinosa of the dorsal horn.   Corresponding to this diverse output, stimulation of many regions of the hypothalamus can give rise to fragments of emotional behaviour such as sweating, piloerection, freezing, sexual things, and so on.

The amygdala appears to be an important structure on the output side: it projects partly to the hypothalamus (generating autonomic and hormonal effects) and is also capable of generating actual behaviour by two routes to the motor system: to dorsomedial nucleus of thalamus, which projects in turn to frontal cortex; and to the nucleus accumbens which projects to parts of basal ganglia, particularly globus pallidus and substantia nigra.  The projection to the hypothalamus through the medial forebrain bundle is particularly interesting, as its organisation seems to correspond rather nicely with the two fundamental types of emotion described earlier in this chapter, conservation and arousal (Fig. 14.13).  

Figure 14.13 amygdala

The lateral amygdala projects directly to the ventromedial hypothalamus, and broadly speaking both seem to correspond with conservation, the horizontal axis of Fig. 14.9.  Stimulation in this region of the amygdala produces passivity, and even sleep or stupor.  Lesions in the ventromedial hypothalamus, the 'satiety centre', produce over-eating and obesity; again, similar effects are produced in the lateral amygdala, but with a more general affective change as well, an increase in irritability and aggressiveness.  

The dorsomedial amygdala projects directly on to the lateral hypothalamus, and both regions seem, broadly speaking, to be concerned with arousal, the activation of a positive motivational drive.  We have already seen that the lateral hypothalamus is associated with the initiation of eating and drinking behaviour, in the sense that lesions give rise to aphagia and adipsia; but they also produce a more general depression: dogs with lateral hypothalamic lesions are described as having a sad appearance, and are listless and somnolent.  Lesions of the dorsomedial amygdala have similar effects, with perhaps more of the general, affective, component; stimulation in this region may produce hissing and growling and other signs of positive arousal.  

Large bilateral lesions of the amygdala create an animal in which tropistic behaviour is greatly exaggerated (the Klüver-Bucy syndrome): everything in the environment seems indiscriminately attractive, and such a monkey will compulsively examine and try to eat such things as the bars of its cage and its own faeces, and even things like snakes that would terrify a normal animal.  The same kind of hypertropism is seen in its sexual activity: the animal is markedly hypersexual and may try to copulate with members of its own sex, as well as inanimate objects.  Again, it is as if objects do not receive their normal emotional colouring, and inappropriately directed behaviour.  Studies in humans have confirmed the general sense that the amygdala is in part involved in fear, aversion from stimuli that have been experienced as harmful.  Early studies showed that electrical stimulation of the amygdala in conscious patients (as part of preliminary investigations of possible sites of epileptic disturbances) elicited feelings of fear, and lesions in this area are reported to interfere with the formation of associations with unpleasant stimuli.

More specifically sexual responses (as well as more general items of emotional expression such as pupil dilatation or changes in facial expression) may be elicited from the cingulate gyrus, a primitive cortical region of the limbic system that receives a projection from the hypothalamus by way of the mammillary bodies and anterior thalamus.  Together with the nucleus accumbens, which appears to provide a link from the amygdala to the basal ganglia, it may provide another route by which the hypothalamus generates overt behaviour, though the functions of the cingulate remain unclear.  Other regions of the limbic system are described as pleasure centres, in the sense that if an electrode is implanted in, for instance, the septal nuclei, and connected up so that when an animal presses a lever in its cage it receives a pulse of electrical stimulation through the electrode, then as soon as the animal discovers what the lever does, it will go on pressing it repeatedly, often in preference to 'really' pleasant stimuli such as food or sex.  Of course one cannot tell whether it is feeling pleasure as a result: but it is clear that the electrode must in a sense be bypassing the normal motivational mechanisms of the hypothalamus and in some way activating the tropistic input to the motor system directly.  Other sites that have been found to produce direct motivation of this kind include parts of the amygdala and the hypothalamus itself.  In some locations (dorsomedial thalamus, amygdala, hypothalamus) electrical stimulation has exactly the opposite effect: once the lever is pressed, it is never pressed again, presumably because the stimulus is evoking avoidance rather than positive tropism; but one has to be sure in such cases that the animal is not merely feeling pain.

Cortical arousal

There is a further aspect of the general emotional states of arousal and conservation that has yet to be considered.  In addition to altering the visceral functions of the body, and to determining patterns of overt behaviour, they also regulate the activity of the thinking, cortical, areas of the brain.  Any system that works through association must have some way of regulating its sensitivity.  Too sensitive, and it will tend to jump to conclusions, recognising objects on insufficient evidence and wasting energy by making inappropriate responses; too cautious, and it may fail to respond to sensory signals that hint of predator or prey.  In states of emotional arousal we generally find low cortical thresholds and over-excitability; in states of conservation (of which sleep is the most familiar example) thresholds are high and responses are hard to elicit.  The control exerted by these systems may on some occasions be relatively local, acting rather like a spotlight to focus attention on a particular cortical region - as when a sudden sound at night alerts our auditory system - or more widespread, in the generalised states of arousal described earlier.  They may well also have a role in preventing cortical activity from getting out of hand.  Complex networks like those of the cortex, where the huge amount of convergence and divergence (the average number of synapses on a neuron in the monkey's motor cortex is around 60 000) tends to create positive feedback loops, are inherently unstable.  We need the equivalent of the damping rods in a nuclear reactor, altering the thresholds of the neurons in step with the level of incoming sensory activity, in such a way as to maintain a sufficient degree of sensitivity without triggering off the kind of neural explosion that is seen in epilepsy.
One way to monitor the overall level of activity of the brain is to attach electrodes to subject’s scalp, which pick up the average electrical activity of very large numbers of cortical cells at once; a record of these potentials is called the electroencephalogram, or EEG.SYMBOL 38 \f "Wingdings"  With lots of electrode, one may get some idea of the spatial pattern of activity (see Appendix, p. xxxx).  Paradoxically, the largest potentials are not those recorded when the brain is active, but when it is at rest.  The reason seems to be that because cortical cells are so richly interconnected with one another, with multiple opportunities for feedback circuits that loop back on themselves, if left to their own devices they tend to lock into rhythmic oscillation, giving rise to waves of potential that run across the cortical surface like ripples on a pond.  In a state of conscious quiet relaxation, these waves have a frequency of around 10 Hz, and are known as alpha waves (Fig. 14.14), most prominent near the occipital region.  If the brain is aroused as a result of outside stimulation, this idling pattern is broken up into essentially random fluctuations of no particular frequency and small amplitude, just as the even flow of waves across a pond is disrupted by a shower of rain; the resultant EEG is then described as desynchronised.   Conversely, the more profoundly inactive the brain is, as for instance in sleep or in certain kinds of pathological condition, the larger and slower are the waves of electrical activity.

Fig. 14.14    EEG

Ascending regulation and activation

Using the EEG, one can discover, by using lesions and stimulation, which parts of the brain seem to be concerned with the control of the overall activity of the cortex.   Over fifty years ago, Moruzzi and Magoun made some observations on cats using a preparation called the encéphale isolé, in which the brain, isolated from the spinal cord, shows essentially normal cycles of waking and sleeping, easily detected in the EEG.   What they showed was that electrical stimulation of part of the reticular formation converted the resting state of alternating sleep cycles into one of almost instant EEG alertness.  (Fig. 14.15)  Conversely, lesions in the same area in the top half of the RF, or disconnection of this region from the cortex by a transverse cut (creating a preparation called the cerveau isolé caused permanent reversion of the EEG to a somnolent condition (Fig. 14.15).  Finally, a mid-pontine section had the opposite effect, creating a permanent state of alertness.  This suggested that there were relatively specific regions within the reticular formation that were capable of determining the state of arousal of the cortex. 

Fig. 14.15 – Enc isolé.

This was a dramatic demonstration: until then, the reticular formation, with its apparently chaotic structure, was a complete mystery – people didn’t really want to know about it.  Suddenly there was this revolutionary idea, that our wonderful cortex might actually be totally under the control of the despised and apparently primitive reticular formation.  This control system came to be called the ascending reticular activating system (ARAS), though this is something of a misnomer as important parts of it are not in the reticular formation, and some of it projects not upwards but sideways or downward.  It is a system with extremely widespread inputs from all over the brain and from collaterals of ascending fibres, integrated over neurons with astonishingly large fields of projection (Fig. 14.16); its anatomy was introduced in Chapter 10.  Two specific areas in the reticular formation form the origin of part of this system, the raphe nucleus, which is serotonergic; the locus ceruleus, which is noradrenergic.  They have endings distributed to nearly all parts of the brain, with extensive diffuse projection to the cerebral cortex.  Another component is cholinergic, and has various functions.  One group of very large cholinergic neurons in the pontine reticular formation project on a rather diffuse set of neurons, the thalamic reticular nucleus, that encircles the thalamus and sends inhibitory fibres into it that in effect gate the flow of afferent information to the cortex (Fig. 14.17).   There are also diffuse cholinergic projections to the intralaminar thalamic nuclei (the centromedian and parafascicular) which can be regarded as a diffuse diencephalic continuation of the reticular formation, but also receive information from a surprising variety of other areas as well: spinothalamic and spinoreticular branches (nociceptive, for example), basal ganglia, and cerebellum.  Its output is to widespread areas of the cortex, but unusually also to the putamen and to ventral thalamus and thence to motor cortex.

Fig. 14.16  magnocellularis

Figure 14.17 TRN

The reticular formation’s overall regulation of the cerebral cortex takes place in two distinct ways: by controlling the access of sensory information to higher levels, and by direct regulation of the activity of the higher levels themselves.

Regulation of access

In the first of these functions, which can be called gating, the relationship between thalamus, reticular formation and cortex seems to be central, and is summarised in Figs. 14.18 and 14.19.  There are three kinds of afferent to the thalamus: specific, including the primary sensory projections; reciprocal from cortex; and regulatory from the reticular formation and thalamic reticular nucleus.  The role of the reciprocal connections is not entirely clear, but may well represent the coming together of ‘real’ stimuli and those that are predicted by the associative networks of the cortex.  The reticular nucleus, TRN, forms a sheet of neurons with dendrites in the plane of the sheet.   Thus all connections between thalamus and cortex have to pass through it, and in fact they send collaterals to the TRN cells, which in turn project back to the thalamus itself and are inhibitory (GABA).  This probably provides a mechanism for regulating the overall rate of information exchange, and perhaps a kind of lateral inhibition (compare for instance basket and Golgi cells in the cerebellum).  The TRN also receives input from parts of the reticular formation, which are in driven by projections from parietal cortex – the cortical area concerned with the localisation of objects around us – and may represent a pathway for directing attention to particular regions of the outside world.

Fig. 14.18   Thal and RF etc icl neurons

Fig. 14.19  More of the same

The action of the regulatory input has become a little clearer thanks to recent studies of the electrical behaviour of thalamic neurons in different states of alertness (Fig. 14.18).   Thalamic neurons seem to have two physiological states.  In their tonic mode, they are slightly depolarised and respond to stimuli in a normal way with tonic changes in frequency depending on the degree of stimulation.  But hyperpolarisation causes them to enter burst mode: they then generate short bursts of action potentials through the opening of calcium channels in response to small depolarisations.  In tonic mode these channels are inactivated by the steady depolarisation.  When the brain is asleep, most of the neurons are in burst mode; when awake, some are tonic but some are still in burst mode, perhaps depending on the state of attention.  It is as if in burst mode there is a kind of hurdle to discourage information from getting to the cortex, but if it manages to overcome the hurdle, these large spikes have much more effect than they same stimulus would in tonic mode: it has been suggested that this is meant to wake the cortex up and make it attend to something important or novel. 

Regulation of activity

The general regulation of the overall level of cortical activity seems to be carried out by curiously pervasive ascending projections forming they appear to form three or four separate and parallel systems, each associated with a particular transmitter and one or more sites of origin:

Noradrenergic, from the locus ceruleus and other parts of the lateral RF;

Serotonergic, from the raphe nuclei;

Dopaminergic, from the ventral tegmental area (mesencephalic);

Cholinergic, from various reticular and related sites, for example the substantia innominata.

Before considering each in turn, it is important to bear in mind that the monoamine systems in particular, though certainly mostly genuinely neural, have a sort of autonomic function as well, in that they innervate blood vessels and therefore can have an indirect effect on neural function. 

Noradrenergic

There are two main source of ascending noradrenergic control: the lateral reticular nucleus, and more importantly the locus ceruleus, SYMBOL 38 \f "Wingdings"  This excitatory noradrenergic innervation covers practically the whole CNS: thalamus, basal ganglia, hypothalamus, cerebral and cerebellar cortex, spinal cord: no cell in the cortex is more than 30μm from a terminal from the locus ceruleus.  Most of its input seems to come from the medullary RF.  This system may be something to do with sensory alerting: the general idea is that an incoming stimulus, destined for some localised cortical area, also activates the RF en route, which wakes up the cortex and prepares it to receive the stimulus, not only in the particular area in question, but in other areas that may have to deal with the computational consequences of the stimulus (note that it projects particularly to layer IV, where thalamic input arrives).  It is claimed that if you stimulate the loc ceruleus in monkeys, noise levels in cortical neurons drop and the response to incoming stimuli increases, enhancing the signal-to-noise ratio.  Quite interesting that cortical noradrenaline levels are enhanced by some antidepressants.

Serotonergic

The top end of the raphe nucleus projects up to cortex and basal ganglia, perhaps a little more diffusely even than the locus ceruleus.  A rather interesting difference lies in the cortical layers it projects to: not so much to IV as to V and VI,  where the pyramidal neurons are, suggesting a control of output rather than input (Fig. 14.20).  It may be that the serotonin system acts as a censor, suppressing immediate or impulsive responses to stimuli.   For instance, obsessional behaviour is said to be associated with reduced 5HT; on the other hand, Prozac, that increases 5HT and is primarily used to treat depression, actually tends to increase spontaneous movements. One should perhaps be wary of psychopharmacological generalisation.  The function of the raphe nucleus in the control of pain was discussed in Chapter 4 (p. xxxx); that too might be regarded as a process of suppressing instinctive reactions to a stimulus.

Fig. 14.20   5HT and NORA to CX

Dopamine

We have already encountered (Chapter 12) one dopaminergic projection, from substantia nigra pars compacta upwards to the caudate and putamen.  The ventral tegmental area provides a similar rostral dopaminergic projects, but to parts of the limbic system, especially the amygdala, and to the cortex, the front (motor) half rather than the back.  What does it all mean?  Dopamine levels are often raised in schizophrenia, and dopamine-blockers tend to be antipsychotic; but lesions of dopaminergic systems also lower spontaneous activity, and depress such behaviours as eating and drinking.  Dopamine seems bound up in some way with the higher levels of motor control and response preparation and decision and so on, but nobody really has much idea what.   One suggestion is that dopamine may have something to do with reinforcement, and the demonstration that dopamine seems to have a specific influence on the modification of synaptic plasticity at NMDA synapses may or may not be significant.  Again, like much psychopharmacology, it’s just a little bit vague.

Acetyl choline

There are two particularly prominent reticular output systems that are cholinergic. One has already been discussed: the projection to the thalamic reticular nucleus, inhibitory and therefore promoting access to the cortex.  The other forms yet another of diffuse cortical system, that originates from a group of neurons in the substantia innominata called the basal nucleus (of Meynert).  We shall see shortly that both these cholinergic systems have an important part to play in sleep, particularly in what might be called the control of dreaming.  Is there anything useful to be said about cholinergic systems in general?  In Alzheimer’s disease there is a specific loss of cortical cholinergic neurons and especially those in the basal nucleus.  The basal nucleus is said to increase its activity when animals are rewarded, so in some very general sense forebrain cholinergic neurons are perhaps something to do with learning and memory; but once again it’s all a bit hand-waving.

These four diffuse systems are undoubtedly very intriguing.  Clinically they’re of profound importance: practically all psychoactive drugs work by influencing one or other system, and in various diseases – Parkinson’s, Alzheimer’s, Progressive Supranuclear Palsy or PSP - some are characteristically affected more than others.  It’s all obviously trying to tell us something, but rather frustratingly, nobody’s quite sure what.  

Sleep

One of the rather few things that the EEG is useful for is monitoring and in a sense quantifying the various gradations of sleep and sleep-related states such as coma.   In sleep, we find two completely different patterns of activity that alternate with one another.  In one, which can be called slow-wave sleep, the oscillations are larger and slower and the muscular tone of the body is much reduced, the lack of cortical control evident from the fact that primitive spinal responses like the Babinski sign may sometimes be evoked.  This kind of sleep can be further classified by means of the frequency of the waves – the slower the deeper the sleep – and also the occurrence of various minor features such as bursts of high-frequency activity called sleep spindles, and so on.  The other kind of sleep is totally different: now what we have is desynchronisation, essentially very similar to the alert waking state; at the same time we get rapid eye movements, which gives rise to the usual name for this kind of sleep, REM sleep (and slow-wave sleep is nowadays often called non-REM or NREM sleep).  At the same time, although the EEG looks more alert, paradoxically the subject is actually more difficult to wake up, so that another name for this type of sleep – less used nowadays - is paradoxical sleep. All summarised in the table, which shows also that muscle activity drops steadily as you go from waking to NREM to REM sleep.  During a night’s sleep, REM and NREM alternate in cycles of about 90 min in Man getting shallower until you wake up.  There is in fact a slow cycle of changes in the type of EEG, in which the slow-wave activity is interrupted every 2 hours or so by long episodes in which the EEG resembles closely what is normally recorded in the waking state (Fig. 14.21). Yet the patient is actually more profoundly asleep - in the sense that he is harder to wake - during these episodes than he is in SW sleep, and for this reason these phases have been called paradoxical sleep.  The other very interesting thing is that it is only in REM sleep that we dream; or to put it another way, it is only in NREM sleep that we are unconscious.  
Fig. 14.21  Sleep cycles.

Sleep is of course governed by a circadian cycle, which is normally synchronised to the alternation of day and night, the light acting as what is known as a zeitgeber ; without it, the cycle in Man tends to be around tends to be some 25 hours (Fig. 14.22) – in mice about 23¼ . SYMBOL 38 \f "Wingdings"  Experiments show that you don’t need complete day and night to act as zeitgeber: just a ten-second pulse of light is enough; nor does it have to be light – in mice the existence of regular 24-hour food patterns is enough even under continuous lighting.  The neural clock that seems to do all this appears to be located in the suprachiasmatic nucleus (SCN: see fig.14.10) in the hypothalamus, and isolated cultured SCN cells continue to show circadian rhythms, but how they do it is still a mystery.

Fig. 14.22   Circadiana

A number of peculiarities of REM sleep are worth mentioning: reptiles don’t have it, birds it forms only half a percent of total sleep, rats 15%, and we’re about 20%.  As you get older, your total sleep time gets steadily smaller, and so does the proportion of time in REM: in late middle age we rapidly approach the rat level (Fig. 14.23).  Finally, it seems as though there is a specific requirement for REM, as after sleep deprivation the proportion of REM increases briefly, but not by much. 

Fig. 14.23   Sleep and age

In sleep can be thought of as an emotional behavioural state, a variety of conservation akin to hibernation or freezing.  Clearly there is no point in an animal wasting energy by being awake and moving about if it can't see to eat.  If the environment is adverse, and you are more likely to be food than find food, then much better batten down the hatches, make yourself inconspicuous and save on energy expenditure.  However, that can’t be the whole story, as in some aquatic species – for example, the porpoise – the two halves of the brain take it in turns to sleep, and the animal itself is perpetually alert and swimming.  So it seems as though sleep is needed in some sense to restore brain cells, perhaps to consolidate memory, perhaps to perform sort of tidying up operations on our associations.  On the other hand, extensive studies have never found anything very specific that is impaired by moderate lack of sleep.  Although one may feel dreadful, objective measures of performance are usually pretty normal, provided the tasks are not so boring or repetitive that you simply fall asleep. There are several well-attested instances of people who have succeeded in ridding themselves of the habit of regular periods of sleep, though it is generally believed that in such cases, instead of having all his sleep in one daily dose, the subject tends to drop off continually for periods of perhaps a few seconds without noticing it.  But when sleep deprivation is properly enforced, marked irritability ensues and eventually a state resembling psychosis results.  

What is particularly unclear is the particular function of REM sleep, and the dreaming that goes with it: it is evident that less conservation of energy is taking place during it.  It may be that dreaming is in some way needed by the brain, for if a subject is specifically deprived of REM sleep - by waking him up as soon as his EEG shows desynchronisation - it is found that for several subsequent nights the proportion of time spent in REM sleep is increased to make up for it. SYMBOL 38 \f "Wingdings" 

Neural mechanisms of sleep

These various states are reflected in the activity of neurons in the ascending activating systems described earlier.  Earlier we saw that the classic encéphale isolé preparation shows alternating wake/sleep cycles.  It is quite interesting to compare that with what is seen when the cut that is used to isolate the brain is made higher up.  In the mid-pontine preparation, for instance, instead of having sleep/wake cycles, the animal is permanently awake, which perhaps suggests that there is some kind of sleep centre in the region below the cut.  In what is called the cerveau isolé preparation, on the other hand, the animal is permanently asleep, suggesting a sort of waking area higher up the brainstem.  Combining this with what we know about the role of the reticular formation in regulating cortical activity, it suggests that different parts of the RF influence the arousal of the cortex in different ways.  Many general anaesthetics and sedatives act primarily on the reticular formation, as do such stimulants as amphetamine.

More clear-cut information has come from recording from various reticular regions during the stages of sleep (Fig. 14.24).  If you record from the dorsal raphe, which you remember is serotonergic, or from the locus ceruleus, which is noradrenergic, an obvious pattern emerges which seems to be essentially the same for both: the deeper the degree of sleep, the less active these cells are.  Given what was noted earlier about NA enhancing sensory input and 5HT possibly inhibiting pyramidal cell output, this seems to suggest that in sleep the input is being shut down, but the associational connections are if anything being encouraged.  At the same time the various cholinergic cells are behaving quite differently.  Some of the large cells in nucleus magnocellularis are essentially inactive except in REM sleep where they dramatically come to life; given that these have large descending connections, it seems likely that they are part of a mechanism for paralysing the body, and are themselves apparently under the control of noradrenergic cells just below the level of the locus ceruleus.  In waking cats, stimulation of this area is said to inhibit spontaneous movement; and if the nucleus is lesioned in cats, they apparently act out their dreams; sleep-walking in humans may be associated with pathological changes in this area.  Other cholinergic cells in the pons are even more interesting, as they are specifically active during waking and also during REM sleep – in other words the two periods of actual consciousness. 

Fig. 14.24 Neurons in sleep

Although the details of cause and effect in all this are not at all clear, but from it a fairly clear picture emerges of what is going on.   A continuing theme of this chapter has been the way in which the cortex constructs a model of the outside world through its associational predictions, and out perceptions are a mixture of what genuinely arrives through our senses, and what our cortex expects to happen (Fig. 14.25).   Thus in the waking state, stimuli come in and we make responses that are partly based on the internal model.  In NREM sleep the whole thing more-or-less shuts off, partly through thalamic cells going into burst mode, partly through lack of diffuse stimulation of the cortex, and partly through specific cholinergic mechanisms that paralyse movement – at least, all movement except the eyes.  In REM, the shutting off of input and output remains and is even intensified, but the cortex is permitted to come to life under reticular control – safely, because of the paralysis of actual movements.  The internal model then runs all by itself, generating the self-sustaining dreams that we’re all familiar with: we imagine doing something, the model then predicts what the consequence will be, we respond to that and so on. SYMBOL 38 \f "Wingdings"  It seems very likely therefore that dreams are the result of the associational mechanisms being allowed to free-wheel, without the check to fantasy that is imposed in the waking state by incoming messages about the world is really doing.  It is significant that waking subjects deprived of sensory input for sufficiently long periods often report dream-like hallucinations.   

Fig. 14.25   Sleep and int model

Disorders of arousal

There are basically two ways in which these regulatory systems can go wrong, resulting in over-activity or under-activity.  Epilepsy is an explosion of synchronous activity by lots of neurons at once (Fig. 14.26, that has a tendency to spread throughout the cortex.  It seems to represent a failure of inhibitory regulation, and can it can be simulated with strychnine or picrotoxin or others agents that block local inhibition. Epilepsy is in fact the second commonest neurological disorder after stroke, and comes in various forms: 

Fig. 14.26   Epilepsy

Focal epileptic fits involving motor areas are heralded by signs such as twitching of thumbs and illusory sense of movement.  They often appear to move across the body as the epilepsy itself spreads over the motor and somatosensory cortex.  In the same way, fits involving temporal cortex often start with an aura that combines intense hallucinations with strong emotional feelings and occasionally also olfactory illusions, and disturbances of memory such as déjà vu, the illusion that what you are experiencing has happened to you before (psychomotor epilepsy).  Two examples:

A woman developed temporal lobe epilepsy as a result of head injuries caused by being knocked down by a car. The attacks were all heralded by the appearance of a human face and shoulders clothed in a red jersey. The hallucination would then topple sideways and disintegrate into discrete fragments like a jigsaw puzzle, the patient meanwhile experiencing extreme fear with an unnatural quality to it, followed by amnesia in which a general convulsion occurred.

For me there is often a characteristic smell and a terrible sinking feeling in the pit of the stomach. I get a tremendous sense of deja vu. I know that I have been in the same place, I have heard all the same words and seen the same people saying them many times before, like going to a film for the 50th time. I believe I know what will happen next. I have just enough time to take a capsule, and then I black out.
General epilepsy on the other hand tends to starts simultaneously over whole cortex rather than spreading.  In a milder form called petit mal there is transient loss of consciousness – the subject may suddenly appear completely distracted - though muscle tone is often maintained.  Grand mal is much more serious, and is what is popularly understood by an 'epileptic attack': there is sudden loss of consciousness and subject falls to the floor.

Disorders of sleep include narcolepsy, a fairly rare condition in which the subject suffers from ‘sleep attacks’, going to sleep with extraordinary rapidity, typically for just a few minutes at a time.   It is so sudden that often there is no time to prepare, and subjects may slump to the floor (cataplexy).  Paradoxically, it can be triggered by high levels of excitement, and often the subject goes straight into REM without first traversing NREM sleep.  

A cluster of conditions can probably be explained by lack of synchrony of the different neural components of sleep control.  In sleep paralysis, the subject may wake up – terrifyingly – unable to move, presumably because the cholinergic paralysis mechanisms have not yet turned off.  Even more terrifyingly, REM dreaming may still be going on, giving rise to appalling half-waking nightmares of peculiar realism.  Sleep-walking, enuresis and so on can easily be explained in terms of these cholinergic mechanisms being slow to turn on rather than slow to turn off.   Finally, and much the most common, insomnia: arguably not so much a sleep disorder as a symptom of psychological disturbance, stress or anxiety.  

And to end on a cheerful note, coma and of course death, which despite what Hamlet says is not a kind of sleep; coma is a completely different biological state with a much lower metabolic rate and much greater difficulty of arousal.  It can be caused by all sorts of things – anoxia, hypoglycaemia, or conditions affecting the brainstem.  There is a kind of official progression here, which starts with stupor, in which the subject can be made to respond but only with extreme measures like shouting and hitting and causing pain generally; then in coma, by definition, the subject is completely unresponsive.  Finally brain death, requires unresponsiveness plus a number of other criteria including electrical silence, all of which need to be spelled out in detail, for obvious legal reasons.
A last look at the brain

Our journey of exploration is almost ended.  When it began, the goal of our ascent seemed unattainable, its heights unscalable and swathed in clouds of mystery.  Yet here we are at the summit: do things look different now?

If distance lends enchantment to the view, it is because it eliminates messy details; in this case the horribly numerous neurons that produce that rather queasy feeling we tend to get when we try to think about the brain.  A glass of water contains far more molecules than the brain has neurons, but it seems quite simple to us because we ignore them.  If we are prepared to take the neurons for granted, to lump them all together and look at the brain in terms of the flow of patterns of information from one part of it to another, then trying to grasp what exactly it does becomes a much less daunting prospect.  But we do of course have to earn the right to look at it in this way, by first mastering the intricacies of synaptic integration and the principles on which patterns of neuronal activity are recoded as they filter through from sensory input to motor output.

Figure 14.27 shows an attempt of this kind: the brain as seen from a very distant viewpoint.  Fuzzy and over-simplified, to be sure; but it can at least help us get our bearings should we wish to examine it more closely.  The left-hand side is sensory, the right-hand motor; its hairpin shape comes about because in going from sensory input to motor output we have first to climb to higher and higher hierarchical levels, and then descend again as motor patterns are progressively elaborated into their component parts. 

 Figure 14.27 distant

At the top of the hierarchy comes the hypothalamus, which ultimately determines what we do; and it is here, as we have seen, that internal stimuli and responses are brought into contact with external ones.  But side-by-side with this grand strategic planning that requires the identification of possible goals through mechanisms of sensory recognition, we also require the humbler and simpler kinds of tactical co-ordination that are to do not with what objects are, but where they are, where we are, and the effective execution of the generalised commands sent down from above.  This requires pathways for localisation and proprioception, often anatomically separate from the cortical mechanisms for recognition, that bypass the higher levels by cutting across from one side of the hairpin to the other.  Some of these short-circuits - the stretch reflex, for example, which helps to ensure that limbs really are where we intend them to be - are at the lowest level of all, the spinal cord.  Others, because they demand the integration of many different sources of information, or because they imply a certain degree of learning, have to take place at higher levels such as the cerebellum.  For simplicity, only input from the spinal cord is shown, but vision and hearing are organised in essentially the same general way. Olfaction is different: because it does not demand the analysis of patterns in the -way that visual and auditory recognition do, and also because it provides purely motivational information with no localisation component, it enters very near the top of the sensory hierarchy.

As a blueprint for a biological machine, Figure 14.27 seems plausible enough.  But one may feel a little uneasy at the idea that such a scheme is a picture of oneself.  Hasn't something been left out?

'Mind' and consciousness

SYMBOL 38 \f "Wingdings" 'Nothing puzzles me more than time and space; and yet nothing troubles me less, as I never think about them' (Charles Lamb) - a reaction not very different from that of most neurophysiologists to problems of mind, brain, and consciousness.  This is of course a field that has been thoroughly dug over since the days of Descartes and Hume and indeed long before: and philosophers have every right to question whether mere empirical physiologists can add much to such a hoary debate, in which the various arguments have been rehearsed so exhaustively.  But recent developments both in neurophysiology and in computer science - for £20 I can purchase an electronic device hardly bigger than a packet of cigarettes, that is the intellectual superior of half the animal kingdom - have so enlarged our notions of what classes of operation a physical system may in principle be capable of, that a great deal of earlier thought on the subject is now merely irrelevant.  In a nutshell, 'brain versus mind' is no longer a matter for much argument.  Functions such as speech and memory, which not so long ago were generally held to be inexplicable in physical terms, have now been irrefutably demonstrated as being carried out by particular parts of the brain, and to a large extent imitable by suitably programmed computers.  So far has brain encroached on mind that it is now simply superfluous to invoke anything other than neural circuits to explain every aspect of Man's overt behaviour.  Descartes' dualism proposed some non-material entity - the 'ghost in the machine' - that was provided with sense data by the sensory nerves, analysed them within itself, and then responded with appropriate actions by acting on motor nerves (the mind thus having the same relation to the body as a driver to his car: Fig. 14.28a).   Clearly one must modify such a scheme to include the existence of certain automatic reflexes that clearly do not pass through the mind (Fig. 14.28b);  and in fact modern neurophysiology goes further still,  admitting of no other path between stimulus S and response R than unbroken chains of neural connections (Fig. 14.28c):  X, the ghost in the machine, has finally been laid to rest.

Figure 14.28 SXR

So is there still a problem, or have the philosophers been wasting their time? Indeed there is: that problem is consciousness.  However sure I may be that (c) is a fair representation of your brain, there remains the obstinate and unshakable conviction that my brain is like (a).  Though - after reading Freud -  I might reluctantly agree that a great deal of what I do is not consciously willed, and that (b) is perhaps nearer the truth, nevertheless that there is no X at all is simply inconceivable.  Now philosophers can have a great deal of fun with beliefs such as these, since the existence of my own consciousness is not something I can prove to other people in the way I can, for example, prove that I have hands.  Clearly its outward manifestations could easily be imitated by a machine (like Hebb's example of the calculator programmed to say 'I am multiplying' every time it multiplies).  But this kind of scepticism is so self-consistent as to be utterly tautological: if, like Wittgenstein, we decide that the only criterion for consciousness must be overt, public, behaviour, then of course we have nothing to say about it, because we have defined it out of existence.  And for lazy neurophysiologists it provides a veneer of philosophical respectability for their unwillingness to think about the subject at all: Pavlov used to fine his students when he caught them using the words 'voluntary' or 'conscious'.

Yet to evade the problem by such specious materialism is perhaps no worse than to take the opposite extreme and accept consciousness as something much too mysterious and wonderful for a scientist even to be able to begin to think about.  Both attitudes contribute to the evident intellectual muddle that surrounds the whole subject.  So how would a brash and simple-minded physiologist proceed?  Once he had accepted the reality of the phenomenon, he might go on to relate it to the fabric of the brain in much the same way as he would in the case, say, of the sense of sight.  It is clear, for example, that loss of a limb does not lead to blindness, whereas loss of the eyes does; and by the use of inductive reasoning hardly more sophisticated than that, one may proceed into the brain itself and map out, almost neuron by neuron, the mechanism of the visual pathways.  This kind of work has not of course been carried out systematically in the case of consciousness, if only because experiments of this sort on animals are useless to us.  All the same, it is clear that we do in fact already know quite a lot about the functional anatomy of consciousness, even if we have little idea what consciousness actually is.  We know, for instance, that while massive lesions of the cerebral cortex and its underlying fibres may blunt our perceptions, paralyse our limbs, impair our intelligence or even - as in the case of Phineas Gage - our morality, they have little effect on consciousness itself.  Conversely, relatively slight injuries - perhaps a blow on the chin - that affect an area in the core of our brainstem (the same region of the reticular formation that is associated with arousal and sleep) can produce complete unconsciousness even though the whole of the rest of the brain is unimpaired.  

At a different level of description, it is clear that we are conscious of some kinds of brain activity but not others, and that the boundaries of this zone of awareness are not fixed, but vary on occasion.  By and large it is what goes on at moderately high hierarchical levels that we are conscious of, although by introspection we can often learn to increase our awareness of lower levels.  Curiously enough, we also tend to be relatively unconscious of the highest levels of all, those that control our motivations; and further, even the most complex mental processes can sometimes be carried out without being conscious of the fact at all.  While reading through a difficult score at the piano, I have suddenly had the realisation that for several bars I have been thinking about something entirely different, yet my brain had been getting on with the complex task of translating printed notes into finger movements perfectly well without me.  Often, quite suddenly and unexpectedly when we were not thinking of it at all, we may find the solution to a problem that has baffled the most energetic conscious cerebration - perhaps, like Archimedes, in the bath; or, like Coleridge with Kubla Khan, asleep!  L. S. Kubie has gone as far as to say that there is nothing we can do consciously that we cannot also do unconsciously.  

The natural conclusion must surely be that since consciousness is more associated with 'higher' functions than 'lower', yet not particularly affected by damage to precisely those regions of the brain that we know to carry out those higher functions, nor is it necessary to be conscious for those functions to be carried out perfectly adequately, that the ghost in the machine is not an executive ghost, as it is in (a) and (b), Fig. 14.29, but rather a spectator, watching from its seat in the brainstem the play of activity on the cortex above it, perhaps able in some way to direct its attention from one area of interest to another, but not able to influence what is going on (Fig. 14.29).

Figure 14.29 SXR 2

But what about free will? The ghost in such a scheme would observe the body's actions being planned, and see the commands being sent off to the muscles before the actions themselves began, and so one can well imagine how it might develop the illusion that because it knew what was going to happen, that it was itself the cause.  For X, the distinction between 'I lift my arms' and 'My arms go up', in which Wittgenstein epitomised the notion of voluntary action, would amount simply to the distinction between those actions which it observed being planned, and those - such as reflex withdrawal from a hot object - which it did not.  There is no implied necessity here for us to be deterministic in our actions - to an outsider we may appear to have free will - since the physical processes linking S and R can be as random and essentially unpredictable as we please.  Such a scheme seems more intellectually satisfying than (a) or (b) (Fig. 14.18) without conflicting with our own feelings about ourselves; and unlike (c), does not merely evade the issue.  The most serious objection to it is perhaps that it is difficult to see what on earth X is for, since it can't actually do anything.  Perhaps it does just occasionally intervene.  But in any case, what is the audience at a concert for? Or the spectators at a football match? The idea that I am being carried round by my body as a kind of perpetual tourist, a spectator of the world's stage, is not - on reflection - so very unattractive.  The moral is clear: enjoy your trip!
Figure captions

Fig. 14.1  Positive and negative motivational gradients.

Fig. 14.2  Elsie, an electronic tortoise designed by Dr Grey Walter as an embodiment of external homeostasis

Fig. 14.3  Motivational maps. Above, (a) a neutral environmental map showing the location of food (F), water (W) and shade (S); and the corresponding motivational maps when the animal is hungry (b), or thirsty (c). Below, hypothetical model of mechanism for computing directed behaviour from needs sensed by monitoring the body's physiological state. A, B, C, etc. are separate needs, as for example hunger, thirst, etc., and each has its own stored motivational map that is activated in appropriate circumstances.

Fig. 14.4  A human motivational map: preference contours defining relative desirabilities of different parts of Britain (the question the subjects were asked was simply 'where would you like to be?'). (Gould and White, 1974)

Fig. 14.5  [No caption]

Fig. 14.6  Hippocampal mapping: plan view of an enclosure in which a rat with an electrode implanted in the hippocampus was free to move around.  The shading represents the average firing frequency of a hippocampal unit in each of the squares, showing that the unit appears to code for a particular area within the enclosure (data from Wiener et al., 1989)

Fig. 14.7  The kind of motivational map for which the only appropriate response is conservation.

Fig. 14.8  Features of acute conservation (Engel and Schmale, 1972)

Fig. 14.9  Mixed emotional state as a result of stimuli that are partly attractive and partly repellent

Fig. 14.10  Highly schematic representation of the main hypothalamic nuclei, as viewed laterally from the third ventricle, and their relationship to the pituitary. ANT, anterior; ARC, arcuate; DM, dorsomedial; DOR, dorsal; LAT, lateral; MB, mammillary body; PO, preoptic; POST, posterior; PV, paraventricular; SC, suprachiasmatic; SO, supraoptic; VM, ventromedial. Left, showing innervation of posterior lobe by hypothalamic fibres releasing pituitary hormones at their terminals; right, showing releasing hormones from hypothalamic neurons being carried by a portal system to the anterior lobe, where they control the release of pituitary hormones from pituitary endocrine cells.

Fig. 14.11  The hypothalamus as an interface between blood and brain linking internal and external stimuli (Sext, Sint) to internal and external responses (Rext, Rint)

Fig. 14.12  Hypothalamic glucostasis, showing a specific example of the interplay between internal and external stimuli and responses.

Fig. 14.13  Corresponding regions of amygdala and hypothalamus, broadly associated with arousal (+) and conservation (-). DM, dorsomedial; VM, ventromedial; LAT, lateral. (From data of Fonberg, 1972)

Fig. 14.14   The electroencephalogram.  Left, spontaneous human EEG in different arousal states. (Penfield and Jasper, 1954; Roche, 1968); right, desynchronisation resulting from electrical stimulation of reticular formation in cat encéphale isolé preparation. (Moruzzi and Magoun, 1949).

14.15  Experiments in cat demonstrating role of parts of reticular formation in controlling arousal.  Above, in encéphale isolé, stimulation of upper RF causes awakening.  Below, a midpontine preparation is awake, but a higher section (cerveau isolé) is somnolent.

Fig. 14.16  Single cell (arrowed) from the nucleus magnocellularis of rat reticular formation, showing the distribution of branches of its axon to widespread areas of the brain. (Scheibel and Scheibel, 1957)

Fig. 14.17  Gating of cortical input via the thalamus by the thalamic reticular nucleus (colour), acted on by part of the brainstem ascending reticular formation; this is in turn ultimately driven by collateral sensory activity, and by focal activity from posterior parietal cortex, possibly mediating focused attention.

Fig. 14.18  Thalamic gating.  Left, reticular input to the thalamus regulates the specific ascending and reciprocal cortical input.  Right, two modes of action of thalamic neurons, mediated by voltage-gated calcium channels.

Fig. 14.19  Reticular control of cortical activity.  Left, control can be by gating cortical input, or by regulation of the cortical processing itself.  Right, some pathways by which these effects may be mediated.

Fig. 14.20  Diffuse monoamine projections are concentrated in particular layers: noradrenergic in layer IV, where inputs from thalamus terminate; 5HT in layers associated with the pyramidal cells that form the cortical output.

Fig. 14.21  Cyclic changes in a human subject during three different nights' sleep, showing fluctuations in the depth of sleep, as determined by the EEG, of increasing shallowness of the cycles as the night progresses, and periods of rapid eye movement (REM) associated with dreaming (after Dement and Kleitman, 1957). 

Fig. 14.22  Effect of isolation from daylight on sleeping cycle in Man.  The red bars show successive periods of waking in an experiment in which the subject was isolated from natural light for the period shown: his cycles then gradually fell behind the normal 24-hr period, but resynchronised once normal conditions were resumed.  (After Aschoff, 1965)

Fig. 14.23  Sleep and age.  Average proportions of time spent in REM and non-REM sleep as a function of age; note the non-linear time-axis.  (Roffwarg et al, 1966)

Fig. 14.24  Neurons in sleep.  Left, mean firing rate of a neuron from the raphe nucleus at different stages of sleep (Trulson and Jacobs, 1979); right, firing patterns of a neuron from N. Magnocellularis in waking, NREM and REM sleep.  (After El Mansari et al, 1989)

Fig. 14.25  A model that explains some aspects of sleep and dreaming.  Stimuli S are combined with predictions based on a cortical model of the outside world to provide a percept that is used as a basis for making response R;  in non-REM sleep, both the model and the inputs and outputs are disabled; in REM sleep, the input and output gating is further increased, but the cortex is permitted to be active.  This results in the system free-wheeling, with perceptions being entirely the result of predictions from imaginary actions: this is dreaming.

Fig. 14.26  Epilepsy.  Multi-electrode EEG recording of a brief generalised epileptic attack.  (ref)
Fig. 14.27  A very distant view of the brain.

Fig. 14.28 [No caption]

Fig. 14.29  [No caption]
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Notes

p.  Neuropsychology  Three excellent general books dealing with the topics covered in this chapter: Heilman, K. N. and  Valenstein, E. (1979) Clinical Neuropsychology. (Oxford University Press, Oxford); Walsh, K. W. (1994) Neuropsychology, a Clinical Approach. (Churchill, Livingstone, Edinburgh); Robbins, T. W. and  Cooper, P. J. (1988) Psychology for Medicine. (Edward Arnold, London).  

p.  Hippocampal maps   See for instance O'Keefe, J. and  Nadel, L. (1978) The Hippocampus as a Cognitive Map (Clarendon, Oxford); Lopes da Silva, F. M. and  Arnolds, D. E. A. T. (1978) Physiology of the hippocampus and related structures. Annual Review of Physiology 40, 185-216; O'Keefe, J. (1990) The hippocampal cognitive map and navigational strategies. In Brain and Space, ed. J. Paillard. Oxford University Press, Oxford.  

p. Portal system  A portal system is a vascular pathway connecting two separate capillary beds in series: the best-known example is the portal vein carrying nutrients absorbed from the gut to the liver.
p.   Hypothalamus   Some useful accounts in this general area: Morgane, P. J. and  Panksepp, J. (1979) Handbook of the Hypothalamus. (Marcel Dekker, New York); Bloom, F. E., Lazerson, A. and  Hofstadter, L. (1985) Brain, Mind and Behaviour. (W H Freeman, New York); Donovan, B. T. (1985) Hormones and human behaviour. (Cambridge University Press, Cambridge); Brown, R. E. (1994) Introduction to Neuroendocrinology. (Cambridge University Press, Cambridge).

p.  Limbic connections   See for instance Isaacson, R. K. (1982) The Limbic System. (Plenum, New York); Bloom, F. E., Lazerson, A. and  Hofstadter, L. (1985) Brain, Mind and Behaviour. (W H Freeman, New York); Mogenson, G. J., Jones, D. L. and  Yim, C. Y. (1980) From motivation to action: functional interface between the limbic system and the motor system. Progress in Neurobiology 14, 69.  Aggleton, J. P. (2001) The Amygdala,  Oxford University Press, is a useful recent source of information, and Rolls, E.T.  (1999)  The Brain and Emotion  (Oxford University Press) is a stimulating account of some recent ideas in this general area.

p.  EEG   First described sixty years ago: Adrian, E. D. (1944) Brain rhythms. Nature 153, 360-367.

p.  Locus ceruleus  Ceruleus means ‘blue’, and its blue colour – like the black of substantia nigra - is due to small amounts of melanin that get deposited as some kind of by-product of the production of catecholamines.  

p.  Sleep   The classic account is Kleitman, N. (1939) Sleep and Wakefulness. (University of Chicago Press, Chicago); a recent and comprehensive book is Cooper, R. (1994) Sleep.( Chapman & Hall, London);  Orem, J. and  Bernes, C. D. (1980) Physiology in Sleep. Academic, New York is a useful source of reference; Hobson, J. A. (1990) The Dreaming Brain. (Penguin, Harmondsworth) is a popular account, with an extended historical review of the study of dreaming.

p.  Slow body clock  The fact that our body’s natural day is longer than 24 hours might just explain what is well-known to transatlantic travellers, that jet-lag is worse going east than west; presumably for mice it should be the other way round.  

p.  Dream time  In popular folklore, dreams are supposed only to occupy a fraction of the time the events they portray would really take, but experiments on what are called lucid dreamers suggest that this isn’t so.  A lucid dreamer is someone who has learnt to exert their will during dreams, consciously influencing what happens in them and also being able to move their eyes voluntarily.  In one experiment, a lucid dreamer agreed that while dreaming he would move his eyes in a particular pattern, with what seemed to him like one-second intervals (check this; ref).  This he did, and the timing of the eye movements were essentially the same as when he did the same manoeuvre awake.  However, it is possibly debatable whether lucid dreamers are really dreaming in the normal sense: they may be half awake.

p.  Consciousness  By far the best of the more physiologically-oriented books in this area is Honderich, T. (1988) A Theory of Determinism: the Mind, Neuroscience and Life-hopes. (Clarendon, Oxford); some of the issues have also been addressed in a stimulating recent article Cotterill, R. J. (1994) Autism, Intelligence and the Brain. Biologiske Skrifter det Kongelige Danske Videnskabernes Selskab 45, 1-93.  Walshe, F. M. R. (1972) The neurophysiological approach to the problem of consciousness. In Scientific Foundations of Neurology, ed. M. Critchley. (Heinemann, London) is also well worth reading.  Cotterill R M J, (1989). No Ghost in the Machine. London: Heinemann very clearly states the argument for pure mechanism, while a clear analysis of the basic problem can be found in Lewes, G. H. (1859) The Physiology of Common Life. (Blackwood, London); Lewes was George Eliot's husband.  A recent, highly analytic and careful approach can be found in Sommerhof, G. (2000) Understanding Consciousness (Sage, London).  Finally, the musings of a scientific mystic (and poet): Sherrington, C. S. (1951) Man on his Nature. (Cambridge University Press, Cambridge).
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  p.  Motivation   A not entirely serious implementation of a dynamic motivational map.  The field of action is the black area at left, where an animal is represented by a mobile purple blob.   You can create its motivational environment by selecting a type of goal (food, drink or sex) with the radio buttons at bottom right and then clicking where you like on the map;  you can mix the types of goal as you like.  Then activate one of the check boxes at top right to determine which particular need or needs are motivating the animal.  It will move down motivational gradients towards appropriate goals, which it then annihilates through its consummatory activity.  You may also set up aversive stimuli that result in negative motivational gradients.   Experiment with frustrating situations likely to evoke neurotic behaviour.   
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  p.  Hypothalamus   This exhibit provides a simple self-test of the hypothalamic nuclei and their main functions.  Click on the radio buttons round the window; the name of the corresponding area, and its salient functional features, are shown on the right.  Alternatively, click on the button to the right of the name window to display a list of names, and click on one of them; the location and functions will be displayed.

Boxes

Hypothalamic control of the pituitary

Pituitary


Control of 
Actions
Hormone


 release


Oxytocin


Neural

Milk ejection







Uterine contraction

Vasopressin (ADH)
Neural

Water retention







Vasoconstriction,







 reduced cardiac output

Growth hormone

GRH, GIH

Medium-term provision







of metabolic energy.







Promotion of growth










TSH



TRH


Stimulates thyroid; its 







hormones raise body







temperature and have other







miscellaneous effects

ACTH



CRH


Regulates levels of cortisol







and androgens from the 







adrenal cortex; some effects







on aldosterone as well.

LH



LHRH


Stimulates ovulation or







testosterone secretion

FSH



LHRH


Stimulates follicular growth







or spermatogenesis

Prolactin


PRH, PIH

Stimulates milk secretion 







and maternal behaviour.

MSH



MRH, MIH

Control of skin colour in







some species; in Man, 







function unclear.

Table:  Sleep etc

People

René Descartes (1596 - 1650) was a philosopher who was interested in the brain and its mechanisms.  He thought that nerves contained animal spirits whose flow could be directed by little valves operated by sensory stimuli in the periphery, or in the case of voluntary movement, by the action of the soul on the pineal gland (an idea that had already been dismissed by Galen in the second century!).   But the importance of his teaching was its emphasis on a clear dichotomy between those actions of the brain which could be explained mechanistically, and those which required the intervention in some way of an immaterial soul.

