Chapter 13   
Associational cortex and memory 

The processes we look at in this chapter are those that we humans are best at, and to which we owe any temporary biological success that we have managed to achieve.    Many animals are more agile and better co-ordinated than we are, can hear better or see better, and nearly all of them have more sensitive noses.  Our special virtue is that we are quite good at storing and processing such sensory information as gets through to us, so that we use it better in making effective responses to our environment.  But this difference is quantitative, not qualitative: there is no very sharp distinction between us and other creatures in this respect.  It is simply that the parts of their brains that carry out these functions in a rudimentary way have in us been very greatly expanded and developed.  If we compare the cerebral hemispheres of a series of animals from different evolutionary stages, what is striking when we get to Man is not so much the expansion in the absolute mass of neural tissue as the changes in the relative proportions of the cortex devoted to different functions (Fig. 13.1).  Very little of a rat's cortex is not either primary motor or a projection area for one of the senses; in Man, by contrast, most areas of the cortex neither respond in an obvious way to simple sensory stimulation, nor produce movements when electrically activated: they are what are sometimes called silent areas.

Fig. 13.1 Brain series

Now these are precisely the properties we would expect from neural levels in the middle of the model of the brain in Fig. 13.2, that was first presented in Chapter 1.  A feature of cortical areas is the immense degree of convergence and divergence from one neuron to another Fig. 13.3).  Because a neuron in any level is activated only by a particular pattern of activity in the preceding layer, as we penetrate deeper into the sensory side we find that individual neurons become fussier and fussier about what they respond to, and eventually the chance of our finding out, in an experiment of finite duration, what they do actually do becomes extremely small.    Stimulation is equally frustrating: unless we happen to stimulate them in a pattern that makes some kind of neural sense, corresponding to what is needed to activate the next layer along, nothing will happen at all.  The third weapon in the neurophysiologist’s armoury, lesioning, is similarly blunted.  Because these areas integrate or associate information from diverse sources which cut across the conventional divisions of sensory modality (for which reason the corresponding cortical areas are also known as association areas), the effects of lesions often lack the functional specificity found, for example, in damage to the primary visual or motor cortex: we are at a high hierarchical level, in the sense discussed in Chapter 9.   Lesions can often lack spatial specificity as well, and there is little of the topological orderliness found at more peripheral levels.  This situation is rather like what happens in a telephone exchange: at the periphery - the region where the incoming cables arrive - there is a systematic relationship between a subscriber's number and the position of his particular connection, but the circuits in the heart of the exchange that set up the connections and form, in effect, associations between different subscribers, are shared by all of them and used to set up different circuits on different occasions, and therefore have no obvious spatial organisation.   

Fig. 13.2 Brain net

Fig. 13.3  Convergence/divergence

The analogy of the telephone exchange is a suggestive one.  Just as an exchange is capable of connecting any subscriber to any other, so cortical convergence and divergence guarantees to provide a neural pathway from any sensory stimulus to any motor response, clearly a necessity for complete flexibility of behaviour.   

Similarly, the capacity of an exchange - the number of associations it can make at any one time - is simply proportional to the quantity of the common switching equipment it contains.  Might the neural elements of associational cortex also be in some sense shared in this way?  Such a notion, of associational cortex being uncommitted to any particular task, but providing a reserve of computing power that can be applied to whatever job is on hand, was originally suggested by the experiments of Karl Lashley described on p. [whatever it is – chapter 1]  Lashley's 'Law of Mass Action' - that the effect of lesions in associational cortex depends more on how large they are than on their exact location - is now less in favour.  Recording from units in associational areas shows in many cases that they are 'silent' because we are using unnatural or boring stimuli; with adequate sensory patterning they can often be made to respond, in a way that may be complex and highly time-dependent, but does not alter radically from one experiment to the next.  And it is clear from clinical observations in particular that discrete lesions in associational cortex can often lead to relatively specific functional defects, rather than something like a generalised loss of 'intelligence'.  What is true, as we shall see, is that these functional defects may be of the wide-ranging and subtle kind that is characteristic of damage at a high hierarchical level - for instance the loss of the ability to speak French, while spoken English is unimpaired - and also that there is very little reproducibility from subject to subject, in the sense that a lesion in a particular place in one person may have a completely different effect in another person.   In addition, we shall see clear evidence that cortical neurons can change their function to help cope with a change in functional demand.  Thus the idea of a completely uncommitted pool of 'brain power' is an over-simplification; at a given moment the neurons are specialised in their function, but at a high level in the hierarchy: it is this that gives lesions in associational cortex their subtle and unpredictable quality.  And this specialisation may change in response to a change in demand.

The organisation of associational cortex

Structure

In Chapter 4 (p. xxx) we saw how the cerebral cortex can be parcelled up into the Brodmann areas on the basis of variations in the size and composition of its six layers.  Conversely, it can be useful to group them together into larger functional units (Fig. 13.3).  In terms of gross anatomy classic division of primate cortex is into four areas: frontal cortex (FCX) anterior to the central sulcus, temporal cortex (TCX) along the thumb of the cerebral boxing glove, occipital (OCX) at the back, and parietal (PCX) in between.  In fact, the functional boundaries between PCX and OCX and TCX are not very distinct, and many neurologists prefer to lump them all together as parieto-temporo-occipital cortex (PTO CX, or POT).  What we are then left with is a binary division of cerebral cortex by the watershed of the central sulcus into just two areas, front and back (Fig. 13.3).  Just as in the spinal cord, where the ventral half is essentially motor and the dorsal half sensory, so – broadly speaking - everything anterior to the central sulcus is motor, everything behind it sensory.  Furthermore, the posterior half is itself divided into an upper half concerned largely with localisation and movement (the ‘where’ stream – cf. Fig. 7.50) and a lower half concerned with recognition (‘what’). 

Another classic way of dividing it up is into primary sensory and primary motor areas – and the rest.  It is this remnant, association cortex, that has grown most in the course of evolution, particularly frontal associational area.  Nowadays more of the associational cortex tends to get called secondary or tertiary cortex, for example the large number of secondary visual areas.   Figure 13.4 shows human cerebral cortex in a highly stylised, topological form, demonstrating how these associational areas seem to form bridges between primary cortex devoted to different sensory modalities, and between primary sensory and primary motor cortex.  SYMBOL 38 \f "Wingdings"  Right in the middle is the posterior parietal cortex (Brodmann areas 5,7,39 and 40) (Fig. 13.4), and one might therefore expect it to be concerned with the co-ordination of information from the visual, auditory, somatosensory and motor areas which surround them; and on the whole this seems to be true.  There are massive fibre bundles connecting these neighbouring cortical regions with the parietal region, and it also receives a projection from the pulvinar and lateral posterior nuclei of the thalamus.  The pulvinar in turn receives sensory information from visual areas 18 and 19, and from the colliculi and lateral and medial geniculate bodies; in addition it receives the usual reciprocal fibres from the parietal cortex itself.  The lateral posterior nucleus obtains its input partly from the pulvinar and partly from the (somatosensory) ventral posterolateral thalamic nucleus.  Efferents from parietal cortex go the premotor and supplementary motor areas, to the frontal eye fields, to basal ganglia (and hence to colliculus) and indirectly to the cerebellum.   In addition to connections between neighbouring areas, there are also bands of fibres (fasciculi: Fig 13.6) that link distant areas, and can be big enough to see easily with the naked eye in gross dissection (Fig. 13.5).  In addition there is the corpus callosum with its staggering 100 million fibres that share information between the two hemispheres.   

Fig. 13.4 – Binary division

Fig. 13.5 Cotterill topol

Fig. 13.6  Fasciculi

Neuronal responses

The responses of units in these regions show progressively more specific recognition of specialised features of the outside world, especially those that are motivationally important such as hands and faces and eyes, compared to those of primary projection areas: some visual examples were noted in Chapter 7.   In addition, as might be expected from such a diversity of input, neurons in PTO cortex often show complex responses to stimulation of more than one modality.  Figure 13.7 show an example from the monkey of a neuron responding both to visual and somatosensory stimulation.  Visually, it responds best to objects close to the eye; it also responds to touching the skin near the orbit.  Sometimes one observes responses when animal expects a stimulus even though it is not present: in a sense the ‘near the eye’ unit in Figure 13.7 could be thought of one that fires in response to a very near visual target because it expects contact to be made with the skin.

Fig. 13.7  Example of near unit  

Responses are also often greatly influenced by context and attention.   For instance, many parietal units are visually-driven, with receptive fields that can be mapped out; but unlike visual cells in visual cortex itself, they may or may not fire when a stimulus appears within the field, depending on whether or not the stimulus is sufficiently interesting to evoke a subsequent motor response such as an eye movement.   For this reason, this area is better regarded as sensorimotor than purely sensory (if indeed such a distinction has much meaning.

A compelling example of the intimate association of ‘sensory’ and ‘motor’ areas is the coupling that has been shown recently between a region of the premotor area that is active in monkeys when doing precision grip with fingers, and another area in parietal cortex that is visually driven, and only active when the monkey sees himself - or indeed another monkey or human - doing the same task.  Recording from PMA, we find that even though it is a motor area, its neurons are more active when the monkey is looking at even a video of doing the same task, and conversely the sensory area is activated when the monkey carries out the task, even if it can't in fact see it.   The functional importance of such a system of mutual association is twofold: partly to enable one to learn tasks by looking at them, but also to understand what someone else is doing when you see them doing something – prediction.  All of this appears to be due to a rather precise set of fibres connections that links the two areas together - both ways - in a remarkably specific way.   Presumably there are many such mutual systems of association forming hierarchical ladders of predictive links between stimulus and response (Figure 13.8), extending from the most basic, semi-reflex, level (for instance, the links between primary somatosensory to primary motor cortex) up to the most subtle conceptual relationships, many stages removed.

Fig. 13.8 Chains of assoc

Association

These associational connections, so obvious with the naked eye, are the sole reason that we have a cortex at all.  We saw in Chapter 4 that the basic microstructure of the cortex seems to be of columns in which direct input from subcortical structures, especially the thalamus, mingles with associational projections from the pyramidal cells of other columns, the result being sent back down again through the projection efferents.  This columnar arrangement appears to apply to all areas of cortex, association and motor as well as sensory (Fig. 13.9).  It is important to emphasise that cells in any one column talk a great deal to each other but essentially turn their backs on their neighbours, like people sitting gossiping at different tables in a pub (Fig. 13.10).  The intracortical associational links are rather as if they keep ringing the other tables on their mobiles to tell them the conclusions of their discussions. SYMBOL 38 \f "Wingdings"  

Fig. 13.9  Assoc areas also cols

Fig. 13.10  Pub mobiles

Why is this useful?  Because the resultant network of links between neurons mimics the relationships between things in the outside world (Fig. 13.11), what we end up with is a probabilistic model of the world in the brain, a predictive model that can be used to anticipate what is likely to happen next: when we see a knife we think of – and expect – a fork.  

Fig. 13.11 Knife and fork
But to make all this work, it is not enough to provide the largest possible number of potential connections between all the neurons representing stimuli and actions things in the outside world that we might want to link together.  We must also have a mechanism for making the strength of these connections change to reflect the associations that are actually observed in the outside world.   And this is the secret of cerebral cortex: it provides a mechanism for creating physical connections between neurons that are often active simultaneously (fire together, wire together).  

From the very earliest days of experimentation on cortex by investigators such as Sherrington, it became clear that even non-associational cortex like motor cortex had extraordinary properties of plasticity, with functions rather diffusely represented and maps that could expand or contract as the result of stimulation or disuse.   Simply having an arm in plaster for a few days leads to the arm ‘losing its place’ in the sensory cortex; conversely, relatively short periods of training in manipulation tasks lead to very obvious re-arrangements of cortical maps (Fig. 13.12).  Cortex is a turbulent region: stimuli jostle each other in a desperately competitive way.

Fig. 13.12 Merzenich

Functions of association

When Hubel and Wiesel published their amazing findings – that cells in the in the visual cortex coding a wealth of information about the visual world, looking for spots and edges and lines of a certain orientation, of a particular length and moving in a particular direction and so on - people thought At last we understand how the brain works!   Clearly once you see the principle of what is sometimes called feature extraction, one could go on like that for ever.  We can join line detectors together to make detectors for squares, for numbers, for letters of the Russian alphabet, for teacups and so on ad infinitum (Fig. 13.13).  So is there a special cell for recognising every single thing we see?  It is not at all clear that even with the countless numbers of neurons at our disposal could actually do something like that.  For teacups, just possibly: but for porcelain teacups, for 18th c. French porcelain teacups?  It doesn’t sound very likely, if only because the number of cells required would soon exceed even the million million that we are provided with.  So how is it done?

Fig. 13.13 Teacups etc

Recognition implies classification.  A classification based on only one criterion is trivial to implement: it is easy for example to build a machine that will sort peas according to size before stuffing them into appropriate tins.  The problems start when there is a large number of attributes to be taken into account before a stimulus can be assigned to one or another category, when they are subject to random variation, and when it is the relation between them that is the crucial factor, rather than exact correspondence with some kind of template.  If the objects to be recognised are highly stereotyped, like £10 notes, it is not difficult to make a device that looks for a match between a stored 'ideal' bank note in the machine's memory, and the actual specimen that is presented.  But how, for instance, do we recognise sets of objects as different as the As in Figure 13.14 as actually belonging in the same category? It is hard to define an 'ideal' letter A, or say what essentially is the A-ness that all the examples in Figure 13.14 have in common.  And we recognise a rose not because it is identical to some archetypal rose but because some aspects of it are similar to other specimens that we have seen.   Although in other respects - perhaps its size or its colour - it may be different, we know these aspects are irrelevant and can be ignored.  Thus there are two components to recognition: one is to do with associating together those attributes of a stimulus which define what it is; the other is the filtering out of aspects of the stimulus that are irrelevant. SYMBOL 38 \f "Wingdings"
Fig. 13.14 A-ness

Filtering out irrelevance

A stimulus is a function not only of the object but also of really quite accidental things like how it happens to be illuminated, what angle you're looking at it, and so on.  So while it is easy to make a machine recognise banknotes fed into a slot in a fixed position and with constant illumination, real recognition means being able to do this when one is just waved briefly in front of you.  So the job of any sensory system is to take the stimulus and filter out those aspects of it that are accidental in this sense, and leave behind those that are intrinsic to the object, or essential.  This is what we mean by recognition.  

People often get muddled about the difference between the stimulus - the pattern of energy falling on receptors - and the object that gave rise to that pattern in the first place. Of course it is the object that has to be recognised, not the stimulus: stimulus in a sense a coded version of the object that has to be decoded again.  And this is the essential problem in recognition, because the same object can give rise to very different stimuli on different occasions. Objects in the real world are seen at different times under lighting of different intensities and colours, and from different distances and directions.  The stimulus, in other words, is partly a function of what the object is, and partly a function of quite accidental and arbitrary factors that are nothing to do with the object at all.  A particular retinal image of a cube under particular conditions is as much a coded version of the cube, that has to be deciphered, as are the four letters CUBE: in many ways the latter presents an easier task.  So the job of the visual system (and indeed any sensory system) is to separate off those aspects of an object's image which are its essential attributes in the sense of defining its essence, and those which are merely accidental and the result of temporary circumstances (Fig. 13.15). 

Figure 13.15 world/brain

The filtering out part of it is something we have already met when considering the functions of adaptation, more particularly in the eye.  We saw that one of the functions of dark adaptation is to enable us to perceive the intrinsic albedo of an object despite the fact that on different occasions it may be brightly or dimly illuminated.  It may seem strange that whether something is perceived as white or black should apparently bear so little relation to how much light the eye gets from it, but if you think about it for a moment you can see that it is exactly what is needed in order to recognise objects.  What the brain has to do is to make allowance for different levels of illumination, so you actually perceive albedo rather than luminance.  Albedo is what tells you what sort of object it is - a snowball or a lump of coal - whereas luminance is messed up with how brightly the sun happens to be shining, quite irrelevant to deciding what you are looking at.  By filtering out the accidental aspect of the stimulus - illumination - we are left with the essential property, albedo, which is characteristic of what we're trying to recognise.  

It is not hard to extend this idea-of filtering out accidental properties to leave behind what is most characteristic of an object-to much higher levels of perception.  When we look at a coin on a table, it looks circular even though its retinal image is in fact an ellipse.  It is easy to see how a mechanism of associative memory will do it: as we move our head, different ellipses tend to occur together and the corresponding neurons get wired together; as a result, we are filtering out the accidental aspects of the stimulus that depend on us and not on the coin.  Or again, when we perceive that Figure 13.14 is composed entirely of As, we are filtering out the accident of the way in which they happen to have been designed.  At a higher level, we recognise that arbre, baum and tree are all essentially the same by disregarding the accident of what language they happen to have been expressed in.  The same principle operates at the very highest levels of thought: in chess, rather than laboriously calculating all the possible consequences of a given move, a good player will perceive that the position he is faced with, thought never experienced before, is in some essential way the same as one he knows how to win.  Intelligence in fact is the ability to discern an underlying similarity between things when they are obscured by irrelevant detail.  

Thus filtering, classification, recognition and association are simply different aspects of the same underlying phenomenon.  Our brains are not genetically programmed to recognise lines and faces and letters of the alphabet and so on: they get wired up through experience. We recognise a figure '3' because it has certain topological features that are found in association together: a single continuous line with a cusp in the middle to the left and a couple of bulges to the right.  If we imagine individual neurons that respond to each of these features, we can see in general terms how, with sufficient repetition, they would tend to strengthen their mutual connections and form a functional cluster corresponding to the existence of 3s in the outside world. 

Consider for example line-detectors in the visual cortex discovered by Hubel and Wiesel, that are essentially created by wiring together retinal ganglion cells that lie in a row.   Experiments have shown that even these relatively simple detectors require the animal to have actually experienced lines for them to wire themselves up properly. If for example you rear kittens from birth in such a way that they never experience horizontal lines, then one finds on testing their cortical units that the great majority of them respond only to vertical or near-vertical lines and not to horizontal lines at all. It seems therefore that stimulus itself wires the units up. 

It is not difficult to think of a plausible mechanism by which this could happen (Fig. 13.16). Imagine a 'naive' or untrained cortical cell, that starts with quite random retinal connections as shown in the figure.  If we then present a line at a particular orientation to it, it is clear that though the field is initially random, nevertheless the line may well stimulate it enough to make it fire.  If now we make the usual Hebbian assumption, that those synapses where the pre- and post-synaptic cell are active simultaneously get strengthened, you can see that the useful inputs to that cell will get stronger and the others presumably relatively weaker, so that eventually it builds its own linear receptive field. SYMBOL 58 \f "Wingdings" (Such a model can be extended to cover the generation of inhibitory surrounds as well; but it must be said that recent work has indicated that the true mechanism, though not understood in full, is not quite as simple as the one presented here.) 

Fig. 13.16 Line learning

It is not difficult to extend such a notion to yet higher stages of cortical processing, and imagine units that could learn in exactly the same way to respond to the more complex sets of essential features that make up things like teacups and human faces.  It is certain that some such mechanism of learned connections must exist, for we know that young kittens brought up in a visual environment consisting entirely of lines having a single orientation are found on subsequent testing to have cortical units that respond only to lines of that same orientation.  Once such a set of features have been associated together in this way, the detector may not mind very much if some of its inputs are missing on a particular occasion (Fig. 13.17): so long as it fires more actively than any of its neighbours in response to a particular object, then it will in effect form a hypothesis about what is present.  In this way we can deal with situations where – as is almost always the case in real life – parts of objects are obscured because they’re hidden behind other objects.  So our perceptions are conditioned all the time by our expectations, and in fact the cortex’s job is to be a sort of Hercule Poirot, jumping to conclusions on minimal evidence: having recognised, we perceive associated elements we expect to see but not actually present in the stimulus at all (Fig. 13.18).

Fig. 13.17 Filling in

Fig. 13.18  Cat/The

Recent work has revealed something of the dynamic properties of associative networks of this kind.  Many individual units all over the cortex and in some subcortical regions show electrical activity that appears to rise steadily before an action is about to be performed, collapsing again once the movement actually starts.  A well-studied example is the saccade (Fig. 13.19).  In the colliculus, but also in the frontal eye fields and posterior parietal cortex and elsewhere there are units whose firing starts to accelerate as long as two or three hundred milliseconds in advance of a saccade made to fixate a visual target, and similar early responses can be seen in the EEG long before other kinds of movements.  When this build-up of activity reaches a particular level, it appears to trigger the movement itself, and variation in the rate of rise from trial to trial seems to be reflected in variation in reaction time.  It is not difficult to see how this kind of behaviour might arise through associative circuits, with information from the stimulus being combined with associative links representing the probability of the target existing (given the context), to form a crescendo of agreement between widely scattered units that nevertheless act in synchrony and final decide to initiate action.  The parallels with how decisions are reached in human organisations are obvious.

Fig. 13.19  Ramping together

Lateral inhibition

Lateral inhibition is an important component of models of this kind.  During the learning process it will ensure that only the cells that are most stimulated by a particular pattern will be activated enough to increase the strength of their afferent synapses (Fig. 13.16). And subsequently it will help to sharpen up the discrimination between stimuli that differ only slightly by enhancing any differences in the patterns of neural activity that they evoke.  Lateral inhibition of this kind is not strictly spatial, of the kind introduced in Chapter 4, but operates rather along what might be called an abstract sensory dimension.  For example, the mutual inhibition between red- and green-sensitive channels in the retina that generates colour-opponent responses can be thought of as lateral inhibition along a wavelength axis, that sharpens up colour discriminations.  In the same way, lateral inhibition between line detectors in the visual cortex acts along a dimension of orientation, improving angle discrimination.  A consequence of this is that if two lines are presented at once, forming an angle, the effect of the lateral inhibition is to exaggerate the difference in their orientation, and thus make the angle seem larger.  Many well-known optical illusions (Fig. 13.20) can be explained by angle-expansion of this kind. SYMBOL 38 \f "Wingdings" 

Fig. 13.20 Illusions

The most abstract example of all is perhaps in the olfactory bulb. SYMBOL 58 \f "Wingdings" We saw in Chapter 8 that olfactory receptors are very unspecific as to the chemical stimuli they respond to: to take a simplified example, while one receptor might respond to substances A, B, C and D, its neighbour might respond to A, B, C and E. But the effect of lateral inhibition between second-order neurons within the olfactory bulb (Fig. 13.21) will be to eliminate the overlap between the two 'receptive fields' and thus considerably sharpen up their modality specificity to particular stimuli.  Here we have lateral inhibition that is in effect operating in a multidimensional stimulus space.

Fig. 13.21 Lat inhib

The final goal of recognition is not of course simply the identification of individual objects, but of attaching meaning to them.  This implies, in effect, associating them not only with each other, but with words, actions, and above all with emotional states and with the satisfaction of physiological needs.  The only way to make sense of what the brain does is to take a firmly pragmatic line, to insist all the time on asking what use things are.  Our senses are not after all merely there to provide some sort of in-flight entertainment for the soul: they have evolved because they help us to survive.  They are required by the motor system both in the planning and execution of actions, and also by the motivational systems that decide what action to take: whether an object is nice or nasty, whether it is something to eat, or something that will eat us.  It is not difficult to see how this can be done, by an extension of the mechanism for forming associations by means of synaptic strengthening, and this is what the next chapter is about.

Neural mechanisms of association

SYMBOL 38 \f "Wingdings" Psychologists enjoy classifying learning and memory in elaborate ways.   One which is fashionable at the moment is to distinguish between procedural memory - learning how to do things - and declarative memory - learning what, the latter essentially conscious recognition, often verbal: ‘facts’.   A difficulty here is that a lot of recognition is not conscious at all, and is part and parcel of how we control our actions, and is therefore sort of procedural.  Another classification in some ways more satisfactory from a physiological point of view is a functional one based partly on the structures in question: in these terms there are essentially three kinds of memory.  The first and perhaps most fundamental kind is the learning of secondary motivation, introduced in Chapter 8 (p.xxx), and can be regarded as associated with the limbic system, and especially the hippocampus (see below).  The second kind of memory is obvious in the motor system, in parametric feedback, as for example when one learns to recalibrate the vestibular responses to head movement after wearing reversing prisms, or to learn to produce ballistic sequences of actions, using sensory feedback to modify the responses if they do not lead to success, and is associated with the cerebellum.   The third kind is for us the most important of all, the associational function of our grossly inflated cerebral cortex: sensory learning, which is the basis of recognition.  In the first place, we have the kind of sensory memory which is implied by the ability of higher-order sensory cells - for example in the visual cortex - to develop for themselves a selectivity to those particular patterns of input that actually occur in the environment (see below).  Can we hope to find any common mechanism for each of these types of memory, performed by different areas of the brain?

Certainly the first and third of these varieties are not conceptually very different: one can imagine a continuum of types of learning between, say, learning to associate patches of light on the retina into lines and edges, learning to associate these geometrical fragments into letters of the alphabet, and learning to) recite a poem composed of the same letters.  In each case, the key operation is one of forming associations between those elements of the stimulus that tend to recur together: if retinal units tend to fire in rows, we learn to recognise lines; if lines quite often lie in a certain relation to one another, we learn to recognise an 'E'; and after we have seen a particular configuration of such letters a few times, we have learnt 'Mary had a little lamb'.  Similarly, in the case of Marr's plausible model of motor learning by the cerebellum, examined in the previous chapter, it is the associations formed between sensory feedback patterns and ensuing fragments of action that ultimately result in the learning of motor sequences.  Thus all learning by the brain amounts, in the end, to the formation of physical connections between neurons in such a way as to mirror the associations that exist in the real world between the stimuli that those same neurons code for.  Memory, the process that models the world within our heads, must operate through synaptic plasticity.
Consider a classic example: Pavlov's famous experiments on dogs, which for the first time showed that learning could be quantified and treated as a thoroughly scientific phenomenon.   A dog is trained by frequent association of sound and food to salivate when a bell is rung (Fig. 13.22).   Since he didn’t do it before, there must have been a change in his neural connections.  What can we deduce about what must have been going on in his brain? Here there are, in simplest terms, two stimuli or inputs (the unconditional stimulus, UCS, the sight of food; the conditional stimulus, CS, the sound of the bell), and one output or response (R, salivation).  In the end, since either input will produce the output, there must be at least one chain of neurons forming a functional pathway from UCS to R, and another from CS to R. Before the period of training, the second pathway either does not exist, or perhaps exists in the structural sense but is functionally incapable of initiating salivation.  It follows that learning the association between S2 and R is brought about either by growth of new neuronal connections, or by the activation of pre-existing ones.  The only questions that remain are, firstly 'What are the conditions under which such growth or activation occurs?' and secondly, 'What is the neuronal mechanism of these processes?'

Fig. 13.22 Pavlov

Now there is one further point that may be deduced about the Pavlov dog's brain when it has finally learnt to make its conditioned response.  There must be at least one neuron - the one that actually innervates the salivary gland, if none other - that is common to both pathways and where they first come together; this is the cell X shown schematically in Fig. 13.22, and in the simplest case of all might have exactly one synapse (A) driven ultimately by UCS, and one (B) driven by CS.  Let us for the moment consider only the second and more likely of the two possibilities mentioned earlier, namely that both synapses are structurally in existence before the training period, but that the synapse B is in some kind of inactive, dormant state; we assume that synapse A on the other hand is always capable of firing X and hence producing salivation.  What we observe is that after sufficient pairings of food with bell, the bell alone eventually produces salivation.  Translating this into what is happening in the region of X, this means that the more often A (and hence X) fires at the same time as B, the stronger becomes the connection from B to X, until in the end B is able to fire X all by itself: the bell produces salivation.  SYMBOL 58 \f "Wingdings" 

Note that it is the associated firing of B and X that is necessary to strengthen the synaptic connection: mere over-activity of B alone (if for example the unfortunate dog were to be subjected to continual bell-ringing except at meal-times) is not a sufficient condition.  In other words, it is the conjunction of presynaptic and post-synaptic activity that is postulated to cause synaptic strengthening.  What it amounts to is fire together, wire together: neurons representing things that tend to happen together get physically linked together, so that brain eventually embodies a model of the outside world.  That this must be so was deduced - as we shall see, with extraordinary prescience - more than 50 years ago by D. O. Hebb, and synapses with these properties are called Hebbian synapses.  SYMBOL 38 \f "Wingdings"   You may recall that exactly the same hypothesis was used in Marr's model of cerebellar learning (Chapter 12): once again, it is the paired association of Purkinje cell firing with parallel fibre activity that results in strengthening of the connection from one to the other.  In terms of Fig. 13.22, A is the climbing fibre, B is the parallel fibre, and X the Purkinje cell itself.

It may of course be objected that the notion that the connection from B to X already exists structurally before the period of training is an implausible one.  But given the amount of convergence and divergence of pathways that occurs in the brain, and the bringing together of diverse sources of information in such regions as the hippocampus, it is not easy to calculate that there must be multiple pathways from any given sensory receptor cell to any given motor neuron (Fig. 13.23).  In any case, the model will still work without that assumption, if we imagine that paired firing of B and X results in some way in growth of B towards X and eventual functional contact (or alternatively, in growth of dendrites of X towards B).

Fig. 13.23 Everything to everything

Synaptic learning

Hebb's formula is more than fifty years old, and is an extraordinary example of a prediction on purely theoretical grounds that suddenly turned out, many decades later, to be absolutely correct, when synapses having exactly the properties described by Hebb were actually discovered.  These are the NMDA synapses, with their long-term potentiation or LTP.  The principle of their operation is simple, and it is perhaps surprising that it had not been proposed earlier.  It is simply that whereas conventional ionic channels are either voltage- or ligand-gated, the NMDA receptor is both.  The condition for it to open is first that the post-synaptic cell is depolarised, and second the presence of the transmitter glutamate.  If both conditions are met, calcium enters the post-synaptic cell, where it appears to turn on cellular machinery for the manufacture of more glutamate receptors: not NMDA ones, but conventional AMPA ones that require only the presence of glutamate to produce depolarisation (Fig 13.24).  Once there are enough of them, the synapse will be strong enough to fire the postsynaptic cell on its own.

Fig. 13.24 NMDA

There is a peculiarity of the dendrites of neurons in those regions of the brain that are particularly associated with learning of one sort or another - the pyramidal and stellate cells of neocortex and of hippocampus, and the Purkinje cells of the cerebellum - which supports the idea of local post-synaptic change.  Certain classes of afferent in each case terminate not directly on the soma or dendrite surface but rather on a sort of bud sticking out from it (the dendritic spine, Fig. 3.14), which contains a prominent Golgi apparatus, implying a specifically localised production of protein, presumably of new KQ receptors; on visual cortical cells, the number of spines on visual cortical cells is greatly reduced by visual deprivation.  It is of course essential that synaptic strengthening should be strictly limited to only the one particular synapse and not over the whole cell.  At many sites there is also evidence for presynaptic changes, an increase in the amount of transmitter released being triggered by NO diffusing from the post-synaptic cell, generated as response to the entry of calcium through NMDA receptors.

To summarise, the NMDA receptor (and others similar to it, more recently discovered) is the cellular mechanism for 'fire together, wire together'.  The structure of neocortex provides an ideal way of enabling the most diverse sources of input and output to be brought together for association of this kind, and it is not surprising that both spiny stellates and pyramidal cells themselves are covered with an extraordinary density of dendritic spines; and similar spines are found in profusion in the two other regions associated with learning, cerebellum and hippocampus.

Short- and long-term storage

Finally, it is clear that whereas a stimulus that one remembers for a life-time may only be present perhaps for less than a second, growth or strengthening of synapses must take some time to implement.  There must therefore be a period of consolidation during which the event to be remembered is actually converted into some kind of semi-permanent structural change.  There is in fact good evidence that there are really two distinct memory stores in the brain: a long-term memory (LTM) which takes the form of the kind of synaptic changes that we have been considering, and a short-term memory (STM; there is evidence that it has a number of separate components) which retains information temporarily to cover the period - probably of the order of 20 minutes or so - during which consolidation takes place.  It appears that STM is much more vulnerable than LTM, suggesting that the short-term store is a dynamic one, perhaps consisting of impulses continually circulating round looped chains of neurons.  Sudden shocks of any kind - a blow on the head, or the passage of a large electrical current across the skull, as in electroconvulsive therapy - are sufficient to disrupt STM, and cause a characteristic type of amnesia called retrograde amnesia, in which the ability to recall events that occurred either after the shock, or long before it, are unimpaired, but a period of some 20 minutes or so before the shock remains more or less blank (Fig. 13.25). It seems as though memories need to be stored for a certain time in STM in order to make as it were a sufficient impression on the permanent memory trace, as suggested by the two-tank analogy of Fig. 13.26, and that violent disruption of the brain's activity through electroconvulsive therapy or some other shock simply empties the STM of its contents.  This interpretation is strengthened by the existence of a related condition, anterograde amnesia, in which the patient can recollect very recent events, within a time-scale of some 30 minutes, as well as events that occurred before the condition began, but cannot transfer memories from STM into LTM.  It is as if the flow from the upper to the lower tank, from STM to LTM, had been permanently disconnected, leaving the patient with a functional STM but fossilised LTM.  Finally, the leak in the STM tank in Fig. 13.26 is a reminder that not everything in STM - perhaps fortunately - finds its way into permanent memory, and there is little conscious control, if any, over what is or is not permanently stored.  Some unconscious control certainly does occur, since experiences with a strong emotional significance are almost always transferred to LTM. (A striking instance of this, for those of my own generation at least, is that nearly everyone remembers with unusual vividness exactly what they were doing when, in 1963, they heard the news that President Kennedy had been assassinated.  Younger readers may feel the same about the death of Princess Diana, or the terrorist attack in New York on  September 11th, 2001). 

Fig. 13.25  Amnesia

Fig. 13.26 two tanks

One complicating factor is that things may have been stored perfectly well in LTM, but cannot be recalled because the mechanism for retrieval is not working properly.  This is particularly obvious in the case of experiences that are unpleasant, and psychiatric help may be required in order to bring such repressed memories to consciousness.  In other cases, forgetting may be the result of learning new material.  Since retrieval is essentially by association, memories that are linked together by too many associations may become irretrievably entangled.  Unique and strange events are easy to recollect; boring things like telephone numbers are much more difficult, because of the vast number of pre-existing associations in our minds between each of the digits, the result of having remembered many other numbers in the past.  Methods for improving one's memory that are commonly advertised generally work by translating each digit into a unique and vivid mental image: thus if 7 is 'elephant', 3 'cigar' and 4 'bicycle', the number 734 could be recalled by picturing an elephant smoking a cigar and riding a bicycle.  The snag is of course obvious: after a while, there will be such a tangled knot of connections between elephants, bicycles and cigars and so forth as a result of learning one's friends' telephone numbers that new numbers will be just as difficult to remember as ever.  SYMBOL 38 \f "Wingdings"
Disorders of association

This idea of visual associational cortex putting together fragments of visual information in order to recognise a complex object is reinforced by studies of the effect of clinical lesions in these areas.  They can often give rise to conditions in which the patient's vision is in one sense perfectly normal - Snellen charts and so on - but what he cannot do is somehow put this information together in a coherent way.  SYMBOL 38 \f "Wingdings" These clinical disorders fall broadly into three groups:

agnosia - disorders of high-level sensory analysis;

apraxia - disorders of high-level motor co-ordination and appropriateness;

aphasia - disorders in communicating and using symbols.

Agnosia

Agnosia is the technical name for a condition where the peripheral nervous system is working fine but the patient has difficulty in recognizing things because they can’t put the component bits together in an associative way.  One kind of agnosia has already been mentioned in Chapter 4: lesions of parietal cortex near the somatosensory region may give tactile agnosia.  Here there is no appreciable peripheral disorder - the subject has normal sensitivity to touch or temperature, and his acuity as measured by the two-point discrimination test may be unimpaired - but what is lacking is the ability to use this sensory data properly in order to and respond to objects that are sensed by the skin.  Such a patient may not recognise a matchbox when he is given one to hold, but can do so if he is allowed to see it; such difficulties in feeling the shape of an object in the hand are sometimes called astereognosia. (The -gnosia root, incidentally, means 'knowledge': 'astereognosia' means 'no-shape-knowledge'.  A little Greek helps make some sense of the forbidding clinical jargon for parietal lobe defects.)  A similar state of affairs, involving the visual system, can be seen with lesions nearer the visual CX and the recognition stream, called visual agnosia.   Again, simple tests of visual performance reveal no abnormality - acuity, colour vision and sensitivity may all be normal - but the subject cannot always appreciate what he sees, and recognition of objects and places may be difficult.  One highly intelligent patient described by Oliver Sacks, when asked to identify a flower, described it as 'a convoluted red form, with a linear green attachment' but only recognised it as a rose when allowed to smell it. As in all agnosias, it is generally the most difficult tasks that are most affected, and in this case a difficulty in recognising people's faces may be the first sign that something is wrong.  There is no lack of intelligence, not of the concept of the objects, nor mechanisms for perceiving basic forms and colour – it is putting it all together that is difficult.  A characteristic in such cases is that though the victims cannot immediately recognise things, they can do a sort of work-around by checking things off on a list.  Normal people find themselves doing the same, when faced with recognition tasks (for example, identifying obscure birds) that is beyond their learnt experience.

A related but distinct defect is spatial agnosia: the subject has difficulty in appreciating the spatial relationships between objects, tends to get disorientated more easily, or may have difficulty in drawing or using a map or in sketching a complicated object like a bicycle (Fig. 13.27); even though he knows intellectually what all the bits are, he can't assemble it as a whole.  Very commonly the defect is unilateral, as a result of one-sided brain damage, and the disability is then confined to half of the visual field, which may often show lack of use or neglect.  There is in fact increasing neurophysiological evidence that cells in parietal cortex may be specifically involved in the representation of visual and somatosensory space, and associating them with knowledge of ongoing movements.  Every time we make a movement, sensory transformations and re-orientations are necessary that are mathematically complex, but capable of carried out by neural networks working through association.  SYMBOL 38 \f "Wingdings". 
Fig. 13.27 Piccadilly

A curious feature of many of these high-level defects is that the subject may often be strikingly unaware that anything much is wrong, and resent suggestions to the contrary; the defective field is simply ignored - much as we ignore our own blind spot - and it may require specially designed neurological tests to reveal the disorder.  One particularly bizarre example of this is when the agnosia takes the specific form of defects in the perception of one's own body image (anosognosia).  Such a subject may emphatically deny that a particular part of his body such as a leg actually exists, and disown it when it is forcibly brought to his attention. SYMBOL 38 \f "Wingdings"  This is not merely a conscious fabrication on the part of the patient: he may be completely consistent in his attitude to the limb, not drying it after a bath, not bothering to dress it, tending to bump it against door-frames, and the like.  Nor can one talk about any lack of intelligence in the normal sense: rather the lack of a certain kind of synthesis between somatosensory and visual inputs.

Apraxia

Apraxia implies clumsiness, but of a kind that is much more specific for particular tasks than the more general impairment associated with lesions of the cerebellum or motor cortex.  It may be especially noticeable when the subject had previously been extremely skilled at using a particular tool or carrying out a highly trained sequence of actions, as in the case of a fish-filleter whose biparietal lesion led her to forget how to do it: although she 'knew in her mind' how to set about filleting a fish, she was unable actually to execute the manoeuvres that she wanted, and was sent home by the foreman for 'mutilating fish'.  Sometimes a patient cannot produce specific actions on command - for example, gestures such as beckoning or saluting - but can do so spontaneously in appropriate circumstances, illustrating the high hierarchical level of the deficit.  A more specific variety of apraxia is constructional apraxia, a sort of motor version of spatial agnosia: though the patient may seem to perceive spatial relationships quite readily, he may for example find it difficult to put building blocks together to make a particular shape, or construct a simple jigsaw puzzle.

Aphasia

There are many different ways in which aphasia may be manifested: a useful classification is into sensory aphasia, motor aphasia (these being in effect agnosia and apraxia in the particular field of language and communication), and central aphasia. (Strictly speaking, disorders of these kinds should be called dysphasias since there is not usually complete loss of function; but aphasia is nevertheless the term commonly in use.)  Some of these classifications are ambiguous, and subject to change with fashion.  For instance, the more peripheral problems that can impair communication are in clinical practice not usually called aphasias.  Nevertheless, in order to emphasise the way in which the reception and generation of speech and other forms of communication are a microcosm of what the brain does as a whole, in this section we deal with every level of these sub-systems.

It is helpful to think of the processing of language by the brain in the same hierarchical terms as the generation of other kinds of movement (Fig. 13.28). Raw sense information enters through the eyes or ears, and is analysed by successive levels to the point at which letters, words, and larger syntactic units are recognised.  At the highest level, meaning comes about by association of these symbols with other kinds of sensory information to form concepts; these in turn may result in speech or writing by an exactly converse process of elaboration down the motor side, ending up with the firing of motor neurons in appropriate patterns to form phonemes or fragments of writing or typing.  Defects at the most peripheral levels - simple blindness, or paralysis of the writing arm - will prevent certain kinds of communication, but do not count as aphasia because the effects are unspecific. 

Fig. 13.28  Aphasias 

In sensory aphasia, the patient's sense of hearing may for example be perfectly normal, and the sounds of speech are heard, but they make no sense: he may complain that everything sounds like a foreign language.  This ‘word-deafness’ is in effect a agnosia specific to speech, and may indirectly lead to defects in producing speech as well, since the patient can no longer monitor effectively the words he is producing.  A similar disability specifically affecting reading is word-blindness or alexia (dyslexia in milder forms).  These sensory aphasias are generally associated with a relatively localised region that borders on both visual and auditory cortex, called Wernicke's area (Fig. 13.29).(
Fig. 13.29  Wernicke’s area

In motor aphasia the subject can show by his actions that he understands what is said to him or what he reads, but has difficulty in initiating such communications himself.  Thus one may find agraphia, an inability to write, and apart from the actual absence of speech (expressive or Broca's aphasia) there may be less severe disabilities such as stuttering, and other more generalised defects of articulation (dysarthria) (  That this is not simply a peripheral motor defect is shown by the fact that emotional expression is sometimes unaffected - swearing may continue unabated - and stutterers often find that under sufficient duress, when they are not thinking consciously about what they are saying, the disability may suddenly vanish.  Lesions specifically affecting speech and articulation are associated with another cortical area, Broca's area (Fig. 13.29), which is close to the tongue and mouth regions of the motor cortex, and is not actually in the parietal lobe at all, but in the posterior frontal lobe.  Damage here can frequently result from stroke due to a vascular accident.  SYMBOL 38 \f "Wingdings"
Central aphasia

This term covers a number of miscellaneous conditions in which the defect is not primarily either sensory or motor, but involves the mental mechanisms for forming concepts, for understanding symbols, and making sentences.  A patient may be shown a common object such as a knife and be unable to name it (anomia).  Yet he can use it, and by employing a paraphrase - 'what you use to cut with' - he may show that he can designate it in speech.  Nor is the defect simply motor, since he can repeat the word 'knife' when told to do so; what seem to be at fault are the normal central connections that ought to link the sight of the object to the utterance of its name.  Sometimes such a patient may use the wrong word for something without realising it: given a pair of scissors he promptly describes them as a nail-file, and on being corrected may say 'no, of course it's not a nail-file, it's a nail-file'.  He may produce speech sounds that are correctly executed and sound grammatical but actually make no sense; one such patient, for instance, shown a bunch of keys, came out with: 'Indication of measurement or intimating the cost of apparatus in various forms'.  Such a response, often with much repetition of meaningless phrases, is described technically as jargon: in some cases it appears to be related to a sensory aphasia (Wernicke aphasia) that interferes with normal feedback of what is spoken.  

One remarkably specific problem arises when there is damage to the prominent associational projection from Wernicke’s area to Broca’s area, the arcuate fasciculus.  The victim can understand and generate speech fairly well, but there is an almost specific inability to do what might seem a much easier task, namely to repeat what has just been said; this condition is called conduction aphasia. (
All these defects may be quite specific for only one category of symbolisation: thus in bilingual patients, only one of the languages may be affected, and morse aphasia, or aphasia of sign language in deaf and dumb patients, have also been described.  An interesting case of specificity of this kind occurred in the composer Maurice Ravel, who was affected by aphasia in later life, yet though unable to speak or write, could still sing and play and compose music.  Other specialised aphasias of the central kind that have been described include acalculia, an inability to perform arithmetical operations, and amusia, an inability to appreciate music.  Conversely, individuals are not infrequently found with extraordinary development of these same faculties - the idiots savants or calculating prodigies, infant musicians, and those remarkable people who seem to find it no trouble at all to learn 20 or 30 different languages: but these are not normally reckoned to be disorders SYMBOL 38 \f "Wingdings".

It is important to appreciate that normal people suffer from all types of aphasia on occasion.  Not everyone can guarantee to complete The Times crossword puzzle; we all sometimes stutter or stumble over words; we are often at a loss for the name that goes with a face we know well, or for something that a moment ago was 'on the tip of our tongue'; and all of us are guilty from time to time of generating jargon, especially in social situations where we are compelled to speak, but have nothing to say.  In people of limited education, one may observe a tendency for remarks to be repeated endlessly with only slight variations, or for a small number of concise adjectives to be applied indiscriminately; at a more exalted level we find 'joined-up thinking', 'run this one past you' and so forth.  Indeed, short stretches of dialogue with patients who really do have a high-level central aphasia can sound remarkably normal. (  Equally, we all suffer at times from more or less severe attacks of agnosia: few normal people are really very proficient at, say, drawing a map of the town where they live; and untrained drawings of the human face reveal obvious distortions of the proportions between the various parts that amount to a kind of disorder of body-image perception (Fig. 13.30). All this suggests that the parietal lobes are a fruitful area for human improvement, that might well become better developed in the course of future evolution, and sheds some light on what we mean by ‘intelligence’.  We'd all like to be able to speak five foreign languages, to play the violin to diploma standard, to remember the name of everyone we meet, and be quick at doing mental arithmetic: but it seems that our cerebral cortex is just not up to doing all these things well at once: all too often the truly extraordinary ability in one field seems to be associated with regrettable defects in others.  What we mean by 'intelligence' is perhaps no more than a relative freedom from the more obvious kinds of dysphasia.  

Fig. 13.30 Face drawing

Left-right asymmetry in the brain

One important point of interest in connection with the aphasias is that they show a functional asymmetry between the left and right halves of the brain.  Although the agnosias can on the whole be found with lesions of either hemisphere, aphasia is nearly always associated with lesions of the left hemisphere (that governs the right side of the body), at least in right-handed people.  This asymmetry is reflected in the relative anatomical size of certain parts of the cerebral cortex on the two sides, notably in Wernicke's area (Fig. 13.2). In living subjects this cerebral dominance (the dominant hemisphere being the one associated with aphasia) may be demonstrated by injecting a substance such as sodium amytal into the carotid artery on one side or the other, while the subject is carrying out some such task as reciting the letters of the alphabet.  If the injection is on the dominant side, the recitation is interrupted for a short time and then continues; on the non-dominant side, very little is observed or felt by the subject.  The various types of brain scan described in the Appendix enable both dominance and other aspects of cerebral localisation to be shown in a dramatic manner (Fig. 13.31), with graphic pictures of the changing patterns of activity associated with different types of mental process.

Fig. 13.31  PET

In most people with left-hemisphere dominance, one finds that not only is the right hand used preferentially for writing and other skilled tasks, but often the subject is right-legged and right-eyed as well: one may discover this by observing which foot is used to kick a ball, or which eye looks through a peep-hole.  Other, more unconscious, actions may be revealing: thus the right leg may be crossed over the left when sitting, or if asked to fold his arms, the right arm may be placed on the left.  But in the 7 per cent or so of the population who have right-hemisphere dominance, most (but not all) are found to be left-handed.  Some statistics relating to this correlation between dominance and handedness are shown in Fig. 13.32.  It is clear that although there is a strong correlation between the two, it is not an absolute one; one factor that tends to distort such figures is that there are considerable social pressures from school and family for 'natural' left-handers to learn to use their right hands in preference, producing an artificial shift of the distribution towards right-handedness, shown by the horizontal arrows.  It is likely in fact that in the absence of such pressures the number of left-handers in the population would be rather more than the 10 per cent or so usually reported, though this percentage has remained essentially unchanged throughout recorded history.  It also appears from these statistics that there are essentially two distinct ways in which left-handedness can come about.  The first is what might be called 'normal' left-handedness, and is probably genetically determined and essentially independent of dominance.  The second type may be the result of slight brain damage to the left hemisphere early in development, which causes both speech and handedness to shift to the other hemisphere, as indicated by the downward diagonal arrow in the figure; of these, some are again converted to apparent right-handedness by social pressures.  Left-handers in this category may often show vague disabilities of speech such as stuttering, or mild forms of apraxia or agnosia, a fact that has given left-handers as a whole - including the 50 per cent of left-handers who are in every way perfectly normal - a bad name: literally so, when one considers the etymology of words like 'dextrous' and 'sinister', not to mention 'right'! SYMBOL 38 \f "Wingdings"
Fig. 13.32 Handedness

One interesting consequence of the lateralisation of speech occurs in patients who have undergone surgical section of the fibres of the corpus callosum (see Fig. 1.5).  These are people suffering from focal epilepsy (see Chapter 14, p.xxx): in this condition there can be a tendency for the focus to spread, making the areas to which projects epileptic as well.  One way it can spread is through the corpus callosum (see p.xx), and in rare cases as a last resort the controversial operation of complete callosal section has been performed to create a kind of neurological firewall.  What is most surprising in such cases is the apparent lack of ill-effects, despite the severance of a massive fibre bundle containing more than 100 million fibres (a fact that has prompted the facetious suggestion that the function of the corpus callosum is to allow the spread of epilepsy across the brain).  In normal everyday life such patients seem perfectly normal; it isn't until you set up experiments that restrict incoming visual information to one visual hemifield, L or R that an extraordinary state of affairs is revealed: each half of the brain now appears to act independently, receiving information from the opposite half of the visual field, and controlling the opposite half of the body.  Thus a patient can be shown picture of something on one side, and use the corresponding hand to point to an object on the same side that matches it, but can't do so with the other hand; and tests involving a comparison of stimuli on the left and right cannot be done (Fig. 13.33).  

Fig. 13.33  New split brain

Because only the dominant hemisphere can speak, if the subject is shown an object on the left he cannot say what it actually is, but he can when its on the right.  But the non-dominant side is not entirely aphasic, for it can understand speech and also read: the left hand will pick up a cup to correspond with the word 'CUP' presented in the left visual field, but the patient will be unable to name the object he has just selected, because the specific function of speech is wholly localised in the other hemisphere.  In general, the non-dominant hemisphere has great difficulty with things like selecting from a list of alternatives the word needed to complete the sentence 'THE CAT SAT ON THE . . .', indicating that it suffers from central as well as motor aphasia.  However, recently some doubt has been expressed about the validity of some of these claims, which were necessarily based on very few subjects.

Some communication appears to be possible between the hemispheres, but of a subconscious, emotional kind rather than of 'facts'.  Thus a patient whose non-dominant hemisphere is allowed to see a pornographic picture may blush or giggle, and asked what was there may indicate the awareness of the emotion without being able to describe exactly what was seen.  Some functions - for example spatiovisual tasks like drawing, and probably musical appreciation as well - appear to be performed better by the non-dominant hemisphere (Fig. 13.34); here the drawings by the left hemisphere are technically better in the motor sense, but artistically better (in the sense of conveying the three-dimensionality of the scene) with the non-dominant hemisphere.  Similarly, when asked to choose one of a set of drawings to go with another drawing, although the dominant side may select according to similarity of function, the non-dominant side uses similarity of appearance.  Findings of this sort have led to a certain amount of semi-mystical speculation about the possibility of a fundamental split in Man's psyche between the rational, nerdish and factual left hemisphere and the intuitive, bohemian and artistic, right hemisphere, and the importance of not allowing one hemisphere to develop at the expense of the other. SYMBOL 38 \f "Wingdings" 

Fig. 13.34  House

Finally, one may sometimes observe in such split-brain patients the effects of evident struggles between the two sides about what should be done, one hand perhaps trying to tie up the patient's shoelaces while the other unties them.  Such observations raise rather difficult problems concerning the nature of consciousness and its relation to the brain: do we here have two minds in one body? The one thing we cannot do, of course, is to ask the patient what he thinks is going on: only the dominant hemisphere will reply.

Temporal archicortex and memory

There is no very clear distinction between temporal and parietal cortex, and we have already seen that some of the areas mentioned in the preceding section - Wernicke's area, for one - lie partly in the temporal lobe.  There is however a specific type of disability associated with damage to the temporal cerebral hemispheres, amnesia, which is quite different in kind from anything seen with damage to frontal or parietal cortex.  It is now recognised that these and other classical 'temporal lobe' disabilities are probably more related to structures forming part of the limbic system, lying within the temporal cortex itself.  To make clear the distinction between these two quite different areas that are sometimes lumped together as 'temporal lobe' it is necessary to begin by outlining the structure and development of those deeper and older structures that form the limbic system, and which on account of their close association with the olfactory sense, discussed in Chapter 8, are sometimes classed together as the rhinencephalon or 'nose-brain'.

We have noted several times before that older structures of the brain tend to get elbowed out of the way by newer ones, and thus often become twisted into complex and at first sight incomprehensible shapes; this is markedly true of the limbic system.  It consists of nuclei (notably the amygdala, septal nuclei, mammillary body and hypothalamus) and areas of cortex (in particular the hippocampal gyrus, cingulate gyrus, and entorhinal, periamygdaloid and prepyriform cortex, the latter two having particularly important olfactory connections), all joined together by fibre tracts (for instance the fornix, medial forebrain bundle, and projections from the mammillary body to anterior thalamus, and from there in turn to the cingulate gyrus); these are all shown schematically in Fig. 13.35. 

Fig. 13.35 Connections

Originally, it seems that the two main areas of limbic cortex, hippocampal and cingulate, formed almost the entire cortical surface of the brain, lying side by side immediately over the relatively compact group of their associated nuclei.  But in the course of time, this simple three-layered archicortex was infiltrated by the newer six-layered neocortex, which by expanding almost explosively in the region separating the two areas, swelled into the modern balloon-like cerebral hemispheres, leaving the now dwarfed limbic cortex out on a limb (hence the name) round the edge (Fig. 13.36), and tucked away out of sight.  Meanwhile, the massive fibre tracts required to link all this bulk of new cortex to the thalamus and other subcortical structures have forced their way between the older nuclei, cutting them off from one another and making their communicating nerve fibres wind their way right round the outside in circuitous fashion.  At the same time, the amygdala, originally a structure on the wall of the hemisphere, became - like the corpus striatum - submerged beneath the incoming tide of neocortex, and ended up as an additional subcortical nucleus.

Fig. 13.36 Anatomy

All this makes the neuroanatomy of the limbic system look a great deal more complex than it really is, and a schematic representation of the functional connections, as in Figure 13.35, is in many ways more helpful than trying to reproduce in one's mind all the three-dimensional muddle of its actual form.  Most of the limbic system appears to be concerned with such functions as emotion and motivation, with the neural control of the body's internal environment, and to some extent with olfaction; these aspects will be dealt with in the next chapter.  The cortical regions, and especially the hippocampus, seem on the other hand to be more concerned with learning and memory.  In Man, electrical stimulation in this region has been undertaken occasionally as a preliminary to the surgical treatment of epileptic foci.  What has sometimes been reported is that stimulation at particular sites gives rise not to the discrete flashes and spots of light characteristic of electrical stimulation of the human visual cortex, but rather to complex and repeatable hallucinations of an unusually realistic kind, sometimes apparently not static but moving in 'real time' (for example, of a tune played by an orchestra, to which the patient could beat time), and often producing an experience which is a synthesis of many sensory modalities at once.  In one case a patient described a sense of it being Sunday morning, a bright summer day, the car being washed, children shouting, and so on.  Such experiments have naturally been rare, and there must be some doubt as to how they should be interpreted: necessarily, they have not been carried out on normal people, and what makes these results less exciting than they might appear at first sight is that these hallucinations - only found in 8% of patients - were in practically every case part of the aura that the patient felt anyway at the beginning of the attack; best responses found on whole when nearest the epileptic focus; excision of the region didn’t always prevent same hallucination being evoked later from a different spot.  Nevertheless, it does seem probable from electrical recording in animals that some kind of progressively more detailed analysis of sensory information, and its integration across sensory modalities, does occur on its way down to the archicortex that runs round the bottom edge of the temporal cortex, and that this analysis - unlike what is seen in the parietal lobe - is of recognition rather than localisation.

Hippocampus

As we have seen, the hippocampus lies along the bottom edge of the temporal neocortex, and it is perhaps not too fanciful to think of it as a kind of cortical gutter.  Sensory information is increasingly analysed and refined as it trickles from neuronal level to neuronal level down from sensory projection areas, through the complex associational networks of parietal and temporal cortex, and finally drains into the hippocampus itself.  Certainly in the more posterior region of the temporal neocortex, which borders on visual areas, the logical progression already noted in the visual cortex by which cells are found first with simple concentric fields, and then with more and more specificity in terms of such parameters as line orientation, colour movement, or width, appears here to be continued; in Chapter 7 (p. [whatever it is]) we saw that cells have been found in the temporal cortex which respond to quite specific objects - faces, hands and so on - with significant behavioural implications.

A cross-section through this gutter - its seahorse-like shape giving rise to the name 'hippocampus' - reveals a surprisingly regular neuronal structure, a neural crystal almost as machine-like as the cerebellum (Fig. 13.37).  Archicortex differs from neocortex in having only three layers instead of six; there is only one layer of pyramidal cells, with fibres running predominantly transversely above and below them, and making convergent and divergent synaptic contact with the pyramidal cell dendrites.  There appears to be a regular sequential arrangement, a bit like four or five cerebellums in series.  Pyramidal cells in the entorhinal cortex project to long rows of pyramidal cells in the dentate gyrus, these in turn project to rows of cells in the CA3 region of the hippocampal gyrus, these cells in turn projecting to the pyramidal cells of the CA1 region.  Branches of the CA3 cells form the large fibre bundle called the fornix, which projects to the mammillary bodies and septal nuclei, and thence indirectly to the hypothalamus and amygdala.   In Man the fornix contains more fibres than either the pyramidal tracts or optic nerves.  The CA1 cells project to the neighbouring subiculum and thence, amongst other areas, to the anterior and central regions of the thalamus, by which route they may ultimately influence the basal ganglia and neocortical areas.   Through all these routes the hippocampus can influence both overt behaviour and also internal responses via autonomic and endocrine mechanisms. 

Fig. 13.37 Hippo 1

Apart from receiving fibres from temporal neocortex, the entorhinal region has projections also from the neighbouring olfactory areas, prepyriform and periamygdaloid cortex, and septum.  Thus the entire structure can be represented in the highly schematic form shown in Fig. 13.38, a strongly hierarchical arrangement well adapted to integrating together information from neocortex and from the olfactory system, recognising specific patterns of activity, and producing both motivational responses through the motor system and emotional responses via the limbic nuclei.  The question of what its output actually does must wait until the next chapter; what we are concerned with here is how the output is derived from its input.

Fig. 13.38 Schematic hippo

That the hippocampus does indeed form in a sense the final output from the sensory analysers of the neocortex is clear from electrical recordings from its pyramidal cells.  Ninety-five percent of the pyramidal cells of area CA3 have been described as totally multi-modal, responding to almost any combination of sensory modalities, and they are also described as being 'novelty-conscious'; that is, that they tend to show habituation to a stimulus if it is repeatedly presented, and respond more readily to things that are new; this in itself represents a kind of memory process.   The results of lesions, particularly in the anterior and inferior parts of the temporal lobe, have classically also been conclusive in associating this area with the function of memory.  The famous case is that of a patient called HM, who was treated for severe bilateral temporal epilepsy by the drastic expedient of cutting away the major part of both temporal lobes, including most of the hippocampus, with unfortunate result that although the patient's memory for things that had happened before the operation was good, he was effectively unable to lay down new memories for periods of longer than a matter of a some minutes, an example of anterograde amnesia (see above p.xxx and Fig. 13.25).   Subsequent work in animals has confirmed that it is damage to the hippocampal region that is responsible for this defect, and that it only happens when the lesion is bilateral, in which case the deficit is quite unspecific as to the nature of the material to be learnt: it can be recalled for some 5-10 minutes, but after that time, unless the subject can in some way rehearse it in his mind - as for example when trying not to forget a telephone number in the interval between looking it up in the book and dialling it - it is lost for good.  Significantly, purely motor skills are unaffected: previously learnt ones are not lost, and new ones (like learning to type or to ride a bicycle) may be acquired.  Motor skills are learnt elsewhere, presumably either in cerebellum or neocortex.  Unilateral lesions do not have the same dramatic effect, although some difficulty has been reported in learning verbal material if the lesion is on the dominant side, and scans similarly demonstrate an asymmetry in learning verbal and non-verbal material.
A quite similar kind of anterograde amnesia is also seen as the result of chronic alcoholism, and is called the Korsakov syndrome. It is not so much the effect of alcohol itself as the result of thiamine deficiency brought on because a liquid diet is a somewhat imbalanced one.   After death, one may see degenerative changes to various areas on the limbic system, notably the mammillary bodies and anterior thalamus, both of which lie on output routes from the hippocampus; however one cannot of course be sure whether or not other regions, such as the hippocampus itself, may be functionally deranged even though their gross visual appearance may be normal.  As with temporal lobe damage, motor learning is unimpaired, and stimulus recognition is still normal.  But long-term storage of memories is impaired and things cannot be remembered for more than a few minutes without conscious rehearsal.  The victim consequently often seems to be stuck in a past era: if asked who the Prime Minister is, he might reply 'Harold Wilson', and told to describe the latest fashions, would talk about bell-bottoms and micro-skirts.  As with the agnosias associated with parietal cortex, the patient is often strikingly unaware that anything is wrong, and if confronted with facts that don't fit in to his private time-warp, may start to confabulate, making up elaborate fantasies to explain the discrepancies; he may also become paranoid and aggrieved, believing that there is some kind of global conspiracy directed against him.  SYMBOL 38 \f "Wingdings"
Figure captions

Fig. 13.1  Series of brains of different species, showing increase in extent of 'silent', associational, cortex (unshaded) in the course of evolution. (After Stanley Cobb, in Penfield, 1967)

Fig. 13.2  Representation of the brain as a series of neuronal levels (as in Fig. 1.10).

Fig. 13.3  Convergence and divergence (after Cotterill, 1998)

Fig. 13.4  Gross divisions of the cerebral cortex.  Left, the four major conventional regions.  Right, the front half is essentially motor, the back half sensory (and further divided into localisation and recognition); this reflects the similar division of the spinal cord (below).

Fig. 13.5  A highly stylised representation of cortical topology, based on contiguity.

Fig. 13.6  Major fibre bundles (fasciculi) of the human cerebral cortex.  (Nolte, 1999)

Fig. 13.7  A neuron from monkey parietal cortex responding to vision as well as touch.  Above, receptive field in one quadrant, with typical responses in a number of trials, and histogram, at right; below, tactile receptive field, and responses.  (Duhamel, Colby and Goldberg, 1991) 

Fig. 13.8  Association chains: ascending ladder of more and more indirect routes by which stimuli may cause responses.

Fig. 13.9  Columns in retrosplenial association cortex, labelled by using local injection of tritiated leucine into frontal association cortex (Nauta and Freitag, 1996)  
Fig. 13.10  Columns debate within themselves, then send their conclusions to other columns.

Fig. 13.11  (no caption)

Fig. 13.12  Effect of training on map in monkey somatosensory cortex.  Above, monkeys experienced continual tactile stimulation of their fingertips by means of a rotating textured wheel.  Below, the result was expansion of corresponding parts of the digital map, partly at the expense of neighbouring areas (Merzenich et al, 1990).

Fig. 13.13  How specific can feature detectors be?

Fig. 13.14  What is 'A-ness'?

Fig. 13.15  A stimulus is a coded version of the object that causes it, some aspects of it being due to the object itself, and some to accidental factors. It has to be decoded by the brain filtering out the accidental properties to leave behind those that are essential to the object itself.

Fig. 13.16  Hypothetical mechanism by which the specificity of central visual neurons might grow from experience. Top row: receptive fields of three 'naive' neurons, indicated by dots. Middle row: on stimulation with a slit of light at a particular orientation, only (b) fires: its active afferent fibres grow stronger, while the others decay. Bottom row: after a sufficient number of presentations of this type, (b)'s receptive field is closely matched to the slit, and (a) and (c) are still available to learn some other stimulus.

Fig. 13.17  Phantom contours.

Fig. 13.18 Neural circuits for association.  Left, ‘real’ input is brought into association with predictions from other columns, resulting in activity of pyramidal cells generating action and perhaps perception.  Right, the mechanism in action.  An ambiguous letter (A/H) is perceived as ‘A’ because of the predictions of neighbouring columns responding to parts of the local context.

Fig. 13.19  Before a saccadic eye movement to a particular target, neural activity rises steadily in related neurons in the colliculus (left: Munoz and Wurtz, 1995); similar rises occur simultaneously over several areas of cortex, presumably linked by associational connections.

Fig. 13.20  Some illusions caused by lateral inhibition amongst orientation-detectors; in each case, the apparent orientation of a line is twisted away from a neighbouring line of different orientation.  Above, the thin lines are in fact parallel (the Zöllner illusion); below left, the figure is actually a square; right, the two thinner lines are in fact aligned, though the expansion of the angle they make with the vertical lines makes it look as though they would not meet if extended (the Poggendorf illusion).

Fig. 13.21  Lateral inhibition as a means of increasing modality specificity. Left, two idealised olfactory receptors, each responding to its own list of substances (A, B . . .E) but with considerable similarity of response. The effect of mutual inhibition at the level of the second-order neurons (right) is to increase the specificity of the response by eliminating responses that are common to the two receptors: neuron X will respond only to D and neuron Y only to E.

Fig. 13.22  Memory and neuronal connections. Above: schematic representation of functional pathways before (a) and after (b) Pavlovian conditioning of salivation (R) to the sound of a bell (CS) by frequent pairing of bell and food (UCS). Below, simplified representation of the functional chains of neurons that must exist after conditioning : X (shown in more detail on right) is the first neuron common to both paths. It has an afferent A that is driven by UCS and an afferent B, driven by CS, whose effectiveness has increased because of frequent joint activity of X and B.

Fig. 13.23  (no caption)

Fig. 13.24  NMDA synapses and learning.  Synapse A and B both release glutamate, but B has NMDA receptors (white) whereas A has only KQ receptors (black).  Before training, B alone is ineffectual because of the lack of KQ receptors, and the postsynaptic cell does not fire. (b) If A is active as well, causing postsynaptic depolarisation, the NMDA channels now open in response to the transmitter from B, allowing calcium to enter.  This calcium then improves the effectiveness of B, either (as here) by increasing the number of KQ receptors, or possibly through presynaptic mechanisms.  As a result (c), B is now effective on its own.

Fig. 13.25  Two kinds of amnesia. Above, anterograde amnesia: shaded areas represent the stretches of past experience that can be recalled (in this case only very recent events, or those before the operation). Below: in retrograde amnesia there is a loss of recall of occurrences just before the operation or other precipitating event.

Fig. 13.26  The two-tank analogy of short-term and long-term memory (STM and LTM)

Fig. 13.27  (a) Attempts at drawing a bicycle: left parietal lesion. (b) Another attempt: biparietal vascular lesion. (c) An attempt at a map of Piccadilly Circus, showing neglect of top and left: right parietal lesions. (Critchley, 1971)

Fig. 13.28  The hierarchical organisation of the neural processing of language.

Fig. 13.29  Left: lateral view of left hemisphere, showing approximate location of Broca's and Wernicke's areas. Right: section along the dotted line above showing relative enlargement of the left planum temporale (approximating to Wernicke's area, shaded) in comparison with the right. (After Geschwind and Levitsky, 1968; copyright AAAS.)

Fig. 13.30  Left, untrained adult's drawing of a face, showing incorrect proportions, especially in the position of the eyes, compared with reality (right): the eyes are half-way down the face.

Fig. 13.31  Regional blood flow in the cerebral cortex of a conscious human subject, revealed by a radioactive marker, under the various conditions shown. (After Lassen et al., 1978)

Fig. 13.32  Incidence of right and left handedness and brain dominance, expressed as percentages of the whole population. The horizontal arrows indicate the social pressures tending to turn natural left-handers into apparent right-handers; the dashed arrow indicates the likely effect of early damage to the left hemisphere. The data is derived from observations of the incidence of aphasia after unilateral brain lesions in right- and left-handers (Zangwill, 1967) and is therefore necessarily somewhat approximate.

Fif, 13.33  Only the left hemisphere can activate speech; but the right hemisphere can apparently read sufficiently well to be able to direct the left hand appropriately, or perhaps complete simple sentences using the left hand.

Fig. 13.34  Right- and left-handed attempts by a split-brain patient to copy the series of drawings on the left; the superiority of the left hand in dealing with the implied three-dimensional relationships is evident, although the right hand is slightly better at carrying out the drawing movements. (Gazzaniga, 1967; copyright Scientific American, Inc.)

Fig. 13.35  Highly schematic and simplified representation of the principal areas of the limbic system and their connections to other structures. Neocortical areas (light pink): Olf, olfactory cortex; Sens, sensory and associational; Fron, frontal; PreM, premotor; M, motor.  Archicortical areas (grey): ; CG, cingulate, EN, entorhinal; Hippocampus; Thalamic nuclei (pink): Ant, anterior; DM, dorsomedial; VA, ventroanterior; VL, ventrolateral. Other regions:  Am, amygdala; Sep, septum; Pit, pituitary; Cbm, cerebellum; Acc, N. Accumbens; BG, basal ganglia; Coll, colliculus; RF, brainstem reticular formation; ANS, autonomic nervous system.

Fig. 13.36  The eclipse of the limbic cortex. Left: approximate area of limbic cortex (shaded) in rabbit, cat, monkey and Man, showing the relative growth of neocortex and consequent relegation of limbic structures to medial and central regions. (Partly after Ochs, 1965). Right: transverse section of human brain, showing limbic cortex (shaded) and fornix, in relation to massive fibre bundles serving the neocortex.

Fig. 13.37  Simplified transverse section of the hippocampus, showing the main subdivisions, and its location in transverse section. 

Fig. 13.38  Middle, typical connections of neurons in different areas of the hippocampus; right, highly stylised representation of neural circuitry of the hippocampus, showing the sequence of cerebellar-like learning grids.
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Notes

p.  Associational cortex   Good general accounts of parietal cortex in particular may be found in Beaumont, J. G. (1983) Introduction to Neuropsychology (Blackwell, Oxford), Critchley, M. (1971) The Parietal Lobes (Hafner, London), Stein, J. F. (1991) Space and the parietal association areas, in Paillard, J. (1991) Brain and Space (Oxford University Press, Oxford), and Walsh, K. W. (1978) Neuropsychology, a Clinical Approach. Churchill, Livingstone, Edinburgh.  Discussions of association cortical function in general, and its theoretical and quantitative basis, include Wilson, H.R.  (1999)  Spikes, Decisions and Actions  (Oxford University Press) and Abeles, M. (1991) Corticonics (Cambridge University Press)

p. Café tables  And to pursue the analogy a little further, the diffuse inputs function like the different kinds of drinks and other substances that are being consumed: see Chapter 14.

p.  Symptomatology   Neurological anecdote has now - deservedly - achieved the status of a recognised literary genre, and sometimes staged as well; some of the best are: Critchley, M. (1979) The Divine Banquet of the Brain (Raven, New York); Klawans, H. L. (1989) Toscanini's Fumble. (Bodley Head, London);  Klawans, H. L. (1990) Newton's Madness (Bodley Head, London);  Sacks, O. (1985) The Man who Mistook his Wife for a Hat (Duckworth, London).

p.  The representation of space   See de Renzi, E. (1982) Disorders of Space Exploration and Cognition (Wiley, Chichester); de Renzi, E. (1988) Visuo-spatial agnosias. In Physiological Aspects of Neuro-ophthalmology, ed. C. Kennard and F. C. Rose (Chapman and Hall, London); 

p.  Denial of body parts   As in the following Pinter-like dialogue:

Doctor:  Is this your hand?

Patient:  Not mine, doctor.

Doctor: Yes it is.  Look at that ring: whose is it? 

Patient: That's my ring.  You've got my ring, doctor!

(Sandifer, P. H. (1946) Anosognosia and disorders of the body scheme. Brain 69, 122-137.)

p.  Aphasia   Brain, L. (1975) Speech Disorders (Butterworth, London) is a classical account; see also Rose, F. C., Whurr, R. and  Wyke, M. A. (eds.) (1988) Aphasia (Whurr Publishers, London).

p.  Aphasia after a stroke   A classical example is that of Dr. Samuel Johnson, who has left a vivid account of what it is like to experience such a stroke.  Johnson was a stutterer before this episode, and was notoriously clumsy: it is possible that he may in fact have suffered some slight brain damage in early life:  'I went to bed, and in a short time waked and sat up.  I felt a confusion and indistinctness in my head that lasted, I suppose, about half a minute.  I was alarmed, and prayed God, that however he might afflict my body, he would spare my understanding.  This prayer, that I might try the integrity of my faculties, I made in Latin verse.  The lines were not very good, but I knew them not to be very good: I made them easily, and concluded myself to be unimpaired in my faculties.... Soon after I perceived that I had suffered a paralytick stroke, and that my speech was taken from me.  Though God stopped my speech, he left me my hand.  My first note was necessarily to my servant, who came in talking, and could not immediately understand why he should read what I put into his hands.  In penning this note I had some difficulty; my hand, I knew not how nor why, made wrong letters.  My physicians are very friendly, and give me great hopes; I have so far recovered my vocal powers as to repeat the Lord's Prayer with no very imperfect articulation'.

A number of features of this account are interesting: the aphasia was clearly predominantly expressive, with a little disturbance of writing, but no disorder either of the ability to comprehend speech, or to formulate it in the mind - even in Latin verse! - and certainly no evidence of any general impairment of intelligent thought.  

p.  Prodigies   See for instance Treffert, D. A. (1989) Extraordinary People: an Explanation of the Savant Syndrome. Bantam, London. One example from Treffert: ‘Leslie has never had any formal musical training.  Yet as a teenager, on hearing Tchaichovsky's 1st Piano Concerto for the first time, he played it back flawlessly and without hesitation, and can do the same with any piece of music however long or complex.  Leslie is blind, severely mentally handicapped and has cerebral palsy.  He cannot hold a spoon to eat and merely repeats in monotone fashion what is spoken to him.’   There are also some good examples in Sacks, O. (1985) The Man who Mistook his Wife for a Hat (Duckworth, London).

p.  Dominance and handedness  There is a good discussion is Morgan, M. J. and  McManus, I. C. (1988) The relationship between brainedness and handedness. In Aphasia, ed. F. C. Rose, R. Whurr and M. A. Wyke. (Whurr Publishers, London).  There is also much useful material in Hellige, J.B. (1993) Hemispheric Asymmetry (Harvard University Press)

p.  Abilities of the non-dominant side  A full account is  Springer, S. P. and  Deutsch, G. (1993) Left Brain, Right Brain (Freeman, San Francisco).   With special exercises to encourage the right hemisphere, one can learn to draw better (it works - I've tried it): see Edwards, B. (1979) Drawing on the Right Side of the Brain (Collins, Glasgow).

p.  Anterograde amnesia  A moving account of such a case (The Lost Mariner) can be found in  Sacks, O. (1985) The Man who Mistook his Wife for a Hat (Duckworth, London).

p.   Memory   A well-written popular account is Baddeley, A. (1983) Your Memory: a User's Guide (Penguin, Harmondsworth); Dudai, Y. (1989) The Neurobiology of Memory (Oxford University Press, Oxford) is more physiological.

p.  Memory and development   Some accounts of neuronal memory mechanisms, particularly in relation to development: Abeles, M. (1991) Corticonics: Neural Circuits of the Cerebral Cortex. (Cambridge University Press, Cambridge);  Byrne, J. H. and  Berry, W. O. (1989) Neural models of plasticity (Academic, New York);  Gaze, R. M. (1970) The Formation of Nerve Connections (Academic, London); Hopkins, W. G. and  Brown, M. C. (1984) Development of nerve cells and their connections (Cambridge University Press, Cambridge); Lund, R. D. (1978) Development and plasticity of the brain. (Oxford University Press, Oxford).

p.     Hebb    The postulate was most clearly stated in Hebb, D. O. (1949) Organization of Behaviour. (Wiley, London).  "When an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes part in firing it, some growth process or metabolic change takes place in one or both cells such that A's efficiency, as one of the cells firing B, is increased."  
p.   Memory methods    The technique of bizarre association is of very great antiquity, used for instance by the great Roman orators.  In its original form it involved the mental placing of things to be remembered into a fixed sequence of locations in a real or imagined building: hence the expression 'in the first place ... in the second place...'.  See the extraordinarily stimulating Yates, F. A. (1969) The Art of Memory. (Penguin, Harmondsworth); and also Rossi, P. (1990) Creativity and the art of memory. In Creativity in the Arts and Science, ed. W. R. Shea and A. Spadafora. (Science History Publications, Canton, Mass.)

p.  Nature of perception   See for example Kaufman, L. (1979) Perception. (Oxford University Press, Oxford).  Some of the most thoughtful and penetrating insights in this area have been voiced by the distinguished art-historian, E. H. Gombrich, who frequently shows so much better an understanding of perceptual mechanisms than many neurophysiologists: see for instance Gombrich, E. H. (1982) The Image and the Eye. Phaidon, London.

p.  Angle-expansion   See Carpenter, R. H. S. and  Blakemore, C. B. (1973) Interactions between orientations in human vision. Experimental Brain Research 18, 287-303.  An excellent and comprehensive source of visual illusions in general is Robinson, J. O. (1972) The Psychology of Visual Illusion. (Hutchinson, London).
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  p.  Cortical regions  A simple map of functional cortical areas, for self-testing.   Click on one of the radio buttons designating an area of cortex, and the name and Brodmann number will appear in the box at right.  Alternatively, click on the pull-down button at the right of the box to display the whole list, and click on an item: the corresponding radio button will be selected.
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  p.  Pavlovian conditioning   An exhibit demonstrating classical Pavlovian conditioning.  Two buttons (bone and bell) represent respectively the unconditional and conditional stimuli, UCS and CS; the response is indicated by the horizontal thermometer at the right.  Click on the UCS, and observe the time-course of the response, and the existence of temporal summation.  Wait for the response to die away, and then click on the CS: nothing happens as the animal has not yet been conditioned.  Now train it by pairing the UCS with the CS a number of times.  The thermometer at the bottom shows the resultant strength of the synaptic connection from the CS to the response, which is subject to spontaneous decline (the rate depends on the Decay rate slider.  Now test by giving the CS alone: a response should now be evoked, but if you go on testing without reinforcement from the UCS, you will see the synaptic strength decline quite rapidly.  Experiment with various regimes of training and testing.  Note that the model is a simple one and does not incorporate some of the more complex features of conditioning known to psychologists. 
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  p.  Line learning    This exhibit shows how a set of cortical units, initially connected rather randomly to retinal afferent, can learn to convert themselves into a set of line-detectors for different orientations.   The five units are shown at the top, each with a window indicating the position of their retinal afferents, the colour showing the strength of the connection; underneath a thermometer shows the degree of its excitation, and the button indicates that it has reached threshold for activation.  When a line is presented (click on Give stimulus), the activity in each unit rises at a rate proportional to the amount of input it receives from the retinal afferents; the first to reach threshold then fires, inhibiting the other through lateral inhibition.  When an afferent fibre fires at the same time as the unit itself, its connection is strengthened: the others to the same unit are weakened.  Select an orientation with the slider, and present it a few times: one of the units will reach threshold first, and you will see the strength of its connections alter as a consequence.  Train it with the same orientation a few times, then change to a different orientation and train again.  See if you can make every unit respond to a different orientation.   You should find this happening even if you just present orientations once each at random, without particularly attempting to train them.  Click on Forget to reset the connections to their original values.  
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  p.  Olfactory recognition  This exhibit shows how lateral inhibition between units which are intrinsically rather unspecific can lead to enhanced specificity: it shows lateral inhibition in an abstract multi-dimensional space (in this case, amongst different odorants).  It has already been described in Chapter 8: see p. [whatever it is].

Boxes

Examples of specific agnosias and apraxias

Name



Area of difficulty

Astereognosia

Tactile recognition

Visual agnosia

Visual recognition

Auditory agnosia

Auditory recognition

Spatial agnosia

Orientation, drawing, maps etc.

Anosognosia

Appreciation of body topography

Prosopagnosia

Recognition of faces

Motor apraxia

Execution of skilled sequences

Constructional apraxia
Assembling components into a whole

Ideational apraxia

Formulation of plans of action

Examples of specific aphasias

Name





Area of difficulty

Dysarthria




Articulation

Aphonia




Speaking

Dyslexia




Reading

Dysgraphia




Writing

Broca's (expressive) aphasia

Expression of communication

Wernicke's (sensory) aphasia

Understanding communication

Conduction aphasia


Repeating

Nominal aphasia



Recalling names

Global aphasia



All aspects of communication

Amusia




Music

Acalculia




Arithmetic
People

Wilder Penfield (1891 - 1976) was an American neurosurgeon who made many observations of the effect of electrical stimulation of areas of human cortex exposed for surgery, often in cases of epilepsy.  In this way he was able to confirm the mapping of motor cortex, and also obtained the dramatic results of temporal lobe stimulation described in this chapter.

Paul Broca (1824 - 1880) presented his well-known case of aphasia associated with damage to a particular area in the frontal lobe in 1861, which led to considerable controversy and debate (that is still going on), essentially between those who believed in precise localisation of cortical function and those (such as Flourens) who did not.

Carl Wernicke (1848 - 1904), was essentially a theorist who deduced that lesions in or near auditory regions in the posterior half of the brain ought to give rise to a different kind of aphasia, and that conduction aphasia was also a possibility: he was only 26 when he published his conclusions, which were backed up by what would now be considered a very small number of cases.

