Chapter 1   

The study of the brain

Your brain is a machine whose complexity far exceeds anything made by Man.  It is made up of units - cells called neurons - that provide both the pathways by which information is transmitted within it and also the computing machinery that makes it work.  There are quite a lot of these neurons: about thirty times as many as the entire population of this planet.  Another not very useful fact to impress your friends is that every cubic inch of your cerebral cortex has 10,000 miles of nerve fibre in it.  A typical neuron is wired up to a thousand or two of its neighbours, and it is the pattern of these connections that determines what the brain does.  All this makes the brain a fantastically complex structure, a thicket of twisting, interweaving fibres.   

Our brains need to be complex: part of what they do is to embody a kind of working model of the outside world, that enables us to imagine in advance what would be the result of different courses of action.  It follows that the brain must be at least as complicated as the world we experience.   So the study of the brain is like the study of human society: for a society can only be fully understood if we comprehend not just the behaviour of isolated individuals, but also the interactions that each of them makes with those with whom they are in contact.   Consequently understanding the brain is a task as daunting as trying to comprehend the behaviour of the entire human race, its politics, its economics, and all other aspects of what it does; in fact, about thirty times more difficult.  As a result, the study of the brain has in some respects a closer affinity with 'arts' subjects like history then it does with much conventional science.  For many people that is part of its attraction. SYMBOL 38 \f "Wingdings" 

How has such complexity come about?  The evolutionary history of the brain is not well understood, but in broad outline was certainly something like the account that follows.

The need for neurons

The co-ordination of a single-celled organism such as an amoeba is essentially chemical: its brain is its nucleus, acting in conjunction with its other organelles.  But a multicellular organism clearly needs some system of communication between its cells, particularly when, as in Hydra, they are specialised into different functions: secretion, movement, nutrition, defence and so on.  Communication between cells practically always means chemical communication: one cell releases a chemical substance; somewhere else another cell is waiting for this chemical, which tells it to do something.  Nearly always, the target cell has receptor proteins in its cell membrane that recognise the particular chemical.  Often these form part of what are technically called ligand-gated channels in the membrane, opening or sometimes closing in response to the chemical.  This kind of chemical communication is most familiar as hormones, operating within the body, perhaps to cause widespread changes: a good example is adrenaline, released in dramatic circumstances and alerting more or less the whole body.   The chemical is not directed at any particular cell: it is broadcast throughout the whole body; 

Diffusion time

In small and slow creatures, this works fine (Fig. 1.1).  But as an organism gets bigger, things get difficult, in two ways.  First of all the time for the message to get from the sender cell to its recipient depends on diffusion.  Now the time taken for diffusion is proportional to the square of the distance travelled – Einstein’s Law (Fig. 1.2) – so it takes a disproportionately longer time for a chemical signal to travel over increasing distances: 1 micron takes 0.5 msec, but 10 mm takes 15 hours.  If speed of response is not particularly important, this kind of communication may still be satisfactory even in very large organisms: our own hormonal control systems are of course precisely of this kind.  Circulation helps, of course, but even so your blood takes about a minute to go once round the body, so that if a tiger suddenly burst into your room, although you would instantly release a burst of a adrenaline into your bloodstream, it would take about a minute for it to reach all its target tissues.  By that time you might well have been devoured.  

Figure 1.1  Whisper/shout

Figure 1.2 Diffusion time

Specificity

The other problem is specificity: the little creature in Figure 1.1 can do just two things, but we can do much more: each of us has well over 1200 separate muscles, for a start.   And as we get more complicated with lots of different receptor cells and lots of different muscle cells, we want to do more specific things in response to specific circumstances.  Now specificity in a hormonal system can only come about by having a range of different chemicals, with targets cells responsive to some but not others.  And in fact there is a very long list of hormones in the body, now running into the hundreds: but still not enough for the countless actions our body might want to undertake.  What is the solution?
In hormonal systems, a message is in effect shouted throughout the whole body.  One way of being more specific is as it were to whisper it confidentially into the ear of the target cell.  And this is where neurons come in.  Neurons are simply cells with special elongated output processes, which can often be very long indeed - the longest neurons in your body are about two feet long - that actually grope out towards their targets and make physical contact with them (Fig. 1.3) at regions called synapses.   They still release the chemical at the synapse, but this time it only affects the cells it makes contact with and not the others: so we no longer need lots and lots of different transmitters.  For instance, every muscle in your body is controlled by the same chemical substance, acetyl choline.   Though specific, neurons can still be widespread in their actions: because axons can branch, they are capable of influencing thousands of target cells that can be scattered over a very wide area.  

Figure 1.3  Neurons

And it is still chemical communication: but we call the chemicals transmitters rather than hormone.  There are several dozen known transmitter substances, falling into three main groups: amino acids, amines and peptides.  In fact, knowing the name of a transmitter doesn’t tell you much, because transmitters don't have to do the same thing at every site.  The receptor molecules on the target cell translate arrival of the transmitter into some specific action, but different cells may use different receptor proteins and therefore translate the event differently.  Thus there is no necessary logical connection between what the transmitter is and what it does.  So for example a transmitter called acetyl choline excites skeletal muscles but inhibits heart muscle: it is simply that the receptor proteins in the heart muscle cell membrane are different from those in skeletal muscle.  The message is the same, but the meaning is different 

So nerves provide a system that is very specific both in what it does and where it does it.   But what about speed?  As we have seen, diffusion down long neurons would be hopelessly slow for distances of more than a few microns.   Yet the fastest neurons can actually convey information at over 100 m/sec.   They are able to do this because they use a much quicker physical process than diffusion, namely electricity and the flow of current: these processes are discussed in the next chapter.

The brain

The evolution of the brain

Neurons are of ectodermal origin, and some remain in epithelia as sensory receptors that are sensitive to mechanical or chemical stimuli, to temperature or to electromagnetic radiation.  Others migrate inward, and become specialised as interneurons, that respond only to the chemicals released locally by sensory neurons or other interneurons.  They in their turn release transmitter at their terminals, which form synapses either with interneurons or with effectors such as muscles or secretory cells.  So interneurons provide the communication channels by which information is passed rapidly from one part of the central nervous system to another, through mechanisms that form the subject of Chapters 2 and 3.  In Hydra, for example, we find a network of such intercommunicating neurons, making contact on the one hand with sensory cells on its surface that respond to touch and chemical stimuli, and on the other with muscle cells and secretory glands.  Hydra's brain is thus spread more-or-less uniformly throughout its body (Fig. 1.4), with only a slight increase in density in the region of its mouth: yet even such a relatively undifferentiated structure can generate well co-ordinated, even 'purposeful' behaviour.

Fig 1.4  Hydra etc

The next step in the evolution of the nervous system came with the increasing specialisation of sensory organs, particularly of teloreceptors such as eyes and olfactory receptors.  For an animal that normally moves in one particular direction, such organs tend to develop at the front end, and the result of the consequent extra flux of sensory information to a localised region is an increased proliferation of interneurons in the head.  In Planaria we have the first true brain of this kind, a dense concentration of neurons close to the eyes and sensory lobes of the head, giving rise to a pair of nerve cords that run down the body and send off side branches connecting with other neurons and effector cells.  In segmented animals like the earthworm, the nerve cords show a series of swellings or ganglia, one to each segment.  Each is a kind of brain in its own right, and a decapitated earthworm is still capable of many kinds of segmental and intersegmental co-ordination.  Though our bodies are not of course segmented, our nerve cord, the spinal cord, still shows some segmental properties, particularly in the organisation of the incoming and outgoing fibres, and in the existence of corresponding chains of ganglia along each side (Fig. 1.4).  We shall see later, in Chapter 10, that our spinal cord is also capable of a limited degree of brain-like activity.  The primitive nerve net has not been altogether superseded, but survives as an adjunct to the central nervous system in the diffuse networks near the viscera that control movements of the gut and some other visceral functions (for example, stretching the gut causing contractions) and in the ancient diffuse core of the brain, the reticular formation.  

The subsequent development of the brain is rather more complex, and not well understood.  By looking at its evolutionary history in conjunction with the sequence of its growth in foetal development, one can postulate a framework that may help to relate the primitive nervous system to the more intricate structure of the adult human brain.

The central nervous system is derived from a narrow strip of ectoderm, the neural plate, which runs down the middle of the vertebrate embryo's back.  The centre of this strip becomes depressed into a trough or groove, and eventually its edges come to meet in the middle to form a closed structure, the neural tube (Fig. 1.5).  It is natural for sensory fibres from the skin to enter at the margins of the neural plate, and for motor fibres to the more medial musculature to leave the plate nearer the midline, and as a consequence one finds that it is in the dorsal half of the neural tube that the sensory fibres terminate (their cell bodies lying in the dorsal root ganglia on each side of the tube), while the cell bodies of the efferent motor fibres lie in the ventrolateral part of the neural tube.  This arrangement can be traced right up to the highest levels of the brain , but is particularly evident in the adult spinal cord (Fig. 1.5d).  Here one can see in cross-section the ventral and dorsal horns, consisting of masses of grey matter (mostly cell bodies), a less prominent central region concerned with the neural control of visceral function, and a surrounding sheath consisting of white matter, mainly bundles of nerve fibres running longitudinally up and down the cord.

Figure 1.5 Cord evolution

At the head or cephalic end of the neural tube, a modification of this basic plan occurs.  The central fluid-filled canal, which is very small in the spinal cord, widens out at two separate points to form hollow chambers or ventricles: at the same time it migrates back to the dorsal surface of the neural tube, so that the ventricles are open on their dorsal side.  This surface is covered by the choroid membrane, the site of production of the cerebrospinal fluid that fills the canals and ventricles of the brain.  The more caudal of the ventricles is called the fourth ventricle, and the region around it is the hindbrain or rhombencephalon; it is connected to the more rostral third ventricle by the cerebral aqueduct.  The region round the aqueduct is called the midbrain or mesencephalon, and that round the third ventricle is the forebrain or prosencephalon (Fig. 1.6).  Subsequently, the third ventricle produces a pair of swellings at the front end, which become inflated into the lateral ventri​cles: the neural tissue surrounding them forms the cerebral hemispheres (telencephalon) while the rest of the forebrain is called the diencephalon.  

Figure 1.6  Development of brain

The hindbrain is likewise divided into two regions: the caudal part is called the medulla, and the rostral part of it (metencephalon) is marked by the out​growth of the cerebellum over the dorsal surface, and a massive bundle of fibres associated with it, the pons, on the ventral surface (Fig. 1.7).  In less developed species such as fish all these structures are easily recognisable without dissection, but in Man the extraordinary ballooning growth of the cerebral hemispheres has not only engulfed the other surface features (leaving only the cerebellum and medulla peeping out at the back), but the massive fibre tracts needed to connect the cerebral hemispheres to each other and to the rest of the brain have tended to elbow older structures out of the way and have often considerably distorted their shape.  Another factor that makes the anatomy of the human brain somewhat confusing is that the neural tube has become bent forward: while the axis of the hindbrain is near vertical, that of the forebrain is horizontal (Fig. 1.6).
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An overview of the brain’s structure

The most important areas of the human brain are shown in the sagittal and transverse sections of Fig. 1.7.   SYMBOL 58 \f "Wingdings"   SYMBOL 38 \f "Wingdings"  The cerebellum is an important co-ordinating system for posture and for motor movements in general (Chapter 12), that arose originally as an adjunct to the vestibular apparatus, a sensory organ concerned with balance and the detection of movement (Chapter 5).  Important landmarks on the dorsal surface of the midbrain are the four humps (corpora quadrigemina) formed by the superior and inferior colliculi, primitive sensory integrating areas for vision and hearing respectively; in higher vertebrates their function is mainly that of organising orienting reactions and other semi-reflex responses to visual and auditory stimuli.  In the diencephalon, on each side of the third ventricle, lie the two halves of the thalamus, a dense group of nuclei whose neurons partly act as relays for fibres that project upward to the cerebral hemispheres.  Close to them but more lateral is the corpus striatum, an old area that is concerned with the control of movements (Chapter 12).  Also in the diencephalon, but lying on the floor of the third ventricle, is the hypotha​lamus, the brain's interface with the hormonal and autonomic systems that control the body's internal homeostasis (Chapter 14).  More laterally, various nuclei, fibre tracts and other areas form a loosely defined system called the limbic system, which connects both with the hypothalamus, with the olfactory areas, and with many other regions of the brain; they are concerned with such functions as emotion, motivation and certain kinds of memory (Chapter 14).  Finally, there is the cerebral cortex, which covers the lateral ventricles and is deeply convoluted and furrowed in higher vertebrates, enabling a large superficial area of tissue to be crammed into a relatively small volume.  Its role in carrying out some of the most complex things we do is discussed in Chapter 13.

The divisions of the brain described so far are very gross ones, and for the most part quite obvious to the naked eye.  Finer anatomical distinctions can only be made by looking at the neurons themselves, and the way their populations vary from one region to another.

Fig. 1.7  Brain anatomy

Central neurons

Neuronal morphology

Neurons from different parts of the nervous system show a wide range of shapes and sizes (Fig. 1.8).  What they have in common is a compact cell body containing the nucleus, and a number of projecting filaments that generally show extensive branching: these projections form the pathways by which information from different sources is gathered together by the neuron, and then transmitted in turn to some other region.  In a 'classical' neuron, one of them (the axon) forms the output of the cell, and the others (dendrites) form the input.  However, there are many exceptions to this rule: the dorsal root ganglion cells for instance have no dendrites at all and the cell body simply lies to one side of a single continuous axon (Fig. 1. 8b); and in many sites within the brain the dendrites are known to act as outputs as well as inputs.  SYMBOL 38 \f "Wingdings"
Fig. 1.8 Types of neuron

The axon is specialised for carrying information rapidly over long distances, and may often be very long indeed - as for example those that carry muscle commands all the way from the cerebral cortex to the bottom of the spinal cord.  Apart from very short ones, their information is carried in the form of propagated action potentials, discussed in Chapter 2.   The larger axons are frequently swathed in layers of myelin, a lipid substance that improves the conduction of action potentials by acting as an electrical insulator: these layers are the result of accessory Schwann cells sending out myelin-rich processes that wrap themselves round and round the axons to form a kind of Swiss-roll (Fig. 1.9); the myelin is interrupted at regular intervals, at the nodes of Ranvier.  Schwann cells are a specialised form of the glial cells that make up the rest of bulk of nervous tissue, whose functions include regulation of the brain's ionic environment and possibly more complex functions as well and are discussed further in Chapter 3.   
Figure 1.9
near here - myelin

Within neurons are found the usual intracellular organelles and other components, including 10 nm neurofilaments extending linearly along axons and dendrites as well as within the cell body, and the larger microtubules (neurotubules) that seem to be associated with the transport of substances to and from nerve terminals, at a rate of some 3 mm per hour.  The far end of the axon is usually branched, and its terminals make synaptic contact either with the dendrites or the bodies of other neurons, with secretory cells, or (in the case of motor neurons) with muscle cells.  At this point the signal - previously electrical  - makes the terminal release a tiny quantity of chemical transmitter, which then acts on the post-synaptic cell.  

Neural networks and complexity

Conceptually, therefore, a neuron is quite simple.  But brains are not.  On the one hand we have all the unspeakable wonders of our minds that we are so proud of; on the other hand, when we open up the skull and peep inside all we see is a porridgy lump containing millions and millions of these untidy little neurons.  The fundamental problem of neuroscience is that of linking these two scales together: can we trace all the way from molecular and cellular mechanisms to what was going on in Michelangelo’s head as he painted the Sistine Chapel?  

Very nearly, and the trick is to force yourself to think of the brain as a machine that carries out a well-defined job.  That job is to turn patterns of stimulation, S, into responses, R:  a page of music into finger-movements; the sight of dinner into attack and jaw-opening.  How it does this is clear, in principle at least.   The brain is a sequence of neuronal levels, successive layers of nerve cells that project on to one another (Fig. 1.10).  An incoming sensory pattern S is transmitted from level to level; a pattern of activity in one layer gets transformed into a different pattern in the next, modified at each stage until it becomes a response R at the output.   The network is able to generate specific patterns of response to particular patterns of input because, on a smaller scale, each of the neurons that makes up a particular level is itself a sort of miniature computer, and responds only to a particular pattern of activity amongst the neurons of the level immediately in front of it.  By joining together billions of units that are each quite intelligent, we end up with something that is astonishingly intelligent.  Similar 'neural' networks embodied in computers can carry out such apparently high-level tasks as recognising individual voices or faces and responding to them. SYMBOL 38 \f "Wingdings" SYMBOL 58 \f "Wingdings"
Fig. 1.10  Brain as net

Each neuron is influenced by many neurons in the preceding layer, yet they form only a fraction of it.  But because this convergence is repeated at every layer, neurons in deeper layers can respond to more and more complex and wide-ranging aspects of the sensory world.  This is particularly obvious in the case of the visual system.  Receptors in the eye convey information about only a minute part of the retinal image; but after a few levels have been passed, in the visual cortex, we find units that are able to respond to a specific type of stimulus, such as a moving edge, over wide areas of the visual field.  We shall see later that as one gets to the deepest levels of the brain, neurons increasingly tend to be multi-modal, responding not just to one kind of sense such as vision, but to others, such as sounds and to stimulation of the skin, as well.  And of course if we consider the final level of all, the muscles that move our bodies, it is clear that they are utterly multi-modal, since we can obviously learn to activate any particular muscle in response to any pattern of sensation, involving any or all of our sensory modalities.

Thanks to the work of biophysicists who have studied the way in which different synaptic inputs to a neuron interact with one another, we have a fair idea of the general rules that determine whether or not a cell will respond to a given pattern of excitation.  In particular, we know that these rules depend very critically on the shape of the dendritic tree and the distribution of synapses upon it.  For instance, two synapses interact in a very different way if they lie near one another on a single branch, rather than far apart on separate branches (discussed in Chapter 3).  It follows from this that a full understanding of the function of a single neuron requires detailed knowledge of the size and shape of its dendrites, and of the origin of all the thousands of afferent fibres synapsing with it.   So if we want to understand the behaviour of the whole thing in detail, we have a massive problem, the immense size and complexity of the whole thing.  What's shown in Figure 1.10 looks pretty complex, but it only has 96 neurons; in the human brain there are some 1012 neurons, each smothered in synapses: so - more important - the connections that actually determine the brain's behaviour must be something of the order of 1015. 

It is extraordinarily difficult to grasp just how complex this structure is.  Fifty years ago people thought of the brain as being like the computers that were just beginning to appear, but even now the biggest computers are not nearly complicated enough.  A hundred years ago people were equally thrilled by what seemed to them the awesome complexity of the telephone exchanges then being developed (Fig. 1.11) – the massive incoming cables like nerve trunks, the plugs and sockets used for switching like little synapses -  and what seemed then an exciting piece of technology was often used as a model for the brain.  We'll see later that the idea of the switchboard, forming associations between elements, is indeed quite a powerful metaphor for what the cortex does.  Today, the world's entire telephone network is indeed the most complex man-made device that exists: yet it is smaller than your brain by at least two orders of magnitude.   So it is really a completely hopeless task to try and start with the biophysical properties of single neurons and hence somehow work out from that how 1012 such neurons connected together will behave: the problem turns out to be utterly uncomputable before we reach even a dozen of them.  It is not so much that we don’t know enough about behaviour of each individual element, but that we don't understand how they act as a whole.  The brain is composed of elements that are individually quite simple: but they are joined together in extremely complex ways.  In that respect it has certain similari​ties with a digital computer.  Figure 1.12 shows the circuit diagram of a tiny part of a very small computer, of the circuits that perform the relatively trivial task of getting data from the keyboard.  Without having to know very much about logic circuits, you can that there are a lot of elementary units in the circuit (the logic gates), and that most of them are identical: it is clear that what the circuit does as a whole must be a matter of how these gates are connected to one another.  Now a full understanding of the details of this circuit's operation requires a certain degree of intellectual effort; to master the computer of which it forms a part might take years of study; yet the brain is thousands of millions of times larger in scale.

Fig 1.11  Tel exchange

Fig. 1.12  Computer bit

In other words, even if our anatomical techniques were perfect, and we had the patience to identify each of the 1015 or so individual pathways in the central nervous system, ending up with something like a wiring diagram of the brain, would we really be much the wiser as a result?  It is true that we could in principle then apply our knowledge of the biophysical properties of individual neurons to calculate how the whole thing would react to any given pattern of stimulation at the sensory receptors: the problem is of course the almost inconceivable difficulty of ever actually carrying out such a calcula​tion.  With modern computers, the accurate simulation of the behaviour of even a few dozen neurons connected together in a realistic network is about the limit of what can be achieved within a reasonable period of time.  Thus it is not so much that we know too little of the behaviour of individual neurons, but rather that we lack the conceptual techniques for analysing their behaviour as a whole.

Holism and reductionism

Another example of a highly complex system made out of vast numbers of quite simple elements is provided by substances like foam rubber (Fig. 1.13).  Here too, the shape and behaviour of each individual element - each bubble - is unique, yet determined by relatively simple physical laws.  But it would clearly be a hopeless task to attempt to work out the overall properties of a slab of such foam - its elasticity, for example - by painstakingly considering one bubble at a time and calculating its effects on each of its neighbours.  An alternative to a reductionist approach of this sort is to step back a little from the system, until the differences between each of its elements become blurred, and then try to derive some description of their average behaviour en masse without the necessity of considering each one in detail.  A well-known example of this kind of holistic approach is the study of the physical properties of gases (fig. 1.14).  Gases exert a pressure because their molecules are constantly rushing about and bumping against the walls of their containers, generating an average force that depends on their velocity or temperature, and on how many of them there are.  If you knew the exact position and velocity of every single molecule of such a gas, then in principle you could compute each of their individual trajectories and hence predict their collisions with the walls and with each other: you would then have a perfect under​standing of the gas.  But this is clearly out of the question.  A more tractable approach is to turn the large numbers involved into an actual advantage, by considering only the 'lumped' properties of the molecules, their average behaviour as a whole, and then derive statistical descriptions of the way in which pressure depends on volume and temperature, through the methods of statistical mechanics .  SYMBOL 38 \f "Wingdings"
Fig. 1.13 Foam rubber

Fig 1.14 Gas laws
Might we hope that - by analogy - to be able to develop a sort of statistical mechanics for neuronal populations?  Unfortunately, the one thing we cannot do with neurons is to take averages: it is precisely the differences between them - the patterns of their activity - that are significant.  These patterns arise because different cells have different sensitivities.  Whereas uniform pressure will affect all the bubbles in the foam rubber more-or-less equally, when we shine a uniform blue light on the retina, some of the cells are more excited than others.  And if we are looking at a film, there will in addition be spatial patterns that are continually changing in time.  So it is as unhelpful to talk about the average behaviour of a sheet of cells in the retina or cerebral cortex as it would be to talk about an average page of this book, or an average Beethoven piano sonata.  In fact we shall see again and again that at every level of the brain there are special mechanisms of lateral inhibition whose specific function is to exaggerate differences of activity between neigh​bouring neurons and thus to enhance or amplify any patterns that may exist, and such mechanisms make the whole system more uncomputable than ever.  

A simple example may help to illustrate why this is.  Suppose we take a piece of card, dribble a line of ink across it, and then up-end it (Fig. 1.15).  The ink starts to run down, in an irregular way that is partly a function of the amount of ink at different points along the line.  But as soon as a drop starts to form at the lower edge, it begins to draw ink off from neighbouring regions, thus reinforcing itself at their expense.  We end up with a series of discrete trickles, in which the pattern of 'activity' (quantity of ink at different distances) has been automatically amplified.  A description in terms of average behaviour would be meaningless: if we repeated this a thousand times, on average the ink descends uniformly along all its length, the one thing that is never actually observed.  Here, and in the brain, we are dealing with one of those fashionably chaotic systems in which the tiniest initial perturbations may generate incalculably gross effects. SYMBOL 38 \f "Wingdings"  

Fig. 1.15  Dribble

Another reason why we cannot take averages is that one person's neuronal connections are different from another's, both at the level of description of individual nerve cells, but also to a certain extent at grosser levels.  One example concerns a part of the cerebral cortex called the motor area, where - as we shall see in Chapter 12 - the movements of various parts of the body are represented in a systematic pattern.  These 'motor maps' not only differ quite markedly from one individual to another, but even in the same individual when measured on different occasions, partly as a function of use and disuse.  This is very far from being an isolated example: we shall see later that connections in many parts of the brain are to a large extent deter​mined by experience, and that it is precisely this plasticity of function that enables us to learn to adapt our behaviour to circumstances.  So the function​ing of the brain is probably as much a matter of how it has been programmed as of its hardware - of the general outline of its wiring specified by genetic instructions - and these programs are necessarily as varied as the experiences of the brain's owner.  The same computer processor chip may be used for writing a book or for playing Sonic the Hedgehog: no amount of peering at it down a microscope will tell us which, for it is a matter of how it is programmed.  SYMBOL 58 \f "Wingdings"  Even supposing we did manage to make some sense of the wiring diagram of A's brain, it is not at all obvious that it would throw much light on the function​ing of B's.  

Limitations of experimental approaches

So there are many levels at which one may try to investigate the brain, and corresponding to them a number of distinct branches of the neurosciences have emerged.  To pursue the computer analogy a little further, biophysicists investigate the properties of the individual logic gates; neuroanatomists trace the connections that link one unit to another; psychologists describe the programs in the machine and how they got there; and pharmacologists study the colours of the wires.  The task of neurophysiologists has generally been to try to bridge the levels at which the other disciplines perform their investigations, SYMBOL 38 \f "Wingdings"  by trying to correlate anatomical structure with patterns of neuronal activity, and neural events with overt behaviour and sensation.   In practice, one cannot hope to do much more than to try to identify neurons that are typical of a particular area, and form some idea of their 'average' properties.  We are helped in this by the fact that neurons are to a large extent grouped in homogeneous communities called nuclei, groups of similar cells projecting to the same area of the nervous system and whose afferent fibres likewise have common origins.  The existence of nuclei implies that of the tracts that join them, SYMBOL 58 \f "Wingdings" and much of the work of neuroanatomists is to identify the inputs and outputs associated with particular nuclei.  Some of the techniques that are used to trace pathways from one are of the brain to another, and to attempt to correlate them with particular functions, are outlined in the Appendix (p.xxx).   These techniques fall into four basic classes: purely anatomical tracing of pathways, and the three physiological techniques of recording, stimulating and making lesions.   We have already seen that pure anatomy in itself can tell us little: but it turns out that the other approaches suffer from conceptual limitations of their own.

Recording

Neuronal recording, for instance, has to be related to something the animal experiences or does.  Consequently it is of most use at the input, sensory end of the brain, where we have the closest control over what's going on (Fig. 1.16).  All we need do is record from single neurons at the level we are interested in, perhaps the visual cortex, whilst applying a variety of visual patterns.  We will then discover which kinds of patterns the neurons do or do not respond to, and can then hope to deduce the nature of their functional connections.  This task is made easier for us because we have a pretty good idea in advance of what sort of patterns to try, namely those that actually occur commonly in real life.  Thus in the visual system it is not unreasonable to start with things like straight lines and edges: a search for neurons in a cat's cortex that specifically responded to letters of the Greek alphabet might take quite a long time.  But since, as we go further in to the brain, neurons get fussier and fussier about what they respond to, in an experiment of finite length, we may never discover what a neuron is interested in.  A consequence of this is that large areas of the cortex seemed to early investigators to be 'silent' , apparently not responding to anything much at all.  It is now that there are plenty of responses from these areas, but often to such specialised and peculiar stimuli or situations that one may not happen to hit on them.  Because experimenters are guided by what the animal normally receives as stimuli, this in itself introduces a degree of bias: if you only test for what you expect, then that is what you find.  

Fig. 1.16  Recording at levels

Stimulation

When it comes to the right-hand side of Fig. 1. 16, the motor system, the problem is turned inside out.  We now have to stimulate the neurons individually, and see what patterns of movement are generated as a result.  But there is a snag.   To get any response at all, we have to provide a pattern of stimulation that will be recognised at the next level down the chain and result in activation of the muscles.  Quite apart from the extreme technical difficulty of actually generating any such pattern in the first place, there is a further difficulty.  What patterns should we apply?   Which of them are 'physiological' in the sense that they commonly occur in real life, and therefore likely to arouse a response in the next layer?  Unlike the situation in sensory systems, we do not have the patterns that we see in the outside world as a guide.   Consequently, when trying to stimulate the motor system, particularly in its more central regions, we find stimulating single units seldom produces any effects at all, and that when movements are achieved, they are usually the result of using such large currents spread over such large areas that the specificity of the neurons is swamped, resulting in responses that are diffuse and unphysiological. 

Lesions

Lesions pose the greatest problems of interpretation of all.   If destruction of a specific area X of the brain results in the loss of some function F, then it might seem reason​able to conclude that F is localised in X. The trouble is, however, that there are many other ways in which such a result might be explained.  The function F might in fact be localised somewhere else altogether, but either with connecting fibres that merely happen to run through the region X, or perhaps requiring some kind of tonic permissive influence from X; or a lesion at X may simply interfere with the blood supply to the true area of localisation of F (Fig. 1. 17).   Paradoxically, one is on safer ground if one finds that a lesion in area X has absolutely no effect whatever on function F: for then one can be fairly sure (unless the function is localised at two independent sites that somehow work in parallel) that F is not localised in X.  SYMBOL 38 \f "Wingdings"
Fig. 1.17  Lesions

Sometimes the result of a lesion is not the abolition of a function, but the sudden appearance of new behaviour not previously seen, a phenomenon called release (Fig. 1.17).  Again, it is easy to jump to erroneous conclusions.  If you remove one of the circuit boards from your hi-fi and it suddenly starts humming, is it fair to conclude that the function of the board you removed was to inhibit humming? (Fig 1.18) Yet it is still commonly said that because the effect of lesions in certain parts of the corpus striatum is a jerkiness in moving, and tremor at rest, the function of those areas is to smooth out movements and inhibit tremor!

Fig. 1.18  Humming radio

The differences between peripheral and central parts of the brain, that we noted in the case of recording and stimulation, are even more problematic for lesions.  Near the periphery there is usually a simple relationship between the lesion and what goes wrong – like retinal damage causing local blind-spots, or spinal injury causing local paralysis.  But problems of interpretation get much worse with lesions in higher areas of brain:  the higher you go, nearer the centre of Fig. 1.19, the vaguer the functional effects become, bigger the occurrence of release, and of long-term recovery as alternative routes through neighbouring regions become opened up.  Part of the problem is undoubtedly that the whole notion of localisation of notion in centres is too crude and simple-minded, a hangover from the days of phrenology, with its picture of the brain divided up into a number of discrete little compartments with highly specialised functions (Fig. 1.20); the relative ease with which beautifully coloured pictures of localised cortical activity can be obtained with modern brain scanning techniques has led to a revival of this simple-minded approach SYMBOL 38 \f "Wingdings".   

Fig. 1.19  Lesions at levels

Fig. 1.20  Phrenology

Some classical experiments once performed on rats by the psychologist Karl Lashley cast doubt on such a view of localisation.  He made lesions of different sizes in the cerebral cortex, avoiding the regions specialised as primary areas of input and output, and found that the defect of performance in a task like learning to run a maze depended more or less on the quantity of cortex removed, and surprisingly little on the region where it was taken from.  Although when we record at one particular time from a neuron in a particular region of the cortex it may seen to be doing something very specific, it is likely that large areas of the cortex are not in fact rigidly committed to specialised tasks, but may change their function as the result of experience, or of damage to neighbouring areas.  For instance, the map of the human body found in sensory cortex readjusts itself in a matter of days after amputation of a limb.  The situation is reminiscent of that in the old electromechanical telephone exchanges, where automatic switches called selectors had the job of connecting one subscriber to another in response to signals from the telephone dial. SYMBOL 38 \f "Wingdings" But there was not one set of selectors for each subscriber: if so, the total number of selectors required would have become astronomical.   Instead, they were lumped together in a common pool: on lifting your receiver, a device called a line-finder hunted through the available bank of equipment until it found one free, and then gave you the dialling tone.  This meant that in the course of a day, any one selector could be used by a large number of subscribers.  If we were to drop hand grenades into the exchange and blow up a certain proportion of the selectors, then service would get worse for all subscribers, in that they would be more likely to find all the lines engaged.  This kind of plasticity - the ability of one area to take over the function of another that is out of action - is often found at higher levels of the brain (as for example in recovery from stroke), and makes deductions from lesions more difficult still.

Thus there are profound intellectual and technical difficulties with all the methods of investigation currently in use, and the history of brain science has not been a simple linear progression.   SYMBOL 38 \f "Wingdings"  It is as if we tried to find out how our pocket calculator works by sticking nails in it and then measuring the their voltages, or passing large currents through them, or by noting its reaction to having bits knocked off it with a hammer.   Astonishing, in fact, that we know anything at all about the brain.

Figure captions

Fig. 1.1 (a) A hypothetical multicellular organism with sensory cells (S) that control motor cells (M) by releasing a chemical transmitter or hormone into the common fluid space. (b) Direct connections between sensory and motor cells by means of nerve axons, providing communication that is both quicker and more specific.  Their ultimate action on the motor cells is still chemical.

Fig. 1.2  Diffusion time as a function of distance: note the logarithmic scales.

Fig. 1.3 Schematic representation of a 'classical' central neuron synapsing with two others, in one case on a dendrite and in the other on the cell body or soma.

Fig. 1.4  Schematic representation of Hydra nerve-net (a), and central nervous systems of earthworm (b) and Man (c). (Partly after Buchsbaum, 1971)

Fig. 1.5 (a)-(c) Highly schematic representation of development of neural tube from neural plate, showing relative positions of sensory (pink) and motor (red) regions. (d) Cross-section of adult human spinal cord, at the level of the second thoracic vertebra.

Fig. 1.6 The notional steps leading from neural tube to human brain. (a) The opening of the canal to and from the third and fourth ventricles. (b, c) The growth of the cerebellum, and of the cerebral hemispheres with their associated lateral ventricles. (d) Human brain, showing greatly enlarged cerebral hemispheres, and flexion of the neural tube.

Fig. 1.7  Sections of the human brain.  Above, sagittal, showing medial aspect; below, transverse, in the plane of the dashed line above.

Fig. 1.8 Some typical and somewhat idealised central neurons: (a) motor neuron; (b) dorsal root (unipolar) neuron '  (c) granule cell (cerebellum), (d) bipolar cell, retina (e) Purkinje cell, cerebellum.  The arrows indicate the axon.

Fig 1.9  Left: Schematic cross-section of myelinated axon, showing the layers of myelin formed by the Schwann cell wrapping itself round and round.  Right: a neuron with myelinated axon (not to scale: the distance between the nodes of Ranvier is typically of the order of 1 mm, while the cell body might be 20-80µm in diameter).

Fig. 1.10 Above, representation of the nervous system as a series of neuronal levels, through which sensory patterns (S) are transformed into patterns of response (R).  It works because each neuron itself responds to particular patterns amongst the neurons of the preceding layer (below).

Fig 1.11  (no caption)

Fig.   1.12 Logic diagram of a very minor part (the keyboard receiver)of a very small computer. (Courtesy of Digital Equipment Corporation)

Fig. 1.13 Microphotograph of foam rubber.

Fig. 1.14  (no caption)

Fig. 1.15  A system which amplifies patterns.  We make a horizontal dribble of ink on a vertical card (a).   Drops begin to form at points where there happens to be more ink (b), and in doing so they draw ink away from neighbouring regions, thus exaggerating the original non-uniformity (c). A prediction of the behaviour of the ink based only on averages (d) is the one result that is never observed!

Fig. 1.16  (no caption)

Fig. 1.17   If a lesion causes the loss of a particular function, it may indeed be because it has directly interfered with the area responsible for that function; but equally, it may be that it has merely interrupted fibres of passage (a), has abolished a tonic 'permissive' input (b), or has interfered with blood supply (c).  A lesion that abolishes a source of tonic inhibition may give rise to 'release', the appearance of new and abnormal reactions (d).

Fig. 1.18  If removing a particular bit of a complex device creates new behaviour, does that mean the function of that bit was to inhibit the behaviour?

Fig. 1.19  (no caption)

Fig. 1.20 Phrenological head: an early attempt at cerebral localisation (The Household Physician, 1921)
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Notes

p.   Brain mirroring the world   Santiago Ramón y Cajal (1852-1934), whose contributions to neuroanatomy won him the Nobel Prize in 1906, wrote in Charlas de Café:  'As long as our brain is a mystery, the universe, the reflection of the structure of the brain, will also be a mystery'.   

p.   Neuroanatomy.  There is a huge range of excellent textbooks of neuroanatomy to choose from.  A very full text with much reference to medical material is Brodal, A. (1981) Neurological Anatomy in Relation to Clinical Medicine (Oxford University Press, Oxford).  Nauta, W. J. H. and  Freitag, M. (1986) Fundamental Neuroanatomy (W H Freeman, New York) is slimmer but has fine illustrations and a synoptic approach that helps conceptual understanding.  Another thoughtful account is Jones, E. G. (1983) The Structural Basis of Neurobiology (Elsevier, New York).  For absolutely stunning pictures in full colour, England, M. A. and  Wakely, J. (1991) A Colour Atlas of the Brain and Spinal Cord (Wolfe, London) is highly recommended.   If you are lucky enough to find a copy of Chandler Elliott, H. (1963) Textbook of Neuroanatomy (Pitman, London), turn to and admire the extraordinary clear diagrams of the development of the ground-plan of the brain, which have not been bettered in more recent books.  Brown, M., Keynes, R., Lumsden, A. (2001) The Developing Brain  (Oxford University Press) is a much more recent book that also illustrates development with particular clarity, while Haines, D.E. (2000) Neuroanatomy: an Atlas of Structures, Sections and Systems (Lipincott William and Wilkins) is particularly good at presenting various ways of looking at brain structure side-by-side.

p.  The neuron   A very clear account of the cell biology of the neuron, with good illustrations, is Levitan, I.B. and Kaczmarek, L.K. (1997)  The Neuron  (Oxford University Press).  Cowan, W.M., Sudhof, T. C., Stevens, C.F. (eds) Foundations of Neurobiology.  (Freeman, New York) makes an excellent attempt to relate the neuronal level to wider functional aspects of the brain.

p.    Neural programming  The field of neural networks is now a hugely popular one, with many books aimed at different levels of technical expertise.  A recent book for the mathematically-inclined is Hassoun, M. H. (1993) Associative Neural Memories: Theory and Implementation (Oxford University Press, Oxford).   Another recent book designed specifically to link the computational approach to the way the brain actually works is Churchland, P. S. and  Sejnowski, T. J. (1994) The Computational Brain (MIT Press, Cambridge, Mass).   Edelman, G. M. (1989) Neural Darwinism: the Theory of Neuronal Group Selection (Oxford University Press, Oxford) is an account of a rather specific proposal for how the general rules of neuronal programming might be implemented.  Delcomyn, F (2001) Neurons and Networks (Belkamp, Harvard) is an attractive, biologically-oriented account, and Cotterill R M, (1998). Enchanted looms: conscious networks in brains and computers Cambridge: Cambridge University Press has an outstandingly clear account of neural networks, amongst other things: a stimulating and wide-ranging book.  

  Finally, an example plucked almost at random of how 'neural' networks in man-made computers may be set to work to carry out tasks of extreme complexity: Svärdström, A. (1993) Neural network feature vectors for sonar targets classification. Journal of the Acoustic Society of America 93, 2656-2665.

p.    Reductionism and Holism   A recurring theme in Hofstadter (1979) Gödel, Escher, Bach: an Eternal Golden Braid (Harvester, New York), a brilliant tour-de-force and one of the great popular scientific works of the last few decades. 

p.    Pattern generation and amplification   A readable and clear account of the formation of natural patterns - the generation of complexity through simple interactions - is Stevens, P. S. (1976) Patterns in Nature (Peregrine, Harmondsworth).

p.   Neurophysiology   No book better encapsulates the purely physiological approach to brain function than Walsh, E. G. (1964) Physiology of the Nervous System (Longmans, London) - sadly, long out of print.  If you find a copy, snap it up.  

p.    Interpretation of lesions   There is an apocryphal story of the man who demonstrated his findings about the auditory system of the grasshopper at a meeting of the Royal Society.  'Gentlemen' he said, 'I have here a grasshopper that I have trained to jump whenever I clap my hands.' He claps, and the grasshopper jumps.  'Now, gentlemen, I shall cut off its legs - so - and you will now observe that when I clap my hands it no longer jumps.  It is therefore clear that grasshoppers hear with their legs.' Perhaps the logical flaw is obvious here - the fact that grasshoppers do hear with their legs is beside the point!   Yet hardly less glaringly flawed deductions have quite often found their way into the literature.

p. PET scans - dynamic phrenology?   See for instance Raichle, M. E. (1994) Visualizing the Mind. Scientific American April, 36-42.

p.    The telephone exchange as a metaphor of the brain   There has been a tendency throughout history for the brain to be likened to the latest piece of technology.  Telephone exchanges, with their thousands of incoming and outgoing wires and their awesomely intricate and ever-changing patterns of connections, were as popular in the early years of this century as images of 'how the brain works' as were computers in the 1970's.  Now the boot is on the other foot, for neural network computers were based on neurophysiology rather than the other way round.

p.   The vicissitudes of Neuroscience - recently documented in an admirably complete, thoughtful and readable account with a wealth of illustrations: Finger, S. (1994) Origins of Neuroscience: a History of Explorations into Brain Function (Oxford University Press, Oxford).

NeuroLab
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  p.    Neural network
Click in the boxes on the left; the input pattern is transformed as it passes from layer to layer, ending up on the right as a count of how many boxes have been checked.  This is not a true neural net, in the sense that it learns for itself; it has been programmed to do it.  But it shows how a network of extremely simple neural elements (each has a threshold and fires when the number of active inputs exceeds that threshold) can perform a fairly complex function.  As with all the NeuroLab exhibits, click on the Quit button when you have finished.  
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  p.   Brain anatomy

This is designed for quick self-testing on the essentials. Click on one of the circles round the edge and the name of the corresponding structure will appear in the window at top right.  Alternatively, you can do it the other way round.  Click on the button at the right of the name-bar; a list of structures will appear, that you can scroll through with the scroll-bar.  Click on one of them, and the corresponding indicator will appear on the left.   To see a transverse rather than a sagittal section, click on the long button at bottom right.  

Box

Some important structures within the three divisions of the primitive brain


Hindbrain
Myelencephalon:




Medulla




Vestibular nuclei




Medullary reticular formation


Metencephalon:




Pontine nuclei and reticular formation




Cerebellum

Midbrain
Mesencephalon:




Tectum (colliculi)




Red nucleus




Substantia Nigra




Mesencephalic reticular formation

Forebrain
Diencephalon:




Thalamus




Hypothalamus




Septum


Telencephalon:




Corpus striatum




Hippocampus




Amygdala




Cerebral cortex

People

Theodor Schwann (1810 - 1882) is best known for having discovered Schwann cells; but he also made major contributions in other areas.  He discovered pepsin, and was also the first to propose that animal tissue was made of separate cells. 

