
	  		

 




































































‘A tour de force – a compendium of anecdote, research and speculation that is quite breathtaking. Carter’s approach is bold and displays an impressive grasp of the intricacies of brain research. Mapping the Mind is excellent, informative and provocative’  Professor Hadyn Ellis, New Scientist


‘Riveting and up to the minute’  Maggie Gee, Daily Telegraph


‘One of the clearest and best-illustrated attempts to explain the virtually inaccessible – the human brain’  John Cornwell, Sunday Times


‘A fascinating account of the ways in which human behaviour and culture have been moulded by the landscape of the brain  ... this is not a deterministic book that reduces human complexity to a laboratory rat probe, it is more of a user’s manual’ Jeanette Winterson, The Times


‘... a handsomely produced and accessible introduction to our startling new ability to observe and map the activity of the brain. No previous knowledge is assumed on the part of the reader,  but by the end, he or she will be well informed of the latest developments’  Anthony Daniels, Sunday Telegraph


‘A rich and rewarding book to help us on our way’  Brian Aldiss, Daily Mail


‘Carter describes what technology has revealed about the mind in a very accessible mix of words and sumptuous illustrations  ... despite appearances, it is more [Steven] Pinker than coffee-table’  Robert Matthews, Daily Telegraph 


‘As an illustrated guide to how it all works, this one should be on your shelf’  Maggie McDonald, New Scientist


‘... a thorough and exceedingly readable analysis ... It has the air of a reference book that can be dipped in and out of’ Anjana Ahuja, The Times


‘Within the hardware of the brain there lurks a software called the mind. Rita Carter has brilliantly conveyed the thrill of discovering what this software can do’ Matt Ridley


‘Information there is aplenty, nugget after nugget of it to stimulate and tease the most jaded palate. Carter does an excellent job of putting these nuggets together into a unified, diverting and fast-moving narrative’ Jeffrey Gray, Nature
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PREFACE  TO THE SECOND EDITION


I wrote the first edition of this book because at that time – the late ’90s – there was nothing like it and I thought there should be. The previous decade had seen the emergence of functional brain imaging, from fuzzy PET scans of monkey brains to pixel-precise fMRI studies of human cognition. For the first time we could see the mechanisms that generate our subjective worlds. 


I thought then (and still do) that this inside view of a world which most would have assumed would always remain inscru­t­able, was the most exciting revelation in the history of science. At that time, though, the picture was maddeningly fragmentary. Mapping the Mind was an attempt to pull the pieces together and place them in a broad psychological and evolutionary framework.


I likened the result to an early map of the earth, complete with dragon-strewn terra incognito. Twelve years later the map is much more detailed, and in this edition I have filled in areas that were previously empty or sparse, sharpened up contours that have withstood further exploration and redrawn those where new work has shown early assumptions to be wrong. Some of the muddy images that came from early scanners have been replaced with sharper versions, including some of the brilliant diffusion tensor images that are clarifying neural tracts and connections. And I have added sections on major new areas of discovery such as mirror neurons and the brain’s ‘default’ activity.


The first edition was written for people who, like me, are in-satiably curious about how the human mind works and want a broad-brush but up-to-date account of the latest research for no reason other than that they find it the most fascinating topic on earth. It came to be used, however, by students in a wide variety of disciplines and this edition maintains, I hope, that balance between general and text book. 


George Bush, in 1998, declared the years 1990–2000 to be the Decade of the Brain. The advances made in those years were certainly astonishing, but looking back it can be seen that modern neuroscience was only just getting under way. The notion 
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of identifying the neural impulses that give rise to ‘higher’ faculties, such as altruism, empathy, or morality; of using brain scans to detect lying, or of feeding the electrical output from someone’s head into a computer and then watching the visual content of that person’s mind pop up on a screen seemed like  science fiction. Today we can do all of this, and the practical and commercial applications of such work are starting to be felt. What we do with them remains to be seen. The Decade of the Brain may be over but the Decade of the Mind is about to begin.
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INTRODUCTION


The human brain has been slow to give up its secrets. Until recently the machinations that give rise to our thoughts, memories, feelings and perceptions were impossible to examine directly – their nature could only be inferred by observing their effects. Now, however, new imaging techniques make the internal world of the mind visible, much as X-rays reveal our bones. As we enter the twenty-first century functional brain scanning machines are opening up the territory of the mind rather as the first ocean-going ships once opened up the globe.


The challenge of mapping this world – locating the precise brain activity that creates specific experiences and behavioural responses – is currently engaging some of the finest scientists in the world. This book brings news of their discoveries in a way that will make them comprehensible even to those with no knowledge of, or specific interest in, science.


Everyone should be enthralled by this venture because it is giving us greater understanding about one of the oldest and most fundamental of mysteries – the relationship between brain and mind. It is also providing fascinating insights into ourselves and sheds new light on aberrant and bizarre behaviour. The  biological basis of mental illness, for example, is now demonstrable: no one can reasonably watch the frenzied, localized activity in the brain of a person driven by some obsession, or see the dull glow of a depressed brain, and still doubt that these are physical conditions rather than some ineffable sickness of the soul. Similarly, it is now possible to locate and observe the mechanics of rage, violence and misperception, and even to detect the physical signs of complex qualities of mind like kindness, humour, heartlessness, gregariousness, altruism, mother-love and self-awareness. 


The knowledge that brain mapping is delivering is not only enlightening, it is of immense practical and social importance because it paves the way for us to recreate ourselves mentally in a way that has previously been described only in science fiction. Rather as knowledge of the human genome will soon allow us to manipulate the fundamental physical processes that give rise to our bodies, so brain mapping is providing the navigational tool 
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required to control brain activity in a precise and radical way.


Unlike genetic engineering, gaining this control does not depend on the development of tricky new technology – all it will take is a little refinement of existing methods and techniques like drugs, surgery, electrical and magnetic manipulation and psychological intervention. These are limited only in that, at present, they are (literally) hit-and-miss. When our brain maps are complete, however, it will be possible to target psychoactive treatments so finely that an individual’s state of mind (and thus behaviour) will be almost entirely malleable. It may even be possible to alter individual perception to the extent that we could, if we choose, live in a state of virtual reality, almost  entirely unaffected by the external environment.


This is an old ambition, of course, reflected in our perpetual attempts to alter our consciousness through drugs, sensation-seeking and self-entrancement. What is new is that brain  mapping may soon make it possible without any of the usual drawbacks. The personal, social and political implications of this are awesome, and one of the most serious ethical questions we will face in the new century is deciding how this powerful new tool should be deployed.


Those who are actually engaged in brain mapping loathe this sort of talk. For people at the leading edge of scientific research, where findings are often hyped in the scramble for funding, they are oddly reticent about the potential uses of their work. One reason for this is that modern behavioural neuroscience is a new discipline and its practitioners have come into it from many different fields: physics, radiology, neurology, molecular biology, psychology and psychiatry – even mathematics and philosophy. They have yet to develop a group mentality or a commonly agreed purpose beyond their immediate task of charting brain function. Many neuroscientists are also terrified of what might happen if their work is ever subjected to the tabloid treatment that has been meted out to their opposite numbers in genetics. 


The Human Genome Project has led to endless apocalyptic headlines, and as a result the geneticists are now closely scrutin­ized and controlled. Brain researchers can do without that sort of attention. At a brain mapping conference in 1997 (at which I was the sole reporter) a Time magazine cover about neuro- psychology was held up by a speaker as a warning of what could 
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result from loose talk to outsiders. The story to which the cover related was not inaccurate or sensational – its fault seemed to be its very existence.   


The result of this reticence is that while we all debate and fret about the ethical and practical implications of genetic engineering, brain mapping tends to be regarded as the geeks’ corner of psychology – interesting, no doubt, for those who like that sort of thing, but of no practical importance. When news leaks out it tends to be in isolated blips: one tiny piece of brain tissue is found to be the source of fear; the connection between the two hemispheres appears to be denser in women than in men; damage is found in the frontal lobes of a disproportionate number of murderers on Death Row. Each of these stories generates a brief flurry of speculation, but their full significance is rarely elucidated. 


One of the purposes of this book is to draw attention to the social implications of what at first sight may seem a purely technological advance. Another is to examine the extent to which behavioural neuroscience is contributing to the age-old brain/ mind conundrum and the puzzle of consciousness. Brain mapping is, of course, only one part of the current task. Along with it goes exploration of the workings of individual brain cells, the ebb and flow of neurotransmitters and the phenomenally  complex interactions of the brain’s various parts – things that are merely touched upon here but are of no less importance.


The more optimistic of today’s brain explorers believe that when, or if, all of this is brought together – when each minute brain component has been located, its function identified and its interactions with each other component made clear – the resulting description will contain all there is to know about human nature and experience. Others think this reductionist approach will never fully explain why we feel and behave as we do, let alone yield the secret of the brain’s most extraordinary product – consciousness. By their lights, a map of the brain can tell us no more about the mind than a terrestrial globe speaks of Heaven and Hell. 


The work described here does not settle the debate about the nature of existence, but it seems to me to provide tantalising clues about it. Please remember, though, that these are the early days of mind exploration and the vision of the brain we have 


result from loose talk to outsiders. The story to which the cover related was not inaccurate or sensational – its fault seemed to be its very existence.   
The result of this reticence is that while we all debate and fret about the ethical and practical implications of genetic engineering, brain mapping tends to be regarded as the geeks’ corner of psychology – interesting, no doubt, for those who like that sort of thing, but of no practical importance. When news leaks out it tends to be in isolated blips: one tiny piece of brain tissue is found to be the source of fear; the connection between the two hemispheres appears to be denser in women than in men; damage is found in the frontal lobes of a disproportionate number of murderers on Death Row. Each of these stories generates a brief flurry of speculation, but their full significance is rarely elucidated. 
One of the purposes of this book is to draw attention to the social implications of what at first sight may seem a purely technological advance. Another is to examine the extent to which behavioural neuroscience is contributing to the age-old brain/ mind conundrum and the puzzle of consciousness. Brain mapping is, of course, only one part of the current task. Along with it goes exploration of the workings of individual brain cells, the ebb and flow of neurotransmitters and the phenomenally  complex interactions of the brain’s various parts – things that are merely touched upon here but are of no less importance.
The more optimistic of today’s brain explorers believe that when, or if, all of this is brought together – when each minute brain component has been located, its function identified and its interactions with each other component made clear – the resulting description will contain all there is to know about human nature and experience. Others think this reductionist approach will never fully explain why we feel and behave as we do, let alone yield the secret of the brain’s most extraordinary product – consciousness. By their lights, a map of the brain can tell us no more about the mind than a terrestrial globe speaks of Heaven and Hell. 
The work described here does not settle the debate about the nature of existence, but it seems to me to provide tantalising clues about it. Please remember, though, that these are the early days of mind exploration and the vision of the brain we have 









	  		













now is probably no more complete or accurate than a sixteenth-century map of the world. Most of what you will read is actually more complicated than I might make it appear, and some of it will almost certainly turn out to be wrong. This is because many of the findings are too new to have been replicated. There are also huge areas where very little is known and – as is the nature of leading-edge science – everyone is essentially guessing. Some of the foremost scientists in this venture have been generous enough to offer their thoughts and theories for inclusion here, and the diversity of their opinions demonstrates how far we still are from consensus in this field.


The cartographers who produced those early world maps filled the gaps in their knowledge with the medieval equivalent of scientific bluster. ‘Here,’ wrote one map-maker confidently, ‘be Dragons.’ I have tried to keep the dragons out of this chart, but others are bound to spot them, along with misleading signs and dubious landmarks. Such things are, I suspect, unavoidable on virgin territory, so those who prefer to travel only on well-worn paths should wait for the tourist guides that will be along later. Those who want to explore, read on and I will show you some strange and wonderful things.
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The human brain is made of many parts. Each has a specific function: to turn sounds into speech; to process colour; to register fear; to recognize a face or distinguish a fish from a fruit. But this is no static collection of components – each brain is unique, ever-changing and exquisitely  sensitive to its environment. Its modules are interdependent and interactive and their functions are not rigidly fixed – sometimes one bit will take over the job of another, or fail, owing to some genetic or environmental hiccup, to work at all. Brain activity is controlled by currents and chemicals and mysterious oscillations; it may even be subject to quantum effects that distort time. The whole is bound together in a dynamic system of systems that does millions of different things in parallel. It is probably so complex that it will never succeed in comprehending itself. Yet it never ceases to try. 
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IF YOU PLACE A FINGER on the nape of your neck then edge it up and outwards, you will come across a bump formed by the base of your skull. Have a little feel. According to Franz Gall,  the founder of phrenology, this particular protuberance marks the location of the Organ of Amativeness, ‘the faculty that gives rise to the sexual feeling’. Now slide your finger an inch or so further up towards your crown. You are now passing over the Organ of Combativeness. 


Those of a warm and peaceful disposition should, in theory, find the second area of their skull flatter than the first. But  don’t be too concerned if your bumps do not match your self-perceptions – Gall arrived at the Amativeness Organ by seeking out the area of greatest heat in the skulls of two recently  widowed and ‘emotional’ young women, and he fixed the Organ of Combativeness by observing that area’s smallness in ‘most Hindoos and Ceylonese’.1 It was dubious methodology even for the early nineteenth century.


Bump-reading was nonsense, anyway, because the soft tissue of an individual brain generally has no effect on the shape of the skull. Yet it wasn’t all wrong. Feel your skull again, on top this time, just a little forward and to the left of the crown. This is where Gall placed his Organ of Mirthfulness. A few years ago surgeons at the University of California Medical School applied a tiny electric current near to this part of the left brain of a  sixteen-year-old girl. 
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The patient had intractable epilepsy and the stimulus was part of an established procedure designed to locate the foci of her seizures prior to their removal. She was conscious, and as the stimulus passed through this particular part of her cortex she started to laugh.2 It was no empty rictus but a genuine, humour-filled giggle, and when the surgeons asked her what was so amusing she had an answer: ‘You guys are just so funny – standing around.’ The doctors applied the current again and this time the girl suddenly saw something comic in a picture, which happened to be in the room, of a perfectly ordinary horse. A third time she was struck by something else. The surgeons seemed to have come across a part of the brain that creates amusement, however unpromising the circumstances. Gall’s pinpointing of it nearly two hundred years ago was no doubt accidental. Yet his basic idea – of a brain made of functionally discrete modules – was prescient. 


Phrenology’s downfall came, ironically, from the discovery of real brain modules. Towards the end of the nineteenth century a craze for biological psychiatry took root in European universities, and neurologists started to use localized electrical brain stimulation and animal lesion experiments to find out which bits of the brain did what. Others observed the association between certain behaviour and certain brain injuries. Many important landmarks were identified during this first era of brain mapping, including the language areas discovered by the neurologists Pierre Broca and Carl Wernicke. Embarrassingly for the phrenologists, these areas were found in the side of the brain, above and around the ear, while Gall’s Organ of Language was firmly located near the eye. 


The language areas identified by Broca and Wernicke still bear their names today. If early twentieth-century scientists had continued the search for functional brain areas, today’s 
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charts might now be crowded with the names of other long-dead individuals instead of the dull labels – primary auditory cortex, SMA, V1 – now attached to each newly discovered region. Instead scientific brain mapping fell out of fashion along with phrenology, and the modular brain theory was largely abandoned by scientists in favour of the theory of ‘mass action’, which held that complex behaviour arose from the action of all the brain cells working together. 


On the face of it, the mid-twentieth century should have been a bad time for anyone with ambitions to use physical methods to treat mental illness or alter behaviour. Yet psychosurgery flourished. In 1935 the Lisbon neurologist Egas Moniz heard about some experiments in which aggressive, anxious chimps had certain fibres in the front of their brains lesioned.3 The operation – leucotomy – made them quiet and friendly. Moniz promptly tried it on similarly afflicted humans and found it worked. Frontal leucotomy (which later evolved into the more radical frontal lobotomy) rapidly became a standard treatment in mental hospitals, and during the 1940s at least twenty thousand such operations were carried out in America alone.4


Looking back, the approach to brain surgery at that time seems shockingly cavalier. It was used for almost any mental disorder – depression, schizophrenia, mania – even though no one then had a clue what was causing the symptoms or why making cuts in the brain should relieve them. Travelling surgeons went from hospital to hospital with their implements in the back of 
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their cars, knocking off a dozen or so operations in a morning. One surgeon described his technique like this: 


‘[There’s] nothing to it. I take a sort of medical icepick ... bop it through the bones just above the eyeball, push it up into the brain, swiggle it around, cut the brain fibers and that’s it. The patient doesn’t feel a thing.’5


Unfortunately, the lack of feeling extended, in some patients, to a long-term flattening of emotion and a curious insensitivity that left them seemingly only half-alive. It didn’t always cure aggression either: Moniz’s career was brought to an end when he was shot by one of his own lobotomized patients. 


On balance, the mid-century craze for cutting up the brain probably relieved more suffering than it caused, but it created a deep sense of unease in the medical profession and a profound and still-lingering suspicion of psychosurgery among lay people. When effective psychotropic drugs came along in the 1960s, surgery for mental disorders was almost entirely abandoned. 


Today the idea of altering behaviour and relieving mental anguish through direct brain manipulation is creeping back. This time, though, the tinkering is based on a much greater understanding of how that organ works. Modern imaging techniques such as functional MRI allow researchers to explore the living, working brain. What they have learned from this has provided a wealth of insight into both mental illness and the nature of our everyday experiences.


Take, for example, pain. Common sense might predict a specialized pain centre in the brain, connecting, perhaps, with another bit that registers sensation in the affected part of the body. In fact, scans show that there is no such thing as a pain centre. Pain arises as much from the activation of brain areas associated with attention and emotion as from those directly concerned with sensation. Seeing what pain is, in terms of neurological activity, it becomes clear why we feel it so much more when we are emotionally stressed and why we often don’t notice it – even when our bodies are quite badly injured – when more pressing things have captured our attention.


While apparently simple functions like pain are showing them­selves to be more complex than might be expected, some seemingly imponderable qualities of the mind are starting to look surprisingly mechanistic. Morality, altruism, ‘spiritual’ and 
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Frontal leucotomy involved cutting through fibres which connect the unconscious brain, where emotions are generated, to the cortical area where they are consciously registered.
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religious experiences, aesthetic appreciation – even love – have generally been thought of as being beyond scientific explor-ation. Yet all these seemingly impenetrable mysteries are now revealing their physiological roots, and in some cases they can be manipulated simply by the touch of a perfectly-placed electrode. Implanted brain ‘pacemakers’, for instance, can transform the meaningless darkness of depression, once assumed to be a sickness of the ‘spirit’6 and eradicate compulsive and obsessive thoughts where all conventional means of stopping them has failed.7 Feelings of disembodiment, timelessness – even a sense of spiritual transcendence – can be produced on cue if the right bits of brain are tweaked in the right way. You can even buy a helmet which offers you a choice of ‘intense spiritual experiences’ by sending electronic waves through your skull to turn the grey matter beneath on and off. Dubious as the claims for it might at first seem, the helmet is based on legitimate scientific research. In a series of pioneering studies, started in the 1980s, the Canadian neuroscientist Michael Persinger discovered that disturbing electrical activity 
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Stimulating parts of the temporal lobes can produce feelings of spiritual transcendence.
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in the brain (especially around the temporal lobes) produces weird subjective states in a majority of people. They include out-of-body experiences and the feeling of being in the presence of an invisible but sentient being.8 What all this demonstrates is that feelings such as amusement, awe, love, terror and spirituality can be experienced independently of the external circumstances with which they are generally associated. You don’t need a love object to feel desire, you don’t have to be under threat to feel fear, and you don’t need a supernatural being to feel haunted. Given an appropriate prod, your brain can produce more or less any experience on its own.


So how does it do it? How does the conglomeration of neuronal clumps and cat’s cradle wiring actually generate experience,
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The sensory impact of something in the outside world alters our subsequent perception of it, which in turn creates an altered impact, which further alters our perception …
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as well as controlling the rest of the body? All experience  arises from electrical discharges in the type of brain cells known as neurons. But the firing of a single neuron is not enough to create the twitch of an eyelid in sleep, let alone a conscious impression. It is when one neuron excites its neighbours, and they in turn fire up others, that patterns of activity arise that are complex and integrated enough to create thoughts, feelings and perceptions.


Millions of neurons must fire in unison to produce the most trifling thought. Even when a human brain is idling a scan of it shows a kaleidoscope of constantly changing activity – a default mode which is associated with daydreaming, introspection and rumination. Sometimes, when a person undertakes a complex mental task or feels an intense emotion the entire cerebrum lights up.


Every incoming sensation stimulates a new pattern of neuronal activity, some of which create physical changes which allow them to be repeated in the form of memories. Most of these configurations, however, linger for just a fraction and then disappear, consigning to oblivion the experience they fleetingly incorporated.


Patterns that linger may in turn connect with, and spark off, activity in other groups, forming associations (learned knowledge) or combining to create new concepts. In theory, each time a particular interconnected group of neurons fires together it gives rise to the same fragment of thought, feeling or unconscious brain function; but in fact the brain is too fluid for an identical pattern of activity to be repeated – what actually happens is that similar but subtly mutated firing patterns occur. We never experience exactly the same thing twice.


Little explosions and waves of new activity, each with a characteristic pattern, are produced moment by moment as the brain reacts to outside stimuli. This activity in turn creates a constantly changing internal environment, which the brain then reacts to as well. This creates a feedback loop that ensures constant change.


Part of the brain’s internal environment is a ceaseless pressure to seek out new stimuli and to gather information, especially about future events. As well as being useful as a guide for action, information-gathering is its own reward because it stirs 
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a response in the neurons which create a feeling of pleasurable anticipation.9 This greed for information is one of the fundamental properties of the brain and it is reflected in our most basic reactions. People can have the brain regions that support consciousness totally destroyed, yet their eyes will still scan the room and lock on to and track a moving object. The eye movements are triggered by the brainstem and are no more significant of consciousness than the turning of a flower to the sun. Yet even when you know this, it is deeply disturbing to have your movements followed by the eyes of a person you know is for all intents and purposes dead. 


The loop-backs between brain and environment are a bootstrap operation par excellence. Computer simulations of neural networks show that the simplest network can develop phenomenal complexity in a short time if it is programmed to replicate patterns that are beneficial to its survival and junk those that aren’t. Similarly, brain activity evolves in the individual. 


This process – sometimes referred to as neural Darwinism – en­sures that patterns that produce thoughts (and thus  behaviour) that help the organism to thrive are laid down  
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The brain develops from  the back – areas mainly  concerned with sensation and movement – through to the front, the areas concerned with decision-making, judgement and planning. Grey matter becomes thinner  with maturation, as excess neurons are pruned away  but the connections between the remainder become increasingly dense and  efficient as they become sheathed by the fatty tissue known as myelin.10
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permanently while those that are useless fade. It is not a rigid system – the vast majority of brain patterns we produce are quite irrelevant to our survival – but overall this seems to be the way that the human brain has come to be furnished with its essential reactions.


Some of this furniture has been built in at genetic level. Certain patterns of brain activation – even quite complex ones like speech production – are so strongly inherited that only an extraordinarily abnormal environment can distort them. The pattern of brain activation during, say, a word retrieval task is usually similar enough among the dozen or so participants who typically take part in such studies for their scans to be overlaid and still show a clear pattern. This is how brain mappers can confidently talk of a chart of ‘the’ brain, rather than ‘a’ brain. 


This is not to say that everyone thinks alike. Thanks to the infinitely complex interplay of nature and nurture no two brains are ever exactly the same. Even genetically identical twins – clones – have different brains by the time they are born because the tiny divergence in the foetal environment of each is enough to affect their development. The cortex of human twin babies is visibly different at birth, and structural variations inevitably produce differences in the way brains function.11 


Indeed, the brain structure of so called identical twins is actually less similar at birth than later, suggesting that genes have a stronger effect in later life than at first. Hence twins may become more alike in their behaviour as they age, rather than less.12, 13


permanently while those that are useless fade. It is not a rigid system – the vast majority of brain patterns we produce are quite irrelevant to our survival – but overall this seems to be the way that the human brain has come to be furnished with its essential reactions.
Some of this furniture has been built in at genetic level. Certain patterns of brain activation – even quite complex ones like speech production – are so strongly inherited that only an extraordinarily abnormal environment can distort them. The pattern of brain activation during, say, a word retrieval task is usually similar enough among the dozen or so participants who typically take part in such studies for their scans to be overlaid and still show a clear pattern. This is how brain mappers can confidently talk of a chart of ‘the’ brain, rather than ‘a’ brain. 
This is not to say that everyone thinks alike. Thanks to the infinitely complex interplay of nature and nurture no two brains are ever exactly the same. Even genetically identical twins – clones – have different brains by the time they are born because the tiny divergence in the foetal environment of each is enough to affect their development. The cortex of human twin babies is visibly different at birth, and structural variations inevitably produce differences in the way brains function.11 
Indeed, the brain structure of so called identical twins is actually less similar at birth than later, suggesting that genes have a stronger effect in later life than at first. Hence twins may become more alike in their behaviour as they age, rather than less.12, 13









As the brain matures it becomes increasingly dense and develops a complex  pattern of bulges (gyri) and valleys (sulci)
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During foetal development the brain develops, bulb-like, at the upper end of the neural tube that forms the spine. The main sections of the brain, including the cerebral cortex, are visible within seven weeks of conception and by the time the child is born the brain contains roughly the same number of neurons – some 100 billion – as it will have as an adult.


These neurons are not mature, however. Many of their axons are as yet unsheathed by myelin – the insulation that allows signals to pass along them – and the connections between them are sparse. Hence large areas of the infant brain, particularly in the cerebral cortex, are not functioning. Brain imaging studies of babies’ brains show the most active areas are those associated with bodily regulation (the brainstem), sensation (thalamus) and movement (deep cerebellum).14 


The uterine environment has a profound effect on the wiring of the infant brain. Babies born to drug addicts are frequently addicted at birth, and those born to mothers who eat curries or garlic while they are pregnant take to spicy food more readily than others,15, 16 suggesting that their tastes are primed by expos-ure to the residue of such foods in their mothers’ blood.


Life in the womb provides a good example of how genes and environment are inextricably combined. A male foetus, for example, has genes that provoke the mother’s body to produce a cascade of hormones, including testosterone, at certain times 
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The connections between neurons are sparse at birth (left), but new links are made at a terrific rate during infancy, reaching maximum density around the age of six. Thereafter they thin out again as unused connections die off, leaving only those which are useful. 


Adults can increase neural connections throughout their life by learning new things. But if the brain is not used the connections will become further depleted. New brain cells are made throughout life – a process called neurogenesis – and some new cells are incorpor-ated into existing networks, especially those concerned with memory and learning. 
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in its development. This hormonal deluge physically alters the male foetus’s brain, slowing the development of certain parts and speeding the development of others. The effect of this is to masculinize the foetal brain, priming it to produce male sexual behaviour. It also creates many of the typical differences seen between the sexes, like girls’ superiority at speech and boys’ at spatial tasks. If a male foetus does not get the appropriate pre-birth hormone treatment, his brain is likely to remain more typically female; if a female foetus gets exposed to a male-pattern hormonal sequence, she is likely to be more typically masculine.17


Inside the developing brain individual neurons race about looking for a linked team of other neurons to join as though in some frantic party game. Every cell has to find its place in the general scheme, and if it fails it dies in the ruthless pruning process known as apoptosis or programmed cell death. The purpose of apoptosis in the immature brain is to strengthen and rationalize the connections between those that are left, and to prevent the brain becoming literally overstuffed with its own cells. This ‘sculpting’ process, though essential, may also have a price. 


The connections that get killed off during it include some that may otherwise confer the sort of intuitive skills we label gifts. Eidetic (photograph) memory, for example, is quite common among young children but usually disappears during the years of cerebral pruning. Incomplete apoptosis may also account for synaesthesia, the ‘cross-wiring’ that bonds one sensory experience (seeing red, say) to another (hearing a tone) so that when one is experienced , so is the other. Conversely, apoptosis that runs wild and strips out far too many connections is thought to be one of the causes of impaired intelligence in Down’s syndrome18 and autism.19 It is also probably the reason why Down’s people are more likely than others to develop Alzheimer’s disease.


Climbing to consciousness


Babies show emotion dramatically, but the areas of the brain that in adults are linked to the conscious experience of emotions are not active in a newborn baby. Such emotions may therefore be unconscious.


‘Unconscious emotion’ sounds like a contradiction in terms – 
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what is emotion if not a conscious feeling? In fact, the conscious appreciation of emotion is looking more and more like one quite small, and sometimes inessential, element of a system of survival mechanisms that mainly operate – even in adults – at an unconscious level.20


This does not necessarily mean that early traumas do not matter. Unconscious emotion may not be, strictly speaking, experienced, but it may lodge in the brain just the same. We cannot remember things before the age of about three because until then the hippocampus – the brain nucleus that lays down conscious long-term memories – is not mature. Emotional memor-ies, however, may be stored in the amygdala, a tiny nugget of deeply buried tissue that is probably functioning at birth.21 The way a baby is treated during those first amnesiac years may even alter the way that their genes function. The genes of baby rats that are well-nurtured behave differently to those in identical twins who are neglected, and the difference causes changes in the brains of the nurtured animals which results in them showing less anxiety. A study of brain cells taken from adult suicide victims who had been abused in childhood suggests that a similar thing occurs in people.22


As the baby gets older myelinization creeps outward and brings increasing numbers of brain areas ‘on-line’.23 The parietal cortex starts to work fairly soon, making babies intuitively aware of the fundamental spatial qualities of the world. Peek-a-boo games are endlessly intriguing once this part of the brain is working because babies then know that faces cannot really disappear behind hands – yet the brain modules that will one day allow them to know why have not yet matured.


The frontal lobes first kick in at about six months, bringing the first glimmerings of cognition. By the age of one they are gaining control over the drives of the limbic system – if you offer two toys to a child of this age, they will make a choice rather than try to grab both. Up until the age of about a year babies are, in the words of one developmental psychologist, ‘robotic looking machines’ – their attention can be caught by more or less any visual stimulus. After that age they get an  agenda of their own – not always one that fits in with other  people’s. 


The language areas become active during the second year.  
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The one that confers understanding (Wernicke’s area) comes online at about 12 months, followed some 18 months later by the one that produces speech (Broca’s area)24, so there is a short time when toddlers understand more than they can say – a frustrating condition that probably does much to fuel the tantrums that typify the ‘Terrible Twos’.


Around the same time as the language areas become active myelinization gets under way in the prefrontal lobes. Now children develop self-consciousness – they no longer point at their reflection in the mirror as though they see another child and if a dab of coloured powder is put on their face while they look at their reflection, they rub it off – they don’t rub the mirror as younger children do. This self-consciousness suggests the emergence of an internal executor – the ‘I’ that most people say they feel exists inside their heads. 


Certain brain areas take many years to mature. A nucleus called the reticular formation, for example, which plays a major role in maintaining attention, usually only becomes fully myelin-ated at or after puberty, which is why prepubescent children have a short attention span. The frontal lobes do not become fully myelinated until full adulthood. These parts of the brain are responsible for reasoning, judgement, and inhibiting emotion, and until they are mature people are driven more by  
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This part of the brain lights up when it does something of its own volition – it is one of the areas which seem to contain the ‘I’ we all feel we have inside.


It is one of the last brain areas to come ‘on line’, which is why babies do not, and cannot, exercise self-control.
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The search for the mind


The first known brain map is found on an Egyptian papyrus thought to date from 3000 to 2500 bc.25 The idea of modularity cropped up again in medieval times with ‘cell theory’ that placed various human attributes – spirit, thinking and so on – in the ventricles, the brain cavities where cerebro-spinal fluid is secreted. Then, in the early seventeenth century the French philosopher René Descartes conceived the notion that mind existed in a separate sphere from the material universe, a concept that lingers still. In his scheme the brain was a sort of radio receiver that tapped into the dimension of mind via the pineal gland – the only brain component Descartes could find that was not replicated in each hemisphere. 


Cartesian dualism was dominant for centuries and still infiltrates our thinking today. But there were always scientists who held that mind and brain function were one and the same, and during the nineteenth and early twentieth centuries many of them worked feverishly hard to produce coherent brain maps. They were helped by several historical events: the French Revolution provided fresh heads to dissect, and the First World War produced countless brain-injured soldiers to observe. Brain mapping went out of favour, though, when the American neurologist Karl Lashley persuaded most of his colleagues that higher cognitive functions were the result of ‘mass action’ of neurons, and were therefore not susceptible to localization. Psychosurgery suggested that this was not necessarily so, and now brain scanning techniques are showing just how precisely it is pos­s­ible to pin down even the most sophisticated and complex machinations of the human brain.
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Illustration from Traité de l’Homme by René Descartes, 1664, in which the pear-shaped pineal gland was thought to be responsible for consciousness and the soul.
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emotion than sense. Hence young adults are more emotional and impulsive than those who are older, and more likely to take daft risks and commit crimes of ‘passion’.26


Human brains are at their most plastic during infancy. You can take away an entire hemisphere from a child’s brain and the other will rewire itself to take on the tasks of both. It will even manage to develop functions that are usually exclusive to its other half. As we age, however, brain functions become more rigid and more distinctive. By the time we are adults our mental landscapes are so individual that no two of us will see anything in quite the same way. A couple watching the same film, for example, would probably have entirely different patterns of neural activity because each would be cogitating on different aspects of the show and associating what they see with personal thoughts and memories. She might be wondering when the  tiresome couple on screen will finally reach their feel-good  ending so she can get some dinner; he might be thinking how the heroine’s cute upper lip reminds him of his ex-girlfriend.


That is why experiments designed to reveal which brain areas are responsible for what have to involve artificially rigid and narrow tasks. The subjects who lay for more than two hours in a PET scanner doing nothing more than lifting a finger in response to a given signal, for example, must at times have wondered what possible insight could be gained from such a tedious manoeuvre.


In fact, wonderful discoveries are emerging from these unpromising exercises. The finger-lifting experiment, carried out by Chris Frith and colleagues at the Wellcome Department of Cognitive Neurology in London, revealed something that, not so long ago, would have been expected to remain one of life’s eternal mysteries: the source of self-determination. They arrived at it by designing a procedure that first narrowed down what was going on in the participants’ brains to a few things that they already knew from previous work would show up as particular patterns of activity in certain brain localities. In this case they got the subjects to move a specified finger on cue – a task that duly provoked activity in the somatosensory cortex (when the cue was tactile) and the motor cortex (the area that controls movement). They then added the element of the task for which they wanted to find a brain location: self-willed activity. Instead 


emotion than sense. Hence young adults are more emotional and impulsive than those who are older, and more likely to take daft risks and commit crimes of ‘passion’.26
Human brains are at their most plastic during infancy. You can take away an entire hemisphere from a child’s brain and the other will rewire itself to take on the tasks of both. It will even manage to develop functions that are usually exclusive to its other half. As we age, however, brain functions become more rigid and more distinctive. By the time we are adults our mental landscapes are so individual that no two of us will see anything in quite the same way. A couple watching the same film, for example, would probably have entirely different patterns of neural activity because each would be cogitating on different aspects of the show and associating what they see with personal thoughts and memories. She might be wondering when the  tiresome couple on screen will finally reach their feel-good  ending so she can get some dinner; he might be thinking how the heroine’s cute upper lip reminds him of his ex-girlfriend.
That is why experiments designed to reveal which brain areas are responsible for what have to involve artificially rigid and narrow tasks. The subjects who lay for more than two hours in a PET scanner doing nothing more than lifting a finger in response to a given signal, for example, must at times have wondered what possible insight could be gained from such a tedious manoeuvre.
In fact, wonderful discoveries are emerging from these unpromising exercises. The finger-lifting experiment, carried out by Chris Frith and colleagues at the Wellcome Department of Cognitive Neurology in London, revealed something that, not so long ago, would have been expected to remain one of life’s eternal mysteries: the source of self-determination. They arrived at it by designing a procedure that first narrowed down what was going on in the participants’ brains to a few things that they already knew from previous work would show up as particular patterns of activity in certain brain localities. In this case they got the subjects to move a specified finger on cue – a task that duly provoked activity in the somatosensory cortex (when the cue was tactile) and the motor cortex (the area that controls movement). They then added the element of the task for which they wanted to find a brain location: self-willed activity. Instead 









	  		

























of telling the subjects which finger to lift they left it to them to decide which one to move. Then they watched to see how the brain activity involved in doing this differed from the brain activity involved in lifting an externally specified finger. 


The difference was clear: as soon as the participants started to make their own decisions a previously ‘dead’ area of their brains sprang into life. Various controls were in place to ensure that this new activity did not just represent the extra effort required to think about the task once it was not a simple matter of obeying an order. The elegant and careful design of the experiment made sure that the bit of brain identified is almost certainly that which, quite specifically, allows people to do things of their own volition.27 A more recent study showed that activity in this region increases when a person ponders their decision instead of just getting on with it.


Can identifying the brain activity involved in deciding which of two fingers to lift possibly shed any light on decision-making in the messy and infinitely more complicated world outside a brain research laboratory?


Indirectly, yes. The region of brain in which the self-will area was found is the prefrontal cortex, an area of the frontal cortex which lies mainly behind the forehead. Injuries here often produce a characteristic change in behaviour that includes loss of self-determination on a grand scale. The classic case is that of Phineas Gage, a nineteenth-century rail-worker who lost a large chunk of forebrain when a steel rod was blown through his skull by a mistimed explosion. Gage survived, but from the 
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Above: The death mask of Phineas Gage showing the massive injury to the skull.


Below: Reconstruction of the position of the rod which passed through the frontal lobe of Gage’s brain. 
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This daguerreotype (a very early type of photograph) is thought to be of Phineas Gage. For years its owners, image librarians Jack and Beverly Wilgus, assumed it was a picture of a harpoon-bearing whaler who had survived a brush with an angry whale. In 2008, however, an historian spotted it on an internet site and suggested it might be the only  surviving image of Gage. Subsequent research by the Wilgus’ showed this is almost certainly the case.28
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Scanning the brain


The neuroscientific revolution has been driven by the development of increasingly sophisticated imaging technology, in particular the machines that show brain activity as well as anatomy. Each of the techniques below has its own advantages and ­drawbacks and it is becoming increasingly common for re­searchers to combine two or more techniques to give a more complete ­picture. 


Magnetic Resonance Imaging (MRI, sometimes called nuclear magnetic resonance imaging – NMR) works by aligning atomic particles in the body tissues by magnetism, then bombarding them with radio waves. This causes the particles to give off radio signals that differ according to what sort of tissue is present. A sophisticated software system called Computerized Tomography (CT) converts this information into a three-dimensional picture of any part of the body. A brain scan taken this way looks like an X-ray, with different, clearly delineated types of tissue. 


Diffusion Tensor Imaging is a form of MRI which measures the diffusion of water through fibrous tissue. It is particularly good at showing the connections between different areas of the brain and is therefore likely to shed ever greater light on how the brain’s various modules interact. 


Functional MRI (fMRI) elaborates this basic anatomical picture by adding to it the areas of greatest brain activity. Neuronal firing is fuelled by glucose and oxygen, which are carried in blood. When an area of the brain is fired up, these substances flow towards it, and fMRI shows up the areas where there is most oxygen. The latest scanners can produce four images every second. The brain takes about half a second to react to a stimulus, so this rapid scanning technique can clearly show the ebb and flow of activity in different parts of the brain as it reacts to various stimuli or undertakes different tasks. fMRI is proving to be the most rewarding of scanning techniques, but it is phenomenally expensive and brain mappers often have to share a machine with clinicians who have more pressing claims to it. For this reason a lot of experimental work is still done by the older technique of:
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Positron Emission Topography (PET). PET achieves a similar end result to fMRI – it identifies the brain areas that are working hardest by measuring their fuel intake. The pictures produced by PET are very clear (and strikingly pretty) but they cannot achieve the same fine resolution as fMRI. The technique also has a serious drawback in that it requires an injection into the bloodstream of a radioactive marker. The dose of radioactivity given in each scan is tiny but, for safety, no one person is generally allowed to have more than one scanning session (usually twelve scans) a year.


Near-Infra-red Spectroscopy (NIRS) also produces an image based on the amount of fuel being gobbled at any moment by each part of the brain. It works by beaming low-level light waves into the brain and measuring the varying amount that is reflected from each area. NIRS is cheaper than fMRI and does not use radio-activity but it cannot (yet) give a clear picture of what happens in the deepest regions of the brain.


Magnetoencephalography (MEG) is similar to EEG in that it picks up signals from neuronal oscillation, but it does it by homing in on the tiny magnetic pulse they give off rather than the electric field. It still has teething problems: the signals, for example, are weak and easily masked by interference. Yet it has enormous potential because it is faster than other scanning techniques and can therefore chart changes in brain activity more accurately than fMRI or PET.
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Electroencephalography (EEG) measures brainwaves – the electrical patterns created by the rhythmic oscillations of neurons. These waves show characteristic changes according to the type of brain activity that is going on. EEG measures these waves by picking up signals via electrodes placed in the skull. The latest version of EEG takes readings from dozens of different spots and compares them, building up a picture of varying activity across the brain. Brain mapping with EEG often uses Event-Related Potentials (ERPs), which simply means that an electrical peak (potential) is related to a particular stimulus like a word or a touch. 
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time of the accident he changed from a purposeful, industrious worker into a drunken drifter. John Harlow, the doctor who treated him, described the new Gage as ‘at times pertinaciously obstinate, yet capricious and vacillating, devising many plans of future operations which are no sooner arranged than they are abandoned … a child in his intellectual capacity and manifestations yet with the animal passions of a strong man.’ Ladies were advised not to stay in his presence. The hallmark of Gage’s new condition was his complete inability to direct or control himself.29 


If self-determination lies in a specific bit of tissue, it follows that those who appear not to have it may simply be unlucky – victims of a sluggish brain module. So is it reasonable to blame the Phineas Gages of today for their ways? Should we be unsympathetic to addicts who fail to conquer their habit, or punish recidivist criminals? 


The current discoveries about the brain are breathing new life into this ages-old debate. Some types of antisocial behaviour  are clearly linked to brain damage or malfunction so perhaps the way forward is to manipulate the brains of troublesome individuals rather than, as now, punishing them or trying to change their behaviour by persuasion or coercion. If the idea sends shivers down your back, think of what we do to such people now. Is an artificially induced change of mind worse than a stretch in prison?


Windows on the mind


The safety video that comes with one brand of MRI scanner shows a man walking up to the machine with a metal wrench in his hand. When he gets within a few feet the hand with the wrench in it suddenly shoots up and his arm locks into a rigid horizontal salute with the wrench pointing straight at the scanner. The next few seconds have a cartoon quality as the man engages in a tug-of-war with an unseen rival. As he inches  nearer to the machine the wrench starts to quiver like a banner in a wind-tunnel, then slips through his clenched fingers towards the mouth of the scanner. The man clutches it with both hands and leans back, but he obviously cannot keep hold. Suddenly the tool jettisons forward into the tube, where it smashes into a 
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Functional MRI has helped identify which bits of the brain are involved in specific mental tasks.
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Rivers of the mind


Different types of cells secrete different neurotransmitters. Information moves through the brain along neural pathways – tracts or chains of neurons which secrete the same chemicals and which spark one another off. Hence they link areas of the brain in much the same way as a train links stations along the line, causing them to flare up (or close down) in succession. Each brain chemical works in widely spread but fairly specific brain locations and may have a different effect according to where it is activated. Some neurotransmitters are excitatory – that is, they encourage the cells they come in contact with to fire. Others have the effect of shutting down neural activity. Hundreds of different neurotransmitters have been identified, but the most important seem to be:


Serotonin: the neurotransmitter that is enhanced by Prozac, and is sometimes referred to as the ‘feel-good’ chemical. Serotonin certainly has a profound effect on mood and anxiety – high levels of it (or sensitivity to it) are associated with serenity and optimism. However, it also has effects in many other areas, including sleep, pain, appetite and blood pressure.


Acetylcholine (ACh): controls activity in brain areas connected with attention, learning and memory. People with Alzheimer’s disease typically have low levels of ACh in the cerebral cortex, and drugs that boost its action may improve memory in such patients.


Noradrenaline: mainly an excitatory chemical that induces physical and mental arousal and heightens mood. Production is centred in an area of the brain called the locus coeruleus, which is one of several putative candidates for the brain’s ‘pleasure’ centre.


Glutamate: the brain’s major excitatory neurotransmitter, vital for forging the links between neurons that are the basis of learning and long-term memory. 


Enkephalins and Endorphins: endogenous opioids that – like the drugs – modulate pain, reduce stress and promote a sensation of floaty, oceanic calm. They also depress physical functions like breathing and may produce physical dependence. 


Oxytocin: helps ‘melt the edges’ of one’s psyche, creating a sense of oneness with others and so creating bonds of warmth and trust between people, especially mothers and babies and lovers. It is produced in huge quantities by women during childbirth and by both sexes during orgasm. 
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The Dopamine connection 


Dopamine identifies potential rewards and sends us scurrying after them. In the process it generates desire, anticipation and excitement.


Dopamine pathways snake around the brain, doing different things in different places. Deep in the brain stem, dopamine-producing neurons in an area called the substantia nigra get and keep us going – physically as well as mentally. When these cells degenerate, as happens in Parkinson’s disease, a person loses their ability to stride out, both in thought and overt movement. 


Another set of tracks is known as the brain’s ‘reward circuit’. They run from the Ventral Tegmental area to the amygdala, nucleus accumbens, septum and prefrontal cortex (known collectively as the medial forebrain bundle [MFB]). When stimulated by dopamine, the nucleus accumbens gets the body geared up to grab or chase the object of desire, the amygdala registers the value of the stimulus and helps produce the conscious sensation of excitement and the prefrontal cortex and septum fixes the person’s attention on the goal. Together these responses  generate a pleasurable ‘high’. However, they do not produce a sense of lasting satisfaction, so unless mediated by other neurotransmitters, a dopamine charge tends to be followed by the need for another, and another –  the basis of addiction. 


Dopamine is also involved in generating meaning – the feeling that the world ‘hangs together’.  Dopamine disturbances may therefore produce a sense of things ‘falling apart’, or, conversely, that everything is drenched in significance and connected in a wonderfully holistic way. 


While such disturbances are dysfunctional there’s nothing to say that the view of the world they afford is any less realistic than that delivered by normal dopamine function. This is set by evolution at an optimum level – high enough to keep us chasing those things we need such as food and reproductive opportun-ities, but not so high that we start to see our mortal enemies as part of a great, loving superconsciousness. This does not, however, mean that the ‘optimal view’ reflects the truth of the world.
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strategically placed brick. The force of the impact is so great the brick is pulverized.


The scene is meant to show the dangers of taking metal near an MRI scanner. These machines are basically massive, circular magnets. Their gravitational pull is some 140,000 times greater than that of the earth – it is easy to see that the consequences of entering one with, say, a heart pacemaker in place, would be catastrophic. If you do not happen to have any metal about your person, however, MRI scanning seems to be perfectly safe – no one has yet reported any detrimental biological effect from it.


Powerful scanning techniques like fMRI are opening the brain to scrutiny in a way undreamt of until a couple of decades ago. But brain mapping began long before fancy scanning machines were invented.


The two main language areas, which are still among the most important cortical landmarks on the map, were identified by Broca and Wernicke more than a hundred years ago. They did it by looking at the brains of people with speech disorders and noting that those with the same problems all had damage in the same place. Broca located the area that allows us to articulate speech by post-mortem examination of the brains of people who were unable (usually as the result of a stroke) to get words out. His classic case was a man named Tan. 


Tan was so-called because that was what he said when he was asked his name. It was also what he said when he was asked his date of birth, his address and what he wanted for dinner. ‘Tan’ was all that Tan could say, even though he understood speech perfectly well.


Broca had to wait until Tan was dead before he could look at his brain and see which bit was injured. Today, scanners allow neuroscientists to locate injured tissue in living patients, greatly speeding the process of working out what the injured bit does in a normal brain.


Another time-honoured technique is to stimulate different areas of the brain directly and see what effect it has. It was by doing this that the surgeons in California brought about so much amusement in their epilepsy patient and thus came across part of the circuitry which produces our sense of humour.


Direct stimulation was pioneered in the 1950s by the Canadian neurosurgeon Wilder Penfield, who charted large regions of the 
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cerebral cortex by applying electrodes to different areas in the brains of hundreds of epilepsy patients. He demonstrated in this way that the entire body surface is represented on the brain’s surface as though it had been drawn on: the bit that affects the arm lies next to the bit that affects the elbow, and the bit that affects the elbow is next to the bit that affects the upper arm and so on. More famously, he found that stimulating points in the temporal lobes produced what seemed to be vivid childhood memories, or snatches of long-forgotten tunes. 


Most patients reported these recollections as dream-like, yet crystal clear. ‘It was like … standing in the doorway at [my] high school,’ reported a twenty-one-year-old man. ‘I heard my  mother talking on the phone, telling my aunt to come over that night,’ said another, ‘… my nephew and niece were visiting at my home … they were getting ready to go home, putting on their coats and hats … in the dining room … my mother was talking to them. She was rushed – in a hurry.’30 


Penfield’s findings were interpreted at the time as showing that memories are stored in discrete packets (‘engrams’) just waiting to be revived. Since then, a more complex arrangement has come to light. Long-term memories are distributed through the brain, encoded in the same parts of it that gave rise to the original experience. A childhood recollection of eating ice cream on a sunny day in the country with birds singing, for instance, would be stored in several sensory areas: the ice-cream taste in the ‘taste’ processing areas of the brain, the feeling of  sun on your skin in the somatosensory cortex, the sound of  the birds in the auditory cortex, the sight of trees in the visual brain and so on. Because they were originally experienced all together, when one part of the memory is triggered the other parts tend to be triggered too, reproducing a ‘whole’ memory from a bunch of separate bits. Penfield was probably stimulating just one sensory facet of the memory but eliciting a response in many.


The area stimulated in the laughing patient has similarly been found to be just one node of a much larger brain module – one which has its roots in the most primitive regions of our brains. The neat little ‘spots’ currently marking particular functions will almost certainly turn out to be the exposed peaks of mainly buried neural conglomerates – icebergs of the mind. 
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Evolution


The human brain carries the story of its evolution in its anatomy. It began in water when fish developed a tube to carry nerves from the distant parts of their body to a central control point. First there was just a bulge on top of the spine, then the nerves started to sort themselves into specialized modules. Some became sensitive to molecules and formed what is now our smell brain. Others became light sensitive and formed eyes. These were connected to a clump that controlled movement – the cerebellum. This collection formed the reptilian brain, mechanical and unconscious. Its basic parts are still intact and form the lowest of the three-tier system that has developed since.


On top of this, more modules developed: the thalamus, allowing sight, smell and hearing to be used together; the amygdala and hippocampus, creating a crude memory system; and the hypothalamus, making it possible for the organism to react to more stimuli. This is the mammalian brain, known as the limbic system. Emotions are generated here but their conscious acknowledgement – what we think of as ‘anger’ or ‘fear’ – occurs when the limbic system passes on the information to the more recently evolved cortex. 


The cortex came into existence during mammalian evolution when the sense modules triggered the development of a thin matrix of cells, whose shape allowed for many neural connections to be formed between them with only a small increase in size. This skin became the cortex and it is from this that consciousness emerged.


The mammals that were to evolve into humans developed an ever-larger cortex, pushing the cerebellum back to the position it now occupies. Australopithecus Africanus had a fairly human-shaped brain 3 million years ago, but it was only a third the size of a modern brain. One and a half million years ago the hominid brain underwent an explosive enlargement. So sudden was it that the bones of the skull were pushed outwards, creating the high, flat forehead and domed head that distinguish us from primates. The areas that expanded most are those concerned with thinking, planning, organizing and communicating.


Many theories have been put forward to account for mankind’s ‘great leap forward’ and it is likely that it happened due to a combination of them. 
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Bipedalism –  Hominids were on their feet about 4 million years ago. It may have come about because they lived in swamps and needed to wade. Or it may have happened when they were living in the Savannah and needed to see further.


Bipedalism freed up the hands, which may have led to tool-making, which in turn encouraged finer manual dexterity. It is also thought to have caused the larynx to descend, allowing breath to be controlled – a necessity for structured language.


It presented problems, though, with childbirth (see extended infancy)


Aquatic lifestyle –  Early humans may have undergone a long aquatic or semi-aquatic period which led to them evolving hairless skin, hooded nose, sebaceous glands and other physically distinct features of modern humans. According to this theory, brain development was accelerated by the seafood diet, which contains large amounts of ‘brain-building’ fatty acids. 


Tool use –  Tool-making occurred more than 2.5 million years ago and the process may have enhanced hand/eye coordination. The manual dexterity required may also have primed the brain to make expressive gestures, allowing communication at a distance, which in turn facilitated hunting and helped to encourage bonding in tribes. Gestures are thought to be the forerunners of language and the area in the left hemisphere which was originally given over to them has subsequently developed into the language area, which is unique to humans. 
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