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About the Book

It is the most complex and mysterious object in the universe. Covered by a dull grey membrane, it resembles a gigantic, convoluted fungus. Its inscrutability has captivated scientists, philosophers and artists for centuries. It is, of course, the human brain.

With the help of science we can now begin to understand the extraordinary complexity of the brain’s circuits: we can see which nerve cells generate electricity as we fall in love, tell a lie or dream of a lottery win. And inside the 100 billion cells of this rubbery network is something remarkable: you.

In this entertaining and accessible book, Robert Winston takes us deep into the workings of the human mind and shows how our emotions and personality are the result of genes and environment. He explains how memories are formed and lost, how the ever-changing brain is responsible for toddler tantrums and teenage angst, and he reveals the truth behind extra-sensory perception, déjà vu and out-of-body experiences. He also tells us how to boost our intelligence, how to tap into creative powers we never knew we had, how to break old habits or keep our brain fit and active as we enter old age.

The human mind is all we have to help us to understand it. Paradoxically, it is possible that science may never quite explain everything about this extraordinary mechanism that makes each of us unique.
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Foreword

The first few chapters in this book attempt to describe the basic functioning of the brain and how scientists have used various tools to measure this. Such an introduction is inevitably somewhat technical, but it is important to have a loose idea of the complexity of the anatomical regions of the brain and how it functions. Without this we cannot begin to understand how the mind works. I hope the reader will accept the necessity of this and be encouraged to persevere with the book by my use of anecdote and personal experience. In later chapters there is much more discussion of some of the current problems in our exploration of the science of the mind. One thing I hope will be obvious: there is a considerable amount that is controversial and a great deal that we do not know. Science is about uncertainty, and the topics of the human mind and human consciousness are some of the greatest unsolved scientific issues. Perhaps because, paradoxically, we are using an imperfect tool – the human mind itself – to understand the mind, there will always be unresolved questions. Finally, in the last part of this book I deal with issues like personality and intelligence; and I hope it will become obvious that a determinist view of the mind is not, in my view, at all adequate to explain what makes each of us who we are. We are, of course, invested with genes that direct many broad aspects of character and ability, but the environment in which we are placed can have the most profound influence. I hope, therefore, that it will become clear to those who persist beyond the first two or three chapters that there are indeed numerous ways in which we can improve our minds.

It is highly presumptuous for me, a mere reproductive biologist, to have attempted to write any book of this sort. Cognitive neuroscience is not my field of biology, and it is one of the most complex, rapidly changing and contentious areas of modern science. Moreover, a huge number of people, many of them outstanding scientists and a great number excellent writers, have written very good books on this subject. So I have little excuse. But over recent years I have become so interested in this field that if I had my time again as a medical scientist I think this is the area that would now hold the greatest attractions.

In many ways for me this subject is a natural progression from my general scientific and broadcasting interests. These have increasingly touched on various aspects of brain function. Nearly all the TV series and programmes with which I have been involved recently, from The Human Body, Superhuman and Instincts to Threads of Life, Walking with Cavemen and Child of Our Time, have had the brain – with its development, adaptations and workings – as their unifying interest. Though I genuinely never intended to write such a book, I found myself increasingly persuaded that it might be worth doing so during the filming of my latest BBC project. This book was largely stimulated by my presenting The Human Mind series and simple intellectual curiosity. When I was encouraged by numerous colleagues at the BBC to write a book around that subject, I took up the challenge with diffidence but growing enthusiasm. I hope its readers will find my particular approach fresh and interesting.

This is not simply the book of the BBC television series. Of course, it refers to it in many places, but it uses only a limited amount of the material seen on the screen. The book is intended to go further and to act as an independent companion, one that will stand alone. It tries to give the background – scientific, historical, social and philosophical – to what we in the production team found interesting or extraordinary about many aspects of human consciousness. So it is focused on the things that I find interesting and is not intended to be a comprehensive account. Nevertheless, I hope that its readers will enjoy reading this attempt to explain some aspects of what is most topical, controversial and intriguing in this extraordinary field.


chapter one

Body, brain and mind

If I WERE to die later today before finishing this chapter and my brain was removed from my skull, it would weigh about 1,400 grams – roughly the same as a bag and a half of granulated sugar. Before being preserved for posterity by being marinated in a jar of formalin (better still, perhaps, strong alcohol with some flavouring), about 75 to 80 per cent of my brain would be made up of water, with just over 10 per cent fat and about 8 per cent protein. If, once it was fixed, people came to examine it and poke it about a bit, it would appear rather crinkled and whitish, and have the slightly rubbery consistency of a large mushroom. And what is more, if you, dear reader, were to die at the same time and have your brain treated in the same peremptory fashion, it would be so similar to mine that any difference would almost certainly be undetectable.

The chances are that no matter how closely our respective brains were viewed, there would be hardly anything obvious to show that what amused passers-by were gazing at were two totally different specimens of the most complicated structure on this planet. There would be nothing to reveal that these two rubbery objects, which to some bystanders would seem faintly disgusting, respectively comprised the sum total of our very being and personality. Nothing to show that at some time we had both loved in different ways, had known different pains, ambitions and disappointments, and had been angry and taken pleasure at different things. Nor that we had learnt different physical and intellectual skills, had mind-bending experiences in different parts of the world, had totally different memories, liked different food or music, and that each of us had quite different human strengths and failings.

Perhaps it is not so surprising then that it has taken humans such a long time to understand the complex nature of the brain, and that it is the very centre of what makes us who we are. Although surgical drilling of holes in the skull (for whatever now mysterious purpose) goes back to Cro-Magnon man some 40,000 years ago, and knowledge of the mind-altering nature of alcohol and the sap from the poppy plant is longstanding, most old civilizations regarded the heart, not the brain, as the centre of the soul. Ancient Egyptians, when embalming human bodies, religiously preserved the heart but destroyed the brain – because otherwise it would rot – by scraping it out of a hole they drilled in the bones at the back of the nose and palate. But it was an Egyptian surgeon who left the first written descriptions that give evidence of some basic insight into neuroscience.

The Edwin Smith Papyrus is one of the oldest known written documents. It is around 3,700 years old and is a surgical treatise describing injuries, mostly to the head, in forty-eight different patients. The Egyptologist, Edwin Smith, who first handled this extraordinary manuscript brought it back from Luxor in 1862, but he did not understand the remarkable nature of the text. Its real significance was recognized by James Breasted, director of the Chicago Oriental Institute, in 1930, who realized it was a scribe’s copy of a treatise from an even earlier time – possibly some 5,000 years ago. The horrifying injuries of Case Number Six give a description of the pulsating brain under the surgeon’s hands:

If thou examinest a man having a gaping wound in his head, penetrating to the bone and smashing his skull, and rending open the brain, thou shouldst palpate the wound. Shouldst thou find that smash which is in his skull those corrugationsfn1 which form in molten copper, and something therein throbbing and fluttering under thy fingers – like the weak place in an infant’s fontanelle before it becomes whole … then if he suffers blood from both his nostrils and stiffness in his neck … thou shouldst say concerning him ‘An ailment not to be treated’. Thou shouldst anoint that wound with grease but not bind it; thou shalt not apply two strips upon it until thou knowest he has reached a decisive point.

So even Egyptian physicians knew when it might be more prudent not to treat a patient actively. These hieroglyphics go on to describe the delicate membranes lining the injured brain, the meninges, and the discharge of cerebrospinal fluid from inside the head. Elsewhere the papyrus records the symptoms of a patient unable to move one limb after severe head injuries on one side, and loss of speech resulting from injuries to the temple – presumably damage to the frontal lobe and Broca’s area – several thousand years before Dr Paul Pierre Broca described the speech centre in the 1860s.

The mind/body debate

Thousands of years elapsed before the brain, rather than the heart, was universally recognized as the most important organ in the body. Alcmaeon, who around 500BC was one of the earliest to see the brain’s importance, regarded it as the centre of sensation – he removed an animal’s eye and noted the tracts leading to the brain, recording that ‘all senses are connected to the brain’. Plato believed in the soul – the essence of ourselves, and what we might in modern times call the ‘mind’ – and he thought that it had a separate existence from the body, to the extent that it could survive after the body had expired. He believed that the centre of the intellect was in the head.

But Aristotle, who lived from 384 to 322BC, appears to have disagreed with his teacher, Plato. He seems to have regarded the heart as more important. All the lower animals he examined – worms, insects and shellfish – had a pulsating organ resembling a heart but they did not have an obvious brain. All blood vessels led towards the heart, and he describes how the heart twitched when touched while the brain of higher animals remained inert. The fact that a chicken ran about after its head was cut off helped Aristotle to the view that ‘the seat of the soul and the control of voluntary movement – in fact of nervous functions in general – are to be sought in the heart. The brain is an organ of minor importance, perhaps necessary to cool the blood.’ Aristotle hugely influenced the medieval scholars who came later; after all, his view of the importance of the heart fitted with biblical accounts. The notion of the heart as the centre of human behaviour survived until the sixteenth century. ‘Faith sits under the left nipple,’ said Martin Luther.

A little earlier than Aristotle, though, the philosopher Democritus argued against the heart being the centre of human functions. He writes: ‘The brain watches over the upper limbs like a guard, as citadel of the body, consecrated to its protection,’ and adds that ‘the brain, guardian of thoughts or intelligence’, contains the principal ‘bonds of the soul’.

Hippocrates, the father of medical practice, recognized the unique nature of the brain: ‘Men ought to know that from the human brain and from the brain only arise our pleasures, joys, laughter, and jests as well as our sorrows, pains, grief and tears … It is the same thing which makes us mad or delirious, inspires us with dread and fear, whether by night or by day, brings us sleeplessness, inopportune mistakes, aimless anxieties, absent-mindedness and acts that are contrary to habit …’

In the third century BC, Herophilus and Erasistratus, both human anatomists, dissected thousands of bodies and demonstrated that nerves were different from blood vessels and that they originated not in the heart, as Aristotle thought, but in the brain or the spinal cord. Then, almost five hundred years after Herophilus’ day, the Greek physician Galen (AD130–200) dissected pigs, cattle and monkeys and wrote meticulous accounts of what he had seen. By cutting various nerves, such as those coming from the spinal cord, he established the lack of function caused by their damage. He also demonstrated that severing the laryngeal nerve resulted in the loss of the ability to make noise. During his career he was a physician to gladiators in Rome. Seeing many head injuries presumably gave him an insight into the working of the nervous system and the understanding that the brain played a central role in controlling bodily and mental activity.

When I was a medical student, one of the organs I found most mysterious in the brain was the pineal gland. It is a tiny rounded protuberance, pretty much deep in the middle of the brain, and is unique because, being in the centre, it is the only structure in the brain that is not paired. It has always been associated with mystery – the ancient Hindu mystics thought of it as the seat of the human soul. In the early seventeenth century, the French philosopher René Descartes took the debate further. He concluded that the pineal gland was vital because it functioned by connecting our physical being with our spiritual side. He decided that these two separate and apparently contradictory attributes – the corporeal body and the entirely non-physical mind – could communicate and act as one using the pineal as a conduit. This idea of a conduit seems odd and I am unsure how Descartes came to believe it. To me, the pineal gland seems rather puzzling, if not totally useless. I know that it is supposed to respond to the light of day and the dark of night via the optic nerves and thus regulate the body clock. Everybody repeatedly tells me how it does this by producing the hormone melatonin. Nowadays, travellers can buy melatonin in airports to combat jet lag. But numerous transatlantic flights to the second laboratory in which I work, in California, have never been made even slightly easier by my taking melatonin. I still wake up in Los Angeles feeling like death at three in the morning.

Though he never sat for ten hours in an aircraft, Descartes felt that the pineal was highly significant. So-called Cartesian dualism, the idea of a physical body and abstract mind (communicating via the pineal), endured for a long time because it helped Science and Faith to coexist. But historical events lent strength to an opposite point of view. The French Revolution, with the infamous apparatus ‘popularized’ by Dr Joseph Ignace Guillotin, provided the curious with an ample supply (it is calculated at about 40,000) of freshly decapitated heads – and hence brains – to view. And just over a century later, the horrors of the first world war provided doctors and scientists with a steady stream of conscious but brain-damaged young men to observe. Between these two great historical events, advances in physics and better methods of measurement gave scientists the means to observe fluctuations in electricity and pressure. Thanks to these developments, the early neurologists were able to begin to amass a body of evidence to challenge the Cartesian point of view. Rather than the mind and its faculties floating formlessly in the ether and communicating with the brain and body through the pineal gland, it began to seem that the mind was a product of the brain. Moreover, it became increasingly clear that different and distinct regions of the brain were responsible for different aspects of ‘mind’.

One lump or two?

In medieval times, various attributes of the self were thought to reside in different bodily fluids. It was generally believed that the cerebrospinal fluid, the watery fluid in which the brain and spinal cord are bathed, provided the faculty of thought. Then in the early nineteenth century, before science could really prove its claims, phrenology became popular. It was argued by its many adherents that differences in brain architecture – and hence in the character of individuals – could be felt and seen as differences in the shape of the skull.

Dr Franz Joseph Gall, a Viennese doctor, seems to have been the father of phrenology in the late 1790s. Gall, together with his pupil Johann Spurzheim, established many of the basic notions behind this ‘science’. Gall recognized that the brain was where the mind was situated. The essential features of his thinking were that the mind is made up of distinct faculties and attributes. He postulated that because these faculties were distinct, they each should occupy a different location within the brain. The bigger the brain, the bigger a person’s mental capacity. It therefore followed, in his thinking, that those parts of the brain that were identifiably larger were larger because the attribute associated with them was particularly well developed. But the key to the science of phrenology was that the skull takes its shape from the brain – so the surface of the skull, and its lumps and protuberances, gave a clue as to what lay underneath. Although this is ridiculed now, these ideas are not so silly. For example, we now know that people with trained memory, such as London cab drivers, sometimes have an area – the posterior hippocampus, a structure deep inside the brain associated with memory – which is larger than average. Another example is that of the estimations made by palaeo-anthropologists – they frequently use skull shape to deduce information about the characteristics of our early, ape-like, hominid ancestors.

By the end of the Napoleonic Wars, phrenology was getting established as a way of telling a person’s character and personality. Phrenologists palpated the head and even made complicated measurements with specially designed calipers to find out whether someone was likely to be conscientious or a convict. Soon, phrenology was out of the medical and scientific journals and discussed in the serious literary papers; not all comment was glowing. In June 1815, The Edinburgh Review, the serious journal of its day, reported:

The writings of Drs. Gall and Spurzheim have not added one fact to the stock of our knowledge respecting either the structure or the functions of man; but consist of such a mixture of gross errors, extravagant absurdities, downright mis-statements, and unmeaning quotations from Scripture as can leave no doubt, we apprehend, in the minds of honest and intelligent men as to the real ignorance, the real hypocrisy, and the real empiricism of the authors …

Such is the trash, the despicable trumpery, which two men, calling themselves scientific inquirers, have the impudence gravely to present to the physiologists of the nineteenth century, as specimens of reasoning and induction.

In spite of this sometimes hostile press, phrenology became increasingly popular, particularly in Europe, Britain and then in the United States. Cesare Lombroso, the Italian physician and criminologist, gained widespread attention when he published his book L’uomo delinquente (The Criminal Man) in 1876. His view of criminal attributes was partly stimulated by Darwinian ideas and the notion that primitive man was descended from apes. He believed that measuring the heads of people gave a clue about their criminal tendencies. He based his observations on measurements of both living and executed criminals. He compared these with the skulls of nonhuman primates and came to the view that criminals were ‘throwbacks’ – the consequence of atavism.

In Britain, phrenology was used to reinforce conventional arguments and prejudices about class, race and criminality. Soon employers were seeking information from their local phrenologist about the predilections of candidates for a post they might be offering. For some gullible members of the public, a visit to a phrenologist was rather similar to a modern-day visit to a clairvoyant or astrologer. And in addition to the thirty-five areas of the head responsible for such attributes as Fidelity, Musical Talent, and Verbal Memory, several devout Christian theologians saw cranial organs for Veneration and Wonder – clear evidence of divine design.

Phrenology was responsible for even more thoroughly laughable claims, such as the idea that Eastern peoples were less warlike because they had smaller heads. And though phrenology has been long discredited, it still had some uncomfortable echoes in the twentieth century. There seems to be a strong element of this stereotypic thinking behind the detailed skull measurements used for some of the Nazi pronouncements on race. In Hitler’s Germany, the shape of the skull was frequently evaluated to help determine true Aryan origins, or to detect underlying Jewish racial degeneracy.
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Phrenological map (Wellcome Library, London)



In spite of all this, phrenology was vaguely groping in the right direction in a few instances. The so-called ‘Organ of Mirthfulness’ is a region slightly north-west of the crown of the head. A University of California Medical School surgeon recently applied an electrical current to this region of a patient’s brain as part of a procedure to reduce epilepsy, and she burst out laughing.1 The Organ of Mirthfulness was a happy accident for phrenology, and it shows that there is an extent to which the brain is a box of separate functions. However, these distinct brain regions do not cause protuberances in the skull.

So Gall was not entirely on the wrong track after all. Sadly for him, he lived well before any of the modern-day methods of proving brain function existed. There are many ironies in the history of neurology. In 1828, Gall suffered a fatal stroke and his own head ended up as the last, rather morbid addition to his personal skull collection.

Nowadays, we have clearly arrived at a point where we understand something vital about humankind: that the brain is the key organ responsible for who we are – that the ‘mind’ is created by the brain. But, as we have seen, this was by no means something we had always understood, or a view that was universally held. In reaching this understanding, the key process, which developed with improved scientific measurement from the middle of the nineteenth century onwards, was brain mapping.

The process of mapping has provided medical science with some of its most crucial information. Thanks to pioneers in this field, we now know that there are regions of the brain that are responsible, at least in part, for movement, sensation and vision, and others even for such things as some religious experiences, and speech. We know that there are sites which store our vocabulary for topics as specific as the naming of vegetables and gemstones. And still others which, when damaged, cause responsible people to become rash, impulsive, promiscuous risk-takers.

The neuron – the basic unit in the brain

A key development was an understanding of the intricate internal anatomy of the brain. Among the first anatomists to look at the brain through a microscope was the Czech professor Johannes Purkinje (1787–1869) who, among other achievements, first classified human fingerprints. Purkinje is credited with describing the first cell identified in the central nervous system in the cerebellum. The cerebellum is the folded structure at the back of the brain that deals largely with balance and coordinated movements. The nerve cell or neuron named after him, the Purkinje cell, is gigantic and it has a most complex web of delicate fronds at its end which connect with other nerve cells. It is almost as thick as a human hair (very large indeed for a single cell) and about ten times bigger than most other cells in the cerebellum, the part of the brain where it mostly resides. It may be of interest to know that somebody calculated that there are around 26 million of these cells in the brain.

Presumably the very size of these large neurons enabled Purkinje to identify them under the microscope and to make drawings. Remarkably, one Purkinje cell with its huge network has been calculated to receive inputs from up to 200,000 other cells. Jim Bower, a neuroscientist from California Institute of Technology, waxes lyrical about the Purkinje cell: ‘They are continuously active at night … awake, asleep, or anesthetized,’ he writes. ‘They are physically stunning, absolutely beautiful. And the ones in your brain are the same shape as the ones in the brain of a fish, bird, reptile, or earliest vertebrate.’
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The brain seen from the left side



Towards the end of the nineteenth century, the use of tissue stains made it increasingly clear that some cell types were more prevalent in one region of the brain and other types in another. Many great anatomists, among them Nobel Prize winners such as Santiago Cajal from Spain and Camillo Golgi from Italy, were responsible for this key progress, and the basic cell unit in the brain, the neuron, was described in increasing detail.

The respective stories of Golgi and Cajal are interesting and poignant, and eventually clash with a bitter scientific rivalry – not unlike, sadly, scientific jealousies of today. Human nature does not change. Golgi came from Milan, studied medicine at the University of Pavia, but, because he was financially desperate, left academic work to earn a meagre living in the small town of Abbiategrasso as the medical resident in the Home for Incurables. Working by candlelight in his kitchen, which he modified as a crude laboratory, he eventually discovered, in 1873, the famous silver stain that is specifically taken up by neurons. After tissue is hardened in potassium bichromate solution, when a silver salt is applied, nerve cells immediately turn black – ‘la reazione negra’. This black reaction is, to this day, rather mysterious because it happens in only a limited number of neurons, and those apparently at random. The Golgi stain, as it is still called, became famous and helped lead Golgi to making a number of important pathological discoveries, mostly after he was able to return to a university hospital. These include the fine anatomy of the olfactory bulbs (the area of the brain largely responsible for taste and smell), the structure of the hippocampus (the area responsible for memory) and, later on, studies on brain tumours, the sensory apparatus in tendons and the internal structure in cells called the Golgi apparatus, which has become increasingly important in modern biology because it is this structure that helps the cell to process proteins. He even used his techniques of staining to help in the understanding of the parasite Plasmodium – the organism responsible for malaria. This last achievement alone is of signal importance and it is not surprising that a kind of shrine devoted to his memory was established at the University of Pavia.

Santiago Ramón y Cajal was born in a small village in northern Spain and studied medicine in the University of Saragossa. He had an ambition to become a painter, but his father was determined that his son should be a doctor. As it happened, his artistic skill was to be of huge benefit. He eventually became Professor of Anatomy in Valencia. Soon after Golgi published his silver stain method, Cajal started to make detailed, quite beautiful drawings of different parts of the brain, viewed down a microscope. In those days, photography down a microscope was of course virtually impossible, so accurate drawing was crucial. His meticulous drawings are still a source of wonderment. He eventually built up a complete picture of the whole of the brain, area by area. As his work developed, Cajal became increasingly convinced that the neuron, the single nerve cell with its minute, fine and delicate processes connecting with other nerve cells, was the key unit in the brain. This is where he had a fundamental disagreement with Golgi. Golgi and his followers were convinced that the brain’s tissue was a diffuse net of nerves that were interconnected – a kind of miniature mesh. Of course, the lack of photography meant that the evidence Cajal could produce, a mere drawing, was open to scepticism and ridicule. Many scientists, including Golgi, regarded Cajal’s drawings as mere artistic interpretations.

It turns out that Cajal was right, and Golgi wrong. Cajal’s genius lies partly in the fact that even though he was using the same kind of microscope and similar staining methods, he was rigorous in drawing what he could see and did not overinterpret what he could not see. But, in 1906, they were jointly awarded the Nobel Prize for their contribution to neuroanatomy, a matter that caused fury and bitterness for Golgi, who was a supreme egotist. To be fair, presumably the appalling way he behaved to Cajal was at least in part because of the difficulties he had repeatedly experienced in getting his earlier methods accepted. It seems they met only once – at the Nobel Prize ceremony in Stockholm. Golgi gave his Nobel lecture first, in which he re-emphasized his belief in a neural mesh – a theory that was then completely contradicted by Cajal’s lecture only minutes later. It is interesting to me that, in spite of their rivalry, Santiago Cajal must have been a generous man. Even though his own work had been criticized and ridiculed by some of his opponents, he felt able to write of Golgi’s method in 1917:
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Drawing of neurons by Santiago Ramón y Cajal (Wellcome Library, London)



I expressed in former paragraphs the surprise and wonder which I experienced upon seeing with my own eyes the wonderful revelatory powers of the chrome-silver reaction and the absence of any excitement in the scientific world by its discovery. How can one explain such strange indifference? Today, when I am better acquainted with the psychology of scientific men, I find it very natural … Out of respect for the master, no pupil is wont to use methods of investigation which he has not learnt from him.

Korbinian Brodmann was a contemporary of these two famous neuroanatomists. In one way, he is a bit of an unsung hero. His book published in 1909 is regarded as a classic work, but few people have ever actually read it. Nonetheless, the brain maps he published in it, which show the principal areas of cortical function, are extremely well known. He identified around fifty-two separate regions of the cortex, classifying them largely according to the cell types seen in the different areas. Each of the areas was numbered by him, and some of these numbers are still in use today – however, as modern neuroscientists are starting to understand more about brain function, many of Brodmann’s areas are controversial.

Korbinian Brodmann was born on 17 November 1868, and studied medicine in Munich, Würzburg and Berlin. He worked in Switzerland and then Berlin for a while, and he became interested in neurology after he contracted diphtheria. His boss, Oscar Vogt, to whom he owed much of his later career, described him as having ‘broad scientific interests, a good gift of observation and great diligence in widening his knowledge’.

Brodmann wrote a thesis on chronic changes in the blood vessels of the brain, in Leipzig in 1898. His meeting with the famous Alzheimer there inspired an interest in the anatomy of brain tissue that he pursued for much of the rest of his scientific career. Even with Vogt’s support, he was passed over for promotion in Berlin – the establishment there did not recognize the real value of his meticulous observations. So, again in a relatively short career, he moved institutions. After working in Tübingen, in 1916 Brodmann took over as Director of the Nietleben Mental Asylum in Halle. He left getting married – to Margarete Francke – until the age of forty-eight and by then he was financially secure for the first time in his life, happy and settled.

On 17 August 1918, shortly after the birth of his daughter, he had flu, and septicaemia followed. Brodmann was generally very fit, and was quite pleased to be ill because it gave him a chance to catch up with paperwork. He did not understand how ill he was becoming. One day, his wife saw him making writing motions on his bed with his finger. He then sat back in the bed and died, at the age of forty-nine. Part of the reason I find his death so poignant is the memory of the death of my father, who contracted influenza, did not take it seriously, was quite happy to catch up with work and died of septicaemia – which led of all things to an abscess on the brain – at the age of just forty-two. I was nine when he died, so, unlike Brodmann’s baby, at least I was a child who knew something of his father’s attributes – but it was a death that now, with better antibiotic treatment, would certainly not have happened.

Brodmann’s work is fundamental because it not only involved human brain mapping, it involved work comparing these maps with those in rodents and primates. It led to a much better understanding of how different areas in the cortex might work. Of course, it is only with the development of techniques such as MRI, PET scanning and identification of chemicals in different regions of the brain – mostly eighty or more years after his death – that the principles behind Brodmann’s ideas, which were not always appreciated at the time, have been vindicated. But new maps are being produced now that are much closer to how we believe the brain works.

Localizing the workings of the brain

Just before scientists like Brodmann were mapping the detailed microscopic structure of brain tissue, others had started to look at the brain in a more general way. Paul Pierre Broca was one of the most brilliant young men at his medical school in Paris, graduating at the age of twenty. He also held a degree in mathematics, and others in physics and French literature. He was soon appointed Professor of Pathology in Paris at the Hôtel Dieu and Bicêtre hospital. His career was extremely distinguished; he described the spread of cancers through the veins of the body, the effect of dietary deficiency in causing rickets and congenital muscle wasting caused by muscular dystrophy. He also used volunteer medical students to test the temperature of the scalp during various mental activities. Being something of a polymath, he became fascinated by anthropology and this interest landed him in considerable trouble. He was on record in the police files as a ‘suspicious person’; the Parisian authorities, particularly the Prefect of Police and the Catholic Church, had him followed and all his movements monitored. At this time discussion of knowledge about human beings was considered to be against the public interest and hence against the interest of the state. His attempts to popularize this science led him to be dogged constantly by plain-clothes police and denounced as a subversive, and the public anthropological meetings he organized were infiltrated by agents and informers.

On 4 April 1861, Broca attended a lecture by Ernest Aubertin at the Anthropology Society that was to change his life. Aubertin was a pupil of the phrenologist Gall, and was convinced that the power of speech was localized in the front part of the brain. Paul Broca determined to find a suitable brain on which to work and looked for a patient who had a severe speech disorder. A week later, Monsieur Leborgne, a patient who had been incapacitated in Broca’s hospital ward for many years, died of septicaemia and gangrene of the right leg and buttock. Leborgne had been paralysed down his right side for some thirty years and was only able to say the words ‘tan – tan’ in response to any question. His plight was so well known to those who nursed him that they called him ‘Tan’. At a post-mortem, Broca found a lesion on the surface of the left side of the frontal lobe of his brain.fn2 Leborgne’s pickled brain can now be viewed in Paris at the Dupuytren Museum, a short distance from Odéon Métro station, at no. 15, rue de l’Ecole de Médecine. By 1863, Broca had managed to identify similar lesions in the same part of the brain in no fewer than twenty-five patients who had lost their powers of speech. This area of the brain, the left inferior frontal gyrus, became known as Broca’s area, and his reputation was made. The recognition that specific areas of the brain were important for particular functions was an important advance in the history of neurology.
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The left hemisphere of the brain, showing Broca’s area



Broca generously paid homage to the maligned phrenologist Franz Gall – at least in general terms. In 1861 he wrote, ‘Gall … had the undisputable merit of proclaiming the great principle of cerebral localization, which – it may be said – was the starting point of the discoveries of our century concerning the physiology [of the brain].’ Despite this compliment, Broca seemed less inclined to credit Gall with having identified virtually the same location in the brain some fifty years earlier, which Gall had called ‘Organ 14’, the centre of ‘memory for words’; its connected region was known by the father of phrenology as ‘Organ 15’ – ‘the sense of language, of speech’.

Broca was not always quite so blessed in his researches. Later in his anatomical studies, he compared the sizes of brains taken from male and female corpses. The average weight of a man’s brain turned out to be 1,325 grams, while women, on average, had a brain that weighed 180 grams less. He was led to the obvious (but wrong) conclusion that men were more clever than women, a view shared by many other scientists – particularly Darwinians – of his time. Once the political climate in France changed, Broca ended his career in 1880 as an elected member of the upper chamber of the French parliament, a senator. He was widely regarded as a fine speaker and raconteur, and a generous, compassionate Christian. By some cruel irony, he died shortly after his elevation, following a ruptured aneurysm in the brain – bleeding from the brain vessels being something he had most carefully documented in his nine-hundred-page monograph on the subject some twenty years earlier.

Measuring brain function

One of my finest moments was when I acquired my first stethoscope. Go to any teaching hospital and you can still spot the proud beginners and the newer students because they will be displaying a form of designer wear – prominently wearing their stethoscope around the neck or more casually thrown over the shoulder. As students, our chiefs were always calling on us to listen to remote, faint and totally obscure sounds down the tubing, and the usual temptation was to pretend to hear a noise when you almost invariably couldn’t. As we progressed in my teaching hospital, we weren’t required merely to listen to the sounds of breathing or the heart. Advanced students even listened to the neck, and I remember on one occasion mystifying both my elderly patient and myself by listening to his knee. I couldn’t hear a thing but it impressed my class greatly.

In 1928, John Fulton broke new ground when he listened to the back of a man’s head. While a doctor in training in Boston, a mere resident at Peter Bent Brigham Hospital, he heard of a patient with gradually decreasing vision on whom surgery to remove a collection of abnormal vessels at the back of the brain had failed. The surgery had left the patient with a gap in his skull where bone had been removed. The man complained that whenever he opened his eyes, he heard a roaring sound. The noise became a bit more intense, the patient said, whenever he was doing something difficult. Fulton wasn’t interested in trying to impress his colleagues but he picked up his stethoscope and identified what clinicians technically refer to as a faint ‘bruit’ or a ‘murmur’ – a rushing, pulsating sound caused by turbulent blood flow. Fulton decided that the tangle of blood vessels in the visual area of his brain was the cause, and that the roaring noise they could both hear was the noise of chaotic blood flow as it rushed to the area of the brain doing the work when he opened his eyelids and used his remaining vision. The noise was particularly intense when he attempted to read. So the more intense the mental activity, the more the blood flow, because the brain was using more oxygen to complete its task. The remarkably resourceful Fulton even developed a very primitive ‘imaging’ machine. He rigged up a stethoscope so that the amplified sound vibrations could record changes in the sound of blood flow by dragging a needle across a smoked drum. Thus equipped, he would appear to have provided the first ever ‘picture’ of brain activity.

But although in recent years measurements of blood flow in the brain have become important in monitoring its activity, it was a long time before suitable instruments for measurement were available. Around the 1880s there was a growing realization that the brain might be producing electrical activity, and the most promising experiments of the time were to try to capture these faint signals. In Liverpool, a physician at the medical school, Richard Caton, was examining what happened to the brains of monkeys and rabbits when he shone lights into their eyes. Electric light wasn’t yet available, so a naked flame sufficed, and he needed to take off the top of their skulls in order to apply his crude probes to the surface of the brain. He recorded electrical impulses by means of a mirror attached to a fine coil of wire – the so-called mirror galvanometer invented by the physicist Lord Kelvin. Removing the cranium was hardly a procedure, in those days of relatively crude anaesthetics, that could be applied to humans. It wasn’t until the 1930s that we developed electrodes sensitive enough to routinely register changes in charge through the bone and the scalp.

The first person to record electrical activity in the brain of human subjects was probably the Austrian Dr Hans Berger. He started animal experiments before the first world war, but these were mostly inconclusive and unhelpful. However, as early as 1902 he had found a number of human subjects who had defects in the skull bones, and he used primitive electrodes and galvanometers to see whether he could detect faint electrical activity. After his return from the war, he set about using the rather more sophisticated equipment that had become available. Once again, he found a few people with defects in the skull – presumably not so difficult in Germany after the ravages of battle. He tried various approaches to measuring activity in these people, one of which involved stimulating one side of the brain with an electrode and seeing if there were any demonstrable pulses coming through on the opposite side. But he soon realized that it was possible to measure the slight fluctuations in electrical signals that were occurring spontaneously when no artificial stimulus was being given. He first published this work, coining the word ‘electroencephalogram’, in 1929. This is still regarded as an important milestone in the history of neuroscience because what Berger described were the first rhythms in human brain physiology, the alpha waves, which change in pattern and frequency during activity.

Berger was an odd man. He was demanding and reserved. His experiments were conducted in the strictest secrecy. He refused access to his laboratory and never mentioned to any colleagues what he was researching. He was obsessed with the idea that others might take credit for his work, and was haunted by the many false turns he had made in the thirty years of interest he had had in this work. In 1937, when international recognition was finally accorded to him at the Parisian Psychology Congress, he cried when he said, ‘But in Germany I am not so famous.’ He was an opponent of the Nazi regime, and watched the rise of Hitler with growing despair and depression, being forced to retire from the University of Jena in 1938. In 1941, he took his own life by hanging himself in the hospital where he had worked.

Electroencephalography – EEG – has limitations when trying to evaluate the function of the mind. It is a rather unselective form of monitoring the brain’s electrical signals – like a TV that manages to receive all channels at once. Until relatively recently it has been thought nearly useless for researchers trying to isolate the brain activity associated with a particular thought or feeling or action. However, in the last twenty-five years electroencephalography has become more refined and has been used extensively in neuropsychology. It is undergoing something of a renaissance for this kind of investigation.

The use of radioisotopes

In the 1970s, a team of Danish and Swedish researchers hit upon a new technique. Using Geiger counters to measure radiation, they injected a tiny amount of a radioactive gas into the bloodstream of the subject: the more blood flow, the more radiation capable of detection. The gas they used was xenon, which is completely inert and harmless, but several of its isotopes are radioactive. Radioactive isotopes decay over time, eventually becoming devoid of radioactivity. The radioactivity of a substance is normally measured by its half-life, which is the time it takes for half the radioactive atoms to decay. Compounds with a short half-life are valuable for medical measurement because the patient receives a rapidly diminishing amount of radiation, and the dose of radiation is greatly limited. Where the radioactive isotopes of xenon that were once used produced radiation that lasted for a few hours or several days, nowadays only isotopes with a very short half-life are used – a few minutes at most.

Once the xenon had been injected by the Scandinavian scientists, its progress could be measured by the Geiger counters close to the scalp as it travelled in the bloodstream of the brain. The injection was not exactly pleasant – to get enough into the head entailed direct injection into the carotid artery in the neck using a hand-held syringe, and the only subjects hardy enough to withstand it were, rather surprisingly, big, beefy men drawn from the local fire station in Lund. (In my experience big beefy males would most probably be the worst candidates for this kind of procedure, likely to faint at the mere sight of the needle.) Crude though this procedure might have been, the researchers were able to produce pictures of the blood flow inside the brain as the subjects performed tasks such as listening to speech, tapping fingers, even imagining making sudden movements. From these early eye-watering experiments, the technique of Positron Emission Tomography, or PET scanning, was born.

In PET, a fast-decaying radioactive tracer is injected into the blood, and the resultant gamma rays are read while the subject undertakes the activity being studied – counting to ten, for instance, or thinking happy thoughts. By analysing a few million of these readings at a time using sophisticated computing, it is possible to build a three-dimensional image of the brain as it goes to work. While PET was a step forward, it was undoubtedly a large-scale procedure. The machines were huge and costly – the PET unit at the Hammersmith Hospital in London, for instance, required an army of physicists, engineers, chemists and computer operators. It also required a small nuclear reactor, a cyclotron, to generate the rapidly decaying isotopes with a short half-life that would not give too much radiation to the subject. The Hammersmith cyclotron, which largely started as a possible way to give deep X-ray therapy to cancer patients, was also used to develop radioactive nucleotides for injection into patients having scans other than those done by PET.

When I first arrived at the Hammersmith in 1969, as a very junior physician and research worker, it seemed not so much a proper hospital as a collection of disparate buildings that did not match each other, dotted around in an almost random fashion next to Wormwood Scrubs prison. From time to time the more adventurous among those held as involuntary guests of the Crown would slip over the wall next to the high-security wing and into the grounds of the hospital. One such prisoner was George Blake, the atom spy. The collection of brick, concrete and wooden buildings, old workhouse premises, isolated out-patient facilities, Nissen huts and Portakabins (or whatever was the equivalent in those days) that made up the hospital was ideal territory for a hunted man looking for temporary cover, but not so good for someone trying to get from place to place in a hurry. It was especially difficult when attempting to use short-half-life isotopes for injection into patients who were not in the PET scanner, which was carefully sited in the cyclotron building. One of my colleagues, a junior house physician, was instructed to scan the neck of a patient on the second floor of the main hospital to identify how her parathyroid glands were working. The isotope that would be taken up in this gland and was therefore deemed suitable had a half-life of seven minutes. Several practice runs were made by the overworked houseman so that this highly valuable isotope, freshly made up and incorporated into the carrier compound, could be taken safely from the cyclotron unit, about a quarter of a mile distant. Two aluminium ladders, a huge keep net, a bicycle and a fishing rod with a large reel were prepared. The practice runs went without difficulty and it was found that an ampoule, resembling in size and shape the real container of the isotope, could be delivered from the cyclotron in four and a half minutes.

On the morning of the intended injection, the Geiger counters and the patient were prepared. Her bed was placed close to a window on the second floor. The fishing rod, complete with reel, was placed next to the window. Once the isotope had been delivered from the machine, prepared for injection and placed in a suitable vial and then into a canvas bag, the nearest window, on an upper floor of the cyclotron building, was opened and the vial was dropped vertically into the large-aperture keep net held by the waiting houseman in the car park. He mounted his bicycle, pedalled furiously to the first perimeter wall, shinned up the aluminium ladder, mounted the wall and gingerly felt his way over to the other ladder held firm by a waiting assistant, then sprinted 200 yards to the back of the ground floor of the hospital, two floors below the Endocrine Unit. Right on time, the line from the fishing rod was unreeled, the houseman gave the signal after tying on the bag containing the vial, and the isotope inside it was wound in to the window above, in the ward sister’s office. But the patient had felt a call of nature and had locked herself into the lavatory. After various negotiations through the solid wooden door, the patient emerged and a sweating member of the medical team injected the isotope into the patient with just over two minutes to spare – still a new Hammersmith record. I have no idea whether the patient’s parathyroid gland showed positive on the Geiger counter.

Picture the brain at work

The presence of the cyclotron at the Hammersmith was extremely important in establishing one of the first PET scanning units in Europe looking at the brain. The use of compounds such as those containing radioactive oxygen or radioactive glucose meant that both blood flow and brain metabolism could be measured. One powerful technique introduced fairly soon was substraction scanning. The brain might be scanned while the volunteer in the scanner is gazing at a blank screen, and then scanned again, for example when the screen contains a word. Thus physiologists and psychologists could learn what part of the brain is actively associated with reading. But one problem was that all the attention given to generating isotopes and working out the physics of the scanning process meant that the people best able to operate the machines were not the same individuals conducting research into the function of the brain. At that time, psychology was somewhat in thrall to the newly emergent discipline of computer science. The accepted view was that the human brain was no more than a very complex logic machine, one that could be replicated as our skills in programming grew sharper. PET was never going to be the technology that knocked this view from its throne, partly because it was so expensive. But what is more important is that any process that involves injecting radioactive substances into a person is likely to be limited – particularly if its purpose is research, rather than cure.

The resolution in PET scanning is limited, so structures in the brain do not show up very sharply. PET also has the severe disadvantage that volunteers cannot be repeatedly scanned. Repeated exposure to radiation would be harmful, and this is a major limitation, particularly as so much neurological investigation requires repeated evaluation in the same subject under differing conditions. And it is especially unwise to use women and children for this kind of research – women because they might be pregnant, and children because their threshold of what is acceptable and safe is much reduced. Ethics committees are properly cautious about giving approval to techniques involving PET that might expose the subject to any extra radiation risk. So while PET provided some very exciting three-dimensional images of the brain at work, it was never likely to enable us to build a detailed map of consciousness. Consequently, PET scanning is now largely used for specific indications where actual measure of brain blood flow is required, for looking for tumours (which tend to have a high metabolic activity), and in scanning people who might have pieces of metal in their skull when magnetic resonance imaging (MRI) cannot be used. PET is also used extensively for research into drugs that may be active in the brain. PET can evaluate very specific markers for brain activity – not, for example, just blood flow. So, if a researcher is interested in, say, dopamine function, PET can be of considerable value. PET is useful, too, for psychological evaluation of auditory function. This is because the PET machine is very quiet, unlike the MRI machine that has tended to supersede it.

Magnetic resonance imaging has proved to be a hugely important tool for brain and cognitive research. In another book, Human Instinct, I have explained in detail how MRI images are obtained. Essentially, if a person is placed in an intense magnetic field, the molecules in the body line up like minute compass needles. Thereafter, the molecules can be knocked off their axis by exposing them to a pulse of radiowaves. The molecules in different tissues spin at slightly different rates, emitting a signal that is detectable by arrays of sensors connected to a computer. Remarkable three-dimensional images can be generated and, as far as we know, without risk. It seems that repeated exposure to even very powerful magnetic fields is harmless and this has led to MRI being used widely to investigate the brains of willing subjects repeatedly. More recently, fMRI, or functional magnetic resonance imaging scanning, has been an important step forward. This utilizes a property of haemoglobin, the oxygen-carrying pigment in red blood cells. The amount of oxygen carried by haemoglobin changes the degree to which the haemoglobin, flowing through the brain, disturbs a magnetic field. By taking many readings from slightly different angles and building up a computed picture, it is possible to construct a three-dimensional image of great clarity.

While writing this book, I had the privilege of meeting Professor Richard Ernst from Switzerland, who won the Nobel Prize in 1991 for his remarkable work on improvements in magnetic resonance technology. This great scientist rather wistfully told the story of how he had recently sat in an MRI scanner to have his own brain imaged. With all the photographs taken, the technician came up to him and said, ‘Professor, your brain is completely normal.’ Had a technician said this to me I would have been reassured. But then I haven’t won a Nobel Prize; it does rather illustrate that a brain that produces great intellectual achievements does not generally stand out from the run of the mill.

MRI not only delivers an image of great clarity in a short period of time, it is cheaper than PET technology. Nearly every major hospital now has an MRI scanner, and in recent years MRI has become increasingly used to replace other kinds of imaging, such as conventional X-rays. Moreover it does not require a large cohort of staff to operate it. As the New Scientist writer and author of Going Inside, John McCrone, describes it, MRI is ‘brain scanning for the masses’ – a reasonably accessible technology that nearly any scientist can use to test his or her thesis.

MRI is not the last word in brain mapping technology. In recent years, the technique of magnetoencephalography (MEG) has offered a few further refinements. MEG is a sensitive technology, able to read the minute traces of magnetic activity given off; however, the spacial resolution is limited and not substantially different from EEG. Because the signals are so small and detection of them difficult, it can only be used in specially constructed shielded rooms, and even then experiments can be hampered by the faintest movement. But one of MEG’s great advantages is its speed. PET scanners could measure what happened in the brain over a period of minutes, fMRI over a few seconds. But MEG can deal in thousandths of a second. Given that our thoughts take fractions of a second to appear and disappear, any technology that can keep up with them is likely to be a useful tool. Another significant advantage over EEG (when background electrical activity can confuse the picture) is that the scalp and skull bones do not interfere with the underlying changes in the magnetic field occurring in the brain.

Watching single neurons at work

One of the most important advances in brain science has been the development of the ability to assess what an individual neuron is doing at a particular moment. Most of this work has been done in laboratory animals. Studying single cells by assessing their electrical activity is an important alternative to looking at regional activity in the brain, and makes it possible to look at what individual elements are doing within a region of interest.

Interest in single neuron measurement originates from the 1940s and a wonderfully productive partnership by two remarkable scientists. Andrew Huxley and Alan Hodgkin won the Nobel Prize for their work in 1963. Hodgkin is regarded as one of the great physiologists of the last century. Together with Huxley, he illustrated how nerves work electrically and how they ‘fire’ impulses. Hodgkin and Huxley did something revolutionary by inserting a tiny electrode directly into a nerve cell. Part of their genius was to use an animal with unusually large nerve cells – the squid – which they caught offshore in Plymouth. When I say these nerve cells are big, I am still referring to a cell around the thickness of a human hair – about 0.5mm across. They made a surprising discovery. Far from what was expected, they found that the resting potential inside the cell was – 60 millivolts, and during a nerve impulse this changed to reach a peak of around +40 millivolts. They were unlucky in one sense – the discovery was made in July 1939 and a month later Britain was at war with Germany.

Alan Hodgkin was brilliant (and also something of an amateur mathematician), and the War Office commissioned him to work with radar. He was highly instrumental in developing radar in fighter planes so that they might detect Luftwaffe bombers. He worked on the spot and flew many hours strapped into the tiny space in the tail of fighter planes. His experiences must have been hair-raising – literally – because his equipment needed 15,000 volts and in the rare atmosphere 10,000 to 16,000 feet above sea level was prone to spark massively without warning. From time to time he found himself strapped right next to an electrical fire in the equipment surrounding him.

Andrew Huxley, who comes from an extraordinarily gifted scientific family, was an equally talented Cambridge undergraduate. But like many good scientists he kept a sense of proportion about his achievements. When speaking in Stockholm at the time of his being the joint recipient of the Nobel Prize, he modestly paid tribute to Hodgkin as his teacher. His war was also spent involved in radar, but more in the development of radar for gunnery and for use in naval ships. Like Hodgkin, his wartime work must have saved countless lives and was one of the most important defensive advances in recent military history. Also like Hodgkin, he eventually became President of the Royal Society, the most influential position in British science. In recent years his work at University College, London, concentrated more on the action of muscles than nerves.

The award of the Nobel Prize to these two great men somewhat overshadows important earlier work on micro-electrodes. Ida Hyde in 1902 at Harvard constructed tiny glass tubes of about three microns’ diameter that were filled with salt water and therefore good electrical conductors. She was interested in cells that contracted, like muscle cells. More relevant to neuroscience was the pioneering work of Angelique Arvanitaki, who dissected giant cells from molluscs, initially the sea hare and the land snail. She showed, a little earlier than Huxley and Hodgkin, that nerve cells rhythmically produced electrical impulses and that one nerve cell in close proximity to another could influence the way it discharged.

There have been many refinements in electrodes, making the study of smaller neurons possible. Glass has a valuable property – fine glass tubing can be drawn easily into very thin tubes after being briefly heated, under tension, in a laser beam – a technique I use in my own work studying eggs and embryos. But modern single-cell research does not necessarily require the glass electrode to be inserted into the neuron itself. The electrode can be inserted painlessly into the brain of an animal, and, providing the tip of a very fine glass electrode is in close proximity to a neuron, its activity can be accurately measured. Important observations can be made by watching the change in electrical potential of single cells in this way, for example when an animal moves a particular limb, sees something or performs a given task – or possibly when it learns something new. This approach has been expanded in an exciting way recently. A number of physiologists have made simultaneous recordings from more than one single cell in animals. It is reported that one recent study of the hippocampus involved recordings from no fewer than 150 cells, taken simultaneously. Single-cell science, though, by no means solves all the puzzles of brain function. Studying very many neurons working together in harmony must hold many of the answers to understanding the nature of the human mind.

Animal research

No potted history of neuroscience is possible without a discussion on the use of experimental animals. As we shall see again and again throughout this book, animal experimentation has been central to the understanding of brain function ever since Galen in the second century. A surprising amount of brain research, valuable in understanding human nervous function, can be done in relatively ‘primitive’ creatures, such as fruit flies and, as we’ve seen, molluscs. But the mammalian brain has a unique cortex and much of the exploration of mind – cognitive neuroscience – requires work in mammals. Make no mistake about it. The study of a whole range of serious or fatal human diseases, for example cranial tumours, brain damage in babies, depression, schizophrenia and CJD, has required work with mammals, and this work has to continue, in my opinion, if human lives are to be saved. There is a strong moral imperative here. The central tenet of human ethics is the notion of the sanctity of life – human life above all. But we have important moral obligations to the lives and welfare of animals, too. These responsibilities must be taken with absolute seriousness. Not to do so would be to brutalize our society. So the codes of conduct in the human treatment of animals – which are now more rigorously enforced than ever before – must be taken seriously. We have no right to make animals suffer more than is absolutely necessary; they must be treated with humanity and respect at all times.
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