
[image: Illustration]


ALSO BY ERIC R. KANDEL

Reductionism in Art and Brain Science: Bridging the Two Cultures

The Age of Insight: The Quest to Understand the Unconscious in Art, Mind, and Brain, from Vienna 1900 to the Present

In Search of Memory: The Emergence of a New Science of Mind

Principles of Neural Science (co-author)


[image: illustration]


 

 

 

ROBINSON

First published in the USA in 2018 by Farrar, Straus and Giroux

First published in Great Britain in 2018 by Robinson

Copyright © Eric R. Kandel, 2018

The moral right of the author has been asserted.

All rights reserved.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form, or by any means, without the prior permission in writing of the publisher, nor be otherwise circulated in any form of binding or cover other than that in which it is published and without a similar condition including this condition being imposed on the subsequent purchaser.

A CIP catalogue record for this book
is available from the British Library.

ISBN: 978-1-47214-085-2

Robinson

An imprint of

Little, Brown Book Group

Carmelite House

50 Victoria Embankment

London EC4Y 0DZ

An Hachette UK Company

www.hachette.co.uk

www.littlebrown.co.uk


For Denise,

My constant companion, my strongest critic,

and my continuous source of inspiration


 

 

 

 

The mind is like an iceberg; it floats with one-seventh of its bulk above water.

—Sigmund Freud


CONTENTS

Introduction

  1.   What Brain Disorders Can Tell Us About Ourselves

  2.   Our Intensely Social Nature: The Autism Spectrum

  3.   Emotions and the Integrity of the Self: Depression and Bipolar Disorder

  4.   The Ability to Think and to Make and Carry Out Decisions: Schizophrenia

  5.   Memory, the Storehouse of the Self: Dementia

  6.   Our Innate Creativity: Brain Disorders and Art

  7.   Movement: Parkinson’s and Huntington’s Diseases

  8.   The Interplay of Conscious and Unconscious Emotion: Anxiety, Post-Traumatic Stress and Faulty Decision Making

  9.   The Pleasure Principle and Freedom of Choice: Addictions

10.   Sexual Differentiation of the Brain and Gender Identity

11.   Consciousness: The Great Remaining Mystery of the Brain

Conclusion: Coming Full Circle

Notes

Acknowledgements

Permissions Acknowledgements

Illustration Credits

A Note About the Author

Index


INTRODUCTION

I have spent my entire career trying to understand the inner workings of the brain and the motivation for human behaviour. Having escaped from Vienna as a young boy soon after Hitler occupied it, I was preoccupied with one of the great mysteries of human existence: How can one of the most advanced and cultured societies on earth turn its efforts so rapidly towards evil? How do individuals, when faced with a moral dilemma, make choices? Can the splintered self be healed through skilled human interaction? I became a psychiatrist in the hope of understanding and acting on these difficult problems.

As I began to appreciate the elusiveness of the problems of the mind, however, I turned to questions that could be answered more definitively through scientific research. I focused on small collections of neurons in a very simple animal, and eventually discovered some of the fundamental processes underlying elementary forms of learning and memory. While I have enjoyed my work a great deal and it has been amply appreciated by others, I realise that my findings represent but a small advance in the quest to understand the most complex entity in the universe – the human mind.

This pursuit has animated philosophers, poets and physicians since the dawn of humankind. Engraved on the entrance of the Temple of Apollo at Delphi was the maxim ‘Know thyself.’ Ever since Socrates and Plato first reflected on the nature of the human mind, serious thinkers of every generation have sought to understand the thoughts, feelings, behaviour, memories and creative powers that make us who we are. For earlier generations, this quest was restricted to the intellectual framework of philosophy, as embodied in the seventeenth-century French philosopher René Descartes’s pronouncement ‘I think, therefore I am.’ Descartes’s guiding idea was that our mind is separate from, and functions independently of, our body.1

One of the great steps forward in the modern era was the realisation that Descartes had it backwards: in actuality, ‘I am, therefore I think.’ This reversal came about in the late twentieth century, when a school of philosophy that was concerned with mind, a school led importantly by people such as John Searle and Patricia Churchland, merged with cognitive psychology,2 the science of mind, and both then merged with neuroscience, the science of the brain. The result was a new, biological approach to mind. This unprecedented scientific study of mind is based on the principle that our mind is a set of processes carried out by the brain, an astonishingly complex computational device that constructs our perception of the external world, generates our inner experience and controls our actions.

The new biology of mind is the last step in the intellectual progression that began in 1859 with Darwin’s insights into the evolution of our bodily form. In his classic book On the Origin of Species, Darwin introduced the idea that we are not unique beings created by an all-powerful God, but instead are biological creatures that have evolved from simpler animal ancestors and share with them a combination of instinctual and learned behaviour. Darwin elaborated on this idea in his 1872 book, The Expression of the Emotions in Man and Animals,3 in which he presented an even more radical and profound idea: that our mental processes evolved from animal ancestors in much the same way that our morphological features did. That is, our mind is not ethereal; it can be explained in physical terms.

Brain scientists, myself included, soon realised that if simpler animals exhibit emotions similar to ours, such as fear and anxiety in response to threats of bodily harm or diminished social position, we should be able to study aspects of our own emotional states in those animals. It subsequently became clear from studies of animal models that, much as Darwin had predicted, even our cognitive processes, including primitive forms of consciousness, evolved from our animal ancestors.

The fact that we share aspects of our mental processes with simpler animals and can therefore study the workings of the mind on an elementary level in those animals is fortunate, because the human brain is astonishingly complex. That complexity is most evident – and most mysterious – in our awareness of self.

Self-awareness leads us to question who we are and why we exist. Our myriad creation mythologies – the stories each society tells about its origins – arose from this need to account for the universe and our place in it. Seeking answers to these existential questions is an important part of what defines us as human beings. And seeking answers to how the intricate interactions of brain cells give rise to consciousness, to our awareness of self, is the great remaining mystery in brain science.

How does human nature arise from the physical matter of the brain? The brain can achieve consciousness of self and can perform its remarkably swift and accurate computational feats because its 86 billion nerve cells – its neurons – communicate with one another through very precise connections. During the course of my career, my colleagues and I have been able to show in a simple invertebrate marine animal, Aplysia, that these connections, known as synapses, can be altered by experience. This is what enables us to learn, to adapt to changes in our surroundings. But the connections among neurons can also be altered by injury or disease; moreover, some connections may fail to form normally during development, or even to form at all. Such cases result in disorders of the brain.

Today, as never before, the study of brain disorders is giving us new insights into how our mind normally functions. What we are learning about autism, schizophrenia, depression and Alzheimer’s disease, for example, can help us understand the neural circuits involved in social interactions, in thoughts, feelings, behaviour, memory and creativity just as surely as studies of those neural circuits can help us understand brain disorders. In a larger sense, much as the components of a computer reveal their true functions when they break down, so the functions of the brain’s neural circuits become dramatically clear when they falter or fail to form correctly.

This book explores how the processes of the brain that give rise to our mind can become disordered, resulting in devastating diseases that haunt humankind: autism, depression, bipolar disorder, schizophrenia, Alzheimer’s disease, Parkinson’s disease and post-traumatic stress disorder. It explains how learning about these disordered processes is essential for improving our understanding of the normal workings of the brain, as well as for finding new treatments for the disorders. It also illustrates that we can enrich our understanding of how the brain works by examining normal variations in brain function, such as how the brain differentiates during development to determine our sex and our gender identity. Finally, the book shows how the biological approach to mind is beginning to unravel the mysteries of creativity and of consciousness. We see, in particular, remarkable instances of creativity in people with schizophrenia and bipolar disorder and find that their creativity arises from the same connections between brain, mind and behaviour present in everyone. Modern studies of consciousness and its disorders suggest that consciousness is not a single, uniform function of the brain; instead, it is different states of mind in different contexts. Moreover, as earlier scientists discovered and as Sigmund Freud had emphasised, our conscious perceptions, thoughts and actions are informed by unconscious mental processes.

In a larger sense, the biological study of mind is more than a scientific enquiry holding great promise for expanding our understanding of the brain and devising new therapies for people who have disorders of the brain. Advances in the biology of mind offer the possibility of a new humanism, one that merges the sciences, which are concerned with the natural world, and the humanities, which are concerned with the meaning of human experience. This new scientific humanism, based in good part on biological insights into differences in brain function, will change fundamentally the way we view ourselves and one another. Each of us already feels unique, thanks to our consciousness of self, but we will actually have biological confirmation of our individuality. This, in turn, will lead to new insights into human nature and to a deeper understanding and appreciation of both our shared and our individual humanity.


1

WHAT BRAIN DISORDERS CAN TELL US ABOUT OURSELVES

The greatest challenge in all of science is to understand how the mysteries of human nature – as reflected in our individual experience of the world – arise from the physical matter of the brain. How do coded signals, sent out by billions of nerve cells in our brain, give rise to consciousness, love, language and art? How does a fantastically complex web of connections give rise to our sense of identity, to a self that develops as we mature yet stays remarkably constant through our life experiences? These mysteries of the self have preoccupied philosophers for generations.

One approach to solving these mysteries is to reframe the question: What happens to our sense of self when the brain does not function properly, when it is beset by trauma or disease? The resulting fragmentation or loss of our sense of self has been described by physicians and lamented by poets. More recently, neuroscientists have studied how the self comes undone when the brain is under assault. A famous example is Phineas Gage, the nineteenth-century railway worker whose personality changed dramatically after an iron rod pierced the front of his brain. Those who had known him before his injury said simply, ‘Gage is no longer Gage.’

This approach implies a ‘normal’ set of behaviours, both for an individual and for people in general. The dividing line separating ‘normal’ and ‘abnormal’ has been drawn in different places by different societies throughout history. People with mental differences have sometimes been seen as ‘gifted’ or ‘holy’, but more frequently they have been treated as ‘deviant’ or ‘possessed’ and subjected to terrible cruelty and stigmatisation. Modern psychiatry has attempted to describe and catalogue mental disorders, but the migration of various behaviours across the line separating the normal from the disordered is a testament to the fact that the boundary is indistinct and mutable.

All of these variations in behaviour, from those considered normal to those considered abnormal, arise from individual variations in our brains. In fact, every activity we engage in, every feeling and thought that gives us our sense of individuality, emanates from our brain. When you taste a peach, make a difficult decision, feel melancholy, or experience a rush of joyous emotion when looking at a painting, you are relying entirely on the brain’s biological machinery. Your brain makes you who you are.

You’re probably confident that you experience the world as it is – that the peach you see, smell and taste is exactly as you perceive it. You rely on your senses to give you accurate information so that your perceptions and actions are grounded in an objective reality. But that’s only partly true. Your senses do provide the information you need in order to act, but they don’t present your brain with an objective reality. Instead, they give your brain the information it needs to construct reality.

Each of our sensations emerges from a different system of the brain, and each system is fine-tuned to detect and interpret a particular aspect of the external world. Information from each of the senses is gathered by cells designed to pick up the faintest sound, the slightest touch or movement, and this information is carried along a dedicated pathway to a region of the brain that specialises in that particular sense. The brain then analyses the sensations, engaging relevant emotions and memories of past experience to construct an internal representation of the outside world. This self-generated reality – in part unconscious, in part conscious – guides our thoughts and our behaviour.

Ordinarily, our internal representation of the world overlaps to a great degree with everyone else’s, because our neighbour’s brain has evolved to work in the same way as our own; that is, the same neural circuits underlie the same mental processes in every person’s brain. Take language, for example: the neural circuits responsible for expression of language are located in one area of the brain, while the circuits responsible for comprehension of language are located in another area. If during development those neural circuits fail to form normally, or if they are disrupted, our mental processes for language become disordered and we begin to experience the world differently from other people – and to act differently.

Disruptions of brain function can be both frightening and tragic, as anyone who has witnessed a grand mal seizure or seen the anguish of a deep depression can tell you. The effects of extreme mental illness can be devastating to individuals and their families, and the global suffering from these diseases is immeasurable. But some disruptions of typical brain circuitry can confer benefits and affirm a person’s individuality. In fact, a surprising number of people who suffer from what one might see as a disorder would choose not to eradicate that aspect of themselves. Our sense of self can be so powerful and essential that we are reluctant to relinquish even those portions of it that cause us to suffer. Treatment of these conditions too often compromises the sense of self. Medications can deaden our will, our alertness and our thought processes.

Brain disorders provide a window into the typical healthy brain. The more scientists and clinicians learn about brain disorders – from observing patients and from neuroscientific and genetic research – the more they understand about how the mind works when all brain circuits are functioning robustly, and the more likely they are to be able to develop effective treatments when some of those circuits fail. The more we learn about unusual minds, the more likely we are as individuals and as a society to understand and empathise with people who think differently and the less likely we are to stigmatise or reject them.

PIONEERS IN NEUROLOGY AND PSYCHIATRY

Until about 1800, only disorders that resulted from visible damage to the brain, as seen at autopsy, were considered medical disorders; these disorders were labelled neurological. Disorders of thought, feelings and mood, as well as drug addiction, did not appear to be associated with detectable brain damage and, as a result, were considered to be defects in a person’s moral character. Treatments for these ‘weak-minded’ people were designed to ‘toughen them up’ by isolating them in asylums, chaining them to the walls, and exposing them to deprivations or even torture. Not surprisingly, this approach was medically fruitless and psychologically destructive.

In 1790 the French physician Philippe Pinel formally founded the field we now call psychiatry. Pinel insisted that psychiatric disorders are not moral disturbances but medical diseases, and that psychiatry should be considered a sub-discipline of medicine. At Salpêtrière, Paris’s large psychiatric hospital, Pinel freed the mental patients from their chains and introduced humane, psychology-oriented principles that were a forerunner of present-day psychotherapy.

Pinel argued that psychiatric disorders strike people who have a hereditary predisposition and who are exposed to excessive social or psychological stress. This view is remarkably close to the view of mental illness that we hold today.

Although Pinel’s ideas had a great moral impact on the field of psychiatry by humanising the treatment of patients, no further progress was made in understanding psychiatric disorders until the early twentieth century, when the great German psychiatrist Emil Kraepelin founded modern scientific psychiatry. Kraepelin’s influence cannot be overstated, and I will weave his story through this book as it weaves through the history of neurology and psychiatry.

Kraepelin was a contemporary of Sigmund Freud, but whereas Freud believed that mental illnesses, although based in the brain, are acquired through experience – often a traumatic experience in early childhood – Kraepelin held a very different view. He thought that all mental illnesses have a biological origin, a genetic basis. As a result, he reasoned, psychiatric illnesses could be distinguished from one another much as other medical illnesses are: by observing their initial manifestations, their clinical courses over time and their long-term outcomes. This belief led Kraepelin to establish a modern system for classifying mental illness, a system still in use today.

Kraepelin was inspired to take a biological view of mental illnesses by Pierre Paul Broca and Carl Wernicke, two physicians who first illustrated that we can gain remarkable insights into ourselves by studying disorders of the brain. Broca and Wernicke discovered that specific neurological disorders can be traced to specific regions of our brain. Their advances led to the realisation that the mental functions underlying normal behaviour can also be localised to specific regions and sets of regions of the brain, thus laying the groundwork for modern brain science.

In the early 1860s Broca noticed that one of his patients, a man named Leborgne, who suffered from syphilis, had a peculiar language deficit. Leborgne could understand language perfectly well, but he couldn’t make himself understood. He could take in what someone told him, as evidenced by his ability to follow instructions to the letter, but when he tried to speak, only unintelligible mumbles came out. The man’s vocal cords weren’t paralysed – he could easily hum a tune – but he could not express himself in words. Nor could he express himself through writing.

After Leborgne died, Broca examined his brain, looking for clues to his affliction. He found a region in the forward part of the left hemisphere that appeared blighted by disease or injury. Broca eventually encountered eight additional patients with the same difficulty producing language and found that they all had damage in the same area on the left side of the brain, a region that became known as Broca’s area (fig.1.1). These findings led him to conclude that our ability to speak resides in the left hemisphere of the brain, or as he put it, ‘We speak with the left hemisphere.’1

In 1875 Wernicke observed the mirror image of Leborgne’s defect. He encountered a patient whose words flowed freely but who could not understand language. If Wernicke told him to ‘Put object A on top of object B,’ the man would have no idea what he was being asked to do. Wernicke tracked this deficit in language comprehension to damage in the back of the left hemisphere, a region that became known as Wernicke’s area (fig.1.1).

Wernicke had the great insight to realise that complex mental functions like language do not reside in a single region of the brain but instead involve multiple, interconnected brain regions. These circuits form the neural ‘wiring’ of our brain. Wernicke demonstrated not only that comprehension and expression are processed separately but that they are connected to each other by a pathway known as the arcuate fasciculus. The information we obtain from reading is transmitted from our eyes to the visual cortex, and the information from hearing is sent from our ears to the auditory cortex. Information from these two cortical areas then converges in Wernicke’s area, which translates it into a neural code for understanding language. Only then does the information proceed to Broca’s area, enabling us to express ourselves (fig.1.1).

Wernicke predicted that someday, someone would find a disorder of language that involves simply a disconnect between the two areas. This proved to be the case: people with damage to the arcuate pathway connecting the two areas can understand language and express language, but the two functions operate independently. This is a bit like a presidential press conference: information comes in, information goes out, but there is no logical connection between them.

Scientists now think that other complex cognitive skills also require the participation of several quite distinct but interconnected regions of the brain.
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Figure 1.1. The anatomical pathway for language comprehension (Wernicke’s area) and expression (Broca’s area). The two areas are connected by the arcuate fasciculus.

Although the circuitry for language has proved to be even more complex than Broca and Wernicke realised, their initial discoveries formed the basis of our modern view of the neurology of language and, by extension, our view of neurological disorders. Their emphasis on location, location, location resulted in major advances in the diagnosis and treatment of neurological disease. Moreover, the damage typically caused by neurological diseases is easily visible in the brain, making them far easier to identify than most psychiatric disorders, in which the damage is much subtler.

The search for localisation of function in the brain was enhanced dramatically in the 1930s and ’40s by Canada’s renowned neurosurgeon Wilder Penfield, who operated on people suffering from epilepsy caused by scar tissue that had formed in the brain after a head injury. Penfield was seeking to elicit an aura, the sensation many epileptic patients experience before a seizure. If successful, he would have a good idea of which tiny bit of the brain to remove in order to relieve his patients’ seizures without damaging other functions, such as language or the ability to move.

Penfield’s patients were awake during the operation – the brain has no pain receptors – so they could tell him what they were experiencing when he stimulated various areas in their brain. Over the next several years, in the course of nearly four hundred operations, Penfield mapped the regions of our brain that are responsible for the sensations of touch, vision and hearing, and for the movements of specific parts of our body. His maps of sensory and motor function are still used today.

What was truly amazing was Penfield’s discovery that when he stimulated the temporal lobe, the part of the brain that is just above the ear, his patient might suddenly say, ‘Something is coming back to me as if it is a memory. I hear sounds, songs, parts of symphonies.’ Or, ‘I hear the lullaby my mother used to sing to me.’ Penfield began to wonder if it were possible to locate a mental process as complex and mysterious as memory to specific regions in the physical brain. Eventually, he and others determined that it is.

NEURONS: THE BUILDING BLOCKS OF THE BRAIN

Broca’s and Wernicke’s discoveries revealed where in the brain certain mental functions are located, but they stopped short of explaining how the brain carries them out. They were unable to answer basic questions such as, What is the biological makeup of the brain? How does it function?

Biologists had already established that the body is composed of discrete cells, but the brain appeared to be different. When scientists looked through their microscopes at brain tissue, they saw a tangled mess that seemed to have no beginning and no end. For this reason, many scientists thought the nervous system was a single, continuous web of interconnected tissue. They weren’t sure there was such a thing as a discrete nerve cell.

Then, in 1873, an Italian physician named Camillo Golgi made a discovery that would revolutionise scientists’ understanding of the brain. He injected silver nitrate or potassium dichromate into brain tissue and observed that, for reasons we still don’t understand, a tiny fraction of the cells took up the stain and turned a distinctive black colour. Out of an impenetrable block of neural tissue, the fine and elegant structure of individual neurons was suddenly thrown into high relief (fig.1.2).
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Figure 1.2. Golgi stain

The first scientist to take advantage of Golgi’s discovery was a young Spaniard named Santiago Ramón y Cajal. In the late 1800s Cajal applied Golgi’s stain to brain tissue from newborn animals. This was a wise move: early in development the brain has fewer neurons, and their shape is simpler, so they are easier to see and examine than neurons in a mature brain. Using Golgi’s stain in the immature brain, Cajal could identify isolated cells and study them one at a time.

Cajal saw cells that resembled the sprawling canopies of ancient trees, others that ended in compact tufts, and still others that sent branches arcing into unseen regions of the brain – shapes that were completely different from the simple, well-defined shapes of other cells in the body. In spite of this startling diversity, Cajal determined that each neuron has the same four principal anatomical components (fig.1.3): the cell body, the dendrites, the axon, and the presynaptic terminals, which end in what are now known as synapses. The main component of the neuron is the cell body, which contains the nucleus (the repository of the cell’s genes) and the majority of the cytoplasm. The multiple, thin extensions from the cell body, which look like the slender branches of a tree, are the dendrites. Dendrites receive information from other nerve cells. The single thick extension from the cell body is the axon, which can be several feet long. The axon transmits information to other cells. At the end of the axon are the presynaptic terminals. These specialised structures form synapses with the dendrites of target cells and transmit information to them across a small gap known as the synaptic cleft. Target cells may be neighbouring cells, cells in another region of the brain, or muscle cells at the periphery of the body.

Eventually, Cajal united these four principles in a theory now called the Neuron Doctrine (fig.1.4). The first principle is that each neuron is a discrete element that serves as the fundamental building block and signalling unit of the brain. The second is that neurons interact with one another only at the synapses. In this way, neurons form the intricate networks, or neural circuits, that enable them to communicate information from one cell to another. The third principle is that neurons form connections only with particular target neurons at particular sites. This connection specificity accounts for the astonishingly precise circuitry that underlies the complex tasks of perception, action and thought. The fourth principle, which derives from the first three, is that information flows in one direction only – from the dendrites to the cell body to the axon, then along the axon to the synapse. We now call this flow of information in the brain the principle of dynamic polarisation.

[image: illustration]

Figure 1.3. Structure of the neuron
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Figure 1.4. The four principles of Cajal’s Neuron Doctrine

Cajal’s ability to look through a microscope at a fixed array of neurons and imagine how the nervous system works was an extraordinary feat of scientific intuition. In 1906 he and Golgi were awarded the Nobel Prize in Physiology or Medicine – Golgi for his stain and Cajal for using it to establish the structure and function of neurons. Amazingly, Cajal’s insights have held firm from 1900 to the present.

THE SECRET LANGUAGE OF NEURONS

For neurons to process information, and thus to instruct behaviour, they need to communicate with other neurons and with the rest of the body. This is an absolute necessity for the brain to function properly. But how do neurons speak to one another? It wasn’t until years later that the answer to this question began to emerge.

In 1928 Edgar Adrian, a pioneer in the electrophysiological study of the nervous system and recipient of the 1932 Nobel Prize in Physiology or Medicine, surgically exposed one of the many small nerves, or bundles of axons, in the neck of an anaesthetised rabbit. He then removed all but two or three of the axons and placed an electrode on the remaining ones. Adrian observed a flurry of electrical activity every time the rabbit took a breath. He attached a loudspeaker to the electrode and immediately began to hear clicking noises, a fast rapping similar to Morse code. The clicking noise was an electrical signal, an action potential, the fundamental unit of neural communication. Adrian was listening in on the language of neurons.

What produced the action potentials that Adrian heard? The inside of the membrane that surrounds a neuron and its axon has a slightly negative electric charge relative to the outside. This charge results from an unequal distribution of ions – electrically charged atoms – on either side of the cell membrane. Because of this unequal distribution of ions, each neuron is like a tiny battery, storing electricity that can be released at any moment.

When something excites a neuron – whether it’s a photon of light, a sound wave, or the activity of other neurons – microscopic gates called ion channels open up all over its surface, allowing the charged ions to rush across the membrane in both directions. This free flow of ions reverses the electrical polarity of the cell membrane, switching the charge inside the neuron from negative to positive and releasing the neuron’s electrical energy.

The rapid discharge of energy causes the neuron to generate an action potential. This electrical signal propagates rapidly along the neuron, from its cell body to the tip of its axon. When scientists say neurons in a particular region of the brain are active, they mean that the neurons are firing action potentials. Everything we see, touch, hear and think begins with these little spikes of electricity racing from one end of a neuron to the other.

Adrian next recorded electrical signals from individual axons in the optic nerve of a toad. He amplified the signals so that they could be displayed on an early version of the oscilloscope as a two-dimensional graph. In this way, he discovered that the action potentials in any given neuron maintain a fairly consistent size, shape and duration. They are always the same little spike of voltage. He also found that a neuron’s response to a stimulus is all or none: the neuron either generates a full-blown action potential or it doesn’t fire one at all. Once initiated, an action potential travels without fail from the dendrites of the receiving cell to the cell body and along its axon to the synapse. This is quite a feat in, say, a giraffe, which has axons that begin in the spinal cord and extend several metres to the muscles at the end of its leg.

The fact that action potentials are all-or-none events raises two interesting questions. First, how does a neuron that responds to sensory stimuli report differences in the intensity of a stimulus? How does it distinguish a light touch from a heavy blow, or a dim light from a bright one? And second, do neurons carrying information from different senses – sight, touch, taste, hearing or smell – use different types of signals?

Adrian found that a neuron signals intensity not by changing the strength or duration of its action potentials but by varying the frequency with which it fires them. A weak stimulus causes the cell to fire only a few action potentials, while a strong stimulus produces much more frequent firing. Moreover, he could gauge the duration of the stimulus by monitoring the duration of the firing of action potentials (fig.1.5).

[image: illustration]

Figure 1.5. The frequency and duration of action potentials determine the strength of the neuron’s downstream chemical signal.

Adrian went on to record action potentials from neurons in the eyes, skin, tongue and ears to see whether they were different. He found that the signals are similar, irrespective of where they come from or what kind of sensory information they convey. What distinguishes sight from touch and taste from hearing is the particular neuronal pathway carrying the signal and its destination. Each type of sensory information is carried along its own neural pathway to a corresponding region in the brain.

How does an action potential in one neuron spark an action potential in the next neuron in the circuit? Two young British scientists, Henry Dale and William Feldberg, observed that when an action potential reaches the end of the axon in the sending, or presynaptic, cell, something astonishing happens: the cell releases a spurt of chemicals into the synaptic cleft. These chemicals, now known as neurotransmitters, cross the synaptic cleft and bind to receptors on the dendrites of the target, or postsynaptic, cell. Each neuron sends information by making thousands of synaptic connections with its target cells and in turn receives information through thousands of connections from other neurons. The receiving neuron then adds up all the signals it has received through these connections, and if they are strong enough, the neuron translates them into a new action potential, a new all-or-none electrical signal that is transmitted to all the target cells that the receiving neuron makes contact with. The process is then repeated. In this way neurons can relay information almost instantaneously to other neurons and to muscle cells, even over long distances.

Alone, this simple computation might not seem very impressive, but when hundreds or thousands of neurons form circuits carrying signals from one part of the brain to another, the end result is perception, movement, thought and emotion. The computational nature of the brain provides us with both a road map and a logic for analysing disorders of the brain. That is, by analysing glitches in neural circuits, we can begin to probe the mysteries of the brain – to figure out how electrical circuits generate perception, memory and consciousness. As a corollary, brain disorders give us a way to see how the processes of the brain create mind and how most of our other experiences and behaviour are rooted in this computational marvel.

THE DIVIDE BETWEEN PSYCHIATRY AND NEUROLOGY

Despite the many advances in brain science in the nineteenth century – advances that formed the foundation of modern neurology – psychiatrists and addiction researchers did not focus on the anatomy of the brain. Why didn’t they?

For a very long time psychiatric and addictive disorders were viewed as fundamentally different from neurological disorders. When pathologists examined the brain of a patient at autopsy and found obvious damage, as they did in cases of stroke, head trauma, or syphilis and other infections of the brain, they classified the disorder as biological, or neurological. When they failed to detect clearly visible anatomical damage, they classified the disorder as functional, or psychiatric.

Pathologists were struck by the fact that most psychiatric disorders – namely schizophrenia, depression, bipolar disorder and anxiety states – did not produce visibly dead cells or holes in the brain. Since they did not see any obvious damage, they assumed that these disorders were either extra-corporeal (disorders of mind rather than the body) or too subtle to detect.

Because psychiatric and addictive disorders did not produce obvious damage in the brain, they were considered to be behavioural in nature and thus essentially under the individual’s control – the moralistic, non-medical view that Pinel deplored. This view led psychiatrists to conclude that the social and functional determinants of mental disorders act on a different ‘level of the mind’ than do the biological determinants of neurological disorders. The same was held to be true, at that time, of any deviation from the accepted norms of heterosexual attraction, feeling and behaviour.

Many psychiatrists considered the brain and mind to be separate entities, so psychiatrists and addiction researchers did not look for a connection between their patients’ emotional and behavioural difficulties and the dysfunction or variation of neural circuits in the brain. Thus, for decades psychiatrists had difficulty seeing how the study of electrical circuits could help them explain the complexity of human behaviour and consciousness. In fact, it was customary as late as 1990 to classify psychiatric illnesses as either organic or functional, and some people still use this outdated terminology. Descartes’s mind–body dualism has proved hard to shake because it reflects the way we experience ourselves.

MODERN APPROACHES TO BRAIN DISORDERS

The new biology of mind that emerged in the late twentieth century is based on the assumption that all of our mental processes are mediated by the brain, from the unconscious processes that guide our movements as we hit a golf ball to the complex creative processes that underlie the composition of a piano concerto to social processes that allow us to interact with one another. As a result, psychiatrists now see our mind as a series of functions carried out by the brain, and they view all mental disorders, both psychiatric and addictive, as brain disorders.

This modern view derives from three scientific advances. The first was the emergence of a genetics of psychiatric and addictive disorders pioneered by Franz Kallmann, a German-born psychiatrist who immigrated to the United States in 1936 and worked at Columbia University. Kallmann documented the role of heredity in psychiatric disorders such as schizophrenia and bipolar disorder, thereby showing that they are indeed biological in nature.

The second advance was brain imaging, which has begun to show that the various psychiatric disorders involve distinct systems in the brain. It is now possible, for example, to detect some of the areas of the brain that function abnormally in people with depression. In addition, imaging has allowed researchers to watch the action of drugs on the brain and even to see the changes that result from treating patients with drugs or with psychotherapy.

The third advance was the development of animal models of disease. Scientists create animal models by manipulating the animals’ genes and then observing the effects. Animal models have proven invaluable in studies of psychiatric disorders, providing insights into how genes, the environment, and the interaction of the two can disrupt brain development, learning and behaviour. Animal models, such as mice, are particularly useful for studying learned fear or anxiety because these states occur naturally in animals. But mice can also be used to study depression or schizophrenia by inserting into their brain altered genes that have been shown to contribute to depression or schizophrenia in people.

Let us first consider the genetics of mental disorders, then the imaging of brain functions, and finally animal models.

GENETICS

For all its wonders, the brain is an organ of the body – and like all biological structures, it is built and regulated by genes. Genes are distinct stretches of DNA that have two remarkable qualities: they provide cells with instructions for how to start an organism anew, and they are handed down from one generation to the next, thereby transferring those instructions to the organism’s offspring. Each of our genes provides a copy of itself to almost every cell in our body, as well as to generations that succeed us.

We all have about twenty-one thousand genes, and roughly half of them are expressed in the brain. When we say a gene is ‘expressed’, we mean that it is turned on, that it is busy directing the synthesis of proteins. Each gene encodes – that is, issues the instructions for making – a particular protein. Proteins determine the structure, function, and other biological characteristics of every cell in our body.

Genes generally replicate reliably, but when one doesn’t, a mutation results. This alteration in a gene can occasionally prove beneficial to an organism, but it can also result in the overproduction, loss or malfunction of the protein that the particular gene encodes, thus compromising cell structure and function and possibly leading to disorders.

Each of us has two copies of each gene, one from our mother and one from our father. The pairs of genes are arranged in precise order along twenty-three pairs of chromosomes. As a result, scientists can identify each gene by its location, or locus, on a specific chromosome.

The maternal and paternal copies of each gene are referred to as alleles. The two alleles of a particular gene usually differ slightly: that is, each one consists of a particular sequence of nucleotides, the four molecules that make up the code of DNA. Thus, the sequence of nucleotides in the genes you inherit from your mother is not exactly the same as the sequence of nucleotides in the genes you inherit from your father. Moreover, the nucleotide sequences you inherit are not exact copies of your parents’ sequences; they contain some differences that occurred by chance when the gene was copied from your parent to you. These differences lead to variations in appearance and behaviour.

In spite of the many variations that give us our sense of individuality, the genetic makeup, or genome, of any two people is more than 99 per cent identical. The difference between them results from these chance variations in one or more of the genes they inherited from their parents (although there are rare exceptions, which we will touch on in chapter 2).

If almost every cell in our body contains the instructions for every other cell, then how is it that one cell becomes a kidney cell, while another becomes part of the heart? Or, in the brain, how does one cell become a hippocampal neuron, involved in memory, and another a spinal motor neuron, involved in the control of movement? In each instance, a distinct set of genes in the progenitor cell was activated, setting in motion the machinery that gave that cell its particular identity. Which particular set of genes is activated depends upon the interaction of molecules inside the cell and the interaction of the cell with both its neighbouring cells and with the organism’s external environment. We have a finite number of genes, but the turning on and off of different genes at different times gives rise to an almost infinite complexity.

To fully understand a brain disorder, scientists try to pinpoint the underlying genes and then understand how variations in those genes, interacting with the environment, bring about the disorder. With a basic knowledge of what has gone wrong, we can begin to figure out ways of intervening to prevent or ameliorate the disorder.

Genetic studies of families, beginning with those done by Kallmann in the 1940s, show just how pervasive genetic influences are in psychiatric disorders (table 1). We refer to genetic ‘influences’ because the inheritance of psychiatric disorders is complex: there is no single gene that causes schizophrenia or bipolar disorder. What Kallmann found is that a person with schizophrenia is much more likely than a person without schizophrenia to have a parent or a sibling with the disorder. Even more compelling, he found that an identical twin of a person with schizophrenia or bipolar disorder is much more likely than a fraternal twin to have the same disorder. Because identical twins share all the same genes and fraternal twins share only half their genes, this finding clearly implicated the identical twins’ genes, rather than their shared environment, in the higher incidence of these mental disorders.

Studies of twins show that autism also has a powerful genetic component: when one identical twin has autism, the other identical twin has a 90 per cent chance of developing the disorder. A different sibling in that same family, including a fraternal twin, is considerably less likely to develop autism, while an individual in the general population has only a scant chance of developing the disorder (table 1).

TABLE 1. INCIDENCE OF AUTISM AND PSYCHIATRIC DISORDERS IN IDENTICAL TWINS AND SIBLINGS OF AFFECTED INDIVIDUALS



	Disorder

	Identical Twins

	Siblings

	General Population




	Autism

	90%

	20%

	1–3%




	Bipolar disorder

	70%

	5–10%

	1%




	Depression

	40%

	< 8%

	6–8%




	Schizophrenia

	50%

	10%

	1%
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