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FOREWORD


by May-Britt Moser*


The brain is the most wondrous, complex and mysterious organ we know. As a psychology student in the 1980s, I was taught that the cause of autism in children was an emotionally cold mother. Today we know better. Autism is due to a developmental change in the brain, which brings a multitude of factors into the picture.


For me, this memory of my student days serves as a reminder of how quickly our knowledge has developed within the field of brain research. We should rejoice at the progress being made, but we should also remain humble when it comes to recognising the role that modern technology plays in making this new knowledge possible. Many of the big research questions of our day are the same ones that people have been asking for centuries. However, thanks to the development of ground-breaking research tools and methods, we are now able to look for the answers to these questions in the brain itself. We are standing on the threshold of a knowledge revolution in terms of the brain and its interaction with the body, genetics and the environment.


But it’s not enough to collect research data in laboratories and share the results internationally with colleagues. The knowledge has to be conveyed beyond professional settings to society at large, where it may be incorporated into people’s lives and translated into insight and understanding. To understand how our brain functions and how it participates in all of the body’s processes is to understand our capabilities and who we are as human beings.


Greater knowledge also leads to superior means of evaluation and treatment when something goes wrong in the brain. We now understand the importance of separating the symptoms of a brain disorder from the person’s character and personality. We know that the symptoms are due to a failure in the system. Armed with greater knowledge about how the healthy brain functions, researchers can proceed to look for where in its processes the failure has occurred and how it may be repaired. This insight provides the basis for largesse and willingness to adapt, which are essential for everyone to have a place in society.


In this book, Kaja Nordengen presents an accessible introduction to the most recent research into the organisation, mechanisms and functions of the brain. Writing in an engaging manner, she interweaves the results of this research with anecdotes from her own life. By anchoring theory in concrete experiences that are part of our shared world, she not only conveys facts but stimulates curiosity. The playfulness in the way she presents the material awakens the sort of enthusiasm that drives both the questioning child and the experienced adult. The warmth of Kaja’s narrative voice is sure to stay with every reader long after they have closed her book.


The excellent illustrations were drawn by the author’s younger sister, Guro Nordengen. Once again, I suspect that readers will remember these clear, simple drawings for many years to come, which is not usually the case with sophisticated 3D graphics. They mirror the text by encouraging further contemplation and general understanding rather than attempting to present every minute detail.


I would like to thank Kaja Nordengen for daring to take on this bold and ambitious project. Her tireless efforts mean that some of the most important advances in brain research are now accessible to a broad cross section of readers, both young and old.




INTRODUCTION


YOU ARE YOUR BRAIN


When the ancient Egyptians embalmed their dead rulers in preparation for the afterlife, the heart was carefully removed before being placed back inside the body. Meanwhile, the brain was simply discarded. A stick was poked up the nose, the brain matter was whipped into mush, then it was sucked out. The brain became trash. It would be a long time before humans understood that we are who we are because of our brains.


Even before recorded history, the brain was sometimes linked to functions such as movement and thinking. Yet it would be several thousand years before people generally accepted that ‘I’ is situated within the brain. Aristotle and several other great classical thinkers, for example, believed that the soul was to be found in the heart. It was only in the mid-seventeenth century that the French philosopher René Descartes proposed a different hypothesis.


Almost everything on each side of the central line that divides the brain’s two halves has a corresponding feature on the opposite side. For instance, we have a left and a right frontal lobe. Yet Descartes noticed that the pineal gland was located in the very centre, so he identified this as the seat of the human soul. But it wasn’t quite that simple. In 1887, the Arctic explorer – and Norway’s first brain researcher – Fridtjof Nansen correctly postulated that intelligence lies in the brain’s numerous neural synapses. Since his day, we have learned that joy, love, contempt, memory, knowledge, musical taste and every other human preference are also located in these neural synapses.


Since every trait that makes up ‘I’ exists in the brain, clearly you could not have become you without your brain. Our laws also recognise that the brain is the principal determining factor for what constitutes life: if you are ‘brain dead’, then you are dead. Provided that permission has been granted, your organs can then be removed and transplanted to save someone else’s life. There are few organs that we can manage without, yet the heart, liver, lungs, kidneys and pancreas are all replaceable, as long as a suitable donor can be found. But no one has yet attempted to transplant a human brain into another body.


Even when the technical challenges of doing so have been overcome, significant ethical dilemmas will remain. If someone who is brain dead receives a new brain, the person associated with that particular body will no longer be the same ‘I’. She may look like your daughter; but if she has someone else’s brain, is she really your daughter? She will have a completely different consciousness – alternative thoughts and dreams. We cannot replace the brain without also replacing the person. In other words, the brain is our only irreplaceable organ.


In this book, we will explore the mysteries of the brain – everything from what happens when we fall in love to where to find the ‘I’. Lots of interesting questions arise when we talk about the brain. Who are you? What makes you who you are? What is personality? What is free will? Where do our thoughts originate? We already have some clear answers … or at least some clear indications from patient histories and advances in brain research. Nevertheless, many mysteries remain, so we must hope that further research and bright minds will find more answers in the years to come. After all, the brain is the only organ that can research itself.


Language, culture and lifestyle all involve memory and the brain’s ability to detect and interpret patterns. The brain makes us who we are, and it’s the reason why sports, art and music exist. Your brain is a superstar.




CHAPTER 1


THOUGHT (R)EVOLUTION


The human brain’s wrinkly surface, which is reminiscent of the outside of a walnut, is called the cerebral cortex. It is packed full of neurons, and marked a revolution in the history of evolution. The bigger an animal’s cerebral cortex, the greater its chances of having high intelligence.


Half a billion years ago, only the so-called reptile brain existed. This is now known as the rhombencephalon. The early mammalian brain – what we call the limbic system – appeared some 250 million years later, while the cerebral cortex developed about 200 million years ago. However, what we consider the human brain did not appear until 200,000 years ago – almost the equivalent of yesterday in evolutionary terms.


The reptile brain


The human race’s large cerebral cortex helped us to survive the last ice age as it allowed us to adapt to the changing environment. By contrast, 65 million years ago, when a meteor strike generated major climatic change, the dinosaurs were not very well equipped to cope. For instance, an adult stegosaur weighed in at a whopping five tons but had a brain that weighed only eighty grams (about the size of a lemon). Moreover, this mini-brain lacked a cerebral cortex. When you know that, it’s hardly surprising that you find stegosaurs only in movies and museums today.


However, while our cerebral cortex makes us the most intelligent species on the planet, we wouldn’t have made it this far without the deeper parts of our brain. Deepest of all – and therefore most fundamental to our existence – is the reptile brain, which consists of the brainstem and the cerebellum. The brainstem is the perfect caretaker: it ensures that everything keeps functioning without any need for conscious thought. Its neurons regulate our breathing, cardiac rhythm and sleep. They never rest, whether we are awake or asleep. Meanwhile, the cerebellum, which sits behind the brainstem, regulates our movements. Therefore, we become uncoordinated and unsteady if it is affected by alcohol.
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Figure 1: The right half of a human brain, seen from the middle, with the different developmental stages in evolutionary history identified. The reptile brain is shown in dark grey, while the early mammalian brain is shown in light grey. The most developed mammalian brain – i.e. the human brain – is shown in white. Several brain structures that have central and definable roles are mentioned by name.


The mammalian brain


All mammalian brains consist of so-called grey and white matter. The grey matter – which isn’t actually grey, but pink – is home to the neural cell bodies and the synapses, where signals are transferred between the neurons. The white matter, which serves as the highway for those signals, runs through long, wire-like axons. Like all other wiring, the brain’s wires must be insulated to function properly. The insulating material is called myelin, which is white because of its high fat content. We find grey matter in the cerebral cortex – around the cerebrum and the cerebellum – but there are also islands of it in the middle of the brain.


The human limbic system consists of all of the structures that appeared in the first mammalian brains as well as the oldest parts of the cerebral cortex and islands of grey matter made up of neurons. Many of these neuron islands (also known as nuclei) are vital for a number of the body’s basic functions – crucial evolutionary instincts that are sometimes referred to as the ‘Four Fs’: fighting, fleeing, feeding and fucking.


One particularly important limbic nucleus is the amygdala, which is located inside the temple (see Fig. 1). ‘Amygdala’ is the Greek word for almond – early anatomists named the structures in the brain according to what they resembled – and it plays a central role whenever the human body is engaged in one of the first two Fs. Its neurons not only cause you to blurt out a few choice words when you run for a bus and the driver pulls away just as you reach the stop, but also make you feel worked up all over again when you relate the story later the same day. The amygdala is also important for motivation, so it is at least partly to blame when you break into a flat-out sprint to try to catch that bus, even though you know the next one will be along in a few minutes. Moreover, when you’re walking home in the dark and hear footsteps behind you and pick up your pace a bit, that’s your amygdala at work again. Even if you were in a safe environment and didn’t have anything to fear, you would feel absolute terror if your amygdala were electrically stimulated.
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Figure 2: The cerebral cortex is made up of grey matter, and it is also where we find all the neurons and the contact points between them – the synapses. Inside the grey matter we find white matter, which is made up of insulated neuron axons.


Behind the amygdala sits another part of the more primitive portion of the mammalian brain – a three–four-centimetre-long, sausage-shaped structure known as the hippocampus, named after the Greek word for seahorse (see Fig. 1). The hippocampus is important for both memory and spatial orientation: for instance, it can help you remember your multiplication tables. However, even if you recite your multiplication tables until your hippocampus aches, you won’t become a better mathematician. That’s because mathematical understanding resides in the cerebral cortex.


Right in the centre of the brain, the thalamus straddles the midline (see Fig. 1). It sends signals to practically every corner of the cerebral cortex with all the latest news from the body’s senses. If we were to compare brain structures to people, then the left and right thalamus would be the local gossipmonger – the neighbour who knows everyone’s business, the one who keeps a finger on the pulse of everything that’s happening. Extensive highways of nerve cell axons run through the thalamus, where they merge with other roadways to form complex circuits of electrical information that zoom off in coordinated, rhythmical patterns.


Ingenious apes


A long time ago, our ancestors lived in the treetops of Africa’s jungles, and they stayed there right until the moment when the climate changed. Back then, the earth’s climate was like a roller coaster, with a series of alternating ice ages and heatwaves. While these fluctuations eventually forced our ancestors down from the trees, they were not extreme enough to wipe them out. The earth-bound apes quickly developed larger brains while also retaining both the reptile brain and the limbic system. The increase in volume was entirely due to enlargement of the cerebral cortex.


The early hominids who walked on two legs across the African savannah almost four million years ago had brains that weighed about four hundred grams. Although their hands could now do something other than cling to branches, they didn’t hold tools until ‘the handyman’ – Homo habilis – appeared two million years ago. By then, the size of the hominid brain had increased to a good six hundred grams. Using tools was undoubtedly a breakthrough, even though Homo habilis was hardly sophisticated – he mostly just grabbed rocks and hit stuff with them. Moreover, these weren’t the only creatures to make such a breakthrough: dolphins use bits of sea sponge to protect their beaks as they search for prey on the sea floor; cactus sparrows use thorns to flick insect larvae out of holes; and chimpanzees use branches to scoop termites out of tree trunks. Using tools to extract termites might be impressive, but it’s quite a long way from writing a symphony. So, something else must have happened during the course of human evolutionary history – something that made our brains unique in the animal kingdom.


Another million years passed and Homo habilis gave way to Homo erectus – ‘the upright man’ – who was less governed by the primitive parts of his brain, which now weighed about a kilogram in total. Instead of running away from fire, he understood that he could use it for light, heat and protection on his journey further into the world. He also started to hunt. Finally, Homo sapiens – ‘the thinking man’ – evolved some 200,000 years ago, boasting a brain that weighs between 1200 and 1400 grams – three times heavier than those of the hominids who had first walked on two feet a mere 3.8 million years earlier.


In parallel with this steady increase in brain size, humans developed a level of intelligence that leaves other species far behind. However, this isn’t just a matter of size. The brains of dolphins, chimpanzees and even cows are all similar in size to our own, but they cannot match our creativity or innovation.


Why isn’t it enough to have the biggest brain?


Some animals have even bigger brains than we do. For instance, a blue whale’s brain weighs a whopping eight kilograms … but it’s housed in a body that weighs 170 tons! In general in the animal kingdom, the bigger the body, the bigger the brain. So what about our close relative the gorilla, which is two to three times the size of the average human? Are gorillas’ brains correspondingly larger than ours? Actually, the opposite is true: our brain is two to three times larger than a gorilla’s. Indeed, only whales and elephants have larger brains than humans: that is, the largest animals in water and on land, respectively. Relative to body size, then, the human brain is the largest of any animal.


Moreover, having a brain that weighs eight kilograms doesn’t help the blue whale in terms of intelligence, since IQ isn’t measured in kilograms. Two brains of identical size don’t necessarily have the same number of neurons or an equal capacity for complex thought. A classic example is Albert Einstein, who, despite being the father of the theory of relativity and the winner of a Nobel Prize in physics, had a brain that was 20 per cent smaller than average. We know the precise size thanks to an unethical doctor. Einstein wanted to be cremated after his death and have his ashes spread somewhere that would make idol worship impossible. However, this wish was not fulfilled, because the doctor who conducted the autopsy stole his brain and took it home with him!


Different species’ brains are also not built the same way. In primates (humans and apes), the size of the neurons themselves is the same whether the brain weighs eighty grams or a kilogram. Therefore, a one-kilogram brain would have ten times as many neurons as a one-hundred-gram brain, plain and simple. However, in rodents, larger brains have larger neurons. So, to get the same tenfold increase, a rodent’s brain would need to be a whopping forty times heavier. Hence, a primate’s brain will always have more neurons than an equal-sized rodent’s brain. If a rat’s brain had as many neurons as a human brain, it would weigh thirty-five kilograms! Thus, we don’t just have the largest brain relative to body size; we also have far more neurons per gram than any other animal.


On the other hand, although rodents’ brains and primates’ brains differ significantly, the basic principles are identical. The neurons appear to talk to each other the same way. This is why rats and mice are often used in research into how the human brain works.


The unfinished brain


We couldn’t really have much bigger brains because of the way we are constructed. There simply isn’t any more room in our skull. Even though the cerebral cortex curls neatly to fit, the skull is already so large that human babies don’t have much wiggle room at birth. If a baby doesn’t turn the right way at the right time, there can be serious trouble. Nevertheless, the brain is still unfinished at that moment, to enable the head to make it through the birth canal. The disadvantage of this is that human children are entirely dependent on their parents for a very long time. Effectively, we give birth to small, helpless creatures whose brains continue to develop once they’re outside the uterus, and as a result we need to put a lot of energy into raising every individual.


However, even though humans are vulnerable and need protection for at least the first decade of life, the human population has grown until there are now more than seven billion of us. In the last half century alone, the number of humans on earth has doubled. So, how have physically weak, naked apes who give birth to helpless infants achieved such a dominant position? We don’t run particularly fast or swim particularly well, and our night vision is terrible. Therefore, we would seem to be at a significant disadvantage when compared to other animals – hunters and hunted alike. Successful predators tend to have powerful jaws, multiple rows of sharp teeth, paralysing venom or great speed, while prey animals protect themselves with thick armoured skin, camouflage or exceptional hearing. We have none of these assets.


Intelligence is an art


From an anatomical perspective, humans were entirely ‘modern’ 150,000 years ago, although there is no concrete evidence that these first Homo sapiens were capable of abstract or symbolic thought. However, we know that humans began producing works of art, jewellery and advanced tools, like canteens and fish hooks, about 40,000 years ago. We made these tools to compensate for our lack of physical attributes, but what led to this sudden burst of creativity? The only explanation is that there must have been a considerable change in the human brain around that time. Maybe this was due to genetic mutation? Or perhaps it was linked to Darwin’s principle of ‘survival of the fittest’: perhaps the most creative and intelligent members of the species were considered the most attractive, and thereby had the greatest chance of passing on their genes? No one knows for sure.


There is a big difference between hitting stuff with a rock and building pyramids. Egypt’s pyramids were erected some four thousand years ago, and the largest one consists of about 2.3 million stone blocks. Each of those blocks weighs about 2.5 tons, and they are so square that there is no more than a 0.1 per cent difference in the lengths of the opposite sides. It wasn’t primarily muscle power that moved them into position, it was engineering: it was the brain. A couple of thousand years later, Eratosthenes calculated the earth’s circumference so precisely that his conclusion deviates by only 2 per cent from the figure we use today; he did it by measuring the shadows the sun cast in Syene (modern-day Aswan) and Alexandria. Another couple of thousand years later, we are sending robots to Mars.


From the treetops to prime-time TV


It’s not just the size of the human brain that’s important, but also which parts of it account for that size. As we have seen, humans are more intelligent than other animals because of both our large brain size relative to our bodies and our unusually large cerebral cortex. On average, of the 86 billion neurons in the human brain, 16 billion are in the cerebral cortex. No other species has more neurons in its cerebral cortex than humans. It is the seat of our thoughts, language, personality and problem-solving ability. In short, it is what makes people people.


We outshine the other animals because of our cerebral cortex, even as we sit on our sofas watching TV. A satirical news anchor might report a story with a serious face and then introduce footage of the exact opposite of what he has just said. This causes us to start laughing, because our brains understand parody. Our highly developed cerebral cortex allows us not only to read the news anchor’s emotions, but to interpret the hidden meaning behind what we’re hearing and understand that something that was seemingly stated in all seriousness was actually sarcasm. Do you feel very superior as you sit there on your sofa, deciphering all of this in a matter of milliseconds? Well, you should, because only a creature with an exceptional brain can develop humour and language.


Other animals communicate too, of course, but their exchanges are limited to warnings about danger, along with expressions of pleasure, hunger and the desire for a mate. Because humans can read, write and talk, we have few limitations as to what we can communicate. We can use these sophisticated tools to write plays or compose operatic arias … or to understand someone else’s joke.


Not stronger but smarter


Everything has to do with sex, at least in evolutionary terms. Early humans developed their complex brains because this gave them an advantage in spreading their genes. Those who couldn’t solve problems quickly or failed to learn from their mistakes didn’t survive long enough to procreate. Nowadays, our brains help us to handle difficult situations and allow us to make friends, not enemies. They make it possible for us to save money over time, so that we can turn our attention to more ambitious goals. If you’re clever and play your cards right, you can find a good partner, a rewarding job and supportive friends. In general, bright brains are more attractive than dull brains. Therefore, the net effect of our evolutionary journey has been the development of a species that is not stronger or faster, but smarter.




CHAPTER 2


HUNTING FOR THE PERSONALITY


Cogito ergo sum. The French philosopher René Descartes’s familiar statement is usually translated as: ‘I think, therefore I am.’ But who are you? What makes you you? Personality is a combination of how you see yourself and how others see you. You aren’t just what you think and feel, but also what you do and how you behave. But is this ‘self’ constant?


Philosophers aren’t the only ones trying to find the answers to these questions any more. Brain researchers are searching for them, too. As with everything else in medicine, the question of nature versus nurture crops up here. And, as ever, we can say that both are crucial. Anyone with a sibling knows that two people who are raised in an identical environment do not share the same personality. Siblings who grow up together can develop completely different temperaments, values and attitudes. But the environment plays an important role, too. How a child is raised and how their role models behave both contribute to changes in that child’s brain. Children see, hear and learn. Unfortunately, those who grow up in violent surroundings are likely to become violent themselves. Those with religious parents and friends are likely to become religious themselves. And those who are raised in a home filled with empathy and respect have a high chance of becoming empathetic themselves. However, these developments generally do not continue after childhood – most people’s personalities are set by the time they become adults.


The seat of the soul


Descartes did more than point out that we are because we think. He was also convinced that the body and the soul are separate entities, with the latter non-physical. He argued that all of the sensory information we receive about the world is collected by the pineal gland – named because of its resemblance to a pine cone (see Fig. 3) – and then forwarded to the intangible soul.


But what is the soul? If it is ‘I’ – the sum total of what we think, feel, believe and do – then that isn’t too far from what we now call the personality.


In 1848, two hundred years after Descartes proposed his theory, the railway worker Phineas Gage’s tragic fate helped us say with certainty that the seat of the human soul is indeed in the brain. However, it is not in the pineal gland. In a freak work accident, an explosion forced an eleven-inch iron rod through Gage’s left cheek, behind his left eye, through his left frontal lobe, and out of the top of his skull. The entrance and exit wounds were treated within an hour, and six months later Gage seemed to have made a remarkable physical recovery, save for loss of vision and drooping of the eyelid in his left eye.


Yet the accident had altered his personality completely. The iron rod had destroyed the front section of his frontal lobe, with the result that he was no longer able to keep appointments or control his temper. Unsurprisingly, he was also unable to hold down a job. He died twelve years after the accident, steeped in alcohol, alone and abandoned by society.
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Figure 3: The right half of the brain, seen from the middle. The pineal gland – or epiphysis cerebri – is on the midline, towards the rear.


Gage’s story has become a classic case study for brain researchers because this was the first time in history that a link was established between a change in personality and a traumatic brain injury. Notwithstanding the prevailing view in the nineteenth century that the human personality was both unassailable and intangible, the consequences of a serious injury to the frontal lobe were suddenly undeniable. It was apparent that Descartes hadn’t been right about everything. The self was physical.


Many other philosophers, theologians and scientists throughout history have claimed to know the location of the seat of the soul. For instance, as far back as the second century ad, the Greek physician Galen argued that the soul was contained in the liquid that surrounds the brain – the cerebrospinal fluid. It’s a good sign that we can laugh at such suggestions now. Science has progressed and our knowledge is greater than it has ever been. For example, while it can no longer be called the seat of the soul, we know that the pineal gland has an important role to play because it produces the hormone that regulates our circadian rhythm.


A place for everything


The cerebral cortex is divided into lobes according to where the various parts are located within the cranium (see Fig. 4). Although many characteristics are linked to one specific area (or one lobe) of the brain, the various lobes do not operate in isolation. All of the brain’s neurons have to be part of a network in order to function correctly. So, even characteristics that are considered to be located in particular centres depend on cooperation between groups of neurons in other parts of the brain.
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