
[image: Cover image for Title ]


[image: brand]


SEBASTIAN SEUNG

Connectome

How the Brain’s Wiring Makes Us Who We Are

[image: image]
ALLEN LANE
an imprint of
PENGUIN BOOKS


Contents

Introduction

Part I: Does Size Matter?

 1 Genius and Madness

 2 Border Disputes

Part II: Connectionism

 3 No Neuron Is an Island

 4 Neurons All the Way Down

 5 The Assembly of Memories

Part III: Nature and Nurture

 6 The Forestry of the Genes

 7 Renewing Our Potential

Part IV: Connectomics

 8 Seeing Is Believing

 9 Following the Trail

10 Carving

11 Codebreaking

12 Comparing

13 Changing

Part V: Beyond Humanity

14 To Freeze or to Pickle?

15 Save As …

Epilogue

Notes

References

Figure Credits

Acknowledgments


To my beloved mother and father,
for creating my genome
and molding my connectome


Introduction

NO ROAD, NO trail can penetrate this forest. The long and delicate branches of its trees lie everywhere, choking space with their exuberant growth. No sunbeam can fly a path tortuous enough to navigate the narrow spaces between these entangled branches. All the trees of this dark forest grew from 100 billion seeds planted together. And, all in one day, every tree is destined to die.

This forest is majestic, but also comic and even tragic. It is all of these things. Indeed, sometimes I think it is everything. Every novel and every symphony, every cruel murder and every act of mercy, every love affair and every quarrel, every joke and every sorrow — all these things come from the forest.

You may be surprised to hear that it fits in a container less than one foot in diameter. And that there are seven billion on this earth. You happen to be the caretaker of one, the forest that lives inside your skull. The trees of which I speak are those special cells called neurons. The mission of neuroscience is to explore their enchanted branches — to tame the jungle of the mind (see Figure 1).

Neuroscientists have eavesdropped on its sounds, the electrical signals inside the brain. They have revealed its fantastic shapes with meticulous drawings and photos of neurons. But from just a few scattered trees, can we hope to comprehend the totality of the forest?

In the seventeenth century, the French philosopher and mathematician Blaise Pascal wrote about the vastness of the universe:

Let man contemplate Nature entire in her full and lofty majesty; let him put far from his sight the lowly objects that surround him; let him regard that blazing light, placed like an eternal lamp to illuminate the world; let the earth appear to him but a point within the vast circuit which that star describes; and let him marvel that this immense circumference is itself but a speck from the viewpoint of the stars that move in the firmament.



Shocked and humbled by these thoughts, he confessed that he was terrified by “the eternal silence of these infinite spaces.” Pascal meditated upon outer space, but we need only turn our thoughts inward to feel his dread. Inside every one of our skulls lies an organ so vast in its complexity that it might as well be infinite.

As a neuroscientist myself, I have come to know firsthand Pascal’s feeling of dread. I have also experienced embarrassment. Sometimes I speak to the public about the state of our field. After one such talk, I was pummeled with questions. What causes depression and schizophrenia? What is special about the brain of an Einstein or a Beethoven? How can my child learn to read better? As I failed to give satisfying answers, I could see faces fall. In my shame I finally apologized to the audience. “I’m sorry,” I said. “You thought I’m a professor because I know the answers. Actually I’m a professor because I know how much I don’t know.”
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FIGURE 1. Jungle of the mind: neurons of the cerebral cortex, stained by the method of Camillo Golgi (1843–1926) and drawn by Santiago Ramón y Cajal (1852–1934)

Studying an object as complex as the brain may seem almost futile. The brain’s billions of neurons resemble trees of many species and come in many fantastic shapes. Only the most determined explorers can hope to capture a glimpse of this forest’s interior, and even they see little, and see it poorly. It’s no wonder that the brain remains an enigma. My audience was curious about brains that malfunction or excel, but even the humdrum lacks explanation. Every day we recall the past, perceive the present, and imagine the future. How do our brains accomplish these feats? It’s safe to say that nobody really knows.

Daunted by the brain’s complexity, many neuroscientists have chosen to study animals with drastically fewer neurons than humans. The worm shown in Figure 2 lacks what we’d call a brain. Its neurons are scattered throughout its body rather than centralized in a single organ. Together they form a nervous system containing a mere 300 neurons. That sounds manageable. I’ll wager that even Pascal, with his depressive tendencies, would not have dreaded the forest of C. elegans. (That’s the scientific name for the one-millimeter-long worm.)

Every neuron in this worm has been given a unique name and has a characteristic location and shape. Worms are like precision machines mass-produced in a factory: Each one has a nervous system built from the same set of parts, and the parts are always arranged in the same way.
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FIGURE 2. The roundworm C. elegans

What’s more, this standardized nervous system has been mapped completely. The result — see Figure 3 — is something like the flight maps we see in the back pages of airline magazines. The four-letter name of each neuron is like the three-letter code for each of the world’s airports. The lines represent connections between neurons, just as lines on a flight map represent routes between cities. We say that two neurons are “connected” if there is a small junction, called a synapse, at a point where the neurons touch. Through the synapse one neuron sends messages to the other.

Engineers know that a radio is constructed by wiring together electronic components like resistors, capacitors, and transistors. A nervous system is likewise an assembly of neurons, “wired” together by their slender branches. That’s why the map shown in Figure 3 was originally called a wiring diagram. More recently, a new term has been introduced — connectome. This word invokes not electrical engineering but the field of genomics. You have probably heard that DNA is a long molecule resembling a chain. The individual links of the chain are small molecules called nucleotides, which come in four types denoted by the letters A, C, G, and T. Your genome is the entire sequence of nucleotides in your DNA, or equivalently a long string of letters drawn from this four-letter alphabet. Figure 4 shows an excerpt from the three billion letters, which would be a million pages long if printed as a book.
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FIGURE 3. Map of the C. elegans nervous system, or “connectome”
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FIGURE 4. A short excerpt from a human genome

In the same way, a connectome is the totality of connections between the neurons in a nervous system. The term, like genome, implies completeness. A connectome is not one connection, or even many. It is all of them. In principle, your brain could also be summarized by a diagram that is like the worm’s, though much more complex. Would your connectome reveal anything interesting about you?

The first thing it would reveal is that you are unique. You know this, of course, but it has been surprisingly difficult to pinpoint where, precisely, your uniqueness resides. Your connectome and mine are very different. They are not standardized like those of worms. That’s consistent with the idea that every human is unique in a way that a worm is not (no offense intended to worms!).

Differences fascinate us. When we ask how the brain works, what mostly interests us is why the brains of people work so differently. Why can’t I be more outgoing, like my extroverted friend? Why does my son find reading more difficult than his classmates do? Why is my teenage cousin starting to hear imaginary voices? Why is my mother losing her memory? Why can’t my spouse (or I) be more compassionate and understanding?

This book proposes a simple theory: Minds differ because connectomes differ. The theory is implicit in newspaper headlines like “Autistic Brains Are Wired Differently.” Personality and IQ might also be explained by connectomes. Perhaps even your memories, the most idiosyncratic aspect of your personal identity, could be encoded in your connectome.

Although this theory has been around a long time, neuroscientists still don’t know whether it’s true. But clearly the implications are enormous. If it’s true, then curing mental disorders is ultimately about repairing connectomes. In fact, any kind of personal change — educating yourself, drinking less, saving your marriage — is about changing your connectome.

But let’s consider an alternative theory: Minds differ because genomes differ. In effect, we are who we are because of our genes. The new age of the personal genome is dawning. Soon we will be able to find our own DNA sequences quickly and cheaply. We know that genes play a role in mental disorders and contribute to normal variation in personality and IQ. Why study connectomes if genomics is already so powerful?

The reason is simple: Genes alone cannot explain how your brain got to be the way it is. As you lay nestled in your mother’s womb, you already possessed your genome but not yet the memory of your first kiss. Your memories were acquired during your lifetime, not before. Some of you can play the piano; some can ride a bicycle. These are learned abilities rather than instincts programmed by the genes.

Unlike your genome, which is fixed from the moment of conception, your connectome changes throughout life. Neuroscientists have already identified the basic kinds of change. Neurons adjust, or “reweight,” their connections by strengthening or weakening them. Neurons reconnect by creating and eliminating synapses, and they rewire by growing and retracting branches. Finally, entirely new neurons are created and existing ones eliminated, through regeneration.

We don’t know exactly how life events — your parents’ divorce, your fabulous year abroad — change your connectome. But there is good evidence that all four R’s — reweighting, reconnection, rewiring, and regeneration — are affected by your experiences. At the same time, the four R’s are also guided by genes. Minds are indeed influenced by genes, especially when the brain is “wiring” itself up during infancy and childhood.

Both genes and experiences have shaped your connectome. We must consider both historical influences if we want to explain how your brain got to be the way it is. The connectome theory of mental differences is compatible with the genetic theory, but it is far richer and more complex because it includes the effects of living in the world. The connectome theory is also less deterministic. There is reason to believe that we shape our own connectomes by the actions we take, even by the things we think. Brain wiring may make us who we are, but we play an important role in wiring up our brains.

To restate the theory more simply:

You are more than your genes. You are your connectome.

If this theory is correct, the most important goal of neuroscience is to harness the power of the four R’s. We must learn what changes in the connectome are required for us to make the behavioral changes we hope for, and then we must develop the means to bring these changes about. If we succeed, neuroscience will play a profound role in the effort to cure mental disorders, heal brain injuries, and improve ourselves.

Given the complexity of connectomes, however, this challenge is truly formidable. Mapping the C. elegans nervous system took over a dozen years, though it contains only 7,000 connections. Your connectome is 100 billion times larger, with a million times more connections than your genome has letters. Genomes are child’s play compared with connectomes.

Today our technologies are finally becoming powerful enough that we can take on the challenge. By controlling sophisticated microscopes, our computers can now collect and store huge databases of brain images. They can also help us analyze the torrential flow of data to map the connections between neurons. With the aid of machine intelligence, we will finally see the connectomes that have eluded us for so long.

I am convinced that it will become possible to find human connectomes before the end of the twenty-first century. First we’ll move from worms to flies. Later we’ll tackle mice, then monkeys. And finally we’ll take on the ultimate challenge: an entire human brain. Our descendants will look back on these achievements as nothing less than a scientific revolution.

Do we really have to wait decades before connectomes tell us something about the human brain? Fortunately, no. Our technologies are already powerful enough to see the connections in small chunks of brain, and even this partial knowledge will be useful. In addition, we can learn a great deal from mice and rats, our close evolutionary cousins. Their brains are quite similar to ours and are governed by some of the same principles of operation. Examining their connectomes will shed new light on our brains as well as theirs.

In the year A.D. 79, Mount Vesuvius erupted with fury, burying the Roman town of Pompeii under tons of volcanic ash and lava. Frozen in time, Pompeii lay waiting for almost two millennia until it was accidentally rediscovered by construction workers. When archaeologists began to excavate in the eighteenth century, they discovered to their amazement a detailed snapshot of the life of a Roman town — luxurious holiday villas of the wealthy, street fountains and public baths, bars and brothels, a bakery and a market, a gymnasium and a theater, frescoes depicting daily life, and phallic graffiti everywhere. The dead city was a revelation, giving insight into the minutiae of Roman life.

Right now, we can conceive of finding connectomes only by analyzing images of dead brains. You could think of this as brain archaeology, but it’s more conventionally known as neuroanatomy. Generations of neuroanatomists have gazed at the cold corpses of neurons in their microscopes and tried to imagine the past. A dead brain, its molecules fastened in place by embalming fluid, is a monument to the thoughts and feelings that once lived inside. Until now, neuroanatomy resembled the act of reconstructing an ancient civilization from the fragmentary evidence of coins and tombs and pottery shards. But connectomes will be detailed snapshots of entire brains, like Pompeii stopped in its tracks. These snapshots will revolutionize the neuroanatomist’s ability to reconstruct the functioning of the living brain.

But, you ask, why study dead brains when there are fancy technologies for studying live ones? Wouldn’t we learn more if we could travel back in time and study a living Pompeii? Not necessarily. To see why not, imagine some limitations on our ability to observe the living town. Let’s say we could watch the actions of a single townsperson but would be blind to all other inhabitants. Or let’s say we could look at infrared satellite images revealing the average temperature of each neighborhood but could not see finer details. With such constraints, studying the living town might turn out to be less illuminating than we’d hoped.

Our methods for studying living brains have similar limitations. If we open up the skull, we can see the shapes of individual neurons and measure their electrical signals, but what’s revealed is only a tiny fraction of the billions of neurons in the brain. If we use noninvasive imaging methods for penetrating the skull and showing us the brain’s interior, we can’t see individual neurons; we must settle for coarse information about the shape and activity of brain regions. We can’t rule out the possibility that some advanced technology of the future will remove these limitations and enable us to measure the properties of every single neuron inside a living brain, but for now it’s just a fantasy. Measurements of living and dead brains are complementary, and the most powerful approach, in my view, combines them.

Many neuroscientists don’t agree with the idea that dead brains can be informative and useful, however. Studying living brains is the only true way of doing neuroscience, they say, because:

You are the activity of your neurons.

Here “activity” refers to the electrical signaling of neurons. Measurements of these signals have provided ample evidence that the neural activity in your brain at any given moment encodes your thoughts, feelings, and perceptions in that instant.

How does the idea that you are the activity of your neurons square with the notion that you are your connectome? Though the two claims might seem contradictory, they are in fact compatible, because they refer to two different notions of the self. One self changes rapidly from moment to moment, becoming angry and then cheering up, thinking about the meaning of life and then the household chores, watching the leaves fall outside and then the football game on television. This self is the one intertwined with consciousness. Its protean nature derives from the rapidly changing patterns of neural activity in the brain.

The other self is much more stable. It retains memories from childhood over an entire lifetime. Its nature — what we think of as personality — is largely constant, a fact that comforts family and friends. The properties of this self are expressed while you are conscious, but they continue to exist during unconscious states like sleep. This self, like the connectome, changes only slowly over time. This is the self invoked by the idea that you are your connectome.

Historically, the conscious self is the one that has attracted the most attention. In the nineteenth century, the American psychologist William James wrote eloquently of the stream of consciousness, the continuous flow of thoughts through the mind. But James failed to note that every stream has a bed. Without this groove in the earth, the water would not know in which direction to flow. Since the connectome defines the pathways along which neural activity can flow, we might regard it as the streambed of consciousness.

The metaphor is a powerful one. Over a long period of time, in the same way that the water of the stream slowly shapes the bed, neural activity changes the connectome. The two notions of the self — as both the fast-moving, ever-changing stream and the more stable but slowly transforming streambed — are thus inextricably linked. This book is about the self as the streambed, the self in the connectome — the self that has been neglected for too long.

In the pages ahead, I will present my vision for a new field of science: connectomics. My primary goal is to imagine the neuroscience of the future and share my excitement about what we’ll discover. How can we find connectomes, understand what they mean, and develop new methods of changing them? But we cannot chart the best course forward until we understand where we came from, so I’ll start by explaining the past. What do we already know, and where are we stuck?

The brain contains 100 billion neurons, a fact that has overwhelmed even the most fearless explorers. One solution, as I explain in Part I, is to forget about neurons and instead divide the brain into a small number of regions. Neurologists have learned much about the functions of these regions by interpreting the symptoms of brain damage. In developing this method, they were inspired by the nineteenth-century school of thought known as phrenology.

Phrenologists explained mental differences as arising from variations in the sizes of the brain and its regions. By imaging the brains of many human subjects, modern researchers have confirmed this idea, using it to explain differences in intelligence as well as mental disorders like autism and schizophrenia. They have found some of the strongest evidence we have for the idea that minds differ because brains differ. The evidence is statistical, however — revealed only by averages over populations. The sizes of the brain and its regions remain almost useless for predicting the mental properties of an individual.

This limitation is no mere technicality. It is fundamental. Although phrenology assigns functions to brain regions, it does not attempt to explain how each region performs its function. Without that, we cannot explain in a satisfying way why the region might function especially well in some people and malfunction in others. We can, and must, find a less superficial answer than size.

In Part II, I introduce an alternative to phrenology called connectionism, which also dates back to the nineteenth century. This approach is conceptually more ambitious, because it attempts to explain how regions of the brain actually work. Connectionists view a brain region not as an elementary unit but as a complex network composed of a large number of neurons. The connections of the network are organized so that its neurons can collectively generate the intricate patterns of activity that underlie our perceptions and thoughts. The organization of connections can be altered by experience, which allows us to learn and remember. The organization is also shaped by genes, as described in Part III, so that genetic influences on the mind can also be explained. These ideas may sound powerful, but there is a catch: They have never been subjected to conclusive experimental tests. Connectionism, despite its intellectual appeal, has never managed to become real science, because neuroscientists have lacked good techniques for mapping the connections between neurons.

In a nutshell, neuroscience has been saddled with a dilemma: The ideas of phrenology can be empirically tested but are simplistic. Connectionism is far more sophisticated, but its ideas cannot be evaluated experimentally. How do we break out of this impasse? The answer is to find connectomes and learn how to use them.

In Part IV, I explore how this will be done. We are already starting to develop technologies for finding connectomes, and I’ll describe the cutting-edge machines that will soon be hard at work in labs around the world. Once we find connectomes, what will we do with them? First, we’ll use them to carve the brain into regions, aiding the work of neo-phrenologists. And we’ll divide the enormous number of neurons into types, much as botanists classify trees into species. This will dovetail with the genomic approach to neuroscience, because genes exert much of their influence on the brain by controlling how neuron types wire up with each other.

Connectomes are like vast books written in letters that we barely see, in a language that we do not yet comprehend. Once our technologies make the writing visible, the next challenge will be to understand what it means. We’ll learn to decode what is written in connectomes by attempting to read memories from them. This endeavor will at long last provide a conclusive test of connectionist theories.

But it won’t be enough to find a single connectome. We will want to find many connectomes and compare them, to understand why one mind differs from another, and why a single mind changes over time. We’ll hunt for connectopathies, abnormal patterns of neural connectivity that might underlie mental disorders such as autism and schizophrenia. And we’ll look for the effects of learning on connectomes.

Armed with this knowledge, we will develop new methods of changing connectomes. The most effective way at present is the traditional one: training our behaviors and thoughts. But learning regimens will become more powerful when supplemented by molecular interventions that promote the four R’s of connectome change.

The new science of connectomics will not be established overnight. Today we can only see the beginning of the road, and the many barriers that lie in the way. Nevertheless, over the coming decades, the march of our technologies and the understanding that they enable will be inexorable.

Connectomes will come to dominate our thinking about what it means to be human, so Part V concludes by taking the science to its logical extreme. The movement known as transhumanism has developed elaborate schemes for transcending the human condition, but are the odds in their favor? Does the ambition of cryonics to freeze the dead and eventually resurrect them have any chance of succeeding? And what about the ultimate cyber-fantasy of uploading, of living happily ever after as a computer simulation, unencumbered by a body or a brain? I will attempt to extract some concrete scientific claims from these hopes and propose how to test them empirically using connectomics.

But let’s not entertain such heady thoughts about the afterlife just yet. Let’s begin by thinking about this life. In particular, let’s start with the question mentioned earlier, the one that everyone has thought about at some point: Why are people different?


PART I

Does Size Matter?

One

Genius and Madness

IN 1924 ANATOLE FRANCE died near Tours, a city on the Loire River. While the French nation mourned their celebrated writer, anatomists from the local medical college examined his brain and found that it weighed merely 1 kilogram, about 25 percent less than average. His admirers were crestfallen, but I don’t think they should have been surprised. In the photographs of Figure 5, Anatole France looks like a pinhead next to the Russian writer Ivan Turgenev.

Sir Arthur Keith, one of the most prominent anthropologists in England, expressed his perplexity:


Although we know nothing of the finer structural organization of Anatole France’s brain, we do know that with it he was performing feats of genius while millions of his fellow countrymen, with brains 25 percent or even 50 percent larger, were manifesting the average abilities of daily labourers.



Anatole France was a “man of average size,” Keith noted, so the smallness of his brain could not be explained away by invoking a small body. Keith went on to express his bemusement:
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FIGURE 5. Two famous writers whose brains were examined and weighed after death


This lack of correspondence between brain mass and mental ability … has been a lifelong puzzle to me. I have known … men with the most massive heads and sagacious appearances who proved failures in all the trials to which the world submitted them, and I have known small-headed men succeed brilliantly, just as Anatole France did.

 	

Keith’s confession of ignorance surprised me with its honesty, and the thought of Anatole France as a neural David triumphing over a world of Goliaths made me chuckle. At a scientific seminar I once read Keith’s words out loud. A French theoretical physicist shook his head and commented wryly, “Anatole France was not such a great writer after all.” The audience laughed, and laughed again when I noted that his amateur scribbles had earned him the 1921 Nobel Prize in Literature.

The case of Anatole France shows that brain size and intelligence are unrelated for individuals. In other words, you cannot use one to reliably predict the other for any given person. But it turns out that the two quantities have a statistical relationship — one that’s revealed by averages over large populations of people. In 1888 the English polymath Francis Galton published a paper entitled “On Head Growth in Students at the University of Cambridge.” He divided students into three categories based on their grades, and showed that the average head size of the best students was slightly larger than that of the worst students.

Many variations on Galton’s study have been done over the years, using methods that have become more sophisticated. School grades were replaced by standardized tests of intellectual abilities, colloquially known as IQ tests. Galton estimated head volume by measuring length, width, and height and then multiplying the numbers. Other investigators measured head circumference using a tape. The most intrepid preferred to remove and weigh the brains of the deceased. All of these methods seem primitive, now that researchers can see the living brain right through the skull using magnetic resonance imaging (MRI). This amazing technology generates cross-sectional images of the brain like the one shown in Figure 6.
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FIGURE 6. An MRI cross-section of the brain

In effect, MRI virtually cuts the head into slices and generates a two-dimensional (2D) image of each slice. From the resulting “stack” of 2D images, researchers can reconstruct the entire shape of the brain in three dimensions (3D) and then calculate the volume of the brain very accurately. Because of MRI, it has become much easier to conduct studies relating IQ to brain volume. From many studies of this kind over the past two decades, the consensus is clear: On average, people with bigger brains have higher IQs. Modern studies with improved methods have confirmed Galton.

This confirmation, however, does not contradict what we learned from Anatole France. Brain size is still almost useless for predicting the IQ of an individual person. What exactly do I mean by “almost useless”? If two variables are statistically related, they are said to be correlated. Statisticians grade the strength of any correlation with a single number known as Pearson’s correlation coefficient, which ranges between the limits –1 and +1. If this number — usually designated by the letter r — is close to the limits, the correlation is strong, meaning that if you know one variable, you can predict the other with high accuracy. If r is close to zero, the correlation is weak; you will be highly inaccurate if you attempt to use one variable to predict the other. The correlation between IQ and brain volume is about r = 0.33, which is quite weak.

The moral of the story is that statistical statements about averages should not be interpreted as being about individual persons. The misinterpretation is easy to make and easy to foster, which is one reason for the quip that there are three kinds of lies: lies, damned lies, and statistics.

The scientific papers in this line of research are dignified by scholarly language, not to mention loads of footnotes and citations, but one can’t escape the feeling that all this measuring of heads is kind of funny. Indeed, Galton the man was kind of funny — as in peculiar. His motto, “Whenever you can, count,” captures his obsessive love of quantification, which bordered on the ludicrous. In his memoirs he recounted an attempt to create a “Beauty Map” of Britain. While walking the streets of a city, he would prick holes in a piece of paper he held surreptitiously in his pocket. The holes recorded the beauty of the women he passed, ranked as “attractive,” “indifferent,” or “repellent.” The result of his study? “I found London to rank highest for beauty; Aberdeen lowest.”

There is also an insulting aspect to this line of research. The famous statistician Karl Pearson, Galton’s protégé and the inventor of the correlation coefficient, ordered people on a linear scale with nine divisions: genius, specially able, capable, fair intelligence, slow intelligence, slow, slow dull, very dull, and imbecile. Summarizing a person by a single number or category — whether the summary is of intelligence, beauty, or any other personal characteristic — is reductionist and dehumanizing. Some researchers have crossed the line from insulting to immoral, using their studies to advocate extreme policies of eugenics and racial discrimination.

Yet it would be a mistake to simply reject Galton’s finding because it seems silly, or because it can be misused, or because the correlation is weak. On the positive side, Galton provided the basis for a plausible hypothesis: Differences in the mind are caused by differences in the brain. He used the best method available to him, looking at the relationship between grades in school and head size. Contemporary researchers use IQ and brain size, measures that are better but still crude. If we continued to refine our measures, might we discover correlations that are much stronger?

Summarizing the brain’s structure by a single number like total volume or weight seems superficial. Even casual examination of the brain reveals multiple regions, each of which looks very different to the naked eye. The cerebrum, the cerebellum, and the brainstem — shown in Figure 7 — are plainly visible when the brain is removed intact from the skull, as was done at the autopsies of Anatole France and Ivan Turgenev.

You can imagine the brainstem holding the cerebrum up like fruit on a stalk, with the cerebellum decorating the junction like a leaf. The cerebellum is important for graceful movement, but its removal mostly spares mental abilities. Damage to the brainstem can kill, because it controls many vital functions, such as breathing. Extensive damage to the cerebrum leaves the victim alive but unconscious. The cerebrum is widely regarded as the most important of the three parts for human intelligence; it is critical for virtually all our mental abilities. It is also the largest of the three parts, occupying about 85 percent of total brain volume.
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FIGURE 7. A tripartite division of the brain

Most of the surface of the cerebrum is covered by a sheet of tissue just a few millimeters thick. This is known as the cerebral cortex, or cortex for short. Spanning the area of a hand towel, the cortex can fit inside the skull only because it’s folded up. The folds give the cerebrum a wrinkled appearance. The most obvious boundary within the cortex is visible from above: a large groove running from front to back (see Figure 8, left). This groove, called the longitudinal fissure, divides the left and right hemispheres of the cerebrum, the “left brain” and “right brain” of pop psychology.

It’s less obvious how to subdivide each cerebral hemisphere, but one reasonable approach relies again on grooves of the cortex. After the longitudinal fissure, the next most prominent groove is called the Sylvian fissure (see Figure 8, right). After that is the central sulcus, which runs vertically from the Sylvian fissure toward the top of the brain. These two major grooves divide each hemisphere into four lobes: frontal, parietal, occipital, and temporal. (By the way, it’s worth memorizing the names and locations of these lobes, as I will refer to them often.)
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FIGURE 8. The cerebrum divided into hemispheres (left), and each hemisphere divided into lobes (right)

There are many other, more minor grooves on the brain’s surface, some of which are in roughly the same location from person to person. These have names and are still used today as landmarks. But does dividing the cortex along its grooves really make sense? Are they genuine boundaries, or merely an insignificant byproduct of the fact that the cortex has to fold to fit inside the skull?

The problem of dividing the cortex was first confronted in the nineteenth century. Before then, it was thought that the cortex merely served to cover the rest of the brain. (The term cortex is derived from the Latin word meaning “bark,” as in tree bark.) In 1819 the German physician Franz Joseph Gall published his theory of “organology.” He noted that every organ of the body serves a distinct function: the stomach for digestion, the lungs for breathing, and so on. Gall argued that the brain is too complex to be a single organ, and the mind too complex to be a single function. He proposed to divide both. In particular, he recognized the importance of the cortex and divided it into a set of regions, which he called the “organs” of the mind.

Gall’s disciple Johann Spurzheim later introduced the term phrenology, more familiar to us than Gall’s original name for the theory. The phrenological map shown in Figure 9 displays regions corresponding to functions with names like “acquisitiveness,” “firmness,” and “ideality.” These particular correspondences are now considered fanciful imaginings based on flimsy evidence, but the phrenologists eventually turned out to be more right than wrong. Their emphasis on the cortex is widely accepted today, and their approach of localizing mental functions to particular cortical regions is still taken seriously. It now goes by the name of cortical or cerebral localizationism.
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FIGURE 9. Phrenological map

The first real evidence for localization came later in the nineteenth century from observations of patients with brain damage. At that time, many French neurologists worked at two Parisian hospitals. Salpêtrière, on the Left Bank of the Seine River, housed female patients; male patients were placed farther from the city center, in Bicêtre. Both hospitals were founded in the seventeenth century and had functioned as prisons and mental asylums too. (The distinction was blurred by Bicêtre’s most famous inmate, the Marquis de Sade.) Both hospitals had pioneered humane methods for the treatment of the insane, such as not confining them in chains. I imagine that they remained depressing places all the same.

In 1861 the French physician Paul Broca was called to examine a fifty-one-year-old patient suffering from an infection in his surgical ward at Bicêtre. According to the records, the patient had been incarcerated since the age of thirty. At the time of admission he had already lost the ability to speak any word except the monosyllable “tan,” which became his nickname. Since Tan could communicate with hand gestures, it seemed that he could comprehend language, although he could not speak it.

A few days after the examination, Tan succumbed to his infection, and Broca performed an autopsy. He sawed open the skull, removed the brain, and placed it in alcohol for preservation. The most prominent damage to Tan’s brain — see Figure 10 — was a large cavity in the left frontal lobe.

Broca announced his discovery to the Anthropological Society the next day. He claimed that the damaged region in Tan’s brain was the source of speech, which was distinct from comprehension. Today, loss of language ability is known as aphasia. Loss of speech, in particular, is called Broca’s aphasia, and the damaged location in Tan’s cerebral cortex is known as Broca’s region. With his discovery, Broca managed to settle a debate that had raged for decades. The phrenologist Gall had asserted at the beginning of the nineteenth century that linguistic functions were located in the frontal lobe of the brain, but had been met with skepticism. Broca finally provided some convincing evidence, as well as a specific location in the frontal lobe.

[image: image]

FIGURE 10. Tan’s brain, with damage to Broca’s region

As time went on, Broca encountered more cases similar to Tan’s and found that they all involved damage to the left hemisphere of the brain. Given that the two hemispheres looked so similar to each other, it was hard to believe that they could be different in their functions. But the evidence mounted, and Broca concluded in an 1865 paper that the left hemisphere was specialized or dominant for language. Subsequent researchers have confirmed that this is the case for almost all people. Thus Broca’s findings supported not only cortical localization but also cerebral lateralization, the idea that mental functions are located in either the left or the right hemisphere.

In 1874 the German neurologist Carl Wernicke described a different kind of aphasia. Unlike Tan, his patient could speak words fluently, but the sentences didn’t make sense. Furthermore, the patient could not comprehend questions asked of him. Autopsy showed damage to part of the temporal lobe of the left hemisphere. Wernicke concluded that loss of comprehension was the primary effect of damage to this region. Production of nonsensical sentences was a secondary effect, which could have arisen because a person may need to comprehend what he or she is saying in order to say something that makes sense. The symptoms caused by damage to Wernicke’s region are known today as Wernicke’s aphasia.

Together, Broca and Wernicke provided a double dissociation of speech production and comprehension. Damage to Broca’s region halted production of words but left comprehension intact; damage to Wernicke’s region destroyed comprehension but spared production. This was important evidence that the mind is “modular.” It might seem obvious that language is distinct from other mental abilities, since it is possessed by humans but not other animals, but it’s less obvious — or was less obvious, before Broca and Wernicke — that language can be further subdivided into separate modules for production and comprehension.

Broca and Wernicke showed how to map the cortex by relating the symptoms of patients to the locations of brain lesions. By using this method, their successors were able to identify the functions of many other regions of the cortex. They created maps resembling those of the phrenologists, but based on solid data. Could their findings on cortical localization be used to understand mental differences?

When Albert Einstein died in 1955, his body was cremated. His brain was not, because it had been removed by the pathologist Thomas Harvey during an autopsy. Fired from Princeton Hospital a few months later, Harvey kept Einstein’s brain. Over the following decades he carried 240 pieces with him in a jar as he moved from city to city. In the 1980s and 1990s, Harvey sent specimens to several researchers who shared his goal of finding out what was special about the brain of a genius.

Harvey had already determined that the weight of Einstein’s brain was average, or even slightly below average; thus brain size couldn’t explain why Einstein was extraordinary. Sandra Witelson and her collaborators proposed another explanation in 1999. They argued, based on the photographs Harvey had taken during the autopsy, that a cortical region called the inferior parietal lobule was enlarged. (This region is part of the parietal lobe of the brain.) Perhaps Einstein was a genius because part of his brain was enlarged. Einstein himself reported that he often thought in images rather than words, and the parietal lobe of the brain is known to be involved in visual and spatial thinking.

Anatole France and Albert Einstein belong to a long tradition of public fascination with geniuses’ brains. Nineteenth-century enthusiasts preserved the brains of luminaries like the poets Lord Byron and Walt Whitman, which still sit today in dusty jars relegated to the back rooms of museums. I find it strangely heartening that Tan and Paul Broca, the wordless patient and the neurologist who studied him, are now companions for eternity, as the same Parisian museum preserves both of their brains. Neuroanatomists also preserved the brain of Carl Gauss, one of the greatest mathematicians of all time. They pointed to an enlarged parietal lobe to explain his genius, anticipating Witelson’s explanation of Einstein’s.

So the strategy of studying the sizes of specific brain regions rather than overall brain size is not new at all. In fact, it was originally invented by the phrenologists. Their founding father, Franz Joseph Gall, titled his 1819 treatise The Anatomy and Physiology of the Nervous System in General, and of the Brain in Particular, with Observations upon the possibility of ascertaining the several Intellectual and Moral Dispositions of Man and Animal, by the configuration of their Heads. Gall held that each mental “disposition” is correlated with the size of the corresponding cortical region. More dubiously, Gall argued that the shape of the skull reflected the shape of the underlying cortex and could be used to divine a person’s dispositions. Phrenologists roamed the world offering to predict the fortunes of children, assess prospective marriage partners, and screen job applicants by feeling bumps on heads.

Gall and his disciple Spurzheim proposed functions for cortical regions based on anecdotes about extreme dispositions. If a genius had a large forehead, intelligence must be in the front of the brain. If a criminal’s head bulged on the sides, the temporal lobe must be important for telling lies. Their anecdotal methods led to localizations that were mostly preposterous. By the second half of the nineteenth century, phrenology had become an object of ridicule.

Today we have technologies that the phrenologists could only fantasize about. MRI gives us precise measurements of the sizes of cortical regions, eliminating the silly method of feeling head bumps. And by scanning the brains of many humans, researchers can collect enough data to go beyond anecdotes like Witelson’s study of Einstein’s brain. What have the neo-phrenologists found?

They have demonstrated that IQ is correlated with the sizes of the frontal and parietal lobes. The correlation has turned out to be slightly stronger than that between IQ and overall brain size, in keeping with the idea that these lobes are more critical to intelligence. (The occipital and temporal lobes are mainly devoted to sensory abilities like vision and hearing.) Still, the correlation is disappointingly weak.

But these studies don’t fully follow the spirit of phrenology, which not only divided the brain into regions but also divided the mind into separate abilities. We all know people who are superb at mathematics but less skilled verbally, and vice versa. Today many researchers reject the notion of IQ and general intelligence as simplistic. They prefer to speak of “multiple intelligences,” and these turn out to be correlated with the sizes of specific brain regions. London taxi drivers have an enlarged right posterior hippocampus, which is a region of the cortex thought to be involved in navigation. In musicians, the cerebellum is larger and certain cortical regions are thicker. (The enlargement of the cerebellum makes sense, as it is thought to be important for fine motor skills.) Bilinguals have a thicker cortex in the lower part of the left parietal lobe.

While these findings are fascinating, they are only statistical. If you read the fine print, you’ll see that the brain regions are only larger on average. It remains the case that the sizes of brain regions are almost useless for predicting the abilities of an individual.

Differences in intellectual ability can cause difficulties, but they’re usually not catastrophic. Other kinds of mental variation, however, exact terrible suffering and are hugely costly to our society. In industrialized countries, an estimated six of every hundred people have a severe mental disorder, and almost half suffer a milder disorder at some point in their lives. Most disorders respond only partially to behavioral and drug therapies, and many have no known treatment at all. Why is it so difficult to fight mental disorders?

The discoverer of a disease is usually the first to describe its symptoms. In 1530 the Italian physician Girolamo Fracastoro utilized the unusual medium of an epic poem, Syphilis sive morbus Gallicus (“Syphilis or the French Disease”). He named the disease in honor of the first man to contract it, the mythical shepherd Syphilus, who was punished with sickness by the god Apollo. In three books of Latin hexameter, Fracastoro described the symptoms of syphilis, recognized that it was sexually transmitted, and prescribed some remedies.

Syphilis causes ugly skin lesions and awful physical deformities. Later on, another horrible symptom can emerge: insanity. In his 1887 horror story “Le Horla,” the French writer Guy de Maupassant imagined a supernatural being who torments the narrator, first by physical sickness and then by madness: “I am lost! Somebody possesses my soul and governs it! Somebody orders all my acts, all my movements, all my thoughts. I am no longer anything in myself, nothing except an enslaved and terrified spectator of all the things which I do.” The narrator finally resolves to end his suffering by killing himself. The story seems semi-autobiographical, as Maupassant suffered from syphilis contracted in his twenties. In 1892 he attempted suicide by cutting his throat. Committed to an asylum, Maupassant died the next year at the age of forty-two.

The painter Paul Gauguin and the poet Charles Baudelaire may also have suffered from syphilis. We have no proof, however, because a disease cannot be reliably diagnosed based on symptoms alone. Two people with the same disease may have different symptoms, and two people with different diseases may have similar symptoms. To diagnose and treat a disease, we’d like to know its cause rather than its symptoms. The bacterial cause of syphilis was discovered in 1905, and the first drugs that killed the bacteria soon followed. These drugs were effective in the early stages of syphilis, but they could not eradicate the disease after it invaded the nervous system. In 1927 the German physician Julius Wagner-Jauregg won the Nobel Prize for his bizarre cure for neurosyphilis. In addition to administering drugs, he deliberately infected patients with malaria. The resulting fever somehow killed off the syphilis bacteria, at which point he introduced drugs that cured the malaria. After World War II, Wagner-Jauregg’s cure was replaced by penicillin and the other antibacterial drugs known as antibiotics. Syphilis is no longer a major cause of brain disease.

Diseases caused by infection are relatively easy to cure, because we know the cause. But what about other kinds? Alzheimer’s disease (AD), which commonly strikes the elderly, starts with memory loss and progresses to dementia, a generalized deterioration of mental abilities. In the late stages, the brain shrinks, leaving empty space inside the skull. Were they alive today, the phrenologists would explain AD as being caused by a decrease in brain size, but this explanation would be unsatisfactory. Shrinkage of the brain occurs long after memory loss and other symptoms first appear, and furthermore, shrinkage is itself more a symptom than a cause. It happens because brain tissue dies, but what causes that?

Searching for clues, scientists examined autopsy tissue from AD patients and discovered microscopic “junk” called plaques and tangles littering the brains. In general, an abnormality in the cells of the brain associated with a disease is known as a neuropathology. Plaques and tangles appear in the brain well before the death of cells, and closer to the onset of AD symptoms. These neuropathologies are currently regarded as the defining characteristic of AD, as the symptoms of memory loss and dementia can also occur in other diseases. Scientists have not yet figured out what causes plaques and tangles to accumulate, but they hope that reducing these neuropathologies might cure AD.

The most puzzling mental disorders come with no clear and consistent neuropathology. Here we are really stumped. These disorders, still defined only by their psychological symptoms, are the furthest from being cured. They may involve anxiety, as in panic and obsessive-compulsive disorders, or mood, as in depression and bipolar disorder. Two of the most debilitating are schizophrenia and autism.

The symptoms of autism are most memorably conveyed by clinical description:


David was 3 when he was diagnosed as autistic. At that time he hardly looked at people, was not talking, and seemed lost in his own world. He loved to bounce on a trampoline for hours and was extremely adept at doing jigsaw puzzles. At 10 years of age David had developed well physically, but emotionally remained very immature. He had a beautiful face with delicate features. … He was and still is extremely stubborn in his likes and dislikes. … More often than not his mother has to give in to his urgent and repeated demands, which easily escalate into tantrums.

David learned to talk when he was 5. He now goes to a special school for autistic children, where he is happy. He has a daily routine, which he never varies. … Some things he learns with great skill and speed. For example, he learned to read all by himself. He now reads fluently, but he doesn’t understand what he reads. He also loves to do sums. However, he has been extremely slow to learn other skills, for example, eating at the family table, or getting dressed. …

David is now 12 years old. He still does not spontaneously play with other children. He has obvious difficulties in communicating with other people who don’t know him well. … He makes no concessions to their wishes or interests and cannot take onboard another person’s point of view. In this way David is indifferent to the social world and continues to live in a world of his own.



This case study includes all three of the symptoms that define autism: social impairment, difficulties with language, and repetitive or rigid behaviors. The symptoms appear before three years of age and often lessen later on, but most autistic adults are unable to function without some sort of supervision. No known treatment is very effective, and there is certainly no cure.

Speaking more poetically, Uta Frith has described autism as a “beautiful child imprisoned in a glass shell.” Many other types of disabled children may have heart-wrenchingly obvious physical deformities. That’s not the case for the autistic, who look superficially fine or even beautiful. Their appearance deceives parents, who have difficulty believing that something is fundamentally wrong. They hope in vain to break through the “glass shell” — the social isolation of autism — and liberate a normal child. But the healthy guise of the autistic child hides a brain that is not normal.

The best-documented abnormality is one of size. When the American psychiatrist Leo Kanner originally defined the syndrome in a landmark 1943 paper, he noted in passing that five children out of his eleven case studies had large heads. Over the years, researchers have studied many more autistic children and found that their heads and brains are indeed enlarged on average — especially the frontal lobe, which contains many areas involved in social and linguistic behaviors.

Does that mean brain size is a good predictor of autism? If it were, we could be confident that the phrenological approach is on the right track toward explaining autism. But we should be careful not to commit a common statistical fallacy concerning rare categories. Consider a very special type of person, professional football players. They are markedly larger than the average person. Can we turn this around and predict that anyone much larger than average is likely to be a professional football player? This prediction rule would work well with what’s called a balanced population — one containing equal numbers of football players and regular people. If you sorted them by size, you’d be pretty accurate. But if you looked instead at the general population and predicted that any large person drawn from it was a football player, you’d be wrong most of the time. These people would just be tall, muscular, or obese for other reasons. Similarly, predicting that all children with big brains are autistic would be highly unreliable. There is much more to playing in the NFL than being large, and much more to being autistic than having a big brain.

The media often report studies claiming accurate prediction of rare mental disorders based on some property of the brain. These studies usually turn out to be less impressive than they sound, because the accuracy is only for a balanced population, not for the general population. If, however, you really know a disease’s cause, it should serve as an unerring diagnostic, even for the general population. That’s the case for many infectious diseases, which can be detected through blood tests for microbes.

Schizophrenia is as perplexing as autism. It typically begins in the twenties, with the striking and sudden onset of hallucinations (most commonly hearing voices), delusions (often of persecution), and disorganized thinking. Here is a vivid first-person account of such symptoms, collectively known as psychosis:


Though I cannot remember how it was initiated, at one point while I was sitting on the toilet, a quick rush of adrenaline gripped me. My heart was racing. Voices started coming out of nowhere, and I thought that I was mentally tuned into a television program being broadcast worldwide in which rock stars and scientists were overthrowing the world governments (through the means of computers, biology, psychology, and voodoo-type ritual). Right then and there!

At that moment the people communicating on TV were announcing all of their intentions and motives for a new world order. I seemed to be at center stage of the discussion with a number of rock stars and scientists who were hiding elsewhere throughout the world.

 	

Psychosis can terrify the victim, as well as alarm and distress others. It’s the most obvious sign of schizophrenia, but it also accompanies other mental disorders. So an accurate diagnosis of schizophrenia requires additional symptoms, such as lack of motivation, flattened emotion, and diminished speech. These are the “negative” symptoms of schizophrenia, in contrast to the “positive” or psychotic symptoms. (Here, “positive” and “negative” are not value judgments; they refer to the presence of disordered thought and the relative absence of emotion, respectively.) Schizophrenia is treated with drugs that eliminate psychosis. The drugs are not a complete cure, however, because they are less effective for the negative symptoms. Most schizophrenics remain unable to live independently.

As with autism, the best-documented abnormality of the schizophrenic brain has to do with size. MRI studies have shown that overall brain volume is reduced on average by just a few percentage points. The percent reduction of the hippocampus is slightly greater but still not very large. Researchers have also imaged the ventricular system, a set of fluid-filled caverns and passages in the brain. The lateral and third ventricles are enlarged on average by 20 percent. Since the ventricles are hollow spaces in the brain, their enlargement might be related to the observed reduction in brain volume. While it’s encouraging that some sort of difference has been found, this correlation is as weak as the statistical findings reported for autism. Diagnosing schizophrenia for an individual using brain size, hippocampal size, or ventricular volume would be wildly inaccurate.

To make progress in treating autism and schizophrenia, it would help to find clear and consistent neuropathologies like the plaques and tangles of Alzheimer’s disease, but no similar accumulation of “junk,” or other signs of dying or degenerating cells, is consistently associated with autistic or schizophrenic brains. Neo-phrenology suggests that something is abnormal about the brain, but we have failed to find it. In 1972 the neurologist Fred Plum wrote despairingly that “schizophrenia is the graveyard of neuropathologists.” Researchers have discovered some clues since then, but there has been no dramatic breakthrough.

Most of us are convinced that minds differ because brains differ; so far, however, there is little proof. The phrenologists tried to find evidence by examining the sizes of the brain and its regions, but only recently has MRI provided the technological means to execute their strategy properly. Neo-phrenology has confirmed that mental differences are statistically related to brain size, by revealing weak correlations in groups of people, but the differences do not accurately predict genius, autism, or schizophrenia in individuals.

I wish neuroscience were winning its game more convincingly. The stakes are high. Discovering neuropathologies for autism and schizophrenia could aid the search for therapies. Understanding what makes a brain intelligent could help us devise better teaching methods or other tools to make people smarter. We don’t just want to understand the brain. We want to change it.


Two

Border Disputes

God, grant me the serenity

To accept the things I cannot change

Courage to change the things I can

And wisdom to know the difference.

THE SERENITY PRAYER has been adopted by Alcoholics Anonymous and other organizations that help members recover from addiction. It reveals why the brain fascinates people so much: They are always hoping to change it. Just stroll through the self-help section of your local bookstore — you’ll see hundreds of titles on how to drink less, quit drugs, eat right, manage money, discipline your kids, and save your marriage. All these things seem possible, but they are difficult to achieve.

Certainly normal, healthy adults would like to change their behaviors, but this goal is even more critical for those with mental disabilities and disorders. Can a young adult ever be cured of schizophrenia? Can a grandparent learn to speak again after a stroke? And we all want our schools and our childrearing to mold young minds for the better. Can we improve the way this is done?

The Serenity Prayer asks for courage and wisdom about change. Wouldn’t it be better to have answers from neuroscience as well? After all, changing the mind is ultimately about changing the brain. But neuroscience can never aid the quest for self-improvement without answering a more fundamental question: How exactly does the brain change when we learn to behave in a new way?

Parents marvel at the speed of their babies’ development, excitedly celebrating every new action or word as a wondrous occasion. The infant brain grows rapidly, reaching close to adult size by two years of age. This suggests a simple theory: Perhaps learning is nothing more than brain growth, and children can be made smarter by enhancing this growth.

This theory goes back yet again to the phrenologists. Johann Spurzheim argued that mental exercise could enlarge cortical organs, much as muscles bulk up after physical training. Based on this theory, Spurzheim went on to develop an entire philosophy of education for both children and adults.

More than a century passed before his theory was finally tested scientifically. By that time, psychologists had invented a way of studying the effects of stimulation on the animal mind. Laboratory rats were placed in two different environments, one dull and the other “enriched.” In the dull cage, a solitary rat lived with food and water containers as the only decoration. In the enriched cage, many rats lived together in a group and were provided daily with new toys. By running the rats through simple mazes, researchers found that the enriched rats were smarter. Presumably their brains were different, but exactly how?

In the 1960s Mark Rosenzweig and his colleagues decided to find out. Their method was startlingly simple: They weighed the cortex. It turned out that the enriched cage slightly enlarged the cortex on average. This was the first demonstration that experience causes the brain’s structure to change.

You might not be surprised. After all, what about those MRI studies showing that London taxi drivers, musicians, and bilinguals have enlarged brain regions? Once again we must be careful not to read too much into statistical findings. The MRI studies showed correlation, but they did not prove causation.

Did driving a taxi, playing a musical instrument, and speaking a second language cause the brain to enlarge, as in Spurzheim’s theory? Causation could be claimed if the brains of musicians and non-musicians were the same before musical training, and only became different afterward. But since the MRI study only collected data about “after,” it cannot rule out an alternate interpretation: Perhaps some people are born with a brain enlargement that endows musical talent, and these gifted people are more likely to become musicians. Enlarged brains cause musical training, not the other way around.

Musicians may be selected on the basis of innate talent by music teachers and competitions. And musicians may be self-selecting, since people generally prefer activities at which they excel. This sort of problem, known as selection bias, complicates the interpretation of many statistical studies. Rosenzweig eliminated selection bias by randomly installing some rats in the enriched cage and others in the dull cage. This ensured that the two groups of rats started out statistically identical, enabling him to interpret any differences after the cage experience as having been caused by it.

For an even more direct demonstration of causation, one can use MRI to compare human brains before and after an experience. In this way, researchers found that learning to juggle balls thickened the cortex in the parietal and temporal lobes. And intensive study for exams caused the parietal cortex and the hippocampus to enlarge in medical students.

These results are impressive, but they are still not what we want. It is not enough to show that experience changes the brain. We also want to know whether the change is the cause of the improved performance. To understand why proof is still lacking, consider the following analogy. Imagine that musical training causes musicians to become more obese by forcing a sedentary lifestyle of practicing all day long. It would be wrong to conclude that obesity causes their improved musical performance. Similarly, showing that musical training enlarges the brains of musicians does not prove that this growth causes them to play their instruments better.

Rosenzweig showed that living in the enriched cage made rats smarter and also thickened their cortex. He did not prove, however, that it was the thickening that caused the improvement in intelligence. In fact, this seems unlikely, given what we know about the functions of cortical regions. The frontal lobe is thought to be important for skills like maze-running, but it showed little or no increase in size. The occipital lobe, which is responsible for visual perception, showed the largest increase.

In the end, we cannot equate cortical thickening with learning. We can say only that these two phenomena are correlated. Furthermore, the correlation is weak, once again revealed only by averages over groups. Cortical
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