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PREFACE


How do the 100 billion neurons in our brain allow us to remember who we are; to learn, think, and dream; to be stirred by passion or rage; to ride a bike or conjure meaning from inked patterns on paper; or to pluck out instantly a mother’s voice from the muddle of a noisy crowd? What goes wrong with neural circuits in schizophrenia or depression, or in dreadful diseases like Alzheimer’s, multiple sclerosis, chronic pain, or paralysis?

We are on the cusp of a new understanding of the brain that transforms a century of conventional thinking about the brain, specifically the role of the brain’s neurons. Crowding around the computer screen in a darkened room in 1990, scientists watched information passing through peculiar brain cells, bypassing neurons and communicating without using electrical impulses. Until this discovery scientists had presumed that information in the brain flowed only through neurons by using electricity. In fact, a mere 15 percent of the cells in our brain are neurons. The rest of our brain cells—called glia—have been overlooked as little more than packing material stuffed between the electric neurons. “Housekeeping cells” they were called. Dismissed as cellular domestic servants, glia were neglected for more than a century after they were discovered.

Now scientists are shocked to learn that these odd brain cells communicate among themselves. Scientists’ understanding of the brain has been shaken to its foundation by the discovery that these cells not only sense electrical activity flowing through neural circuits—they can control it.

How did scientists miss half the brain until now? Glia do not fire electrical impulses, and so the probing electrodes neuroscientists use to monitor neurons were deaf to glial transmissions. Glia are not connected through synapses into circuits the way neurons are. Rather than passing messages sequentially like a falling line of dominos, glia broadcast their messages broadly throughout the brain.

How will this new discovery change our understanding of the mind? Will the mysteries of how the mind fails in mental illness or disease be solved as we explore this new dimension of the brain? Will the search uncover answers to how the brain can be repaired after disease or injury?

The discovery of glia—the other brain—is a dawning that illuminates every aspect of brain science, touching simultaneously all researchers working on the brain. This is a story of science in action, with twists and turns, insight and confusion, controversy and consensus. Along the way you will meet some fascinating scientists who are real people, each one different and sometimes peculiar, but each engaged in the most collaborative of all human activities—science.

The information here is so new it has not yet found its way into textbooks. This information will change your understanding of the brain. It will also provide you essential knowledge that will benefit you or your loved ones in your own health. The book is packed with the latest information on neuroscience and medicine, and it brings you inside for an eyewitness view through the eyes of one of the researchers involved.
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Discovering the Other Brain




CHAPTER 1

Bubble Wrap or Brilliant Glue?

EinstEin’s Brain

With a final slice he dropped the scalpel into the stainless steel tray, and reaching into the open skull with both hands, he carefully scooped out the brain. Cradling a human brain in his hands always released a torrent of thoughts and emotions over mortality, individuality, biology, spirituality, and the mystery of one’s own place in the world. Only hours before, everything that was this unique human being had been embodied in these three pounds of convoluted tissue. Although the pathologist had felt these emotions countless times before, this time was different. The corpse laid out on the stainless steel table before him was Albert Einstein, and in his hands he held Einstein’s brain.

Scrutinizing the brain under the bright examination lights he stared with profound wonder at how this brain, slumping under its own weight like Jell-O and looking identical to any other human brain, could have created one of the most extraordinary minds of the last century. Suddenly, Dr. Thomas Harvey saw in this brain his own destiny and purpose. It was meant for him.

Rinsing blood from the brain carefully in saline solution, he weighed and measured it and then placed it in a freshly made 10 percent solution of formaldehyde, the toxic fumes stinging his nose and eyes. When this great man’s body was laid to rest, his phenomenal brain lay sunken in a jar of preservative, like a curious museum specimen, hidden away for the next forty years by a pathologist who felt an overwhelming compulsion to keep it for himself. It was an unethical and illegal desecration, but Harvey felt it was his fate and duty to science and humanity to unlock the secrets that had enabled this brain to give birth to such an extraordinary scientific mind.

The task was far beyond the ability of this pathologist, who saw his role as guardian of this priceless scientific treasure. Over the next four decades, Harvey doled out small slices of Einstein’s brain to scientists and pseudoscientists around the world to probe in different ways for clues to Einstein’s genius.1

Here was a mind so extraordinary it conceived thoughts beyond the ability of any other mind to imagine, and beyond the capacity of many minds to understand even after the theory of relativity was fully formulated and articulated to them. A mind that could conceive the idea that time itself was flexible. Time and space, matter and energy lost their identity and freely morphed from one to the other, and time contracted or dilated to frame events fluidly. And to reach that revelation through no other means than the power of thought—a mind imagining itself riding a beam of light.

Thirty years after Einstein’s brain was stolen, four pieces of it reached a distinguished neuroanatomist at the University of California, Berkeley. She now held in her hands vials containing four bits of tissue selected from carefully chosen regions of Einstein’s cerebral cortex. Dr. Marian Diamond reasoned that since Einstein’s genius related to extraordinary abilities of imagination, abstraction, and higher-level cognitive function, any physical basis for Einstein’s genius would be found in the regions of cerebral cortex serving these cognitive functions, rather than regions of cortex handling other functions such as hearing, sight, or motor control, which were not extraordinarily different in Einstein. Harvey had cut up Einstein’s cortex, numbered the blocks, and embedded them in celloidin, a nitrocellulose compound that, when hardened, encased the tissue like insects in amber. Diamond wanted to examine two samples of association cortex, parts of the cerebral cortex where information is brought together for analysis and synthesis. She requested that Harvey send her samples from the prefrontal region, which lies just under the forehead, and one from the inferior parietal region, located slightly behind and above the ears. It was important to have samples from both left and right sides of the brain, because in most people, the left and right hemispheres tend to dominate in different cognitive functions, just as we engage the world differently with our left and right hands. The prefrontal cortex is involved in planning, recent memory, abstracting, and categorizing information. The infamous prefrontal lobotomy procedure severs this region from the brain, leaving basic mental functions unimpaired but rendering patients docile by the loss of higher level cognitive abilities to make mental abstractions and syntheses from their experiences. Diamond also requested samples from Einstein’s inferior parietal cortex, because this region is associated with imagery, memory, and attention. People with damage to this area, especially on the dominant (usually left) side of the brain, lose the ability to recognize words and letters and cannot spell or calculate. Medical literature documents the story of a mathematician who found it difficult to formulate mathematical problems after damage to this area of his cortex.

A career of studying human cortical anatomy could not diminish the wonder, excitement, and anticipation Diamond now felt as she held these four cream-colored bits of human brain, the size of sugar cubes, up to the light. These were different—at least the mind that had emerged from them was. If she could discover the secrets that had enabled this brain tissue to produce Einstein’s genius, that discovery could give insight into the cellular mechanisms linking mind and brain. It could tell us how our own brain operates and how the diseased minds of those less fortunate fail.

Diamond would need to compare these samples with appropriate control samples. Her excitement was tempered by doubt, for while she was surrounded in her lab by boxes of microscope slides containing tissue samples from many different human brains, there is but one of Einstein’s brain. The truly extraordinary nature of Einstein’s brain meant that no matter what result she obtained, the experiment could never be replicated. The gnawing uncertainty that faces every scientist at the conclusion of an experiment would be harder to vanquish without the possibility of replication. Conclusions from any data can be fallible, but science progresses through observation, data collection, and assembly of the facts. Would it be better not to look?

Scientists deal with the uncertainty of experimental results by making measurements and calculating mathematically the odds that the difference between the data from the control group and the experimental group could have come about due to chance alone. Similarly the significance of a single blond hair found at a crime scene can be partly evaluated knowing the probability of finding a blond hair in the population.

Diamond and her associates prepared to study the cellular structure of the samples. To do this, the brain tissue had to be sliced thinner than the diameter of a cell and stained with dyes, so that individual neurons could be discerned in detail among the jumble of cells forming the tissue. So thin are these slices that a stack of fifteen would only equal the thickness of a human hair. Laid out before her was a series of glass dishes filled with brilliantly colored solutions, ranging from deep purple to a shimmering pink that changed to green depending on how light struck it, like an oil slick on water. After she had collected a series of tissue sections, she transferred each one carefully with an artist’s fine paintbrush to a small glass dish of staining solution.

The next day, when she studied the sections under the microscope, shadows appeared through the formless fog; suddenly, as from an airplane descending through the clouds, the image came into sharp focus and detail like the panorama of a city. The cell she was viewing was a neuron from a region of Albert Einstein’s cortex. Perhaps this very neuron had imagined riding a beam of light. What was the difference between it and an ordinary neuron in another region of Einstein’s cortex that sparked commands to Einstein’s fingers, perhaps to write out on paper the mathematical symbols that brought this imagination to a tangible reality? How similar was this neuron to one in the same part of her cortex now sparking images and thoughts through circuits in her own mind as she contemplated the priceless treasure and mystery before her? How could a microscopic cell have so radically changed the world? How would this cell compare to a neuron in the same part of Isaac Newton’s brain? Science and technology progress through the combined action of thousands of small steps, but scientific advance is sometimes punctuated by great conceptual leaps, like the Copernican view of the solar system, Newton’s laws of gravitation and motion, Darwin’s theory of evolution of species, and Einstein’s theory of relativity. The number of such leaps can be counted on the fingers of both hands, and this neuron had come from a mind that had changed the world.

After days of carefully measuring and counting cells, Diamond added up the data and compared it with the identical regions from eleven control brains, from men ranging in age from forty-seven to eighty. There was no difference.

A neuron from the brain of a genius was indistinguishable from one taken from a typical brain. And on average, there were just as many neurons in Einstein’s creative cerebral cortex as in the cortex of men not noted for being unusually creative. But there was one difference in the data. The number of cells that were not neurons was off the charts in all four areas of Einstein’s brain. On average, the samples from normal brain tissue had one cell that was not a neuron for every two neurons counted, but the samples from Einstein’s brain had nearly twice as many nonneuronal cells, about one for every neuron. The biggest difference was seen in the sample of parietal cortex from the dominant side of Einstein’s brain, the region where abstract concepts, visual imagery, and complex thinking take place. Was this a fluke? Diamond calculated the mathematical odds that this difference could have happened by chance, considering the range of variation in the control tissue samples. In all the regions sampled from Einstein’s brain the odds that the difference could have occurred by chance were small.

The only difference Diamond could see between Einstein’s brain and an average brain was in these nonneuronal cells. Could this be the cellular basis of genius? How? What were these nonneuronal cells—called “glia”—doing? For decades these glial cells had been considered little more than mental bubble wrap, connective tissue that physically and perhaps nutritionally supported the neurons, but Einstein’s brain had more. Speculating that glia could be involved in mental function was well outside the conceptual box of most neuroscientists. Their very name sealed this box for a century: neuroglia—Latin for “neuro glue.”

INTELLECTUAL BLIND SPOT: GLIA HIDDEN IN PLAIN SIGHT

To appreciate the implications of Dr. Diamond’s findings, it is important to understand some basic facts about glia and to consider the origins of our current view of the way the brain works. The image most people have of the nervous system resembles something like the jumble of wires in a telephone network. This image has changed little in the last one hundred years. So deeply ingrained is this concept that it is difficult to imagine the nervous system working in any other way or to imagine that when this view was first conceived, it was seen as radical, and the controversy and debate about it would rage for a quarter century.

Santiago was an artistic boy, born in 1852, the son of a medical doctor in Spain. He excelled in drawing and enjoyed the new art of photography, but these pursuits did not lend themselves readily to a prosperous profession. Studying for his medical degree, he spent hours making anatomical drawings of the cadavers his father carefully dissected.

At the age of thirty-three, Santiago Ramón y Cajal (pronounced Ca-hall) held the position of professor of anatomy at Zaragoza, Spain. In 1887 on a visit to Madrid, Ramón y Cajal saw a microscope slide of nervous tissue stained with a procedure developed by the Italian anatomist Camillo Golgi fourteen years earlier. That image transformed Ramón y Cajal’s life. Abandoning his previous and highly regarded research in bacteriology, Ramón y Cajal assumed the chair of Normal and Pathological Histology in Barcelona and applied himself to improving and exploiting the Golgi method of staining to uncover the cellular structure of the brain. The Golgi method had not attracted attention for fourteen years because it was capricious. Often the staining failed, but when it worked properly, the results were stunning.

The staining method shares the same chemical reaction used in the brand-new method of black and white photography that so interested Ramón y Cajal. For reasons that are still a mystery, only a small number of neurons take up the stain, perhaps one in a hundred. But those that do become stained in their entirety, causing them to stand out in fine detail like the black silhouette of an oak tree against a yellow winter sunset. If the method stained all the neurons in the sample, it would be useless, because the branches of nerve cells packed together in any slice of brain tissue would form a thicket of incomprehensible tangles. Instead Ramón y Cajal saw individual neurons exposed bare and in their entirety like fossils cleaved from stone.

Today we tend to think of the brain by analogy with computers and electronics, but before the electronic age a different model prevailed. Nineteenth-century mills and factories harnessed the power of water diverted from rivers and streams to waterwheels, then channeled it back through canals and streams to the river that was the original source. Hydraulics were the most advanced mechanism for transmitting force over distance. Power could be applied where needed by control valves connecting the plumbing lines and hoses to direct the force. At the time, this was the analogous view to how the nervous system functioned. The nerves in our bodies were thought to be plumbed together so that their force could be applied to any muscle. Through a microscope lens one could see hundreds of tiny tubes inside nerves, presumably all interconnected with control valves and leading to the master cylinder in the brain. Inside the brain, thousands of tangled microscopic tubes, called axons, could also be seen under the microscope, coursing through tracts of white matter streaking through brain tissue.

The headwater for these tracts was in the grey matter, which formed a thick rind over the convoluted surface of the brain, like the stem of a broccoli plant dividing into finer branches to terminate among the green florets. The Golgi staining method revealed the individual nerve cells, called neurons, in exquisite detail, but these details were interpreted differently by two groups of scientists. Golgi saw the axon, the slender tube emerging from the body of each neuron, projecting great distances and branching to interconnect with other axons through countless connections. This network of interconnected fibers would allow tremendous facility in directing nervous commands or routing incoming messages from our sense organs. At the opposite end of the nerve cell, Golgi saw the highly branched and tapering rootlets called dendrites, because they resembled trees. These, he surmised, were for extracting nutrients to sustain the nerve cell and power the flow of nervous energy, now understood to be electrical current, through the network of axons. Ramón y Cajal looked at the same material, using the very staining method Golgi invented, and saw something completely different. Ramón y Cajal proposed a new theory, which came to be known as the “neuron doctrine.”

Ramón y Cajal worked feverishly, sixteen hours a day, seven days a week, examining pieces of brain tissue from animals of all kinds and of all ages, and in all regions of the brain and body. He looked at samples from humans, rabbits, dogs, guinea pigs, rats, chicks, fish, frogs, mice, and fetal animals. With an artist’s precise observation he drew out the silhouetted neurons, and studying them, he began to see a logic in the structure. Although the axons, those wire-like extensions of nerve cells, could travel over tremendous distances in the brain, they always terminated among fields of dendrites, the finely branched rootlets of neurons. In a conceptual leap, Ramón y Cajal realized that a neuron was not a node in a net, it was an independent unit! Moreover, the neuron had a functional polarity. He perceived that signals were not radiated through neural networks in all directions, like vibrations through a spider’s web. Instead the signals were conducted through each neuron in one direction, like horse-drawn buggies on a one-way street. Information came into a neuron through its root-like dendrites and commands exited through the axon, emerging from the opposite side of the cell. The axon did not connect into a meshwork of other axons, but instead ended at the dendrite of another neuron. Somehow, nervous signals were passed across the threshold between axon and dendrite into the next neuron, like boxes left on the doorstep of the recipient neuron to pick up. The cellular contents (protoplasm) of the two nerve cells were not plumbed together like fluid in hydraulic couplings.

This separation between an axon and a dendrite is called the synapse. By passing or not passing a message from axon to dendrite at each synapse, the brain directs information flow with great complexity, just as switchboards direct telephone calls.

Ramón y Cajal became the most renowned neuroanatomist of the twentieth century, receiving the Nobel Prize in Physiology or Medicine in 1906 together with Camillo Golgi, his rival, who had developed the essential staining method, but who disagreed with Ramón y Cajal’s neuron doctrine. Working prodigiously, Ramón y Cajal made discovery after discovery and published volumes of scientific papers and books on the cellular structure of the brain that are still a rich and valuable source of accurate information today. But what he left out of his drawings is an equal measure of his genius.

The wilderness of cellular structure in each microscope slide is refracted through the discerning lens of an artist’s eye in each of Ramón y Cajal’s drawings to isolate the essential information. Pioneering his way through this wilderness of complex brain structure, Ramón y Cajal never failed by drawing something that was not really there— no Martian canals, no homunculus inside the head of a sperm. He was deliberate and careful never to mix things that did not seem to belong together.

Among the things he saw clearly and always left out of his neuron drawings were glia. These he drew separately, filling volumes of notebooks over years of research with the strange-looking cells. These cells fascinated him, but their structure as revealed by the Golgi stain gave no clues to their function. Glial cells lacked both wire-like axons and root-like dendrites. Through a microscope most of them resembled a bullet hole shot through glass: a circular middle with fine fracture-like extensions radiating outward in a halo. Ramón y Cajal called them “spider cells” because of the many protoplasmic legs extending in all directions from their corpulent cell body. Other scientists thought these cells resembled stars and called them “astrocytes.” That name prevails today for one of four major types of glial cells now recognized. But Ramón y Cajal saw that glial cells came in an endless variety of bizarre forms. Some looked like grotesque fan corals, and others like sausages strung up on axons. Most authorities considered these nonneuronal cells some form of cerebral connective tissue, filling the space between neurons. If these peculiar brain cells had a higher function, Ramón y Cajal knew that their secrets would not be cracked with the primitive tools at his disposal. So he wisely drew these cells separately, and in dividing them out in this way in his notebooks, he called implicitly to neurobiologists of the future to answer the question, What is this other half of the brain?

GLIA ARE LISTENING: SHINING LIGHT ON RAMóN Y CAJAL’S MYSTERY

Ninety years later I sit in a tiny room, my face illuminated by the cold blue glow of computer monitors. To my left is a massive pool-table-sized stainless steel table, eight inches thick, floating on air pistons inside massive steel legs to provide a precise, optically flat, and vibration-free surface. The table is covered with electronic instruments linked together and bolted firmly to the table. The whirr of cooling fans inside the equipment fills the air, punctuated by clicks of automated valves and shutters coming from inside the mass of instruments. Thick black hoses circulate chilled water to a washing-machine-sized device in the adjacent room to cool the ultraviolet laser that is the heart of the instrument. A corrugated hose resembling the duct from a clothes dryer sucks toxic ozone fumes out of the small room.

In the center of the table sits a box the size of a large cabinet, constructed of brilliant orange translucent Plexiglas to shield me from the ultraviolet light. Inside the box is the only object in the room Santiago Ramón y Cajal would have recognized: a microscope. He would have marveled at this instrument. Massive and precisely built, it is about three times the size of the microscope he had used to peer at brain tissue samples he had hand cut with a razor. Nevertheless, he would have recognized the microscope’s basic structure and components—the movable specimen stage and two eyepieces like those he had stared through with childlike wonder. Now these are used for little more than a hasty glance to position the specimen beneath the objective lens before shuttering them closed and diverting the light path to the digital camera or photo-multiplier tubes that intensify the dim image and display the microscopic scene brilliantly on a computer screen. I navigate through the microscopic terrain with a joystick control like a helicopter pilot.

Turning a knob like a radio dial, I section optically through the cell from top to bottom, peeling away cellular structure one visual “slice” at a time. First a spot of cell membrane, like the smudge left by a ball bounced off a window pane. Then a ring as though I had sliced the top off the ball, and sliced deeper with successive cuts all the way through it to the other side, recording along the way every minute structure inside the cell from the cell membrane through the nucleus. More startling yet, the cells I am now exploring with this advanced light microscope are alive. They had been removed from a fetal mouse, isolated individually, and grown for more than a month inside a laboratory incubator, serving as an artificial womb to keep them warm and oxygenated.

Ramón y Cajal would have recognized instantly the image on the screen as neurons. In fact he would have identified the exact type of neuron by their unique spherical shape as those that carry the sensations of touch, heat, and pain from our skin to our spine. These are called dorsal root ganglion (DRG) neurons. But he would have been bewildered at the image of these cells seen in crisp focus as though they had been sliced into impossibly thin sections.

Donning special glasses, I see the computer screen transform into an open window, and suspended inside it this single DRG neuron floats in three-dimensional space like a dangling Christmas ornament. Ramón y Cajal would surely have been astonished as with a touch of my finger on the mouse, I spin the cell on any axis to examine its finest internal structural details.

But the best is yet to come. This instrument is a laser-scanning confocal microscope, the first one in our institute at the National Institutes of Health. Distinct from a common light microscope, this instrument not only reveals cellular structure in crisp optical sections, but it also can reveal cellular biochemistry and physiology in action as molecules move through and between living cells carrying messages and commands from the electrical signals at their surface to the heart of each cell’s nucleus. At the time, 1994, this was one of only a handful of such instruments in the country, but today no research department at any major university is without one, and most have several.

REVELATIONS FROM THE DEEP

Twenty years before, when I was a marine biologist at Scripps Institution of Oceanography in San Diego, I spent summers conducting research on obscure deep-sea fish called chimaeras that rise from the deep along cold-water currents that come close to the surface in the North Pacific region of the San Juan Islands in Washington, where Friday Harbor Marine Laboratory is located. Scientists from around the world assemble, forming a summer camp community engaged without distraction in around-the-clock scientific research. As we prepared to ship out on a fishing boat to collect specimens with a bottom trawl, I noticed several students running up and down the pier with butterfly nets excitedly dipping them into the water to collect tiny silver-dollar-sized jellyfish known as Aequorea victoria. These beautiful transparent creatures are common summer residents of Friday Harbor waters, but I could not quite understand the collectors’ enthusiasm. In answer to my question, one of the students told me they were interested in the jellyfish’s bio-luminescence, the ability a number of sea creatures have to emit cold light, usually green-blue phosphorescence. “Why? Are you trying to figure out how they make light?” I asked.

“No, we know that. We’re extracting the protein that makes the light when it binds to calcium. We’re injecting the protein, aequorin, into cells to study calcium currents.”

Suddenly I understood. Electrophysiologists study nerve activity by making extremely fine electrodes, which they jab into nerve cells using micromanipulators to position them precisely under a microscope. The flow of ions inside a nerve cell generates a biological electric current, which, when greatly amplified with electronic instruments and displayed on the phosphorescent screen of an oscilloscope, enables scientists to see nerve impulses traveling thorough neural circuits, much as doctors track heartbeats on an operating room monitor. Electrophysiologists want to know how these electric currents are formed and regulated and which of the many ions inside cells contribute to the electrical current. This is a difficult task, usually approached by substituting different ions in the solution bathing nerve cells, or by applying drugs that block certain protein channels in the cell membrane that admit different ions—such as sodium, potassium, or calcium—into the cell.

If these scientists could get this technique to work, they would inject this fluorescent jellyfish protein into a nerve cell and watch it under a microscope. If a current of calcium flowed into or through a cell, they would see its tracks by the glow of green phosphorescence left behind, like the contrail of an airliner across a cloudless sky. They would be seeing with their own eyes the biochemical reactions and physiological activity in the living cell. And they could watch these events in real time and in three-dimensional space, not just as green streaks and blips of electrical events flashed across the screen of an oscilloscope.

Now, twenty years later, I was processing DRG neurons through a series of solutions so that they would absorb a synthetic calcium-sensitive fluorescent dye much like that extracted from jellyfish. I had grown these cells in a dish equipped with platinum electrodes that allowed me to deliver weak electric shocks to make the DRG neurons fire impulses. When a neuron fires, the change in voltage on the cell membrane opens protein channels on the membrane that allow calcium ions to enter the cell. I was delighted to see that every time the neuron fired, the cell flashed as the calcium ions entered the cell and bound with the fluorescent dye. Ten years earlier, the first time my colleagues and I saw this happen, our shouts of joy echoed through the halls.

This experiment was different. In addition to the DRG neurons, I had asked Beth Stevens, my lab technician, who would later become my graduate student (now a new professor at Harvard University), to add glial cells to the cultures. The type of glial cells we added are called Schwann cells. Found in nerves, Schwann cells attach to axons and form a layer of electrical insulation, called myelin, around large-diameter axons, or they embed several small axons inside themselves, like a bun wrapped around several hotdogs. These glial cells provide structural and possibly physiological support for the axons. Neural impulses, of course, are carried only by axons. Heretofore it was presumed that glial cells insulated the axons like plastic coating around a wire but that they could not detect impulse activity flowing through the axons. We wanted to test this assumption.

After months of preparation it had finally come to the moment all scientists live for—when with the flick of a switch, your hypothesis will or will not be proven. The computer screen transformed the intensity of fluorescent light in the cell into a colored scale like a TV weather map showing rainfall in the local region. The more calcium, the brighter the light, and the brighter the light, the warmer the color. The DRG neurons and Schwann cells were deep blue, indicating little calcium inside. The instant I flicked the switch to stimulate the neurons, the neurons changed from blue to green to red to white, indicating a flood of calcium into their cytoplasm. The Schwann cells, unable to fire electrical impulses or detect the weak electric shock that causes axons to do so, remained blue. Then after a long fifteen seconds of disappointment, Beth and I were elated as the Schwann cells suddenly began to light up like a Christmas tree. These glial cells had somehow detected the impulse firing in nerve axons and responded by increasing the calcium concentration inside their own cell bodies. Glia, which for so long had been regarded as little more than bubble wrap for the brain, were a party to information sent between neurons. Now new questions emerged. How were these cells tapping into the electrical signals flowing inside nerve cell axons? And more importantly, why?



CHAPTER 2

A Look Inside the Brain: The Cellular Components of the Brain

DISSECTING THE BRAIN

With eager hands of a ten-year-old boy I sliced the heart in two with a butcher knife. All was revealed—four chambers separated by moist, gristly valves that suck blood into auricles and squeeze it out the aorta and pulmonary artery. Fascinated, I asked Mom if next time, could she bring me a brain? When she returned from the butcher shop with a calf brain my excitement welled as I sliced, cleaving it into two halves. But inside there was nothing. Just a hollow cavity at the core of a fleshy mush.1

How did it work? Books offered names for its various bumps and folds—“cerebellum”, “pons”, “medulla”, “lateral ventricle”—but this information failed to provide the slightest inkling into how this organ, the most supreme of all bodily organs, might function. My parents, teachers—no one really seemed to have the answers.

Today I know that the brain’s power comes from miniaturizing and concentrating its components to such an extreme that its working parts are invisible. Like the working parts of a computer miniaturized beyond the resolution of the human eye, cellular components of the brain are invisible unless they are magnified hundreds or thousands of times larger by powerful microscopes. It is natural now to think of the nerve cell, or neuron, as the microprocessor of the brain, but recall that scientists thought differently about the brain before the electronic age. How sure can we be that our microprocessor analogy of the brain is accurate? Thoughtful neuroscientists are beginning to wonder—could our fundamental concept of how the brain works be naive?

To try to understand why glia might be tapping into lines of communication between neurons, we must begin by examining brain structure and these shadowy cells more closely. By far most of the cells in your brain are glia, not neurons. Unlike neurons, glia cannot fire electrical impulses. Consequently, glia do not have the characteristic features of neurons, with their wire-like axon for sending electrical impulses over long distances and the bushy dendrites for receiving electrical signals through thousands of synapses. To find answers to what these brain cells are doing, we must trace the trail of discovery back to its roots when pioneering scientists first reported seeing neurons in microscopic sections of nervous tissue. Ironically, glia were there in abundance, right before their eyes, but the dazzle of neurons blinded scientists intellectually to the glia, which constitute the bulk of the brain.

GREY MATTER

In contrast to the descriptive names anatomists give every bump and minute feature of the body (usually in Latin), the best they could do when it came to the brain was “grey matter.” Inept even as a physical description, for the brain’s true color is pink, the name is a poetic allusion to our murky understanding of this enigmatic tissue. To the early anatomists, there was nothing black and white about it.

Imagine the frustration of nineteenth-century anatomists scrutinizing this mushy tissue for any sense of its structure or clue as to how it worked. When the microscope was invented, scientists rushed to look inside grey matter, but they were bewildered by the world they saw, so unlike any other tissue in the body. So finely miniaturized is the cellular structure of the nervous system that the length of a wave of visible light is too blunt to probe it. The wavelength of green light is ten times longer than the size of a synaptic vesicle, the fundamental apparatus for communication between neurons. It was not until physicists developed ways to focus beams of electrons in place of beams of light in the electron microscope that there was a tool sharp enough to see synaptic vesicles and resolve the fine structure of the brain. The electron microscope was invented in the mid-twentieth century, but it required decades of technical development to perfect and years to understand the complex images it produced. More than a century after the cellular structure of the rest of the body was mapped out in fine detail, the cellular structure of the nervous system is still an area of vigorous research today.

WHITE MATTER

The rest of the brain is white matter. This glistening-white brain tissue is a mass of millions of tightly bundled communication lines connecting neurons between distant points in the brain. These vital communication lines are packed beneath the grey matter cortex, much like tightly wound fibers beneath the leather skin of a baseball. White matter in the brain, like white space on paper, is easily dismissed as something defining the areas between the functional components, but recently this naive view has been changing. Unraveling this part of the brain is such a daunting task that only in the last few years have new brain imaging techniques allowed scientists to venture into the white matter realm. As we will see later, these new findings are changing fundamental concepts about how the brain processes and stores information—how we learn. Here inside the blank white regions of brain, glia are the heart of the mechanism.

A revolution in our understanding of how the brain is built, how it functions, how it fails in mental illness and disease, and how it is repaired has been ignited with the recent exploration of these long-neglected brain cells. Glia are the key to understanding this new view of the brain. There is little or no information available about these cells to nonscientists, so we can begin our inquiry with about as much knowledge as the pioneering scientists who discovered these various odd brain cells. Since the answers are known to only a few specialists, we can experience the same puzzles, clues, and revelations as the scientists who sleuthed out these peculiar cells in the brain. When these clues are assembled, will they reveal another brain working in parallel with our neuronal brain?


NEURONS: A USER’S GUIDE TO HOW THE BRAIN WORKS


Before venturing further, it is essential that we proceed from a common base of knowledge about how the brain operates at the level of cells and circuits. The nervous system works by sending electrical impulses down a wire-like axon at top speeds of 200 miles per hour. Impulses travel through some axons, such as pain fibers, much more slowly—only 2 miles per hour, the pace of our footsteps in a slow walk. This explains the build-up to the full painful sensation when you accidentally hit your thumb with a hammer. The reason for the hundred-fold increase in transmission speed through our high-speed nerve fibers is that they are wrapped with electrical insulation, called myelin. In contrast, pain fibers are uninsulated thread-like axons.

As Ramón y Cajal surmised, neurons are not fused to one another like copper wires soldered in a circuit; instead, each neuron in your brain is an island unto itself. Each of these neuronal islands communicates by sending a message to another neuron across a tiny gulf of the saltwater that bathes every cell in your body. Because of this gulf of separation, information is not passed on to the next neuron in a circuit by electricity. Instead, the neuron floats chemical messages across the gulf to reach the neuron on the other side. This gulf is the synapse, and the neurons on either side are called presynaptic or postsynaptic neurons, depending on whether they are the sending or receiving shore of the gulf. The presynaptic neuron is always the one sending the message from its axon tip; the postsynaptic neuron receives messages across the synapse through its root-like dendrites.

The messages are sent in the form of a chemical substance called a neurotransmitter. Microscopic “bottles” inside neurons, called synaptic vesicles, are filled with neurotransmitter molecules. Each synaptic vesicle is a tiny sphere too small to see with a light microscope; they are visible only under the high-power magnification of an electron microscope. The messages are not floated across the synaptic gulf in these spherical bottles, as you might expect; instead, their contents are dumped into the gulf and diffuse across to the opposite shore. Synaptic vesicles accumulate inside the axon right next to the cell membrane at the tip. Like cellular water balloons, one or more synaptic vesicles are smashed against the cell membrane of the axon by the force of the electrical impulse when it arrives, releasing the vesicle’s contents into the cellular sea. The neurotransmitter then flows across the synaptic gulf to reach the postsynaptic neuron on the other side.

Sentinel molecules along the shore of the postsynaptic neuron are specially designed to detect the neurotransmitter substance in the synaptic gulf. These neurotransmitter receptors are large protein molecules acting as biological nanomachines. In each neurotransmitter receptor there is a passageway that can open into the dendrite of the receiving neuron when neurotransmitter is detected. When the tunnel through the receptor opens briefly, charged ions floating in solution leak out, reducing the voltage inside the postsynaptic neuron. This brief drop in voltage in the postsynaptic neuron is the receiving signal, called the postsynaptic potential. If the synaptic voltage change is big enough, the voltage drop triggers the postsynaptic neuron to fire an impulse out its own axon to signal the next neuron in the circuit. This may seem an awkward way to design a nervous system, but consider the engineering challenge facing Nature: to build a powerful, high-speed biological computer using nothing other than cells—tiny bags of saltwater.

So the nerve impulse speeds down an axon, releasing neurotransmitter when it reaches the end. The neurotransmitter flows across the synaptic gulf and activates neurotransmitter receptors on the postsynaptic neuron, causing a voltage drop in the recipient neuron that will make it fire an electric impulse down its own axon to release neurotransmitter onto dendrites of the next neuron in the circuit in relay fashion. To reduce the time it takes for neurotransmitter to diffuse across the synapse, the gulf of separation is infinitesimally narrow (25 billionths of a meter). The synaptic cleft is so narrow, in fact, it is impossible to see the separation through the most powerful light microscopes. This fact caused decades of controversy in the field of neuroscience until the electron microscope proved that every synapse in the body has a gulf of separation between the pre-and postsynaptic neurons. A message passes across the synapse in about one-tenth of an eye blink, but compared with the two hundred mile per hour speed of the neural impulse, the synapse slows information flow much like a toll booth on a turnpike.

This explains why neuronal circuits have as few connections as possible: the delay in neurotransmission at each synapse slows information flow through the circuit. This limitation is the reason that neurons are the largest cells in your body—incredibly large cells, in fact. Neurons are too fine to see with the naked eye, but some can be monstrous: three feet long in the case of the neuron from your spine to your big toe. This size is necessary because sending chemical messages across the watery synapse separating each neuron places severe engineering limitations on the circuit. For greatest efficiency, it’s best to have as few synapses as possible in a circuit carrying out any function in your nervous system.

When your doctor taps his rubber mallet below your knee to test your knee-jerk reflex, you are seeing a circuit in action that controls the vital coordination crucial for you to walk. Should you stub your toe as you are walking, this misstep will jerk the tendon below your kneecap, just as your doctor does with his mallet. To avoid stumbling, you must now quickly swing your lower leg forward to catch your fall mid-stride. It is vital that this entire sensory-motor reflex is executed in a split second of time, otherwise you will trip and fall.

To execute this lightning-speed response, there is only one synapse in the entire circuitry controlling the vital reflex that keeps you on your toes. When nerve endings in your kneecap tendon sense a sudden tug from a stubbed toe (or doctor’s mallet), they shoot impulses at two hundred miles per hour up the axon from the nerve endings into your spine. There is no time to send signals to your brain; instead, there in your spinal cord a single synapse separates this sensory neuron (bringing information about your leg motion into your spine) from a motor neuron that will fire electrical impulses down to your leg muscle to jerk your lower leg forward in a flash—one synapse separating us from falling on our face. (The messages will be relayed by other nerve circuits to your brain, but they arrive after your leg muscles have already responded, and you have no conscious control over what has happened. This is why the doctor’s mallet triggering the knee-jerk reflex always delights us with surprise as we watch our leg react automatically.)

This system of neuronal islands creates a severe constraint for rapid communication, but there is a silver lining to this awkward setup: the synapse becomes a control point for directing the flow of information through neural circuits. Like switches and volume controls, these synaptic control points greatly expand the computational power and information-processing ability of the nervous system far beyond what could be provided by hardwired points of connection between neurons. By regulating the flow of information across a synapse, circuits can be strengthened or weakened, in effect allowing the circuits to change their behavior from experience—that is, to learn. Our memories are not bottled up inside neurons, but rather they are stored in the connections between neurons linked by synapses. With new experiences, new connections are made between neurons and others are lost. In a sense, memories are not stored inside matter; they are stored in the spaces between.

Synapses do much more than connect neurons; they enable flexibility of information processing. Synapses permit adjustments in functional connections based on experience. The process of learning is more finely regulated than simply making and breaking synapses: the strength of a synaptic connection can be finely tuned in a process called synaptic plasticity. How? The molecular changes that strengthen or weaken a synaptic connection are intensely studied by neuroscientists interested in memory and learning, but in principle, the mechanisms are quite simple. Either by releasing a bit more neurotransmitter from the pre-synaptic ending when an impulse arrives, or by adjusting the sensitivity of the postsynaptic neuron receiving the neurotransmitter signal, the same input to a synapse can produce greater or lesser voltage change in the postsynaptic neuron, thereby weakening or strengthening the connection.

But there is one additional crucial aspect to this process of synaptic transmission: cleanup. Communication across a synapse would fail if the synaptic gulf were not cleared of neurotransmitter quickly to permit another message to be sent. It was long understood that glia bordering the synaptic cleft carried out this cleanup operation. Protein molecules in the glial membrane pump the neurotransmitter out of the synaptic cleft and into the astrocyte—one of the four major kinds of glial cells— where it is reprocessed. After filtering out the neurotransmitter and recycling it into an inert form that cannot be confused as a signal, the astrocyte surrounding a synapse delivers the reprocessed substance back to the presynaptic nerve terminal. The neuron then carries out a simple chemical reaction to convert the inert neurotransmitter back into active neurotransmitter and repackages it into synaptic vesicles.

Astrocytes also provide the energy source for neurons, lactate—the same substance that gives yogurt its tang. The astrocytes deliver the fuel in proportion to neuronal demand.

These subservient custodial functions of glia held little interest for most neurobiologists. Yet, some now see that the dependence of the neuronal synapse on glial housekeeping could empower glial cells with the means to completely control the synapse.

If neurotransmitter is not taken up efficiently, communication across a synapse will fail because the gulf will become saturated with stale messages. If neurotransmitter is taken up too quickly, the message will appear too briefly to have full effect on the postsynaptic cell. If the energy requirements of the neuron cannot be met by the nutrients supplied by astrocytes, the neuron will run out of gas. Astrocytes are thus in a position of control.

As long as scientists probed glia with the same electrodes they used to probe neurons, they were destined to fail to discover what glia are doing in our brain and nerves. Because glia do not generate electrical impulses, understanding how glia communicate and interact with neurons required a new technique: calcium imaging. This is the technique that had revealed Schwann cells responding to electrical impulses in axons. We will explore the breakthrough calcium imaging experiments shortly, but first we need to learn a bit more about glial cells in all their variety.

CELLULAR COMPONENTS OF THE “OTHER BRAIN”

Today we know that in addition to neurons there are four main types of glia in nervous tissue. Two glial cells, Schwann cells in nerves and oligodendrocytes in the brain and spinal cord, form myelin insulation on axons. Throughout the brain and spinal cord there are also astrocytes and microglia. The microglia protect the brain from injury and disease, making them central to recovery from brain and spinal cord injury. Tantalizing clues point to the possibility that all types of glia may sense and respond to electrical activity in neurons.

Imagine the implications. Electrical activity in the brain conveys our perceptions, experiences, thoughts, and moods. Glial cells perform such diverse functions in our nervous system that a vast range of brain functions might be influenced by glia if they could sense nerve impulse activity. Everything from immune system responses to infection, to insulating axons, to wiring up and rewiring the brain, to recovery from brain disease and injury might be influenced by impulse activity acting through glia.

Glia outnumber neurons six to one, but the exact ratio differs in different parts of the nervous system. Just as the ratio of men to women is one to one on average, the exact ratio of men to women ranges widely in different areas. For example, the sex ratio may be ten men to one woman in barbershops and just the opposite in fabric stores. Along nerves or in white matter tracts in the brain, the ratio of glia to neurons can be one hundred to one, because one axon can be ensheathed by myelin-forming glial cells spaced roughly one millimeter apart along the full length of the axon. In the human frontal cortex, the ratio of astrocytes to neurons is four to one, but whales and dolphins have seven astrocytes for every neuron in their gigantic forebrains. This glia to neuron ratio is larger than seen in the frontal cortex of any other mammal. No one knows why this is the case. Whales and dolphins are highly social creatures and very intelligent. Perhaps, as with Einstein’s cortex, the larger proportion of glia somehow contributes to the animal’s obvious intelligence. But whales may also need more abundant glial cells to sustain their neurons in a healthy state during their long breath-holding dives to the ocean depths.

Outside the brain, in the nerves of the body, there is a different type of glial cell packed around nerve axons all along the length of every nerve. These Schwann cells were the glia that I first studied in detail in the experiment I described earlier.

SCHWANN CELLS

My thoughts raced back to Theodore Schwann, the man whose name is given to these glia cells Beth and I had just seen light up when the axon fired. What would Theodore Schwann have thought if he could have seen what we had just seen—glia detecting neural impulses? Most people imagine that the moment of discovery explodes with the elation of reaching the summit of a mountain and peering down on the world below, or the excitement of winning a car race or a grand prize. There is certainly an element of that elation in the unique mix of emotions unleashed by a scientific discovery, but the overwhelming feeling for me is one of gratitude and amazement. Nature has revealed for the first time in history a secret long hidden. You feel a sense of gratitude and fellowship with the many scientists across space and time who labored to bring you to this new insight into Nature. Scientists sharing your own curiosity left clues written in books and journals, sensing they had found fragments of a larger puzzle they could not possibly piece together, hoping that someone in the future would pick them up, put them together with fresh insights, and discover the secret they sensed Nature had hidden here.

As a child Theodore Schwann displayed a gifted intellect, and as a scientist he was far ahead of his time—too far ahead. Before the mid-1800s, scientists pondered the substance of living things, wondering how life was structured at its most basic level. What made animate things so distinct from the inanimate? This was the era when chemistry had ascended from alchemy to explain the transformations of matter as the result of the fundamental properties of atoms from which all things are made. Theodore Schwann not only discovered one of the four major types of glia, he also gave us the very concept of the cell itself.2

Schwann was a sensitive person, devout and modest by nature. He obtained an M.D. degree at the age of twenty-four in Berlin, under the guidance of a renowned scientist, Johannes Müller. By the age of twenty-nine he had conceived the theory that every living thing was composed of cells. He defined a cell as a membrane-bound structure surrounding a nucleus. Cells, he proposed, could reproduce themselves and change from simple shapes into special forms. They could assemble into groups, form layers, or hollow out masses of cells into organs and thus build a complete body. He proposed that all plants and animals—every substance of the body, from bone and sinew to skin and blood—was formed of cells, each one bounding a single nucleus.3

Shattering accepted theological doctrine, Schwann reasoned that the body was not infused by a mysterious force, but instead operated according to blind natural laws, just as physical laws govern inorganic matter. Even though he was a devout Catholic, he came to believe that the life force emerged from the action of the fundamental properties of natural forces in the inorganic world, combining into action to give rise to life. He imagined that living cells arose from biological substances, much like crystallization in the inorganic world, but that once formed, cells could change by the guiding forces of physical chemistry and physics. Philosophically he had stolen the vital force from the Creator and transferred it to the chemist and physicist.

His short and brilliant scientific career spanned only the years from 1834 to 1839. In that final year, he suffered a particularly vicious personal attack on his scientific work by the renowned German chemists Justus Liebig and Friedrich Wöhler, who ridiculed Schwann’s ideas in a prominent scientific journal. They mocked his idea that alcoholic fermentation was the result of cells (yeast) acting on sugar, insultingly depicting the cells excreting gas from their imaginary anuses and pissing alcoholic urine from their wine-bottle-shaped bladders. The prevailing theory at the time was that sugar was transformed into alcohol through a chemical reaction involving air and the nitrogenous substances in fruit juices. In comparison to this reasonable chemistry, Schwann’s theory that microscopic bugs (yeast) consumed the sugar and released carbon dioxide gas and alcohol as metabolic byproducts appeared laughable, and the most highly respected authorities in science laughed openly. Humiliated, Schwann spent the rest of his life in relative isolation, suffering episodes of depression and anxiety, denied the academic promotions and funds he needed to continue scientific research.

As if the cell theory and the discovery of glia in nerves were not enough, Schwann made other fundamental discoveries during his brief but brilliant scientific career. Suspecting that there was more to digestion than hydrochloric acid, he discovered one of the principal enzymes of digestion, pepsin, which breaks down proteins in our diet. He also proved the vital role of bile in digestion.

Before long the scientific world would see that Schwann had shown brilliant insight. In 1847 the English translation of his fundamental scientific work, Microskopische Untersuchungen, was heralded as “worthy to be ranked among the most important steps by which the science of physiology has ever been advanced.”4 No one was laughing now, but by this time Schwann had ceased to work in the laboratory. He became an inventor of machines for the mining industry, designing pumps for removing water from coal mines and a respiratory apparatus for rescue operations that would one day allow divers to walk on the floor of the ocean.

Today many people pay tribute to Schwann on a regular basis with small tokens of change. In the 1890s Caleb Bradham, a druggist in New Bern, North Carolina, developed an aid to digestion claimed to contain pepsin as its active ingredient. The name for this popular tonic is “Pepsi Cola.”

But what are these Schwann cells that cling to the axon like flattened pearls on a string? What do they do? Where do they come from?

Schwann and other anatomists of his day used fine glass needles to carefully tease nerves apart and examine the splayed fibers under a microscope. Seen this way, a nerve was a bundle of hundreds of microscopically slender fibers—nerve axons—each one clearly a conduit for the nervous energy of sensation and motion. Each axon was dotted along its entire length with a chain of cells, looking like droplets of dew on the strand of a spider’s web.

Just as a plumber fits segments of pipe together to span from sink to drain, Schwann imagined that the axon leading from each nerve cell must be formed in the fetus by a chain of tiny cells joining together to make a long cylindrical axon tube by fusion. He speculated that the cells clinging along the length of the axon must be the remnants of these fetal cells. Schwann cells, as they are now known, might simply be vestigial remnants that had no more function in the adult than our navel, a mark left by a discarded embryonic structure.

Alternatively, these glial cells might still support or nourish the axon in adult nerves, a reasonable speculation offered by other scientists considering the extreme distance between the tip of an axon and the cell body of the neuron up to a yard away. Rather than shipping nutrients from the cell body of the neuron all the way to the axon tip, Schwann cells might deliver the required supplies locally, supplying every segment of the axon from the cell body to the tip. The answer to these questions about Schwann cell glia would not come for another sixty years, but the answer to the question where these glial cells originated was provided by another pioneering scientist who was quite different from Theodore Schwann.


Mariner of the Mind—Fridtjof Nansen


If Theodore Schwann represents the sensitive, shy personality in science, Fridtjof Nansen represents the exact opposite. Nansen, who lived from 1861 to 1930, is famous for his Arctic explorations, but few people know that this Norwegian adventurer began his career as an explorer of the nervous system. From an early age he was an avid outdoorsman, and when an opportunity to join an expedition on a ship sailing north to Greenland arose, Nansen, then a zoology student from the University of Christiana in the city now known as Oslo, was eager to join. His studies of small parasitic worms from this expedition, published in 1885, remain a classic in the field.

Nansen’s athleticism and fascination with the unknown led him to attempt an adventurous crossing of Greenland on skis. In 1888, a Norwegian sealer dropped off Nansen and his five-man party on the frozen sea ice off Greenland. He and his men scaled mountains, endured frigid −50 degree centigrade temperatures, and skied through horrendous fog and snowstorms to reach the west coast three months later. There they survived for the winter, living with Eskimos (Inuit) and learning their ways.5

Later Nansen developed a theory that there was an ocean current flowing from Siberia under the frozen Arctic Sea to Greenland. To prove it, he proposed to trap a specially designed ship in ice and ride this current to its destination. At 78 degrees 50 minutes north latitude this ship, the Fram, was intentionally stuck in the ice and drifted with the ice sheet northward nearly to the pole. Nansen and shipmate Hjalmar Johansen elected to leave the shelter of the Fram and make a dash by dogsled for the North Pole from a latitude of 85 degrees 55 minutes north on March 14, 1895. With no assured plan for reuniting, their shipmates bade them farewell on an expedition that they feared would lead their captain and comrade to a frozen, lonely death. The two explorers struggled intrepidly through the frigid Arctic alone toward their destination at the very top of the globe, but they were turned back by impassible blocks of ice only 268 miles from their goal. Still their achievement was the farthest north any known explorer had reached at the time. Through the winter they survived the barren polar isolation by killing their sled dogs one at a time to feed the remaining dog team and themselves. Alone in the frozen Arctic and sharing a single sleeping bag for warmth, the two survived the next nine months living in a small hut they built of whale bones and the skins of polar bears and walrus they shot for food. They endured by adopting the ways of the Eskimos that Nansen had learned that winter years before when he skied across Greenland.

The Fram, in the meantime, continued its tedious drift locked in the frozen ice, its timbers groaning constant threats of shattering under the enormous pressure. Finally their vessel crept with the glacial pace of the ice floe to near the edge of open water, where the crew dynamited the ship free of its icy encasement and sailed their leaky ship home safely, but without their captain and crewmate.

At the end of yet another bitter winter and after several near-death battles with polar bears, Nansen and Johansen were at last rescued in May after walking the ice floes and paddling the frigid waters between them in makeshift kayaks until they reached the outpost of an English expedition. After nearly three years alone in the Arctic, Nansen and Johansen finally rejoiced in reuniting with their comrades.

Nansen made many discoveries in the field of oceanography, including inventing special devices for exploring the ocean depths. The Nansen bottle, which I still used as a marine biologist in the 1980s to collect water samples, was his invention. Nansen received the Nobel Prize in 1922—not for science, but for peace. As a Norwegian delegate to the League of Nations he was awarded the prize for his humanitarian work with war refugees.

This explorer of the Arctic also crossed paths with famous explorers of the nervous system. In 1888 Nansen received a Ph.D. degree for his studies of the nervous system, and he then traveled from Oslo to Italy, where he visited Camillo Golgi’s laboratory in Pavia. There he learned the silver impregnation staining technique that revealed nerve cells so clearly. Nansen went on to describe both nerve and glial cells of the hagfish, a grotesque, mucus-covered eel-like fish with a sucking, jawless mouth. This fish is important biologically because it represents the most ancient of all living species of fish-like creature, and its ancestors are the forerunners of all animals with backbones (amphibians, reptiles, birds, and mammals).

Nansen the explorer set out to track the route of sensation into the central nervous system. Studying this most primitive vertebrate and comparing the anatomy of its nervous system with that of other animals, Nansen made the fundamental discovery that all nerve fibers upon entering the spinal cord immediately divide into two branches. One runs up the spinal cord toward the brain, and the other branch runs down to the tail. This structure—governing the route of entry of all sensation into the nervous system—holds true for all animals, from fish to humans.

What is even more remarkable than Nansen’s sharp perception was what he could not see. Nansen simply could not see what his renowned mentor, Camillo Golgi, endeavored to show him: the connections fusing nerve cells into a network. To Nansen, each nerve cell stained by the Golgi method appeared like an isolated island. Just as he had nearly reached the North Pole, Nansen came closer than anyone before to reaching a true understanding of the neuron as an individual cell. Had he trusted his own observation that nerve cells were not fused into a network as his mentor insisted, he might have formulated the neuron doctrine before Ramón y Cajal, who began his own studies in the field the year Nansen received his Ph.D.

The prevailing view in Nansen’s day was that Schwann cells were akin to the connective tissue that binds all cells together. It was believed, therefore, that Schwann cells derived from embryological cells that generate connective tissue rather than from the specialized embryonic cells that ultimately form nervous tissue. This presumed lowly pedigree was one of the reasons Schwann cells were so easily dismissed by neuro-scientists as cellular glue. But from his experimental explorations of Schwann cells, Nansen concluded that the prevailing wisdom was false and that Schwann cells derived from the same regal cellular parentage that gave birth to neurons. The famous embryologist Ross G. Harrison later proved Nansen’s theory for the origin of Schwann cells by removing the primordial tissue from frog embryos that gives rise to neurons. When he did, there were also no Schwann cells after the embryo matured.

The prevailing wisdom prevented researchers from asking the obvious question: if these glial cells were formed from the same cellular line as neurons, what might that mean in terms of the functions that these cells might be capable of performing? Nansen, however, after carefully exploring the nervous systems of animals, observed in 1886 that glia might be “the seat of intelligence, as [their number] increase in size from the lower to the higher forms of animals.”6 This law of increasing ratio of glia to neurons ascending the ladder from lower to higher vertebrates holds today. Nansen, the pioneer, may have glimpsed “the other brain” a century before nearly everyone else.

Schwann cells coat the nerve fibers all along their length right up to the point where the nerve enters the spinal cord or brain, but they do not cross that threshold. Why the Schwann cells stop there was a major puzzle. If Schwann cells are so important, why are there none inside the brain and spinal cord?

In addition, anatomists recognized immediately that not all axons in nerves are coated with Schwann cells. These cells entwine around only large-diameter axons. On a large-diameter axon, hundreds of Schwann cells are attached in a series all along its full length like pearls on a necklace, but thin axons lack even a single pearl. If these cells are absent from the brain and missing from many axons in nerves, how important could they be?

Today we know that Schwann cells in our nerves actually exist in three different forms: nonmyelinating and terminal, as well as the myelinating Schwann cells just described. It is evidence of the general neglect of glia that all three go by a single name. Such would never have been the case for neurons. Each type of Schwann cell has an entirely different structure and unique function.

Small-diameter axons are not studded with Schwann cell “pearls,” yet they are not naked. These tiny axons are cabled together by huge globular cells grasping bunches of slender axons like a fistful of spaghetti. The anatomists called these fist-like cells “nonmyelinating” Schwann cells, to distinguish them from the pearl-type “myelinating” Schwann cell. These protective nonmyelinating Schwann cells assure that none of the most fragile slender axons in nerves are ever left bare. The nonmyelinating Schwann cells also undermine the clever idea that axons are formed in embryonic development by connecting together Schwann cells to form the axon tube, because one nonmyelinating Schwann cell engulfs a dozen or more small-diameter axons inside itself. Some pioneering neuroscientists suspected that these glial cells in our nerves must have a hidden function, but what the function might be was unclear.

When an axon reaches its target—for example, the synapse onto a muscle fiber that will make the muscle twitch—the entire tip of the axon is completely engulfed by another glial cell that seals off the nerve junction like shrink wrap. This cell is called the “terminal” Schwann cell or “perisynaptic” Schwann cell (“perisynaptic” meaning “surrounding the synapse”). Until recently, this was essentially the function most scientists presumed it served: sealing off the nerve ending. In recent years, that naive view has crumbled with the discovery that these terminal Schwann cells can sense and control information flow from nerve to muscle.

For now we should understand that Schwann cells come in three basic types: (1) myelinating, (2) nonmyelinating, and (3) terminal. Although these cells look completely different, they are all called Schwann cells simply because early anatomists recognized that none of them was a type of nerve cell. As will become apparent, each of these Schwann cells performs entirely different functions, and our nerves will fail to work properly if any one of them is defective. This static picture belies the dynamic nature of Schwann cells: they react with rapid changes in their structure and undergo cell division in response to nerve injury. Schwann cells must perform all the functions of the various specialized glia found in the central nervous system (CNS).

Schwann cells were ignored for decades because there was no reason to imagine that they could have any function in information flow through our nerves, but the mystery of what I had just seen was before me on the computer screen: Schwann cells all along the axon in our experiment had somehow detected impulses flowing through the nerve fiber. How were the Schwann cells picking up the signals from electrical impulses in the axons? An even more intriguing question was, why would Schwann cells all along the axon need to tap into the information flowing through the nerve cell? And what would they do with the information they gleaned? These questions lay ahead of us as I flipped off the switch and watched the Schwann cell lights dim slowly, returning the screen to the shadowy darkness of silent neurons.

OLIGODENDROCYTES: OCTOPUS’S GARDEN

How important can Schwann cells be when there are no comparable glial cells inside our brain or spinal cord? The axons that pierce the brain leave their glial partners behind as they weave through neural networks in our central nervous system. The early anatomists looked closely for cells resembling Schwann cells inside the brain and spinal cord, but without success. Ultimately, however, the search led to the discovery of oligodendrocytes. These were the last glial cells discovered, and these odd brain cells were a great puzzle to anatomists. Like astrocytes, these glial cells are found only inside the brain and spinal cord, never in the nerves of our body. When the mystery of oligodendrocytes was finally solved, the most widely appreciated and intricate form of neuron-glia interaction was revealed—an elegant partnership between axon and glia that is absolutely essential for high-speed impulse conduction. This is myelin.

The name “oligodendrocyte” means “stubby dendrites” or “short branches.” Anatomists could recognize these cells by their small cell body and several short branches radiating out like a cocklebur. They floated freely throughout the cellular terrain of the brain, unattached to neurons or any other cellular structure, an isolation that left no clues to their possible function. Ramón y Cajal left these glia to his student Pío del Río-Hortega to ponder while he explored neurons with furious passion.

Oligodendrocytes are seen almost everywhere in the brain, but they are especially numerous in white matter tracts. White matter streaks through the core of the brain of animals with backbones (fish, amphibians, reptiles, birds, mammals, and humans). This white matter consists of the information trunk lines formed by thousands of axons bundled together to carry information between distant parts of the brain. Under a microscope, anatomists could easily see why the trunk lines were sparkling white. Each axon was coated with a substance that reflected light brilliantly. In the focused beams of the light microscope, an axon looks like the branch of a tree encased in a crystalline sheath of ice deposited in a winter storm.

Simple tests showed that the white coating was a fatty substance, because oily dyes would stain it, but water-soluble dyes were shed like water off oilskin. Strangely, the axon was never coated evenly, but instead a series of droplets of the oily sheath punctuated the entire length of the axon, leaving minute bare spots of axon between each droplet. Was this the natural structure of the axon sheathing, or had the fragile coating been damaged by scientists teasing the bundled fibers apart with fine glass needles to see the individual axons under the microscope?

This droplet sheathing on brain axons resembled the string of flattened pearls formed by Schwann cells on large axons in nerves, but the sheathing droplets lacked a nucleus, so this oily coating was apparently not made up of cells at all. The mysterious cocklebur oligodendrocytes drifted freely like flotsam throughout the brain. How was this oily material deposited on the axon? Scientists could watch the process of axons becoming coated during development, because this action begins in the late stages of fetal life and the coating continues to accumulate in young animals after they are born or hatched. It was impossible with the microscopes of the time to tell whether the coating was deposited outside the axon or stuffed just under its cell membrane. If it was on the outside, some other cell might have plastered it there, but what cell?

The early anatomists were acutely aware of the limitations of their staining methods. As the Golgi method had shown, a new stain could reveal a completely new cell, previously invisible to the world of science. Río-Hortega continued to tinker with the Golgi silver staining method, using different combinations of metal salts and chemical treatments on brain tissue. Suddenly everything made sense! One of the staining variations he tried illuminated the true structure of oligodendrocytes. As if teased by Nature, Río-Hortega saw that the name “oligodendrocyte” would become ironic. The supposedly stubby cell branches (or “processes”) described by the prefix oligo-did not stop where the old weak stains had failed. This new stain showed that the cellular processes extended great distances, and each slender process ended like a long tentacle of an octopus wrapping around an axon. The cocklebur had morphed into a monster octopus with dozens of long tentacles, each one grasping a different axon.
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