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PART 1

OUR BODY, THE INTELLIGENT SUPERCOMPUTER





CHAPTER

1

THE MIND-BODY CONNECTION IS REAL

When I started medical school in 1970, doctors looked at the human body as a complicated machine with a finite number of independent parts. On average, it functioned for about seventy-five years, provided you took care of it and fed it the right fuel. Like a high-quality car, it ran well, provided that it didn’t have any major accidents, and that no parts were irreversibly compromised or broken. A few routine checkups during a lifetime were all you were expected to do to prevent any unexpected calamities. Medicine and surgery provided powerful tools to fix acute problems, such as infections, accidental injuries, or heart disease.

However, over the past forty to fifty years, something fundamental has gone wrong with our health, and the old model no longer seems to be able to provide an explanation or a solution of how to fix the problems. What’s happening can no longer be easily explained simply by a single malfunctioning organ or gene. Instead, we are beginning to realize that the complex regulatory mechanisms that help our bodies and brains adapt to our rapidly changing environment are in turn being impacted by our changing lifestyles. These mechanisms do not operate independently, but as parts of a whole. They regulate our food intake, metabolism and body weight, our immune system, and the development and health of our brains. We are just beginning to realize that the gut, the microbes living in it—the gut microbiota—and the signaling molecules that they produce from their vast number of genes—the microbiome—constitute one of the major components of these regulatory systems.

In this book, I will offer a revolutionary new look at how the brain, the gut, and the trillions of microorganisms living in the gut communicate with each other. In particular, I will focus on the role these connections play in maintaining the health of our brain and our gut. I will discuss the negative consequences on the health of these two organs when their cross talk is disturbed, and propose ways of how to obtain optimal health by reestablishing and optimizing brain-gut communications.

Even in medical school, the traditional, prevailing approach did not sit quite right with me. Despite all the studying of organ systems and disease mechanisms, I was surprised that there rarely was any mention of the brain and its possible involvement in such common diseases as stomach ulcers, hypertension, or chronic pain. In addition, I had seen a number of patients during rounds in the hospital for whom even the most thorough diagnostic investigations failed to reveal a cause of their symptoms. These symptoms mostly had to do with chronic pain experienced in different areas of the body: in the belly, the pelvic area, and the chest. So, in my third year of medical school, when it was time to begin my dissertation, I wanted to study the biology of how the brain interacted with the body, in the hope that I would develop a better understanding of many of these common diseases. Over a period of several months, I approached several professors from different specialties. “Mr. Mayer,” said Professor Karl, a senior internal medicine professor at my university, “we all know that the psyche plays an important role in chronic disease. But there is no scientific way today that we can study this clinical phenomenon, and there is certainly no way that you can write a whole dissertation on it.”

Professor Karl’s disease model, and that of the entire medical system, worked extremely well for certain acute diseases—diseases that come on suddenly, don’t last long, or both—in infections, heart attacks, or surgical emergencies like an inflamed appendix. Based on these successes, modern medicine had grown confident. There was hardly an infectious disease left that couldn’t be cured by ever-more-powerful antibiotics. Newly developed surgical techniques could prevent and cure many diseases. Broken parts could be removed or replaced. We only needed to figure out all the minute engineering details that made the individual parts of this machine function. Depending more and more on newly evolving technologies, our health care system promoted a pervasive optimism that even the most deadly of chronic health problems, including the scourge of cancer, could be solved eventually.

When President Richard Nixon signed into law the National Cancer Act of 1971, Western medicine acquired a new dimension and a new military metaphor. Cancer became a national enemy, and the human body became a battleground. On that battleground, physicians took a scorched-earth approach to rid the body of disease, using toxic chemicals, deadly radiation, and surgical interventions to attack cancer cells with increasing force. Medicine was already using a similar strategy successfully to combat infectious diseases, unleashing broad-spectrum antibiotics—antibiotics that can kill or cripple many species of bacteria—to wipe out disease-causing bacteria. In both cases, as long as victory could be achieved, collateral damage became an acceptable risk.

For decades, the mechanistic, militaristic disease model set the agenda for medical research: As long as you could fix the affected machine part, we thought, the problem would be solved; there was no need to understand its ultimate cause. This philosophy led to high-blood-pressure treatments that use beta blockers and calcium antagonists to block aberrant signals from the brain to the heart and blood vessels, and proton pump inhibitors that treat gastric ulcers and heartburn by suppressing the stomach’s excessive acid production. Medicine and science never paid much attention to the malfunction of the brain that was the primary cause of all these problems. Sometimes the initial approach failed, in which case even more intense efforts were used as a last resort. If the proton pump inhibitor didn’t quell the ulcer, you could always cut the entire vagus nerve, the essential bundle of nerve fibers that connects brain and gut.

There is no question that some of these approaches have been remarkably successful, and for years there did not seem to be any need for the medical system and the pharmaceutical industry to change their approach; nor was there much pressure on the patient to prevent the development of the problem in the first place. In particular, there didn’t seem to be a need to consider the prominent role of the brain and the distinct signals it sends to the body during stress or negative mind states. The initial remedies for high blood pressure, heart disease, and gastric ulcers were gradually replaced by far more effective treatments that saved lives, reduced suffering, and made the pharmaceutical industry wealthy.

But today, the old mechanistic metaphors are beginning to yield. The machines of forty years ago on which the traditional disease model was based—the cars, ships, and airplanes—had none of the sophisticated computers that play a central role in today’s machines. Even the Apollo rockets going to the moon had only rudimentary computing devices on board, millions of times less powerful than an iPhone and more comparable to a Texas Instruments calculator from the 1980s! Not surprisingly, the mechanistic disease models of the day did not include computing power, or intelligence. In other words, they did not consider the brain.

Paralleling the change in technology, the models we use to conceptualize the human body have also changed. Computing power has grown exponentially; cars have become mobile computers on wheels that sense and regulate their parts to ensure proper function, and soon they will drive without human input. Meanwhile, the old fascination with mechanics and engines has given way to a new fascination with information gathering and processing. The machine model was useful in medicine for treating some diseases. But when it comes to understanding chronic diseases of the body and the brain, it’s no longer serving us.

The Price Tag of the Machine Model

The traditional view of disease as a breakdown of individual parts of a complex mechanical device that can be fixed by medications or surgery has spawned a continuously growing health care industry. Since 1970, the per capita expense for health care in the United States has increased by more than 2,000 percent. Nearly 20 percent of all goods produced by the U.S. economy per year are required to pay for this enormous undertaking.

But while the World Health Organization, in a landmark report published in 2000, ranked the U.S. health care system as the highest in cost, it ranked it a disappointing 37th in overall performance, and 72nd by overall level of health among 191 member nations included in the study. The United States didn’t fare much better in a more recent report by the Commonwealth Fund, which ranked the U.S. health care system as the most expensive per capita among eleven Western countries, about two times higher than all the other surveyed countries. At the same time, the United States came in last in overall performance. This data reflects the hard fact that despite the ever-increasing amount of resources spent on dealing with our nation’s health problems, we have made little progress in treating chronic pain conditions, brain-gut disorders such as irritable bowel syndrome (IBS), or mental illnesses such as clinical depression, anxiety, or neurodegenerative disorders. Are we failing because our models for understanding the human body are outdated? There are a growing number of integrative health experts, functional medicine practitioners, and even traditional scientists who would agree with this assumption. But change is on the horizon.

The Mysterious Decline in Our Health

The failure to deal effectively with many chronic diseases, including irritable bowel syndrome, chronic pain, and depression, is not the only shortcoming of the traditional, disease-based model of medicine. Since the 1970s, we have also been witnessing new challenges to our health, including the rapid rise of obesity and related metabolic disorders, autoimmune disorders such as inflammatory bowel diseases, asthma, and allergies, and diseases of the developing and the aging brain, such as autism, Alzheimer’s, and Parkinson’s disease.

For example, the rate of obesity in the United States has progressively increased from 13 percent of the population in 1972 to 35 percent in 2012. Today 154.7 million American adults are overweight or obese, including 17 percent of American children ages 2 to 19, or 1 in every 6 American children. At least 2.8 million people each year die as a result of being overweight or obese. Globally, 44 percent of diabetes, 23 percent of ischemic heart disease, and 7-41 percent of certain cancers are attributable to overweight and obesity. If the obesity epidemic continues unabated, the costs of treating people suffering from obesity-related diseases are projected to increase to a staggering $620 billion annually

We are still grappling for answers to explain the sudden rise of many of these new health problems, and for most of them, we don’t yet have effective solutions. While the increase in our longevity in the United States has paralleled that of many other countries in the developed world, we are far behind in terms of physical and mental well-being when we reach the last decades of our lives. The price we pay for an increase in the quantity of years we live is a decrease in the quality of those years.

In view of these challenges, it’s time to update our prevailing model of the human body to understand how it really works, how to keep it running optimally, and how to fix it safely and effectively when something goes wrong. We can no longer tolerate the price tag and the long-term collateral damage that our outdated model has produced.

Until now, we have largely ignored the critical role of two of the most complex and crucial systems in our bodies when it comes to maintaining our overall health: the gut (the digestive system) and the brain (the nervous system). The mind-body connection is far from a myth; it is a biological fact, and an essential link to understand when it comes to our whole body health.

The Supercomputer View of Our Digestive System

For decades, our understanding of the digestive system was based on the machine model of the entire body. It viewed the gut mostly as an old-fashioned device that functioned according to principles of the nineteenth-century steam engine. We ate, chewed and swallowed our food, then our stomach broke it down with mechanical grinding forces assisted by concentrated hydrochloric acid before dumping the homogenized food paste into the small intestine, which absorbed calories and nutrients and sent the undigested food into the large intestine, which disposed of what remained by excreting it. This industrial-age metaphor was easy to grasp, and it influenced generations of doctors, including today’s gastroenterologists and surgeons. According to this view, the digestive tract’s malfunctioning parts can easily be bypassed or removed, and it can be dramatically rewired to promote weight loss. We have become so skilled in doing these interventions that they can even be performed through an endoscope without surgery.

But as it turns out, this model is overly simplistic. While medicine continues to view the digestive system as being largely independent of the brain, we now know that these two organs are intricately connected with each other, an insight reflected in the concept of a gut-brain axis. Based on this concept, our digestive system is much more delicate, complex, and powerful than we once assumed. Recent studies suggest that in close interactions with its resident microbes, the gut can influence our basic emotions, our pain sensitivity, and our social interactions, and even guide many of our decisions—and not just those about our food preferences and meal sizes. Validating the popular expression of “gut-based” decision making in neurobiological terms, the complex communication between the gut and the brain plays a role when we make some of our most important life decisions.

The connection between our gut and our mind is not something that solely psychologists should be interested in; it is not just in our heads. The connection is hardwired in the form of anatomical connections between the brain and the gut, and facilitated by biological communication signals carried throughout the bloodstream. But before we get too far, let’s take a step back and take a closer look at just what I mean by the “gut”—your digestive system, which is far more complex than a simple food processing machine.

Your gut has capabilities that surpass all your other organs and even rival your brain. It has its own nervous system, known in scientific literature as the enteric nervous system, or ENS, and often referred to in the media as the “second brain.” This second brain is made up of 50-100 million nerve cells, as many as are contained in your spinal cord.

The immune cells residing in your gut make up the largest component of your body’s immune system; in other words, there are more immune cells living in the wall of your gut than circulating in the blood or residing in your bone marrow. And there is a good reason for the massing of these cells in this particular location, which is exposed to many potentially lethal microorganisms contained in what we eat. The gut-based immune defense system is capable of identifying and destroying a single species of dangerous bacterial invaders that makes it into our digestive system when we accidentally ingest contaminated food or water. What is even more remarkable, it accomplishes this task by recognizing the small number of potentially lethal bacteria in an ocean of a trillion other benevolent microbes living in your gut, the gut microbiota. Accomplishing this challenging task ensures that we can live with our gut microbiota in perfect harmony.

The lining of your gut is studded with a huge number of endocrine cells, specialized cells that contain up to twenty different types of hormones that can be released into the bloodstream if called upon. If you could clump all these endocrine cells together into one mass, it would be greater than all your other endocrine organs—your gonads, thyroid gland, pituitary gland, and adrenal glands—combined.

The gut is also the largest storage facility for serotonin in our body. Ninety-five percent of the body’s serotonin is stored in these warehouses. Serotonin is a signaling molecule that plays a crucial role within the gut-brain axis: It is not only essential for normal intestinal functions, such as the coordinated contractions that move food through our digestive system, but it also plays a crucial role in such vital functions as sleep, appetite, pain sensitivity, mood, and overall well-being. Because of the widespread involvement in regulation of some of these brain systems, this signaling molecule is the main target of the major class of antidepressants, the serotonin reuptake inhibitors.

If our gut’s sole function was to manage digestion, why would it contain this unparalleled assembly of specialized cells and signaling systems? One answer to this question is a largely unknown feature of our gut, its crucial function as a vast sensory organ, covering the largest surface of our bodies. When spread out, the gut has the size of a basketball court, and it is packed with thousands of little sensors that encode the vast amount of information that is contained in your food in the form of signaling molecules, from sweet to bitter, from hot to cold, and from spicy to soothing.

The gut is connected to the brain through thick nerve cables that can transfer information in both directions and through communication channels that use the bloodstream: hormones and inflammatory signaling molecules produced by the gut signaling up to the brain, and hormones produced by the brain signaling down to the various cells in the gut, such as the smooth muscle, the nerves, and the immune cells, changing their functions. Many of the gut signals reaching the brain will not only generate gut sensations, such as the fullness after a nice meal, nausea and discomfort, and feelings of well-being, but will also trigger responses of the brain that it sends back to the gut, generating distinct gut reactions. And the brain doesn’t forget about these feelings, either. Gut feelings are stored in vast databases in the brain, which can later be accessed when making decisions. What we sense in our gut will ultimately affect not only the decisions we make about what to eat and drink, but also the people we choose to spend time with and the way we assess critical information as workers, jury members, and leaders.

FIG. 1. BIDIRECTIONAL COMMUNICATIONS BETWEEN THE GUT AND THE BRAIN
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The gut and the brain are closely linked through bidirectional signaling pathways that include nerves, hormones, and inflammatory molecules. Rich sensory information generated in the gut reaches the brain (gut sensations), and the brain sends signals back to the gut to adjust its function (gut reactions). The close interactions of these pathways play a crucial role in the generation of emotions and in optimal gut function. The two are intricately linked.

In Chinese philosophy, the concept of yin and yang describes how opposite or contrary forces can be viewed as complementary and interconnected, and how they give rise to a unifying whole by interacting with each other. When applied to the brain-gut axis, we can view our gut feelings as the yin, and gut reactions as the yang. Just as yin and yang are the two complementary principles of the same entity—the brain-gut connection—both the feelings and the reactions are different aspects of the same bidirectional brain-gut network that plays such a crucial role in our well-being, our emotions, and our ability to make intuitive decisions.

The Dawn of the Gut Microbiome

While few people paid much attention to the findings of investigators studying brain-gut interactions over the past several decades, in recent years, the gut-brain axis has taken center stage. This shift can be largely attributed to the exponential rise in knowledge and data about the bacteria, archaea, fungi, and viruses that live inside the gut, which are collectively called the gut microbiota. Even though we are outnumbered by these invisible microorganisms (there are 100,000 times more microbes in your gut alone as there are people on earth), humans only became aware of their existence some three hundred years ago, when Dutch scientist Antonie van Leeuwenhoek made critical improvements to the microscope. When he peered through, he was able to observe live microorganisms from scrapings of the teeth, which he gave the name “animalcules.”

Dramatic technological changes in our ability to identify and characterize these microorganisms has occurred since then, and most of this progress has occurred during the past decade. The Human Microbiome Project played a major role in this remarkable progress. The project is an initiative of the U.S. National Institutes of Health launched in October 2007 with the goal of identifying and characterizing the microorganisms living in coexistence with us humans. It was designed to understand the microbial components of our genetic and metabolic landscape, and how they contribute to our normal physiology and disease predisposition.

Over the past decade, the topic of the gut microbiome has spread into virtually every specialty of medicine, even into such widely different specialties as psychiatry and surgery. Invisible communities of microbes are everywhere in our world, including in plants, animals, soils, deep-sea vents, and the upper atmosphere, and as such the fascination with the world of microorganisms also extends to scientists studying microbes inhabiting our oceans, soil, and forests. Even the White House has gotten involved by convening scientists from across the country in 2015 to explore how microbes influence the earth’s climate, its food supply, and human health. As of this writing, President Barack Obama plans to announce a national Microbiome Initiative on May 13, 2016, analogous to the earlier Brain Initiative of 2014, which has resulted in billions of dollars of investments into studies of the human brain.

The benefits derived by us humans from our microbiotas have profound consequences for health. Some of the best-documented benefits include assistance in the digestion of food components our guts can’t handle by themselves, regulation of our bodies’ metabolism, processing and detoxification of dangerous chemicals that we ingest with our food, training and regulation of the immune system, and prevention of invasion and growth of dangerous pathogens. On the other hand, disturbance and alterations in the gut microbiome—gut microbiota and their collective genes and genomes—are associated with a wide variety of diseases, such as inflammatory bowel disease, antibiotic-associated diarrhea, and asthma, and they may even play a role in autism spectrum disorders and neurodegenerative brain disorders like Parkinson’s disease.
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FIG. 2. GUT MICROBIAL DIVERSITY AND VULNERABILITY FOR BRAIN DISORDERS

The diversity and abundance of gut microbes vary over the lifetime of an individual. It is low during the first three years of life when a stable gut microbiome is being established, reaches its maximum during adult life, and decreases as we grow older. The early period of low diversity coincides with the vulnerability window for neurodevelopmental disorders such as autism and anxiety, while the late period of low diversity coincides with the development of neurodegenerative disorders such as Parkinson’s and Alzheimer’s disease. One may speculate that these low diversity states are risk factors for developing such diseases.


With the help of new technologies, we’re discovering and characterizing distinct microbial populations from our skin, face, nostrils, mouth, lips, eyelids, and even between our teeth. The gastrointestinal tract, in particular the large intestine, however, is home to by far the largest populations. More than 100 trillion microbes live in the dark and nearly oxygen-free world of the human gut—about the same number of all the human cells in the body, if you include the human red blood cells in this comparison. This means that only 10 percent of the cells in or on a human being are actually human. (If you include the body’s red blood cells, this number may be closer to 50 percent). If you put all your gut microbes together and shaped them into an organ, it would weigh between 2 and 6 pounds—on par with the brain, which weighs in at 2.6 pounds. Based on this comparison, some people have referred to the gut microbiota as a “forgotten organ.” The 1,000 bacterial species that make up the gut microbiota contain more than 7 million genes—or up to 360 bacterial genes for every human gene. This means that less than 1 percent of the combined human and microbial genes (the so-called hologenome) are actually of human origin!

All these genes give the microbes not only an enormous capacity for generating molecules through which they can communicate with us, but also an impressive ability for variation. Gut microbiota differ quite widely from person to person, and no two people’s gut microbiota are exactly alike in terms of the many strains and species of microbes they contain. The microbes present in your gut depend on many factors, including your genes, your mother’s microbiota, which all of us take on to some extent, the microbes that other members of your household carry, your diet, and—as we will discuss in this book—your brain’s activity and state of mind.

To fully grasp the tremendous importance that microbes play in our bodies, it is worth remembering where they came from and how they linked up with us humans. This evolutionary tale has been put into a wonderful narrative by Martin Blaser in his book Missing Microbes:

For about 3 billion years, bacteria were the sole living inhabitants on Earth. They occupied every tranche of land, air and water, driving chemical reactions setting the conditions for the evolution of multicellular life. Slowly, through trial and error across the vastness of time, they invented the complex and robust feedback systems, including the most efficient “language” that to this day supports all life on Earth.

Everything that we’ve learned about the gut microbiota challenges traditional scientific beliefs, which is one reason why it has become the topic of so much interest and controversy, both in the world of science and the media. It is also the reason why some people are posing deeper, more philosophical questions about the impact of the microbiome: Are our human bodies just a vehicle for the microbes living in it? Do the microbes manipulate our brains to make us seek out foods that are best for them? Should the fact that we humans are outnumbered by nonhuman cells change our concept of the human self?

Such philosophical speculations are fascinating, but they are not currently supported by science. However, the implications of what the science of the human microbiome has revealed so far in the last decade are equally profound. And even though we are just at the very beginning of this rapidly unfolding journey of scientific discovery, we can no longer view ourselves as the only intelligent product of evolution, distinct from all the other living creatures on the planet. Just as the Copernican Revolution in the sixteenth century fundamentally changed our understanding of the world’s position in the solar system, and Darwin’s revolutionary theory of evolution proposed in the nineteenth century has forever changed our position within the animal kingdom, the human microbiome science is forcing us again to reevaluate our position on earth. According to the new science of the microbiome, we humans are truly supraorganisms, composed of closely interconnected human and microbial components, which are inseparable and dependent on each other for survival. And most concerning is the fact that the microbial components are vastly greater than our human contribution to this supraorganism. As the microbial component is so closely connected through a shared biological communication system to all the other microbiomes in the soil, the air, the oceans, and the microbes living in symbiosis with almost all other living creatures, we are closely and inextricably tied into the earth’s web of life. The new concept of the human microbial supraorganism clearly has profound implications for our understanding of our role on earth and for many aspects of health and disease.

When the Gut-Microbiota-Brain Axis Falls Out of Balance

The health of any ecosystem can be expressed as its stability and resilience against insults and perturbations. Major factors that contribute to this health are the diversity and abundance of organisms making up the ecosystem. The same considerations apply to our gut microbiome ecosystem. There is growing evidence that the mix of gut microbes falls out of its healthy stable state in several gut disorders (a state called dysbiosis). One of the most serious and best-characterized states of dysbiosis has been reported in a small number of antibiotic-treated hospital patients, who develop severe diarrhea and gut inflammation following the treatment with antibiotics. This so-called Clostridium difficile colitis develops when a broad-spectrum antibiotic treatment greatly diminishes the diversity and abundance of the normal gut microbiota, allowing the invasion by the pathogen C. difficile. Further confirming the importance of gut microbial diversity for gut health is the observation that the colon inflammation can be rapidly cured by reestablishing the compromised architecture of the gut microbiome. The only currently available way to restore gut microbial diversity in these patients is the transfer of an intact microbiota from the feces of a healthy donor into the gut of the affected patient. This treatment, so-called fecal microbial transplantation, results in an almost miraculous reconstitution of the patient’s own microbial composition. We will learn more about this new type of treatment later in this book.

However, the extent and precise role of the dysbiotic state in the pathophysiology of other chronic gut disorders, such as ulcerative colitis, Crohn’s disease, or the brain-gut disorder irritable bowel syndrome (IBS), are less completely understood, and many questions remain. Up to 15 percent of the population worldwide suffers from the cardinal IBS symptoms, altered bowel habits, and abdominal pain and discomfort. Several studies have reported altered gut microbial communities in a subset of patients, but it’s not clear yet which of the available therapies that aim to restore balance to these gut microbiota (including antibiotics, probiotics, a special diet, or fecal microbial transplantation) work best in individual patients.

The Emerging Role of Microbes

Just a few years ago, it would have sounded like science fiction. But new science confirms that our brains, guts, and gut microbes talk to each other in a shared biological language. How can these invisible creatures talk to us? How can we hear them, and how can they possibly communicate with us?

The microbes not only inhabit the inside of your gut; many of them sit on a razor-thin layer of mucus and cells that coats the inner lining of your intestine. In this unique habitat they are barely separated from the gut’s immune cells and the numerous cellular sensors that encode our gut sensations. In other words, they live in intimate contact with the major information-gathering systems in our body. This location allows them to listen in as the brain signals the gut how stressed you are, or when you feel happy, anxious, or angry, even if you are not fully aware of these emotional states. But they do more than just listen. As incredible as this may sound, your gut microbes are in a prime position to influence your emotions, by generating and modulating signals the gut sends back to the brain. Thus, what starts as an emotion in the brain influences your gut and the signals generated by your microbes, and these signals in turn communicate back to the brain, reinforcing and sometimes even prolonging the emotional state.

When the first publications on this topic—mostly animal studies—appeared in the scientific literature some ten years ago, I was skeptical of the results and implications, which just seemed to be too far outside of the conventional view of medicine. However, after my research group at the University of California, Los Angeles, under the leadership of Kirsten Tillisch completed our own study in healthy human subjects, we were able to confirm the results of the animal studies—and I became determined to further explore the question of whether the interactions between the gut microbiota and the brain could affect our background emotions, social interactions, and even our ability to make decisions. Is the proper balance of microbes a prerequisite for mental health? And when these connections between the mind and gut are altered, can they raise a person’s risk of developing chronic diseases of the brain? These questions are fascinating not only from a scientist’s perspective, but also from a human one: a better understanding of the gut-brain connection is urgently needed in view of the impact that many brain disorders have on human suffering and health care costs.

There has been a dramatic, continuous increase in the reported prevalence of autism spectrum disorders, from 4.5 in 10,000 children in 1966 to 1 in 68 children aged 8 years in 2010. The most recent data from the 2014 National Health Interview reveals that as many as 2.2 percent of U.S. children have received a diagnosis of ASD at some point in their lives, suggesting the current prevalence to be 1 in 58 U.S. children. Some of this increase is likely due to greater awareness and changes in diagnostic criteria, but the evidence also suggests that autism spectrum disorders have become at least twice as prevalent in the last decade alone.

As autism spectrum disorders rose, so did other diseases linked to a change in our gut microbiota, including autoimmune and metabolic disorders. The similarities in the time course of these new epidemics suggested a common underlying mechanism related to a change in our gut microbiota during the last fifty years. Changes in our lifestyles, diet, and in the widespread use of antibiotics have been implicated as possible causes. Recent animal studies have bolstered the link. And recent clinical trials with specific probiotics and with fecal microbial transplantation have begun to directly test the link between gut microbiota and behavioral abnormalities.

Neurodegenerative disorders are on the rise as well. In industrialized countries, one in 100 people over 60 have Parkinson’s disease, and in the United States, the disease affects at least half a million people, with about 50,000 new cases diagnosed each year. While it has been estimated that the number of Parkinson’s cases will double by 2030, the true prevalence of the disease is difficult to assess, because the disease is typically not diagnosed by its classical neurological signs and symptoms until the disease process is already far advanced. In fact, recent research shows that the enteric nervous system undergoes the nerve degeneration typical of Parkinson’s long before classical symptoms of the disease appear, and that changes in patients’ gut microbial composition accompany the disease.

Meanwhile, as many as 5 million Americans were living with Alzheimer’s disease in 2013, and by 2050, this number is projected to rise nearly threefold to 14 million. Similar to the typical age of onset of Parkinson’s, the symptoms of Alzheimer’s disease first appear after age 60 and the risk increases with age. The number of people with the disease doubles every 5 years beyond age 65. The economic cost of Alzheimer’s is already enormous, and, if present trends continue, it’s expected to grow rapidly to $1.1 trillion per year by 2050. Could lifelong alterations in gut microbial function play a role in both of these neurodegenerative disorders, which affect humans at roughly the same age?

Gut microbiota have also been linked to depression, which is the second leading cause of disability in the United States. The drugs used most often to treat depression are the so-called selective serotonin reuptake inhibitors such as Prozac, Paxil, and Celexa. These drugs boost the activity of the serotonin signaling system, which psychiatry had long thought is exclusively located in the brain. However, we know today that 95 percent of the body’s serotonin is actually contained in specialized cells in the gut, and these serotonin-containing cells are influenced by what we eat, by chemicals released from certain species of gut microbes, and by signals that the brain sends to them, informing them about our emotional state. What is most remarkable is that these cells are tightly connected to sensory nerves that signal directly back into the brain’s emotion regulating centers, making them an important hub within the gut-brain axis. Because of this strategic location it is likely that gut microbes and their metabolites play an important and largely unrecognized role in the development of depression as well as its severity and length—an intriguing possibility that, if confirmed in controlled studies, could create new opportunities for the development of more effective treatments, including specific dietary interventions.

In this book, we will look at new evidence that is beginning to link some of the most devastating brain diseases and some of the most common brain-gut disorders to alterations in how the gut microbes communicate with the brain, and how our lifestyle and diet may impact this connection.

You Are What You Eat—as Long as You Count Your Gut Microbes

“Tell me what you eat, and I will tell you who you are,” wrote Jean Anthelme Brillat-Savarin, a French lawyer, physician, and author of an influential nineteenth-century book on the physiology of taste. This connoisseur of high cuisine, for whom Savarin cheese and the Gateau Savarin pastry are named, offered some profound early insights into the relationship between diet, obesity, and indigestion. But back in 1826, when he wrote this, he could not have known that gut microbes mediate how food affects mental well-being and important brain functions. In fact, the gut microbiota residing at the interface between our gut and our nervous system are in a key position to link our physical and mental well-being directly to what we eat and drink, and in turn link our feelings and emotions to the processing of our food.

Your gut gathers information about your food and your environment every millisecond, and it does this twenty-four hours a day, seven days a week, even as you sleep. Much of this information gathering occurs in the stomach and the beginning of the small intestine, where only a small number of microbes reside, and where their contribution to the gut-brain dialogue is likely to be small. But the trillions of microbes living in your large intestine digest remaining food components to produce vast numbers of molecules that add a whole new dimension to this process. As we know from animal experiments, an absence of gut microbes is compatible with life, including the digestion and absorption of nutrients, that is, as long as you live in an environment free of pathogens. However, we now know that such germ-free animals—mice, rats, and even horses—have significant alterations in the development of their brains, in particular in brain regions involved in emotion regulation. Growing up in such a germ-free environment takes a serious toll on the development of your brain.

The well-being of your gut microbes depends on the food you eat, and they are more or less programmed in their food preferences during the first few years in life. However, regardless of their original programming, they can digest virtually everything you feed them, regardless of whether you’re an omnivore or a pescatarian. No matter what you feed them, they will use their enormous amount of information stored in their millions of genes to transform partially digested food into hundreds of thousands of metabolites. Even though we are only at the beginning of our understanding what effects these metabolites have on our body, we know that some of them profoundly affect the GI tract, including its nerves and immune cells. Others find their way into the bloodstream and are involved in long-distance signaling, influencing every organ, including the brain. A particularly important role of such microbe-produced molecules is their ability to induce a state of low-grade inflammation in their target organs, which has been implicated in obesity, heart disease, chronic pain, and degenerative diseases of the brain. These inflammatory molecules and their effect on certain brain regions may well be a major clue to our understanding of many human brain disorders.

What Does This New Science Mean for Your Health?

There is no question that the emerging science of gut-brain communication has been one of the most fascinating topics for scientists and the media for the last few years. Who would have ever believed that simply transferring fecal pellets containing gut microbiota from an “extrovert” mouse could change the behavior of a “timid” mouse, making it behave more like the gregarious donor mouse? Or that doing a similar experiment transplanting stool and its microbes from an obese mouse with a voracious appetite would turn a lean mouse into the same overeating animal? Or that the ingestion of a probiotic-enriched yogurt for four weeks in healthy human females could reduce their brains’ response to negative emotional stimuli?

The emerging knowledge of an integrated gut microbiota-brain system and its intimate relationship with the food we eat is revealing how the mind, brain, gut, and the gut’s microbiota interact. These interactions can either make us vulnerable to a growing number of diseases, or they can help to ensure a state of optimal health. But even more revolutionary, we’re now forging a new understanding of disease, health, and mental well-being, which is based on an ecological view of our bodies, emphasizing the interconnectedness of myriads of players in the gut and in the brain, creating stability and resistance against disease.

This new understanding will require us to demand more from our health care system. We’ll need it to move away from dominant yet outmoded ideas of the body as a complex machine with separate parts, and toward the idea of a highly interconnected ecological system that creates stability and resilience against disturbances through its diversity. As stated by a famous microbiome scientist, we’ll also need it to stop declaring war on individual cells or microbes and start regarding our gut microbiome as the friendly park ranger that helps to maintain biodiversity in a complex ecosystem. This paradigm shift is essential to keep our gut, and therefore our whole selves, healthy and resilient against disease. This new understanding is likely to reveal new paths to treat and prevent common diseases that afflict millions of Americans.

The time has come to empower ourselves to become the engineers of our own internal ecosystem, and our bodies and minds. To become your own ecosystem engineer, you will first need to understand how your brain communicates with your gut, how your gut communicates with your brain, and how your gut microbes influence both of these interactions. In the pages that follow, we will look at the latest scientific findings about these communication systems. If I’m successful, by the end of the book you’ll be looking at yourself and the world around you in an entirely new way.







CHAPTER

2

HOW THE MIND COMMUNICATES WITH THE GUT

Imagine you’re on the freeway, and the driver who’s been tailgating you suddenly zips into traffic, swerves abruptly in front of you, and then slams on his brakes. You brake hard to avoid hitting him, causing you to swerve to the next lane. Then you see him laugh. Your neck muscles begin to tense up, your jaw clenches, your lips tighten, your brow furrows. From the passenger seat, your spouse immediately notices your angry expression. In contrast, remember a time when you were depressed. Your face sank, your gaze lowered, and people around you noticed.

Recognizing emotions on other people’s faces comes naturally to us. This skill transcends the barriers of language, race, culture, national origin, and even species, as we can recognize an angry dog or a frightened cat. Nature programmed humans to recognize various emotions easily and gauge our responses accordingly. Your emotions are so apparent because your brain sends out a distinct pattern of signals to the face’s many small muscles, which means that every emotion has a corresponding facial expression. The people around you can discern your facial expressions in the blink of an eye. Each of us is an open book.

But we are literally blind to the gut manifestations of these emotions. When you are fuming in traffic, your brain sends out a characteristic pattern of signals to your digestive system, just as it does to your facial muscles; the digestive system also responds dramatically. As you sat fuming about the driver who cut you off, your stomach went into vigorous contractions, which increased its production of acid and slowed the emptying of the scrambled eggs you ate for breakfast. Meanwhile your intestines twisted and spit mucus and other digestive juices. A similar yet distinct pattern happens when you’re anxious or upset. When you’re depressed, your intestines hardly move at all. In fact, we now know that your gut mirrors every emotion that arises in your brain.
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FIG. 3. THE GUT IS A MIRROR IMAGE OF EMOTIONAL FACIAL EXPRESSIONS

Emotions are closely reflected in a person’s facial expressions. A similar expression of our emotions occurs in the different regions of the gastrointestinal tract, which is influenced by nerve signals generated in the limbic system. Signals to the upper and lower GI tract can be synchronous or go in opposite directions. Solid white arrows indicate the increase or decrease in gastrointestinal contractions associated with a particular emotion.


The activity of these brain circuits affects other organs as well, creating a coordinated response to every emotion you feel. When you’re stressed, for example, your heartbeat speeds and your neck and shoulder muscles tighten, and the reverse happens when you’re relaxed. But the brain is tied to the gut like no other organ, with far more extensive, hardwired connections. Because people have always felt emotion in their gut, our language is rich with expressions that reflect this. Every time your stomach was tied up in knots, you had a gut-wrenching experience, or you felt butterflies in your stomach, it was the emotion-generating circuits of your brain that were responsible. Your emotions, brain, and gut are uniquely connected.

If a patient with abnormal gut reactions seeks help from the medical system and an endoscopy does not reveal something more serious, such as gut inflammation or a tumor, physicians often dismiss the importance of the patient’s symptoms. Frustrated about their inability to provide effective relief, they tend to recommend special diets, probiotics, or pills to normalize abnormal bowel habits, without addressing the true cause of the gut reaction.

If more doctors and patients realized that the gut is in fact a theater in which the drama of emotion plays out, that drama might be less likely to become a painful melodrama for patients. Nearly 15 percent of the U.S. population suffers from a range of aberrant gut reactions, including irritable bowel syndrome, chronic constipation, indigestion, and functional heartburn, which all fall into the category of brain-gut disorders. They suffer from symptoms that range from queasiness, gurgling, and bloating all the way to unbearable pain. Amazingly, the majority of patients suffering from abnormal gut reactions have no idea that their gut problems reflect their emotional state.

Even more amazingly, most of the time neither do their doctors.

The Man Who Could Not Stop Vomiting

Of the many patients I have seen in my long career as a gastroenterologist, Bill stands out in my memory more than any other. Bill was twenty-five and otherwise healthy when he came to my office with his fifty-two-year-old mother. Surprisingly, it was she who started the conversation: “I really hope you can help Bill. You are our last resort. We are desperate.”

Over the previous eight years, Bill had spent countless hours in various emergency rooms, suffering from excruciating stomach pain and unstoppable vomiting. During particularly difficult periods, he would visit the ER several times a week. Usually the ER physicians prescribed painkillers and sedatives to treat his discomfort, but none of them seemed to have any idea what was actually wrong with him. Even worse, some labeled him a drug-seeking patient because nothing in the diagnostic tests they ran matched the severity of his symptoms.

Bill had also been to several gastrointestinal (GI) specialists who performed extensive diagnostic tests but without finding a cause for his miserable symptoms. His continued pain and vomiting forced him to drop out of college and move back in with his concerned parents.

His mother, a businesswoman, was frustrated that Bill’s doctors had not been able to diagnose Bill accurately, so she began searching online for answers. “I think he has all the symptoms of cyclical vomiting syndrome,” she told me.

As Bill’s doctor, I wanted to see for myself.

As happens often with brain-gut disorders, many unusual theories have been proposed to explain the unique constellation of symptoms in cyclical vomiting syndrome. But based on decades of research that my team has done with several other research groups at UCLA, I believed that the most plausible explanation was an exaggerated gut reaction triggered by an overactive stress response in the brain.

In patients with cyclical vomiting syndrome, stressful life events generally spark the attacks. A wide range of seemingly unrelated stimuli including strenuous exercise, menstruation, exposure to high altitudes, or simple prolonged psychological stress can cause enough of an imbalance in the body to trigger an attack. When the brain (not necessarily our conscious brain) perceives such a threat, it signals the hypothalamus, an important brain region coordinating all our vital functions, to crank up release of a critical stress molecule called corticotropin-releasing factor, or CRF for short, which functions as a master switch that sends the brain (and the body) into stress-response mode. Patients with this disorder may be completely symptom-free for several months or even years, even though their CRF system is primed all the time. But when they experience additional stress, a recurrence of symptoms is triggered.

When CRF levels rise high enough, it switches every organ and cell in your body, including the gut, into stress mode. In a series of elegant animal experiments, my UCLA colleague Yvette Tache, who’s one of the world’s experts in stress-induced brain-gut interactions, revealed the many shifts in the body that CRF induces.
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FIG. 4. GUT REACTIONS IN RESPONSE TO STRESS

In response to any perturbations of an individual’s normal balanced state such as stress, the brain mounts a coordinated response aimed at optimizing the
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