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Author’s Note

On the odd occasion when I have had to explain to a dinner-party guest that medical students do not have to take the Hippocratic Oath on graduation, there has always been a slight exhale of disappointment. But this ancient vow still underpins many of our modern codes of medical ethics, including the sacredness of doctor–patient confidentiality: ‘What I may see or hear in the course of treatment or even outside of treatment in regard to the life of patients, which on no account one must spread abroad, I will keep to myself.’1 In this book I have protected my patients with many layers of discretion: names, features and locations have been altered beyond recognition.

While my clinical and research interests explore how the mind, immune system and gut microbiome interact, I have no institutional or financial incentive to promote a particular test or treatment. Through detailed research and interviews with world experts and patients, I have developed opinions on this fascinating, fast-emerging field – opinions that are separate from the institutions with which I am affiliated: the National Health Service (NHS), the University of Oxford’s Department of Psychiatry and Lincoln College. While my intention is that reading this book enriches your life and health, individualized medical advice should come from your health practitioner.
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A Tale of Two Systems

How neurology and immunology grew up, and grew apart


Ships that pass in the night, and speak each other in passing,
 Only a signal shown and a distant voice in the darkness;
 So on the ocean of life we pass and speak one another,
 Only a look and a voice, then darkness again and a silence.

HENRY WADSWORTH LONGFELLOW, A THEOLOGIAN’S TALE



The nervous system

A walk down Oxford’s High Street is a sensory banquet. As you follow its gentle curve, it feels as though you are gradually unfurling an ancient scroll. Jagged gothic pinnacles break up the skyline. Well-weathered statues, staring vacantly, stand aloof in their niches. Rickety, timber-framed houses rub shoulders with imposing stone colleges, bunched up along the street like awkward professors gathered for a group photo. But any illusion of being transported back in time is frequently shattered. Open-top tour buses huff as they pick up their passengers. The pavements writhe with lost tourists and tipsy students diffusing along the city’s veins. Amid this bustle, even a local who’s walking the length of ‘The High’ could be forgiven for missing many of the narrow medieval alleyways that slip off the sides of the busy street. One of these passages leads down to an old, five-gabled townhouse that – in one of its various guises across the centuries – is now the excellent Chiang Mai Kitchen restaurant. Visitors can be certain of delicious Thai cuisine, but there is something of which they may not be aware. As they cut into their massaman chicken or de-vein the prawns in their tom yam soup, today’s diners are maintaining the building’s long tradition of dissection.

In the mid-1600s, this hall was the workplace of Dr Thomas Willis and his recently deceased clients.1 This intrepid medic would spend most of his clinical days out in the market squares of Oxford and its neighbouring towns, competing with other physicians for the attention of the sick. But Willis would also keep an eye out for local executions; he would hang around waiting for fresh bodies to bring back to his workshop. There he would gently prise open their skulls and explore the mysterious, mushy structures that lay within, in an attempt to map the largely unknown territory of the brain. Willis’s efforts were aided by a remarkable set of friends. Robert Boyle suggested soaking the brain in port, its high alcohol content preserving the samples.2 (Boyle – now most famous for his eponymous law that measures the relationship between the pressure and volume of a gas – went on to become a founder of modern chemistry.) Once the specimens had been preserved, Willis had another friend, Christopher Wren, draw them in unprecedented detail, foreshadowing his development into one of the most celebrated and prolific architects in history.

Willis was a pioneering neuroanatomist, describing and naming numerous brain structures and identifying all twelve cranial nerves in incredible detail, laying the foundations for modern medical textbooks.3 He also coined the term neurologia, from which we get neurology. But, perhaps most importantly, he was also an excellent clinician, and connected his findings in the brains of the deceased with the conditions he himself had witnessed in their lives. Linking brain and behaviour, Thomas Willis identified the cerebral cortex – the grey matter that forms the thick outer layer of the brain – as ‘the primary seat of the rational soul in man … and the source of movements and ideas’. He based this on differences in cortex size and shape in brains of those who had lived with learning difficulties.4 This was revolutionary, considering that the contemporary consensus held that the cortex was an intellectually unimportant collection of blood vessels.

He also located the mind within the brain, which was not a given – in the seventeenth century, the centuries-old search for the source of human thought was still the topic of intense debate. In nearby Stratford, a certain William Shakespeare had recently summarized it well: ‘Tell me, where is fancy bred […] in the heart or in the head?’5 Both Team Heart and Team Head had a venerable Greek philosopher-scientist to champion their cause. Aristotle, who had been right about so many things, placed the mind in the heart, and relegated the brain to a cooling system. Galen, on the other hand, placed it in the fluid-filled ventricles of the brain. While Galen was much closer, neither was correct. When Thomas Willis enrolled in medical school in the 1640s, he was committing to roughly fourteen years of rote-learning the works of Aristotle and Galen. His studies were cut drastically short, however, when the English Civil War broke out. His inquisitive mind, therefore, had to be nurtured not by pure reason, nor by regurgitating the classical canon, but instead by putting his eyes to work by observing real people and getting his hands dirty with real human bodies. Perhaps he was saved from medical school.

Many of Thomas Willis’s incredible discoveries were published in his Cerebri Anatome in 1664. I headed to the Special Collections archive of Oxford’s St John’s College to have a look at a first edition. As I delicately leafed through the pages, under the justifiably watchful eye of the librarian, I was amazed at how little modern textbooks have added to the detail, and how much they have taken away from the artistry. Wren’s illustration of the underside of the brain is drawn with the same attention and reverence he would later pay to cathedral vaults. Cerebri Anatome was a groundbreaking publication, and it could be argued that 1664 marked the victory of Team Head – the source of human thought, emotion and movement was now firmly within the skull.

Willis’s anatomical and clinical findings would help pave the way for further astounding discoveries in neuroscience, too. In the early nineteenth century, British anatomist Charles Bell and French physiologist François Magendie independently found that specific nerves conveyed sensory input to the spinal cord, while others transmitted motor (movement) impulses. Towards the end of the nineteenth century, advances in microscopy and cell staining enabled the Spanish neuroscientist Santiago Ramón y Cajal to identify the individual component parts from which the brain and the rest of the nervous system are built: neurons. Neurons (also called nerve cells) are cells that typically consist of three parts: the cell body (containing the nerve’s DNA and most of its cellular machinery), the dendrite (the branch that leads from the periphery into the cell body) and the axon (the branch that travels away from the cell body). Ramón y Cajal’s beautiful drawings of the treelike projections of nerve cells are among the most celebrated illustrations in the history of science. By the turn of the twentieth century it was known that neurons are electrically excitable cells that make up the brain, spinal cord and peripheral nerves, and that they relay electrical signals to each other. Another crucial discovery was that the axon of one neuron does not touch the dendrite of the next; the neurons are separated by a tiny, microscopic space called a synapse. When the electrical impulse reaches the end of the first nerve, it causes the release of chemicals called neurotransmitters. These travel across the synapse, which activates the next nerve, which in turn activates the next, and so on. This anatomical and physiological framework provides the basis for modern neuroscience.

As we assemble the elements that make up a functioning brain, we find that we’re breathing life into our bodies, too. Neurons join together to form an intricate web of electrically active tissue – a sort of circuit board, collectively called the nervous system. This can be divided into the central nervous system (CNS), which consists of the brain and the spinal cord, and the nerves outside of these structures, the peripheral nervous system (PNS), innervating the whole human body. The PNS is itself divided into two main parts: the somatic nervous system, which deals with delivering sensory information to the brain and controlling voluntary movements, and the autonomic nervous system, which controls largely unconscious bodily functions, from breathing to the fight-or-flight response.

To show why the nervous system matters, let’s give you a paper cut. Suppose that, as you turn this page, you let your mind wander and absent-mindedly allow the tip of your index finger to slide along its edge. With the right amount of pressure, at just the right angle, the paper becomes a razor blade, which slices into the nerve-rich skin of your fingertip. Before you experience any pain – and even before you know what’s going on – your arm rapidly retracts. Next, you feel a sharp, throbbing pain in your finger. So, what’s going on? Danger receptors embedded in your skin (called nociceptors) are activated and send an electrochemical signal across the surface of a neuron, to which the receptors are attached, called a sensory nerve. Travelling at a respectable pace of around 20 metres per second, the signal quickly reaches the spinal cord. Here it encounters synapses, across which it passes the signal to nerves going in different directions. Some of the electrical impulses travel from the sensory nerve to a motor nerve, which activates muscles in your arm, causing your hand to withdraw from the offending object before any nerve impulses reach the brain. This is a reflex: automatic, unthinking and unknowing. Other nerve impulses travel up the spinal cord, relayed from neuron to neuron, into the brain. The brain integrates all of this sensory information – what happened and to which part of the body – with other contextual clues, from your current mood to your memories of similar past experiences. The brain then decides, outside of your conscious awareness, that a breach in your skin’s defences is a threat to the body, and thus sets off an alarm that we experience as pain. This miracle of computing occurs within milliseconds. Just a couple of seconds after cutting your finger you feel foul, frustrated at your careless motor coordination and inattentiveness. You then begin a learning process, promising yourself to be slightly more careful next time you turn a page. The experience consciously and subconsciously changes your behaviour.

This is the grossly simplified version of the main functions of the nervous system outlined in textbooks: it receives inputs from the body and the environment, integrates these in a meaningful way, and then acts on them. It detects whether a sensory input poses a threat to the body or not, and then it acts accordingly. The nervous system is conventionally seen as a highly complex system – with the brain as its command centre – that coordinates our sensations, controls our movements, and animates our thoughts and feelings. In sum: the brain decides, and the body obeys.

The immune system

On leaving Willis’s cadaveric curry house and re-entering The High, a two-minute stroll eastwards takes you to a grey plaque, flush against a wall of honeyed Cotswold stone. Engraved in golden script, it reads:


In a house on this site between 1655 and 1668 lived

ROBERT HOOKE

Inventor, scientist and architect, who made a microscope and thereby first identified the living cell.



In 1653, Hooke took up a chorister’s place at Oxford and soon became employed by Thomas Willis as his chemical assistant. Here he would be introduced to Willis’s circle of unfairly talented polymaths, including Robert Boyle and Christopher Wren. This intellectually invigorating environment nurtured a mind that would make several scientific breakthroughs in a number of fields, from physics to palaeontology. But Hooke is best known for his use of the light microscope, an instrument newly invented in the Netherlands. In January 1665 – within a year of Cerebri Anatome, Willis’s medical masterpiece – Hooke published Micrographia. In this book, which became the first science bestseller, Hooke describes the wonders of a previously undiscovered microbial world. He was a gifted artist and his detailed drawings of the microscopic – from silkworms to a single layer of cork – can be admired for free in the Royal Society’s online archives.6 These pictures are matched by entertaining prose: he likens the humble flea to a knight ‘adorned with a curiously polished suit of sable armour, neatly jointed, and beset with multitudes of sharp pins’.7 Micrographia opened up an invisible world to the public; Samuel Pepys described it as ‘the most ingenious book that I ever read in my life’.8 But the bestseller was also a landmark scientific publication. It introduced the term ‘cell’, the building block of all life forms. Hooke is also the first person to describe a specific microbe: the Mucor fungus. A decade after the publication of Micrographia, the equally innovative Antonie van Leeuwenhoek – a self-taught scientist from the Netherlands – would observe and describe mobile microorganisms, which he called ‘little animals’. These included the first bacteria ever to be seen by the human eye. While most scientists during the Scientific Revolution looked up at the celestial bodies, these pioneers instead looked down to wonder at an abundant microbial universe.

These discoveries laid the foundation for microbiology – the study of microbial life – and, ultimately, immunology – the study of our bodies’ interaction with these microbes. But the discovery that microbes can cause disease was two centuries away. Perhaps Hooke would not have described his fleas in such endearing terms if he had known they were the vector for Yersinia pestis. This bacterium was responsible for the Great Plague of London, which would wipe out a quarter of the capital’s population in the year following the publication of Micrographia.9 The prevailing hypothesis behind spreadable disease at the time – and one that seems to have dominated in most cultures throughout history – was ‘miasma theory’. This held that disease was spread by bad, polluted air – the word ‘miasma’ comes from the Greek for ‘pollution’. There are even fossils of this theory left in language: ‘malaria’ simply means ‘bad air’. While we now know this to be completely wrong, miasma theory was a reasonable inference in a world with no evidence of, and no reason to believe in, microscopic organisms.

There had long been clues in Greek, Hebrew and early Islamic texts that humans could directly spread disease to each other,10 but even by Hooke’s time, ‘contagion theory’ had never really caught on. However, probably around the time Hooke identified the first cell, another revolution in the history of infection and immunity was taking place. This revolution did not emerge in a European metropolis, but instead a village in India or China that has long been lost to history. Someone had realized that smallpox could be prevented.11 The method? Scraping the skin, or collecting the pus, of smallpox scabs on an infected individual, then respectively either rubbing or smearing this into cuts made in the skin of the uninfected. This process, called variolation, proved remarkably effective at preventing one of humanity’s deadliest diseases; infection before variolation came with a 30 per cent chance of death. This discovery came about with no knowledge of the existence of the smallpox virus and no knowledge of the immune system that brought about this treatment’s success.

Variolation’s first scientific test came in 1721. Lady Mary Wortley Montagu, wife of the British ambassador to the Ottoman court in Constantinople, returned from the East as a fervent advocate of this mysterious treatment. Lady Montagu had watched her brother die of smallpox and, although surviving it herself, had been left with a face disfigured by pockmarks. In the Ottoman Empire, she spent extensive time with local women to explore and record their customs, and came upon the practice of variolation. Eager for her children to be spared her fate, she had the embassy’s doctor, Charles Maitland, inoculate her son in Constantinople, followed by her daughter when they travelled back to Britain. She next convinced the British royal family to test the safety of variolation, coaxing the Princess of Wales to take part in one of the first recorded clinical trials. Six prisoners on death row were made a relatively attractive offer: if they agreed to have pus from a smallpox patient rubbed into an incision made in their skin, those surviving would avoid the noose. All fell sick for a couple of days, but all recovered, and all were released. The Prince and Princess of Wales would soon have their own children inoculated against smallpox, and variolation took off.

Variolation was not without its dangers, however, with a small but significant number of those inoculated dying, including one of George III’s sons. It took another fiercely observant pioneer to find a safer, more reliable solution. At the end of the eighteenth century, Dr Edward Jenner was doing his usual medical rounds in the deep Gloucestershire countryside when he realized he had been looking at the solution every day. As he strolled down the country lanes, Jenner realized that milkmaids were the only people whose skin was not scarred by smallpox. He hypothesized that they contracted cowpox, the milder bovine equivalent of the disease, which created immunity to smallpox.12 Testing his theory, he took pus from Sarah Nelmes, a milkmaid with cowpox, and injected it into a cut in the arm of a local village boy, James Phipps, who had not yet contracted smallpox. A few days later, Jenner injected the boy with scab material of someone infected with smallpox. Nothing happened. This eureka moment led to the world’s first vaccine (vaccus being the Latin for cow).13 Jenner has arguably saved more lives than any other scientist in history.

While vaccination was shown to work even in the absence of any knowledge of how it worked, we would not stay in the dark for long. The nineteenth century saw the death of the miasma theory of disease and its replacement by the currently accepted hypothesis: ‘germ theory’. In its simplest terms, this is the hypothesis that most spreadable diseases are caused by infection with particular microbes. In 1876, the German doctor and microbiologist Robert Koch discovered that anthrax was caused by a specific bacterium, Bacillus anthracis. He would go on to do the same with other infectious giants: tuberculosis (Mycobacterium tuberculosis) and cholera (Vibrio cholera). Koch, along with his rival and equal Louis Pasteur, completely changed the medical landscape. It became clear that infectious illnesses were the result of disease-causing microorganisms, which we now call pathogens. Hot on the heels of the germ theory revolution, the turn of the twentieth century saw the discovery of how our body responds to these microbes: the immune system. The significance of this achievement is marked by the awarding of the 1908 Nobel Prize to two remarkable scientists. Élie Metchnikoff, a Ukrainian scientist who would go on to work under Louis Pasteur, observed bacteria being engulfed and destroyed by unusual white blood cells we now call macrophages (big eaters). At the same time, Paul Ehrlich was working with his compatriot Robert Koch, going on to successfully treat diphtheria not with immune cells, but with blood plasma full of large proteins produced by immune cells. He would term these ‘antibodies’.

Over the course of the twentieth century, curious minds and technological advances began to explore the vast, hidden world of the immune system. And it was beautiful. As each interaction of the immune system was painstakingly revealed, it became apparent that this is one of the most complex networks in nature. Your immune system is an army made up of billions of diverse cells with an exquisite skill for distinguishing between ‘self’ and ‘non-self’, whether non-self be bacteria, parasites, viruses, cancer cells or splinters. These cells communicate with each other – often across considerable distances – to initiate and then rein back complex defensive responses on an orchestral scale. The immune system blends the balance of a ballerina with the offensive capabilities of an elite Marine unit. Once intruders are found, they are destroyed with brutal diversity: some immune cells eat pathogens; others trap them in nets of DNA; others secrete molecules that bring about the programmed death of infected cells. Some proteins of the immune system latch on to viruses to stop them entering cells; others can form ‘attack complexes’ that punch holes in the sides of bacteria, leaving them to fill up with water and explode. One might almost begin to feel sorry for the pathogens.

When Robert Hooke took his first glimpses into the microscopic world in the seventeenth century, he could not have foreseen its sheer immensity. Unknown to him, inside his own body wars were being waged; pathogens and immune cells engaged in an evolutionary arms race. By the early twentieth century we finally had an explanation both for how we catch infections and fight them off. It also became clear how vaccines work: if our body is exposed to an inactivated piece of a bacteria or virus, our immune system identifies it as foreign and kicks into gear, without the body becoming infected. The immune system triggers an initial inflammatory response and, in the long run, it remembers the specific biological patterns and structures of the pathogen. This enables the immune system to rapidly eliminate the microbe if it enters our body again. It also became evident that the immune system can expertly detect pathogens that have never been seen by the body before. By the 1980s, the case was closed: we knew, in general terms, why we have an immune system and how it works. But one scientist found that one of the key pieces of the jigsaw just would not fit.

Charles Janeway, a professor of immunobiology at Yale, was frustrated that we still could not explain why vaccines worked. In the early twentieth century, vaccinologists wanted to move on from exposing people to Edward Jenner’s messy cow pus and instead inject only a purified protein from the specific pathogen of interest. But, remarkably, these targeted vaccines produced little to no response. After a bit of trial and error, it appeared that the vaccines that worked contained not only the necessary bit of pathogen, but also a generic ‘messy’ substance that had been used in the purification process – ranging from aluminium salts to paraffin oil. But when Janeway asked why these substances were necessary for an immune response, no one could provide a satisfactory answer. Janeway argued that, as well as having receptors that distinguish self from non-self, there must also be receptors that detect threat.14 For example, food is clearly non-self, but it isn’t usually a threat; we don’t mount a full-on inflammatory response every time we bite into a burrito. But the messy substances in vaccines were a threat that our body could recognize and respond to. Janeway called these hypothetical threat detectors pattern-recognition receptors (PRRs) and argued that there must be a range of receptors that come ready-made from our genetic code, evolved to recognize generic molecules and motifs common to most pathogens, termed ‘molecular patterns’. PRRs are essentially preconfigured barcode-readers that recognize specific danger patterns and then initiate an immune response. This then enables other elements of the immune system to identify the specific pathogen, respond to it and, eventually, remember it. Janeway’s theory would soon be proved right: in 1998 a PRR was identified that recognized a molecule common to the outer membrane of many types of bacteria.15 The spark that ignites the immune response had been found.

Today, the immune system is usually conceptually cleaved in two: the ‘innate immune system’ and the ‘adaptive immune system’. The innate immune system responds to pathogens in an immediate, non-specific manner, initiated by immune cells at the site of infection. The adaptive immune system is slower but more specific, consisting of cells that can remember a specific pathogen over a long period of time. To visualize this, and to establish a basic understanding of how the immune system works, let’s go back to your paper cut.

As you absent-mindedly drag the tip of your index finger down the side of the page, the razor-sharp paper-edge saws through layers of skin. As you do this, a number of tiny microscopic organisms are dislodged from the page and fall into the newly formed chasm. Most are harmless, but among these is a pathogenic bacterium. As it lands in the squishy bed of connective tissue below the outer layers of your skin, it is quickly detected by local immune cells. These include macrophages, the immune cells first identified by Metchnikoff.fn1 One of the pattern-recognition receptors on the surface of a macrophage locks on to a common molecule found in many bacterial cell walls. This is the threat detection that Charles Janeway predicted. The innate immune system has now been triggered, and a mêlée ensues. The macrophages promptly secrete tiny soluble proteins called cytokines. This broad group of molecules is absolutely crucial to the immune system: they can travel both locally and all over the body, interacting with other immune cells. The immune system is a gossipy community, and one of its main languages is cytokine. In this case, the activated macrophages spurt out pro-inflammatory cytokines: molecules that trigger an inflammatory response. These recruit other immune cells (the most well-known being neutrophils) to the site of injury. These newly recruited cells will be responsible for eliminating any other rogue pathogens that enter the cut, but they are also a disaster-response team, initiating the wound-healing process. Other local immune cells get in on the action, too. Mast cells are the spherical, spotted landmines of the immune system. When activated, they pour out a potent cocktail of enzymes, including histamine. These enzymes are responsible for the red wheals of an allergic reaction, but in a response to an infection their main job is to dilate the local blood vessels, widening the roads for incoming battalions of immune cells. The overall result is inflammation: the body’s complex, powerful response to infection and injury. Inflammation and its effects can take many forms, depending on where it is in the body and how long it persists. In the skin, we see many of what are termed the ‘classical’ features of inflammation: swelling, redness, heat and pain.

While all this is going on, the macrophage begins to do something utterly astounding. It takes on a dual role as soldier and war reporter. It first engulfs the bacterium and uses its stores of powerful enzymes to melt the pathogen down into a mélange of constituent proteins. Some of these tiny bacterial fragments – called antigens – are unique to this particular species of bacterium. In the case of your paper cut, the macrophage then begins a journey from the wound site on the tip of your index finger, travelling along your arm through ‘lymphatic vessels’, the highways of the immune system that connect the lymph nodes, small bean-shaped (and roughly bean-sized) organs dotted throughout the body. These unassuming lumps are the military garrisons for the immune system’s most specialized combatants. The macrophage – having lain down its weapons and now acting as war reporter – enters these forts, holding up the bacterial protein on its surface like a piece of the enemy’s uniform. Here the macrophage begins to interact with cells of the other, specialized half of the immune system: the adaptive immune system. To continue the military metaphor, this recruits cells known as T-cells, which are the immune system’s Special Forces soldiers. Each T-cell has a unique receptor for detecting potential pathogens, and the macrophage needs to find the specific T-cell that matches its captured bacterial protein. Different T-cells begin to pass by the macrophage, taking hold of the fragments of bacterial uniform in the war reporter’s hands, assessing whether they are suited to fight that specific foe. Passing by the macrophages, the T-cells decide whether their receptor is the correct fit for the bacterial protein on the macrophages’ surface. Eventually – usually after a few hours – T-cells will arrive that have receptors exactly the right shape, and the cells bind together. Through a series of astoundingly complex interactions, many of which we do not yet fully understand, the macrophages present a ‘snapshot’ of the battle – showing where on the skin it is taking place and which enemy is involved – to these T-cells. The T-cells are then able to signal to other cells and organize a coordinated immune response against any invader.16 This process also engages B-cells, which produce antibodies directed against the specific bacterium detected breaching the skin. Antibodies are immune proteins that are often mistakenly described as bullets or heat-seeking missiles that destroy pathogens. In reality, they are more like toy arrows, with a sucker designed to attach to a specific molecule. Once stuck to its target, an antibody can either block its receptor site (effectively rendering it useless) or flag it for destruction by slower but deadlier immune cells. An even more remarkable feature of this response is that many T- and B-cells develop a ‘memory’ of the specific species of bacterium in question, so that if it breaches the body’s outer defences in the future, it can be dealt with swiftly.

Only the brain rivals the immune system when it comes to sheer complexity. What is rather striking, though, is how similar these two systems are. They both work to differentiate self from non-self, and also to sift out threatening cues in the environment from non-threatening ones. In essence, whether dealing with the massive or the microscopic, their job is to recognize, react and remember. As you get your paper cut, both systems kick into action. One might assume that two systems so alike and with shared goals – defence and survival – might communicate with each other. But, only until very recently, conventional thought was that the brain and immune system lived parallel lives. To understand how we ended up in this predicament, we need to go back to the seventeenth century.

The divided human

Let’s jump back to 1664. Thomas Willis has published his Cerebri Anatome and in a few months’ time Robert Hooke’s Micrographia will arrive on the scene. But, across the English Channel, another book by another prodigious polymath has just been published: the philosopher René Descartes’ L’Homme, or Treatise on Man. This book, collated and printed fourteen years after Descartes’ death, is a largely philosophical case for placing the mind within the brain. Descartes believed the seat of the human soul lay in the pineal gland, a tiny pine-cone-like structure (pinea is the Latin for pine cone) that lies right in the centre of the brain. Locating the mind in the brain was a significant achievement – and we can forgive Descartes for not knowing that the pineal gland is actually a sleep cycle regulator. However, Descartes began to expound on an error that still haunts medicine today: mind-body dualism. He argued that the pineal gland was the nexus by which the mind – which he believed to be an ethereal, disembodied substance – interacted with the physical body. The mind and body, he claimed, were separated by both location and essence: a material, machine-like body is controlled by an immaterial mind. This proposal, known as Cartesian dualism, produced more questions than answers – namely, about how these two separate entities interact. There were, however, benefits to viewing the body as a machine. In leaving the mind to one side, Descartes had made a Faustian pact that would enable scientists and physicians to study the body’s organs without worrying about the chaos and complexity of the human mind. But, although it had its uses, Descartes’ theory of mind-body dualism created a conceptual cage that would trap medicine in erroneous thinking for centuries. The idea that the mind and body are completely separate entities pervades modern medicine – particularly Western medicine – to this day. We have our ‘physical health’ conditions tended to by technician-like physicians and surgeons, our ‘mental health’ conditions by psychologists and psychiatrists. We go to one hospital for the body, another for the mind.

The privileged brain

‘… And, of course, we don’t have to worry about the brain, as it is “immune privileged”…’

It was one of my first medical school lectures, and a tweed-clad, round-spectacled immunologist was taking us on a roving tour of the immune system. It seemed to pervade every organ and orifice of the human body. That is, except the brain. Immune privilege, he explained, meant that the brain’s tissue is too precious to allow it to be affected by the collateral damage of inflammation, so it thus neither has resident immune cells, nor does it allow immune cells into its tissues.

This wasn’t just conjecture; it was based on various lines of evidence built in the twentieth century. It was known that the immune system treats cancer cells as non-self, just like pathogens, so it plays a key role in destroying tumours in the body. In the 1920s, Japanese scientists found that if you put tumour cells into a rat’s body, immune cells promptly launched an attack on these cells, but if the tumour was placed in a rat’s brain, it appeared to survive.17 It seemed that the immune system couldn’t reach inside the brain. There were also two clear anatomical explanations for the brain’s unique, isolated position. The first is that the brain didn’t appear to have lymphatic vessels, which suggested that it wasn’t hooked up to the immune system’s network. The other is the ‘blood-brain barrier’. This is a thick, multicellular wall between our circulating blood and our brain. Some very small chemicals can passively diffuse across it – alcohol and caffeine need no introduction. But otherwise it was considered impermeable to larger molecules and cells, such as those of the immune system. It was understandably assumed that immune activity in the brain occurred only in the context of severe disease, as the result of a catastrophic breakdown of the blood-brain barrier.

This ‘Berlin Wall’ between the brain and the immune system is conceptual as well as structural.18 While the nervous system (the brain, spine and nerves) and the immune system play similar roles, it has always been assumed that they are separate systems designed to defend against completely different threats. The understanding has been that the brain uses senses to recognize and react to ‘macro’ threats – the sound of a lion’s roar, the sight of a rival tribesman running at you with a spear, the sensation of searing heat as your hand lingers on the saucepan handle a little too long; the immune system, on the other hand, is on the lookout for ‘micro’ threats. The two systems have been treated like the army and the navy: a shared overarching purpose – defence – but achieved in very different ways and in completely different theatres. In sum: the systems are similar but separate – indeed, why should our brain and immune system even need to work together? Why should our mind and our mental health be influenced by our immune defences, or vice versa? These assumptions have had a long, strong grip on the medical profession. At medical school, my neuroscience and psychology textbooks spilt no ink on the immune system. Equally, my treasured Janeway’s Immunobiology contained no mention of the brain or the mind.

As Thomas Willis and Robert Hooke sat down at the end of the day to share findings and propose theories – perhaps aided by the remainder of Robert Boyle’s brain-staining port – I doubt they had a full grasp of the magnitude of their discoveries. Willis had carefully tended the vine of neuroscience, from which neurology, psychiatry and psychology would fruit. Hooke had laid a microscopic seed that would grow into the branches of microbiology and immunology. As these branches grew, however, they followed the trellis of mind-body dualism built by Descartes; the study of the immune system and the mind grew in different directions. For centuries, it was thought that these systems had no reason to be connected. But, as we are about to see, we are just starting to discover that these systems are much more intertwined than we could ever have imagined. We will start with something utterly astounding: a recent discovery of new anatomy, a literal bridge between the brain and the immune system. This promises a complete revolution in our understanding of mind and body.
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The Hole in the Wall

How hidden anatomy and secret physiology are changing medicine


There is nothing like looking, if you want to find something. You certainly usually find something, if you look, but it is not always quite the something you were after.

J. R. R. TOLKIEN, THE HOBBIT



It couldn’t be true. That shouldn’t be there.

It’s the summer of 2014. On a muggy evening in Charlottesville, Virginia, a lab researcher in his late twenties is rubbing his eyes. Could what he just saw under the microscope really be new anatomy? Whether he knew it at the time or not, this observation would change the way we see our brains, our bodies and – ultimately – ourselves.

The 1980s and 1990s had already witnessed huge leaps in our understanding of individual components of the immune system, as well as remarkable advances in neuroscience and brain imaging. But any suggestion that these systems should have a working relationship was flirting with heresy. However, some, such as Michal Schwartz from the Weizmann Institute in Israel, dared to question the canon. In 1999 she and her colleagues found that T-cells helped to protect crushed neurons in the central nervous system from further degeneration.1 It was also observed that mice with impaired immune systems developed neurodegenerative diseases (such as motor neuron disease) much faster than normal mice did.2 But while these findings sent ripples through the neuroscience community, the concept of a completely immune-privileged brain, hiding behind the impenetrable wall of the blood-brain barrier, continued to reign supreme.

I didn’t question the orthodoxy when I was at medical school, although there was one thing that didn’t sit right with me. In peripheral injury and inflammation – let’s think back to your paper cut – I was taught that nerve endings can release inflammatory substances, such as ‘substance P’.3 This molecule can interact with immune cells, and, among other things, cause mast cells (immune-system ‘landmines’) to burst and ooze out their potent inflammatory potions. Conversely, it seemed that cytokines produced from immune cells could interact with nerve endings, causing them to increase pain sensitivity in the injured area. To me it seemed that, in the peripheries at least, the immune system and the nervous system spoke each other’s languages. Sometimes I wondered whether similar neuro-immune conversations were going on inside the brain, conversations that worked towards a shared goal of protecting the body from infection and injury. Nonetheless, I would trust in my textbook, which spoke of the brain as an all-ruling command centre, sheltered from the microbial wars being waged within the body.

But things look very different now. The last decade has witnessed a whole revolution in our understanding of how the brain and the immune system communicate – and I do not use the ‘R-word’ lightly; this is no hyperbole. The revolution has been driven by determined, observant individuals and aided by dramatic improvements in research technology. It has revealed new anatomy, new cells and new pathways inside and outside the brain. Let’s begin our journey just outside the brain, in its borderlands: a strange, unruly place where few have looked before.

On the brain

Between the brain and the skull lie the meninges. These are fibrous layers that wrap around the brain, protecting and cushioning the delicate and valuable brain tissue within. This protective function has given the name ‘mater’ (mother) to the three meningeal layers. The innermost layer is the ‘pia mater’ (Latin for ‘tender mother’), a thin, delicate, translucent layer that sticks to the outer surface of the brain like cling film. On top of the pia mater is the ‘arachnoid mater’, which is more like a thin, loosely fitting plastic bag. Between the arachnoid mater and the pia mater is an all-important space, the ‘subarachnoid space’, which is filled with a clear liquid called cerebrospinal fluid, or CSF. The arachnoid mater is bound to the pia mater by web-like structures that cross this space, resulting in the Latin for this layer, literally meaning ‘spidery mother’. These two thin layers are very similar, both deriving from the same embryonic neural tissue as the brain – some consider them to be a single structure. The outermost meningeal layer, the ‘dura mater’ (‘tough mother’), is quite different. The dura is a dense layer of connective tissue that lies between the skull and the arachnoid mater. It envelops the whole brain like a thick canvas sack. The dura is not solely formed from embryonic neural tissue, but also from the same tissue that goes on to form blood vessels and immune cells. In some respects, it is more like the rest of the body than the brain. The dura’s best-known function is to drain fluids away from the brain. In a number of locations, just below the skull, the dura opens up to form hollow channels called dural sinuses. These cisterns collect fluid travelling away from brain tissue, allowing it to empty into veins in the neck on their way back to the heart.

By the early 2010s it was becoming clear that immune cells could in fact travel to, survey, and leave the meninges of the brain.4 But why? And how? The prevailing theory – of the brain having nothing to do with the immune system – had been strengthened by the fact that the brain didn’t house any lymphatic vessels – the immune system’s transport system. One of the few who questioned this strange state of affairs – that immune cells could travel to and from the meninges in the absence of lymphatic vessels – was Jonathan Kipnis, then a professor at the University of Virginia. ‘We were trying to find out how specific immune cells, T-cells, migrate in and out of the brain,’ Kipnis recalls as we speak via video call. ‘In the summer of 2014 one of my postdoctoral colleagues, Antoine Louveau, mounted the whole meninges of a mouse to look at it under a microscope.’ Louveau observed the thick vessels of the dural venous sinuses forming a Y shape on the base of the skullcap: nothing out of the ordinary. But as he looked closer, it did seem as though there was an abnormally large number of immune cells in the sinus. He magnified, and he magnified again. What he saw was truly bizarre: most of these T-cells were not within the vessel, but ran alongside it. Seemingly suspended in mid-air against the black background of the microscope slide, orderly strips of immune cells followed the course of the dural venous sinus. Could these be veins? No – if they were, then they’d be stained red by the lab marker that identifies blood vessels. ‘So then we went to our other colleagues and asked for markers that label lymphatic vessels, just to rule this out,’ Kipnis remarks, in a tone that suggested a sprinkling of hope in a broth of scepticism. Everyone knew that the brain didn’t have lymphatic vessels, so why look? After the stain was applied, Louveau peered back down the microscope, and this twenty-something postdoc saw something that should not have been there. He beckoned Kipnis over: ‘I think we have something.’

Lying alongside the wide dural venous sinuses, something unexpected had appeared. Radiant in the fluorescent lime-green of the new stain was a network of lymphatic vessels. The implication was too astounding to seem plausible: in the twenty-first century we were still discovering new anatomy. Hiding in plain sight alongside much larger structures, these ‘meningeal lymphatics’ had probably been seen by humans many times before, but never perceived, understood or recorded. We had missed it – all of us – for all







In the brain







The immune-brain loop








Acknowledgements

There are many people without whom this book would never have made it into your hands. I would like to place two particular groups of brave people in the vanguard, and after that there is no particular order of precedence.

The first is the patients. Individuals living with mental health conditions are among the most misunderstood and stigmatized in society. This book is filled with excitement about new discoveries of immune-brain pathways, newly discovered conditions and novel therapies. This means, however, that until recently, most of those living with mental symptoms caused or worsened by the immune system have been misdiagnosed and mistreated. I would like to thank my patients, who have taught me so much about the human condition, and have inspired a number of cases in this book. I’d also love to thank those who are not my patients but were willing to share their stories of illness, Samantha Raggio being the only one I can name.

The second group is the pioneers. These are the scientists and doctors who have fought against convention, professional ridicule and even persecution to reveal the links between the mind, the immune system and the microbiome. This book is buttressed by around 350 references, each representing a group of pioneering researchers. I would like to thank the experts who kindly let me interview them or reviewed the book: Belinda Lennox, Golam Khandaker, John Cryan, Brenda Penninx, Jonathan Kipnis, David Zilber, Iain McInnes, Ed Bullmore and Awais Aftab.

To my editor: the skilful and wise Alex Christofi. And to my wonderful team at Transworld: Tom Hill, Alex Newby, Kate Samano, Phil Lord, Rich Shailer, Eloise Austin and Phil Evans. You have all helped make an accessible and enjoyable book out of what must be one of the most complicated corners of science.

To my magnificent agent, Charlie Viney. I cannot believe that this is my third book.

To colleagues and advisors who have advised and inspired me in the realms of immunology and psychiatry: Amedeo Minichino, Olga Tsatalou, Jakov Zlodre, Lilian Hickey, Daniel Maughan, Jonathan Rogers, Margaret Glogowska, Graham Ogg, Rebecca McKnight, Kate Thomas, Dafydd Lloyd and John Beale.

To those who have supported my literary career: Colin Thubron, Margreta de Grazia, Andrea Henry and Doug Young.

To Hannah, my wife and ‘other editor’. Your mix of encouragement and honesty are perfect for both roles.

To my parents, Rob and Hannah, and my brother, Phin. Your patience in waiting three books for a dedication reflects your unceasing patience with having to put up with me for a son/sibling …

And – of course – to you, the reader. I hope that you’ve enjoyed The Immune Mind, and I hope it gives you a different, deeper perspective on what it means to be human.




THE REMARKABLE LIFE OF THE SKIN 
An intimate journey across our surface

Dr Monty Lyman

The skin is our largest and fastest-growing organ. We see it, touch it and live in it every day. It’s a habitat for a mesmerizingly complex world of micro-organisms and its physical functions are vital to our health and indeed our survival. Yet how much do we really know about the skin? What makes it age? How does our diet affect it? Why can’t we tickle ourselves?

Through the lenses of science, sociology and history, Monty Lyman reveals how the skin is far stranger and more complex than you’ve ever imagined.

‘A seriously entertaining book.’ The Times

‘An exciting introduction to a little-known microscopic universe and to a talented new writer.’ Sunday Times

‘Lyman peels back the science on human skin in this absorbing, fact-packed study.’ Nature

‘Imaginatively told … knowledgeable and enthusiastic.’ Spectator




THE PAINFUL TRUTH 
The new science of why we hurt and how we can heal

Dr Monty Lyman

We know pain when we feel it. We fear it and try to avoid it. But do we understand what it really is?

We’re currently experiencing a renaissance in pain science. In recent years our understanding of pain has altered so radically it’s fair to say that everything we thought we knew about pain is wrong. As Monty Lyman reveals, we misunderstand pain – with harmful consequences.

Exploring cutting-edge research that encompasses everything from phantom aches to persistent pain, as well as interviews with survivors of torture and those who have never felt pain, Dr Lyman not only provides hope for reducing and managing pain but gives us a deeper appreciation of what it means to be human.

This is the untold story of pain – our most elusive feeling.

‘An enthralling read.’ Dr Rachel Clarke

‘A remarkable book.’ Sunday Times
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