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    This work has a purely informative and general dissemination function under article 19 of the International Declaration of Human Rights, which recognises and protects the right to information. However, the information contained in this work is intended exclusively for persons of legal age.




    In no case is the content of this work intended to promote, propose or provoke the possession, trafficking, production or consumption of psychoactive substances or any other crime, whether related or not. The lack of criminal significance regarding the mere personal consumption of psychedelic drugs in most Western countries also means that these figures cannot be found in a work that only contains informative, bibliographical and scientific information on a topical subject of medical-scientific interest which has a regular presence in the mass media, such as research and therapeutic use of psychedelic drugs and other psychoactive substances, whether legal, controlled or illegalised.




    The publisher and authors disclaim any inappropriate, risky, dangerous or illicit use that the reader of this work may make of the data and knowledge contained herein. The content of this work, whether of a scientific, medical, legal or risk-related nature, while seeking to be as rigorous and up-to-date as possible, does not represent a guarantee in any field.


  




  




  

    This collection of books is relevant and necessary at a time when psychedelic medicines are already available for use in psychiatry, as is the case with ketamine, and as the arsenal available will grow over time: psilocybin, MDMA, DMT, etc. The collection fills a necessary gap in this new medical and social panorama. The authors responsible for the texts are the best Spanish specialists in their field and the collection can only be a publishing success. It will also serve to provide the media with objective and accessible information on a subject that, although still unknown, will be the near future of mental health treatment, at a time of pandemic when it is more necessary than ever.




    José Carlos Bouso, PhD,




    Scientific Director, ICEERS.




    (International Center for Ethnobotanical Education, Research and Service)


  




  

    FOREWORD




    Jaques Monod, the Nobel laureate in Physiology or Medicine, took the quote attributed to Democritus: "Everything existing in the Universe is the fruit of chance and necessity", and applied it to the study of molecular biology and evolutionary models in his book Chance and Necessity. In the phrasing itself, the meaning is explained: it is the combination of chance and necessity what makes a phenomenon not just happen - for chance plays with infinite probabilities all the time - but that it is viable, for which necessity is required. This applies to many biological phenomena, but the expression also fits the case of some social phenomena. This is what is currently happening with what some call the "psychedelic renaissance" to refer to the renewed interest in hallucinogenic drugs in both popular and scientific circles. A phenomenon that has been ongoing since the 1990s, when a relatively small group of scientists became interested in the pharmacology, neurobiology and therapeutic potential of drugs classified as extremely dangerous because of their high abuse potential and lack of recognised medical properties, and were, therefore, included in Schedule 1 of the 1971 UN Convention on Psychotropic Substances. Those scientists were from the United States (Rick Strassman, Manuel Tancer and Charles Grob), Switzerland (Franz Vollenweider and Matthias Liechti), Germany (Euphrosyne Gouzoulis-Mayfrank and Leo Hermle) and Spain...Spain? Yes, Spain (Magí Farré, Jordi Riba, Jordi Camí and Manel Barbanoj). The pioneering research of the 1990s was mainly carried out in Europe, even though the narrative about the psychedelic renaissance always refers to the Anglo-Saxon world. I’m talking about research with human beings, which is where the real difficulty arises. In fact, there were less than ten groups in the whole world doing this kind of research. These are the pioneers who are largely responsible for us being here now, but let’s not get ahead of ourselves.




    Since the 1990s, in parallel to this incipient interest in the scientific study of psychedelics, cultural interest has also been growing. Terence Mackenna was a mass idol with his somewhat nonsensical but highly entertaining and even inspiring theories on almost every aspect of knowledge; and with him came a whole series of books and characters, each more fascinating than the next. It was the pre-Internet era, and knowledge could only be obtained from books, scientific articles (if you were a university student) or lectures, which also proliferated during those years. Thus Jonathan Ott, Alexander Shulgin and, of course, Albert Hofmann, invited by Antonio Escohotado and Josep Maria Fericgla, toured Spain and half the world. It is not in vain that Ott’s Pharmacotheon and the Shulgins’ PIHKAL and TIHKAL are the foundation stones of today’s psychedelic edifice.




    The symbiosis that exists between psychedelic science and popular culture can only be found in one other area of science: cannabis. Today, very few doctors know what the endocannabinoid system is, and many find it difficult to pronounce cannabidiol, let alone tetrahydrocannabinol, something that is in the everyday vocabulary of any cannabis user. The same goes for psychedelic science. Concepts such as default mode neural network or entropic brain (which de Caso will explain in the corresponding chapters of this book) are part of the everyday vocabulary of the average psychonaut. Since 2010, when MAPS (Multidisciplinary Association for Psychedelic Studies) - a key organisation, like its founder, the indefatigable Rick Doblin, in this psychedelic renaissance - inaugurated the new era of psychedelic conferences, calling them Psychedelic Science, successive conferences have appeared not only in the US (Horizons, Queers psychedelics, for example), but also in the United Kingdom, the Breaking Convention in London, the ICPR in Amsterdam or Beyond Psychedelics in Prague, to name but a few, as the list goes on and on. ICEERS, where I work, has already held three conferences exclusively on ayahuasca (Ibiza 2014, Rio Branco 2016, Girona 2019) with a growing audience at each new one. The remarkable fact about these conferences is that they are conferences where the speakers are scientists, but the attendees are not necessarily so. Another singularity in the scientific world: there is no other field of science in which scientific conferences aimed at a general public are organised and which are also vastly successful. With regard to scientific production, something similar is happening. If at the end of the 1990s, what was published on psychedelics in specialised scientific journals could be read in a few spare moments, nowadays, even for someone who works professionally in this field, as is my case, it is simply impossible to keep up with everything that is published. And the fact is that research on psychedelics is proving to be a kind of strange attractor for mainly a young public who, with the enthusiastic energy of youth, wants to make it their scientific career. And proof of this, is the book you are now holding in your hands.




    And so much for chance. To sum up, a series of unorganised and diverse cultural and scientific phenomena, each with its own trajectory, gradually gaining in popularity; the successive conferences held here and there; the rapid proliferation of information (not always accompanied by knowledge) offered by the Internet; its associated music festivals, of course... All of this converging in the second decade of the 21st century, where there exists a state of necessity for the phenomenon to become viable. The need could be summed up in the fact that prohibitionist drug policies have been a failure, and the population knows it, especially the young population. Biological psychiatry, based on psychopharmaceuticals, has failed, the harm has begun to become apparent, and pharmaceutical companies are withdrawing from psychopharmacological investment because not only are they not capable of innovating new drugs, but those that do exist have side effects that make them pay scandalous compensation. The media no longer focus on the insanity and degradation produced by hallucinogens, but on their beneficial effects; and there is a new industry, led by the new billionaires, also attracted by this type of drugs, eager to invest in innovative medicines, willing to put up the money to transform all these drugs into medicines. Thus, chance and necessity have conspired, as they always do, so that in psychedelic science and culture, the future is already here.




    Therefore, this book by Irene de Caso is like an immense gift. On the one hand, for those of us who are already beginning to find it difficult to keep updated and, on the other, for those who are approaching this field for the first time, so that they can update themselves on the state of the art of psychedelics-assisted psychotherapy, as well as the psychological and neurobiological processes that underpin it. If there has been a resurgence in psychedelic research, it has been as much about the interest in unravelling what these drugs do in the brain as it has been about how the experience can help people overcome their psychological problems. But even beyond that, about how it can benefit their personal wellbeing, their relationships with others and their understanding of their own being, and their being-in-the-world. Yes, paradoxically, if there is one thing that these so-called hallucinogenic drugs do well, it is to enable us to better understand the nature of reality. This is why they have been essential for the construction of the cosmovisions of so many indigenous communities that customarily use them, precisely for that: to know. Substances such as psilocybin, LSD (lysergic acid diethylamide), ketamine, DMT (dimethyltryptamine), MDMA (ecstasy), 5-MeO-DMT, ayahuasca and salvinorin-A are gradually becoming part of the seasoned psychonaut and the avant-garde scientist’s vocabulary. And soon, like aspirin or paracetamol, they will be part of the popular vocabulary too.




    Irene de Caso has done the rigorous work of not only gathering and compiling all this research (if she had only done that, it would have been just another literature review). The value of Irene de Caso’s work has been to explain all this review with an understandable language and a light writing that translates into a pleasant reading. Most interesting, however, from my point of view, has been trying to translate the complex neuroscientific concepts into a phenomenological description in such a way that, whether we understand the former better or worse, we can certainly understand what they are explaining about the experience.




    If you want to learn with an introduction to neuroscience, update your concepts with the most recent research, know what the state of research in psychotherapy with psychedelics is, and, especially and most importantly, what this research is for: this is your book.




    Psychedelic drugs reveal our cognitive, emotional and experiential functioning, hence their name, psychedelic ("mind-unveiling"). To know how these drugs work is, in short, to know oneself better, so welcomed be this book!




    José Carlos Bouso




    Scientific Director of the ICEERS Foundation
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    INTRODUCTION




    MENTAL HEALTH CRISIS




    How to begin this book? I close my eyes and take a deep breath, feeling that silent inner core whose existence I ignored a few years ago. And I wonder, would I have ever discovered it had I never tried psychedelics? I doubt it. How can someone start searching for something if they don’t know it exists?




    Now that in the West mindfulness and meditation have reached the mainstream, many people are discovering that other way of being and feeling, that inner core, through this avenue. However, at least on this side of the planet, this phenomenon was, undoubtedly, sparked by the countercultural movement of the 60’s brought about by the recreational use of LSD. Even today, when most people have already heard about meditation, many, myself included, only began to understand its value after having lived the psychedelic experience.




    Suddenly, spiritual clichés previously devoid of meaning make perfect sense. One clearly understands the oneness of humanity and that of the holy whole. And, by sharpening the sensations related to breathing, paying attention to the present moment, and slowing down the inner dialogue, one obtains a deep and unimaginable peace. But unlike meditation, through which achieving such a revelatory experience usually requires years of practice, with psychedelics it is often just a matter of taking the right dose in the right environment.




    It is not surprising that experiences of this nature have the potential to bring about psychological well-being. However, as we shall see, this is not always the case. Unlike meditation, the psychedelic experience also has the potential to promote high levels of anxiety, intense panic and even psychotic breaks, especially when abused or conducted in the wrong environment. As with so many other decisions in life, it all falls down to assessing the risk-benefit balance and acting responsibly. And, it is my opinion that, for many people, the benefits outweigh the risks.




    Despite famines have disappeared, death from disease and violence have been drastically reduced, and we have constant access to clean water, as well as supermarkets stocked with food, there is no doubt that our society is facing a serious mental health crisis. According to the INE (The Spanish National Institute of Statistics), ten people per day were already committing suicide in Spain before the pandemic- ten times more than the number of deaths due to traffic accidents!




    Trauma, loneliness, and chronic stress. And a profound lack of meaning. Millions of people live kidnapped by their emotions. Possessed by them, some would say. Unable to be the masters of their behaviour. We all experience this to a greater or lesser extent, but, why are some more resilient and able of a better emotional regulation than others? What is it that human beings require to heal their wounds and enjoy a life full of meaning?




    The many available anxiolytics, antidepressants, psychotherapeutic techniques, and even the newly arrived and welcomed mindfulness, do not seem to be enough. Despite their undeniable utility, these tools seem to be failing for a disturbingly high number of people. Psychotherapy is expensive and time-consuming, and psychotropic drugs often have unpleasant side effects. What is more, even in the absence of side effects and with time and money at their disposal, many patients are still unable to free themselves from a constant sense of deep fear and suffering. Could highly stigmatized substances associated with the world of night-time debauchery be the new tool we so desperately need?




    As we shall see, this may indeed be the situation we find ourselves in. But what substances are we referring to exactly? How should they be used? What psychopathologies could be treated with such molecules? Throughout this book, we will focus on two types of substances whose research in psychotherapeutic settings has exploded in the last decade: classic psychedelics (LSD, psilocybin and DMT) and empathogens (MDMA).




    We will begin by briefly reviewing the story behind how each one of these substances was first discovered and used before their illegalization. For a more in-depth reading regarding their fascinating history, we recommend the book from this collection written by Antón Gómez-Escolar Sanz. The current book will, instead, mainly focus on reviewing the clinical studies that reveal their promising psychotherapeutic potential, describing their subjective effects, and explaining their underlying neuroscience.




    To ease the understanding of this last goal, I thought it necessary to include an introductory chapter to neuroscience. In that chapter, we will study the anatomy and functioning of a neuron (receptors, neurotransmitters, action potentials, etc.). We will also learn about how, in order to allow for a conscious experience to emerge, the information gathered by the senses is integrated, focusing on the essential role played by the thalamus (a subcortical structure), the cerebral cortex and the required encoding processes. We will also study the way in which our decisions are guided by our fears and desires, and how the cortical activity is organized into functional networks. Thanks to this, the relevant concepts will be well understood when we later embark on the scientific theories regarding how these substances alter ordinary states of consciousness and why such alterations may have therapeutic effects. Readers with advanced knowledge of neuroscience can skip this chapter if they wish to, while those new to the topic can easily return to it as concepts reappear in future chapters. I hope that you will enjoy this journey, travelling from the inner world of a neuron up to human behaviour!




    A warning is needed before we delve into this material. Although neuroscience is undoubtedly advancing, we still have many more questions than answers. Despite this, even if only in a limited and reductionist way, we are gradually approaching a more accurate, or at least more detailed, version of that which we did not know before. Where only a vacuum of knowledge existed before, a new universe of data, theories, and, of course, new questions now emerges. As we will appreciate throughout the book, and as anyone can intuitively imagine, the complexity we face when trying to study the brain and, more specifically, the brain-mind relationship, is practically infinite. Imagine adding mental health to this already complicated dyad! By this, I would like to caution you that the information presented in this book, particularly that related to these substances’ mechanisms of action, offers only theories. As such, they will be subject to change as research progresses. We will often have to engage in an intensive speculative exercise, especially, when interpreting the neuroimaging results. This is the only way in which science can advance when the field we study is as deeply complex and unknown as the brain! Having said that, I hope to be able to convey, in a clear and accurate manner, the knowledge I have accumulated over the years about psychedelic’s clinical potential, neurobiology, and cognitive neuroscience.




    THE DISCOVERY, PROHIBITION, AND REBIRTH OF NEW TOOLS IN PSYCHOTHERAPY




    Nowadays most ordinary citizens associate substances such as LSD, magic mushrooms or the famous ecstasy, with recreational environments. Although more and more people are becoming aware of their therapeutic applications, very few know that it was within a clinical setting where they first appeared. But they eventually escaped from the laboratories and entered the world of leisure, which culminated in their subsequent illegalization and stigmatization. It is for this reason that the recent return of these substances to the research institutions is being called "the psychedelic renaissance", given that there was already extensive research into their psychotherapeutic potential in the past. With the advent of the Controlled Substances Act and the beginning of the war on drugs, promoted by Nixon in the early 1970s, such research was, however, abruptly halted and the regulatory agencies of the time placed both molecules (first LSD and later MDMA) in the Schedule 1 category (the same category as heroin!). This is where substances supposedly devoid of medical use, considered dangerous even under supervision, and with a high potential for abuse, are placed. Why were they placed here?




    Such classification was mainly motivated by political and social reasons rather than based on medical evidence. The psychedelic experience was leading young people to demonstrate against the Vietnam War and the materialistic culture, revolutionizing the American society and threatening the social order of the time. It would, however, be unfair to ignore that its careless use was spreading throughout the youth, causing frequent accidents and traumatic experiences in users. Nevertheless, studies carried out with LSD and MDMA under controlled settings were pointing to an important medical potential that was, either intentionally or accidentally, ignored by the legislators when they decided to classify them into the Schedule 1 category. But let’s not get ahead of ourselves and return to the beginning of these molecules’ fascinating discovery.




    Lysergic acid diethylamide, known as LSD, was first synthesized by the chemist Albert Hoffman in 1938. At the time, Hoffman was working for Sandoz, a pharmaceutical company based in Basel, Switzerland. They were trying to find a treatment for migraines, searching for molecules with vasostimulant properties in ergot (a fungus that infects rye). However, animal studies revealed no effects, other than a certain behavioural agitation, so further research was discarded.




    However, for some mysterious reason, five years later this molecule was still present in the chemist’s mind, as he had a "peculiar presentiment" that the molecule hid some interesting property. In retrospect, he recounts how it was not him who chose LSD but LSD who "found" him and "called" him. On April 16, 1943, he proceeded to repeat his synthesis, despite Sandoz having a strict policy against resuming research with substances that had been previously discarded.




    It was during the last synthesis processes that Hoffman began to feel the first unusual sensations. A certain agitation and dizziness seized his body, forcing him to interrupt his work and go home to rest. Once there, lying on the sofa, he began feeling a certain intoxication which he described as not unpleasant. On closing his eyes "an uninterrupted stream of fantastic pictures, extraordinary shapes with intense, kaleidoscopic play of colours" occupied his mind, eventually concluding that he must have absorbed a small amount of the substance he’d been working with.
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        Albert Hoffman holding a representation of LSD’s molecular structure.


      


    




    Intrigued as to how a molecule could have such a powerful psychoactive effect, three days later he ventured to take 0.25mg in a controlled manner under the supervision of his laboratory assistant. Such experimental dose was seemingly minuscule. However, we now know that it corresponded to a very high dose of LSD, the usual dose being about 125µg. Hoffman was about to experience the first LSD trip in history. After 40 minutes he began to feel the first effects, which he describes in his laboratory notebook as "dizziness, feeling of anxiety, visual distortions, symptoms of paralysis, desire to laugh", these being the first and last notes he was able to take on that historic day.




    Frightened by the intensity of the experience, he asked his assistant to accompany him home. Since it was wartime and transportation by car was forbidden, he used his bicycle. From then on, April 19 has become a day of celebration within the psychedelic community, known as Bicycle Day, and the bicycle, a representative icon of LSD.
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        LSD cardboard. Each of the squares bounded by the dotted line represents an LSD tab. The lysergic cardboards often present a drawing. In this case, a cartoon of Dr Hoffman riding his bicycle.


      


    




    No wonder this first LSD trip, not only given its potency but also given the absolute lack of knowledge regarding its toxicity, was terrifying for Hoffman. Seeing his reality drastically transformed and his volition vanished, he believed he had gone hopelessly insane, as if possessed by a demon. His assistant called a doctor who measured his vital signs and found nothing unusual other than an excessive dilation of the pupils and, gradually, he returned to ordinary reality. Imagine his relief as the danger of insanity faded away! As he enjoyed the still present visual effects, the feelings of terror were replaced by a profound sense of fortune and gratitude. He finally managed to sleep, and, when waking up the next day, he felt splendid, perceiving the vibrant world "as if newly created".




    Suspecting that this potent substance might have important value in psychiatry, Hoffman quickly contacted other researchers. This time taking a third of the dose ingested by Hoffman, they repeated his experiment and were astonished. Soon, a new line of research was initiated.




    As we will see further on, the psychedelic experience has certain properties that made LSD a great candidate as a psychotherapeutic tool. Therefore, after demonstrating its extremely low toxicity through animal experimentation, researchers proceeded to study its use in humans. One of the pioneering psychiatrists using this molecule was Humphry Osmond, who coined the term psychedelic, referring to the ability these types of substances have to manifest or expand ("delos") the contents of the psyche ("psyque").




    In the 50’s multiple studies were carried out with LSD. Particularly notorious were those aimed at treating alcoholism. Clinics started appearing that simultaneously administered LSD to several people who could, afterwards, meet to discuss their experiences. The results were promising. However, many of the studies of the time have been criticized for not having followed a rigorous methodology1. To tackle this issue, Krebs and Johansen conducted a meta-analysis2, published in 2012, that focused only on those studies that met the standards required today. The results revealed that, out of 536 participants, 59% of the participants in the group taking LSD significantly decreased their alcohol consumption, compared to only 38% within those in the placebo-administered control group. These results suggested that, when it comes to treating addictions, LSD does indeed have some psychotherapeutic potential. In the coming chapters, we will see how recent studies using psychedelic-assisted therapy seem to support this.




    The same properties that made LSD an extraordinary molecule in psychotherapy soon attracted the attention of people outside the medical environment, causing an epidemic of consumption in the population. Such epidemic was largely promoted by two professors of psychology at Harvard University: Timothy Leary and Richard Alpert, who, after experiencing its effects, became its apostles. They undoubtedly played a key role in initiating the countercultural revolution of the 1960s, which was characterised by an explosion of creativity, but also by a cascade of accidents and psychic problems due to its irresponsible use. Hoffman’s initial sense of satisfaction eventually turned into concern, leading him to write LSD: My Problem Child, a book where he carefully recounts his famous first LSD trip, his iconic bicycle ride, and the events that followed his historical discovery. In 1962 the authorities began to persecute the molecule and, in 1965, Sandoz finally halted its production.




    Something similar occurred with MDMA a little later. MDMA (3, 4 methylenedioxymethamphetamine) was first synthesized by Merck Pharmaceuticals in 1912 while searching for drugs capable of controlling bleeding. In the absence of the desired effects, research was eventually abandoned. It was not until the mid-1970s when, in the pursuit of psychoactive molecules with psychotherapeutic potential, chemist Sasha Shulgin decided to experiment with this molecule on himself. He immediately became convinced of its therapeutic potential. In addition to MDMA, Shulgin created a whole collection of psychoactive molecules and he, his wife Ann and a group of close students ingested each one of them and described their effects in detail. Such "trip reports" can be found in TiHKAL and PiHKAL, two famous books written by the couple.
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        Sasha and Ann Shulgin.


      


    




    In the late 1970s, Shulgin introduced this molecule to Leo Zeff, who had been leading the underground psychedelic-assisted psychotherapy movement since LSD’s prohibition. At that time, MDMA was still legal and also promised to be a potent psychotherapeutic tool but, like LSD, it ended up becoming popular within leisure environments. As its use shifted from a medicinal to a recreational setting, in 1984, the DEA (the American Drug Enforcement Administration) placed this substance, along with LSD, in Schedule 1, together with the most persecuted molecules. Such a decision was based on the relatively high abuse potential that this substance was proving to have but completely ignored the psychotherapeutic developments that were being achieved.




    The psychotherapeutic potential of substances that were proving to be successful within clinical settings was shamefully ignored by the authorities, who instead banned the ongoing research and, harshly and unjustly, began to persecute them. Thanks to the relentless efforts of people like Amanda Feilding, founder of the Beckley Foundation, which has played a key role in funding research and disseminating their benefits from an early stage; and Rick Doblin, founder of MAPS (the Multidisciplinary Association for Psychedelic Studies), a non-profit organization that since prohibition has been pressuring government regulatory agencies and funding a multitude of studies and conferences, the research was finally resumed two decades. We can’t thank them enough for their magnificent and historic work!
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        Amanda Feilding on the left and Rick Doblin on the right, along with the logos of their respective organizations: The Beckley Foundation and the Multidisciplinary Association for Psychedelic Studies, known as MAPS.


      


    




    

      

        1 A rigorous methodology consists of, for example, carefully controlling all variables to which participants are exposed to, having a control group that has not taken any substances, with which to compare the results of the experimental group, and that neither the participants nor the researchers know which experimental group the participant belongs to.


      




      

        2 A meta-analysis is a statistical analysis that combines the results of many similar studies.
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    INTRODUCTION TO NEUROSCIENCE




    Before we delve into this chapter, I must warn you. Its content is rather technical and contains years of study condensed into a few pages. By the end, you will have acquired a fairly deep understanding of how the brain has evolved to perceive, feel and act.




    To achieve this, we must first descend into the inner world of the neuron, and then zoom out to study how information is integrated in order to give rise to conscious experience, with all the internal and external perceptions that exist within it: images, sounds, sensations, thoughts, emotions...




    It will not always be an easy read, as it will entail studying the complex neuroanatomical circuits between different brain regions. This way, in later chapters, you’ll be able to understand the implications surrounding the neuroimaging results obtained in psychedelic research. But don’t despair! You will be accompanied by a multitude of visual resources at all times aimed at significantly easing your understanding.




    Please also note that when in later chapters we allude to the information presented here, the relevant facts will be again repeated more concisely. When necessary, you will also be redirected to the relevant figures and sections within this chapter to help you refresh your memory.




    What I wish to convey with this warning is that the path we will follow in this chapter will give you a relatively detailed overview of how the brain works - a fascinating task, but by no means a trivial one! As you read on, don’t worry about retaining all the information presented here. There will be plenty of opportunities to later review it. And above all, don’t give up! I promise you that the next chapters will not be as technical.




    If you still find it too challenging, you can always skip it and go to the lighter chapters ahead, returning here only when you need to revise specific concepts mentioned further on. Maybe, once you are trapped by the wonders of the human mind, you will have the patience and inner drive to study it in detail.




    That said, I encourage you not to succumb too easily and give it a try so, grab a coffee, put on your nerdy glasses, and let’s dive together into the electric and ingenious world of the nervous system. Are you ready?




    THE CELL




    Living things are made up of small units called cells. Each is enclosed by a membrane made up of fatty molecules called phospholipids (see Figure 1) and, in the watery space inside them, you can find incredibly complex machinery comprising, among others, the nucleus which houses the genetic code, elegantly encoded in the double helix of DNA, which contains the information needed to generate the proteins that make up the body. When a protein needs to be synthesised, the sequence of DNA that contains "the recipe" for that protein is used as a template to produce a sequence of RNA. This sequence is called messenger RNA (a concept with which you will have become familiar by now if you have paid attention to the mechanism of action of the innovative Covid-19 vaccines), and will then be used for the synthesis of that protein. In other words, the protein is generated from a messenger RNA sequence and the messenger RNA from a small section of DNA.
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        Figure 1. Phospholipid membrane with proteins embedded within it.


      


    




    After the sperm has attached to the egg, cell division begins. Two cells. Four cells. Eight cells. At first, all the cells are the same, but as the fetus develops, they begin to differentiate. How? By expressing different genes contained in the DNA. In other words, each cell generates different messenger RNAs from that DNA that they all share, thereby synthesising different proteins that will give the cell its particular properties. This is how, through the production of different proteins and despite containing the same DNA, two cell types can end up forming organs as different as, for example, skin (made up of epithelial cells) or bone (made up of bone cells). Or in the case that concerns us here, the nervous system, which is made up of neurons.




    THE NEURON




    There are many types of neurons, but, generally, they all tend to be asymmetrical. As we can see in Figure 2a, several projections emerge from the cell body, also called soma, where the cellular nucleus is contained. Most of these projections, namely the dendrites, are in charge of detecting signals present in the external fluid (neurotransmitters or drugs). They do so thanks to proteins located in their membranes that change conformation when certain neurotransmitters or psychoactive drugs bind to them. These proteins are called receptors, and as we will see in more detail later, after such binding occurs the conformational change that the receptor undergoes triggers an intracellular cascade of information that will signal a series of changes inside the neuron.
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        Figure 2a. A presynaptic neuron and two postsynaptic neurons are shown on the left. Dendrites and an axon with sodium channels, surrounded by flat cells forming the insulating myelin sheath, can be seen emerging from the soma. On the right, the synaptic cleft is shown in more detail. The vesicles contain proteins in their membrane that allow the neurotransmitter to enter it, and the reuptake proteins in the axon terminal’s membrane reintroduce the neurotransmitter from the synaptic cleft, back into the presynaptic neuron. The synaptic bouton of the dendrites, where the receptors are located, can also be seen.


      


    




    One of the projections leaving the neuronal body is different from the dendrites. It is the axon. When the positive charge inside the soma exceeds a certain threshold (we will soon see why this happens), an electric current is transmitted along this projection. The transmission of this current is facilitated by the myelin sheath, a layer of flat cells that surrounds the axon acting as an insulating material. When the electric current (technically called an action potential) reaches the axon terminal, it triggers the production of neurotransmitters, signalling their insertion into vesicles and their subsequent release to the extracellular space (called the synaptic cleft). The neurotransmitters are introduced into the vesicles via proteins located in the vesicles’ membranes (in chapter 6 we will see how MDMA’s mechanism of action involves these proteins), and the neurotransmitter’s release takes place through the fusion of the vesicles’ membranes with that of the axon terminal.




    The newly released neurotransmitters will then be detected by receptors located on the dendrites of the next neuron. Specifically, receptors are located on small protrusions called synaptic boutons, and the neurotransmitter-mediated communication between the two neurons is what we refer to as a synapse (the neuron that releases the neurotransmitter is the presynaptic neuron, and the neuron that receives it is the postsynaptic neuron).




    Other key proteins called neurotransmitter reuptake proteins (see Figure 2a) are anchored to the membrane of the axon terminal. These proteins are responsible for reintroducing the neurotransmitters from the synaptic cleft back into the axon terminal of the presynaptic neuron. Thus, not only are the neurotransmitters recycled so that they can be released again when another action potential is generated. These proteins also clear the synaptic cleft, ending the previous signalling. This way, the next time that the presynaptic neuron releases neurotransmitters, the receptors of the postsynaptic one will be available to receive the new signal.




    After this overview of the neuron and the synapse, let’s take a closer look at what causes the generation of an action potential in the first place. Let us repeat: when the positive charge inside the soma exceeds a certain threshold, an electric current is transmitted through the axon. "But what determines the positive charge inside the soma?", you may be wondering.




    The first thing you should know is that the interior of the neuron is aqueous and contains several dissolved salts, which are either positively or negatively charged. The charge levels inside the neuron are mainly set by the concentrations of sodium (Na+), potassium (K+), chlorine (Cl-) and calcium (Ca2+) ions (i.e. atoms with positive or negative electrical charges), and fluctuate continuously thanks to proteins located in the neuronal membrane that by acting as ion channels allow the passage of ions through the membrane (Figure 2b).
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        Figure 2b. Ion channels located in the membrane through which ions enter or leave the neuron following their electrochemical gradient.


      


    




    Some of these channels only allow the passage of a particular type of ion (e.g. Na+) while others are less specific. Depending on the signals they receive from the environment, they will be open or closed, hence, modifying the balance between positive and negative ions inside the neuron. This movement of ions through the membrane will depend on the difference in concentration and charge between the inside and outside of the neuron. If, for example, the sodium channel is opened and the concentration of this ion is higher inside than outside the neuron, the ion, moving in favour of its concentration gradient, will leave the neuron. But this process also takes into account the charge difference between the interior and the exterior of the neuron. That is to say, if in addition to the difference in concentration, the outside is more negative than the inside, the sodium (Na+) will leave the cell even faster, since, in addition to the concentration gradient, the positive charge of this ion will be attracted by the negative charges on the outside. Instead, as the positive charge on the outside increases and, since charges of the same sign repel each other, the speed at which the Na+ exits the neuron will decrease. Thus, the direction in which the ions move across the membrane will be determined by simultaneously accounting for the difference in charge and concentration between the inside and outside of the neuron. In other more technical terms, the ions will pass through the membrane following an electrochemical gradient.




    When, due to the movement of ions across the membrane, the positive charge in the neuronal soma exceeds a certain threshold, specific sodium channels located at the beginning of the axon change their conformation, opening a pore in the axonal membrane that allows this positive ion to pass through. Because there is more sodium on the outside than on the inside of the neuron, the ion moves towards the inside, locally increasing the positive charge in the area surrounding the channel. These threshold-sensitive sodium channels are located all along the axonal membrane, so, as sodium enters one of them, neighbouring channels open consecutively. Through this fancy mechanism, they allow the action potential to propagate throughout the axon until it reaches the axon terminal where it signals the release of neurotransmitters. The propagation of the action potential along the axon is well exemplified in the GIF embedded inside the QR code below.
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        Action potential propagated along the axon. GIF by Laurentaylorj, CC BY-SA 3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons.


      


    




    The sodium channels located in the axon eventually close, and there is a refractory period during which they cannot reopen, making propagation unidirectional. And, although on some occasions the electrical current may, for reasons we will not go into here, propagate from the axon terminal to the neuronal soma, most electrical currents propagate from the neuronal soma to the axon terminal, there signalling the release of neurotransmitters.




    Once the neuron has generated an action potential it must return to its resting state in order to be able to generate new action potentials. This is accomplished through other membrane-localized proteins called sodium-potassium pumps, which, using energy, move ions across the membrane against their electrochemical gradient.




    Whether or not the internal positive charge exceeds the threshold that opens up the sodium channels depends on the totality of signals that are reaching the neuron’s dendrites at any given moment, each synapse contributing to the total balance of charges within the neuron. In this way, and to reduce the likelihood of the neuron spontaneously firing an action potential, the threshold is usually exceeded only when the neuron receives several signals simultaneously, capable of transferring the increase in positive charge through the entire neuronal soma until it reaches the beginning of the axon. Each synapse contributes to this balance so the neuron, therefore, functions as a coincidence detector, firing an action potential only when a series of signals coincide. Furthermore, depending on what the neuron detects, synapses can be strengthened or weakened, giving the nervous system a great deal of plasticity (we will study in more detail how this neuroplasticity occurs in the next section).




    In short, this is how a neuron works. Depending on whether or not there is enough positive charge in the neuron’s soma, which in turn depends, among other things, on the signals detected by the receptors, an action potential will be generated or not. If this happens, the neuron will release a neurotransmitter, and if the next neuron receives enough excitatory signals, it will also generate an action potential, thus transferring the information through the nervous system.




    NEUROPLASTICITY




    Neuroplasticity refers to the brain’s ability to form and reorganise synaptic connections, especially in response to learning, new experiences or following injury.




    As we will see further on, the neurotransmitter released by cortical neurons is mainly glutamate, and it plays a fundamental role in establishing the synaptic strengths between neurons. Glutamate carries out this synaptic reinforcement through two of its receptors: the AMPA and the NMDA receptors. Both glutamatergic receptors have an excitatory effect on the neuron (i.e., they increase the positive charge inside the cell) and, behaving in very different ways, work together when modifying synaptic strengths.




    The NMDA receptor forms a pore in the membrane but this pore is blocked by a positively charged magnesium ion, which glutamate-binding alone cannot remove. Hence, this receptor will not be able to exert its action over the neuron until this ion is removed from here, something that is only achieved when very high levels of positive charge, capable of repelling this positive ion, are reached inside the neuron (step 4 in Figure 3). Only then will the channel be freed and the NMDA receptor activated.
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        Figure 3. Mechanism of neuroplasticity through which a glutamatergic synapse in the cortex is strengthened. Steps: 1) Glutamate binds to NMDA receptor and AMPA; 2) Activation of AMPA; 3) Increase in positive charge inside the neuron through AMPA; 4) Positive charge in the interior of the neuron reaches a threshold that repels the magnesium ion unblocking the NMDA receptor; 5) Massive calcium influx; 6) Intracellular signalling; 7) Insertion of AMPA receptors into the membrane.


      


    




    In contrast, glutamate does activate the AMPA receptor directly and, when it does, the AMPA receptor begins to allow sodium (Na+) to enter the neuron (step 2 in Figure 3). When the concentration of glutamate outside the neuron causes an intense and frequent activation of AMPA receptors that is strong enough to generate an action potential, the levels of positive charge inside the neuron will exceed the threshold required to repel the magnesium ion that blocks the NDMA receptor (step 4 in Figure 3). Once this happens, a massive influx of calcium will enter the neuron via the NDMA receptor (step 5 in Figure 3), signalling the need to produce and incorporate more AMPA receptors into the synaptic bouton (steps 6 and 7 in Figure 3). This increase in AMPA receptors on the postsynaptic neuron’s membrane, in turn, increases the number of pores through which the positive charge can enter the neuron, the end result being that, for the same amount of glutamate in the synaptic cleft as before the AMPA reinforcement, the neuron is now capable of generating an action potential faster.




    In conclusion, through this mechanism, the neuron detects if there is a reliable and significant input of information, and once detected, by increasing the number of AMPA receptors in the membrane, it increases the strength of the synapses involved in the transmission of this information, making it easier for the postsynaptic neuron to trigger an action potential and, more efficiently, transmit the information to the next levels. Incredible cell adaptation and cooperation between different proteins in the cell membrane!




    Neuroplasticity is not just about strengthening or weakening synapses. Until recently, the regenerative capacity of the adult brain was thought to be inexistent because, unlike most tissues, the neurons that make up the nervous tissue are not replaced throughout life. This led to the belief that, once adulthood was reached, the birth of new neurons was impossible. However, in the last 20 years, three areas of the brain have been discovered where stem cells reside, i.e. pluripotent cells that can transform into neurons when they receive certain signals. One of these is an area of the hippocampus, another an area of the amygdala, and the third is an area of the prefrontal cortex (we will study these areas in detail later), and this birth or proliferation of new neurons is called neurogenesis. In addition, neuroplasticity also consists in the formation of new synaptic boutons (synaptogenesis) as well as in the growth of new dendrites and axons (neuritogenesis). In chapter 5 we will see how psychedelics seem to promote all of these processes!




    NEUROTRANSMITTERS AND RECEPTORS: A COMPLEX WORLD




    Generally, neurons synthesise only one type of neurotransmitter, and these are synthesised in different areas of the nervous system. For example, neurotransmitters belonging to the monoamine family (dopamine, serotonin, and noradrenaline) are synthesised almost exclusively in very specific subcortical areas. Dopamine, involved in motivation, cognition, and movement, is synthesised only in subcortical areas known as the substantia nigra and the ventral tegmental area. Serotonin, involved in the regulation of sleep, anxiety, and mood, is only synthesised in neurons located in a cluster of nuclei, the raphe nuclei, found in the brain stem (although curiously it is also synthesised heavily outside the nervous system, specifically in the digestive tract). And noradrenaline, which is involved in monitoring the environment and maintaining appropriate levels of alertness, is synthesised in neurons in another nucleus of the brain stem called the locus coeruleus3 (it is also synthesised outside of the nervous system, for example, in the kidney’s adrenal gland, where it acts as a hormone).




    Neurons located in each of these subcortical nuclei send long projections to the cortex, flooding it with their respective neurotransmitters. Figure 4, for example, shows the serotonergic projections. As you can see, these leave the raphe nuclei and flood the cortex with serotonin.




    Other neurotransmitters such as glutamate or γ-aminobutyric acid, known as GABA, are synthesised by cortical neurons, with only one-fifth of these neurons being GABAergic (i.e., synthesising GABA) and the remainder glutamatergic (i.e., synthesising glutamate). GABA is the inhibitory neurotransmitter par excellence in the nervous system and this inhibitory function plays a fundamental role in regulating the activity of neuronal circuits. For example, a glutamatergic neuron (neuron A) may be inhibited by an inhibitory neuron (neuron B) and, to activate neuron A, another inhibitory neuron (neuron C) will need to inhibit neuron B. Unlike GABA, glutamate is the excitatory neurotransmitter synthesised by the cortex, although as we will see when we delve into psychedelic neuroscience, this is not so straightforward as some glutamate receptors can also exert an inhibitory action.
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        Figure 4. Serotonergic projections leaving the raphe nuclei located in the brain stem. Image by Patrick J. Lynch; <https://creativecommons.org/licenses/by/2.5>, via Wikimedia Commons.


      


    




    As it has become clear so far, the complexity of the nervous system is not only limited to the different neurotransmitters4 but instead lies largely in their interaction with different receptors. There are, for example, five families of receptors to which serotonin can bind, and within each of these families, there are in turn several subtypes, each with a molecular conformation, a distribution map, and a specific effect on the neuron. As if this were not enough, and as we will see when we study the action of psychedelic molecules, the cascade of information unleashed by each of these receptors can vary depending on the specific molecule with which it is interacting at any given moment. And you should know that receptors also interact with other receptors!
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        Figure 5. Distribution maps of four types of serotonin (5-HT) receptors: two from family 1, one from family 2, and one from family 4. In red, the areas with a high density of the corresponding receptor can be seen, and in blue the areas with a lower density. Image obtained from a study led by Dr Beliveau and published in The Journal of Neuroscience in 2017.


      


    




    Finally, consider that in a given neuron there are many different receptors. In Figure 55 you can see the distribution maps of some serotonin receptors. Note that there are notable differences between maps, as well as a clear overlap between them in certain areas.




    Imagine the unfathomable complexity of the nervous system when you consider that there are billions of neurons in it and that the final state of each one of them depends on the combination of neurotransmitters being detected by a multitude of different receptors at thousands of synapses distributed across the neuronal membrane; each one of them contributing to the final behaviour of the neuron! Mind-boggling!




    INTEGRATION OF INFORMATION: SENSES, THALAMUS AND CORTEX




    After travelling inside the complex world of a neuron, it is time to zoom out and look at the nervous system as a whole in order to visualise how it integrates all the information into a conscious experience.




    CONVERGENCE OF INFORMATION




    For integration to occur, it is essential that information from neurons at the first level, or first-order neurons, converges in an orderly and segregated fashion on neurons at higher levels. When a neuron from the second level then fires an action potential, it will contain an integrated version of all the information contained in the lower-order neurons that have converged on it. In a hierarchical fashion, the second-order neurons will send the information to the third-order ones and so on. Thus, at each step, a more and more integrated version of the external information is formed until culminating in a conscious experience. You can see a representation of this process in Figure 6.
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        Figure 6. Diagram of the convergence of information. In this diagram, neuron A2, placed at the second level of integration is receiving information from the first-order neurons A1, C1 and E1, while the second-order neuron B2 is receiving information from the first-order neurons B1, D1 and F1. Equally, neuron C2 is receiving information from C1, E1 and F1. When neuron A2 fires an action potential to the corresponding third-order neuron (A3), it will transmit integrated information from A1, C1 and E1, while neuron B2 will transmit integrated information from B1, D1 and F1. And in the same way, information from second-order neurons will converge on third-order ones. Regulatory information (i.e., top-down information from higher to lower levels) is also shown.


      


    




    This is, of course, an extremely simplified version that helps us get an idea of how information that is initially segregated becomes organised and integrated through hierarchical levels to finally give rise to a unitary experience. In addition to these bottom-up projections that send information from lower levels to higher levels, connections between neurons at the same level also exist, as do top-down projections that go from higher to lower levels. As will be explained further on, these top-down projections represent a key component, since by involving inhibitory processes, they regulate what information from lower levels reaches higher ones.




    FROM THE SENSES TO THE CORTEX




    How do we become conscious of the information picked up by the senses? To answer this question, we have to look at the trajectory that the sensory information follows, from the moment when we are first exposed to it until it becomes part of our conscious experience. Logically, this process begins in our sensory organs, whose neurons have specific receptors in their membranes through which they are capable of interacting with different stimuli from the outside world. For example, neurons in the first layer of the eye’s retina have a photosensitive protein called rhodopsin. That is, it interacts with the electromagnetic waves generated by photons and in doing so, changes its conformation, causing the neuron to release the neurotransmitter to the next layer of neurons in the retina, which in turn pass the information to the next layer.
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