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Introduction

Modern neuroscience can be traced back to the 1890s, when researchers first determined that the nervous system, like all other living things, is made of cells. Fast-forward a century: President George H W Bush declared the 1990s the ‘Decade of the Brain’, and since then research into the workings of this extremely complex organ has accelerated at an astonishing pace. Some say that we have learned more about the brain in the past decade than we did in the hundred years preceding it. Even so, we are only just beginning to scratch the surface, and a huge amount remains to be discovered.

Many theories about how the brain works, and how it generates our thought and behaviours, have been put forward. Some of the earlier ideas, such as phrenology – the 19th-century discipline that tried to correlate personality traits with the shape of the head – became influential in their time but were eventually debunked as pseudo-science. Others, such as the neuron doctrine – the idea that the brain is made of cells – remain central to modern neuroscience.

In response to growing public interest in neuroscience and its technological advances, this book is an attempt to distil more than 100 years of thinking about the brain. It draws together influential ideas in neuroscience, updating old concepts in the light of new evidence, as well as introducing others that have emerged only recently. It attempts to explain these ideas accurately, and in a way that is easily digestible; to separate the wheat from the chaff; and to demystify the mysterious matter inside our heads.

Some believe that gaining a better understanding of how the brain works will provide answers to life’s big questions. It will not: brain research cannot tell us everything about ourselves, or what it means to be human. But it does offer the possibility that treatments may be developed for numerous debilitating conditions that afflict us, such as addiction, Alzheimer’s disease, stroke and paralysis. 50 Human Brain Ideas You Really Need to Know addresses these hopes, too, with cautious optimism.

Moheb Costandi




01 The nervous system

The nervous system consists of two main components. One part, the central nervous system – made up of the brain and spinal cord – receives information from, and integrates the activity of, the rest of the body. The other part, the peripheral nervous system, contains nerves that send and receive information to and from the body.

The human brain contains hundreds of billions of cells arranged in a highly organized fashion, and is often said to be the most complex structure in the known universe – yet it weighs about only 1.5kg (just over 3lb). It consists of two hemispheres, each of which controls, and receives information from, the opposite side of the body. The cerebral cortex covering each hemisphere is divided into four specialized lobes; these all perform different functions, and are separated from one another by deep grooves called fissures.

The frontal lobe performs complex mental functions such as reasoning and decision-making, and also contains the motor areas, which plan and execute voluntary movements.

The parietal lobe contains the somatosensory areas, the parts that process touch information from the body. It also integrates different types of sensory information for spatial awareness – basically, knowledge of how the body is oriented within space.

The temporal lobe receives information from the ears, and its outer surface contains areas specialized for understanding speech. The inner surface contains the hippocampus, which is critical for memory formation and, with the surrounding areas, plays an important role in spatial navigation.

The occipital lobe is located at the back of the brain and contains dozens of distinct regions specialized to process and interpret visual information.

The brain uncovered

Beneath the cortex lie several large clusters of neurons. The thalamus (or ‘deep chamber’) lies right at the brain’s centre, and relays information from the sense organs to the appropriate region of the brain. Surrounding the thalamus are the basal ganglia, a group of structures involved mainly in the control of voluntary movement. The limbic system is another set of subcortical structures located between the basal ganglia and cortex. Sometimes referred to as the ‘reptilian brain’, the limbic system is evolutionarily primitive, and is involved in emotion, reward and motivation. It also includes the hippocampus and amygdala, both of which play a part in memory.


Layers of complexity




The cortex (or ‘bark’) is the highly convoluted sheet of folded tissue that sits prominently on the outside of the brain. The cortex of human beings covers a much larger surface area than in other animals – extending 0.2m2 (2½ sq ft) if laid out flat. This folding gives the cortex its familiar appearance, with its numerous gyri (bulges) and sulci (furrows). The cortex is just a few millimetres thick, but comprises six layers, with cells arranged uniformly in each layer. Despite this uniform structure, the cortex contains a large number of discrete areas, each specialized to perform a particular function.



The midbrain is a small area lying at the top of the brain stem. It contains clusters of neurons that control eye movement and is the main source of the neurotransmitter dopamine. Neurons that make dopamine also produce a pigment called melatonin, giving part of the midbrain a black appearance. This part of the midbrain is therefore called the substantia nigra (‘black substance’).

The hindbrain comprises three structures located at the top of the spinal cord, which together make up the brain stem. The lower portion of the brain stem, the medulla oblongata, controls vital involuntary functions such as breathing and heart rate, and is closely associated with arousal. Above the medulla is the pons (or ‘bridge’), connecting the cerebral cortex and the spinal cord and also linked to arousal. The third component of the hindbrain, the cerebellum (or ‘little brain’), is involved in controlling balance and coordinating movement. It is essential for learning motor skills such as riding a bike, but is also associated with emotions and thought processes.

Rush-hour traffic

The spinal cord, at the heart of the body’s essential transport network, is an enormous bundle of millions of nerve fibres relaying information back and forth between the brain and the body. This very fragile structure, protected by the vertebral column, can perform certain functions, such as the knee-jerk reflex, on its own without any commands from the brain. It is segmented, with nerves leaving and entering it at regular intervals and in a highly orderly manner (in cross-section, it resembles a butterfly).

Motor neuron fibres leave the front of the spinal cord and extend to the body muscles, sending them information from the brain about voluntary movement. The axons of the sensory neurons carry information from the body into the back of the spinal cord, and form connections with second-order neurons that relay the information up into the brain. The axons of motor and sensory neurons are bundled together in the peripheral nerves.


The human brain...is the most complicated organization of matter that we know.

Isaac Asimov, 1986



Message carriers

The peripheral nervous system consists of all the nerves that emanate from the brain and spinal cord, and consists of two different components. One, the somatic nervous system, is composed of the sensory and motor nerve fibres that carry information between the body and spinal cord. These nerves are involved with bodily sensations and the control of voluntary movement.

The other component is the autonomic nervous system, which controls the heart, glands and the smooth muscles in the blood vessels, eyes and gut, which are not under voluntary control.

The autonomic nervous system can be further subdivided into the sympathetic and parasympathetic nervous systems, which have opposing functions. The sympathetic nervous system uses the neurotransmitter noradrenaline to increase heart rate, dilate the pupils and breathing tubes, and divert blood away from the digestive system. These effects prepare the body for action, in what is called the ‘fight-or-flight’ response. The parasympathetic nervous system, on the other hand, uses the neurotransmitter acetylcholine to constrict the pupils and breathing tubes, slow the heart rate, and increase digestive function.

The cranial nerves are also part of the peripheral nervous system. These nerves emanate from the brain stem, and relay information between the brain and the sense organs. The vagus nerve, or tenth cranial nerve, is the longest of all, and sends branches as far as the heart, chest and abdomen.


Mind, a mysterious form of matter secreted by the brain.

Ambrose Bierce, 1911



The condensed idea
The nervous system is extremely complex and highly ordered




02 The neuron doctrine

Modern neuroscience is largely based on the idea that the brain is made of cells. The human brain is estimated to contain a staggering 80 to 120 billion neurons, which form intricate networks that process information. Neurons (nerve cells), one of the two types of brain cells, are specialized to produce electrical signals and communicate with each other.

In the 1830s, two German scientists proposed cell theory, which states that all living things are made of cells. At that time, microscopes were not powerful enough to show the structure of the nervous system in any great detail, so it was unclear whether or not cell theory applied to nervous tissue, and this became the subject of long-lasting debate. Some researchers believed the nervous system must, like other parts of the body, also consist of cells, but others argued that it was composed of a continuous network of tissue.

As microscopes became more powerful and chemical staining methods improved, researchers began to see nervous tissue in increasingly finer detail. One important advance, made by Camillo Golgi, was the discovery of the so-called ‘black reaction’, a staining technique that involves hardening the tissue with potassium bichromate and ammonia, then immersing it in silver nitrate. The black reaction randomly stains small numbers of neurons in a tissue sample; the cells are stained in their entirety, making their shape visible in silhouette. In the 1880s, the Spanish neuroanatomist Santiago Ramón y Cajal started using Golgi’s staining method to examine and compare tissue from many brain regions of various animal species. Cajal improved on the method by immersing his samples twice in the solutions. This stained the neurons more deeply, enabling him to study them in even greater detail.


Like the entomologist hunting for brightly coloured butterflies, my attention was drawn to the flower garden of the grey matter, which contained cells with delicate and elegant forms, the mysterious butterflies of the soul.

Santiago Ramón y Cajal, 1894



Cajal concluded that the brain is indeed made up of cells and, after convincing others that this was the case during a conference in 1889, the neuron doctrine – which states that neurons are the fundamental structural and functional units of the nervous system – was born, with Cajal and Golgi sharing the 1906 Nobel Prize in Physiology for their contributions. Despite inventing the method that led to the discovery of the neuron, Golgi somewhat ironically held on to the idea that the nervous system is composed of a continuous network of tissue. Cajal, on the other hand, is widely regarded as the father of modern neuroscience.

The body’s messengers

The human brain contains at least several hundred, and perhaps as many as several thousand, different types of neurons, which come in many different shapes and sizes but which can be broadly classified into three types according to their function. Sensory neurons carry information from the sense organs into the brain; motor neurons send commands to the muscles and organs; and interneurons relay information between neurons in localized circuits, or over greater distances between neurons in different regions of the brain.

Despite this bewildering diversity, the vast majority of neurons share a number of basic features. Traditionally, neurons are subdivided into three ‘compartments’, each of which has a distinct function:

Dendrite: From the Greek word dendron, meaning ‘tree’, this is a branched projection that emanates from the cell body. Dendrites are the neuron’s ‘input’ compartments – they receive and compute signals from other neurons before conveying them to the cell body.

Cell body: This computes different types of signals received from the dendrites and produces an output. It also contains the nucleus, which is packed with DNA – a long molecule containing the information needed to synthesize the thousands of proteins that control the function of the cell. Each type of neuron expresses a unique combination of genes that gives it unique characteristics.

Axon: The axon is a single fibre that emanates from another region of the neuron, and is the ‘output’ compartment of the neuron. Electrical signals are generated at the initial segment of the axon, and are carried away from the cell body before being transmitted to other cells. The end of the axon forms the nerve terminal, which forms branches that transmit the output of the neuron to multiple ‘target’ cells. We now know, however, that impulses can be generated in any part of the neuron, and can travel in both directions.


Jennifer Aniston cells




Researchers have discovered neurons that respond very specifically to images of well-known celebrities such as Jennifer Aniston or Halle Berry, or to famous landmarks such as the Eiffel Tower or the White House, while examining the brains of epileptic patients about to undergo neurosurgery. These cells are located in a part of the brain containing structures known to be critical for memory. Subsequently, the same researchers discovered that these cells are activated not only when the patients view images of the celebrities or landmarks, but also when they are merely thinking about them. These discoveries led some to suggest that individual cells are responsible for encoding abstract concepts. A more likely scenario is that each cell is part of a diffusely distributed network containing several million neurons, and which encodes a memory of the celebrity or landmark. Each individual cell probably contributes to millions of other networks, each of which encodes a distinct memory or concept.



A well-drilled organization

The vast majority of neurons – about 80 per cent – are found in the cerebellum. The cells in its cortex (the outer covering) are arranged in highly ordered layers, like highly disciplined soldiers in specialist regiments. Two types of cells in this part of the brain illustrate just how diverse these neurons are. Purkinje neurons are the largest cell type in the brain. They are broad, flat and extremely elaborate. Granule cells, by contrast, are the smallest cells in the brain. They have a single fibre that splits in two soon after leaving the cell body, and runs perpendicular to the Purkinje cell dendrites. Each Purkinje cell forms connections with approximately 250,000 granule cell fibres.

The cerebral cortex is also composed of layers, each containing well-ordered neurons. Pyramidal cells, found in all but the outermost layer, are one of the main cell types, and are arranged in clusters in a regular pattern that repeats itself every thirty thousandths of a millimetre. Their structure varies between layers and different brain regions, but all have a distinctive pyramid-shaped cell body, extensively branched dendrites, and a branched axon that extends to cells in other layers of the cortex and distant regions of the brain.


[image: A diagram shows two pyramidal neurons with a distinctive pyramid-shaped cell body, extensively branched dendrites and a branched axon. Left: The branches are intricate. Right: The neuron has a thinner trunk and fewer branches in the body.]


Pyramidal neurons from different parts of the cerebral cortex



The condensed idea
Neurons are the fundamental components of the nervous system
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