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‘The empires of the future will be empires of the mind’


Winston Churchill (1943)




Preface


This short book examines what happens to the brain in the final decades of life. There is nothing new in the simple description of the effects of age on the brain: more detailed accounts can be found in the many textbooks read by health workers who investigate, treat and support the medical problems of old age. What is different is the way in which this book draws on the startling advances in molecular biological research and computer technology to counter the widespread pessimism about what the future has in store for us. These new ideas hold out the possibility of transforming life in old age by preventing or even reversing the damage to brain cells implicated in mental decline.


Recent years have seen an amazing improvement in the general physical health of old people. Nowadays more people enjoy a healthy old age than ever before. If modern medicine can achieve this progress in physical health in just a few years, can similar advances be made in mental health in old age?


Many of the characteristics acquired by old people are widely supposed to result from a single ageing process. There is really very little evidence to support this idea. What used to be regarded as a single process is now known to advance along at least two distinct pathways. One is bodily wear and tear – the trials and tribulations of life. This is the routine stuff of specialists in geriatric medicine, who know that limiting this type of environmental damage can help promote successful ageing. The other is the group of innate processes loosely termed ‘biological ageing’. As yet these processes are not amenable to intervention to the same degree; composed largely of inbuilt cellular senescence and damage repair pathways, they are under genetic control.


The exciting prospect held out by the scientific study of the ageing brain is that the brain may be able to compensate for its own ageing. Just as bodily ageing can be divided into ‘environmental’ and ‘genetic’ pathways, so can compensation for brain ageing. Applying the sophisticated techniques of molecular biology to the problem of the ageing brain has explained some rare types of dementia and yielded clues to the catastrophic failure of compensatory repair mechanisms in the most common form of dementia – that arising after the age of seventy-five.


There is a popular belief that much of brain ageing can be attributed to a generalised loss of brain cells with age. Although once widely taught, this dictum – and another, that brain cells lose the ability to replicate – is now seen to be incorrect: loss of brain cells with ageing is not as extensive as once thought, and is certainly not generalised throughout the brain. If brains do not lose cells in the numbers once supposed, and if some surviving cells retain a capacity to replicate, there may be real prospects of slowing or even preventing some of the worst effects of brain ageing.


Another widespread idea about ageing is that mental and physical activity – found preferably in an active social life – is the best way to delay mental decline. Although decline certainly occurs in most old people, there are many who retain – or even improve – their mental abilities across the life span. What can these old people teach us about the rules for successful brain ageing? This topic is perhaps the most immediately rewarding of current studies on the ageing brain. Across the world, research groups have charted the physical and psychological health of middle-aged people well into their ninth decade of life. Lessons so far point to some simple lifestyle rules which, if followed, certainly improve the chances of keeping mental abilities intact: keep fit, keep mentally active, eat a balanced diet, socialise and don’t smoke.


Over the past forty years colossal strides have been made in two areas that profoundly affect our future. The first is computer technology, which has changed our lives, made us more productive and is likely to enhance our existence for generations to come. The nature of this existence is the second area of progress: in the space of just two or three generations, industrial societies have established the study of science as the engine of progress towards better health for all.


The biological sciences have become the dynamo pushing the boundaries of health enhancement beyond the gains made by the social improvers of the late nineteenth century. In the twentieth century successive eradications of once lethal diseases marked milestones in the advance of science in the campaign against human disease. Huge progress was made in treating and preventing infectious, vascular, metabolic and inflammatory diseases. Improved surgical techniques and materials conquered previously intractable problems like organ replacement. Even psychiatry had its successes. New drugs reduced the mortality and need for long-term institutional care of many with severe mental illness. The overall effect was to increase life expectancy more rapidly than at any time in human history. More people than ever before are now living into old age.


There is a popular misconception that success in the fight against disease has simply replaced premature infant death or adult disease with untreatable disorders of late life. The truth is quite different. Improved health in pregnancy, childhood and adult life leads to a healthy old age. A greater proportion of old people now enjoy better physical health than ever before. The aim of this book is to help achieve for the brain what the final decades of the last century achieved for the body: fitter old brains for fitter old people.




Chapter 1


What is ageing?


Ageing and the healthy brain


Why do some old people remain alert and vigorous at an age when others are declining mentally and physically? Does their apparent advantage have a biological basis, and if so, could this success be transferred to others predisposed to age more quickly? If this is achievable, does brain ageing then become the last obstacle to extension of our useful life span? This book looks at the answers being generated by current research into brain ageing, and the grounds for optimism.


Brain scientists used to be pessimistic about the prospects of slowing or preventing brain ageing. They saw the brain as a vastly complex organ, with billions of brain cells, kilometres of intricate wiring, and little capacity to repair itself. Such views are now yielding to a different understanding of what happens as the brain ages; what once seemed a simple tale of degeneracy and brain cell death is being replaced by a lifelong story of good ‘housekeeping’, where brain cells rely on the body’s general health and nutrition to maintain complex functions and compensate for the wear and tear of everyday life. Like criminal behaviour, the causes of brain ageing come in many forms; and just as criminals can flourish in particular sections of society, so can the causes of brain ageing be more potent in the brains of susceptible individuals.


Brain ageing is not a simple phenomenon, but a composite of several processes. Biological ageing may be distinguished from the effects of age-related diseases – the cumulative effects of diseases that are more common in old people (that is, they are age-related) – but ageing processes are neither sufficient nor necessary for these diseases to occur (that is, they are not age-dependent).


In this chapter I shall emphasise the ‘free radical’ hypothesis of ageing, because of all the various ageing theories this seems the most relevant to the brain. The conclusion must be that a single process cannot account for what we see in the ageing brain. We shall also look at the structure of the normal brain and its development.


Ageing and disability


Developed societies are anticipating some alarming social problems caused by the remarkable increase in average life expectancy since 1900 – largely due to better living conditions, better control of childhood infections, and reduced risk of some adult disorders. With each successive generation, a greater proportion survived into old age as the twentieth century progressed, leading professional and political commentators to express concerns about the ‘burden’ of old people, partly from an economic standpoint but mostly in terms of the physical disabilities of old age. Impaired sight, hearing, mobility and mental function each jeopardise independence. In the United Kingdom in the 1970s, about one person in seven aged eighty years or more was disabled; around twenty times more than those aged about fifty. If the causes of illness in old age remain much the same and these illnesses start at similar ages, then from the age of about sixty we should all expect to spend about 25 per cent of our remaining years with at least one disability.


If this had continued to be true, as more people lived longer, so more would spend more of their old age with disabilities of some kind. Simple predictions like this are now seen as short-sighted and do not reflect what is happening today to the health of old people. Not only has life expectancy improved, but also old people are less disabled. For example, the proportion of old men who had a moderate degree of disability halved in the twenty years after 1975 (Figure 1). The best explanation for what is one of the great unsung successes of modern geriatric and public health medicine is that this period of disability has been compressed into the final year or two of life. The fact that this effect seems most marked among the better educated and the more affluent shows that improvements are not spread evenly among old people. The same factors that predispose the less well-off to greater degrees of cardiovascular disease, respiratory disease and cancer may also make them vulnerable to the chronic disabilities of old age. However, the overall effect has been to postpone premature death, reduce disability, and increase the likelihood that people remain in good health until close to death. Success on this scale should be achievable for other diseases, especially those – like dementia – that affect the brain.
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Figure 1 Old people are becoming healthier. The proportion of old men unable to perform activities to support their own independence has halved since 1975.


Much of the disease linked to ageing and causing disability in old age may be preventable – or at least its onset may be postponed. This is suggested by differences in age-related disease rates between social classes both within and between countries. In Japan, for example, the link between age and the onset of chronic diseases is weaker than in the UK, and some Mediterranean countries have rates that are intermediate between Japan and the UK. In the USA, cardiovascular deaths have halved since 1970, while they have nearly doubled in Hungary. Over the same period, hip fracture in men has doubled in the UK. These variations establish two facts firmly in the minds of many working to improve the health of old people: first, that the common disabling conditions often thought of as an inevitable consequence of ageing are no such thing at all; and second, that many disabilities related to age are affected by the environment and by public health policy (as in the case of heart disease deaths in the USA). They can be successfully prevented by intervention.


Improvements in the health of old people in developed countries can be attributed to the same causes as improved life expectancy. Even more improvements may result from public health measures to improve diet, reduce the risk of vascular disease and minimise exposure to cancer-causing agents. Currently, it is the better educated and more affluent who adopt healthier lifestyles in greatest numbers – partly because their affluence gives them greater choice about how they live, but perhaps also because they anticipate a more rewarding old age.


Many of the diseases once considered to be simply part of the ageing process – sometimes called the ‘degenerative’ diseases – are being looked at in a new light as research reveals the effects of the interaction between genetic makeup and the environment, with the consequent potential for further health gains by the growing numbers of old people in our society. One influential opinion is that our life span is largely determined by the genes we inherit from our parents, and variations from this life expectancy are mostly determined by our experiences and lifestyle choices. From this standpoint, what we typically regard as ageing is a composite of at least two distinct sets of factors: one is the consequence of diseases associated with ageing; the other is the outcome of biological processes that impair body functions with increasing age.


The brain does not age in isolation from the body. It is affected by any deterioration in bodily health – especially anything that diminishes its blood supply. Common disorders such as cancer, stroke and diabetes become more frequent in old age. When these diseases arise in middle age they produce low levels of the same type of tissue damage found in otherwise healthy old people. Not surprisingly, this has tempted some scientists to propose that in diseased individuals ‘pathological’ or ‘accelerated’ ageing contributes to their chances of developing disease. Studies of very old people do not support this idea. Although some disorders are more common in late life, their incidence declines at the extreme of age. In those unusually old individuals there is often little evidence of chronic disease, but much to suggest that an ageing process is present that is quite independent of disease. The limitation of life span in the absence of disease appears to involve processes that are distinct from disease and probably have their own genetic determinants. These processes are called ageing.


What is ageing?


The study of ageing is full of theories but lacks a bedrock of fact. Ever since ancient alchemists searched for the ‘elixir of life’ almost all scientists working on the problem of ageing have examined or even proposed a ‘unified theory of ageing’ of some sort. Once a catalogue of the types of harmful changes found in ageing cells has been drawn up, it seems impossible to resist the idea that these age-related alterations share common features and perhaps even a common cause. The assumption is sometimes made that age-related biological changes are dependent on a single ageing process: but this may not be correct.


The assumption that there is a fundamental biological process labelled ‘ageing’ responsible for age differences in disease incidence was challenged in 1997 by Oxford professors Richard Doll and Richard Peto. They argued persuasively that it is unnecessary – and potentially misleading – to assume that a single biological process called ‘ageing’ awaits discovery and holds the key to disorders like cancer and stroke. Their case is based on consideration of the evolutionary pressures that would favour individuals with genes for late-onset disease over those with early-onset genes. This argument leaves room for other biological processes to occur with ageing, but does not assign them a major role in causing age-related disease. An important aspect of the argument developed by Peto and Doll is that there is no good reason to believe the molecular mechanisms leading to age-related disease are necessarily similar to the molecular mechanisms determining the rate of biological ageing – something that will become relevant later when we look at the molecular determinants of dementia.


Biological ageing


Early scientific studies of the biology of ageing gained impetus from cancer research. Likely culprits in both cancer and ageing included the effects of accumulated damage, repeated errors in making key proteins, and fresh genetic mutations. When coupled with defective or overwhelmed repair mechanisms, these gave plenty of scope to explain individual differences in ageing and also the link between cancer and ageing. These theories acquired names such as the ‘accumulated damage theory of ageing’ or the ‘mutagenic theory of ageing’. Each theory has stimulated good-quality research. Some suggest that whatever the nature of the biological process responsible for ageing, it will prove to have genetic components. Potentially, these could influence the life cycle of the cell and compensatory responses to ageing processes. When environmental influences are added to this complex array of factors, the best biological model of ageing becomes indistinguishable from most contemporary causal models of chronic age-related diseases. Not surprisingly, this makes the argument of Peto and Doll all the more attractive for many health researchers in the field of ageing.


At first glance, defining biological ageing might seem to be a simple matter: something grows, reaches an apex, and then begins a period of decline leading to death, which could be called ‘ageing’. This type of definition can be applied to the brain. For example, if we were to count the number of brain cells at various stages during our life span, then the brain would reach its apex somewhere around the third year of life and decline thereafter. However, it is clearly nonsense to say that ageing begins so early. We might say instead that in the absence of disease, any age-related decline in the capacity of an organ or body system to adapt to environmental change constitutes ageing. This definition seems to work well; but many biologists who study ageing processes prefer to use terms that indicate the precise biological process under consideration. Some scientists will focus their research on a specific cellular mechanism such as repair of DNA in the cell nucleus. Others concentrate on cell division (‘replicative senescence’ or ‘somatic mutation’ theories), or on the functions of an entire body system (such as the immune system), or on the links between nutrition, reproductive behaviour and longevity (behavioural biology). For many scientists, ageing refers to the passage of time and no more than that. The convention among some scientists who study ageing is that the development of sexual maturity conveniently marks the point of onset of biological ageing processes. This is generally true for most organs; but it may not be true for the brain.


The molecular biological revolution


The last ten years of the twentieth century saw dramatic changes in the scientific study of ageing, as the tools of molecular biology became sufficiently exact to prise apart diverse genetic influences on ageing processes. This revolution in a test-tube began in the 1980s with the invention of the polymerase chain reaction (PCR), which made it possible to generate numerous copies of single genes, allowing complex analyses of the functions of each gene and its role in health and disease.


Sometimes the risk of disease is found to be increased when a small section of the genetic code material, DNA, is altered. This is known as a mutation, and may be a simple substitution, a complex insertion, or a subtraction of genetic material. These alterations in DNA occur naturally but can also be produced artificially in the laboratory. This gives the technique its enormous power to unravel the genetic contribution to disease and helps us understand the genetic control of body functions in health.


Separation of the components of biological ageing starts at the molecular level. One approach is to look for single gene mutations that alter the life span. So far this ‘mutational’ approach has proved helpful in just one species – the roundworm, Caenorhabditis elegans – though there is some hope that similar genes will be found in other animals.


Theories of biological ageing


At the turn of the nineteenth century, biologists proposed the ‘rate of living’ hypothesis to explain differences in maximum life span between species. They had observed that animals with the highest metabolic rates had the shortest life spans. Interest in the biological effects of radiation in the 1940s and 1950s led to speculation that radiation damage was caused by the formation in body water of the free radicals hydrogen peroxide and the superoxide anion. (Free radicals are small groups of atoms that carry an unpaired electron, making them extremely reactive and thus potentially destructive to body tissues.) In 1956, Denham Harman suggested that free radicals generated during aerobic respiration cause the cumulative damage of ageing. The existence of free radicals was largely hypothetical in the 1950s, but within fifteen years metabolic pathways had been discovered that could generate free radicals. Soon, the body’s defences against free radical damage were mapped out. It is now certain that free radicals exist naturally and damage tissue – including proteins, fats and genetic material. Defences against such oxidative damage include an impressive array of antioxidant enzymes as well as some small antioxidant molecules derived from fruit and vegetables in the diet. The relationship between antioxidant generation, antioxidant defence and repair mechanisms is shown in Figure 2.
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Figure 2 Free oxygen radicals are formed in the course of normal cell respiration. They are responsible for a progressive accumulation of cell damage that is linked to age-related diseases. There are two types of antioxidant defence. Intrinsic defences are mostly enzymes and extrinsic defences are compounds taken in diet – mostly fresh fruit and vegetables. Repair systems in place are specifically designed for the type of damage produced.


The free radical theory of ageing is not incompatible with other ageing theories. Tom Kirkwood has put forward the ‘disposable soma’ theory: this argues that it is potentially disadvantageous to a species to invest too heavily in antioxidant defences when there are more pressing needs to be met to guarantee survival of offspring. The ‘somatic mutation’ theory holds that ageing is the result of accumulated DNA mutations; this theory is supported by evidence that the life span of a species is linked to its genetic programmes to repair DNA damage. It is not known what proportion of DNA mutations is caused by free radical damage, and the size of this effect is the subject of current intense research.


Another theory of ageing suggests that cells become less efficient at obtaining energy from the metabolism of sugar (glucose). This process (cellular respiration) takes place in specialised structures in the cell, known as mitochondria. These structures contain some DNA derived from the mother and are an important site of free radical production. The dependency of the cell on the mitochondria for energy and to shut away potentially harmful calcium has been seen as one of the body’s weak links. The ‘mitochondrial’ theory of ageing proposes that mutations of mitochondrial DNA contribute to ageing by jeopardising the vitality of the cell. In addition, sites of free radical production are thought to be especially susceptible to free radical damage. This idea neatly ties together the mitochondrial and the free radical theories of ageing, and is attractive because it accounts for a gradual process. Mitochondrial DNA is especially vulnerable because of its association with free radical production and its lack of local protection and repair enzymes. Damage by free radicals could further disrupt cellular respiration, leading to greater free radical production and more DNA damage in a downward spiral of decline.


A widely held view is that a gradual reduction in functional efficiency of cells is at the heart of biological ageing. This reduction is confidently attributed to the unchecked damage to cells by free radicals. The nervous system is often used to study the molecular biology of ageing because brain cells (neurons) do not divide like other body cells and must make good as best they can any damage suffered. Unrepaired damage to neurons causes a recurring cycle of faults in the making of proteins, more free radical damage and eventually the death of the cell. Lack of cell division also means that neurons cannot rid themselves of potentially harmful genetic mutations. Consequently, they retain damaged DNA which is of little use when the cell is under further free radical attack, leading to the vicious circle of cell dysfunction and death, especially when the cell is under stress from other sources. Old people lucky enough to inherit a robust set of mitochondrial genes may well be predisposed to enjoy a healthy old age.


The healthy brain


Before we discuss the effect on the brain of ageing damage, we need to look briefly at the healthy brain and how it works. The purpose of this section is to introduce some key terms and ideas; it can be skipped over and used as a reference section for later topics if preferred.


The brain is the most complex structure in the known universe. Weighing in at about 1.5 kilograms (3 lb), it comprises about 100 billion brain cells, each making on average about 10,000 connections with other brain cells. The size and shape of our brain structures at birth are determined by genetic factors inherited from our parents. However, as adults the fine structure of our brain is partly genetically determined and partly the product of our experiences. Although the number of genes we possess (currently estimated at 70,000) seems enormous, there is insufficient capacity in our genetic library to predetermine all the fine structure of the brain.


The adult brain is roughly spherical with an outside surface (cortex) resembling a walnut, being made up of wrinkled ridges (gyri) with folds in between them (sulci). There are two types of brain cell, neurons and glia, with at least fifty different subtypes. This enormous variation in brain cell type is a key feature of the developed brain. Neurons are complex structures which achieve a high level of specialisation within the lifetime of an individual cell; thereafter, most neurons never divide again. They are then said to be ‘terminally differentiated’. This principle was first recognised by the pioneering Spanish brain scientist Santiago Ramon y Cajal. In 1913, summing up years of careful observation, he declared: ‘In adult centres the nerve paths are something fixed, ended, immutable. Everything may die, nothing may be regenerated.’


As students, doctors continue to learn that the brain has no capacity to replace neurons lost through injury or ageing. Terminal differentiation gives each neuron its special characteristics. It is linked to the neuron’s specific place in the brain and its complex array of connections with other brain cells. The connections are made by processes that spread out like the branches of a tree from the brain cell body. These branches, called dendrites, add up to many kilometres of ‘cabling’, all contained within a single brain. The cables carry electrical messages, and the longest branches (axons) – just like electrical cables – are insulated by a white, fatty material known as ‘myelin’. This explains one of the simplest distinctions between brain areas. The myelin on the sheaths of bundles of axons appears white to the naked eye (‘white matter’); this contrasts with areas of the brain where cell bodies predominate and there is less ‘cabling’ (‘grey matter’). Grey matter is mostly found in the cerebral cortex and in some of the brain structures deep below the surface of the cortex.


Why the brain is not a computer


With all this ‘electrical cabling’, the brain is often likened to a computer. But the brain is definitely not a computer. The construction of a computer is permanent and its hardware is quite separate from the software. In the brain, in contrast, networks of brain cells organise themselves to do specific tasks. They can, in response to demands, change their patterns of connections. Experience and learning can alter the strength of these connections, their number and shape. Single networks make tens of thousands of connections that are linked to the task performed. During life, brain cells connect themselves to other cells, replace redundant connections, and build new circuits to support new tasks. The ability of brain cells to do this is sometimes called the ‘self-organising principle’. No existing computer has such a capability, or approaches anywhere near the scale of structural and dynamic complexity found in the human brain.


Brain cells: neurons and glia


Neurons do most of the brain’s work. Glial cells do not conduct or process information, but support the work of the neurons, maintaining and repairing them (a process sometimes called ‘housekeeping’), and are also important in early brain development. Many clear and very readable accounts of the brain structure and function are available. Perhaps the best presented is Essentials of Neural Science and Behaviour by Eric Kandel, James Schwartz and Tom Jessell.


Neurons are found largely in the cortex, where they commonly have numerous branches arising from their cell bodies. The nucleus of the neuron is surrounded by a complete membrane to separate it from the cytoplasm of the cell. Within the cytoplasm there is another membrane folded and studded with granules (ribosomes). This is the granular endoplasmic reticulum, and is the primary site for the neuron to make new proteins. The cytoplasm also contains a single large structure of smooth membrane called the Golgi apparatus. There are many other smaller spaces in the cytoplasm and each is surrounded by a membrane: they are named according to their place, shape or size – ‘vesicles’ at the exterior boundary of the cell, while towards the middle of the cell are ‘tubules’, ‘saccules’ and ‘vacuoles’. As in other cells, the cytoplasm contains the mitochondria, where respiration takes place, releasing energy from glucose.


Microtubular proteins


The neuron also contains three types of proteins plaited into fibrils (fibrillary proteins): microtubules, neurotubules and microfilaments. Microtubules are unbranched tubes about 25 nanometres in diameter (a nanometre is a millionth of a millimetre) with a pale centre or core about 15 nm in diameter, and appear to be haphazardly distributed throughout the cytoplasm. The main component of microtubules is a protein called tubulin. Its function is suggested by its similarity to another protein called actin, which gives muscles the capacity to contract. Microtubules form the internal skeleton of the neuron (cytoskeleton) – an internal arrangement of tubes which helps to keep individual cells in their characteristic shapes; they also form part of one internal transport system inside the neuron. Neurotubules are smaller and dispersed as tiny spiral protein threads with an internal diameter of about 10 nm. Chemically, neurotubules and microtubules are quite different. Microfilaments are found in most types of neuron, often close to the cell surface when they appear as protein strands about 6–9 nm long.


Synapses are neuron–neuron connections


The surface membrane surrounding the neuron, as in other cells, is a fluid structure made up of two sheets of large molecules, and is studded with large cell surface protein molecules. The size and complexity of these proteins is the product of over 500 million years of evolution. Some are intimately involved with the regulation of information processing by the neuron; some are cell surface recognition markers; and others are concerned only with communication between brain cells. As a group they are termed ‘large regulatory biomolecules’. Because they are large and complex they demand a great deal of care to make and keep functional. They are essential to many body processes, and when they eventually wear out they must be replaced. When their replacement is being constructed errors may creep into the stored design (DNA) or manufacturing process. Wear and tear on large biomolecules occurs with age, and the chances are increased that the DNA design may have been corrupted, for example, by harmful chemicals from the environment.


Brain cells talk to each other all the time. Much of this is fairly low-level chatter. Their talk is almost entirely through structures called synapses. These are sites of adhesion between neurons and are very difficult to break without drastic treatment. The neurons are separated at the synapse by a gap of about 10–20 nm (the synaptic gap). The synapse allows signals to pass from one neuron (the presynaptic neuron) to another (the post-synaptic neuron) in one direction only. In the cytoplasm of the presynaptic neuron there is a concentrated array of vesicles. These contain the neurotransmitters, molecules that are released into the synaptic gap where they attach themselves to proteins on the post-synaptic membrane. Here, there are large membrane-spanning proteins (receptors) each of which recognises just one type of transmitter. The receptor protein molecule can then change shape to allow electrolytes (dissolved salts) from the extracellular fluid to move into the post-synaptic cell and start a cascade of molecular events inside the neuron.


Neurotransmitters released into the synaptic cleft are quickly destroyed by enzymes. In brain ageing, and especially in Alzheimer’s disease, the neurotransmitter acetylcholine is reduced because brain cells using acetylcholine begin to die.


Some receptors are positioned away from synpases; these can combine with molecules called ‘neurotrophic factors’ which assist brain development by promoting specialisation of selected developing neurons (a process called ‘neuronal differentiation’). They later play a major part in helping neurons to maintain themselves and repair damage (housekeeping).


Synapses almost always occur between a long, thin extension of one neuron (the axon) and a point on the spiny dendritic sprouts of another neuron. Although synapses can occur between axons and cell bodies, this pattern is uncommon. Synaptic connections show up characteristic patterns in various parts of the brain and the richness of the branching (dendritic arborisation) with accompanying dendritic spines is an important feature of the fully developed adult human brain. In fact, loss of dendritic arborisation, with accompanying reduction in the number of dendrites, is a feature associated with age-related memory loss and dementia.


Fine brain structure


The brain’s synaptic patterns are not static. There are some fixed (‘hard-wired’) connections between neurons, but most are changing constantly. The health of a neuron depends in part on the stimulation provided through the connections it makes with other neurons. It also depends on the supply of neurotrophic factors from adjacent neurons and the glial cells.


Diet is crucial to the developing brain. The fat soluble vitamins – especially vitamin B12 and folate – are crucial to normal brain development. Fatty acids from the diet are the building blocks of the brain, and a diet deficient in one of the essential fatty acids may hamper brain development. This is believed to account for the possible advantage that breast-fed children possess over bottle-fed infants in their rates of cognitive development. When certain enzymes that process fats in the brain are ineffective, brain development can be so abnormal that a severe type of learning difficulty develops from early infancy. As we shall see later, an important genetic susceptibility factor for Alzheimer’s disease is closely involved with the transport of fat into the brain: slight differences in the structure of this fat transport protein (apolipoprotein E) produce major differences in the risk of developing Alzheimer’s disease in late life.
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Figure 3 The cerebral cortex is the outer part of the brain. Figure 3 (a) shows the brain inside the cavity of the skull; the cortex is all that can be seen. The main cortical regions are identified in 3 (b) which names the main areas of the cerebral cortex. Figure 3 (c) shows the limbic system deep inside the brain and important in memory and emotions. 3 (d) shows how functions can be linked to areas of the cortex. (B) is Broca’s area and (W) is named after Wernicke – two areas which are important in language.


The dendrites are the most striking feature of the neurons. The richness of their branching patterns and the number of spines on each dendrite are probable indicators of the pattern of synaptic connections: in some brain areas, for example, axons may run at right angles across a dendritic field with each dendrite making a single contact with the axon. The cerebral cortex comprises layers of different cell types that vary in thickness and density in different parts of the cortex. Synaptic patterns also vary between cortical areas, probably reflecting differences in function. Figure 3 shows the distribution of the primary cortical areas. The visual cortex (at the back of the brain) is the best-understood part of the brain in this regard. It has cell types that respond to different types of movement (for example, horizontal or vertical). The detection of the movement may depend on the orientation of the axon carrying the input signal to the dedicated field of the visual cortex.


How the brain makes its cortex (corticogenesis)


Almost forty years ago David Hubel and Torsten Wiesel were awarded the Nobel prize for their work on the visual cortex. They showed that this part of the brain’s cortex is subdivided into a large number of functional columns. Although the overall plan of synaptic connections in these columns is determined at first by genetic factors (‘nature’) the subsequent fine detail of the connections is determined by visual experience (‘nurture’). The visual cortex is connected to the retina, the sheet of light-sensitive cells at the back of the eye. The brain cells of the visual cortex are linked to specific cells in the retina. More sensitive parts of the retina are connected to a greater number of adjacent brain cells in the visual cortex than are less sensitive parts.


The visual functional columns of the cortex do not simply respond to light or dark but have exquisite responses to the orientation of images on the retina. During a sensitive or ‘critical’ period in brain development in early life, the orientation-detector cells of the visual cortex are in an unusually ‘plastic’ condition. At this time they can be ‘sculpted’ by the environment in a way not possible in the adult brain. This type of ‘brain sculpting’ depends upon stimulation from the environment. Brain cells in the visual cortex that are not stimulated fail to form stable and lasting functional synapses. In an important sense, this principle so elegantly described by Hubel and Wiesel reinforces what we already know. It is essential for brain cells to talk to each other if they are to develop properly and survive.


Careful studies on the way brain cells connect with one another show that these connections are highly specific. They are certainly not haphazard. In brain development, the timing of these connections is probably critical. For instance, if one brain cell sprouts an axon to connect with a distant group of neurons, and that distant group is undeveloped, or already connected or committed to another group of neurons, then the planned or ‘programmed’ connections will not be made. Other factors are also important: these include competition between axons, the ability of an axon to recognise a ‘target’ field, and the eventual contribution of other synapses to the health of the neuron.


This complex organisation of the brain begins before birth, continues in childhood and is structurally mature by late adolescence. Critical periods in the development of complex systems ensure that crucial developmental tasks are completed before later, more complex, layers of brain organisation are added.


Can the basic cellular mechanisms that ensure that the cortex develops successfully in the first place be harnessed in old age to slow or perhaps prevent dementia? Certainly, if we are ever to reconstruct a human cerebral cortex damaged by neurodegenerative disease we will need to understand the molecular, cellular and functional properties of the healthy cortex. Developmental neurobiological research may eventually illuminate the abnormalities of mind that lead to the severe mental illnesses of early life (such as autism and schizophrenia) and the crippling degeneration of the cerebral cortex in dementia.


The blueprint for the human cortex is provided by genetic information from our parents. Early in the pregnancy, the unborn child experiences a rapid burst in growth of those cells destined to form the nervous system; this is the proliferative phase. Following the establishment of cell numbers, cells set out on an orderly migration to their final positions in the cerebral cortex, where they will stop dividing: first they detach themselves from their relatives, then they send out a long ‘leading process’ which they use to move along specific pathways. The final position of the neuron in the cortex coincides with the cessation of cell division. This location determines its functional relationships with other neurons.


The process of cortical cell migration is now being elucidated using molecular techniques. Imagine the problem of a single neuron born close to the base of the brain and attracted to a distant ‘address’ somewhere out in the cortex where it will be connected to the limbic system. The problem could be scaled up to that of a small child seated on the edge of a fountain in a very crowded Trafalgar Square, who is then instructed to go to a specific house next to the Thames in Chelsea. In order to do this the migrating cell must wriggle like an amoeba through the crowds of other developing neurons. It will interact with cells it meets along the way. Some will be friendly; some will not.


Cell-to-cell interaction relies on the recognition of cell surface marker molecules. Whole movement of the migrating neuron is possible because the internal microtubular structure contains proteins that can contract. Glial cells set out first on this journey and provide with their long radial processes the ‘scaffolding’ along which neurons can then crawl. Some neurons prefer the company of other neurons as they slither to their final destination. Movement can be regulated because contraction of the internal proteins is controlled by the flow of salts (especially calcium) into the migrating cell. Its cell surface contains pores which can be opened or closed by chemical messages from neighbouring cells. These pores are highly specific and allow only one type of salt to pass into the cell.


Recently, Wei Wu at the Laboratory of Molecular Neurobiology in Shanghai and his colleagues in the Washington School of Medicine, Missouri, reported their detection of specific molecules that guide developing axons and also discourage neurons from invading their territory. A little like American Indians might channel settlers’ wagon trains into tightly confined trails to their destination – welcome as long as you don’t settle here! – these molecules provide a concentration gradient along which the neuron can move. Of course, this depends on the cell being able to ‘read’ that gradient, and only cells with the correct surface receptor can do this.




Chapter 2


The brain formerly known as you


Physical changes in the ageing brain


Young people – at the height of their mental powers – rarely think about the effects of ageing on the brain. As we grow older, occasional mental slips become a little too frequent. Does this mean that dementia, like a thief in the night, is creeping out of some crevice of the mind to rob us of memory, understanding and eventually dignity itself? Or is this just ‘old age’? To discuss these questions, we need to link the biological theme of the previous chapter with a consideration of the social and psychological aspects of ageing.


Ageing and synapses


In the last chapter, we saw how brain cells – the neurons – make complex patterns of connections with each other. These ‘neural networks’ enable the brain to perform essential functions such as memory or language. These networks are not fixed; on the contrary, they can adapt to experience of the surrounding world by changing their patterns of synaptic connections. This ability to change is known as ‘synaptic plasticity’, and its relevance to brain ageing is a topic we shall return to again in this book. It is one of the three brain features – synaptic plasticity, myelin sheaths and large regulatory molecules – that are particularly susceptible to the effects of brain ageing.


Mental slowing is the most frequently detected age-related change in brain function. Studies of simple reaction time (the time taken to respond to a stimulus) show that it slows from early adulthood onwards. Most of this slowing occurs in the central rather than the peripheral nervous system, and it is more noticeable when more complex mental tasks are performed. As yet we have no way of studying the likely link between synaptic plasticity and slowing in reaction times. Degradation of the myelin sheath, however, is an easy change to observe; it is probably caused by free radical oxidation of the fatty acids in the myelin (membrane lipid peroxidation), and probably occurs in all brains from middle age onwards. Most observers agree that since both mental slowing and the structural changes in myelin are universal in ageing they are probably linked, but this association has yet to be proved.


Electrical activity in the ageing brain


The brain seethes with electrical activity. We can detect this by attaching electrical contacts to the scalp and measuring the voltage differences between pairs of contacts, which is taken to indicate the activity of the underlying cortex. Electrical activity detected in this way is the basis of the electroencephalogram (EEG). The contacts are spaced at regular preset intervals across the scalp and electrical activity is graphically recorded. The resulting EEG record will show fluctuations in the voltage differences between contacts (the frequency), and differences in the electrical energy are represented by the amplitude of the wave. Ageing alters the typical EEG patterns. Although the frequencies change little (if at all), the overall energy is reduced by about 25 per cent. Electroencephalographic abnormalities are seen in about a quarter of old people with no evidence of brain disease and are most often attributed to alterations in the blood supply to the brain. About half of all patients with dementia have EEG abnormalities; these are usually explained by uneven loss of brain cells in the cortex.


Understanding what the EEG is telling us about brain function is one of the great challenges of clinical neuroscience. It is probably safe to reason that when a part of the cortex is used by the brain to do a special job like the interpretation of sound or visual images then the EEG record made over that area has a lot to do with processing that sensory information. So if the EEG is restricted to just one area of the brain and a regular stimulus (such as a repeated sound) is applied to the subject’s ears in a soundproofed room, the EEG will record electrical events associated with processing that auditory information. This is the basis of the test known as the averaged evoked response (see Chapter 4). Changes in this response with ageing will be linked to brain changes in the efficiency with which all sensory information is processed.
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