
CHAPTER ONE

Brain basics
John Jefferys and Alison Cooper

INTRODUCTION

The aim of this chapter is to introduce some basic concepts about how the brain
works and to define and explain words and phrases you will need to learn about 
the nervous system. This will act as a basis for you to go on to understand the brain
disorders or diseases presented in the subsequent chapters.

We start by outlining how the human nervous system is organized in the body before
focusing in on the brain. We go on to consider some of the defining features of the
cells that make up the brain and how these cells function to enable us to carry out
complex tasks.

1.1 What is the human nervous system?
The human nervous system is divided up into the central nervous system (CNS) and 
the peripheral nervous system (PNS). The CNS comprises the brain and the spinal cord
which we can think of as being the overriding controllers of the body. The PNS acts as
the link between the CNS and the various tissues and organs of the body.

The PNS is divided into somatic and autonomic divisions. The somatic division controls
the activity of muscles which are attached to the skeleton; the somatic nervous system
is sometimes called the voluntary nervous system because we can consciously alter its
activity, for example, to move muscles in the legs when we want to walk. In contrast, the
autonomic nervous system is sometimes called the involuntary nervous system since 
it controls functions in the body over which we have no conscious control such as heart
rate, gut motility, and sweating.

The CNS is made up of the brain and spinal cord.
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1: Brain basics2

1.2 What is the brain made of?
Like all the other organs in the body, the brain is made up of the basic unit of biological
activity—the cell. Cells of the brain can be classified into two major types called neurons
and glia.

1.2.1 Neurons
Neurons are the cells that enable the nervous system to carry out all the complex 
computational functions we know that it does. Each is only a few tens of micrometers
(millionths of a metre) across at its thickest point, so it was only with the invention of
the microscope that we realized that the human brain (which can be as big as 1.5 litres,
weighing about 1.3 kg) was actually made up of these tiny cells, each of which weighs less
than a microgram (one millionth of a gram). Estimates of how many neurons the human
brain contains are in the range of 20–100 billion! Although we can’t see individual neurons
with the naked eye, if we slice a brain in half, we can see that the tissue is not uniform
but has some darker areas (known as grey matter) and some paler areas (known as
white matter, which will be discussed later in this section). The grey matter represents

extension: Brain vs computer

If the brain is made up of such a large number of calculating units (neurons), does it work
just like a very large computer? There are some parallels between the brain and a com-
puter. The brain receives information, stores some of this information in memory, performs
calculations, and produces an output. There are important differences too. Most obviously,
digital computers are made of silicon chips which have a fixed structure once they are made,
whereas brains are made of living tissue—fats, proteins, nucleic acids—and continuously
modify their detailed structure in response to previous activity.

In terms of performance, brains are much less precise than digital computers: they cannot
compete on tasks such as finding large prime numbers or calculating square roots. That
said, some estimates of the computational activity of the brain puts it at 100 million MIPS
(million instructions per second), which is better than a high-end PC. Where brains really
score over digital computers is in tasks such as pattern recognition, coping with unpredict-
able events, and developing original ideas.

Perhaps the most important differences are in the massively parallel structure of the brain
and the modifiability of its component parts. Powerful computers today probably have around
1000 processors. The equivalent of the computer processor in the brain is less clear, but
could be something like a cortical module of up to 1000 neurons, which would suggest we
have hundreds of millions of them. The basic unit in the brain is the neuron, which receives
between 1000 and 10 000 inputs from other neurons, which is much more complex than
the transistor or its equivalent element in a computer chip which has just a few.

There are useful analogies between digital computers and brains, which are helping 
developments in understanding both systems, but we must not lose sight of the fact that
they are very different.

BOX
1.1 
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1.2: Brain cells 3

collections of neurons which have related functions and connectivity (each collection is
known as a nucleus).

If we look at neurons through a microscope it is clear that they can appear to be different
shapes. However, all neurons have the same basic plan, with different regions of the cell
having specialist functions. This arrangement is shown in Figure 1.1.

The dendrites receive the incoming signals from other neurons. These many inputs then
converge and are integrated together in the soma. The axon is a very fine, and some-
times long, process that originates in the soma and conveys the information, in the 
form of electrical signals, along its length to the terminals, where chemical substances
known as neurotransmitters can be released to allow communication with adjacent 
neurons.

The length of the axon varies between different neurons. Hence, even though they are
very small in diameter, neurons can extend over long distances. For example, the giraffe
has neurons that stretch for about 2 metres from its neck to its foot. This presents the
neurons with a problem; they need to allow one end of the cell to communicate with the
other end which may be some distance away. Neurons have developed a means of trans-
mitting electrical signals to solve this problem. The processes involved in transmitting
these electrical signals throughout the neuron will be discussed in more detail in the
next chapter.

One of the unique properties of the nervous system is that in order for it to perform its
function of producing coordinated activity, the individual neurons must form networks
which require them to be able to communicate with other neurons involved in the same
function. The mechanisms by which neurons are able to do this will also be discussed
in Chapter 2.

The axons which allow one neuron to communicate with others some distance away, tend
to be bundled together in the brain in what are known as tracts. Looking at Figure 1.2,
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Figure 1.1 Stylized drawing of a motor neuron.

SELF-CHECK 1.1

Why do the different regions of a
neuron have different functions?
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Figure 1.2 Coronal slice through the human brain showing some of the major tracts.
Reproduced with permission from A. Siegel and H. N. Sapru. Essential Neuroscience.
Baltimore, MD: Lippincott, Williams & Wilkins, 2005.

we can see that if we slice the brain in half, there are pale areas (known as white matter)
visible with the naked eye; these are the bundles of many thousands of axons which we
can see even though each individual axon is microscopic. This is an indication of how
important the connectivity between neurons is.

Neurons are connected to each other in large networks so they can process 
information and produce an appropriate response.

1.2.2 Glia
Glial cells are often described as the supporting cells of the nervous system. However,
this description hides the extremely important role they play in allowing the nervous 
system to work properly. Indeed, it is estimated that the average human nervous sys-
tem contains up to 10 times more glial cells than neurons. There are different types of
glia which have different functions; here, we will consider two types that are found in the
brain which are known as astrocytes and oligodendrocytes.

Glia have diverse functions, all of which allow the neurons to perform optimally.

Astrocytes
These glial cells work to maintain an optimal environment for the neurons to function.
For example, the astrocytes take up neurotransmitters and ions released by the neurons
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1.2: Brain cells 5

themselves. Recent evidence suggests that astrocytes may also play some role in 
modifying the activity of neurons by releasing some of the transmitters they take up.
Furthermore, these cells act to regulate which substances can enter the brain from 
the blood system, allowing uptake of nutrients whilst providing some protection against,
for example, invading microorganisms.

Oligodendrocytes

Oligodendrocytes play an extremely important role in facilitating the electrical signalling
that is vital for allowing neurons to communicate with each other over long distances, as
we will learn in the next chapter. They do this by wrapping their cell membranes around
the axon to form what is known as a myelin sheath; we can see this in Figure 1.1. This
myelin sheath is largely composed of lipids, which gives the pale colour to the bundles
of axons and the white matter described above. The important property of the myelin
sheath is that it acts as electrical insulation, which helps to increase the speed at which
the electrical signals travel. It is clear that if the myelination of axons is defective, then
neurons of the brain will not be able to communicate effectively.

1.2.3 Meninges and ventricles
The brain is a delicate structure and, as we shall see throughout this book, performs many
critical functions. Therefore it is not surprising that it is well protected from damage. The
meninges are the membranes that wrap and protect the brain. Between the bony skull
and the neural tissue lie three layers of connective tissue, which are known as the dura
mater, arachnoid mater, and pia mater.

The dura mater is a highly fibrous layer that lies next to the skull; in some disease 
states the space between the dura mater and the skull may become filled with fluid.
Projections extend from the inner surface of the dura mater into the neural tissue 
and prevent gross movement of the brain within the skull when the head moves. The
largest of these projections lies between the two cerebral hemispheres. The pia mater
is attached to the brain itself and closely follows the contours of the folded surface of
the brain. The arachnoid mater lies between the dura mater and pia mater. Between the
arachnoid mater and the pia mater is the subarachnoid space, and strands of tissue
that traverse the space.

The subarachnoid space is filled with cerebrospinal fluid (CSF), which, together with the
strands of tissue traversing the space, cushions the brain against shear forces within
the skull. In the healthy brain, the composition of CSF is constant, being broadly similar
to blood serum, although lacking protein. However, certain pathological situations, for
example CNS infection and multiple sclerosis, result in detectable changes in the com-
position of CSF which may form the basis of diagnosis.

The CSF is made by the choroid plexus, a specialized vascular lining of the fluid spaces
that extend throughout the brain. These four fluid spaces are known as the ventricles.
CSF slowly flows unidirectionally through the ventricles, from the lateral ventricles in each
hemisphere, into the third ventricle in the centre of the brain, and then into the fourth
ventricle in the brain stem. From here, it exits into the subarachnoid space from which
it is reabsorbed at specialized sites in the brain and spinal cord.

Multiple sclerosis is a
disease characterized by
defective myelination, and
the mechanisms of this are
discussed in section 10.3 
on page 205.

The procedure for obtaining 
a sample of CSF, and a
description of its potential
diagnostic value, is given 
in Box 5.8 on page 101.
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1: Brain basics6

SELF-CHECK 1.2

What are the differences between
the functions of neurons and glia
in the brain?

The brain is further protected by the blood–brain barrier, a physical barrier formed 
from the junctions between brain capillary endothelial cells, which are tighter than 
those between capillary endothelial cells in other parts of the body. Facilitation of the
transport of certain key molecules into the brain, such as sugars and amino acids, or
blockade of undesirable molecules from crossing this barrier, provides control of the
chemical environment in the brain, and also excludes many unwanted compounds as
well as infectious agents.

1.3 What are the key components of 
the nervous system?

The nervous systems of all animals exist to detect things that might affect the survival
of themselves as individuals and their species—locating food, spotting predators, finding
a mate, and so on—and to organize the appropriate responses. Nervous systems have
a sensory division, responsible for detecting events and conditions, a motor system,
responsible for allowing the animal to move and eat, and a processing system between
the two.

Sensory nerves have specialized endings that convert some physical energy into signals
that can then be carried along nerves. These sensory endings can be as complex as 
the eye and ear—that is, organs of special senses—or the nerve endings found in the
skin that convert mechanical stimuli into senses of touch or pressure, or into potentially
damaging stimuli that will be perceived as pain.

Motor nerves connect with muscles, making them contract (some invertebrates have
motor nerves that can make muscles relax, but vertebrates such as humans do not).

The circuitry that links the sensory and motor systems may be rather simple, such as in
a jellyfish, or it can be extremely complex, most dramatically in our topic—the human
brain.

1.4 How is the brain organized?
Now that we understand the types of cells that make up the nervous system, we need
to know how they are organized. The human brain comprises three regions: the cerebral
hemispheres, the cerebellum, and the brain stem. If we look at an intact human brain,
as illustrated in Figure 1.3, the most striking feature is the wrinkled surface of the 
cerebral hemispheres (known as the cerebral cortex) and the smaller grooved structure
at the back of the brain known as the cerebellum.

The many millions of neurons in the brain need to be highly organized so that 
neurons with similar functions are close together.
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1.4: Organization of the brain 7

1.4.1 The brain has two hemispheres
If we look at the brain from above, as shown in Figure 1.4, it is clear that it is divided into
two parts from front to back. Although the two halves of the brain, known as hemispheres,
look identical, they can have different functions. For example, the nineteenth-century French
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lobe
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CerebellumTemporal lobe

Sylvian

fissure

Figure 1.3 External view of brain
showing the lobes of the cerebral
hemispheres and the cerebellum.
Reproduced with permission from
M. F. Bear et al., Neuroscience:
Exploring the Brain, 3rd edn. 
pp. 11–13. Baltimore, MD:
Lippincott, Williams & Wilkins,
2006.

extension: Do we only use 10% of our brains?

There is an urban legend that we only use 10% of our brains. In reality we each use all of
our brain, as shown by electrical recordings and by functional brain imaging. It is true that
large areas of the cortex are relatively adaptable, so that the roles of damaged areas can
be taken over by surviving tissue, as happens following a stroke. This flexibility of function
is important both as insurance against injury and illness, and as a means of coping with
novel environments and situations—we did not evolve brain functions to deal with key-
boards and computer monitors, or for driving cars, but the adaptability of our brains allows
us to learn these and many other new tasks.

Where the notion that we only use 10% of our brains came from is not exactly clear. It was
restated in Uri Geller’s Mind-Power Book: ‘In fact, most of us only use about 10% of our
brains, if that’, but it may originate from one or more of the following:

• Early studies of brain function found clear roles for relatively limited areas of cortex
(notably the primary motor and sensory areas, and the speech areas), but researchers
working then lacked the tools to find out what other parts of the cortex were doing.

• Karl Lashley’s work in the 1930s showing that rats could still learn specific behavioural
tasks even when large parts of their cortex had been removed, but this reflects the
adaptability of the surviving cortex rather than the lack of function of the lost cortex.

• A misquote from Albert Einstein.

BOX
1.2 
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Figure 1.4 External view of the brain from 
the top showing the two hemispheres.
Reproduced with permission from M. F. Bear 
et al., Neuroscience: Exploring the Brain, 
3rd edn. pp. 11–13. Baltimore, MD: Lippincott,
Williams & Wilkins, 2006.

neurologist Paul Broca discovered that patients who had suffered a stroke that involved
specific parts of the left hemisphere subsequently suffered from a problem with language,
which was not seen in patients who had suffered a stroke in the right hemisphere.

About one third of left-handed people have their speech centres in the right hemisphere
instead of the left. Overall the left hemisphere seems to be linked with behaviours invol-
ving mathematics and logic as well as language, whereas the right hemisphere seems
to have more to do with spatial skills, music, and imagery. These differences only become
clear in the few people who have the two hemispheres disconnected—the so-called ‘split
brain’ operation, occasionally used to treat epilepsy. In the rest of us the two hemispheres
work closely together.

Many functions of the brain are mirrored in the two halves but some are specific to
one side: perhaps the best example is language.

1.4.2 Cerebral cortex
Although the cerebral cortex appears to be uniform all over, in terms of function it is
clear that different parts play distinct roles. Indeed, visual inspection of the cerebral 
cortex allows us to divide the cortex up into anatomical regions known as lobes, and
these are illustrated in Figure 1.3.

During the early twentieth century, extensive microscopic investigations allowed the
German neurologist Korbinian Brodmann to develop a more detailed classification of
cortical areas into many different kinds (these are known as Brodmann’s areas). These
histological differences map onto functional specializations, so that Brodmann’s num-
ber system is still used by researchers.
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1.4: Organization of the brain 9

The grey matter containing the neuron cell bodies, dendrites, and final parts of axons,
that is most of the computational structure, is only a very thin layer—about 2 mm thick
—on the surface of the cerebral hemisphere. The white matter—essentially the cabling
that joins the different parts of the cortex and other parts of the brain together—makes
up a much larger volume. The reason the cortex is so extensively folded in humans is to
increase its surface area without increasing its volume to a size at which the infant skull
would be incapable of passing down the birth canal.

Much of our understanding of the localization of function to different cortical lobes has
come from studying people who have suffered brain damage, perhaps as a result of
traumatic injury or through clinical incident such as stroke. Clinical observations of such
patients identified the parts of the cortex most directly concerned with sensory or motor
function. The remaining parts of the cortex, the association areas, were more difficult,
with the notable exception of the work by Broca and others on language.

More recently, with the development of imaging tools we can actually visualize the areas
of the brain that become active when a person is undertaking a particular activity.

Frontal lobes
This is the largest lobe of the human cerebral cortex. Indeed, its size may be fundamental
to aspects of brain function that we regard as uniquely human. It includes areas that
play crucial roles in high level processes such as reasoning, planning, emotions, speech
and problem solving. At its posterior end, next to the parietal lobe, is the primary motor
area which is shown in Figure 1.5.

The primary motor area contains some of the largest neurons in the brain, the so-called
Betz cells or upper motor neurons, which have axons that descend to neuronal net-
works responsible for the direct control of the muscles, down in the spinal cord and 
in the motor nuclei of the cranial nerves. As with most other pathways in and out of 
the brain, these descending motor axons cross over to the other side of the body by the
time they reach the spinal cord, so the left frontal cortex controls the muscles of the
right side of the body.

The primary motor area lies just in front of the central sulcus—the fold that separates
the frontal and parietal lobes, as shown in Figure 1.3. It runs from the junction with the

extension: Early mapping of brain function

Good clinical observation has been the bedrock of understanding the roles of specific 
parts of the brain. For example, during the war between Japan and Russia (1904–1905)
Tatsuji Inouye had the job of testing the visual fields of wounded Japanese soldiers for
determining disability pensions. At the time, the development of firearms by the Russians
had reached such a stage that the trajectories of the bullets were relatively straight, 
damage to the skull was limited to relatively neat holes, and the bullets did not fragment.
He was able to develop a method to use the location of the entry and exit wounds to 
calculate which parts of the brain had been destroyed. From these limited resources he
was able to establish several crucial aspects of the mapping of the visual field onto the
visual cortex—a feat of real originality and insight.

BOX
1.3 
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1: Brain basics10

Figure 1.6 The motor homunculus. Reproduced with
permission from A. Siegel and H. N. Sapru. Essential
Neuroscience. Baltimore, MD: Lippincott, Williams & Wilkins,
2005.

Figure 1.5 Location of the regions
of the cerebral cortex which are
concerned with motor control.
Reproduced with permission from
A. Siegel and H. N. Sapru.
Essential Neuroscience.
Baltimore, MD: Lippincott,
Williams & Wilkins, 2005.
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opposite hemisphere, near the top of the brain, in a narrow strip down the side of the
brain until it reaches the Sylvian fissure, which separates the frontal lobe from the tem-
poral. The primary motor area is organized in a somatotopic map (somatotopy simply
refers to the fact that different regions of the body are represented by discrete regions
of the cerebral cortex), so that the feet are represented at the end nearest the midline
and the mouth nearest the temporal lobe. As we can see in Figure 1.6, this map is often
represented as a homunculus—a distorted drawing of the body in which the area of the
body region is proportional to the amount of brain tissue that represents it.
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1.4: Organization of the brain 11

The primary motor cortex does not directly control the muscles in most cases; instead,
it controls the operation of groups of muscles. At least two areas further forward in 
the frontal lobe have important roles in initiating and sequencing complex movements
of the muscles. These areas are called the association areas of the motor cortex—the
premotor area and the supplementary motor area—and they can be seen close to the
primary motor cortex in Figure 1.5.

An example of a simple movement is repeatedly touching the thumb to the forefinger,
which can be done without appreciable changes in activity in the association motor
areas. An example of a more complex movement is touching the thumb to each of the
other fingers in turn: still not exactly a difficult task, but hard enough to need activation
of the supplementary motor area as well as the hand region of the primary motor cortex.
Rehearsing the movement in the mind, without actually executing it, results in activity in
the supplementary motor area but not in the primary motor area. A similar disconnection
of ‘planning’ movements from their execution happens during dreaming.

Other parts of the frontal lobe have more complex functions, including aspects of memory
and strategic planning of behaviour—which often means inhibiting behaviours that would
seem immediately rewarding. For instance, you are reading this book to help deliver a
longer-term goal of learning more about the brain, and are probably inhibiting behaviours
that would result in more immediate gratification.

The classic case that illustrates the kinds of roles played by the prefrontal lobes (the
part of the frontal lobes closest to the front of the brain) is that of Phineas Gage. He 
was a mining engineer who had an unfortunate accident with a rod used to compress
explosives in narrow holes and lost much of his prefrontal cortex, as shown in Figure 1.7.
He survived, but radically changed in behaviour, losing most of his social graces, and
his ability to plan his life more than a few minutes ahead.

Figure 1.7 Illustration of Gage’s
head and tamping iron. Reprinted
with permission from H. Damasio
et al., Science 264: 1102–1105.
Copyright 1994 AAAS.

SELF-CHECK 1.3

What are the main functions of
the frontal lobes?
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1: Brain basics12

Parietal lobes
The parietal lobes are largely concerned with sensory perception. The primary somato-
sensory system (that is the sensory areas that respond to receptors in the skin, mus-
cles, and joints) lies just behind the central sulcus and is shown in Figure 1.8. There are 
several somatotopic maps, or homunculi, that roughly parallel the motor equivalents on
the other side of the central sulcus, as we saw in Figure 1.6. The pathway from the skin,
muscles, and joints travels up the spinal cord, crossing to the other side of the body, so
that the central representation of the body is on the opposite side.

The sensations detected by the somatosensory system are touch, pressure, temperature,
pain, and a less obvious faculty called proprioception—information on the positions of
joints, lengths of muscles, and similar matters. Each of these kinds of sensation has its
own specific receptors tuned to translate a specific kind of physical energy into neural
signals. The different sensations are decoded into conscious perceptions in slightly 
different parts of the somatosensory cortex, but the details of this are beyond the scope
of this book.

The rest of the parietal lobe is another association area, which combines information
from several sensory systems, particularly the visual and somatosensory, providing an
integrated perception of the outside world. Damage to these areas produces a strange
syndrome called sensory neglect in which patients deny the existence of the part of the
body or the sensory region affected.

Occipital lobes
The occipital lobes are at the back of the brain and are concerned with vision. They
include the primary visual areas that were so elegantly delineated by Inouye, as described
in Box 1.3, and by others more recently. The primary visual areas receive inputs from
visual pathways that start in the retina of the eye, and pass through a structure called
the thalamus (see section 1.4.3 below) where some processing occurs, before arriving
at the primary visual cortex.

The primary visual cortex has what is called a retinotopic map, so that the visual field 
is laid out across the surface of the cortex in a systematic manner. It detects edges,

Central sulcus
Primary somatosensory

cortex

Figure 1.8 Location of the 
primary somatosensory cortex.
Reproduced with permission from
M. F. Bear et al., Neuroscience:
Exploring the Brain, 3rd edn. 
pp. 11–13. Baltimore, MD:
Lippincott, Williams & Wilkins,
2006.
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1.4: Organization of the brain 13

extension: Colour constancy

Wavelengths in the light that illuminates our world vary with the time of day and with
artificial illumination. V4 corrects for this variation. The end result is that people do not
look as though they have jaundice when illuminated by the relatively yellow light of tungsten
bulbs, nor do they look frozen in the middle of the day when the illumination is biased 
to the blue end of the spectrum. Essentially V4 estimates the balance of wavelengths in 
the visual scene as a whole, and uses that information to estimate the colour of objects 
by the wavelengths reflected from them. The brain does this so easily, we usually do not
notice the process. That there is a problem can be seen from pictures taken with outdoor
film indoors (which will look yellower than expected) or indoor film outdoors (which will 
look bluer than expected).

BOX
1.4 

Temporal lobe epilepsy is
discussed in more detail in
section 6.4.2 on page 111.

movements, and different wavelengths of light which are then sent on to higher or asso-
ciation visual cortices. The higher visual cortices have less precise retinotopic maps than
the primary areas, and they are responsible for rather complex calculations.

So, there is an area called V5 (or sometimes MT) that specializes in detecting the move-
ment of objects. Another area, called V4, carries out the difficult calculations needed for
colour constancy, as described in Box 1.4.

A large part of the cortex, perhaps one third of its area, representing at least 30 extens-
ively interconnected areas, is concerned with vision. The ability of our brains to integrate
the massive computations performed by these areas and to produce such a deceptively
effortless perception of the outside world is truly remarkable.

Temporal lobes
The temporal lobes have the main sensory area devoted to hearing—the auditory 
cortex. Perhaps related to this is the presence of areas involved in language. Different
parts of the temporal lobe contain higher visual areas associated with tasks such as
recognizing and categorizing faces, objects, animals and so on; these are discussed in
a little more detail below.

The temporal lobes contain regions that are essential for learning and memory, as we
will see below when discussing the hippocampus. These memory skills differ on the two
sides of the brain: damage to the left temporal lobe impairs memory for verbal content,
whereas damage to the right impairs memory for non-verbal material such as music and
images. Finally, the temporal lobe contains regions important in emotions, personality,
and sexual behaviour.

Epileptic seizures in the temporal lobe can affect many of these functions, resulting in
abnormal emotions, aggression, paranoia, and strange speech.

The cerebral cortex contains many regions which have highly specific functions such
as processing sensory information and controlling motor behaviour.
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1: Brain basics14

1.4.3 Inside the cortex
If we were to cut the brain in half between the two hemispheres, we would discover that
beneath the cortex there are further specialized regions of grey matter.

Basal ganglia
The basal ganglia are a group of nuclei, as shown in Figure 1.9, which are extensively
interconnected, both with each other, but also with other regions of the brain associated
with controlling voluntary movement. Hence the output of the basal ganglia is directed
towards the thalamus, which then sends the message on to the regions of the frontal
lobes discussed above. The exact function of the basal ganglia in the normal brain is not
fully understood. However, from studying humans who have damage to their basal ganglia,
it is clear that they play a critical role in movement control. The best-known disorders
associated with basal ganglia damage are Parkinson’s disease and Huntington’s disease.

Hippocampus
The hippocampus is part of the temporal lobe. It is on the inward-facing, or medial, part of
the lobe. It has long been a popular area for brain researchers. Although it is continuous
with the rest of the temporal cortex, it has a slightly simpler cellular organization. It plays
a crucial role in learning and memory, as most dramatically revealed by the famous case
of HM, outlined in Box 1.5.

Work on experimental animals has shown that the hippocampus plays a crucial role 
in spatial navigation. The hippocampal neurons seem to signal when the animal is in

Thalamus

Substantia nigra

Subthalamic nucleus

Globus pallidus

Striatum

Figure 1.9 Coronal section of the basal ganglia and associated regions.
Reproduced with permission from M. F. Bear et al., Neuroscience:
Exploring the Brain, 3rd edn. pp. 11–13. Baltimore, MD: Lippincott,
Williams & Wilkins, 2006.

Parkinson’s disease is
covered in detail in 
section 8.1 on page 151,
and Huntington’s disease in
section 8.3 on page 171.
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1.4: Organization of the brain 15

particular places in its environment. Recently, recordings from hippocampal neurons in
humans revealed similar spatial properties (these recordings were made to prepare for
surgery—to make sure the correct hippocampus was removed to cure temporal lobe
epilepsy). The role in spatial navigation is probably a particular example of the general
role of the hippocampus in what is called declarative memory; that is memory that you
can speak about—memory for events or facts.

The hippocampus is also involved in emotion. It is part of the limbic system (see below).
At first sight it can be difficult to reconcile these two roles: memory and emotion. There
is some evidence that these roles are to some extent segregated along the length of 
the hippocampus, although it is true that memories can trigger emotions and emotions
can affect memory.

Thalamus
The thalamus (shown in Figure 1.9) is a key relay station between the major sensory
inputs—vision, touch/proprioception, hearing—and the cerebral cortex. The inputs from
the sensory organs—eyes, skin/muscle, ears—all make synapses in their dedicated
regions of the thalamus. These inputs allow some processing to take place before the
signal passes on to the cortex. The thalamus also has other inputs. The cortex ‘feeds
back’ to the thalamus, allowing some control over the stream of information, for instance
allowing the focusing of attention on specific sensory inputs. Several brain stem struc-
tures also send inputs to the thalamus, changing the way it transmits information on 
to the cortex, and helping regulate states of arousal.

case study: Humans with damage to their hippocampus—
the case of HM

In 1953, HM had surgery to cure him of epilepsy. (Case reports of patients conventionally
use initials to identify them for the literature while retaining anonymity for the individual.)

As we will see in Chapter 6, surgery can be an effective treatment for some kinds of
epilepsy. HM had severe epilepsy that failed to respond to the drugs available at that 
time. He had the hippocampi and adjacent mesial temporal lobe structures removed on
both sides of the brain. At the time no one had any idea what the hippocampus did. The
surgery cured the epilepsy but left HM with a permanent inability to remember anything 
that happened to him after the operation—a condition called anterograde amnesia. His
case shows that memory comes in many forms. He had no losses in short-term memory,
long-term memory from before the surgery, or procedural memories (things like learning 
to ride a bike), and he did not have marked changes in personality or IQ.

The surgery performed on HM removed a large amount of brain tissue around the hip-
pocampus, and there have been considerable debates about which of the removed struc-
tures really were necessary for the memory loss. More recent patients have narrowed this
down. One example was RB who had a stroke and then developed anterograde amnesia.
When he died his brain was very carefully examined and the only substantial damage was
within the hippocampi, arguing that in his case at least, this part of the brain is necessary
for laying down long-term memory.

BOX
1.5 
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Hypothalamus
The hypothalamus, which lies below the thalamus, is evolutionarily an old part of the
brain that is responsible for some of the basic functions that keep us alive; for example,
by maintaining the body temperature via actions on the autonomic nervous system, and
in regulating intake of food and drink. The hypothalamus also has an important role in
regulating hormonal functions throughout the body as it interacts with the pituitary gland.

The limbic system
The limbic system is a collection of highly interconnected but dispersed structures,
including the hippocampus, hypothalamus, amygdala, and cingulate cortex. This system
appears to be involved in functions associated with emotional control. For example, people
who suffer damage to these regions may show an altered ability to experience fear, and
epileptic seizures can trigger fear and other emotional responses. For this reason the
limbic system is sometimes described as providing emotional colouring to conscious-
ness, a process that depends on its connections to the autonomic nervous system via
the hypothalamus, and to the neocortex via the cingulate cortex.

1.4.4 Other regions of the brain

Cerebellum
The cerebellum is the smaller grooved structure illustrated in Figure 1.3, which is behind
and below the cerebral cortex and attached to the brain stem. Its functions are mostly
related to the coordination of movement, especially the timing of movements and the
learning of new patterns of movement. Given its role in controlling movement, it has
important links with both primary and association motor cortices, via the pons in the brain
stem and the thalamus, and with the spinal cord. Recent work, using non-invasive imaging,
shows that the cerebellum is also involved in cognitive as well as purely motor functions.

Brain stem
The brain stem can be considered as connecting the spinal cord with the rest of the
brain. It consists of three regions: the medulla, the pons, and the midbrain. These regions
are evolutionarily ancient, being found in organisms more primitive than mammals. This
reflects the fact that they control some of the most basic functions required to keep 
an organism, including humans, alive. Examples of these functions include regulation of
the cardiovascular system, regulation of the respiratory system, and the level of arousal
which is concerned with the process of sleeping.

1.5 How does the brain process information?
In order for the brain to perform its functions, it needs to receive information about 
both the external environment and the internal environment of the body. This informa-
tion then needs to be processed to attach meaning to it, which will allow the brain to
then coordinate a suitable response. Broadly speaking, the information that the brain
receives is classed as sensory information and the response that is made is classed as
motor information.

More details of the circuitry 
of the limbic system and 
its role in anxiety are given 
in section 13.3.4 and 
Figure 13.2 on page 276.

SELF-CHECK 1.4

Can you name three regions of the
brain that contribute to motor
control?
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1.5.1 The visual system as an example of sensory input
leading to motor output

Vision is our dominant sense. Consider an apparently simple task such as catching 
a ball.

First, the ball needs to be identified: the visual input is processed to separate the ball
from its background by features such as its shape, colour, texture, and movement—each
of which is processed by a dedicated part of the visual cortex. These different features
need to be immediately combined to provide the perception of the ball. They will allow
some estimation of its properties based on memory and how it moves through the air
—catching a fast-moving cricket ball or baseball is a very different task from catching 
a soft foam ball.

This visual information, along with information from the somatosensory cortex on the
position of the body and limbs, reaches the association cortex that plans how to catch
the ball—a process that needs prediction of its trajectory, and calculations of how to
move the hand to the correct location to catch and hold it. The output then drives the
motor system to move the arm and hand into the correct position, and then to grip 
the ball when it makes contact. Even a simple task such as this requires coordinated
activity across large parts of the brain.

1.6 The plastic brain
From what we have discovered so far, you may be tempted to think that the brain is
‘hard wired’ or fixed in the way that it processes information. In fact the brain is able 
to adapt to new situations. Flexibility, or plasticity, of the connections in the brain is
essential for our ability to learn and adapt to changing conditions.

It also is important when the brain is injured. Stroke is probably the most common way
that the brain suffers localized injury, and we will cover this in more detail in Chapter 5.
The key point here is that patients benefit from therapy and training for many years after
the stroke occurred. This late recovery is largely due to the plasticity of the surviving
brain tissue that allows it to take over some functions of the damaged tissue.

Similar kinds of plasticity can allow people who become blind to link their somatosensory
system (the touch sense in their fingers) to their visual centres in the occipital lobes—
a remarkable reassignment of function.

1.7 Neurons—from birth to death
1.7.1 Brain development
It is clear that in order to perform its extraordinary functions, the human brain needs 
to contain a vast number of neurons that are correctly interconnected. During brain
development in the human fetus there are a number of key phases which must occur in

SELF-CHECK 1.5

Can the adult brain change its
properties?
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the correct sequence. The complex details of these phases are beyond the scope of this
book, but a summary of the key stages is given below.

The first phase is cell division or proliferation, which involves the massive increase in
numbers of neurons. It has been estimated that at the peak, about 250 000 neurons
are generated per minute.

During the migration phase these newly created neurons need to move away from the
site of generation to take up their appropriate positions in relation to each other. In the
case of the neocortex, the dividing progenitor cells are in a layer next to the ventricles.
The cells destined to be neurons then migrate, along scaffold-like extensions of spe-
cialized glia, towards the cortical surface. The cells that will form the deepest part of the
cortex arrive first so that those forming more superficial layers have to migrate past
them. This process is orchestrated by coordinated chemical signals that tell the future
neurons where to travel and when to stop.

Once the neurons are at their final positions they undergo differentiation, which results
in them taking up their characteristic neuronal appearance, producing dendrites and
extending axons, for example. These axons cannot be allowed to extend in random 
ways but must make connections with appropriate neurons. To facilitate this, there are
a number of factors in the environment surrounding the axons which act to guide the
axons to the appropriate target.

The final phase requires the formation of synapses (synaptogenesis) to allow the neurons
to communicate with each other. The strengthening of useful synapses and the pruning
of those that are less useful are crucial kinds of synaptic plasticity that allow the brain
to wire up correctly during development.

Brain development is very complex and needs to be precise. Errors cannot be 
corrected and can lead to a permanent disruption of function.

1.7.2 ‘Good’ neuronal death
The death of neurons sounds like bad news, and indeed it is in many of the diseases
we will introduce later in this book. However, neuronal death is also a key aspect of
brain development. As we have just seen, neurons are ‘born’ and migrate to their correct
locations. Wiring them up is a hugely complex process. One solution to this problem is
to produce too many neurons and then to discard those that do not end up connected
correctly.

Neurons secrete special chemicals called neurotrophins, or growth factors, which tell
one another whether or not they have made the correct connections. If a neuron fails 
to detect the appropriate growth factors it will die, leaving only those neurons that do
receive the necessary factors.

This kind of neuronal death is called programmed cell death. It is not just the cell 
dying and falling apart, but instead is an active, highly controlled sequence of changes
known as apoptosis. Apoptosis depends on a complex series of intracellular chemicals,
or signalling molecules, which ultimately allow the cell to break up into smaller fragments
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while keeping its outer membrane intact. (This is extremely important, because if the
outer membrane breaks, it releases the cell contents, including enzymes and other
potentially damaging material.) The small cell fragments can then be mopped up by
scavenger cells and safely disposed of.

1.7.3 ‘Bad’ neuronal death
Apoptosis is essential for normal development, but it can be triggered inappropriately,
resulting in one of several neurodegenerative diseases, such as Parkinson’s disease,
or it may also follow some other pathological event such as stroke.

Apoptosis uses metabolic energy. If the cell’s energy mechanisms are disrupted, and in
particular the operation of its ‘powerhouses’, the mitochondria, then events that would
otherwise trigger apoptosis result in the much more damaging process of necrosis,
which is often associated with an excess production of free radicals (see Box 1.6). The
release of cell contents during necrosis can kill neighbouring cells and also can trigger
inflammatory responses, both of which make the damage worse.

One final class of cell death is especially important in the brain—excitotoxicity.
Glutamate is the most common excitatory neurotransmitter in the brain, and we shall
learn much more about this in Chapter 2. Unfortunately, it can also be toxic. If too much
glutamate accumulates, as can happen during prolonged epileptic seizures or after 
the loss of blood supply as a result of a stroke, then it activates receptors that allow 
calcium ions to enter the neuron. This can trigger several enzymes that directly destroy
the cell contents, or lead to the release of free radicals (see Box 1.6) that will also kill
the neuron.

extension: Free radicals

Free radicals are highly reactive chemicals that cells make as part of their production 
of energy from glucose. The mitochondria safely keep them contained and away from 
vulnerable parts of the cell. Cells contain enzymes to protect themselves from any free 
radicals that may spill out into the cytoplasm. One of these is called superoxide dismutase,
which features in one form of motor neuron disease (see Chapter 8). If the enzymatic 
protective mechanisms break down, or the mitochondria are damaged, or too many free
radicals are produced, then the excess free radicals will react with the cell contents and
kill the cell.

Several components of our diet, such as vitamins C and E, are effective free-radical 
scavengers and can help protect us from damage associated with ageing and some 
diseases—which is a good reason for eating a varied diet.

BOX
1.6 

SELF-CHECK 1.6

What are the two main ways that
neurons can die? How do they
differ from each other?
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• The human nervous system can be subdivided 
into the central nervous system and the peripheral 
nervous system, the latter of which can be further
divided into the somatic and autonomic divisions.

• Neurons and glia are the two major types of brain
cell.

• Nervous systems have a sensory division for detect-
ing events and conditions, a motor division that
allows the species to respond, and a processing
system between the two.

• The human brain is comprised of three regions: 
the cerebral hemispheres, the cerebellum, and the
brain stem.

• The brain has two halves, or hemispheres, and some
functions are specific to one side.

• The cerebral cortex can be divided into a number of
anatomical regions known as lobes, and different
lobes have specific functions.

• Beneath the cortex are further specialized regions
such as the basal ganglia, hippocampus, thalamus,

hypothalamus, and the limbic system, and again
these are associated with specialized functions.

• The cerebellum is largely concerned with the co-
ordination of movement.

• The brain stem consists of the medulla, the pons,
and the midbrain and controls basic functions such
as the cardiovascular system and respiration.

• Far from being ‘hard wired’, the brain can con-
stantly adapt to new situations or diseases by 
making new internal connections; a feature known
as plasticity.

• During development, new neurons are produced 
in vast numbers and complex chemical signalling
ensures they move to the right position and make
appropriate connections.

• Sometimes the brain may remove unwanted 
neurons through a programmed and regulated
series of events known as apoptosis. However, in
some disease states, neuronal death may also
occur through necrosis and excitotoxicity.

The contents of this and the next chapter cover a vast area of
our current understanding of neuroscience, and are intended
only to provide the reader with sufficient background know-
ledge to allow them to understand the terminology and 
concepts presented in the clinical chapters that follow.

For those seeking a more detailed knowledge of the 
neurobiology of the brain, the following textbooks are 
recommended:

M. F. Bear, B. W. Connors and M. Paradiso. Neuroscience:
exploring the brain, 3rd edn. Baltimore, MD: Lippincott,
Williams & Wilkins, 2006.

A. Siegel and H. N. Sapru. Essential neuroscience.
Baltimore, MD: Lippincott, Williams & Wilkins, 2005.

FURTHER READING

SUMMARY
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