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An introduction to neurons,
brains and biological psychology

In this chapter

■ Historical views concerning brain and behaviour

■ The contributions of Descartes, Galvani, Golgi and Ramón y Cajal

■ The key breakthroughs in neuroscience that have taken place

in the twentieth century

■ The formation of the nervous impulse (action potential)

■ Neurotransmitters and chemical communication between neurons

■ Ion channels and second messengers

■ The autonomic and somatic nervous systems

■ An introduction to the central nervous system (spinal cord and

brain)
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*This is a British billion and not to be confused with an American billion which is only one thousand
million (1,000,000,000).

INTRODUCTION

An isolated human brain is a pinkish-grey mass of tissue which on first sight is not dissimilar in appear-
ance to a giant walnut. If held in the palm of one’s hand, it is deceptively firm and heavy (an adult brain
weighs about 1.5 kilograms or 3.5 pounds) and greasy to touch. It may not appear to be the most com-
plex object in the universe, but the chances are that it is. Indeed, when holding a brain in our hands, or
viewing it from a distance, it is difficult not to be moved by what we have in our presence. This structure
once housed the mind of a human being – their memories, thoughts and emotions – their wishes, aspi-
rations and disappointments – and their capability for consciousness, self-reflection and free will. More-
over, this organ has enabled human beings to become the most dominant species on earth with all of
their many artistic, scientific, medical and technological achievements. But what exactly is it that is so
special about the human brain? Part of the answer is its great complexity. Like any other part of the body,
the brain is composed of highly specialised cells, the most important being neurons whose function is
to communicate with each other using a mechanism that is not dissimilar to an electrical on–off switch.
It has been estimated that our brain contains in the region of 1 billion neurons (1,000,000,000,000)* –
a figure so great that if you took a second to count every one it would take over 30,000 years (Gilling and
Brightwell 1982). However, what makes the human brain really complex is the way its neurons are
arranged and connected. Neurons rarely form connections with each other on a one-to-one basis, but
rather a single brain nerve cell may project to between 5,000 and 10,000 other ones. This means that for
1 billion neurons there are literally trillions of connections (called synapses) in the human brain, and it
is at these tiny sites that the main information processing of the brain takes place. This figure is truly
astronomical – in fact, Richard Thompson (see, for example, Thompson 1993) has gone so far as to say
that the number of possible synaptic connections among neurons in the human brain is greater than the
number of atomic particles that constitute the entire universe. If you don’t fully understand this logic,
don’t worry, nor does the author of this book – but it is certainly a lot of connections!

One might be forgiven for thinking that the brain is so complex that it defies comprehension. But, I hope
this book will show otherwise. Psychobiology is one of the most rapidly expanding areas in modern sci-
ence, and an important part of this endeavour is to understand how the brain’s physiology and neuro-
chemistry give rise to human thought and behaviour. Progress is occurring at an ever increasing pace. In
addition, brain research has many potential benefits for us all, including greater insights into the causes
of human afflictions such as mental illness and degenerative diseases, along with the prospect of much
more effective treatments. The brain may be complex, but it is continually giving up its secrets to the un-
relenting bombardment of scientific attack. Arguably, there is no other discipline that can give us greater
insight into ourselves, as well as having the potential to change people’s lives for the better.

What is biological psychology?

To understand what is meant by biological psychology it is helpful first to put the word
‘psychology’ under the spotlight. The term derives from the Greek words psyche mean-
ing ‘mind’ and logos meaning ‘reason’. Thus, ‘psychology’ literally means the reasoning
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(or study) of the mind. However, few psychologists would unreservedly accept this def-
inition today. The study of psychology first emerged in the eighteenth century as a
branch of philosophy concerned with explaining the processes of thought by using the
technique of introspection (i.e. self-reflection). The problem with this method, however,
is that no matter how skilled the practitioner, it is subjective and its findings cannot be
verified by others. Because of this, a more experimental approach to psychology began
to emerge in the late nineteenth century that focused on mental phenomena and, more
importantly, overt behaviour, which could be observed and measured (James 1890;
Watson 1913). The emphasis on experimentation and measurement has continued to
the present day and thus many psychologists would now describe psychology as the sci-
entific or experimental study of behaviour and mental processes.

Psychology has now developed into a wide-ranging discipline and is concerned with
understanding behaviour and mental processes from a variety of perspectives. As the
name suggests, biological psychology is the branch of science that attempts to explain
behaviour in terms of biology, and since the most important structure controlling behav-
iour is the brain, biopsychology is the study of the brain and how it produces behaviour
and mental processes. Implicit in this definition is the assumption that every mental
process, feeling and action must have a physical or neural basis in the brain. This is much
the same as saying that the mind is the product of the brain’s electrical and neurochemi-
cal activity. Although there are philosophical grounds for questioning this viewpoint
(Gold and Stoljar 1999; Bennett and Hacker 2003), even the most hardened cynic of
materialism (the view that the mind is the result of physical processes) would find it hard
to disagree that mind and brain are inextricably linked. Indeed, this assumption provides
the main foundation on which biological psychology is built.

To link the brain with behaviour, however, is a daunting task. Indeed, any attempt
to do so requires a very good understanding of the brain’s biology. Traditionally, the
two disciplines most relevant to the biological psychologist have been neuroanatomy
(the study of neural architecture of various brain regions along with the mapping of
the pathways that connect them) and neurophysiology (the study of how neurons pro-
duce action potentials and neural information). However, in the past few decades the
study of brain function has expanded greatly and attracted the interest of specialists
from many other disciplines, including those from biochemistry, molecular biology,
genetics, pharmacology and computer technology. Not all scientists working in these
fields are necessarily interested in behaviour, although their discoveries can sometimes
be of great interest to those working in biological psychology. Consequently, in recent
years, psychologists interested in the brain have become acquainted with many other
areas of biological science that lie outside the traditional domains of anatomy, physi-
ology and psychology.

A number of different names have been used to describe the study of brain and be-
haviour, and for students these terms can be confusing. For most of the twentieth century,
the study of brain and behaviour was called physiological psychology because its
investigators typically used ‘physiological’ techniques such as lesioning (the removal of
various parts of the brain) and stimulation, both electrical and chemical, as their main
experimental tools. This approach was often complemented by examining human sub-
jects who had suffered brain damage from accidents, stroke, etc. – an area known as
clinical neuropsychology. Although these terms are still used, there is a growing accept-
ance that they do not adequately cover many of the newer disciplines and the techniques
currently being used to examine the brain. Because of this, others have argued for
broader terms such as ‘biological psychology’ or ‘behavioural neuroscience’ to describe
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Choroid plexus

(contains cells that

make cerebrospinal fluid)

modern day research (Davis et al. 1988; Dewsbury 1991). Whatever the arguments for
and against these terms, they mean roughly the same thing: they are trying to give an
appropriate name to the scientific discipline that tries to relate the biology of the brain
with behaviour.

Ancient historical beginnings

Among the first people to realise that the brain was the organ of the mind and behav-
iour were the ancient Greeks. For instance, Plato (429–348 BC) proposed that the brain
was the organ of reasoning – although others disagreed, including his pupil Aristotle,
who believed that the heart served this function and that the brain merely served to cool
blood. Throughout most of the ancient world the human body was considered sacred
and autopsies were prohibited. In fact, the first drawings of the human brain were not
undertaken until the late fifteenth century AD, by Leonardo da Vinci. Nonetheless, the
ancient Greeks were aware of the basic shape of the brain mainly through animal dis-
section, and of its ventricles – a series of connected fluid-filled cavities that could be
seen when the brain was sliced open (see Figure 1.1). Because the ventricles stood out
visually as one of the main features of the brain, it is perhaps not surprising that they
were used to formulate early theories about how the brain worked.

One of the first writers to propose a theory of brain function based on the ventricles
was Galen (AD 130–200) who was the most important physician of the Roman imperial
period. He also made many important anatomical discoveries, including the cranial
nerves that pass between the brain and the body (see later). Galen believed that the
heart was the crucial organ of the body because it contained the vital spirit that gave
the spark of life to the person. This vital spirit was also thought to provide the ‘sub-
stance’ of the mind, and was transported to a large group of blood vessels at the base
of the brain called the rete mirabile (‘wonderful net’). Here the vital spirit was mixed
with air that had been inhaled through the nose, and transformed into animated spirit
that was stored in the ventricles. When needed for action, the animated spirit was then

Figure 1.1 Lateral view showing the ventricular system of the brain

M01_WICK2962_01_SE_C01.qxd  10/29/08  4:16 PM  Page 4



C H A P T E R  1 • I N T R O D U C T I O N  T O  N E U R O N S ,  B R A I N S ,  B I O LO G I C A L P S Y C H O LO G Y 5

believed to enter nerves resembling hollow tubes, that passed into the body where it
pneumatically moved muscles to produce behaviour. Galen knew that the brain had
four main ventricles (the first two are now called the lateral ventricles and they form a
symmetrical pair inside the cerebral cortex, which then feed into the third ventricle lo-
cated in the mid-part of the brain, that joins with the fourth ventricle in the brain stem).

Others who followed Galen extended his ideas and gave the ventricles different func-
tions. For example, in the fourth century AD, Nemesius, Bishop of Emesa, hypothesised
that the lateral ventricles were the site of sensory and mental impressions; the third ven-
tricle the site of reason; and the fourth ventricle the site of memory. This theory was also
adopted by Augustine of Hippo (354–430) who was one of the founding fathers of the
Christian religion. With respected spiritual authority behind it, the ventricular concept of
brain function became the most popular theory in the brain’s written history and was ac-
cepted as the truth for nearly 1,500 years. In fact, it began to be doubted only in the
Renaissance when Vesalius in his great anatomical work De humani corporis fabrica
(1543) showed that the human brain does not actually contain a rete mirabile. It seems
that Galen, who had not been allowed to perform human dissection in Rome, had
inferred its human existence by observing it in cattle and oxon.

René Descartes

René Descartes (1596–1650) was a French philosopher and mathematician who more
than any other person was responsible for the demise of the intellectual assumptions
that characterised the Middle Ages. Indeed, his scepticism of all knowledge expressed in
his famous quote Cogito; ergo sum (‘I think, therefore I am’), which refers to
Descartes’s doubt of all things except his own existance, is often seen as heralding a new
age of reason. The importance of Descartes in the development of psychology lies largely
with his attempt to resolve the mind–body problem. Descartes believed, as did Plato,
that mind and body are two entirely different things (a theory known as dualism), with
the body composed of physical matter, and the mind or soul being non-physical and in-
dependent of the material world. A problem with this position, however, lies in trying
to explain how the non-material mind can control the physical or mechanical workings
of the body. In his attempt to provide an answer, Descartes proposed that mind and
body interacted in the pineal gland. Descartes chose the pineal gland as it was a singu-
lar structure (most other brain areas are bilateral, or ‘paired’) and because he believed
that the soul had to be a unified indivisible entity. It also helped that the pineal gland
was located close to the third ventricle and bathed by cerebrospinal fluid. This provided
the pineal gland with a means by which its minute movements could influence the
animated spirits of the brain. In other words, the pineal gland provided an ideal site
where the soul could act upon the body (Mazzolini 1991).

Despite this, Descartes also realised that a great deal of behaviour was mechanical
and did not require mental intervention. In fact, it was during a visit to the Royal Gar-
dens in Paris as a young man that he began to develop this idea. The gardens exhibited
mechanical statues that moved and danced whenever they were approached, which was
caused by hydraulic pressure-sensitive plates hidden under the ground. This led
Descartes to speculate that the human body might work according to similar principles.
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From this premise, he developed the concept of the automatic reflex which occurs, for
example, when a limb is quickly moved away from a hot source such as a fire (see
Figure 1.2). To explain this response, Descartes hypothesised that a sensory nerve com-
posed of a hollow tube containing vital spirit conveyed the message of heat to the ven-
tricles of the brain; these in turn directed animal spirit to flow out through the nerves
from the brain, back to the muscles of the affected limb thereby causing its withdrawal.
The important point was that this behaviour was reflexive: the mind was not involved
(although it felt pain and was aware of what had happened) and therefore not a cause
of behaviour.

Prior to Descartes, it had generally been accepted that the soul controlled all the ac-
tions of the human body. But Descartes showed that the human body worked according
to mechanical principles – not unlike the internal workings of a watch – and did not
need a soul to make it operate once it had been put into motion. Descartes proposed that
not only were functions such as digestion and respiration reflexive, but so too were a
number of mental functions, including sensory impressions, emotions and memory. He
based this idea partly on his observation that animals, which he believed had no soul,
were capable of sensory processing along with emotion and memory. Thus, if these
processes did not need the involvement of a soul (or mind) in animals, why not the same
in humans? That is, they could be seen as reflexive responses that belonged to the world
of physical or mechanical phenomena. The one exception, however, was reasoning and
pure thought which Descartes believed was the exclusive property of the soul and unique
to humans. This was a position that allowed his theory to be in accordance with the
religious teachings of the time.

Descartes’s theory helped lay the foundations for the modern development of phys-
iology and psychology. Although his theory was based on a dualist view of the mind,
it helped shift attention towards the practical problem of how reflexes might underlie
behaviour without fear of contradicting religious dogma. In addition, it encouraged
others to think more deeply about how the brain worked. But, perhaps most impor-
tantly, Descartes provided a great impetus for experimental research – not least be-
cause some of his ideas could be tested. As we have seen, Descartes believed that the

Figure 1.2 The reflex as hypothesised by Descartes
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nervous system controlling reflexes was a hydraulic system consisting of hollow tubes
through which animal spirits flowed from the ventricles to the muscles. If this idea was
correct then it followed that muscles should increase in volume as they ‘swelled’ with
spirit during contraction. When investigators tested this theory by flexing a person’s
arm in a container of water, however, no increase in the water level occurred. Nonethe-
less, Descartes had paved a way for a scientific and non-secular approach to under-
standing human physiology that included the brain.

The discovery of ‘animal’ electricity

In 1791, the idea of animal spirit as the cause of nervous activity was challenged by
the Italian Luigi Galvani who undertook a series of experiments on amputated frog
legs which included the exposed ends of their severed nerves. Galvani found that he
could induce a leg to twitch in a number of ways – as indeed shown in one famous
case where, during a thunderstorm, he connected a nerve stump to a long metallic
wire that pointed to the sky and obtained strong muscular contractions in the de-
tached leg (Galvani was obviously unaware of the great dangers of such a demonstra-
tion). But, perhaps more importantly, he also found that similar movements were
produced when he suspended a frog’s leg between two different metals. Although
he did not know it at the time, Galvani had shown that when dissimilar metals make
contact through a salt solution an electrical current is produced. This was, in fact, the
first demonstration of the battery later formally invented by Volta in 1800. These dis-
coveries led Galvani to conclude that nerves are capable of conducting electricity and
that their ‘invisible spirit’ must be electrical in nature. This was finally proved beyond
reasonable doubt in 1820 when the German Johann Schweigger invented the gal-
vanometer (named in honour of Galvani) which measured the strength and direction
of an electrical current. Indeed, this invention soon showed that nervous tissue con-
tained intrinsic electrical energy. Thus, the twitching frogs’ legs marked the end to hy-
draulic theories of nervous action and the start of a new chapter in understanding
how nerve cells work (Piccolino 1997).

One question that fascinated neurophysiologists during this time was the speed of
the nervous impulse that flowed down the fibre (axon). Although the galvanometer
could detect electrical acitivity, the nerve impulse appeared to be instantaneous and
too fast to be measured. In fact, the famous physiologist Johannes Müller wrote some-
what despairingly in 1833 that the speed of the nerve impulse was comparable to the
speed of light and would never be accurately estimated. However, Müller was soon
proved wrong by the work of Hermann von Helmholtz who managed, in 1850, to ex-
tract long motor nerves (some 50–60 mm in length) that were still attached to muscles
taken from frogs’ legs. Helmholtz recorded the delay between the onset of electrical
stimulation and the resulting muscle twitch, and calculated the speed of the impulse to
be about 90 feet per second, which translates to around 98 kilometres per hour. We
now know that Helmholtz was fairly accurate in his estimation. Moreover, while the
nerve impulse was fast, it was not comparable with the speed of light. In fact, neuro-
physiologists have now established that speed of nerve conduction varies depending on
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The Nobel Prize in Physiology or Medicine

As a student of biopsychology, the most coveted and important award you can ever aspire to achieving
is the Nobel Prize in Physiology and Medicine. As a recipient of this award, you will have been judged
to have made ‘discoveries’ conferring ‘the greatest benefit on mankind’, and enjoy instant recognition,
lifelong celebrity and unrivalled authority. At the time of writing, some 189 persons have been given
the accolade in physiology and medicine, with about 50 of these individuals making contributions that
can be considered relevant to neuroscience. Put simply, if you win the prize, you will belong to a very
select band of scientists whose fame will last for ever in the pages of medical history.

Alfred Bernhard Nobel was born in 1833 in Stockholm, Sweden. The son of an engineer, he moved in
his childhood to Russia, where his father made a fortune manufacturing explosives and military equip-
ment. At the age of 17, Nobel went to Paris to study chemistry, and he worked for a time in the United
States before returning to Sweden in 1859. In 1866, he invented nitroglycerine. Unfortunately, an ex-
plosion at his factory was to kill Nobel’s younger brother Emil and four other workers in 1864. In an
attempt to make a safer explosive he invented dynamite in 1867. This was to establish Nobel’s fame
worldwide as it was widely used to blast tunnels, cut canals, and in the building of railways and roads.
By the time Alfred Nobel died in 1896 he had made a massive fortune, and in his will he left instruc-
tions that most of his money (amounting to SK 31 million) should be used to give prizes that honoured
people from all over the world for outstanding achievements in physics, chemistry, physiology or med-
icine, literature and for peace. Although the will was strongly contested, the first awards were made in
1901 on the fifth anniversary of Nobel’s death.

The first Nobel Prize in Physiology or Medicine was awarded in 1901 to Emil Adolf von Behring, for his
work on developing a vaccine against diphtheria. The first person of interest to psychologists to be
awarded the prize was Ivan Pavlov in 1904 (see Table 1.1). However, this was in recognition of research
on the physiology of digestion, and not for his experiments on the ‘psychic’ control of salivary and gas-
tric secretion, which led to the elucidation of conditioned reflexes. Thus, the first neuroscientists to ob-
tain the award were Camillo Golgi and Santiago Ramón y Cajal, in 1906, for their work on describing the
structure of the central nervous system. The award ceremony, however, was not without some degree
of acrimony, as during their acceptance speeches Golgi and Cajal gave opposing views on whether neu-
rons were joined together or separated by synapses. Although Golgi accused his rival of not having any
‘firm evidence’ to support his claims, it was Cajal who was correct. There have also been other contro-
versies. For example, in 1949, Egas Moniz won the prize for introducing the frontal lobotomy to treat
mental illness – a procedure that often resulted in many harmful side effects. Protests from over 250
scientists were also raised to the 2000 Nobel Prize (awarded to the neuroscientists Avrid Carlsson,
Paul Greengard and Eric Kandel) for the non-inclusion of Oleh Hornkiewicz who is noted for his work on
Parkinson’s disease. But, perhaps the biggest controversy of all is the omission of Rosalind Franklin in
the 1962 award for the discovery of DNA. Although she was the first to take an X-ray picture of DNA
which was seen by Crick and Watson without her permission, and vital in their deductions, Franklin is
often forgotten for her work.

the type of axon, the impulse being quicker in large-diamter myelinated axons (for ex-
ample, the fastest neuron can conduct action potentials at a speed of 120 metres per
second, or 432 kilometres per hour), and slowest in small-diameter unmyelinated
axons (at 35 metres per second).
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Table 1.1 Nobel laureates in neuroscience, 1904–2004

Date Nobel Laureate Nationality Area of Work

1904 Ivan Pavlov Russian Digestion

1906 Camillo Golgi Italian Structure of the nervous system
Santiago Ramón y Cajal Spanish

1914 Robert Barany Austrian Vestibular apparatus of the ear

1932 Charles Sherrington British Function of neurons
Edgar Adrian British

1936 Henry Dale British Chemical nature of the nerve impulse
Otto Loewi German

1944 Joseph Erianger American Research on single nerve fibres
Herbert Gasser American

1949 Egas Moniz Portuguese Lobotomy
Walter Hess Swiss Functions of hypothalamus

1961 Georg von Beksey Hungarian Functions of the cochlea

1963 Alan Hodgkin British Ionic basis of neural transmission
Andrew Huxley British
John Eccles Australian

1967 Ragnor Granit Finnish Visual processes of the eye
Haldan Hartline American
George Wald American

1970 Jules Axelrod American Release of neurotransmitters in the 
Bernard Katz German/British synapse
Ulf von Euler Swedish

1973 Konrad Lorenz Austrian Ethology and animal behaviour
Nikolaas Tinbergen Dutch
Karl von Frisch Austrian

1977 Roger Guillmin French Discovery of neuropeptides
Andrew Schally Polish

1979 Herbert Simon American Cognitive psychology

1979 Godfrey Hounsfield British Invention of CAT scanning
Allan MacLeod South African

1981 David Hubel Canadian Visual cortex
Torsten Wiesel Swedish
Roger Sperry American Functions of the cerebral hemispheres

1986 Rita Levi-Montalcini Italian Discovery of neural growth factors
Stanley Cohen American

1991 Erwin Neher German Ion channels in nerve cells
Bert Sakmann German

1994 Alfred Gilman American G proteins and their role in signal transduction
Martin Rodbell American

1997 Stanley Prusiner American Discovery of prions

2000 Arvid Carlsson Swedish Discoveries related to synaptic
Paul Greengard American neurotransmission
Eric Kandel American

2003 Roderick MacKinnon American Structural properties of ion channels

2004 Linda Buck American Discovery of odorant receptors
Richard Axel American
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The discovery of the nerve cell

Although Galvani had shown that nervous energy was electrical, there was still much
to learn about how nerves worked. For example, until the early nineteenth century
there was no real idea of what a nerve looked like, other than it had long thin projec-
tions, and many believed that nerves were joined together in much the same way as
blood vessels are interconnected (that is, through a system of connecting tubes). These
beliefs persisted despite the invention of the microscope in 1665 by Robert Hooke and
the subsequent work of Anton Von Leeuwenhoek who used it to examine biological
tissues, and was the first to coin the word ‘cell’. Unfortunately, the early microscopes
did not reveal neural structure in great detail, and it was not until around 1830 when
better kinds of lenses were developed that microscopes provided stronger and clearer
magnification. Even so, there was the problem of how to prepare the tissue for micro-
scopic work so that nerve cells could be distinguished from other types of material.
Although by the 1800s histologists had found new ways to stain nerve tissue, their
methods stained all neurons indiscriminately. This meant that the only way to visualise
a neuron was to remove it from the mass of tangled cells in which it was embedded.
Since neurons were far too small to be seen with the naked eye, this proved extremely
difficult and rarely successful.

In 1875, however, a major breakthrough occurred when the Italian anatomist
Camillo Golgi (1843–1926) discovered a new stain that allowed individual nerve cells
to be observed. By serendipity, he found that when nervous tissue was exposed to sil-
ver nitrate, the nerve cells would turn black. This caused them to stand out in bold
relief so they could clearly be seen under a microscope. But, more importantly, Golgi’s
technique only stained around 2 per cent of the cells in any given slice of nervous tissue.
This was a great advance as it made individual neurons, and all their various compo-
nents such as dendrites and axons, much more clearly observable (see Figure 1.3). This
method soon proved indispensable for examining the wide variety of cells in the brain.
Indeed, much of the basic terminology which we now use to describe nerve cells was
introduced by anatomists at around this time (c.1880).

The person, who put the Golgi stain to its greatest use, however, was the Spaniard
Santiago Ramón y Cajal (1852–1934) who meticulously described the neural anatomy
of the brain using this technique. He showed, for example, that the brain contains a
great variety of cells with many different characteristics. Although some cells had short

Figure 1.3 The main components of a typical brain neuron
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axons that projected to cells within the same structure (interneurons), others had long
axons that formed pathways that projected to distant brain regions. Ramón y Cajal
further showed that the brain was not a random morass of nerve cells as had been
widely assumed, but a highly organised structure with clearly defined regions and nu-
clei (groups of cell bodies). Ramón y Cajal even helped to explain how neurons
worked. For example, his observations led him to realise that neurons received much
of their input via their dendrites (from the Greek dendron meaning ‘tree’) and that
they sent information along their cable-like pathways called axons. Thus he was one
of the first to see how information travels through the nerve cell and pathways of the
brain.

But, perhaps, Ramón y Cajal’s most important contribution to neuroanatomy was
his discovery that nerve cells were separate and individual units. Previously, it had
been believed that nerve cells were joined together in a network of tubes which al-
lowed the direct passage of information from cell to cell. In fact, Golgi was a vocifer-
ous supporter of the ‘reticular’ theory. However, Ramón y Cajal showed that nerve
cells do not join in this manner. Rather, the axon terminals end very close to the neu-
rons (or dendrites) that they are projecting to, but do not touch. In other words, each
neuron is an individual unit separated from its neighbour by a very small gap. These
gaps were called synapses (meaning ‘clasps’) in 1897 by the British neurophysiologist
Charles Sherrington. This discovery raised many new questions, not least how nerve
cells sent information across the synapse, and how synaptic transmission was able to
generate a new electrical signal in the postsynaptic neuron.

Following Golgi’s discovery, many other staining techniques were developed that en-
abled investigators to examine nerve cells in more detail. For example, some techniques
were able to selectively stain cell bodies (the soma), whereas others stained the axons
(or rather their myelin covering) allowing neural pathways in the brain to be traced. In
other instances, staining techniques were combined with lesioning methods to provide
useful information (for example, neural pathways can be traced by staining degenerat-
ing axons that arise from a structure after it has been experimentally destroyed). By the
turn of the twentieth century the study of neuroanatomy had become an established
discipline. It also provided one of the foundation stones on which physiological psy-
chology was based, for without knowledge of brain structure and organisation, very
little can be said about how the brain produces behaviour (Shepherd 1991).

The discovery of chemical neurotransmission

One of the most important questions that followed from Ramón y Cajal’s work con-
cerned the nature of the message that crossed the synapse from the presynaptic neuron
(the neuron before the synapse) to the postsynaptic neuron (recipient neuron). From
the time of Galvani it was known that neurons contained electrical energy; but how
did this principle extend to synapses? For example, did an electrical current jump
across the tiny synaptic gap, or was there another form of communication? As early as
1877 it had been suggested by the German physiologist Emil du Bois-Reymond that
chemical transmission might be the answer. And, in 1904, the Cambridge student
Thomas Eliott lent support to this idea by showing that adrenaline stimulated the
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activity of bodily organs that were innervated by the sympathetic nervous system. In-
deed, Eliott made what is now regarded as the first clear statement about the feasibility
of neurotransmission: ‘Adrenaline might then be the chemical stimulant liberated on
each occasion when the impulse arrives at the periphery.’ But, arguably, the single most
important experiment that proved chemical transmission was performed by Otto
Loewi in 1921. Acoording to Loewi’s memoirs, on the night of Easter Saturday 1921,
he awoke from a sleep and wrote down the details of an experiment that had come to
him in a dream. Unfortunately, Loewi went back to sleep, and on waking again, was
unable to decipher his notes. The next night he awoke at 3 A.M. with the idea back in
his mind, and this time he cycled to his laboratory to perform the experiment. Two
hours later, the chemical nature of synaptic transmission had in essence been proved
(Finger 1994).

In his experiment, Loewi used frog hearts, which are similar to our own in that they
are supplied by two different peripheral nerves: the sympathetic branch that excites the
heart and makes it beat more rapidly, and the parasympathetic branch (also called the
vagus nerve) which slows it down. Loewi used two hearts: one with the sympathetic
and vagus nerve intact, and the other with nerves removed (see Figure 1.4). He then
placed the intact heart in a fluid bath and stimulated its vagus nerve causing its beat to
slow down. Loewi collected the fluid surrounding this heart and applied it to the sec-
ond one – and found that its intrinsic beat also began to decrease. The results indicated
that the fluid must contain a substance that had been secreted by the previously
stimulated vagus nerve projecting to the heart. Later analysis by Sir Henry Dale and

Figure 1.4 Loewi’s experimental set up showing that nerves send messages by releasing chemical
substances
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his colleagues showed this chemical to be acetylcholine, which is now known to be an
important neurotransmitter in the peripheral and central nervous systems.

It is now known that most nerve cells in the body communicate with each other by
secreting neurotransmitters into synapses (see Figure 1.5). The series of events that
produce this transmission can be described simply as follows. (1) The axon terminals
of the presynaptic neuron receive an electrical impulse called an action potential, and
in response they secrete a neurotransmitter. (2) This chemical diffuses into and across
the synapse and binds to specialised sites on the postsynaptic neuron called receptors.
(3) Activation of receptors leads to the opening of ion channels, allowing positively or
negatively charged ions to enter the neuron, which then act to increase or decrease its
internal resting electrical voltage. (4) If the neuron is excited past a certain level (by
about –15 mV) at its axon hillock, it generates an action potential (nervous impulse)
that flows down the axon to its terminals, leading to neurotransmitter release. Much
of the rest of this chapter discusses these steps in greater detail.

It is now recognised that the brain contains dozens of different neurotransmitters
(see Table 1.2). The first to be discovered was acetylcholine (Loewi was awarded a Nobel
Prize for his discovery along with Sir Henry Dale in 1936). This was followed by
noradrenaline in the 1940s, dopamine and serotonin in the 1950s, and gamma-aminobutyric
acid (GABA), glutamate and glycine in the 1960s. In the 1970s, a new group of transmitter

Figure 1.5 Chemical transmission at the synapse
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substances called neuropeptides were discovered which included opiate-like substances
(endorphins). More recently, it has been found that certain gases such as nitric oxide
also have a neurotransmitter function. To make matters more complex, most neurons
do not release a single neurotransmitter as was once thought (originally known as
Dale’s Law), but secrete two or more substances together. Many of these ‘secondary’
chemicals act primarily as neuromodulators whose function is to ‘modulate’ the effect of
neurotransmitters.

The discovery of chemical transmission by Loewi is a pivotal point in the history of
psychopharmacology because it raised the possibility of modifying brain function and
behaviour by the use of drugs that could selectively affect the action of neurotransmit-
ters. This possibility was realised in the latter part of the twentieth century with the
development of drugs to treat organic brain disorders such as Parkinson’s disease and
various types of mental illness such as depression or schizophrenia. Indeed, many of the
drugs that work on the brain do so either by mimicking the action of a neurotransmitter

Table 1.2 Some of the neurotransmitters most commonly found in the central
nervous system

Family and Subfamily Neurotransmitter

Amines

Quaternary amines Acetylcholine (ACH)

Monoamines (catecholamines) Adrenaline
Dopamine (DA)
Noradrenaline (NA)

Monoamines (indolamines) Serotonin (5-HT)

Amino acids

‘Small’ amino acids Gamma-aminobutyric acid (GABA)
Glutamate
Glycine
Histamine

Neuropeptides

Enkephalins Met-enkephalin, leu-enkephalin

Endorphins Beta-endorphin

Dynorphins Dynorphin A

Peptides

Short chains of amino acids Cholecystokinin (CCK)
Neuropeptide Y
Oxytocin
Somatostatin
Substance P
Vasopressin

Gases

Nitric oxide
Carbon monoxide
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at its receptor site (such drugs are known as agonists) or by blocking its receptor (these are
known as antagonists) (see Figure 1.6). In addition, histochemical advances have enabled
neurotransmitters in nerve endings to be visualised, enabling chemical pathways in the
brain to be traced and mapped out.

Neural conduction

By the early part of the twentieth century, biologists knew that neurons were capable of
generating electrical currents but did not know the finer details of how this energy was
being created or conducted along the axon. The main difficulty lay in trying to record
from the neuron during these events. Although biologists had at their disposal recording
electrodes with very fine tips, along with oscilloscopes and amplifiers that could greatly
magnify tiny electrical charges, neurons were too small to enable this type of work to
take place. That was until 1936 when the Oxford biologist John Z. Young discovered a
neuron located in the body of the squid (Loligo pealii) that had an axon nearly 1 mm in
diameter (upto 1,000 times larger than a typical mammalian axon). Not only was this
axon large enough to allow the insertion of a stimulating or recording electrode, but it
could also be removed from the animal and kept alive for several hours. This allowed
both the electrical and chemical properties of the neuron to be examined in great detail.

Figure 1.6 Agonist and antagonist effects on receptors
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During its resting state

the inside of the neuron

is negatively charged

compare with the outside

Practically everything we now know about how neurons work (that is, how they gen-
erate electrical impulses and conduct this current along the axon to cause transmitter
release) has been derived from research on the giant squid axon. Because it is believed
that all nerve cells, no matter what their size or type of animal they come from, work
according to the same principles, the giant squid neuron has provided an invaluable
means of examining neural function. The use of this technique was largely pioneered by
two physiologists at Cambridge University, Alan Hodgkin and Andrew Huxley (impor-
tant work was also undertaken by Kenneth S. Cole and Howard J. Curtis in America),
who published their main findings in a landmark set of papers in 1952. These two phys-
iologists not only developed a technique enabling recording electrodes to be positioned
inside and outside the neuron without causing it damage, but also found a way of
removing cytoplasm from the axon so that its chemical composition could be examined.
This was an important step in allowing Hodgkin and Huxley to deduce how the neuron
produced an electrical impulse.

One of the most important discoveries made by Hodgkin and Huxley (c.1939) was
that the giant squid axon exhibited a resting potential. That is, if a recording electrode
was inserted into the neuron when it was at rest, and its voltage compared with that oc-
curring just outside the cell, a small but consistent difference between the two electrodes
was found (Figure 1.7). Crucially, this voltage difference is around �70 millivolts (mV),
with the interior of the neuron being negative compared with the outside, The difference
is roughly 0.1 volt, or about 5 per cent as much energy as exists in a torch battery. This
may not appear to be very much, but it is a huge energy differential for a tiny nerve cell
to maintain, and it is this voltage difference that holds the secret to understanding how
the neuron generates electrical current in the form of action potentials.

Figure 1.7 Measurement of the resting potential of the nerve fibre using a microelectrode
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To explain why the voltage difference of �70 mV occurs, it is important to understand
that the intracellular and extracellular environments of the neuron, when it is at rest, are
different in their concentrations of ions. An ion is simply an electrically charged atom, or
particle, that has lost or gained an electron, which gives it a positive or negative charge,
respectively as any school pupil should know, an atom is composed of a nucleus con-
taining positively charged (�) protons and neutrons, and is surrounded by tiny negatively
charged (�) electrons that orbit around it. In the atom’s normal state, the opposite
charges of protons and electrons cancel themselves out, making the atom neutral. How-
ever, if the atom loses an electron, then it will have one less negative charge, and as a
result it becomes a positively charged (�) ion. Alternatively, if the atom gains an extra
electron it becomes a negatively charged (�) ion. Although only a few types of ion exist
in the body, they play a crucial role in the production of the nervous impulse. These ions
include sodium (Na�) and potassium (K�) that have lost an electron and are positively
charged; and chloride (Cl�) and organic anions (A�) that have gained an electron and are
negatively charged (Figure 1.8).

Figure 1.8 How sodium and potassium ions are formed
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One of Hodgkin and Huxley’s most important discoveries was that the concentra-
tions of ions differed between the interior and exterior of the cell when the cell was at
rest. For example, they showed positive sodium ions (NA+) to be more highly concen-
trated outside the neuron than inside (at a ratio of around 14:1), and likewise nega-
tively charged chloride ions (a ratio of around 25:1). In contrast, positive potassium
ions (K+) were found predominantly inside the neuron (at a ratio of around 28:1), as
were negatively charged anions (which are actually large protein molecules that are
confined to the inside of the neuron) – see Figure 1.9. Adding up the positive and neg-
ative charges of the ion concentrations, Hodgkin and Huxley were able to explain why
the resting potential inside the neuron was –70 mV. In short, the intracellular fluid (the
axoplasm) contains relatively more negatively charged ions, whereas the extracellular
fluid is dominated by positively charged (sodium) ions.

How does the neuron maintain its resting potential?

Because of the uneven distribution of ions, a state of tension always exists between the
inside and outside of the nerve cell. This occurs because positively charged ions are
strongly attracted to negative ones, or vice versa (a force known as the electrostatic
gradient), and because high concentrations of ions are attracted to areas of low con-
centration, or vice versa (a force known as the diffusion gradient). Consequently, when
an unequal distribution of electrical charges and different concentrations of ions occur
between the inside and outside of the cell, both electrical and diffusion forces are pro-
duced (see Figure 1.10). This means that the extracellular sodium ions will be strongly
attracted to inside of the nerve cell by electrostatic and diffusion forces (produced by
the cell’s negative resting potential and its relative lack of sodium ions). Similarly, the
intracellular positively charged potassium ions will be attracted to the extracellular
fluid (albeit more weakly) by diffusion forces.

If this is the case, then why do ions not simply travel down their respective electro-
static and diffusion gradients to correct the ionic imbalance and cancel the negative
resting potential in the neuron? The secret lies in the nerve cell’s semi-permeable outer
coating, or membrane, which consists of a double layer of lipid (fat) molecules. This
acts as a barrier to ion flow. However, embedded in the membrane are a number of

Figure 1.9 The concentration of the four important ions inside and outside the axon expressed in 
millimoles (mM) per litre (l)
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Figure 1.10 Electrostatic and diffusion forces

Source: S.M. Breedlove et al., Biological Psychology, 5th edition, p. 61. Copyright © 2007 by Sinauer Associates, Inc.

specialised protein molecules that act as ion channels. These are tiny pores that can
open in order to permit certain ions to flow in, or out, of the neuron. There are two
main types of ion channel which we will discuss in more detail later: ligand-gated ion
channels that are opened by ligands (that is, chemicals) attaching themselves to recep-
tors, and voltage-gated ion channels which are opened by voltage changes occurring
inside the neuron. Ion channels are also ‘leaky’. In fact, when the neuron is in its resting
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state, the membrane is about 100 times more permeable to potassium ions than sodium –
largely because potassium is more able to leak through its own channels. Thus, potassium
can move into and out of the cell much more freely than can sodium.

This brings us to another important question: if ions are in constant motion (par-
ticularly potassium) how can it be that the resting potential of �70 mV is maintained?
Clearly, if physical forces are simply left to operate, the flow of potassium to the ex-
tracellular fluid will quickly cause the resting potential inside the neuron to become
neutral – and the flow of sodium towards the cell’s interior, even at a slower rate of in-
filtration, will help to do the same. The answer is that the neuron maintains the intra-
and extracellular balance of ions by a complex protein molecule located in its mem-
brane called a sodium–potassium pump. In fact, this pump forces out of the cell
around three sodium ions for every two potassium ions it takes in. This requires con-
siderable energy and it has been estimated that up to 20 per cent of the cell’s energy is
spent on this pumping process (Dudel 1978), such is the importance of maintaining
the negative resting potential. Without it, the neuron would be unable to generate
action potentials.

The action potential

It was known over a century ago that the nerve impulse is a brief pulse of electrical
excitation that flows down the axon. But how does the neuron produce this electrical
excitation in the first place? By undertaking a large number of ingenious experiments
on the giant squid axon, Hodgkin and Huxley were able to demonstrate that the elec-
trical pulse (called an action potential) was caused by the sudden movement of sodium
and potassium ions (which act as tiny electrcal charges) through their respective ion
channels in the neural membrane. They also showed that the triggering event for this
process began when the resting potential inside the neuron (�70 mV) became more
positive by about �15 mV. That is, the resting potential has to become –55 mV, or what
is known as its threshold potential. But, what exactly causes this event to happen?

As we have seen, the neuron is like a tiny biological battery with the negative
(�70 mV) pole inside the cell and the positive one outside. Furthermore, it goes to
great lengths with the sodium–potassium pump to maintain this polarity. But, this also
makes the neuron’s resting potential very unstable, not least because of the electrostatic
and diffusion pressures trying to force ions into and out of the cell. In fact, the cell’s
resting potential is rarely stable at –70 mV, even with the full operation of the sodium–
potassium pump. One reason for this lies with neurotransmitters that are constantly
bombarding the receptors of the neuron. The main effect of a neurotransmitter bind-
ing to its receptor is to briefly open certain ligand-gated ion channels; this allows
small amounts of ions into the cell, which then causes small changes to the resting
potential. Some neurotransmitters, such as glutamate, make the resting potential more
positive by increasing the membrane’s permeability to positive ions, whereas others,
such as GABA, make the resting potential more negative by increasing the influx of
negative ions.

Although a few molecules of neurotransmitter binding to a single receptor will prob-
ably have a negliable effect on the cell’s resting potential, it must be remenbered that a
neuron may have thousands of receptors (and ion channels) spread over its dendrites
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and soma, and have a great variety of excitatory and inhibitory neurotransmitters im-
pinging upon it at any moment. Consequently, the summation of all this stimulation at a
given point in time may produce a significant change in the cell’s resting potential. Indeed,
if the stimulation causes the voltage inside the cell to become more positive, this is called
an excitatory postsynaptic potential (EPSP), and if the cell becomes more negative it is called
an inhibitory postsynaptic potential (IPSP) (see Figure 1.11).

The change in resting potential produced by the flow of ions into the cell following
neurotransmitter stimulation normally begins in the dendrites, and the voltage change
(i.e. an EPSP or an IPSP) spreads down into the cell body. But how does a change in

Figure 1.11 EPSPs and IPSPs

Source: From John P.J. Pinel, Biopsychology, 5th edition, p. 85. Copyright © 2003 by Pearson Education
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resting potential lead to an action potential? The answer lies with a special part of the
neuron called the axon hillock which is located at the junction between the cell body
and the axon. Like the rest of the neuron, this area normally shows a resting potential
of around �70 mV. But, if the voltage at this site is increased to reach its threshold
value of �55 mV, then a rapid sequence of events occurs that causes an action potential,
or nerve impulse, to be produced, and flow down the axon.

If a recording electrode is placed into the axon hillock during the formation of an
action potential, it will reveal some remarkable events. Firstly, there will be a sudden
increase in voltage from about �55 mV to about �30 mV in less than one-thousandth
of a second (ms). However, this huge reversal in polarity (from negative to positive)
does not last long. Almost immediately, the voltage will show a sudden decline, falling
from �30 mV to �80 mV, before returning to �70 mV. In fact, the drop below is
�70 mV is known as the refractory period, and during this brief interval the neuron
cannot be made to fire again. As can be seen from Figure 1.12, this whole process
takes place in just 4 or 5 ms, which is another way of saying that it is possible for a
neuron to fire over 100 times a second. This event is the beginning of the nervous
impulse that will begin its journey down the axon.

Thus, the axon hillock is the region of the neuron where the integration of excita-
tory and inhibitory postsynaptic potentials has to take place before an action potential
can be generated. This response is all-or-nothing as the neuron either fires or doesn’t
(there is no graded response). However, once the action potential is formed, it has to
pass down the axon to reach the axonal endings where the stores of neurotransmitter
are located ready to be released into the synapse. But, here lies a problem: axons are
long spindly projections, and if the action potential passively moved down the fibre, its
energy would decay before getting very far. Thus, the axon must have some way of
actively moving the action potential down its length. The secret of how it does this lies
with a fatty sheath called myelin which covers the axon and is not dissimilar to the

Figure 1.12 Voltage changes and ion movements that accompany the action potential
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rubber coating that surrounds an electrical cable. Unlike an electrical cable, however,
the myelin contains short gaps called nodes of Ranvier, and it is at these points that the
renewal of the action potential takes place. At each node, the action potential is
amplified back to its original intensity. This means the impulse literally ‘jumps’ down
the axon. This process is called saltatory conduction (from the Latin saltare meaning
‘to dance’) and explains how the action potential can travel long distances without
weakening. Indeed, if you imagine a neural impulse going from a giraffe’s brain to its
back legs, you will realise the necessity of such a process.

The ionic basis of the action potential

How does the neuron bring about the sudden change in depolarisation (for example,
from �55 mV to around �30 mV) to generate an action potential? The answer lies with
the sodium and potassium ions – or rather, their respective voltage-gated ion channels
that lie embedded in the neural membrane. As we have seen, large numbers of sodium
ions are found in the extracellular fluid, and these are attracted to the inside of the cell
by strong electrical and concentration forces (see Figure 1.10). Yet, the cell’s membrane
acts as a barrier to sodium and, if any of its ions infiltrate the neuron, they are removed
by the sodium–potassium pump. This fine balance is changed, however, when the
threshold potential (�55 mV) reached. When this occurs, the voltage-gated sodium
channels in the membrane are opened and, as if a door is thrown open, sodium ions
flood into the cell propelled by electrostatic and concentration forces. It has been esti-
mated that up to 100,000,000 ions can pass through a channel per second (although
the channel remains open for only a fraction of this time) and it is this large influx of
sodium current into the cell that transforms its negative resting potential into a positive
depolarisation.

At the peak of this sodium flow (1–2 ms after the ion channels have opened) the
permeability of the membrane changes again. Now, the neuron closes the sodium
channels and fully opens its potassium ones (these actually began to open just after
the onset of the sodium influx). Because the inside of the cell at this point is now posi-
tively charged (�30 mV) due to the high concentration of sodium, the positively
charged potassium ions are propelled out of the neuron by diffusion and electrostatic
forces. Not only does this cause the cell’s resting potential to become �70 mV again
(at which point the potassium channels close), but the flow of potassium ions to the
outside of the neuron is so strong that its internal voltage drops further to about
�80 mV (the refractory period). It is only after the refractory period has occurred,
that the cell’s resting potential returns to normal (�70 mV) with the sodium–potassium
pump restoring the ionic balance.

A similar pattern of ion movements into and out of the cell also occurs along the
axon’s length during saltatory conduction. As the electrical energy generated by the
action potential passively moves down the axon, it causes the opening of voltage-
gated sodium channels in the nodes of Ranvier. This causes a sudden influx of sodium
ions into the axon and the formation of a new action potential. As this energy passes
to the next node, there is an outflow of potassium ions at the node left behind
which restores the resting potential of the axon. As this cycle is repeated, the electri-
cal signal is conducted down the full length of the axon without any loss of strength
(Stevens 1979).
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Neurotransmitter release

When the action potential reaches the end of the axon, it passes through a large number
of smaller axon branches ending in slightly swollen boutons called synaptic terminals.
Stored within these terminals are large numbers of synaptic vesicles each containing a
few hundred molecules of neurotransmitter. As the action potential arrives at the termi-
nal, it causes voltage-gated calcium channels to open (not sodium) which allows posi-
tively charged calcium ions (Ca2+) to enter the bouton. This produces exocytosis, in
which the synaptic vesicles fuse with the presynaptic membrane, spilling their contents
into the synaptic gap. In fact, vesicles are continually fusing with the axon terminal
membrane which results in the ongoing secretion of small amounts of neurotransmitter,
although the action potential greatly speeds up the process, causing more to be released.
Indeed, the higher the frequency of action potentials, the greater the influx of calcium
ions into the synaptic terminals, and the greater release of neurotransmitter.

The synaptic gap is a tiny fluid-filled space that measures about 0.00002 mm across.
On one side of this gap is the presynaptic neuron where the axon endings terminate,
and on the opposite side is the recipient postsynaptic neuron. When a neurotransmitter
is released, it diffuses across the synapse and binds to receptors on the postsynaptic neu-
ron (see next section). However, during this process, the neurotransmitter must also be
quickly deactivated and broken down, otherwise it will continue to exert an effect and
block the receptor from receiving further input. A number of synaptic mechanisms have
evolved to fulfil this requirement. One such mechanism involves the physical removal
of the neurotransmitter from the synapse by means of a reuptake pump which directs
the chemical back into the presynaptic axon terminal for recycling. This process is par-
ticularly important for the monoamine neurotransmitters such as noradrenaline,
dopamine and serotonin. Moreover, it has important clinical implications since drugs
that block the reuptake process for either noradrenaline (for example, imipramine) or
serotonin (for example, fluoxetine/prozac) are useful in the treatment of depression
(Snyder 1986). Another process involves enzymatic degradation. For example, acetyl-
choline is rapidly broken down into inert choline and acetate by the enzyme
acetylcholinesterase (AChE) found predominantly in the synapse. Inhibitors of this
enzyme have also been used to increase brain levels of acetlycholine in Alzheimer’s dis-
ease. Another enzyme, this time present in axon terminals and glial cells, is monoamine
oxidase which breaks down excess levels of monoamines. Indeed, some antidepressant
drugs such as iproniazid (Marsilid) work by inhibiting this enzyme.

Receptors

In 1905, the Cambridge physiologist John Langley first used the term receptor to
refer to hypothetical enitities that he believed must exist on muscle and neurons that
were sensitive to chemicals released by the nervous system. We now know that Langley
was correct and that neurotransmitters produce their effects by interacting with
receptor molecules, most of which are located in the postsynaptic cell’s membrane.
The receptor and its neurotransmitter have sometimes been likened to a lock and
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key. In the same way as it takes a specific key to turn a lock, a given neurotransmitter
will bind only to its own type of receptor. Once this binding occurs, changes in the
conformation of the receptor protein will initiate a series of events leading to the
opening of certain ion channels, with the subsequent ion flow then contributing to a
change in the cell’s internal voltage (i.e. an EPSP or an IPSP). Interestingly, there are
often several types of receptor for each neurotransmitter (see Table 1.3). For exam-
ple, there are two different types of receptor for acetlycholine (called muscarinic and
nicotinic); two for noradrenaline (called alpha and beta); five for dopamine (desig-
nated D-1 to D-5), and seven different classes (with various subtypes) for serotonin
(designated 5HT-1 to 5HT-5). In effect, this means that a neurotransmitter can exert
a very different neural or cellular response depending on the receptor it interacts
with. This subject is of particular interest to neuropharmacologists who attempt to
develop drugs with highly specific effects on certain receptors for the improved treat-
ment of various conditions.

Although the highest concentration of receptors is located on dendrites, and to a
lesser extent the cell body (soma) of the postsynaptic neuron, receptors can also be
found in other places on the neuron where they serve different functions. In particular,
some receptors are found in the vicinity of the axonal endings where they modulate
neurotransmitter release by presynaptic inhibition. In this instance, stimulation of the
axonal receptor causes less neurotransmitter to be released by the presynaptic neuron
(see Figure 1.13). GABA-A receptors are important in producing presynaptic inhibi-
tion, and when stimulated they reduce the inflow of calcium ions into the axon termi-
nal, thereby slowing exocytosis. Other types of receptors found in the presynaptic
axon terminals are responsive to neurotransmitters that have just been released into
the synapse by its own neuron. These are called autoreceptors and they act to turn off
neurotransmitter release. It is now known that a number of neurotransmitters have
presynaptic autoreceptors that serve this function, including noradrenaline, dopamine,
serotonin and GABA. 

Table 1.3 Some of the main receptor subtypes found in the central nervous system

Neurotransmitter Types of Receptor

Acetylcholine (ACh) Muscarinic and nicotinic

Dopamine (DA) D-1, D-2, D-3, D-4 and D-5

Gamma-aminobutyric acid (GABA) GABA-A and GABA-B

Glutamate NMDA, APPA and kainate

Histamine H-1, H-2 and H-3

Noradrenaline Alpha (�) and beta (�)

Opioid Mu (�), delta (�) and kappa (�)

Serotonin (5-HT) 5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6 and 5-HT7

Note: This list is not definitive. A large number of neurotransmittesrs are not mentioned. Furthermore, in some cases there are sub-
classes of receptors within the groups described here. For example, there are known to be five types of cholinergic muscarinic recep-
tor, two types of noradrenergic alpha receptor, three types of noradrenergic beta receptor, five types of serotonergic 5-HT1 receptors,
and three types of 5-HT2 receptors.
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Chemical events in the postsynaptic neuron

Although many types of neurotransmitter receptor exist in the central nervous sysrem,
they are all asociated with ion channels in one of two ways: (1) the receptor and ion
channel form part of the same molecular unit (these are called ionotropic receptors),
or (2) the receptor and ion channels are separate entities (these are called metabotropic
receptors). In the case of iontropic receptors, the binding of the neurotransmitter to its
receptor directly brings about a conformational change in the protein molecules making
up the ion channel thereby causing it to open for a brief period. However, metabotropic
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Figure 1.13 Presynaptic inhibition
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receptors are very different. Here, the receptor activates another protein inside the cell
called a G-protein, which instigates a number of intracellular chemical processes involv-
ing various enzymes and second messengers. In effect, these chemical events are able to
open many ion channels from ‘inside’ the neuron.

An example of a ionotropic receptor (sometimes called a ligand-activated channel) is
the GABA-A receptor (Figure 1.14). This consists of a long polypeptide chain which is
shaped in such a way that it forms five elongated units, arranged in the shape of a cylin-
der and which pass through the membrane. These units are tightly held together. But,
if GABA binds to a receptor site on the surface of this complex, they briefly change their
shape, which creates a channel that allows the influx of negative chloride ions (Cl�) into
the cell. The GABA-A receptor is also notable for having separate binding sites for barbi-
turates such as pentobarbital, and benzodiazepines such as diazepam (Valium), which in-
creases the chloride current. Thus, both pentobarbital and diazepam enhance inhibitory
activity in neurons with GABAergic receptors. Another example of a ligand-activated
channel is the cholinergic nicotinic receptor found at the neuromuscular junction. This re-
ceptor also contains five units in the shape of a cylinder that pass through the membrane.
When opened by the neurotransmitter acetlycholine, an influx of positively charged sodium
ions (NA�) passes into the cell. A distinguishing feature of ligand-gated channels is the
rapidity by which they open, and for this reason they are involved in the fastest forms of
synaptic transmission which takes only a few milliseconds to occur.

Despite this, the majority of receptors in the brain (including the muscarinic acetyl-
choline receptor, the GABA-B receptor, and noradrenergic, dopaminergic and sertoner-
gic receptors) are of the metabotropic variety. In this case, the binding of a
neurotransmitter at its receptor provides a much slower response by changing the shape
of a protein located just inside the cell called a G-protein. There are a large number of
different G-proteins and they have a wide variety of possible intracellular actions. One of
the best documented effects occurs when certain G-proteins increase the activity of an
enzyme called adenylate cyclase that converts adenosine triphospate (ATP), a substance

6

Figure 1.14 The GABA receptor

M01_WICK2962_01_SE_C01.qxd  10/29/08  4:16 PM  Page 27



28 I N T R O D U C T I O N  T O  B I O P S Y C H O LO G Y

that the cell uses to provide energy, into cyclic adenosine monophosphate (cAMP). This
chemical (Figure 1.15) acts as second messenger (the first messenger is the neurotrans-
mitter) by diffusing through the cytoplasm of the cell, where it produces a biological re-
sponse (in this case, the opening of certain ion channels by the process of protein
phosphorylation). This mechanism is believed to underlie the action of noradrenergic
beta receptors and dopaminergic D-1 receptors. It should be noted, however, that cAMP
can affect many different cellular processes depending on the type of cell, and not just
those associated with ion channels.

In recent years, a great deal of attention has focussed on another second messenger
system which involves G-protein stimulation of an enzyme called phospholipase C.
This enzyme actually generates two second messengers called diacylglycerol (DAG)
and inositol triphosphate (IP3). DAG is known to be able to activate the enzyme pro-
tein kinase C, which can phosphorylate ion channel proteins, whereas IP3 is able to re-
lease stores of calcium ions within the cell which can modify the excitability of the
neuron. Certain serotonergic receptors and the histamine H-1 receptor are known to
involve these second messenger systems. In addition to opening ion channels, certain
second messegers are known to enter the cell’s nucleus where they influence expression of
genes. Such a mechanism may, for example, allow changes in the physical alteration
of dendritic synapses that underlie long-term memory.

Second messengers may at first sight appear to be a complex way of going about
opening ion channels, but this process actually gives the cell far greater adaptability. For
example, activation of ionotropic receptors (such as GABA-A) typically results in the
rapid depolarisation of the cell in as little as 2–10 milliseconds (which may be ideally
suited for a rapid response such as a muscle contraction or encoding of a pain response)
but it shows little variation. In contrast, the slower action of second messenger systems
can take from 20 milliseconds to over 10 seconds, and involve many different types of
ion channel. However, this may allow the cell to alter its response in many diffferent

Figure 1.15 The main steps in the cAMP second messenger system
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ways. For example, second messengers may be involved in changing the sensitivity of re-
ceptors to neurotransmission, or the adaptability of the neuron to the long-term admin-
istration of certain drugs. In addition, such processes are likely to be involved in
learning and neural plasticity.

Glial cells

It may come as a surprise to find that neurons are not the most common type of cell in
the brain. In fact, this accolade goes to the glial cells which are around ten times more
numerous than neurons, although they are about one-tenth of their size which means
that they take up roughly the same volume. The first person to discover glial cells in the
brain was the German pathologist Rudolf Virchow in 1846 who called them
‘nevroglie’ (nerve glue) because they appeared to stick the neurons together. We now
know that the brain and spinal cord contain several types of glial cell with a wide range
of functions that are vital to neural functioning.

The largest and most abundant type of glia cell in the brain (accounting for nearly
half of all glial tissue volume) is the astrocyte. These are so called because of their star
shape with many spindly extensions. Astrocytes provide structural support with their
interweaving extensions acting as scaffolding to anchor neurons in place (this is espe-
cially helpful to make sure they get a regular blood supply). But, astrocytes also have
many other vital functions. For example, they control the ionic composition of the ex-
tracellular fluid, help break down neurotransmitters in the synaptic cleft (some contain
monoamine oxidase, for instance) and release growth factors, which are chemicals in-
volved in the growth and repair of nerve cells. They are also involved in transporting
nutrients into neurons and removing their waste products. Further, astrocytes can in-
crease the brain’s activity by dilating blood vessels thus enabling greater amounts of
oxygen and glucose to reach the neurons. They also contribute to the healing of brain
tissue by forming scar material – although they can give rise to tumours (gliomas) if
they proliferate abnormally. There is even evidence that they may be able to release
chemicals that act as neurotransmitters.

Another function of astrocytes is to provide a covering to the blood vessels of the
brain which forms the so-called blood–brain barrier. In the body, capillaries are ‘leaky’
because the endothelial cells that make up their walls contain gaps which allow a wide
range of substances into and out of the blood. However, in the brain, the end feet of
the astrocytic extensions cling to the outer surface of capillaries which help push the
endothelial cells together. Thus, the walls of the capillaries in the brain are tightly com-
pacted and their outer surface covered by astrocyte extensions. Although this tight
binding allows small molecules such as oxygen and carbon dioxide into the brain,
along with lipid- or fat-soluble substances (these include nicotine, heroin and alcohol),
it bars the entry of most larger molecules and toxins. This feature has to be taken into
consideration when developing drugs to treat brain disorders. For example, the neuro-
transmitter dopamine which would be expected to have a beneficial effect in treating
Parkinson’s disease does not cross the blood–brain barrier. Thus, doctors tend to pre-
scribe L-dopa which enters into the brain where it is converted into dopamine.

Another type of glial cell is the oligodendrocyte which is much smaller than the as-
trocyte and has fewer extensions (the Greek oligos means ‘few’). This type of glial cell
has a very specific function: it provides the myelin that covers the axons of most nerve
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fibres in the brain and spinal cord. Myelination occurs because extensions of the oligo-
dendrocytes wrap themselves around the axon, thereby producing an insulating cover.
As we saw earlier, this allows the axon to propagate electrical impulses much more ef-
ficiently along its length. An autoimmune disorder that causes demyelination by at-
tacking and destroying oligodendrocytes, resulting in the impaired flow of neural
transmission throughout the central nervous system, is multiple sclerosis. In the pe-
ripheral nervous system, however, myelin is produced by the Schwann cell which is not
attacked by the immune system.

A third type of glial cell are the microglial, which, as the name suggests, are very
small. Microglial make up about 15 per cent of all glial cells and are found scattered
throughout the brain where they provide its main immune defence. In response to in-
jury or infection, microglial multiply and migrate in large numbers to the sites of in-
jury where they engulf invading micro-organisms or infected neurons. They also help
in the removal of debris from injured or dead cells. A fourth type of glial cells is
ependymal cells which line the ventricles and the central canal of the spine.

What happened to Einstein’s brain?

Albert Einstein was one of the greatest intellectual figures of the twentieth century. In one year alone
(1905), at the age of 26, while working in the Swiss Patent Office in Bern, he published five papers that
were to profoundly alter the development of physics and change for ever the way we understand the
universe. Einstein died in 1955 at the age of 76 from a ruptured aorta, and within seven hours of his
death, his brain had been perfused with a 10 per cent formalin solution by injection into the internal
carotid artery (to enable its fixation) and removed by pathologist Thomas Harvey. After being stored in
formalin for several months, the brain was carefully photographed and measurements were taken of its
cerebral structures. The cerebral hemispheres were then cut into around 240 blocks of about 10 cm3,
embedded in celloidin (similar to wax) and stored in alcohol. However, close examination of the brain
by Harvey revealed nothing unusual about its shape or structure.

Einstein’s brain was soon forgotten and stored in two large jars that remained in Dr Harvey’s office for
the next twenty years or so. In 1978, the brain was ‘rediscovered’ by journalist Steven Levy who
brought it to the attention of the media. The discovery was of interest to Marian Diamond and her col-
leagues at the University of California. Back in the 1960s, Diamond had shown that rats living in en-
riched environments had more glial cells per neuron in their cerebral cortices than those raised in
impoverished environments. This finding indicated that active neurons required greater metabolic as-
sistance from the supporting glial cells. Later work by Diamond also showed that the prefrontal cortex
of humans has more glial cells per neuron compared with the parietal lobe – a finding that implied that
the prefrontal area was more active and highly evolved in humans than were other brain regions. But
what about Einstein’s brain? When Diamond examined it, she actually found significantly more glial
cells in the left parietal cortex than in the frontal regions (Diamond et al. 1985).

Further examination of Einstein’s brain by Sandra Witelson revealed other unique features. Most strik-
ing was an absence of a region called the parietal operculum – a ridge (or gyrus) in the parietal cortex
located between the Sylvian fissure and the postcentral sulcus (Figure 1.16). Consequently, the Sylvian
fissure and postcentral gyrus were partially joined in Einstein’s brain – a feature that Witelson was un-
able to find in over 90 control brains. This resulted in the areas on either side of these sulci becoming
enlarged – presumably to compensate for the operculum’s loss. In fact, Witelson found that the
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parietal lobes were 1 cm wider (an increase in size of 15 per cent) in Einstein’s brain compared with the
brains of controls, and this enlargement was symmetrical in both right and left hemispheres. Because
most people have a relatively large right parietal cortex compared with the left, this meant that Ein-
stein’s left parietal lobe was significantly larger than normal (Witelson et al. 1999).

One can only speculate the extent to which Einstein’s unique brain anatomy contributed to his ideas
and, in particular, to the theory of relativity. However, the parietal lobes are known to be involved vi-
suospatial cognition (particularly the generation and manipulation of three-dimensional spatial im-
ages), mathematical ability and visualisation of movement – and these were highly characteristic of
Einstein’s thought. Indeed, Einstein once said that written and spoken words did not play a major
role in his thinking; rather the essential features were ‘a combinatory play of certain signs and more
or less clear images’ (Einstein 1954). Interestingly, enlarged parietal cortices have also been reported
for other famous thinkers, including the mathematician Gauss and the physicist Siljestrom.

Figure 1.16 The location of the parietal operculum in a normal brain, and the joining of the
Sylvian fissure and postcentral sulcus in a representation of Einstein’s brain

Introduction to the structure of the nervous system

The complete network of all nerve cells in the human body is divided into two systems:
the central nervous system (CNS) and the peripheral nervous system (PNS). The CNS is
composed of the brain and spinal cord and provides the command and integrating centre

S
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of the nervous system. Not only does the CNS contain all the major command centres
vital for the maintenance of life, but its higher regions are crucially involved in decision
making (that is, detecting sensory events, analysing this information and deciding how to
respond). In contrast, the PNS is responsible for conveying input from the body and out-
side world to the brain, and for relaying information from the brain to the muscles and
glands of the body. Thus, without the PNS, the brain would have no sensation or be able
to instigate any movement of the body. The PNS is also divided into two main systems:
the somatic nervous system and the autonomic nervous system (see Figure 1.17).

The somatic nervous system consists of peripheral nerve fibres that send sensory
information to the spinal cord and brain, and motor nerve fibres that project to the
skeletal muscles of the body. The sensory input conveyed by the somatic system in-
cludes information from the skin, muscles, bones and joints (for example, touch, pres-
sure, temperature, pain), along with that from the main senses (for example, vision,
audition, olfaction and gustation). In addition, the somatic nervous system is composed
of motor nerve fibres that move the bones of the skeleton by its action on skeletal mus-
cles. This is sometimes referred to as the voluntary nervous system as it allows us to
purposefully produce movement and behaviour. The cell bodies of the somatic fibres
controlling movement are mainly located in the spinal cord, although some are found in
the brain that reach the periphery by the cranial nerves. They all secrete the neurotrans-
mitter acetylcholine. We shall discuss the role of this system in more detail when we ex-
amine motor behaviour in Chapter 4.

The autonomic nervous system is the part of the peripheral nervous system that
controls the activity of involuntary muscle that regulates bodily functions essential for
life such as breathing, heart rate, blood pressure, kidney function, and digestion. To
provide this function, the autonomic nervous system is composed of two divisions: the
sympathetic nervous system (SNS) and the parasympathetic nervous system (PNS). In
general, the sympathetic and parasympathetic divisions act in opposition to each other –
although it is more accurate to describe them as complementing each other rather
than as being antagonistic. The SNS increases the activity of autonomic structures
in the body to prepare it for physical exertion, stressful anticipation or emergencies.
Thus, the SNS will increase heart rate, blood pressure and respiration while inhibiting
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Figure 1.17 Overall organisation of the nervous system
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Source: Adopted from E.N. Marieb, Human Anatomy and Physiology, p. 449. Copyright © 1989 by Benjamin Cummings

digestion and diverting blood away from the skin to the skeletal muscles (this is why
the skin may go white after a sudden fright). It will also stimulate the adrenal glands to
secrete adrenaline and noradrenaline. This pattern of physiological activity is some-
times called the flight or fight response.

In contrast, the PNS reverses, or normalises, the effects of sympathetic activity and
acts to conserve energy or maintain resting body function. Thus, the parasympathetic
division generally responds with actions that do not require immediate reactions. For
example, it is involved in digestion and body states that occur during sleep. The one
part of the body that shows an exception to the relaxation rule is the penis whose ‘ex-
citation’ (i.e. erections) are under the control of the PNS and not the SNS.

The output fibres of the sympathetic nervous system are more complex than the cor-
responding ones of the somatic nervous system. This is because they consist of a chain
of two motor neurons called preganglionic nerve fibres and postganglionic nerve fibres.
The preganglionic fibres have their cell bodies located in the brain or spinal cord,
and their axons extend to cell bodies forming a bundle of fibres (for example, a gan-
glion) consisting of postganglionic fibres outside the CNS. The neurotransmitter used
at this junction is acetylcholine. In turn, the postganglionic fibres project to the effect
organs where they secrete the neurotransmitter noradrenaline. (The term ‘postgan-
glionic’ fibres are somewhat misnamed as their cell bodies are located in the ganglion
and not beyond it.) The motor neurons of the parasympathetic division are more
straightforward as they contain only preganglionic nerve fibres that release acetyl-
choline which normally inhibits the activity of their effector organs. The somatic and
autonomic nervous systems are compared in Figure 1.18.
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The endocrine system

The endocrine system consists of a number of ductless glands scattered throughout the
body that secrete chemicals into the bloodstream called hormones (from the Greek
hormon meaning ‘to excite’). More than fifty different hormones may be circulating
through the body at any one time, and these are secreted from a number of organs, in-
cluding the thyroid, thymus, adrenal glands and the gonads, which include the testes
and ovaries. All of these organs are under the chemical control of a pea-sized gland lo-
cated on the underside of the brain called the pituitary gland (Figure 1.19). Although
it weighs only about 0.5 g, the pituitary is often regarded as the master gland of the
body as it secretes at least nine different hormones that have far-reaching effects on a
wide range of bodily activities. The pituitary gland is itself under the control of the
hypothalamus to which it is attached by a thin stalk of tissue. In fact, the pituitary con-
sists of two glands: the anterior pituitary (or adenohypophysis), which is connected to
the hypothalamus via a complex series of blood vessels, and the posterior pituitary
(neurohypophysis), which receives neural connections from the hypothalamus.

The release of hormones from the anterior pituitary is stimulated, or inhibited, by
the secretion of releasing factors from the hypothalamus, such as adrenocorticotropin-
releasing factor (CRF) and growth hormone releasing factor (GHRF). In response to
releasing factors, the glandular cells of the anterior pituitary secrete a number of tropic

Figure 1.19 The hypothalamus and pituitary gland
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hormones into the bloodstream (a tropic hormone is one which stimulates other
endocrine glands to release their hormones). These include: adrenocorticotropic hor-
mone (ACTH) which acts on the adrenal glands; thyroid-stimulating hormone which
affects the thyroid gland; prolactin which acts on the mammary glands; and follicle-
stimulating hormone and luteinising hormone which work on the ovaries and testes.
Another substance secreted by the anterior pituitary is growth hormone which acts on
most tisures throughout the body. In contrast, the posterior pituitary gland stores and
releases just two hormones: antidiuretic hormone (or vasopressin) involved in conserv-
ing body water, and oxytocin (involved in pregnancy).

The control of hormonal release by the pituitary gland works predominantly on the
basis of negative feedback. That is, when blood levels of a given hormone (say cortisol)
begin to rise, the pituitary gland will detect this change and act to decrease the output
of its controlling tropic hormone (ACTH). In practice things are generally more com-
plex than this as the hypothalamus (and in some instances other brain regions)
will also receive feedback about hormone levels and their effects on the body. Thus,
the hypothalamus will also inhibit secretion of its releasing factors thereby helping to
regulate the pituitary gland’s response to increasing hormone levels. Indeed, the com-
bination of the hypothalamus and the pituitary gland working together means that the
control exerted over hormone secretion is complex and finely tuned.

The endocrine and nervous systems provide an important means of communication
in the body, and both work together to provide integrated functioning in many types of
physiological activity. In general, the nervous system sends messages that require rapid
and immediate action, whereas the endocrine system is involved in slower responses. In-
deed, certain hormones may take minutes or even hours to reach their target, athough
they have a much longer duration of action. Despite this, hormones are very potent reg-
ulators of the body’s activity and are effective in minute concentrations. Moreover, a
slight change in a hormone’s concentration can have a significant impact on behavioural
functioning. Table 1.4 summarises the main hormone systems in humans.

Table 1.4 Summary of the main hormone systems in the human body

Endocrine Gland Hormone(s) Main Actions

Adrenal cortex Glucocorticoids (including  Adapts the body to long-term stress
cortisol and cortisone)

Adrenal medulla Adrenaline (Epinephrine) Increases sympathetic arousal and
stimulates the breakdown of glycogen

Ovaries Oestrogen and progesterone Female sexual development and
control of the menstrual cycle

Pancreas gland Insulin and glucagon Involved in regulation of blood sugar

Pineal gland Melatonin Control of circadian rhythms

Pituitary gland (anterior part) Vasopressin and oxytocin Control of water balance and female
sexual behaviour

Pituitary gland (posterior part) Master control of other endocrine Wide range of functions. Growth
glands. Also produces growth and protein synthesis. Milk
hormone and prolactin production

Testes Testosterone Male sexual development and behaviour

Thyroid gland Thyroxine and triiodothyronine increases metabolic rate
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Introduction to the central nervous system

The central nervous system (CNS), consiting of brain and spinal cord, is the integrative
control centre of the body. In particular, the brain exerts executive control over the pe-
ripheral nervous system and endocrine glands, and is the organ of movement, emotion,
thought and consciousness. An important prerequisite for understanding how the brain
produces behaviour is having a good understanding of its anatomy. This includes know-
ing where the main brain regions are sited and the ways in which they are connected.
This can be a daunting challenge for students. One problem is the terminology. Many
Greek and Latin terms are used to describe parts of the CNS (although some areas are
named after people such as Broca and Wernicke) and unfamiliar terms can initially be
difficult to remember. An added problem lies in trying to visualise the shape of brain
structures and their pathways. But, perhaps most disconcerting is that brain structures
can rarely be tied down to single behavioural functions. The brain is simply too com-
plex. Trying to pin functions to given brain areas will provide a challenge for most stu-
dents of psychobiology.

To make matters more complex, because the CNS is a three-dimensional structure,
anatomists often use technical terms to help them refer to the exact direction or loca-
tion of a certain region. This is not too dissimilar to an explorer who uses compass
bearings to find his or her way around the environment. One simple way to remember
the main anatomical terms used to convey direction in the brain is to imagine a fish. Its
front end, or head, is anterior (sometimes called rostral), and its tail-fin is posterior
(sometimes called caudal). The fish also has a dorsal fin on its upper surface – and one
on its underside called the ventral fin. In addition, the fish has lateral fins on its sides –
while the term medial would be used to describe parts of the body towards the mid-
line. As one becomes more familiar with the brain, the student will see that many of its
regions are described using the same terminology. Two other terms that are useful to
know, particularly in regards to neural pathways, are ipsilateral (referring to structures
on the same side of the body), and contralateral (referring to structures on the opposite
side of the body).

If we take the emergence of primates as the starting point, then the evolution of
the human brain has taken place over a period of at least 70 million years. This is a
long time, especially as human civilisation has existed only for around 3,000 years.
The gradual process of evolution has resulted in new structures emerging and taking
over the roles of older ones. However, this does not mean that the more primitive re-
gions of the brain have become redundant. Rather, they remain incorporated into the
neural circuits of the brain and still have vital roles to play. In short, the brain always
functions as a collective entity, although it also exhibits a hierarchy of function
where newer structures are more likely to be involved in complex behaviours. An-
other feature of evolutionary development is cephalisation, that is, the massive in-
crease in size of the brain in relation to the body. This trend is most noticeable in the
cerebral cortex, which has become so large and complex in humans that it has de-
veloped ridges and fissures in order to increase its surface area. In fact, the cerebral
cortex is not dissimilar to a screwed-up sheet of newspaper, and it is this adaption
that gives the external surface of the forebrain its distinctive wrinkly appearance.

To complete this chapter we will describe the various anatomical structures
and pathways of the spinal cord and brain. Although it is important to become
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The spinal cord

The spinal cord is an extension of the medulla in the brain, about the size of a large
pencil, that forms a cylinder of nervous tissue that runs down the back, and is enclosed
and protected in a bony column of thirty-one flexible segments (vertebrae). From top
to bottom, these segments comprise eight cervical vertebrae, twelve thoracic, five lum-
bar, five saccral and one coccygeal. The spinal cord serves many functions: it helps hu-
mans maintain an erect posture, and also provides the point of attachment for muscles
of the back. However, by far its most important function is to distribute motor neu-
rons to the their targets (for examples, muscles and glands), and to convey internal and
external sensory information to the brain. Moreover, the spinal cord is also capable of
producing certain types of behaviour by itself, including simple spinal reflexes such as
the knee jerk response, or more complex patterns of automated rhythmical activity, in-
cluding the postural components of walking.

The most striking visual feature of the spinal cord is its grey matter (comprising cell
bodies) and white matter (comprising myelinated axons). Forming a butterfly shape in
the centre of the spinal cord is the grey matter, and this is packed tightly with the cell
bodies of various neurons. These include the motor neurons that send their fibres out
to innervate the muscles of the body, and a large number of interneurons that are con-
fined to the grey matter. Interneurons are important because they are located in path-
ways between sensory fibres going into the spinal cord, and motor fibres going out,
which allow complex reflexes to take place. Furthermore, interneurons allow commu-
nication to take place between different segments or regions of the spinal cord. In con-
trast, the white matter which surrounds the grey material is composed mainly of long
myelinated axons that form the ascending and descending pathways of the spinal cord.
More precisley, the ascending pathways arise from cell bodies that receive sensory
input in the grey matter, and descending axons derive from the brain and pass into the
grey matter where they form synapses with motor neurons. The student may like at
this point to note the posterior column which conveys touch and pressure information
to the thalamus, and the corticospinal tract which passes information all the way from
the motor regions of the cerebral cortex.

Axons enter or leave the grey matter of spinal cord in spaces between the vertebrae,
via spinal nerves which are ganglia containing large numbers of nerve fibres. There are
31 pairs of spinal nerves along the entire length of the spinal cord, and each one serves
either the right or left side of the body (Figure 1.20). Closer examination of these
nerves shows that they comprise two branches as they enter or leave the spinal cord.
The dorsal root of each spinal nerve provides the pathway that relays sensory infor-
mation into the spinal cord (the cell bodies of these neurons are actualy located in the
root itself), whereas the ventral root provides the motor pathway that controls the
muscles of the body. The spinal cord also contains cerebrospinal fluid which is con-
nected with the brain’s ventricles. Samples of this spinal fluid can be a very useful di-
agnostic tool in determining various brain disorders.

familiar with this anatomy, much of it will be covered again in the remaining chap-
ters of this book when we discuss its involvement in behaviour and mental func-
tioning.
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Figure 1.20 Cross-section of spinal cord

The rise and fall of phrenology

One of the most enduring questions in biopsychology is the extent to which functions of the brain, such
as language, thought and movement, can be localised to specific areas of the brain. A famous proponent
of the localisation theory was the German Franz Joseph Gall (1758–1828), the founder of phrenology,
which attempted to measure people’s character by examining the shape and surface of the skull. Gall first
became interested in this subject as a 9 year old, when he noted a classmate with bulging eyes who was
gifted in citing long passages of prose. This led Gall to reason that the ability for verbal memory lay in the
frontal region of the brain behind the eyes. Later, Gall examined the cranial features of others, including
the insane, criminals, peasants, great writers, artists and statesman. His technique involved feeling the
contours of the head for a prominence, which he assumed represented a well developed area of the brain
below it. By 1792, Gall had discovered several ‘organs’ of the brain, including those responsible for mur-
der and the inclination to steal. In fact, Gall was eventually to identify 27 cranial regions that he believed
corresponded to a distinct mental trait or behavioural tendency (Figure 1.21).

Gall’s work attracted much controversy. It was patently clear to most that the shape of the skull was unrelated
to the size of the brain tissue underneath, and it was impossible to measure accurately the bumps of the
cranium, which meant that Gall’s observations could not be falsified. Gall also used highly suspect data to
support his theories. For example, he localised ‘destructiveness’ to a region above the ear, partly because a
prominence had been found there in a student who had been fond of torturing animals. Even had the meth-
ods been sound, Gall’s classification of psychological functions such as faith, self-love and veneration were
highly suspect. Despite this, phrenology became extremely popular in the nineteenth century. Entrepre-
neurs such as the Fowler brothers promoted phrenology as a tool for self-improvement, and a large number
of respectable phrenological societies were formed. In fact, it was not unusual for people to seek the advice
of a phrenologist when hiring employees, selecting a marriage partner or diagnosing an illness, while social
reformers proposed that phrenology could be used to rehabilitate criminals, or select better members of
parliament. Although phrenology has long been discredited, one can still see parallels today with fads such
as astrology and palmistry, which lack scientific support yet are still believed by many to be true.

Although phrenology was eventually discredited, some of Gall’s contributions to brain research were
positive ones. For example, Gall believed that the brain was the physical organ of mind, which governed

M01_WICK2962_01_SE_C01.qxd  10/29/08  4:16 PM  Page 38



C H A P T E R  1 • I N T R O D U C T I O N  T O  N E U R O N S ,  B R A I N S ,  B I O LO G I C A L P S Y C H O LO G Y 39

all mental faculties and feelings. This was a modern view for the times, and it encouraged others to
explore the brain. One such person was the Frenchman Pierre Flourens (1794–1867) who was the first
to use lesioning (the removal of tissue) as a means of experimentally studying the brain’s different
regions. Gall’s idea that the cerebral cortex contains areas with localised functions was another step for-
ward. In fact, he was not entirely wrong, as regions of the cerebrum were later discovered that were
specifically involved in language (Broca’s area) and movement (the motor cortex). And, as this book will
show, many other behavioural functions have also been localised to select areas of the brain.

Figure 1.21 Gall’s system of organology as seen from right and frontal views

Source: E.H. Ackerknecht and H.V. Vallois (1956) Franz Joseph Gall, Inventor of Phrenology and his Collection
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The brainstem

As the spinal cord enters the brain it enlarges and forms the brainstem (Figure 1.22; see
also plate 1.1). The oldest part of the brainstem is the medulla oblongata (‘long mar-
row’) and this directly controls many functions essential for life, including breathing,
heart rate, salivation and vomiting. It also contains a profusion of ascending and de-
scending nerve pathways that connect the spinal cord with the rest of the brain. If the
brain is cut above the medulla, basic heart rate and breathing can be maintained, but
damage to the medulla itself is inevitably fatal. The next region is the pons (from the
Latin for ‘bridge’) which appears as a significant enlargement of the medulla. This area
also contains many nuclei (sometimes called the pontine nuclei) although its increased
size is largely due to the many ascending and descending fibre tracts that cross from one
side of the brain to the other at this point, including the pyramidal tracts. Two important
structures often regarded as pontine nuclei (although they also extend into the midbrain)
are the locus coeruleus and dorsal raphe. These are, respectively, the origin of noradrenergic-
and serotonergic-containing fibres in the forebrain.

The pons also includes an area known as the tegmentum, which includes many motor
nuclei and secondary sensory cell groups, as well as the beginning of the reticular forma-
tion, a tubular net-like mass of grey tissue which is involved in arousal. The pons also
serves as the main junction between the cerebellum (‘little brain’) and the rest of the
brain. The cerebellum, which is discussed more fully in Chapter 4, is located on the pos-
terior part of the brainstem and has a very distinctive wrinkled appearance consisting of
small folds called folia. It is primarily involved in the co-ordination of muscular activity
required for smooth automated movement.

The brainstem (medulla and pons) is also the most important part of the brain giv-
ing rise to the cranial nerves, which were first discovered by Galen in the first century AD.
There are twelve pairs of cranial nerves directly connecting the brain with bodily struc-
tures, and eight of these originate or terminate in the brainstem: four from the medula
(hypoglossal, spinal accessory, vagus and glossopharyngeal), and four from the pons

Figure 1.22 The main brainstem regions of the human brain

M01_WICK2962_01_SE_C01.qxd  10/29/08  4:16 PM  Page 40



C H A P T E R  1 • I N T R O D U C T I O N  T O  N E U R O N S ,  B R A I N S ,  B I O LO G I C A L P S Y C H O LO G Y 41

(auditory, facial, abducens and trigeminal) (see Figure 1.23). Cranial nerves are
complex to understand as they can be sensory, motor or mixed (relaying both sensory
and motor input), and may convey both sympathetic and parasympathetic fibres of the
autonomic nervous system. In general, the cranial nerves of the brainstem are con-
cerned with the senses of taste, hearing and balance, along with specialised motor
activities, including chewing, swallowing, breathing, eye movements and facial expres-
sion. The vagus nerve (derived from the Latin vagus meaning ‘wandering’) which has
the most extensive distribution of any cranial nerve in the body) is somewhat different
as it projects fibres to a variety of organs in the abdomen and thorax, including heart,
lungs and digestive system. A consideration of the cranial nerves provide an interesting
insight into the functions of the brainstem.

The midbrain

The midbrain (sometmes called the mesencephalon) is the name given to the region
that forms the top part of the brainstem (Figure 1.24). It is generally divided into
into two areas: the tegmentum which is continuous with the pontine regions below

Plate 1.1 Midsagittal section through the brain

Source: F. Toates (2001) Biological Psychology, p. 111, Prentice Hall; photographer, R.T. Hutchings
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IX. Glossopharyngeal
       Taste and other

       mouth sensations

V. Trigeminal
     Face, sinuses,

     teeth

VI. Abducens

IV. Trochlear

III. Oculomotor

VIII. Vestibulocochlear
         Inner ear

Jaw muscles

Sensory

Motor

Muscles that

move the eyes

X. Vagus
     Information from

     internal organs

Throat

muscles

Control of

internal organs

I. Olfactory
    Smell

II. Optic
      Vision

XII. Hypoglossal
        Tongue muscles

XI. Spinal accessory
      Neck muscles

Facial muscles,

salivary glands,

tear glands

VII. Facial
        Tongue,

        soft palate

Figure 1.23 The cranial nervesj

Source: S.M. Breedlove et al., Biological Psychology, 5th edition, p. 36. Copyright © 2007 by Sinauer Associates, Inc.
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it, and the tectum (meaning ‘roof’) which sits above it. The tegmentum contains
several nuclei with important motor functions linked to basal ganglia function, in-
cluding the red nucleus and substantia nigra. In addition, there are more diffuse
areas of the tegmentum, including the periaqueductal grey area situated around the
cerebral aqueduct (the passage connecting the third and fourth ventricles), and the
ventral tegmental area which acts as an interesting crossroads – receiving descending
input from the medial forebrain bundle, and returning information back to the fore-
brain (most notably striatum, limbic system and frontal cortex) via its dopaminergic
pathways.

In lower animals such as fish and amphibians the tectum is actually the most
recently evolved part of the brain, and it contains two pairs of nuclei called colliculi
(derived from the Latin meaning ‘small hills’), which protrude from its upper surface.
These are the superior colliculi which are involved in visual processing and reflexes
such as blinking and orientation (see Chapter 2), and inferior colliculi that serves a
similar function for auditory processing (Chapter 3). This part of the brain also gives
rise to two more cranial nerves: the oculomotor controlling the muscles of the eyeball,
and the trochlear involved in eye movement.

Also coursing through the centre of the brainstem and into the midbrain is the
reticular activating system (RAS). This contains the ascending projections of the
reticular formation, along with other areas of the brainstem, which passes to many
areas of the forebrain, including the thalamus. The RAS serves many essential
functions, including the various stages of wakefulness and sleep. It also controls
the level of electrical activity that governs states of arousal in the cerebral cortex
(via its effect on the thalamus) which can be measured by using an electroen-
cephalograph (EEG). The fibres making up the RAS are particularly complex and
use a number of neurotransmitters, including noradrenaline, serotonin and acetyl-
choline.

Figure 1.24 Midbrain (mesencephalon) structures of the human CNS (including the hypothalamus and
the thalamus of the diencephalon)
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The forebrain

Thalamus and hypothalamus

Up to this point, the brain can be likened to a neural tube that has evolved and en-
larged from the spinal cord. In fact, this is basically what happens during embryonic
development. At first, the brain and spinal cord of every vertebrate animal appears as
a tube which is only one cell thick. As it develops it begins to show three bulbous
swellings called the primary brain vesicles. These can actually be observed in the
human embryo by the fifth week of gestation. From bottom to top these are called the
hindbrain (technically called the rhombencephalon) which becomes the brainstem;
the mesencephalon which becomes the midbrain, and the forebrain. If we observe further
development, we will see the forebrain ‘mushroom out’ so that it not only covers and
surrounds much of the older ‘tubular’ brain but also adds greater complexity with the
addition of many new structures. In fact, the forebrain will develop into two main
regions: the diencephalon (literally ‘between-brain’), and telencephalon (‘endbrain’).
These will become very different parts of the brain.

The most important structures of the diencephalon are the thalamus and the
hypothalamus (see Plate 1.2). The thalamus (from the Greek for ‘inner chamber’) con-
sists of a symmetrical pair of egg-shaped structures that are seperated medially by the
third ventricle, and bounded laterally by a band of white fibres called the internal cap-
sule that acts as the main communication link between the cerebral cortex and lower
regions of the brain and spinal cord. The thalamus contains a bewildering number of
different nuclei but are generally divided into anterior, medial, lateral and ventral
groups (see Clark et al. 2005). In general, the main function of the thalamus is to act
as a relay station for information destined for the cerebral cortex. In this respect, its
nuclei may either project to very precise locations (for example, the lateral geniculate
bodies which project to the visual cortex), or have very diffuse ones that go to wide-
spread areas of the cerebral cortex (for example, the intralaminar nuclei). The former
are normally associated with a single sensory modality or motor system, whereas the
latter appear to be involved in arousal.

Located just underneath the thalamus is a small structure making up only 0.15 per cent
of the human brain called the hypothalamus (hypo meaning ‘below’) (see Plate 1.2).
Despite its small size (it is roughly the size of a small grape), it plays a critical role in
the maintanance of life as it controls both the autonomic and endocrine systems. Indeed,
destruction of the hypothalamus will produce death in humans as in other animals
(Nauta and Feirtag 1986). One of the most important functions of the hypothalamus
is the co-ordination of homeostasis, that is, the ability of the body to maintain a con-
stant internal environment despite continual exposure to various changes and external
fluctuations. In addition, the hypothalamus has been described as the interface be-
tween our conscious brain, with its emotions and feeling, and the autonomic ‘vegeta-
tive’ processes of the body (Stein and Stoodley 2006). Anatomically, the hypothalamus
is very complex, with many different groups of nuclei, although it can be simplified by
viewing it as having three zones (Clark et al. 2005). These are the preoptic area at the
front, the medial zone which contains the majority of nuclei, and lateral nuclei which
contain many of axons leaving the hypothalamus. In addition, the mammallary bodies
are found at the back of the hypothalamus.
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Limbic system

The hypothalamus, as well as being part of the diencephelon, is also regarded as an inte-
gral part of the limbic system. The word limbus comes from the Latin for ‘border’; in
1878 Paul Broca applied the name to an area of the brain that surrounded the thalamus
and striatum (see below) and appeared to separate the older brainstem from more recent
cerebral cortex. Because of its relatively large size in lower animals, Broca believed that
the limbic lobe had a mainly olfactory function. But, clearly, this does a great injustice to
this large part of the brain. Later, it was shown that this area actually contained a num-
ber of interconnected structures which were designated the limbic system by Paul
MacLean in 1952. Although there is still considerable debate over whether these struc-
tures really do constitute a ‘system’, there is little doubt that this brain region plays a
major role in producing drives, motivation and emotions. It also plays an important part

Plate 1.2 Midsagittal section through the brain drawing attention to the hypothalamus and thalamus

Source: F. Toates (2001) Biological Psychology, p. 108, Prentice Hall; photographer, R.T. Hutchings
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in determining human behaviour – not least because it has been shown to be involved in
producung the feelings of pleasure, anxiety and fear. Consequently, it has been said that
the limbic system tends to control us, rather than we it (Stein and Stoodley 2006).

The anatomy of the limbic system is complex and difficult to visualise. One of the
most conspicous structures of the limbic system is the hippocampus which is found in the
medial aspects of the temporal lobe (see Figure 1.25). Partly surrounding the hippocam-
pus is phylogenetically ‘old’ cortex, including the entorhinal cortex (which provides the
perforant pathway into the hippocampus), parahippocampal cortex and pyriform cortex.
Another striking feature of the limbic system is the fornix, which is a massive (in humans
it contains over 1 million fibres) long arching pathway that connects the hippocampus
with the mammillary bodies and hypothalamus. In turn, pathways are known to ascend
from this part of the diencephalon via the anterior thalamus to the cingulate cortex, which
wraps itself around the upper part of the corpus callosum, and which contains a large
bundle of fibres called the cingulum, which projects back to the hippocampus. Another
important structure found in the limbic system is the amygdala which lies anterior to
the hippocampus. This structure also has two descending pathways to the hypothalamus (the
ventral amydalofugal pathway and stria terminalis) and a pathway that projects to
the prefrontal cortex via the mediodorsal nuclei of the thalamus.

Basal ganglia

If we move sideways from the thalamus we come to a set of structures that comprise
the basal ganglia (literally meaning ‘basal nuclei’) (see Figure 1.26). The three main
structures of the basal ganglia are the caudate nucleus (which also has a tail that curls
over the top of the thalamus); the putamen which is separated from the caudate by the
fibres of the internal capsule; and the globus pallidus (pale globe) which lies medial

Figure 1.25 Location of the limbic system

Source: Neil R. Carlson, Physiology of Behaviors, 6th edition. Copyright © 2001 by Pearson Education
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to the putamen. The caudate nucleus and putamen are also referred to as the corpus
striatum – a term invented by Thomas Willis in 1664 who noted that this structure had
a very distinct striated appearance of white and grey bands. Two other structures gen-
erally regarded as important components of the basal ganglia are the substantia nigra
which innervates the corpus striatum with dopaminergic neurons, and the subthalamic
nucleus which has reciprocal connections with the globus pallidus.

Traditionally, the basal ganglia have been considered as important structures of the
extrapyramidal motor system (that is, the motor system of the brain whose output fi-
bres do not coss in the pyramidal regions of the medulla). Indeed, one can discern
some of the most important functions of the basal ganglia by examining the main
symptoms of Parkinson’s disease (rigidity, tremor and ‘slow’ movement) that are
known to result from degeneration of the nigral–striatal pathway. Thus, the basal gan-
glia would appear to be involved in the co-ordination of motor activity, allowing it be
automated (i.e. undertaken without ‘thinking’), smooth and fluent. Although the
nigral–striatal pathway is a significant projection to the corpus striatum, the largest
projection actually derives from motor areas of the cerebral cortex which innervate the
corpus striatum with fibres using the neurotransmitter gluatmate. In turn, the output
fibres of both caudate and putamen project to, or pass through, the globus pallidus.
From here, a major pathway travels back to the cerebral cortex via the ventral nuclei
of the thalamus, with a smaller projection also going to the substantia nigra.

To make matters more complex the caudate nucleus, putamen and globus palidus
also have ventromedial extensions which extend deeper into the brain. In doing this,
they appear to take on a more important role in emotional functions. In fact, the ven-
tral striatum is sometimes called the limbic striatum for this reason. Other structures
associated with the ventral striatum include the nucleus accumbens, olfactory tubercle,
substantia innominata and basal nucleus of Meynert (which provides the forebrain
with most of its cholinergic fibres). Much more needs to be learned about this mysteri-
ous part of the brain.

Figure 1.26 Location of the basal ganglia

Source: Neil R. Carlson, Physiology of Behavior, 6th edition. Copyright © 2001 by Pearson Education
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Cerebral cortex

The most striking feature of the human brain is undoubtedly the two symmetrical
wrinkled cerebral hemispheres that form the cerebral cortex (see Plate 1.3). This is
truly remarkable sturcture which has been estimated to contain some 100,000 km of
axons, and many millions of synapses. The cerebral cortex has a deceptive appearance:
it is only around 2–3 mm thick, but is highly folded (not unlike a piece of paper that
has been screwed up) which allows its large area to fit inside the small confines of the
skull. In fact, if the cerebral cortex was flattened out its total surface area would be
about 75 cm2 (2.5 ft2) (Nolte 1999). Because of this, about two-thirds of the cortex is
hidden from view in fissures (or sulci) which are the gaps between the surface ridges
(or gyri). The main fissures also make good surface landmarks to distinguish different
regions of the cerebral cortex (Figure 1.27). For example, all the cortex anterior to the
central fissure (sometimes called the Rolandic fissure) comprises the frontal lobe,
whereas the tissue posterior to it forms the parietal lobe. Another sulcus called the

Plate 1.3 The brain, highlighting some sulci and gyri: (a) superior view, (b) lateral view

Source: F. Toates (2001) Biological Psychology, p. 110, Prentice Hall; photographer for (a), R.T. Hutchings; source of photograph (b),
Omikron/Photo Researchers, Inc.
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parietal–occipital fissure separates the parietal lobe from the occipital lobe which is lo-
cated at the back of the cerebral cortex. The other main region of the cerebral cortex
is the temporal lobe which is separated from the frontal and parietal lobes by the
lateral fissure (sometimes called the Sylvian fissure).

When examined under a high-powered microscope it can be seen that about 90 per cent
of the cerebral cortex is made up of six layers (this is sometimes called neocortex)
which is anatomically more complex than the more primitive three-layered cortex
(archicortex) found mainly in parts of the limbic system. About two-thirds of neurons
in the cerebral cortex are pyramidal cells, so called because of their pyramidal shaped

Figure 1.27 The main lobes of the cerebral cortex
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cell bodies. These neurons also have apical dendrites that extend from the apex of the
pyramid straight to the cortical surface, and long axons that can travel some distance
in the brain Despite this, there is considerable variation in the types of cells, and their
arrangement, found within the cerebral cortex. For example, in 1909, Brodmann di-
vided the cerebral cortex into 52 different regions based on anatomical differences
(now known as Brodmann’s areas) and showed that this cortical organisation was sim-
ilar in all mammals. Most researchers now believe that these anatomical differences re-
flect different functions that are undertaken by the cerebral cortex.

The functions served by the cerebral cortex are extremely varied. For example,
the cerebral cortex contains the primary sensory areas that are specialised for receiv-
ing visual, auditory and somatosensory (touch) input. This information is relayed to
the cortex by specific nuclei in the thalamus. In addition, the cerebral cortex con-
tains a number of motor areas, including the primary motor cortex, located in the
precentral gyrus of the frontal cortex, which controls voluntary movement. The
cerebral cortex also has a number of areas that are highly specialised for under-
standing and producing language. Despite this, most of the cerebral cortex in hu-
mans is actually made up of association areas – regions that are involved in the
integration of many types of information. These regions are involved in many higher
functions of the brain – and in abilities that underpin our ability to plan and see
the consequences of our actions and to engage in various forms of abstract thought.
It is also interesting to note that the right and left hemispheres also tend to show dif-
ferent types of cognition: the left being dominant for language and the right being
dominant for spatial processing. The two cerebral hemispheres communicate with
each other by a huge fibre bundle called the corpus callosum which contains around
300 million axons.

Monoamine pathways in the brain

Examining the main regions of the brain provides one way of understanding its
anatomy, but there are also other ways of gaining important insights into its underly-
ing structure. In particular, the brain has a number of neurotransmitter systems that
are crucial to its function. The ability to trace chemical pathways in the brain was
first developed in the early 1950s when it was found that cells of the adrenal gland
would fluoresce if treated with formalin and exposed to ultraviolet light. This oc-
curred because the cells contained monoamines (primarily adrenaline) that reacted
with the formalin to produce fluorescent chemicals. This simple discovery was to be a
crucial one, because some of the most important neurotransmitter systems in the
brain also contain monoamines, and this technique provided a way to identify their
location. The first use of this method to map neurotransmitter pathways in the brain
was undertaken by Dahlstrom and Fuxe in 1964 who were able to distinguish
between noradrenaline (NA) and dopamine (DA) – which both fluoresced as green –
and serotonin (5-HT) which fluoresced as yellow. This research also showed that neu-
rons containing either NA, DA and 5-HT all arose from fairly small areas of the
upper brainstem or midbrain, and that their axons formed large diffuse pathways
that projected to many regions of the forebrain.
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The origin of most NA neurons in the brain is a small nucleus in the pontine region of
the upper brainstem called the locus coeruleus (see Figure 1.28). Remarkably, in humans,
this structure contains only around 24,000 neurons, yet they project with their multiple
axon branches to millions of cells throughout the brain, including the cerebral cortex,
limbic system and thalamus. In fact, no other brain nucleus has such widespread projec-
tions (Foote 1987). The function of this system is not fully understood although it is prob-
ably linked to attention and arousal. The raphe nuclei (also situated in the pontine region)
is a 5-HT counterpart to the locus coeruleus. There are two main raphe nuclei – the dor-
sal and the median – and they account for about 80 per cent of forebrain 5-HT. Similar to
the locus coeruleus, the raphe contains relatively few neurons, but they give rise to many
bifurcating axons with widespread projections. Although the destination of the 5-HT
axons typically overlap with the NA ones (particularly in the limbic system), there are
some places (notably the basal ganglia) where the 5-HT input predominates. It is difficult
to describe precisely the function of the 5-HT system, although it has been shown to be
involved in sleep, arousal, mood and emotion.

The DA pathways (Figure 1.29) show some important differences to the NA and
5-HT systems. Not only are there more DA-containing neurons in the brain than there
are NA and 5-HT axons (there are about 40,000 DA cells in total), but also they give
rise to four distinct pathways that have different projections. The pathway that has at-
tracted most attention (largely because of its involvement in Parkinson’s disease) is the
nigral–striatal pathway that projects from the substantia nigra to the striatum (see
Chapter 4). The substantia nigra is embedded in a region of the midbrain called the
ventral tegmental area which is also the origin of the three remaining DA pathways.
Two of these – the mesocortical and mesolimbic pathways – have long axons that proj-
ect to the frontal cortex and limbic system, respectively (these have been implicated in
schizophrenia and reward). The fourth pathway projects to the hypothalamus and
controls the release of the hormone prolactin.

Figure 1.28 Noradrenergic and serotonergic pathways in the brain
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Figure 1.29 Dopaminergic pathways in the brain

Summary

The study of the brain has a long history which stretches back well over two thousand years. One of the ear-
liest theories of brain function was formulate by the Roman physician Galen (AD 130–200) who believed
that ‘animated spirit’ (analogous to the soul) resided in the ventricles and that each ventricle had a differ-
ent mental function. This theory was to remain highly influential for over 1,500 years, partly because it was
compatible with Christian beliefs about the immortality and non-material nature of the soul. The first break
with this tradition can be said to have began with the French philosopher René Descartes (1596–1650)
who argued that much of our behaviour is not ‘self-willed’ by the soul, but is ‘mechanical’ and reflexive.
The gradual acceptance of this view enabled the neural reflex to become a legitimate subject for scientific
study that was largely free from religious interference. Approximately 150 years later, in 1791, the Italian
Luigi Galvani discovered that the ‘force’ in nervous tissue was not animated spirit but electricity – thereby
refuting Galen’s doctrine. Although the microscope had been invented in 1665 by Robert Hooke, it was not
until the late nineteenth century, with the development of more powerful instruments and of biological
staining, that the nerve cell and its various components were clearly identified. The first stain to allow indi-
vidual neurons to be visualised was discovered by Camillo Golgi in 1875, and this soon allowed others
such as Santiago Ramón y Cajal to meticulously draw the structure of different brain regions and their in-
terconnections. It was also realised that nerve cells are not physically joined, but are separated by small
gaps – and these were termed synapses by Charles Sherrington in 1897. At first the nature of the message
that crossed the synapse was not known. However, on Easter Sunday in 1921, an experiment undertaken
in the early hours of the morning by Otto Loewi showed that synaptic transmission was chemical in nature.
Despite this, how neurons generated electrical impulses was still not known. In 1936, John Z. Young dis-
covered a giant neuron in the body of the squid which was about 1 mm in diameter and which could be im-
planted with a recording electrode. It was this preparation which was to allow Alan Hodgkin and Andrew

Huxley to describe the formation and propagation of the action potential (nerve impulse) in 1952.

To understand how an action potential is generated, it is important to realise that the voltage inside a
nerve cell, when it is at rest, is negative compared with the outside. In fact, it is about –70 mV, and this is
called the resting potential. The reason for the voltage difference lies with the distribution of ions (atoms
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that have lost or gained an electron that makes them positively or negatively charged) which are found in-
side and outside the neuron. More specifically, the inside of the neuron contains a large amount of nega-
tively charged anions, along with positive potassium ions (K�) and the extracellular fluid contains a high
solution of positive sodium (Na�) ions. This also creates a state of tension with Na� ions being strongly at-
tracted to the inside of the cell by chemical and electrostatic forces. However, the neural membrane forms
a partial barrier that stops the flow of ions into and out of the cell, and a sodium–potassium pump further
helps to maintain this uneven distribution of ions. The neuron is also being bombarded by neural inputs
reaching its dendrites and soma, and if these are sufficient to increase the resting potential at the axon
hillock by about �15 mV, the membrane opens its sodium channels, enabling sodium ions to rush into
the cell. This, in turn, increases the voltage in the neuron to about �30 mV in less than one-thousandth of
a second. This is the start of the action potential which then passes down the axon by the process of
saltatory conduction until it reaches the axon ending. Here where the fusing of synaptic vesicles with the
membrane takes place (exocytosis), and neurotransmitter is spilled into the synaptic cleft.

The adult brain is believed to contain around 12 billion neurons, and about ten times more glial cells. It begins
as an extension of the spinal cord called the brainstem. This is composed of the medulla, which then enlarges
to become the pons. Running through much of the brainstem is the reticular system (known to govern arousal
and sleep), while at the back of the pons lies the cerebellum (involved in movement). Sitting above the pons,
at the end of the brainstem, is the midbrain consisting of the tectum, tegmentum and periaqueductal grey

area. The midbrain has an array of functions, including sensory processing, movement and emotion. The rest
of the brain is known as the forebrain. This includes the thalamus which is situated centrally and acts as a
relay station for information going to the cerebral cortex, and the hypothalamus which controls the pituitary

gland (the master gland of the hormone system) and autonomic nervous system. The rest of the forebrain is
made up of a number of complex structures and pathways that include the basal ganglia which partially sur-
rounds the thalamus and contains the caudate nucleus, putamen, globus pallidus and substantia nigra (the
latter is actually located in the tegmentum). Traditionally, the basal ganglia have been associated with move-
ment. Another important forebrain region is the limbic system which is closely associated with old parts of the
cerebral cortex, and includes the cingulate gyrus, hippocampus, fornix, amygdala and hypothalamus. Tradi-
tionally, these structures have been implicated in emotion. Finally, the most striking feature of the human
brain is the phylogenically recent cerebral cortex with its distinctive array of ridges (gyri) and fissures (sulci).
The cerebral cortex has four main lobes – occipital, parietal, temporal and frontal – and is involved in a wide
range of higher cognitive functions including thought, language, memory, vision and movement. The two cere-
bral hemisphere are also joined by a huge fibre bundle called the corpus callosum.

Essay questions

1. Trace the history of ideas from antiquity to the present day about the workings of nerve cells. How has ani-

mated spirit been replaced by action potentials and chemical messengers?

Search terms: History of the brain. History of neuroscience. History of neurobiology. Pioneers of brain

research. Ancient ideas about the brain.

2. Explain the formation of the action potential, its propagation down the axon, and its contribution to pro-

ducing exocytosis of neurotransmitter release.

Search terms: How do neurons work? Action potential. Neurons. Ions and the resting potential. Propaga-

tion of the action potential. Exocytosis.
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Further reading

Afifi, A.K. and Bergman, R.A. (1998) Functional Neu-
roanatomy. New York: McGraw-Hill. A well illustrated
textbook that covers the neuroanatomy of the brain
along with discussion of the clinical and functional rel-
evance of the key neuroanatomical structures.

Blumenfeld, H. (2002) Neuroanatomy through Clinical
Cases. Sunderland, Mass.: Sinauer. A comprehensive
and interesting textbook which uses clinical examples
to help the student learn more about the neuroanatomy
and behavioural functions of the brain.

Breedlove, S.M., Rosenzweig, M.R. and Watson, N.V.
(2007) Biological Psychology. Sunderland, Mass.:
Sinauer. A very good and broad-ranging textbook
which is nicely illustrated. Now in its fifth edition.

Carlson, N.R. (2007) Physiology of Behavior. Boston:
Allyn and Bacon. First published in 1977 and now in
its ninth edition. A classic textbook that provides an
excellent introdution to biological psychology.

Clark, D.L., Boutros, N.N. and Mendez, M.F. (2005)
The Brain and Behavior: An Introduction to Behav-
ioral Neuroanatomy. Cambridge: Cambridge Univer-
sity Press. A good introduction to neuroanatomy for
first-time students, which also attempts to relate brain
structure to behaviour.

Diamond, M.C., Scheibel, A.B. and Elson, L.M. (1986)
The Human Brain Colouring Book. London: Harper-
Collins. This book contains detailed diagrams de-
signed to be ‘coloured in’ to help illustrate the
structure and function of the brain. Lots of fun and a
godsend for students who find the various parts of the
brain and their interrelationships difficult to visualise.

Finger, S. (2000) Minds Behind the Brain. Oxford: Ox-
ford University Press. A captivating history of brain
research from ancient times, with individual chapters
on its greatest pioneers.

Freberg, L.A. (2006) Discovering Biological Psychology.
Boston: Houghton Mifflin. A textbook that is aimed
primarily at undergraduates who are new to biological
psychology. It fulfils its aims admirably.

Klein, S.B. and Thorne, B.M. (2006) Biological Psychol-
ogy. New York: Worth. An interesting and well writ-
ten new textbook which deserves to become a
permanent fixture on students’ reading lists.

Kolb, B. and Whishaw, I.Q. (2001) An Introduction to
Brain and Behavior. New York: Worth. Another ex-
cellent textbook covering brain and behaviour with a
greater emphasis on clinical neuropsychology than
Carlson or Pinel.

Nicholls, J.G., Martin, A.R., Wallace, B.G. and Fuchs,
P.A. (2001) From Neuron to Brain, 4th edition. Sun-
derland, Mass.: Sinauer. A book which focuses on the
biological workings of the nervous system. Although
it contains relatively little on behaviour, sensory and
motor systems are discussed in detail.

Pinel, J.P. (2003) Biopsychology. Boston: Allyn and
Bacon. Another classic textbook on biopsychology
which is well illustrated. Now in its fifth edition.

Stein, J.F. and Stoodley, C.J. (2006) Neuroscience: An In-
troduction. Chichester: John Wiley. An accessible intro-
duction to neuroscience which is also very informative.

Toates, F. (2007) Biological Psychology. Harlow: Pren-
tice Hall. A comprehensive and engaging introduc-
tion to biological psychology with an emphasis on
comparative and evolutionary aspects of behavior.

Zigmond, M.J., Bloom, F.E., Landis, S.C., Roberts, J.L.
and Squire, L.R. (eds) (1999) Fundamental Neuro-
science. San Diego, Calif.: Academic Press. A massive
textbook of 1,600 pages, written by experts in the
field, which contains much of interest for the ad-
vanced student of biological psychology.

3. What happens when neurotransmitters are released into the synapse? With reference to both ionotropic

and metabotropic receptors, explain how neurotransmitters produce excitatory or inhibitory potentials in

the postsynaptic neuron.

Search terms: Neurotransmitter release. Neurotransmitter receptors. Ionotropic receptors. Second

messengers. Ion channels. Excitatory and inhibitory postsynaptic potentials.

4. Describe the main structures of the brainstem, midbrain and forebrain, including basal ganglia, limbic

system and cerebral cortex. What functions and behaviours are these regions known to control?

Search terms: Human brain. Functions of the basal ganglia. Neuroanatomy of the brain. Limbic system

and behaviour. Cerebral cortex.
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