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PREFACE TO SECOND EDITION

Eight years have passed since the first edition of this
text was published. Eight years in which the sub-
ject matter of sensory biology has seen huge devel-
opments. In particular, the molecular revolution of
our times has continued apace and culminated in the
publication of not only the human genome but also
those of many other living forms. Although to the
innocent eye the living world seems to be populated
by an almost infinite variety of forms possessing an
equally unimaginable variety of sensory systems, the
explosive development of molecular biology shows
that there is a deep underlying unity. In revising this
book I have attempted to bring out this unity to
an even greater extent than in the first edition. Not
only has each chapter been thoroughly revised with
this in mind but an additional chapter, Chapter 5, on
genes and genomics has been inserted. Otherwise the
overall organization of the book remains largely un-
changed. The major themes remain as before: foun-
dations in molecular biology and biophysics; a strong
emphasis on evolutionary development and compar-
ative anatomy; a focus on human systems; reference
to the ‘hard problem’ of the relation of our sensory
experience to the anatomy and physiology of sensory
systems.

Although the overall structure of the volume re-
mains much as it was in the first edition, each page
has been subjected to detailed revision and updat-
ing and over forty new illustrations have been added.
Several new sections have been inserted. Amongst
these are sections on transient receptor potential
channels (TRP channels), synaptic transmission,
evolution of nervous systems, arachnid mechanosen-
sitive sensilla and photoreceptors, electroreception
in the Monotremata, language and the FOXP?2 gene;

the molecular biology of pain, mirror neurons and so
on. One of the most interesting developments since
the first edition was published has been the Nobel-
Prize-winning work on olfaction in mammals and
insects and the chapters on olfaction have been ex-
panded to take this work into account. In addition
a number of new Boxes have been incorporated into
the text: on the genetics of hearing loss; on macu-
lar degeneration; on the nomenclature of genes and
proteins; on the reality of cortical columns.

As I wrote in the preface to the first edition, the
study of sensory systems can form a bridge between
the worlds of biophysics, molecular biology and neu-
rophysiology and the worlds of cognitive science and
psychology. My hope remains that the overview pre-
sented in the pages of this second edition, as in the
first, can form a basis on which special studies can
be built. Although the book provides a wide sweep
through the world of animal sensory systems the
major focus remains on mammalian and especially
on human systems. The ubiquity of the underlying
molecular biology often means that the molecular
disorders responsible for human disease and disabil-
ity can be studied in infrahuman species. Wherever
possible the opportunity is taken to bring out these
connections and to outline the molecular bases of
human sensory disorders and pathology. In spite
of this focus on human sensory systems and their
pathologies I hope that the wide coverage of other
animals brings with it another message: that in study-
ing sensory systems and their functioning we should
bear in mind that human systems are but one among
many.

In concluding, I can only reiterate the thanks of-
fered in the preface to the first edition to all those
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who helped in the production of this book and, in
particular, the many scientists and others who gave
permission to reproduce their diagrams and illus-
trations. Finally, I cannot end without reference to
the invaluable help and support of my wife, Jenny,

who wanted to know, and to whom this book is
dedicated.

C.UM.S.
January 2008



PREFACE TO FIRST EDITION

All men by nature desire to know. An indication of this is the delight we take in our senses; for even apart from their
usefulness they are loved for themselves. . .’ Aristotle, Metaphysics, Book 1, 980a

This book arises from the experience of teaching un-
dergraduate classes in the biology of sensory systems
over many years. It differs from the many other ex-
cellent texts in the subject in that, in addition to the
neurobiology, it emphasises evolution, molecular bi-
ology and the wider philosophical implications of
the subject. Humans are not the only beings with
sensory systems on the surface of this planet. We
are deeply interwoven with all the other biological
forms which populate the biosphere. Some of these
other forms, the other chordates, are related, albeit
frequently quite distantly, by a common basic de-
sign plan; others, the mollusca, the arthropoda and
so on have evolved separately for more than half a
billion years. Comparisons between these forms of-
ten show how similar sensory problems have elicited
sometimes different and sometimes remarkably simi-
lar solutions. At the basis of all these solutions are the
sensory cells and the molecular mechanisms which
make them especially sensitive to particular forms
of environmental energy. One of the most interesting
developments of recent years has been the dawning
recognition that these molecular mechanisms are of-
ten much the same from nematode to man. Under-
lying the unimaginable variety of sensory systems in
the biosphere is a remarkable unity. Finally, sensory
systems provide each of us with our private subjec-
tive world. As we study sensory systems in ourselves
and in the animals with which we share the planet

we should not lose sight of the problem posed by the
mysterious transition (is it a transition?) between the
world of molecules and cells and fibre tracts, with all
its fascinating detail, and the very different world of
scents and sounds and colours which all of us experi-
ence every day. This remains the major philosophical
problem of modern times. It appears and reappears
at intervals throughout the following pages.

The study of sensory systems forms a bridge be-
tween the world of biophysics, molecular biology,
neurophysiology and the world of cognitive science
and psychology. I hope that the overview provided
in the following pages can form a basis upon which
special studies can be built. The subject of sensory
systems, like all aspects of contemporary science, is
vast. All that has been attempted in the following
pages is to present a basis, a framework, for further
studies. In order to pursue these studies recourse has
to be made to the libraries and to the various elec-
tronic databases nowadays available. To this end a
reasonably full bibliography has been included. For
ease of reading references have not been included in
the text but are, instead, collected at the end of each
the six parts of the book with short bibliographical
introductions.

Finally, a number of self-assessment questions are
also grouped at the end of each of the six parts.
These questions are keyed into the text. After reading
a chapter, a student should turn to these questions
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and make sure that answers spring readily to mind. If
they do not, reference should be made to the relevant
section of the text to refresh the memory.

No book, and certainly no book on so vast a sub-
ject as the biology of sensory systems, springs forth
fully armed, as Athene is said to have sprung forth
from the forehead of Zeus. All, as Isaac Newton said
long ago, are founded on the work of countless pre-
decessors and contemporaries. In this book the refer-
ence lists stretch back from mid 1999 to Aristotle and
beyond, two and a half millennia ago. My thanks are
accordingly due to innumerable workers, both past
and present. In particular, those thanks must go to
the many contemporary workers who have given per-
mission to reproduce their diagrams and figures. It is
said that one well-judged illustration is worth a thou-
sand words and the books and papers of contempo-
rary science abound with high-quality line drawings
and half-tones. I am most grateful to the authors
and their publishers for permission to reproduce
them.

It is impossible in these acknowledgments to men-
tion more than a very few of those who have helped
me. In alphabetical order they would include Profes-
sor Allison for up to date information about face-
sensitive regions in the human brain, Professor Paul
Bach-y-Rita for help with the section on sensory sub-
stitution, Professor John E.Brugge for figures show-
ing the positions of the auditory cortices in cat and
monkey, Professor Alan J. Benson for a revised di-
agram of cochlear hair cells, Professor Oleg Orlov
for valuable correspondence on visual systems and
vision, Professor Adrian Horridge for information

about arthropod eyes, Professor Jim Pickles for scan-
ning electronmicrographs of cochlear hair cells. I
would also like to thank the two anonymous review-
ers of the first draft manuscript who provided expert
feed-back. This has been incorporated where possi-
ble. The usual disclaimers are, of course, operative.
All mistakes and misapprehensions are the author’s
own, not those of his advisors.

As indicated at the beginning of this preface, this
book arises from the experience of teaching under-
graduate students in biology and, latterly, in op-
tometry at Aston University. My acknowledgements
would not be complete without reference to their
critical response to my courses: as is always the case
in any teaching situation the teacher learns as much
as (if not more than) the student. I would also like
to thank my colleagues amongst the academic staff
for support and discussion and for providing the
time and facilities for carrying through this project.
Technical assistance has also proved invaluable and
I have not only benefited from the computer and
IT expertise of others but also from the expert pho-
tographic talents of our visual aids technician, Mr
Barry Brooks. Finally, in these acknowledgements,
I cannot fail to include my publishers who, as with
my previous books, have managed to put together il-
lustrations, questions, bibliographies, tables, appen-
dices, boxes and text to create a volume which (hope-
fully) will find favour amongst students and others
at the beginning of our new century.

C.UM.S.
November 1999



PART I: PRELIMINARIES

Biology of Sensory Systems, Second Edition C. U. M. Smith
© 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-51862-5



1

ELEMENTS

Origins: great antiquity - RNA and DNA - ‘selfish’ genes. Allosteric effectors: conforma-
tional change - co-operative allostery - protein kinases and phosphatases. Membranes:
lipids - fluid-mosaic structure - proteins - mobility. Receptor molecules: 7TM conforma-
tion - molecular structure - G-protein binding - desensitisisation. Membrane signalling
systems: G-proteins - structure - collision-coupling biochemistry - various effectors - var-
ious second messengers. Channels and gates: TRPs, LGICs and VGICs - Na'-channel,
structure and functioning. Concluding remarks: ubiquity of molecular elements.

Three and a half thousand million years ago the first
precursors of the prokaryocytes originated in already
ancient oceans. Even before that time primitive self-
replicating molecules had appeared in the primor-
dial broth. It is likely that these earliest replicators
were RNNA rather than DNA. This is because some
forms of RNA (the ribozymes) are known to have en-
zymic activity and replication proceeds more rapidly
when enzyme-assisted. Although DNA replication
is more efficient, it always depends on protein en-
zymes. These could hardly have been present in the
primitive oceans. In consequence the more complex
process of DNA replication must have evolved later.
But whether with RNA or DNA, and a fortiori with
the latter, effective replication depends on a multi-
plicity of molecules. It follows that these molecules
must be kept in one another’s vicinity. [t may be that
to begin with they were adsorbed on some common
surface, perhaps a clay. But the most effective means
of keeping a society of interacting molecules together
is to enclose them in a tiny bag or vesicle.

The simplest contemporary prokaryocytes are the
mycoplasmas. The smallest are only 0.3 um in diam-

eter and consist of no more than about 750 different
types of protein. But even these tiny cells are more
advanced than the protocells of three and a half bil-
lion years ago. For, in common with all contempo-
rary cells, they use DNA rather than RNA as their
hereditary material. But whether it is the simplest of
living cells or their hypothetical ancestors that are
being considered, one thing stands out: they stand
out. They stand out from their surrounding environ-
ment. Their boundary membranes separate an ‘inter-
nal’ from an ‘external’ environment. Philosophically-
inclined biologists trace the origins of the individual
to this primordial period.

All organisms live in an environment. All organ-
isms respond in one way or another to that en-
vironment. This is what distinguishes them from
inanimate objects. It is clear that the boundary mem-
brane between organism and environment must play
a crucial role. It is here that specializations develop
which are able to detect advantageous and disad-
vantageous changes. In other words, it is here that
the simplest sensory systems originate. Informed of
change in the external environment, the organism

Biology of Sensory Systems, Second Edition C. U. M. Smith
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can react to its own advantage. Advantageous, that is,
for the prospects of that organism leaving viable rep-
resentatives in the next generation. Ultimately this
can be traced down to the replicating molecules.
Those which replicate most efficiently, that is leave
more replicants in the next generation, mop up the
available resources and survive.

Let us begin at the beginning; let us look at the el-
ements from which sensory systems are constructed.

1.1 ALLOSTERIC EFFECTORS

Textbooks of biochemistry and/or molecular biol-
ogy show that enzymic proteins have a complex
three-dimensional structure. The covalently-bonded
primary structure consisting of one or more amino
acid chains is twisted into intricate conformations,
the so-called secondary & tertiary structures. These
structures are stabilized by numerous ‘weak’ forces:
hydrogen bonds, Van der Waals and hydrophobic
forces and so on. It should be stressed that these
forces are individually weak. Whereas single covalent
bonds have energies of about 100 kcal/mole (double
and triple bonds have correspondingly higher en-
ergies), hydrogen bonds have energies of only 1 to
5 kcal/mole whilst hydrophobic and the very short
range van der Waals forces are weaker still at only
some 1 kcal/mol. But although they are very weak
compared with covalent bonds, they are often very
numerous. Large numbers of these weak forces hold
the complex weave of a protein molecule in place.
This does, however, mean that the ‘higher’ struc-
ture of enzymic proteins is very fragile and easily
disrupted. It also means that the structure can often
shift from one stable conformation to another. It is
this feature which underlies the phenomenon of al-
lostery. In essence this means that when a molecule
(or ligand) binds to one site on a protein’s surface, it
causes a conformation change which unmasks an ac-
tive site somewhere else on its surface. In a sense this
can be seen as the most primitive of all sensory sys-
tems. The protein molecule alters its behaviour in re-
sponse to some factor in its environment (Figure 1.1).
Allosteric transitions play such crucial roles that
they have been said to underly all cell biology. We
shall meet them time after time in the following pages.
Frequently such allosteric transitions occur in pro-

(a)

(b)

Figure 1.1 Conceptual diagram to show the effect of an al-
losteric effector on the activity of an enzyme. AE = allosteric
effector; AS = active site; E = enzyme; S = substrate. When AE
binds to the enzyme a change is induced in the latter’s three-
dimensional conformation (symbolized by arrows) so that AS
is no longer accessible to the substrate molecule (S).

teins consisting of more than one subunit. In these
cases when a ligand binds to the allosteric site on one
subunit, it causes a change which facilitates binding
of ligands to allosteric sites on all the other subunits.
This is known as cooperative allostery and can create
a much stronger alteration in the behaviour of the
allosteric protein.

One of the most significant means of causing al-
losteric transitions is phosphorylation. We shall meet
this mechanism again and again as we study the
molecular bases of sensory systems, so it is worth-
while looking at it a little more closely here. The
phosphorylation reaction is catalysed by a protein
kinase. Protein kinases form a large family of several
hundred members all of which share a 250 amino
acid catalytic domain. The basic reaction is to trans-
fer a phosphate group from ATP to a hydroxyl group
on the side chain of an amino acid in the substrate
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Figure 1.2 A protein chain is shown with an amino acid (ser-
ine, threonine or tyrosine) side chain: aa. Protein kinase uses
a phosphate group from ATP to phosphorylate the side chain.
Protein phosphatases later dephosphorylate the side chain.

protein. Only three amino acids — serine, threonine
and tyrosine — present hydroxyl groups in their side
chains, so only these amino acids are affected. The
reaction is shown diagrammatically in Figure 1.2.

Whilst protein kinases in phosphorylating their
substrate protein cause allosteric transitions, they are
themselves subject to allosteric control. We need not
in this book follow the biochemistry any further. The
cascade of control mechanisms reaches deep into the
biochemistry of the cell. But it is worth noting that
other enzymes, the protein phosphatases, are present
in the cytosol to undo the work which the kinases
have done (Figure 1.2). These enzymes remove the
phosphate from the substrate protein thus allowing
it to relax back into its original conformation.

1.2 MEMBRANES

A second ‘element’ upon which all sensory systems
are built is the biomembrane. Although the earli-
est membranes to form in primeval times may have
been built of amino acids, all contemporary biolog-
ical membranes (or biomembranes) consist of lipid
bilayers with protein insertions. In addition, most
membranes also contain carbohydrate. The lipids
form a matrix or scaffolding in which the proteins

are embedded, whilst the carbohydrates (Where they
exist) are attached either to the lipids (glycolipids) or
to the proteins (glycoproteins) (Figure 1.3).

1.2.1 Lipids

It can be seen (Figure 1.3) that lipids form a bi-
molecular sheet. They fall into three major groups:
phospholipids, glycolipids and steroids (especially
cholesterol). There is no need to discuss their detailed
structure in this book (standard biochemistry texts
all provide good accounts). It is worth noting, how-
ever, that they are all amphipathic molecules, that is
they are partially soluble in water and partially in
organic solvents. A typical membrane lipid will have
one end bearing an electrostatic charge, so that it can
enter the water structure, and the other end cova-
lently bonded with no electrostatic charges, so that it
is at home in organic solvents. As both the extracellu-
lar and intracellular media are overwhelmingly aque-
ous, it follows that membrane-forming lipids line up
with their hydrophilic heads projecting into the aque-
ous environment and their hydrophobic ‘tails’ facing
inwards toward each other away from the watery ex-
terior or interior. Some typical membrane lipids are
shown in Figure 1.4.

From what has been said, and from Figures 1.3
and 1.4, it is clear that biological membranes are very
delicate structures. Their constituent lipids are held
in position by hydrophobic forces and by occasional
electrostatic attractions between their ‘head’ groups.
The extremely tenuous nature of the phospholipid bi-
layer means that at room temperature the individual
molecules are in continuous motion. Indeed, the hy-
drophobic fatty-acid tails of the molecules have been
likened to a basketful of snakes, squirming about in
perpetual motion. The interior of the membrane is
thus, to all intents and purposes, an organic fluid.
We shall see that the extreme fluidity of the lipid
matrix of biomembranes is of considerable signifi-
cance in sensory systems when we come to consider
G-protein signal transduction.

Not all the lipid constituents of biomembranes are,
however, as labile as the phospholipids. Cholesterol,
in particular, is a very different type of molecule. As
shown in Figure 1.4, it consists of three different re-
gions: a hydrophilic ‘head’ consisting of the hydroxyl
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In this diagram the membrane has been quickly frozen to the temperature of liquid nitrogen and then broken open.

The fracture plane runs along the centre of the lipid bilayer. The figure shows how proteins are embedded in the membrane and
also the position of carbohydrate chain (‘strings of sausages’) projecting from the external face. Reproduced by permission of
Executive of the Estate of Bunji Tagawa from Birgit Satir, ‘The final steps of secretion’, Scientific American, October 1975, p. 33.

group, a flat plate-like steroid ring and a flexible hy-
drophobic tail. The quantity of cholesterol present in
biomembrane varies considerably. When it is present
it stiffens the membrane and reduces its fluidity.
The fluidity of a membrane is, in fact, deter-
mined not only by the quantity of cholesterol that it
contains but also by the length and saturation of the
fatty acids that form its core. In artificial membranes
formed of a single lipid species there is a sharp ‘tran-
sition temperature’, characteristic of the particular
phospholipid, when the membrane changes from a
fluid into a gel state. This temperature varies from
place to place in a natural biomembrane depending
on the amount of cholesterol and the saturation of
the phospholipid ‘tails’. A natural membrane can
thus be envisaged as a mosaic of different fluidities.

1.2.2 Proteins

Embedded in this patchwork quilt of a membrane are
the proteins. Although glycolipids (such as the cell
adhesion molecules) are of great importance in inter-
cellular recognition, the most important functional
characteristics of biomembranes are conferred not
by their lipids but by their proteins. The quantity of
protein present varies from about 20% of the mass
(myelin) to about 75% of the mass (mitochondrial
inner membrane). Most membranes contain about
50% protein by mass.

The majority of proteins (as shown in Figure 1.4)
are embedded in the membrane. They ‘float’ like
icebergs in the variable phospholipid ‘sea’, or, to
put it another way, they form a mosaic in the fluid
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Figure 1.5 Some of the ways in which pro-
teins are associated with membranes. The in-
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tramembranous cylinders represent alpha he-
lices. (a) A single alpha helix passes through
the membrane; (b) a number of alpha helices
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phospholipid matrix. This concept is, for this rea-
son, called the ‘fluid-mosaic’ model. In most cases
the proteins project all the way through the bilayer
and extend into both the intracellular and extracel-
lular spaces. In other cases the proteins are attached
to the membrane by a fatty acid chain, phospholipid
or prenyl group. In these latter cases the protein it-
self is located in the cytosol. Some of these various
means of attachment are shown in Figure 1.5. We
shall see that membrane-bound proteins form the
basic elements of all sensory receptors.

Transmembrane proteins are constructed in such
a way that they have hydrophobic domains embed-
ded in the membrane and hydrophilic domains pro-
jecting into the aqueous intracellular and/or extra-
cellular compartments (Figure 1.5). In comparison
with globular proteins of the aqueous cytosol the in-
tramembranous domains of membrane proteins are,
in a sense, inside out: their hydrophobic amino acid
residues point outwards, their hydrophilic residues
are tucked inside toward their cores. This ensures
that the proteins stick in the membrane. Very com-
monly, as shown in Figure 1.5, the intramembra-
nous domains consist of alpha-helical segments.
Again, the vast majority of the amino acid residues
making up these intramembranous alpha-helices are
hydrophobic.

Studies which involve the incorporation of enzy-
matic proteins into artificial lipid bilayers show that
the activity of such proteins is conditioned by their
lipid environment. Features of the bilayer such as
length of fatty acid chains, degree of saturation and
the nature of the lipid ‘heads’ all influence the bio-
logical activity of the enzyme. Just as water-soluble
enzymes are affected by features of the aqueous en-
vironment (pH, salt concentration, etc.), so lipid-

pass and repass the membrane; (c) the pro-

tein is held to the cytoplasmic leaflet of the

bilayer by a fatty acid chain or prenyl group

(significant examples of this are provided by G-

proteins); (d) a membrane embedded protein

is non-covalently attached to another protein in
(d) the cytosol.

embedded enzymes are affected by the precise nature
of their lipids which surround them.

1.2.3 Mobility of Proteins

We have already likened membrane proteins to ice-
bergs floating in a lipid sea. It is not surprising, then,
to find that many have considerable lateral mobility.
In the next section we shall see that this mobility
has been pressed into service, with great effect, in
the development of signalling systems based on pro-
teins shuttling in the plane of the membrane. Protein
diffusion coefficients range from about 10~ cm?/s
for visual pigments in rod-cell outer-segments to
about 107! cm?/s for proteins in other membranes.
In the first case a protein would travel about 0.1 um
(0.1 micron) per second, in the latter case 0.001 um/s.
There are a number of reasons for these great differ-
ences in mobility. First, it may be due to the dif-
ferential lipid constitution of the membrane which,
as indicated above, affects its fluidity. Or it may be
that the protein is part of a large multiplex of other
proteins and thus rendered too bulky to move easily.
Alternatively, it may be impeded by structures ex-
ternal to the membrane, cell junctions, desmosomes,
tight junctions and so on. Last, but far from least, it
may be that the membrane protein is anchored to an
element of the submembranous cytoskeleton.

1.3 MEMBRANE SIGNALLING SYSTEMS

The boundary membranes of cells, located as they
are between the external environment and the inter-
nal environment of the cell’s cytosol, have developed
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Figure 1.6 Schematic diagram to show G-protein signalling
system. S = stimulus; R = membrane receptor; E = effector
(enzyme, ion channel, etc.); M = second messenger.

many biochemical mechanisms which ‘transduce’ ex-
ternal events into ‘messages’ released into the cy-
tosol. Most of these ‘mechanisms’ take the form of
protein molecules embedded in the membrane. Some
are ion channels which open directly in response to
mechanical stimuli, others depend on the mobility
of other proteins in the biomembrane. In essence the
latter depend on the presence of a receptor molecule
which can recognize an environmental stimulant and
a means of transforming this recognition into a mes-
sage which can diffuse into the receptor cell’s cytosol.
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As this type of receptor is of such importance and
ubiquity, let us examine it in some detail. The system
consists of three parts: the receptor molecule itself,
a means of signalling its activation to a membrane-
bound ‘effector’ and the effector itself. The system is
shown schematically in Figure 1.6.

1.3.1 Receptor Molecules

The most important type of receptor molecule
is the so-called “7TM’ ‘serpentine’ receptor. It is
called a 7TM receptor as it makes seven passes
through the membrane or, in other words, has seven
transmembrane domains (Figure 1.7). Its sinuous
course through the membrane is also reminiscent
of a serpent. 7TM receptors are found not only in
receptor cells but also in the subsynaptic membranes
of metabotropic synapses. Many, but not all, 7TM
receptors are evolutionarily related. They form an
extremely large superfamily of proteins, indeed it
has been found that some 2% of the mamamalian
genome codes for these proteins.

Figure 1.7 Architecture of a 7TM receptor. (a) Schematic view: the seven transmembrane (TM) helices are shown as columns
in the membrane numbered 1-7. The N-terminal sequence is extracellular and normally has carbohydrate sequences attached
(glycosylated). This is represented by Y’s. The extracellular loops are labelled e-1, e-2, e-3 and these may also sometimes
by glycosylated. The intracellular loops i-1, i-2, i-3 provide recognition surfaces for specific G-proteins. The dark spots signify
phosphorylation sites for protein kinase and the crosses represent sites which specific desensitising protein kinases affect. (b)

Three-dimensional conformation of the receptor in the membrane.
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The plan view of Figure 1.7a shows how the seven
transmembrane segments traverse the membrane. It
also shows that there are also large extracellular and
intracellular domains. Figure 1.7b shows that, when
looked at in three dimensions, the seven transmem-
brane segments form the pillars of a hollow column,
orientated rather like a ‘barrel of staves’.

The 7TM receptors not only share a common ar-
chitectural theme but also a common membrane-
bound means of signal amplification. This mecha-
nism (as we shall see in the next section) capitalizes
on the lateral mobility of proteins, in this case
G-proteins, in biomembranes and on the fact that the
lipid bilayer holds such proteins in close proximity to
each other so that they cannot diffuse away into the
cytosol. Because 7TM receptors are almost always
coupled to a G-protein system they are often known
as G-protein coupled receptors (GPCRs). Careful
structure—function analysis of the 7TM receptors
shows that the first, second and third cytoplasmic
loops (i-1, i-2 and i-3) and the carboxy-terminal
tail (Figure 1.6a) are crucial to G-protein bind-
ing, with the third loop particularly involved in the
recognition of particular G-proteins. Ultimately,
when a receptor has been overexposed to its agonist,
it becomes markedly less responsive. This is known as
desensitization. We shall come across it many times in
the following pages. Desensitization is brought about
by specific protein kinases (Section 1.1) phosphory-
lating the hydroxyl groups of serine, threonine and
tyrosine residues in the carboxyterminal tail of the
receptor. These residues are symbolized by crosses
in Figure 1.7a. They are additional to serine, thre-
onine and tyrosine residues, which are affected by
by nonspecific protein kinase (symbolized by spots).
These phosphorylations, as we saw in Section 1.1,
alter the three-dimensional conformation of the re-
ceptor. Sensitivity is restored by dephosphorylation
by one of the many phosphatase enzymes that pop-
ulate the cytosol.

1.3.2 G-proteins

When a 7TM receptor molecule located in the mem-
brane of a sensory cell is activated by some change
in the external environment it undergoes a confor-
mational change. Recent successes in analysing the
type-example of a GPCR, the (3;-adrenergic recep-

tor, at a 3.4/3.7 A resolution has allowed molecu-
lar biologists the first detailed look into the precise
chemical mechanisms which produce this change.
The conformational change triggers an allosteric
change in the associated G-protein (Guanine-binding
protein) causing it to release its bound GDP which
is quickly replaced by GTP. Once this has hap-
pened the G-protein complex splits into its con-
stituent units (see below), which are released to travel
in the membrane to activate an effector molecule
also located in the membrane. This often (not al-
ways) leads to the release of a second messenger into
the cytosol. The process is shown schematically in
Figure 1.9.

The G-proteins involved in signal transduction are
members of another large superfamily of proteins.
They have been described as precisely engineered
time-switches which can turn on and off the activity
of other molecules. All the G-proteins are switched
‘on’ by binding to GTP and switched ‘off” by the hy-
drolysis of GTP to GDP. This hydrolysis is catalysed
by the GTPase activity of the G-protein itself. The
process is comparatively slow, ranging from a few
seconds to a few tens of seconds.

The G-proteins of biological membranes all have
a heterotrimeric structure. They consist of a large
alpha subunit (circa 45kDa) and smaller beta and
gamma subunits (Figure 1.8). The alpha subunit
possesses the GTPase activity and in the inactive
(or ‘off’) state it holds a GDP molecule in its ac-
tive site. The smaller beta and gamma subunits are
bound closely together; indeed it is impossible to sep-
arate them in physiological conditions. In the inactive
state the beta—gamma complex is firmly attached

Extracellular
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Figure 1.8 Conformation of a heterotrimeric membrane-
bound G-protein. The o-subunit is shown with a cavity rep-
resenting a site for GDP or GTP.
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Figure 1.9 G-protein signalling system in a biological membrane. (a) Resting phase. (b) Ligand attaches and activates receptor.
This causes a conformational change which releases the o-subunit of the G-protein. It also causes a conformation change in this
subunit so that GDP is released from its binding site and the 3y-dyad set free. (c) The «-subunit is activated by accepting GTP and
travels to the effector. (d) The a-subunit docks with and activates the effector which, in turn, catalyses the production of a second
messenger, for instance cAMP, which diffuses into the cytosol. The o-subunit also catalyses the dephosphorylation of GTP to GDP
and Pi. (e) Dephosphorylation of GTP deactivates the «-subunit which consequently detaches from the effector. (f) The receptor
is deactivated by loss of its ligand and by other biochemical reactions (see text) and the receptor-G-protein complex is reformed.
Stippling = activation; E = effector; L = ligand; R = GPCR.
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to the alpha subunit. The gamma subunit is linked
to the cytoplasmic leaflet of the biomembrane by a
20 carbon geranylgeranyl tail (related to cholesterol)
and the alpha subunit is also linked into the mem-
brane by a 14 carbon fatty-acid (myristic acid). These
linkages ensure that the G-protein complex is both
held in the plane of the membrane and is also able to
move easily in that plane.

Alpha subunits are very variable. Those found in
the olfactory system are, for example, distinctively
different from those in the visual system. The beta
and gamma subunits are less heterogeneous; even
so, a number of different types are known. This
molecular heterogeneity makes it possible to ‘design’
flexible and well-adapted signalling systems. We shall
discuss this further when we meet with specific in-
stances in later chapters.

When a GPCR is activated, it undergoes a confor-
mational change which is transmitted to the alpha
subunit of its attached G-protein complex. This, in
turn, undergoes an allosteric transition releasing its
GDP, separating from the receptor and from its beta
and gamma subunits. As there is normally a plen-
tiful supply of GTP in the cytosol, it diffuses in to
occupy the vacant site on the alpha subunit. The
beta—gamma complex goes its separate way. The al-
pha subunit with its attached GTP is now able to
interact with an ‘effector’ in the membrane, an en-
zyme such as adenylyl cyclase, perhaps, or phospho-
lipase C-f3 (PLC-p) or an ion channel such as TRP
or mAChR. The enzyme may be switched on or off,
the ion channel up or down regulated. Again we shall
look at specific examples in later chapters. But this
interaction only lasts so long as the alpha subunit
retains its GTP. But, as we noted above, the alpha
subunit is in fact a GTPase. So, very soon, the GTP
attached to the alpha subunit is hydrolysed to GDP.
When this happens, the alpha subunit changes its
conformation once again and can no longer activate
the effector. Soon the alpha-GDP meets up with
the beta—gamma dyad, forms once again the timeric
complex and reattaches to the deactivated receptor,
thus completing the cycle (Figure 1.9).

Until recently it was believed that the beta—gamma
complex played no real part in membrane signalling.
That assumption is now being questioned. There is
evidence that the complex may have an independent
role. It is possible that it is able to inhibit the activity

of free alpha subunits, or it may have an independent
effect on membrane effectors.

1.3.3 Effectors and Second Messengers

There are various classes of effector molecule: cy-
clase enzymes, phospholipases, phosphodiesterases,
membrane channels. We shall meet instances of all
these effectors in this book. Similarly, there are
various types of second messenger: cAMP, cGMP,
inositol triphosphate (IP; or InsP3), diacylglycerol
(DAG) and the ubiquitous Ca®* ion. In this section
we examine only two classes of effector, the adeny-
lyl cyclases (ACs) and phospholipase C-f3 (=PIP,-
phospholipase) both of which engender important
‘second messengers’. We shall consider the role of
phosphodiesterases and membrane channels and the
other second messengers as appropriate in later parts
of this book.

1.3.3.1 Adenylyl Cyclases

These enzymes catalyse the formation of cCAMP: a
ubiquitous and, perhaps, the most important ‘sec-
ond messenger’ in animal cells. In turn, the most
important role of cAMP is to activate the cAMP-
dependent protein kinase (PKA). Once activated this
multimeric enzyme phosphorylates (with the help of
ATP) one or other of the many biologically active
proteins present in the cell - enzymes, receptor and
channel proteins, nuclear histones, transcription fac-
tors. The phosphorylation is normally of a serine,
threonine or tyrosine residue, and the effect is ei-
ther to inhibit (note the desensitization of G-coupled
receptors already mentioned above) or activate the
protein. Dephosphorylation back to the original sta-
tus is by one of the many phosphatase enzymes with
which the cytosol abounds.

Molecular biological techniques have shown there
to be at least six different adenylyl cyclases in mam-
malian cells. All have a molecular weight of about
120-130kDa and examination of hydrophobic se-
quences indicates that there are twelve transmem-
brane segments. The six cyclases differ in their sensi-
tivity to the beta—gamma complex of G-proteins and
to the calcium binding protein, calmodulin. Type 1
AC is, for instance, stimulated by Ca’*calmodulin
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and inhibited by the beta—gamma dimer whilst Type
2 AC does not respond to the first and is stimulated
by the second.

1.3.3.2 Phospholipase C-g (=PLC-8 or
PIP,-phospholipase)

The activation of this second important effector
results in the production of two second messen-
gers: inositol triphosphate (IP3) and diacylglycerol
(DAG). Both these second messengers are derived
by the cleavage by PLC- of the phospholipid,
phosphatidyl-inositol 4,5 biphosphate (PIP;), which
is predominantly located in the inner leaflet of the
plasma membrane (Figure 1.10).

Figure 1.10 shows a membrane receptor picking
up some external signal that leads via a G-protein
mechanism to the activation of membrane-
embedded PLC-f3. This then reacts with PIP, to pro-
duce IP; and DAG. IP; is a water soluble molecule
and hence it readily diffuses away into the cytosol.
Here it may interact with receptors in the membranes
of the endoplasmic reticulum (ER) leading to a re-
lease of Ca’*. These ions have many and varied ef-
fects on cellular biochemistry. Ultimately IP; is inac-
tivated by inositol triphosphatase. DAG, on the other
hand, is hydrophobic and hence remains behind in
the membrane.

We have not finished with the system yet. For the
DAG left behind also has a job to do. It interacts
with other membrane-bound proteins. There are two
important cases: protein C kinase (PKC) and the
transient receptor protein (TRP). These reactions are
Ca’*-dependent. Consequently, when the Ca’* con-
centration of the cytosol rises (an effect, as we have
just seen, of IP3) DAG activates PKC and/or TRP. In
the case of PKC, the activation requires the presence
of phosphatidyl serine as well. This phospholipid is
also located in the membrane’s inner leaflet. The
aroused PKC can now activate proteins that elicit
specific biochemical responses. In neurons a number
of effects have been demonstrated, including synthe-
sis and secretion of neurotransmitters, alterations to
the sensitivity of receptors and the functioning of the
cytoskeleton. We shall outline the affect of DAG on
TRP in the next section.

It can be seen from the above account that G-
protein systems provide an extremely flexible means
of transforming an external signal into a second mes-
senger which can diffuse into the cytosol. The second
messenger may take a number of forms (depending
on the effector enzyme) but by far the most com-
mon is cyclic AMP (cAMP). Alternatively, as noted
above, the alpha subunit may affect the operation of
a membrane channel and this in its turn may alter
the electrical polarity of the membrane.
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Figure 1.10 Second messenger formation via PLC- 3. The activated receptor leads via the G-protein coupling system to activation
of PLC-f. PLC-f3 catalyses the splitting of the membrane lipid PIP; into IP3 and DAG. IP3 diffuses into the cytosol; DAG remains

in the membrane where it may exert further effects.
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1.4 CHANNELS AND GATES

We saw above that biomembranes consist of pro-
teins embedded in a lipid bilayer. The bilayer effec-
tively prevents hydrophilic substances crossing the
membrane. Embedded proteins act both as pumps
and gated channels. We shall see in Chapter 2 that
the pumps create a concentration gradient of small
inorganic ions and hence a voltage gradient across
the membrane. Other embedded proteins form hy-
drophilic channels through which inorganic ions and
other water soluble materials can travel. Some of
these channels, the so-called ‘leak’ channels, allow
ions, such as potassium ions, to flow along their con-
centration gradients into or out of the cell; others
play a more active role and act as gates control-
ling these flows. When these gates open, ions flow
down their electrochemical gradients and the volt-
age across the membrane consequently drops. This
change in voltage is known as receptor potential and
in most cases is the first sign that an environmental
change has been detected.

We shall meet many examples of these channels
and gates in the following pages. There are several
types: those directly affected by the environmental
change, those activated by ligands (ligand-gated ion
channels or LGICs) and those controlled by the volt-
age across the membrane (VGICs). The very large su-
perfamily of TRP channels contains members which
are responsive to all three types of stimuli.

1.4.1 TRP Channels

TRP channels were first discovered in Drosophila,
where photoreceptors carrying certain gene muta-
tions exhibited a transient receptor potential to con-
tinuous light, hence the acronym TRP. The channels
responsible for this effect, the TRP channels, were
isolated and their sequences analysed and used to
search for similar channels in other organisms. It
turns out that TRP channels are found throughout
the living world, from Archaea to humans. Evolu-
tion has pressed them into many uses. In yeast TRP
channels sense hypertonicity; in Nematode worms
they sense noxious chemicals and touch; in mice they
detect pheromones; in humans they are involved in
sensing temperature, taste and are believed to play
a crucial part in detecting sound These are just a

few of the roles TRP channels play. We have already
seen that they were first found playing a part in pho-
toreception; they also have a fundamental role in
mechanosensitivity. TRP channels are, moreover, not
restricted to reacting to happenings in the external
environment. They are deeply involved in responding
to changes in the internal environment too. They are
involved in detecting pH, osmolarity, vasodilation,
growth cone guidance and numerous other aspects
of the body’s physiology.

Their very widespread distribution in the living
world and the many uses to which they have been
put indicates that they evolved very early in life’s
history. Indeed, they are believed to represent the
most ancient of the cell’s sensors. Metazoan TRPs
have evolved into two major groups, Group 1 and
Group 2 (Figure 1.11). Group 1 consists of five
families (TRPC, TRPN, TRPM, TRPV and TRPA)
while Group 2 consists of two families (TRPP and
TRPML). Because their origin is so ancient and their
common ancestor so far in the past, these families
show rather little similarity in their amino acid se-
quence. That they are all members of the same su-
perfamily of molecules is, however, shown by their
sharing common tertiary and quaternary structures.

We have already noted that the tertiary struc-
ture involves six transmembrane domains (S1-S6)
(Figure 1.12a). The so-called quaternary structure
consists of four of these 6TM subunits, which may
be similar or dissimilar, grouped around a central
pore (Figure 1.12b). The architecture of this trans-
membrane pore is similar to that of the bacterial
KcsA channel first worked out by MacKinnon and
colleagues in Streptomyces lividans, and the total
tetrameric structure is similar to that of the 6TM
K*-channels, which play such important roles in the
biophysics of nerve cell membranes. Each of the sub-
units is orientated so that transmembrane segments
S5 and S6 line the pore, forming a structure very
much like an inverted wigwam, and between them
provide a filter which selects cations, especially Ca>*
(Figure 1.12c¢).

It can be seen from Figure 1.12a that both N-
and C-terminal ends of the polypeptide chain are lo-
cated in the cytoplasm. These cytoplasmic domains
are highly diverse and confer different properties on
the different families. There is evidence (as yet not
fully conclusive) that stretching forces in the mem-
brane pull open the pore and that the selectivity filter
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Figure 1.11 Schematic to show the evolutionary relationships

of TRP channels. The number of members in each family as
presently known is given and the involvement of the differ-
ent TRP channels in sensory systems is indicated. Nomencla-
ture: TRPA (ankyrin); TRPC (canonical); TRPM (melastatin),
TRPML (mucolipin); TRPN (no mechanoreceptor potential C:
NOMPC); TRPP (polycystin); TRPV (vanilloid)). Further ex-
planation in text. Adapted from Venkatachalam and Montell
(2007).
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Figure 1.12 Structure of TRP channel. (a) Six helices (rep-
resented by cylinders) span the membrane. Between helix five
and six there is a short helix followed by a series of amino
acids (represented by zig-zag) which constitute the selectiv-
ity filter (P). (b) Plan view to show the disposition of the four
subunits of the complete channel in the membrane. The pore
(P) complex (represented by a ‘hairpin’) in each subunit faces
inward to form the channel. (c) Detail of the channel. For sim-
plicity only two of the subunits are shown and of these only the
S5 and S6 transmembrane segments. The channel is a little
over 5 A in diameter and the selectivity filter consists of a group
of amino acid residues represented by the ‘saw-tooth’ section
between P and S6.
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then ensures that Ca* and, to a lesser extent, Na*
stream inward down their steep concentration gra-
dients. This, as we shall see in Chapter 2, would de-
polarize the membrane (detectable as a receptor po-
tential). Changes in ambient temperature also open
TRP channels, although the biochemical mechanism
is as yet not known. Thus TRP channels are directly
involved in sensing mechanical and thermal stimuli.

Some TRP channels depend on 7TM receptors de-
tecting other stimulus modalities — chemical or elec-
tromagnetic. Once a 7TM receptor is activated by
an appropriate stimulus, a collision-coupling mech-
anism operates via PLC-f3 and DAG (as indicated in
the previous section) to open TRP channels (Figure
1.10).

TRP channels are rapidly shut again by Ca’*,
which only exists in a free state for a few microsec-
onds within the cytoplasm before being bound.
Because TRP channels are responsive to many
different types of stimuli, they are thought to play
an integrative role in a cell’s response to its environ-
ment. We shall meet TRP channels frequently in the
following pages.

1.4.2 Ligand-Gated lon Channels (LGICs)

There are many varieties of LGIC. The most in-
tensively investigated is the nicotinic acetyl choline
receptor (nAChR). This consists of a massive
(268 kDa) pentameric protein embedded in the mem-
brane. The five subunits consist of two (461 amino
acid) o-subunits, one (493 amino-acid) B-subunit,
one (506 amino acid) y-subunit and one (522) &-
subunit. Each subunit makes four transmembrane
passes (Figure 1.13a) and the five subunits are com-
pactly assembled to surround a central ion pore
(Figure 1.13b). When the ligand, in this case acetyl-
choline (ACh) attaches to binding sites on the two
alpha subunits, the channel opens and univalent
cations flow long their electrochemical gradients.
Charged amino acids on TM2 (Figure 1.13) line the
pore and select the ions that can pass through the
channel.

Many other types of LGICs are known. These
are activated by a variety of ligands (SHT, glycine,
GABA, etc.) and all these major types are subdivided
into numerous subtypes. So far as sensory systems
are concerned, the most significant LGICs are those

N
C437
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1 2 3 4
238 242 310 430

Intracellular

P

(@) P

(b)

Figure 1.13 (a) Schematic view of the o-subunit of the
nAChR. Four helices represented by cylinders span the mem-
brane. Both C and N terminals are extracellular. (b) Plan view.
The pentameric structure of the entire receptor is seen from
above. It is believed that helix 2 of each subunit forms the lining
of the pore.

found in olfactory and photoreceptor cells, which
are activated by cyclic nucleotides (CNGs). They are
similar to TRP channels and, like these channels, the
subunit protein makes six passes through the mem-
brane whilst the total channel consists of four of
these subunits.

1.4.3 Voltage-Gated lon Channels (VGICs)

There are also many types of VGIC. They are all
activated by changes in membrane potential. They
differ in the ion that they allow to pass. Thus there is
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Figure 1.14 Schematic diagram of the disposition of the Na*-channel protein in a membrane. The four domains are labelled 1, II,
I1I, IV. In life the four domains are clustered in the third dimension to form a huge protein with a central canal.

a large variety of voltage-sensitive K*-channels and
also various types of ClI-, Ca>* and Na™ channel.
In this section we shall confine ourselves to just one
type of voltage-sensitive Nat-channel. This is the
channel that is responsible for the rising phase of the
action potential and is thus the defining element of
exciteable tissues such as nerve and striated muscle.

We shall see in the next chapter that the resting
potential across most cell membranes is about 50
or 60mV (inside negative to outside). This may not
seem very much. It must be remembered, however,
that biological membranes are very thin — no more
than 6 or 7nm. Hence the voltage drop is in fact very
steep. A potential gradient of 60 mV in 6 nm works
out as 10° V/cm. Voltage-sensitive proteins are very
delicately poised in this intense electric field. Any
change in the potential gradient will affect their con-
formation and thus the degree of opening or closure
of any embedded ion channel.

The structure of the Na*-channel has been the
subject of intense research. It is nowadays well
known. It is shown diagammatically in Figure 1.14.
It consists of a single massive polypeptide (1820
amino acids) which, as the plan view in Figure 1.14
shows, consists of four successive domains. The
domains are all homologous with each other and
each has six membrane-spanning helices. The fourth
helix (S4) in each domain contains a number of
positively-charged amino acid residues (especially
arginine and lysine) and it is consequently believed
to form the ‘voltage sensor’ which is sensitive to any
voltage change across the membrane. Between the
fifth (S5) and sixth (S6) membrane-spanning helix
in each domain the polypeptide chain is believed to
form a ‘hairpin’ structure (HS5) and to be inserted

into the membrane. When the protein forms up
into its 3D form of a hollow cylinder, the hairpins
line the pore and confer ion selectivity. Finally,
the intracellular segment of polypeptide between
homologous domains III and IV is responsible for
inactivating the channel.

N
Na+ Na Na+
Extracellular
A
/ *tracellular
D [ |1 ] B

N o

(@)

I

Figure 1.15 Conformation cycle of the sodium channel. (A)
In the ‘resting’ membrane the sodium channel is closed. The
activation gate (AG) is shut and the inactivation gate (IG) is
open. (B) When the membrane is depolarized the voltage drop
is sensed by a ‘voltage sensor’ and the activation gate opens.
Sodium ions flow down their electrochemical gradient. They
hop from one site in the channel to the next (as indicated) and
hence proceed in single file. (C) After about 1 ms the inacti-
vation gate closes. (D) As the membrane returns to its resting
potential the activation gate closes and the inactivation gate
reopens.
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The physiology of the Na*-channel has also been
intensively studied. It can be shown that when the
voltage across the membrane drops below some
threshold value, the channel opens for about 1 ms
and allows Na' ions carrying about 2pA of cur-
rent to pass. Once the 1 ms opening time has passed,
the channel closes and will not open again while the
membrane remains depolarized. This ‘inactivation’ is
due, as we saw above, to the segment of polypeptide
between domains III and IV blocking the channel.
The channel protein thus exists in three major con-
formations: closed, open and inactivated. This cycle
is shown in Figure 1.15.

The exact time of opening and closing of a
channel is not strictly predictable: it is, in other
words, stochastic. Furthermore, any patch of ex-
citable membrane will have a large population of
Na™-channels and each individual channel will have
a slightly different opening threshold. As an ex-
citable membrane is depolarized more and more,
Nat-channels open. The influx of Na*ions depolar-

izes and ultimately repolarizes the membrane, a phe-
nomenon which electrophysiologists record as the
action potential. The biophysics of the action poten-
tial will be discussed in the next chapter (Section 2.6).

1.5 CONCLUDING REMARKS

In this chapter we have laid some of the groundwork.
Biochemical detail has been deliberately omitted. In-
terested students should consult one or other of the
many excellent texts on biochemistry and/or molec-
ular biology. We shall see that the elements discussed
above appear again and again at the core of the spe-
cialized and often highly elaborate sensory systems
which have evolved in the animal kingdom. In partic-
ular we shall find that the biochemistry of biomem-
branes, receptors, G-protein systems and channels is
linked to mechanisms controlling the electrical po-
larity of the membranes of sensory cells and endings.
It is to this matter that we turn in the next chapter.
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We saw in Chapter 1 that from the very beginning
a lipid biomembrane demarcates the boundary be-
tween primordial cells and their environment. As
contemporary eukaryocytes also contain many in-
ternal membranes (mitochondrial membranes, en-
doplasmic reticulum, lysosomes, etc.), it is useful to
refer to the boundary membrane as the plasma mem-
brane. We saw that protein elements of plasma mem-
branes evolve to detect changes in the external envi-
ronment and, in some cases, to signal those changes
by a complex membrane-bound G-protein biochem-
istry. Plasma membranes also evolved means of con-
trolling the movements of materials into and out
of the cell. It will be remembered that the basis of
all contemporary biomembranes is a lipid bilayer.
Hydrophilic materials cannot (by definition) diffuse
through the hydrophobic barrier of a lipid bilayer.
This is no place to review the many mechanisms that
have evolved to circumvent this difficulty but one
such mechanism must be considered in some detail.

This is the mechanism (or rather group of mecha-
nisms) which controls the movement of small inor-
ganic ions across the membrane.

Inorganic ions are, of course, water soluble. Their
electrostatic charges allow them to enter and mix
with the water structure (Figure 2.1). On the other
hand, they prevent them mixing with an organic
phase such as that represented by a lipid bilayer. In
order to pass through a biomembrane, hydrophilic
‘pores’ have to be present. Numerous such pores have
evolved since the first prokaryocytes appeared three
and half billion years ago. In all cases they are com-
plex protein structures embedded in the membrane.
As we shall see in later chapters, these channels are
many and various. In general they are very specific,
very choosy, about which ions they will select and
allow to pass through.

The very fact that ions are charged particles means
that their distribution across a membrane may bring
with it electrical consequences. It has been known

Biology of Sensory Systems, Second Edition C. U. M. Smith
© 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-51862-5
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Figure 2.1 lons in the water structure. Water molecules are

electrically polarized. Because oxygen attracts hydrogen’s
electron, a fractional negative charge is associated with its
end of the molecule. An equal and opposite fractional pos-
itive charge is associated with the other end. Hence, water
molecules tend to cluster around positively and negatively
charged ions such as CI~ and Na™ and keep them apart and
thus in solution.

since the times of Galvani and Volta in the late
eighteenth century that the functioning of nervous
systems is associated with electrical phenomena. It
was not, however, until the mid-twentieth century
when the development of electrotechnology (espe-
cially electronics) was coupled with the recogni-
tion and use of appropriate biological preparations
(giant axons) that a genuine understanding of ‘ani-
mal electricity’ was achieved.

In this chapter we shall look first at the origin
of ‘resting potentials’ (V,), which exist across all
plasma membranes, and show how these change
when a receptor cell is stimulated to give rise to so-
called ‘receptor potentials’. We shall then consider
the passive flows of electrical current, the so-called
‘cable’ or ‘electrotonic’ conduction, which occur
within cells and play an important role in all sensory
and neurosensory cells. Finally, after a brief con-
sideration of receptor and generator potentials and
the nature of sensory adaptation, we shall end with
a short account of action potentials and synaptic
transmission.

2.1 THE MEASUREMENT OF RESTING
POTENTIALS

It was stated above that resting potentials develop
across all plasma membranes. Most cells, especially

neurons and sensory cells, are extremely small. Al-
though methods have nowadays been developed to
investigate their electrical characteristics, it was for
a long time impossible to obtain reliable measure-
ments. The recognition that certain large tubular
(diameter 500-600 mm) structures in the squid,
Loligo, were in fact giant axons was thus of enor-
mous value to electrophysiologists. They were at last
able to insert fine glass micropipettes filled with an
electrolyte inside an axon and measure the electrical
polarity of the membrane directly (Figure 2.2). They
were also able to squeeze out the axoplasm (rather
like toothpaste out of a toothpaste tube) and sub-
ject it to chemical analysis (Table 2.1). Most of the
pioneering work which established the physical basis
of the resting and action potentials was done on this
convenient preparation.

Using a set up similar to that shown in Figure 2.2,
itis found that the internal electrode records a voltage
drop of some 50 mV across the membrane. This is
defined as the resting potential, V',,. What causes
this potential difference across the membrane?

Glass
microelectrode

N

©

Giant —

axon

Axoplasm

Figure 2.2 The diagram shows a glass microelectrode (filled
with a potassium chloride solution) inserted into a giant axon.
The circuit continues through a voltmeter to a plate electrode
on the external surface of the axon.
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Table 2.1 lonic concentrations inside and outside
some relevant cells

Intracellular Extracellular
lon concentration concentration
1. Squid giant axon

(mM/kg H20) (mM/kg H2O)
K+ 400 20
Na*t 50 440
Ca?t 0.4 10
Mg?* 10 54
ClI- 100 560
Organic = 385 —
anions

2. Mammalian muscle cell

(mM) (mM)
K+ 155 4
Na*t 12 145
Mg?* 30 1-2
Ca?*+ 1-2 2.5-5 (Only about

10~ is free)
Cl- 4 120
Organic =150 —
anions

3. Cat motor neuron

(mM) (mM)
K+ 150 55
Na* 15 150
Cl- 9 125

2.2 THE IONIC BASES OF RESTING
POTENTIALS

We have just noted that the ionic constitution of
the axoplasm can be determined (Table 2.1). There
are important equations in physical chemistry which
relate the electrical potential across a membrane to
the distribution of the permeable ions across that
membrane. The most well-known of these equations
is the Nernst equation. It can be written as follows:

RT 1o
=—— In .
IiF [/

4 2.1)

In Equation (2.1), V7 is the voltage across the
membrane (in volts, though normally expressed in
millivolts) due to the distribution of the ion, I; R is
the gas constant; 7' the temperature in Kelvins; F

the Faraday (the quantity of electrical charge car-
ried by one mole of univalent ions); Zy is the va-
lency of the ion under consideration (+1 for Na*t
and KT; —1 for CI7); In is log.; [[], and [[]; the
concentration of the ion, I, outside and inside the
membrane. It is important to note that one of
the premises from which the Nernst equation has
been derived is that the membrane is fully perme-
able to the ion under consideration. If this condition
holds, then if we know the equilibrium concentra-
tions of the ion across the membrane, the equation
will predict the countervailing electrical potential.

Let us test the equation by substituting some val-
ues for the K+ concentration on both sides of the
membrane. If we suppose, first of all, that the K+
concentrations equal each other on both sides of
the membrane, then substitution in the Nernst equa-
tion results in the logarithmic term becoming unity.
As the log of 1 is zero, it follows that the equation
predicts zero potential across the membrane. This,
of course, is what is observed. When a cell dies, its
membrane loses its integrity and its pumping mecha-
nisms disappear. Ions flow along their concentration
gradients until their concentrations become equal on
each side of the membrane. The potential across the
membrane vanishes.

Next let us test the equation by substituting the
values for [K™], (i.e. 5.5 mM) and [K]; (i.e. 150 mM)
shown in Table 2.1. Then:

e RL 1,35
ZiF 150
= 0.027 In 0.036
=-0.089V
or = —89mV

This is known as the Nernst potassium potential,
Vg, or (alternatively) as the potassium reversal poten-
tial. The concept behind the latter term is that when
the membrane has this potential gradient across it,
no further net flow of K* ions occurs across it. Mea-
surement of the actual resting potential, V', across
cell membranes normally gives values of between
—50mV and —75mV. Vi is evidently larger than
this, but still of the right sign and order of mag-
nitude. If, however, values for the concentration of
the other significant ions (Cl~, Na™, etc.) are sub-
stituted in the Nernst equation, the predicted values
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(Vc1, Vi, etc.) are very far from the observed V.
This is especially the case when values for Na™ are
inserted.

The reasons for this failure are not difficult to
find. Cell membranes are very complex structures.
Their permeability to different ions varies dramat-
ically and, as we noted above, the Nernst equation
only works for ions for which the membrane is fully
permeable. It is known, however, that both sodium
and chloride ions have very low permeability coeffi-
cients in resting biomembranes.

Furthermore, and importantly, V', does not de-
pend on the transmembrane distribution of single
ion species but on the distribution of whole ‘teams’
of ions. Thus, to gain a fuller understanding of the
origins of resting potentials, we have to generalize the
Nernst equation. We must derive an equation which
takes into account the different permeability of the
membrane to different ions and the fact that not just
one ion species is in play but many.

The equation we need was developed by David
Goldman and is consequently known as the Gold-
man equation. The equation is also sometimes
known as the ‘constant field equation’, as it assumes
that the electric field across the membrane (the elec-
trical potential gradient, V') is unchanging. This,
of course, is a large assumption to make. Neverthe-
less, the Goldman equation provides a useful first
approximation to the biophysical situation. It is writ-
ten as follows:

Vo= E n PK[K+]O + PNa[NaJr]o + Pal[CI7];
~ F  P[K*]i+ Paa[Nat] 4 Pa[ClT],
(2.2)

where ‘P’ is the permeability constant of the ion,
square brackets indicate (as usual) the concentration
of the ion either inside (subscript ‘1’) or out (subscript
‘0’), and R, T and F have their usual connotations.

Note that, whereas the external concentrations of
the cations, K+ and Na* are placed in the numerator
of the equation, the external concentration of the
anion, Cl~, is placed in the denominator.

Let us try some test runs. First, if we make the per-
meability constants of Na*™ and Cl~ equal to zero (i.e.
the membrane is completely impermeable to these
ions) the equation reduces to the Nernst equation

for potassium. Similarly, if we make Px = Pcp = 0
the equation reduces to the Nernst equation for Na*
and predicts VN, as the potential across the mem-
brane (the Na™ permeability terms cancelling out).

Now, as we observed at the beginning of this
chapter, the lipid bilayer of plasma membranes is
completely impermeable to inorganic ions. Their
movement through the membrane is via a variety
of channels constructed from membrane proteins.
Many of these channels, the so-called ‘leak’ chan-
nels, are not well characterized. The permeability of
plasma membranes to hydrophilic ions depends on
these channels. How much these channels leak varies,
moreover, form cell to cell. Neuroglial cells, for in-
stance, seem to be much more permeable to K than
are neurons.

Most sensory cells, however, resemble neurons in
being more permeable to K* than C1~ or Na™; that is
Py > Pcy, Pna. We can put some figures to these rel-
ative permeabilities from measurements of the flow
of radiolabelled ions across plasma membranes:

Px =107 cm/s
Pcp = 1078 cm/s.
Prna =108 cm/s

Let us insert these permeability constants and
the appropriate ionic concentrations (Table 2.1: cat
motor neuron) into the Goldman equation:

(1 x 1077 [5.5]) + (1 x 10-8[150]) + (1 x 10~8[9])

(1 x 10-7[150]) + (1 x 10-8[15]) + (1 x 10-8[125])
(55 x 1078 4+ (150 x 107%) + (9 x 1079)

(1500 x 10-8) 4 (15 x 10-8) + (125 x 10-8)

—0.055V

= —55mV

Vm = 0.027 In

= 0.027 In

This value for V', is in fact very close to the value
for the resting potential across cat motor neurons
actually observed by microelectrode recording.

Next, let us see what happens if we increase the
potassium permeability by an order of magnitude.
If we insert Px = 1 x 107® cm/s into the equa-
tion, keeping all the other permeability constants
unchanged we find:

Vin = —83mV.
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We have already remarked that the membranes of
some glial cells are markedly more permeable to K*
than the membranes of neurons. Hence we find that
the V', across these membranes is characteristically
greater than the customary resting potential of neu-
ronal membranes. In the retina (as we shall see in
Chapter 17) large glial cells, known as Miiller cells,
have Vs ranging from —70 to —90mV. This larger
than usual K™ permeability is believed to be of con-
siderable importance in mopping up excess K* gen-
erated in the nervous part of the retina in response to
illumination. This excess K¥ is then discharged into
the vitreous humour. Vice versa, if we increase the
Na' permeability constant in the Goldman equa-
tion, a significant decrease in V', is predicted. We
shall find a very important instance of this when we
come to consider the biophysics of retinal rod cells
in Chapter 17.

Before completing this section it is worth noting
that, as it is much easier to measure the relative rather
than the absolute permeabilities of ions, the Gold-
man equation is often written in a slightly different
form:

y _ RT | [Klo + b[Nal, + c[CI}
~ F  [KJi+b[NaJ; + c[Cl],

(2.3)

where

b = Pna/Px,
and

¢ = Pco/Px.

As the chloride ion plays only a minor part in
many neurophysiological functions, the equation is
sometimes simplified even further:

[K]o + b[Na];

(K} + b[Nal, @4

RT
V=—1In
F

We shall see, however, that although the chloride
ion is unimportant in many areas of neurophysiol-
ogy, it nevertheless plays a crucial role in hyperpo-
larizations such as those of inhibitory synapses and
elsewhere. It is important to use the full form of

Goldman’s equation in these and similar circum-
stances.

2.3 ELECTROTONIC POTENTIALS AND
CABLE CONDUCTION

Consider Figure 2.3. A nonexcitable membrane is
slightly depolarized. It has to be emphasized that the
membrane we are considering is nonexciteable, so
we are in no danger of initiating an action potential.
Nevertheless, we are setting up the conditions for
tiny so-called ‘local circuits’ to occur. The interior of
the cell is in essence an ionic solution, as is the extra-
cellular fluid. It follows that it can conduct electric
currents. If we depolarize the boundary membrane
at point ‘x’, we set up a voltage difference between
it and the membrane a small distance away, at point
y’. These distances are, of course, minute: seldom
more than a micron or so. But tiny electric currents
will flow between ‘x’ and ‘y’ until the voltage differ-
ence is eliminated. Hence the membrane at ‘y’ will
be slightly depolarized. These minute potentials are
known as electrotonic potentials and the local circuits
are referred to as electrotonic or ‘cable’ conduction.
Electrotonic potentials are at least one order
of magnitude and sometimes two or more or-
ders of magnitude weaker than action potentials.

Current
generator
Glass
microelectrode Return
electrode
A 4 2 4 ’s ’
Vx Vy
/ '

Axolemma

Figure 2.3 Electrotonic conduction. Current is injected at x
to induce a voltage across the membrane of V4. The return
electrode at y measures the electrotonic potential V). The lo-
cal circuits are represented by arrows. To retain simplicity the
return current in the external solution is omitted.
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Nonetheless, however small electrotonic potentials
may be, they can have very considerable effect. To see
that this is the case we need only recall the exquisite
voltage sensitivity of voltage-gated ion channels such
as the Na'-channel discussed in Chapter 1. If local
circuits spreading from a region where the membrane
is depolarized should encounter a patch of mem-
brane populated by Na*-channels, the resulting de-
polarization may trigger an action potential which,
propagated to the brain, may have incalculable con-
sequences.

2.4 RECEPTOR AND GENERATOR
POTENTIALS

Receptor and generator potentials are special cases
of electrotonic potentials. When a receptor (= sen-
sory) cell, such as a mechanoreceptive hair cell or a
gustatory cell, is stimulated by an appropriate stim-
ulus, a more or less complex set of events (we shall
discuss them in detail in subsequent chapters) leads
to change in the electrical polarity of a patch of its
membrane. This is called a receptor potential. In most
cases receptor potentials (as in the cases discussed
in Section 2.3 above) are depolarizations. In some
cases, however, notably in chordate retinal rod and
cone cells, they are hyperpolarizations. But whether
depolarizations or hyperpolarizations, the outcome
is the same: local circuits are set up between the patch
of membrane affected and other parts of the receptor
cell’s membrane (Figure 2.4). In the general case the
change in electrical polarity (whether up or down)
will influence the release of transmitter substance
onto an underlying sensory neuron.

Not all sensory systems develop specialized sen-
sory cells. Olfactory and some mechanoreceptive sys-
tems use neurosensory cells. In these instances the
functions of detecting the appropriate environmen-
tal factor and conducting information to the brain
are combined in one cell (Figure 2.5). The biophys-
ical events are, however, analogous to those just
described. When the sensitive ending of the neu-
rosensory cell is stimulated, a more or less complex
biochemistry leads to a change in its electrical poten-
tial. In the case of neurosensory cells this is always
a depolarization. This depolarization spreads by a
local circuit mechanism until it reaches a region of
the membrane populated by voltage-sensitive Na*-

" </

Transmitter substance

Figure 2.4 Figure showing local circuits spreading away from
a depolarized patch of membrane (dark) on a receptor cell. In
the general case this will lead to a depolarization of the cell and
this, through a complex biochemical process, to the release of
transmitter substance.

channels. If the depolarization is great enough the
Na™-channels are opened and an action potential is
initiated which then propagates without decrement
to the central nervous system. Because the initial de-
polarization does not occur in a separate receptor
cell, it is often called a generator potential. Other
scientists, however, refer to both cases as receptor
potentials.

AN

Figure 2.5 Depolarization of the ending of a neurosensory
cell leads to local circuits which initiate action potentials.
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Figure 2.6 Stimulus intensity vs. receptor/generator poten-
tial. The graph shows the initial response to stimuli of different
intensity. As indicated in the text, adaptation will generally occur
and lower the magnitude of the receptor/generator potential if
the stimulus is left on. Sc = critical intensity.

The magnitude of generator and receptor poten-
tials depends on the magnitude of the stimulus.
Indeed, there is an approximately straight-line re-
lationship between these potentials and stimulus in-
tensity (Figure 2.6). Because of the necessity for the
local circuits set up to be of sufficient magnitude
to either trigger the release of transmitter (Figure
2.4) or to bring at least some of a population of
voltage-sensitive Na*-channels below threshold, the
initiation of action potentials in a sensory nerve only
occurs when the receptor/generator potential has
reached a ‘critical’ magnitude (S, in Figure 2.6).

2.5 SENSORY ADAPTATION

All sensory systems show adaptation. This means
that the response (whatever it is) to a constant stim-
ulus falls off over time. In metazoan systems it is
the impulse frequency in a sensory nerve fibre which
falls off with time. In these systems there are sev-
eral different forms of adaptation. Two extremes are
customarily identified: rapidly adapting and slowly
adapting (Figure 2.7). In the first case there is a rapid
burst of activity in the sensory fibre when the stimu-
lus is turned on, which then quickly falls back toward
zero until the stimulus is turned off. This is marked
by another rapid burst of activity. In the second case
there is once again a rapid burst of activity when the
stimulus is turned on and, although this declines over

a) Rapid adaption b) Slow adaption

WA -
L |

ON OFF ON OFF
Stimulus Stimulus

Figure 2.7 Sensory adaptation. (a) Rapidly adapting fibre. (b)
Slowly adapting fibre.

time, it never declines to zero. It remains at a ‘plateau’
until the stimulus is turned off, when it falls back to
ground level. In both cases it is the frequency of the
initial burst of impulses which signals the intensity
of the stimulus.

The biophysical causes of sensory adaptation are
many and various. We shall meet with many instances
in the following pages. In some cases of bacterial
chemosensitivity it is, for instance, due to methyla-
tion of ‘receptor transducer’ proteins. In many an-
imal systems where receptor molecules are linked
to G-protein systems it is partly due to inactiva-
tion of the receptor molecules by phosphorylation
(Section 1.3.2). The presence Ca’t-channels and
calcium-dependent K*-channels (K¢,) amongst the
Nat-channels, where action potentials are initiated
in sensory nerve endings, is also highly significant.
When the membrane depolarizes in response to lo-
cal circuits from the stimulated ending, the voltage-
dependent Ca’*-channels open and Ca’* cascades
down its concentration gradient into the neuron.
The increased internal Ca®* concentration opens the
Ca’*-dependent K*-channels and excessive quanti-
ties of K* flow out of the neuron down its concen-
tration gradient. In other words, the membrane be-
comes unusually permeable to K*. If an increased
permeability constant for K%t is inserted into the
Goldman equation, it will be seen that the equa-
tion predicts a hyperpolarization. In this condition
it becomes much more difficult for the local cir-
cuits to open the voltage-dependent Na™-gates and
initiate an action potential. Hence the rate of im-
pulse initiation is slowed. Hence sensory adaptation.
This sequence of events is shown diagramatically in
Figure 2.8.
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Figure 2.8 One mechanism which causes adaptation at sen-
sory endings. Depolarization opens Ca?*-gates; Ca?t flows
inwards and affects Ca®*-dependent K*-channels, leading to
a countervailing increase in membrane polarity and a conse-
quent decrease in the probability of impulse initiation.

The biophysical and molecular biological situa-
tion at the terminals of animal sensory fibres is un-
doubtedly highly complex. The preceding paragraph
just scratches the surface. We shall encounter specific
instances in later chapters.

2.6 ACTION POTENTIALS

This is not the place to develop a full account of the
biophysics of action potentials. That is more properly
done in texts of neurophysiology. However, as the
output from animal sense organs is transmitted to the
analytical apparatus of the central nervous system
as action potentials in sensory nerve fibres, it will be
sensible to give a bare outline here.

We noted above (and in Chapter 1) that when
the membrane surrounding a population of Na*-
channel proteins is depolarized, the channels with
the lowest thresholds begin to open and Nat begins
to stream down its concentration gradient into the
axon. This process has a positive feedback effect.
As Na™ streams inward the membrane becomes yet
more depolarized and this opens neighbouring Na*-
channels with higher thresholds. More Na* flows in
and the membrane depolarizes yet further and so
on. The membrane reaches zero potential and then
polarizes in the other sense (negative outside, posi-
tive within) until the Nernst Na* potential (V) is
approached. Because of the positive feedback effect
the reversal of polarity happens very rapidly. In most
cases V'na is reached in about 0.5 ms. The Na*-gates
then begin to close.

Very soon after the Na™-channels open, <0.5ms,
another set of gates, KT -gates, begin to open, This

allows K to escape from inside the axon and, as the
Na™-gates close, the membrane returns to its original
polarity, indeed somewhat overshoots that polarity
and approaches the Nernst K potential, V'x. The
activity of the ATP-driven Na*+K™ pump in the
membrane now returns the membrane to its normal
resting potential (Vy,). These ionic events and the
resulting changes in membrane polarity are shown
in Figure 2.9.

This is all very well and good but the whole essence
of the action potential, or nerve impulse, lies in its
propagation. How is this dramatic change in mem-
brane polarity propagated? Once again the answer
lies in the action of local circuits. We saw in Sec-
tion 2.3 that depolarization of a small section of
membrane leads to tiny electrical circuits spreading
away from that section to depolarize other parts of
the membrane a small distance away. This is also
the case, a fortiori, when the membrane dramati-
cally reverses its polarity in an action potential. But,
of course, these local circuits will, in depolarising
other segments of membrane, open Na™-channels in
those segments and trigger the sequence of events re-
sponsible for the action potential described above. It
has sometimes been said that the action potential
may be likened to a flame shooting down a gunpow-
der trail. Each activated part triggers the next and
leaves a trail of ash behind it. In the case of the nerve
fibre the inactivation represented by the gunpowder
ash represents the fact that the membrane is hyper-
polarized behind the action potential (Figure 2.9).
The analogy only works up to a point. For, unlike
the inert gunpowder ash, the nerve fibre membrane
quickly regains its original polarity by way of the
Na*+K™* pump. But it is important to note that this
regenerative process takes time. The Na'-gates re-
main closed, inactivated, for about 1.5 ms after their
voltage-induced opening. The membrane is conse-
quently said to be refractory.

This refractory period of about 1.5 to 2ms is of
considerable importance in sensory signalling. It re-
stricts the frequency at which impulses can travel
down a sensory nerve fibre. A refractory period of
2ms means that, at the limit, a sensory fibre can
only carry impulses at 500 Hz. This has significant
implications for the detection of sound frequency
and frequency discrimination by ears (Chapter 9).

Whilst the refractory period limits the frequency
with which impulses can be conducted along a nerve
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Figure 2.9 Principal ion channels and conduc-
tances responsible for action potentials. (a) Na™
and Kt conductances are shown by the curves
labelled gna and gk (the left-hand ordinate gives
values in mmho/cm?). The dashed line shows the
voltage across the membrane due to these conduc-
tances. The horizontal dashed lines at top and bot-
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tom of the figure represent V, and Vi respectively.
From Hodgkin and Huxley (1952), Journal of Phys-
iology, 117, 500-544; reproduced by permission of
the Physiological Society. (b) The time base of (a)
has been greatly expanded. The upper part of the
figure should be compared with the dashed line of
(a). The lower part of the figure shows the flows of

Axon Nat and K*. These flows, in turn, are due to the

opening and closing of Na* and K*-channels in the

fibre, its diameter (other things being equal) deter-
mines rate of propagation (Table 2.2). This is because,
as the diameter increases, local circuits can spread
further along the axoplasm and hence open Na*-
gates further from the already active region. Hence
in many invertebrates, annelid worms, for example,
and cephalopod molluscs in particular, giant fibres
are developed to allow the rapid conduction required
for emergency reactions. The vertebrates, however,
have evolved a different mechanism for increasing
velocity of conduction: myelination.

Myelin consists of layers of Schwann cell mem-
branes closely wrapped around an axon. These mem-
branes provide a very effective electrical insulation.
This prevents the internal elements of the local cir-
cuits leaking out of the axoplasm and hence, confined

axonal membrane.

within the fibre, they spread further. Action poten-
tials consequently jump from one node of Ranvier to
the next—a process known as ‘saltatory’ conduction.
Invertebrates have not developed this particular and
very effective means of increasing the rate of impulse
conduction. However, we shall see, when we come
to consider the operation of some insect sensilla in
Chapter 13, that an alternative means of confining
local circuits has been devised to ensure effective elec-
trotonic conduction down the long outer segments
of their gustatory cells.

The velocity of impulse propagation in mam-
malian afferent fibres is shown in Table 2.2. The
afferent fibres from muscles consist of four over-
lapping classes (I-1V), whose conduction velocity
ranges from about 120 m/s in the largest myelinated
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Table 2.2 Some characteristics of mammalian afferent fibres

Cutaneous
Muscle nerve afferent Fibre diameter Conduction
afferent fibre fibre (m) velocity (m/s)

Myelinated

Large | 13-20 80-120

Small Il 6-12 35-75

Smallest 1] 1-5 5-30
Unmyelinated v 0.2-15 0.5-2

After Kandel et al. (1991).

fibres (circa 20mm diameter) to about 0.5m/s in
the smallest unmyelinated fibres (circa 0.5mm in
diameter). Sensory nerves from the skin lack large
high velocity class I (or Ax) fibres. Cutaneous nerve
fibres are thus classified into three groups AP, Ad
and C, which correspond to class II, IIT and IV mus-
cle afferents.

2.7 SYNAPSES AND SYNAPTIC
TRANSMISSION

Synapses are many and various. They vary in
size, position, molecular biology, pharmacology and
biochemistry. Some operate directly by electrical
transmission: an action potential in the presynap-
tic terminal directly exciting an action potential in
the underlying postsynaptic cell. These are known
as ‘electrical’ synapses and we shall meet several
instances in subsequent pages. Others, much more
common in vertebrate nervous systems, are ‘chemi-
cal’ synapses, where transmitter substances (neuro-
transmitters and neuromodulators) are released from
a presynaptic terminal to diffuse across a synaptic
gap to affect an underlying postsynaptic cell. Trans-
mitter substances are themselves many and various:
some excite the postsynaptic cell, others inhibit it, yet
others act as modulators controlling its excitability or
affecting the action of neurotransmitters. Some neu-
rotransmitters or modulators, moreover, diffuse into
the intercellular space and exert their effects some
distance away, a process known as volume transmis-
sion. Finally, many neurotransmitters act back onto
the presynaptic terminal in a positive or (more usu-
ally) negative feedback fashion to affect the release
of further transmitters. We shall meet many of these

varieties later in this book. To grasp the basic nature
of synaptic transmission, let us focus on an idealized
chemical synapse (Figure 2.10).

Figure 2.10 shows that the biochemistry and
molecular biology of synaptic transmission is ex-
tremely complex. It is as yet only imperfectly under-
stood. Here only the briefest outline is appropriate.
The whole process is initiated by the arrival of an
action potential at the synaptic terminal (step 1).
The depolarization of the presynaptic membrane
opens Ca’*-channels allowing Ca®* to cascade into
the terminal (step 2). The increased Ca>* concentra-
tion causes the release of synaptic vesicles from their
anchorages within the terminal. They are then free to
migrate towards the presynaptic membrane (step 3).
The increased Ca’* concentration also helps to trig-
ger the fusion of the vesicle membrane to the interior
of this membrane (step 3). Other vesicles are already
‘docked’ on the presynaptic membrane. It has been
shown that Ca’>*-channels are also present in their
near vicinity (at a distance of about 20 nm). The in-
flux of Ca”* sets in train a very complex series of bio-
chemical events involving whole teams of proteins,
which leads to a complete fusion of the synaptic vesi-
cle membrane with the presynaptic membrane (step
4). Once the two membranes are fused, a small ‘fu-
sion pore’ develops between the interior of the vesicle
and the synaptic cleft and this widens to allow the en-
tire vesicle to open and void its contents (step 5). The
remaining membrane of the vesicle mixes intimately
with the presynaptic membrane (step 6) but, ulti-
mately, small pits appear leading to an invagination
of the ‘mixed’ membrane (step 7). The invaginated
membrane is nipped off to form a vesicle and recy-
cles to the interior of the terminal where it is refilled
with transmitter substance (step 11). In the meantime
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Figure 2.10 Schematic showing the molecular physiology of a ‘chemical’ synapse. Explanation in text.

the transmitter released into the cleft rapidly diffuses
(step 8) across the synaptic gap or cleft to the post-
synaptic membrane where precisely tailored receptor
molecules await (step 9). Also awaiting on the post-
synaptic membrane are enzymes designed to break
down the neurotransmitters (step 10) so that their
effects are extremely transient — a few milliseconds
at most. The breakdown products either diffuse out
of the cleft into the intercellular space (12) or are
reabsorbed into the terminal (step 13) by specific
transport systems. Once within the terminal they are
resynthesized (if necessary) and moved back into a
vesicle by, once again, specific vesicular neurotrans-
mitter transporters (step 14).

We noted above that the response of the postsy-
naptic neuron depends on the union of a neurotrans-
mitter with a receptor molecule in the postsynaptic

membrane. There are many different types of neu-
rotransmitter (well over three dozen) and they all
have postsynaptic receptor molecules specifically tai-
lored to accept them. In general, however, we can
say that these receptor molecules fall into two great
classes: those which are coupled to G-protein col-
lision biochemistry and those which are coupled to
ion channels. Synapses are thus divided into those
which give metabotropic responses and those which
give ionotropic responses. Metabotropic responses
depend ultimately on the nature and action of
second messengers (Section 1.3.3 and Figure 1.6) and
are thus many and various. lonotropic responses, on
the other hand, are of two main types: excitatory
and inhibitory. Excitatory responses occur when the
neurotransmitter causes ion channels to open allow-
ing the flux of Na* and K* across the postsynaptic
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membrane, which (as the Goldman equation shows)
leads to a depolarization of the membrane, thus initi-
ating an action potential. The postsynaptic potential
(PSP) is thus known as an excitatory postsynaptic
potential (EPSP). Inhibitory responses occur when a
neurotransmitter opens a channel which allows CI~
to flow down its concentration gradient. If an in-
creased permeability constant for Cl™ is inserted into
the Goldman equation (without altering any other
constant), it will be seen that the electrical potential
across the membrane increases. This hyperpolariza-
tion makes it more difficult for an action potential to
be initiated. The underlying postsynaptic neuron is
thus inhibited. The postsynaptic potential is thus an
inhibitory postsynaptic potential or IPSP.

Even this briefest of outlines will have indicated
some of the biochemical and molecular biological
complexity of synapses and synaptic transmission.
There is obviously a far greater scope for control
of the transmission process than is possible in ‘elec-
trical’ synapses. We shall meet many variations on
the above themes as we proceed through this book.
‘We should not leave the topic, however, without not-
ing that many presynaptic membranes develop spe-
cialized regions for accepting vesicles. These regions
are often ordered to form a presynaptic grid and
the points of attachment within this grid are called
vesicle attachment sites (VASs). In some cases, espe-
cially the hair cells of the organ of Corti in the inner
ear and the rod and cone cells of the retina, the or-
ganization of vesicle release assumes an even more
specialized form. Here we find that vesicles line up
alongside ribbon-like structures known (unsurpris-
ingly) as synaptic ribbons (Chapters 9 and 17) await-
ing release into the synaptic gap. With this forward
look into later chapters we must leave our discussion
of synapses and synaptic transmission. Interested
readers will find further information on this com-
plex and central topic in the references cited in the
bibliography.

2.8 CONCLUDING REMARKS

In Chapter 1 we looked at some of the ubiqui-
tous molecular elements responsible for the activ-
ity of sensory cells. In this chapter we have seen
how these molecular elements are responsible for

the equally ubiquitous biophysical characteristics of
sensory cells and fibres. We have seen, once again,
the central role played by biomembranes. We have
seen how the biophysics of ion flows across these
membranes engenders a resting potential, V. We
have noted how electrotonic (or cable) conduction
allows the spread of small variations in V', for small
distances along nerve cell membranes, and that this
form of conduction is responsible for generator and
receptor potentials. We noted in Chapter 1 that Al-
though V', seems minute, about 60 mV, because the
membrane is so thin (about 7 nm), the voltage gradi-
ent is, in fact, exceedingly large, about 10° V/cm. It
is clear that any voltage-sensitive protein embedded
in such a membrane is exposed to a powerful elec-
tric field. And, of course, there are numerous such
voltage-sensitive proteins, the most important being
the Ca®* and Na*-channel proteins. Any change in
the electrical polarity of the membrane has a ma-
jor affect on the conformation of these channels.
We noted the importance of these conformational
changes in sensory adaptation and in the propaga-
tion of action potentials.

In the next chapter we stand back a little and re-
focus on some of the higher level features of sen-
sory systems. Once again we shall find a number of
commonalities. We should bear in mind that these
properties can all, in principle, be traced back to the
operation of the molecular elements and their bio-
physical outcomes discussed in these first two chap-
ters. Indeed, as we go on through this book, we shall
find that, although much detail needs to be filled in,
there is no break in principle between the biochem-
istry and biophysics of these first two chapters and
the far higher level phenomena of the visual, auditory
and other sensory cortices discussed in later chapters.
This is a first indication of the major unsolved per-
plexity of sensory science: how can the physics and
chemistry at the root of the brain’s functioning be re-
sponsible for the world of colours, scents and sounds
that form the tissue of our subjective lives? This, of
course, is merely a way of expressing the mind-brain
problem. It is never far from the concerns of sensory
science and, as such, it will appear at intervals in the
following pages. Although attempts at a solution are
often thought to be the subject matter of another dis-
cipline, philosophy, the student should not imagine
the problem unimportant or simply best forgotten.
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GENERAL FEATURES OF
SENSORY SYSTEMS

Psychophysics/behaviour vs. sensory physiology: future unification? Classification of the
senses: by adequate stimuli - by exterior or interior location. Modality: labelled lines -
rerouting experiments. Intensity; frequency modulation - thresholds and psychometry -
signal vs. noise - just noticeable differences (jnds) and Weber-Fechner law - Steven’s
psychophysical law. Adaptation. Receptive fields (RFs): definition - organisation - variation
in area Mapping: non-isomorphic sensory maps - ‘binding problem’. Hierarchic and
parallel design. Feature extraction and trigger stimuli: hierarchies - ‘pontifical cells’ .
Concluding remarks: sensory systems and predator-prey arms races.

In the first two chapters we looked at some of the
molecular and biophysical elements from which sen-
sory systems are built. In this chapter we shall con-
sider some of the larger scale features which sensory
systems have in common. But before we begin, it is
worthwhile to distinguish two different approaches
to the study of sensory systems.

In the first approach a study is made of the corre-
lation between the physical stimulus and the animal’s
(including human’s) response. The sensory system is
regarded as a ‘black box’. The investigator analyses
(often in great detail) what this ‘black box’ can and
cannot do, what it can and cannot detect and dis-
criminate. The investigator does not, however, reach
inside the black box to find out what cogs and wheels
and wires are responsible for its abilities. In the case
of humans, the experimenter attempts to correlate
the physical stimulus with the subject’s report of his
or her subjective experience. This undertaking is, for
obvious reasons, called psychophysics. In the case

of nonhuman animals, the psychophysical approach
is much more difficult. Here the correlation of the
physical stimulus must be with some aspect of the
animal’s behavioural response. It is true that this be-
havioural response may be very subtle, the animal
may be trained (conditioned) to give a response to
a stimulus and the stimulus then varied in inten-
sity to investigate whether it can be detected. It is
also possible to argue, as some have, that the verbal
response in human psychophysics is also no more
than a behaviour. We are, as ever in our study of
sensory systems, once more in the vicinity of the
mind-brain problem. But putting all such complex-
ities aside, it is clearly far easier to correlate stim-
ulus and response in trained human subjects than
it is in the other animals. Indeed, psychophysical
study of humans has provided some of the most pre-
cise measures of what the central nervous system
can and cannot do. This hope, as Box 3.1 indicates,
motivated the work of Hermann von Helmholtz,

Biology of Sensory Systems, Second Edition C. U. M. Smith
© 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-51862-5



32

PRELIMINARIES

BOX 3.1 HERMANN VON HELMHOLTZ

Hermann Ludwig Ferdinand von Helmholtz was born in Potsdam on 31 August 1821, the eldest of
four children. He inherited from his father a profound interest in music and painting and from his
mother the equable temperament that served him well in later life. His father was deeply involved in the
German Romantic movement of the early part of the nineteenth century and Fichte’s son, Immanuel
Hermann Fichte, was a frequent visitor to the house. Idealist philosophy, literature and science were
constant topics of conversation within the household. It is not surprising that the philosophical aspects
of science and especially of sensory physiology concerned Helmholtz throughout his scientific career.

The young Helmholtz was not an outstanding scholar but evinced an early interest in physics. His
father, however, had not the wherewithal to send him to University and persuaded him to study medicine
where he could obtain financial support from the State. Accordingly, in 1837, he accepted a five-year
government grant to study at the Koniglich Medizinische-chirurgische Friedrich-Wilhelms-Institut in
Berlin. Whilst in Berlin he attended science courses at the University, including physiology under
Johannes Miiller. He grasped the opportunity of writing his dissertation under Miiller’s direction.
Whilst working at the University, he met Ernst Brucke and Emil du Bois Reymond as fellow students
and, together with Karl Ludwig, they initiated the ‘1847 school’ of physiology which eschewed any
explanation in terms of nonphysical or ‘vital’ forces.

After completing his medical degree in 1842 he entered the army as a surgeon. He did not, however,
relinquish his connections with academic circles and in 1848 he was appointed professor of physiology
at Konigsberg. It was here that he invented the ophthalmoscope (1851) and measured the velocity of
the nerve impulse in frog sciatic nerve (1850), showing it to be about 90 feet/s, far slower than previous
estimates. In 1855, with the help of Alexander von Humboldt, Helmholtz transferred to the chair
of physiology at Bonn and it was here that he began to write and publish his ground-breaking three
volume work on physiological optics: Handbuch der physiologischen Optik (vol. 1, 1856). His mechanistic
approach to sensory physiology upset his idealistic father and the resulting coolness possibly prevented
him continuing with the publication. His fame, however, continued to grow and in 1858 he was offered
and accepted a chair at perhaps the pre-eminent centre for science in Germany, Heidelberg. Here he
continued an interest in acoustics, culminating in the publication of Die Lehre von den Tonenpfindungen
als physiofische Grundlage fur die Theorie der Musik (1863). It was in this treatise that he introduced his
so-called place theory of frequency discrimination (Chapter 8, Section 9.3.2).

In 1858, Helmholtz’ father died and this released him from any inhibitions about publishing the
remaining volumes of his work on physiological optics. The final volume (vol. 3) of the Handbuch
was, accordingly, published in 1867. The three volumes of the handbook contain much new research on
colour vision, on lens accommodation (he had invented an ophthalmometer which allowed measurement
of lens curvature), after-images and so on. In particular it built upon his teacher, Johannes Miiller’s,
concept of ‘specific nerve energies’. This concept implies that different sensory nerves are specialized
to respond to ‘specific’ environmental energies (or stimuli), a concept which, as we have seen, is basic
to our modern understanding in the form of ‘adequate stimuli’. Helmholtz used the concept of specific
nerve energies in his treatment of the trichromatic theory of colour vision and in his place theory
of frequency discrimination. He was also much exercised by the controversy over how much of our
sensory understanding was learnt through experience and how much inborn. Helmholtz, in contrast to
the nativists, took a strongly empiricist line and argued that our knowledge of the external world was
achieved through early and continued experience. Little or nothing was congenital (Chapter 24).

Helmholtz’ work in sensory physiology thus led him close to the epistemological concerns of his early
years in his father’s house. He came to believe that sensory physiology was to some extent extending
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[ (Continued)
and supporting the Kantian epistemology. He came to believe, in other words, that the sense organs,
via Miiller’s law of specific nerve energies, impose structure on the world. However, he was far from
uncritical of Kant. In the mid-1860s he showed that the axioms of Euclidean geometry, far from being
synthetic a priori propositions, as Kant had proposed, were in fact built up from visual experience; they
were, in short, a posteriori not a priori.

Helmholtz’s work was far from confined to sensory physiology. He made basic contributions to several
areas of physics, especially energetics, physical chemistry, electrodynamics and hydrodynamics. He was
one of the last to be able to undertake seminal work across all the natural sciences. His motivation
was the motivation he learnt from his father’s friends at Potsdam — a burning desire to make out
the great unifying principles which bound together and underlie the natural world. When he died at
Charlottenburg on 8 September 1894, the scientific world was already becoming too large and diversified
to allow any one man to make foundational contributions in more than one field. Helmholtz was the last
who could have well have held Nobel prizes in all three of physics, medicine or physiology and chemistry.
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one of the most important founders of sensory
physiology.

In the second approach the investigator attempts
to reach inside the psyhcophysicist’s black box. At-
tention is focused on the physiology of the sensory
system including, in the case of mammals, the sen-
sory cortices, rather than on the behavioural re-
sponse. The reaction of this system to appropri-
ate stimuli is investigated at various levels from the
molecular and subcellular up to the sensory analy-
sers in the brain. The investigator may be interested
in the response of individual sensory cells to appro-
priate stimuli or, at the other end of the spectrum,
he may devote himself to recording the physiological
response of the cerebral cortex. Clearly the ultimate
hope is that the two approaches, through sensory
physiology and psychophysics/behaviour, will ulti-
mately unify to give a complete understanding of the
way in which humans and other animals detect and
respond to their environments.

3.1 CLASSIFICATION OF THE SENSES

All organisms live in an environment full of changes,
full, as it has been said, of ‘happenings’. Some of

these changes will be beneficial to the organism, oth-
ers detrimental. Some will occur quite independently
of the organism, others will be due to the organism’s
own activities. In order to survive, the organism re-
quires the fullest possible information about what
is going on. To this end it develops a panoply of
sensory detectors. As ever, the job is done best by
specialists. Sensory detectors specialize to respond
to certain types of change. As we shall see, they be-
come extraordinarily sensitive to their chosen type,
in many cases reaching right down to the physical
limit. The major categories of change in the envi-
ronment (so far as the majority of organisms is con-
cerned) may be grouped into the broad categories of
mechanical, chemical, electromagnetic and thermal.
In consequence we can classify the major sensory
systems as mechanoreceptors, chemoreceptors and
photoreceptors. Unlike these three major classes
of receptor, thermoreceptors, although ubiquitous,
never, in spite of beginnings in some snakes, de-
velop into complex sense organs. In addition to these
four types of receptor some animals develop elec-
troreceptors, sensitive to electric fields, while mag-
netoreceptors are known in prokaryocytes and are
suspected to exist in some animals, especially birds.



34 PRELIMINARIES

The type of stimulus to which a specific receptor is
attuned is termed the adequate stimulus.
Classification of the sensory receptors accord-
ing to the environmental energy to which they are
most sensitive is one important and familiar way of
grouping the sense organs. It is the classification we
shall adopt in this book. An alternative classificatory
scheme depends not on the type of energy detected
but on whether the sensory ending looks inward at
happenings in the internal environment or outwards
at the external environment. This classification gives
us interoreceptors and exteroreceptors. Whereas pho-
toreceptors are exclusively exteroreceptors (there be-
ing no significant electromagnetic fields within the
body which need monitoring) the other three sense
modalities may be either exteroreceptors or enterore-
ceptors. Interoreceptors, although not so spectac-
ularly highly evolved as many exteroreceptors, are
equally important. In the ‘higher’ animals, especially
the mammals and birds, monitoring the internal en-
vironment is essential for the homeostatic mecha-
nisms upon which their continued life depends.

3.2 MODALITY

We noted in Chapter 2 (Section 2.6) that the bio-
physics of nerve impulses is identical from one nerve
fibre to another. ‘Evolution’, once having hit upon
an effective mechanism for transmitting information,
has stayed with it and merely refined it over geolog-
ical time. This, however, has the consequence that
the information from the different sense organs is all
transformed into identical signals to the central ner-
vous system (CNS). It follows that the CNS has no
way of telling whether the impulses cascading into
it along the sensory nerve fibres tell of sound, light,
temperature or odour, except by attending to pre-
cisely which fibre is active. It has been said that if
these ‘labelled’ lines are surgically rerouted, if, for
instance, the auditory fibres were directed into the
visual cortex and the visual fibres into the auditory
cortex, we should hear lightning as thunder and see
thunder as lightning. This, of course, raises fascinat-
ing philosophical questions. For the auditory cortex
and the visual cortex do not differ significantly at
the cellular level, still less at the biophysical level, so
why should activity in one cortex give the sensation
of sound and the other the totally different sensation

of vision? Even more interesting, and perhaps going
some way to answer the philosophical question, is
the demonstration that, if precisely this rerouting is
carried out in foetal mammals, the auditory cortex
develops some of the physiological characteristics of
the visual cortex and vice versa. The student is re-
ferred to the bibliography at the end of Part One for
references to this fascinating work.

3.3 INTENSITY

The happenings in the world differ not only in their
type but also in their intensity. Roughly speaking,
stimulus intensity is signalled by the frequency of
the action potentials in a sensory nerve fibre. The
CNS thus needs to ‘look’ at which sensory nerves
are active (which indicates the sensory modality) and
the frequency of the impulse traffic in them (which
indicates the intensity of that modality) to keep itself
informed of the goings on in the external and internal
environments.

The weakest stimulus that an organism can de-
tect is known as the threshold stimulus (or sensory
threshold). This is determined by presenting the or-
ganism (or in the case of humans, the subject) with
a sequence of stimuli increasing from zero intensity
and asked (either by conditioning, or verbally in the
case of human subjects) when the stimulus is first
detectable. The threshold is defined as that stimulus
which is detected in half the presentations (Figure
3.1). The curve shown in Figure 3.1 is known as the
psychometric function or curve.

Sensory thresholds are not constant. They de-
pend on numerous factors, especially fatigue, con-
text, practice and so on. This finding emphasizes the
subtlety of the brain’s physiology. Numerous feedfor-
ward and feedback loops are in play. We shall note,
for example, when we come to consider pain in Chap-
ter 22 that our sensitivity to this unpleasant sensory
modality can vary greatly. In the heat of action we
are frequently unaware of tissue damage, only af-
terwards are we incapacitated with pain. A shift in
the psychometric function to the right also occurs
in childbirth. It is also the case that thresholds for
pain vary in different cultures. What is unacceptable
in one is a matter of course in another.

Turning to the physiology underlying the psy-
chophysics we should note first of all that, even when
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Figure 3.1 Psychometric curve. The threshold is defined as

the intensity when half the responses are correct. The position
of the curve on the apscissa is arbitrary. It will shift to the right
or left according to circumstances.

there is no stimulus, sensory fibres transmit action
potentials at a low frequency. This is known as the
maintained discharge. It can vary (in different sen-
sory fibres) from one or two impulses per second up
to over 50 per second. When the adequate stimulus is
present at sufficient intensity the impulse frequency
increases. It is obviously important for the CNS to
be able to distinguish between a signal showing the
presence of the adequate stimulus (at a low inten-
sity) and random fluctuation. It is, in other words,
important to distinguish signal from noise.

Both the maintained discharge and the discharge
due to the application of the adequate stimulus will
vary about a mean. For example, the sustained dis-
charge may be, say, 20 + SHz and the discharge
due to a threshold stimulus may be, say, 25 + 6 Hz.
Evidently the top of the maintained discharge over-
laps the bottom of the discharge due to the thresh-
old stimulus. The CNS cannot be certain whether a
stimulus is there or not. Part of the time it would be
right, part of the time wrong. This situation corre-
sponds (approximately) to the sensory threshold de-
fined above. As the stimulus intensity increases the
signal is moved further and further out of the noise.
At 30 &+ 7Hz there is little overlap with the main-
tained discharge and at 35 £+ 8 Hz there can be no
doubt that the adequate stimulus is present.

Note, however, in the hypothetical examples of
the preceding paragraph, that the spread of impulse
frequency around the mean increases as the stimu-
lus is increased. This means that as the intensity of
the stimulus increases, the magnitude of the physi-
cal change of the stimulus to generate a ‘just notice-
able difference (jnd)’ also increases. This relationship
was captured by Weber in 1834 and is known as
Weber's law:

Ap =k x ¢,

where ‘A¢’ is the jnd, ¢ is the subjective experience
of the original stimulus and k is a constant. The
most frequently quoted example of the law has to do
with the perception of mass. It is easy to sense the
difference between 1 and 1.5kg, very difficult if not
impossible to detect the difference between 25 and
25.5kg.

Later in the nineteenth century Fechner (1860) ex-
tended Weber’s law to give a relationship between
the subjectively-experienced threshold stimulus and
suprathreshold stimuli. This relationship, known as
the Weber—Fechner law, is as follows:

¢ = k 10g d)/d)o,

where ¢ is the subjective magnitude of the stimulus
compared to the threshold, ¢ is the physical mag-
nitude of the stimulus, ¢, is the threshold magni-
tude and k is a constant. Nearly a century later, in
the 1950s, Stanley Stevens investigated a large num-
ber of sensory modalities and showed that the ‘psy-
chophysical law’ followed a somewhat more complex
relationship best expressed as a power function:

@ = k(b — o)
or,log y = log k + n log(d — &)
ie. log y = K 4+ n log(d — bo).

The exponent ‘n’ varies from one sense modality
to another: n &~ 1 for perception of length; n ~ 0.4 for
perception of brightness; n &~ 3.5 for electric shock.
Some of these different relationships between stimu-
lus and response are shown in Figure 3.2a. They are
much easier to compare when the logarithmic form
is used, as the expression then becomes that for a
straight line (Figure 3.2b).

Although we have been assuming that the impulse
traffic responsible for subjective experience is carried
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Figure 3.2 Psychophysical correlations. (a) When subjective
magnitude is plotted against stimulus magnitude on linear coor-
dinates the lines are frequently curved upwards or downwards.
(b) When graphed against log—log coordinates, straight lines
are obtained whose gradients depend on the value of the ex-
ponent, ‘n’. From Stevens, S.S. (1957) On the psychophysical
law. Psychological Review, 64, 153-81. Copyright © 1957,
American Psychological Association.

by a single sensory fibre in the preceding treatment,
this is seldom, if ever, the case. In all naturally experi-
enced suprathreshold stimuli more than one sensory
fibre is involved. As the stimulus increases in inten-
sity more and more sensory fibres are recruited.

3.4 ADAPTATION

We saw in Chapter 2 (Section 2.5) that all sensory
fibres show adaptation. The response to a stimulus
has an initial ‘dynamic’ stage, during which a com-
paratively large number of impulses flow down the
sensory fibre, followed by a period when the impulse
frequency drops to a much lower level. In some cases
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there is a further burst of activity when the stimulus
is turned off (Figure 2.7a).

There is no need to say more here. It is worth
remarking, however, that in some cases adaptation
may bring the impulse traffic in sensory fibres down
to the threshold or below. Subjectively we become
unaware of the stimulus. It is only when the stimu-
lus is switched on and/or switched off that the im-
pulse traffic varies sufficiently to engender conscious
awareness. We have all experienced occasions when it
is only when a constant stimulus abruptly ends that
we remember that it was present at all.

3.5 RECEPTIVE FIELDS

Sensory nerve endings are generally sensitive to stim-
ulation of a small patch of the surroundings. This
patch is known as the receptive field (RF) of the sen-
sory fibre. In many cases, as we shall see in later
chapters, receptive fields have internal organization.
It is often the case that stimulation of one part of a
RF leads to excitation of the sensory neuron, whilst
stimulation of another part leads to inhibition.

Receptive fields also vary markedly in area. In
those parts of the sensory surface where it is impor-
tant that any stimulus should be precisely localized,
the RFs are small. Vice versa, where localization is
not so important, RFs tend to be large. This was well
shown by the classic two-point threshold experiments
of Weber. Some parts of the body — the finger tips, the
lips — are able to detect two closely-set punctate stim-
uli whereas other parts — the upper arm, the back —
are only able to resolve much more widely spaced
stimuli. In some cases there is a trade-off between
sensitivity and precision of localization. If it is the
case that only a certain fixed quantity of energy is in-
teracting with the sensory surface, as is the case, for
example, with the retina under constant illumination,
then large receptive fields are able to collect far more
of this energy than smaller ones. Other things being
equal they will provide greater sensitivity. But, for
the same reason, they cannot provide precise infor-
mation concerning the exact part of the retina being
stimulated.

Although sensory surfaces, such as the retina or
the skin, may be considered as RF mosaics, it should
not be thought that the RFs are sharply demarcated
from one another, as are the tesserae which make
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up the decorative mosaics of classical or Islamic art.
In fact, the RFs in a sensory surface show extensive
overlapping and, moreover, especially in the retina,
vary in size in different physiological conditions. This
is just one more instance of the dynamic character
of sensory systems; a character which, ultimately, is
imposed on the comparatively ‘hard-wired” network
of neurons and sensory cells by their highly active
biochemistry and molecular biology. They are very
different from the unchanging inorganic components
of our silicon-based electrotechnology.

3.6 MAPS OF SENSORY SURFACES

Sensory endings and their receptive fields are, with
the exception of the olfactory system, arranged in
two-dimensional arrays — maps. This is obviously
the case with retinae, and it is the case with the touch
receptors of the skin as well. Less obviously it is also
the case with the basilar membrane of the cochlea.
The spatial relations of these arrays are maintained
into the CNS. In humans, as we shall see in subse-
quent chapters, there is a map of the body surface in
the somatosensory cortex of the postcentral gyrus, a
map of the retina in the primary visual cortex of the
occipital lobe and a map of the basilar membrane
in the primary auditory cortex of the temporal lobe.
These maps are defined as somatotopic, retinotopic
and tonotopic respectively.

It should not be thought, however, that these
maps are isomorphic with the sensory surfaces. In all
cases, those parts of the sensory surface which are of
greatest biological importance, where greatest dis-
crimination of the sensory input is required, are allo-
cated disproportionately large areas of cortex. This
nonisomorphic mapping is partly a reflection of the
fact mentioned above that those parts of the sensory
surface which are of greatest biological importance
have smaller RFs and hence more sensory fibres per
unit area. It is also due to an increased complexity
of neuronal connectivity in these areas of the cor-
tex. Although this nonisomorphic mapping is char-
acteristic of all CNS maps of sensory surfaces, it is
probably most widely known for the somatosensory
cortex. The sensory ‘homunculi’ (Figure 8.20) of
these cortices, with their huge lips, gigantic hands
with outsize thumbs, tiny legs and feet, have attained
almost iconic status.

In some sensory systems, especially the visual
systems of primates, the map in the primary sen-
sory area is projected onwards to secondary, tertiary
and higher areas. Generally speaking, however, these
higher level maps become topographically less pre-
cise. However, although these higher level maps may
be topographically imprecise, they may well be orga-
nized to provide comparatively precise maps of other
features of the stimulus. Again, taking the example
of the primate (macaque) visual system, the best-
known of all advanced sensory systems, we find that,
in visual area 4, colour rather than spatial position
on the sensory surface is mapped. The wavelength
of light to which V4 cells respond varies in a regular
way from cell to adjacent cell. Similarly, in visual area
5, which is concerned with movement of the visual
stimulus, it is found that the direction of movement
to which adjacent cells respond again varies regularly
across the area.

But why maps? Why should sensory systems de-
velop maps of the body’s sensory surfaces at all? The
short answer to this question is that nobody knows.
There have been many speculations. We shall return
to the question in Chapter 23 (Section 23.4). It may
be, as argued there, that sensory fibres which nor-
mally fire together tend to group together. There is,
as we shall see, considerable developmental evidence
for this conclusion. Clearly sensory fibres originat-
ing from neighbouring parts of a sensory surface
will be more likely than not to be activated together.
There is also an argument which refers to economy
of design. It is argued that sensory analysis, com-
putation, is most efficiently done when similar parts
of the sensory scene, either topographically or func-
tionally, are kept close together. Unlike computers
based on silicon and copper, brains do not work
at the speed of light. The velocity of information
exchange in the unmyelinated short axons and den-
drites of grey matters is orders of magnitude slower
than electrical conduction around the hardware of a
computer. If large distances, centimetres rather than
millimetres, had to be traversed, the coherence of the
total ‘percept’ might be put in jeopardy. We are here
in the vicinity of what is called the ‘binding problem’.
This is the problem of how it is that our percepts
are unified and coherent although the brain is highly
heterogeneous and modular. We do not know the
answer to the binding problem. We do not know the
answer to the ‘why’ question about sensory maps.
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It is not impossible that these two questions are as-
pects of the same problem. When we begin to gain
insight into one, we may begin to see the light with
the other.

3.7 HIERARCHICAL AND PARALLEL
DESIGN

The preceding section may have suggested that sen-
sory systems are organized in an exclusively hierar-
chical design. It may have suggested that the sensory
surface projects to the primary sensory cortex, where
it retains its topographical relationships, and then
further projections, losing perhaps a little precision,
transmit the information to further maps in other ar-
eas of the cortex. Although this is true, it is only part
of the truth. We shall see when we come to consider
the major sensory systems, and especially the primate
visual system, that there are multiple projections into
the brain. There is not just one map projected for-
ward in a hierarchical fashion, but several maps in
parallel, interlinked and interacting with each other.
Furthermore, the sequence of maps in the hierar-
chical design is interlinked in both the ‘forward’ and
‘backward’ direction. The design of the sensory brain
allows both parallel and sequential ‘computing’; it
might best be described, to use Hofstadter’s term, as
a ‘tangled hierarchy’.

3.8 FEATURE EXTRACTION AND
TRIGGER STIMULI

One final common feature of sensory systems must
be mentioned before finishing. We shall see as we
proceed through this book that, in highly evolved
systems, such as those serving the auditory and
visual senses, ever more specific features of the sen-
sory world are ‘extracted’ as the sensory information
streams upward through the brain. These features are
aspects of the world which are of paramount impor-
tance to the animal. Few cells in the auditory cortex
respond to the continuous pure tones which are so
effective in stimulating the basilar membrane of the
cochlea. Instead, clicks, and crackles, as of predators
creeping through the undergrowth, or frequency-
modulated tones proceeding upwards or downwards

in pitch, prove far more effective. We shall see in
Chapter 10 that these features are made use of in
the highly specialized auditory cortices of humans
(to build up speech sounds) and bats (for echoloca-
tion). Similarly, in the visual system, the bright spots
of light or continuous defocused illumination which
are effective in stimulating the retina have little af-
fect on cells in the visual cortices. Instead, edges at
different orientation evoke strong responses in the
primary visual cortex. Further up the system even
more specific features trigger responses. In the upper
reaches of the macaque visual system, the inferotem-
poral cortex, for example, cells are present which
only respond when specific features of monkey faces
(full or profile) are in the visual field (Chapter 18,
Section 18.4).

These specific features of the sensory world, fea-
tures which as the preceding examples indicate are all
of great significance in the animal’s life, are known
as trigger stimuli. Much research has been devoted
to this category of stimuli. Early on the concept of
a hierarchy of feature extractors became popular. It
was suggested that ever more particular features of
the visual scene were extracted until not only monkey
face recognition cells were achieved but, in the case
of ourselves, cells to recognize grandmother’s face.
The notion of grandmother’s face recognition cells,
or pontifical cells, gained wide currency, though it is
to be suspected that it was always taken as a reduc-
tio ad absurdum or, at least, with a very large pinch
of salt. For could there be enough cells in the cor-
tex to deal with grandmother in all her hairdoes and
in all her moods, lightings and hats? Let alone all
the other specific features of our visual experience?
Would one be unable to recognize grandmother if
the cell, for some reason, became defective or dis-
eased? Furthermore, the philosophical problem ob-
trudes once more. Is it really credible to suppose that
activity in a single cell translates into visual con-
sciousness of grandmother? It seems more likely, as
we shall see in Chapter 18, that the recognition of
grandmother depends on the activity of a popula-
tion of cells throughout the visual cortices and in
other parts of the brain including (and importantly)
the emotional centres in the limbic system. This like-
lihood is increased by the recognition (mentioned in
the preceding section) of the great part that parallel
processing plays in the visual system. The idea of a
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single hierarchical stream of information proceeding
to ever higher ‘centres’ in the brain is falling into
desuetude.

3.9 CONCLUDING REMARKS

‘Evolution’, Francois Jacob said, ‘is a tinkerer’. In the
case of sensory systems it has taken the biophysics
and molecular biology reviewed in Chapters 1 and
2 and assembled it over a thousand million years
into ever more remarkable and sensitive devices for
detecting environmental events. Evolution may be a
tinkerer but it is a tinkerer driven by the fear of death.
Sensory systems are deeply involved in the struggle
for existence, in what some have called evolutionary

‘arms races’. As with the technological arms races
with which we are all familiar as humans, informa-
tion is all important. The battle of Britain and the
battle of the Atlantic were won and lost by radar
and cracking the codes of radio communications.
Sensory systems have been exposed to the full merci-
less rigour of natural selection for a billion years. But
as with the tinkerer of Jacob’s metaphor, there has
never been an opportunity to strip them down and
start afresh. Tinkering is done on what already exists.
The sensory systems of the most ‘advanced’ animals
thus still bear the design traces of remote ancestors.
In spite of this they have evolved, as we shall see in
the remainder of this book, to a sensitivity which in
many cases has yet to be reached by the artifices of
human technology.
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CLASSIFICATION AND PHYLOGENY

Systematics: evolutionary and cladistic classifications. Six kingdoms: the nature of ani-
mal phyla. Unicellularity: prokaryocytes (Archaebacteria and Eubacteria) - eukaryocytes
(protista). Multicellularity: Fungi, Plantac and Animalia - Parazoa and Metazoa - in-
vertebrates and vertebrates. Protostomata and deuterostomata: spiral and radial cleav-
age - schizocoely and enterocoely - formation of mouth - these profound embryological
diffferences separate an annelid-arthropod-mollusc assemblage from an echinoderm-
chordate assemblage - suggests independent evolution over more than half a billion years.
Classification of Metazoa: Cnidaria - Platyhelminthes — Nematoda - Mollusca - Annelida -
Arthropoda — Echinodermata - Chordata. Evolution of neurosensory systems: Cnidaria -
Platyhelminthes — Nematoda - Annelida - Arthropoda — Mollusca Echinodermata —
Chordata. Concluding: some animal designs more favoured than others - three great
designs (Arthropods, Molluscs, Chordates) have proved outstandingly successful, they

will consequently figure largely in this book.

In the following chapters we shall take a fairly wide
sweep through the living world in our examination
of sensory systems. Not all readers of this book will
be familiar with the taxonomic and evolutionary po-
sition of the organisms mentioned, nor with the or-
ganization of their nervous systems. This chapter is
designed to remedy that unfamiliarity.

4.1 SYSTEMATICS

Surprising as it may seem to the outsider, biological
systematics is not a closed and fully agreed topic.
Even the number of major groups (phyla) into which
the animal kingdom may be subdivided remains a
matter of controversy. Furthermore, with the intro-

duction by Hennig in 1950 of a non-evolutionary
classificatory schema, known as ‘cladistics’, system-
atics has found itself the subject of bitter polemics.
Fortunately, we need not enter this minefield. Our in-
terest in the classificatory position of organisms has
a profoundly evolutionary basis. Our interest in the
sense organs of animals other than ourselves is not
only just because they’re there, though that is indeed
a thoroughly respectable motive, but mostly because
of the light they throw on our own sensory systems
and of the way in which they display alternative ways
of solving the same problems. In some cases these so-
lutions are radically different (insect and vertebrate
eyes), in other cases they are surprisingly similar
(cephalopod and vertebrate eyes). An understand-
ing of the evolutionary relationships between animal
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groups is thus basic to a full understanding of animal
sensory systems and, in particular, of those that we
develop ourselves.

4.2 CLASSIFICATION INTO SIX
KINGDOMS

In this book we shall use the conventional scheme
of classifying organisms into six kingdoms: Archae-
bacteria, Eubacteria, Protista, Plantae, Fungi and
Animalia. Within these six kingdoms organisms are
further subdivided into great groups sharing a com-
mon body plan. These great groups are called phyla
(botanists call them ‘divisions’). This, as would be
expected, is much more evident in the multicellular
Fungi, Plantae and Animalia than in the three uni-
cellular kingdoms. Indeed the subdivision into phyla
is only fully accepted in the zoological world of the
kingdom Animalia. In the study of sensory systems
it is, of course, this kingdom which looms largest.
In what follows our attention will consequently be
largely concentrated on this kingdom.

4.3 UNICELLULARITY

The Archaebacteria and the Eubacteria (sometimes
simply Archaea and Bacteria) are often grouped to-
gether as Monera (Gk: Moneres, single, solitary).
Their biochemistry and molecular biology is, how-
ever, sufficiently different for systematists to place
them in separate kingdoms. Well over 5000 species
are known and they all consist of small cells lack-
ing nuclei and organelles. Because these cells have no
clearly demarcated nucleus (i.e. their nucleic acid is
not partitioned off from the rest of the cell by a nu-
clear membrane), they are known as prokaryocytes.
For nearly 2000 million years (from about 3600 mil-
lion years BP to about 1600 million years BP) the
Monera had the world to themselves. Their sensory
systems are, of course, extremely simple. They are,
however, of considerable interest to us in this book
as they can often be shown to represent, at least at
the biochemical level, primordia from which the al-
most infinitely complex systems of the Animalia have
evolved.

After some 2000 million years had elapsed, the
first larger and more complex cells, the eukaryocytes,

appeared. They are more closely related to the ar-
chaebacteria than to the eubacteria. All eukaryocytes
have a definite nucleus (their genetic material is con-
fined within a nuclear membrane) and organelles
such as mitochondria, chloroplasts and so on are
present outside the nuclear membrane in the cyto-
plasm. Earlier classifications grouped autotrophic
unicellular eukaryocytes with the plants as Proto-
phyta and the heterotrophic forms with the animals
as Protozoa. An alternative and more modern analy-
sis suggests that the unicellular eukaryocytes resem-
ble each other more than they do the multicellular
animals, plants and fungi and, moreover, that multi-
cellularity may have evolved several times. It has con-
sequently been proposed that they should be grouped
into a separate kingdom the Protista or Protoctista
(Gk protos, first; ktistos, established). The Protista
are a highly diverse group of organisms, subdivided
into anything up to thirty distinct phyla. They do
not figure largely in this book. Perhaps they are
most interesting, for our concerns, in showing the
earliest photoreceptors — various types of eye spot.
These are found in the phylum Eustigmatophyta,
Chlorophyta and, especially, in the phylum
Euglenophyta (Euglena viridis) and some members of
the phylum Dinoflagellata (Pouchetia sp., Erythrop-
sidinium pavillardii).

4.4 MULTICELLULARITY

Multicellularity probably originated some 1000 mil-
lion years ago. Biologists recognize three kingdoms:
Fungi, Plantae, Animalia. It is only the latter king-
dom which is of interest in this book. Again there are
several different methods of classification. In older
texts the kingdom Animalia was subdivided into
three subkingdoms: Protozoa, Parazoa (sponges)
and Metazoa. More recently, as we have seen, the
Protozoa have been grouped with other unicellular
forms in the kingdom Protista. The Animalia are
consequently subdivided into two subkingdoms, the
Parazoa and Metazoa. The Parazoa are further sub-
divided into two phyla, the Porifera (sponges) and
Placozoa (consisting of a single species, Trichoplax
adhaerens, the size of large amoeba). All the other
animals are grouped into the Metazoa. Very early in
evolutionary history (Figure 4.3) bilateral symmetry
emerged and this ancient stage is still represented by
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present-day Platyhelminthes. The next step on the
evolutionary ladder was taken when a body cavity or
coelom developed, separating the digestive tube from
the rest of the body’s musculature and thus allowing
it to act independently. These developments are be-
lieved to have taken place deep in the Precambrian
period perhaps a thousand million years ago.

4.5 PROTOSTOMES AND
DEUTEROSTOMES

If we look deep into the early embryology of
the coelomate metazoan, we find several funda-
mental features which suggest an ancient divi-
sion into two great groups of animal forms: an
annelid— arthropod-mollusc assemblage and an
echinoderm— chordate assemblage (Figure 4.3). In
the annelid—arthropod-mollusc assemblage the first
divisions of the zygote (cleavage) take place in a spiral
fashion (Figure 4.1A(a)). The daughter cells (blas-
tomeres) arrange themselves between each other.
Moreover, the fate of these cells is already deter-
mined. If one is removed, a particular part of the
body which it was destined to form fails to develop.
In contrast, in the chordate—echinoderm line, the zy-
gote undergoes radial cleavage (Figure 4.1A(b)) and
the daughter cells are arranged directly above and
below each other. Moreover, the fates of the blas-
tomeres are not at this stage determined. If one is
removed, the others are able to compensate for the
loss so that a normal embryo develops. It should be
added here that there are a number of exceptions to
this neat schematic. Not all protostomes show spi-
ral cleavage and not all follow a totally determined
development. Nature always seems to wriggle free
from the neat compartments invented by biological
bureaucrats.

Next, the two great assemblages of forms show
deep-seated differences in the way in which the
coelom, is formed. In the annelid-arthropod—
mollusc assemblage it develops by a splitting of
the mesoderm, a process known as schizocoely. In
the chordate—echinoderm assemblage, on the other
hand, it develops by an outpouching of the gut
which is eventually nipped off, a process termed
enterocoely.

Finally, there is an important difference in the way
the mouth is formed. The ball of cells which results
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Figure 4.1 (A) (a) Spiral and (b) radial cleavage. After
Caroll, R.L. (1988). (B) Protostomes and deuterostomes. (a)
Blastula; (b) Invagination to form the gastrula. The blasto-
coele is largely obliterated and the new cavity forms the prim-
itive gut or archenteron. Opening to the exterior is the blasto-
pore. This develops into the mouth in the protostomes. In the
deuterostomes a new invagination, at the opposite end from
the blastopore, known as the stomodaeum, eventually appears
and breaks through into the archenteron. This develops into
the mouth; the blastopore becomes the anus.

from the first cell divisions of the fertilized egg — the
blastula — ultimately invaginates to form a primitive
gut — the archenteron. This process is known as gas-
trulation. In the annelid-arthropod-mollusc assem-
blage, the opening into this primitive gut, known as
the blastopore, eventually develops into the adult’s
mouth. Animals in which the mouth originates in
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this way are called protostomes. In contrast, in the
chordate—echinoderm assemblage the mouth devel-
ops in a different way. Here a new opening ultimately
appears at the opposite end to the blastopore and
the blastopore develops instead into the anus (Fig-
ure 4.1B(b)). Animals in which this type of devel-
opment happens are called deuterostomes (because
the mouth develops ‘secondarily’). These two terms,
‘protostomes’ and ‘deuterostomes’, are commonly
used to denote the two great assemblages of animal
forms.

Although Haeckel’s so-called ‘biogenetic law’
(‘phylogeny recapitulates ontogeny’) is nowadays re-
garded with some caution, it cannot be doubted
that events early in embryology are fixed very early
in evolutionary history. It follows that the crucial
differences between the embryology of protostomes
and deuterostomes arose very early in phylogeny.
Molecular evidence suggests a common ancestor no
later than about 670 million years ago (Figure 4.2).
Indeed, recent work has pushed the date back yet
further, to some 830 million years BP. The two great
assemblages of animal forms have thus evolved in-
dependently for well over three quarters of a bil-
lion years. This makes a comparison between their
sense organs a matter of considerable interest. We do
not have to go to alien planets to gain insight into
alternative evolutionary outcomes for carbon-based
life-forms.

671 Deuterostomes

761 Protostomes

Pseudocoelomates

1000 —Fungi

1288 t————————— Plantae

1699 Protista

Archaebacteria

Eubacteria
(Gram negative)

Eubacteria
(Gram positive)

Figure 4.2 Evolutionary relationships between the major
groups of organisms. The figures indicate approximate millions
of years. The pseudocoelomates are represented by the nema-
tode worms (e.g. C. elegans). Data from Doolittle et al., 1996.

Finally, there is accumulating molecular evidence
to suggest that the protostomata divided very early
into two major groups. The first group, known as the
Ecdysozoa, contains amongst others the nematodes
and arthropods and is characterized by a tough exter-
nal coat which requires periodic moulting (ecdysis)
to allow growth. The other group, the Lophotro-
chozoa, is free of the constriction of a tough external
layer (but by the same token less protected) and con-
tains the annelid segmented worms, the molluscs and
a number of other animal phyla.

4.6 CLASSIFICATION OF THE METAZOA

Let us now focus in on the major groups of ani-
mals within the animal kingdom. Systematists divide
them into large groups known as phyla. A phylum,
as mentioned above, consists of animals all sharing
a common body plan. The study of the evolution
of this body plan over geological time is known as
phylogeny. Within a phylum zoologists classify or-
ganisms into subphyla, classes, orders, families, gen-
era and, finally, species and subspecies. In some cases
zoologists group orders together into superorders
and families into superfamilies. Thus, for example,
humans are classified as belonging to:

¢ Kindom Animalia

¢ Phylum Chordata

o Subphylum Gnathostomata
e Class Mammalia

¢ Order Primates

¢ Family Hominoidea

® Genus Homo

e Species sapiens

® Subspecies sapiens.

All animals, by definition, have to seek their food
in a changeable environment and consequently all of
the multitudinous forms grouped in the thirty or so
phyla develop sense organs of one sort or another.
The evolutionary relationships between the groups of
animals that are significant in this book are shown
in Figure 4.3. Prominent amongst these animals are
the Arthropoda, the Mollusca and, of course, the
Chordata.

Let us briefly review some of the phyla shown in
Figure 4.3. The Cnidaria (formerly grouped with the
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developments occurred in Precambrian times.
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Ctenophora as the Coelenterata) are the simplest of
the Metazoa. They are also believed to lie at the
evolutionary root of the Metazoa. An imprint of
Ediacara, believed to be a hydrozoan, was found in
South Australian sandstone dating back some 700
million years. The bodies of Cnidaria contain no cav-
ity (coelom) and are constructed of just two layers of
cells, ectoderm and endoderm. They develop no true
central nervous system but make do with a diffuse
nerve net. Well known members of this phylum are
the jelly fish (class Scyphozoa), the hydroids, such as
Hydra, Obelia and so on (class Hydrozoa) and the
corals and sea anemones (class Anthozoa).

The Platyhelminthes (flatworms) show an evolu-
tionary advance over the Cnidaria in that their bodies
are built of three layers of cells: ectoderm, mesoderm
and endoderm. There is still no body cavity but, un-
like the Cnidaria, they are bilaterally symmetrical
with a definite anterior and posterior extremity. The
free-living forms develop ladder-like central nervous
systems with an accumulation of nerve cells at the
anterior end where a number of sense organs, includ-
ing pigment-cup eye spots, are concentrated. There
are three classes: class Turbellaria (free-living car-
nivorous flatworms, e.g. Planaria); class Trematoda
(parasitic liver flukes); class Cestoda (tapeworms).
Most zoologists believe that forms, such as present-
day planaria, resemble the stem animals from which
the rest of the Metazoa diversified some seven or
eight hundred million years ago.

The phylum Nematoda (commonly known as
‘roundworms’) consist of a large assemblage of forms
(perhaps a million species) of which the best known
are endoparasites, for example Ascaris, Trichinella.
Roundworms have the beginnings of a body cavity
but, as it does not form by a space originating within
the mesoderm, it is known as a pseudocoelom rather
than a true coclom. They possess very simple dorsal
and ventral nerve cords connected by a nerve ring
around the pharynx. Many nematodes are noted for
their prodigious reproductive ability. Females some-
times contain tens of millions of eggs and may ex-
trude them at a rate of over 100000 a day. Because
of this extraordinary fecundity and short generation
time one of the free living roundworms, the small
(0.5 mm long) free-living soil nematode, Caenorhab-
ditis elegans, has been extensively studied by molecu-
lar biologists. At the molecular level it is probably the

best known of all metazoan species. Striking similar-
ities have been found between much of its fundamen-
tal molecular biology and that of ‘higher’ animals up
to and including humans.

The phylum Mollusca consists of a great variety of
different forms — over 100000 species. They are all
soft-bodied and unsegmented with a true body cavity
or coelom. They range in size from a few millimeters
up to the giant squid, Architheutis, the largest of all
invertebrates, which may be over twenty meters in
length from tip of tentacle to posterior extremity.
The Mollusca have provided some of the most inter-
esting and valuable preparations for neurobiological
research. As Figure 4.3 shows they have evolved sep-
arately from the Chordates for seven or eight hun-
dred million years. They might almost be considered
a separate creation.

The Mollusca are divided into seven classes. The
Monoplacophora, with one flat shell, live in subtrop-
ical and tropical deep waters. The Aplacophora in-
clude the worm-like solenogasters and also inhabit
the depths of warm seas. The Polyplacophora include
the common sea-shore, rock-clinging chitons. The
Pelycypoda comprise perhaps the best-known of all
the molluscs, the bivalves — oysters, muscles, scal-
lops. We shall see in Chapter 14 that the scallops
are known for their remarkable tentacular eyes. The
Gastropoda consist of all those forms which crawl
upon their stomachs — the snails, winkles, slugs and
so on. The Scaphopoda possess conical shells and
burrow into mud and sand. Finally, the most remark-
able molluscs belong to the class Cephalopoda. The
Cephalopoda are subdivided into three subclasses:
the Ammonoidea, the ammonites, extinct, but fre-
quently found as spectacular fossils; the Nautiloidea
represented by the pearly Nautilus; and the Belem-
noidea to which belong the squids, cuttlefish and
octopi. We shall see that these remarkable marine
predators, although the outcome of half a billion
and more years of separate evolution and with to-
tally different body plans, nevertheless show strik-
ingly similar solutions to the problems presented in
the design and operation of photoreceptors.

The phylum Annelida include the common ter-
restrial and aquatic (mostly marine) worms. Like
the molluscs they are coelomate protostomes but,
in strong contrast to the molluscs, they are dis-
tinctively segmented. There are four classes. class
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Polychaeta consists of the mostly marine bristle
worms, for example Nereis, the common sea-shore
rag-worm. Polychaetes are often large, active forms
with well-developed nervous systems and sense or-
gans. Class Oligochaeta, with fewer ‘bristles, includes
the common earthworm, Lumbricus. Class Hirudinea
is comprised of the ectoparasitic leeches, for example
Hirudo. Finally the class Myzostomaria consists of a
number of small parasites of the Echinoderms.

The phylum Arthropoda is perhaps the most suc-
cessful of all the phyla in the animal kingdom. Many
zoologists believe that, if all the species living today
could be identified and enumerated, they would add
up to something over ten million. Arthropods in-
habit all the world’s environments and range in size
from microscopic mites to large spider crabs mea-
suring well over a metre from outstretched leg to
outstretched leg. Terrestrial arthropods, overwhelm-
ingly represented by the insects, are, however, mostly
small animals. This is because of their basic design
principle. A hard chitinous exoskeleton does not per-
mit continuous growth. Instead growth has to occur
in spurts when the cuticle is shed during the process
known as ecdysis. Without its cuticle, an arthropod,
especially a terrestrial arthropod, is highly exposed
and vulnerable. These soft-bodied periods must thus
be kept short and minimized. Without this disas-
trous consequence of their design principle arthro-
pods might well have become the monstrous land
faunae of science fiction.

Arthropods, like annelids, are strongly segmented,
coelomate protostomes. They differ from annelids
in the possession of a hard, chitinous exoskeleton
and jointed legs. It is from the latter character that
they take their name. There are two large divisions
which have been accorded subphylum status: the
Mandibulata and the Chelicerata. The mandibulate
arthropods have three body segments whilst in the
Chelicerata the anterior two body parts are com-
bined into a single cephalothorax.

The subphylum Mandibulata is subdivided into
six classes. The class Crustacea consists of a large
assemblage of aquatic, gill-breathing arthropods.
The most significant order in this class, the order
Decapoda, includes the lobsters, crayfish, crabs,
prawns and shrimps. The Crustacea also include
a number of smaller orders, the water fleas, cope-
pods, barnacles and so on. The second class, the

class Diplopoda, includes the millipedes. The class
Chilopoda consists of the centipedes; the class Pau-
ropoda contains centipede-like forms and the class
Symphyla consists of yet another group of centipede-
like animals. The last class in the subphylum is the
class Insecta, which is by far the largest of all the
arthropod classes. Insects are found in all the world’s
environments with the important exception of the
sea. They are mostly highly active animals and hence
develop an array of exquisitely designed sense or-
gans. Because of their hard chitinous exoskeleton
these sense organs are mostly based on cuticular sen-
silla. This design element is very different from that
of soft bodied forms such as molluscs and vertebrates
and hence insect sensory biology provides a valuable
comparative study. We shall discuss numerous exam-
ples in the following pages.

The second arthropod subphylum, the subphylum
Chelicerata, gains its name from the fact that the
first pair of the normally six pairs of appendages de-
velop grasping jaws known as chelicerae. There are
three classes. The class Pycnogonida is represented
by the sea-spiders which may be found at the bottom
of the littoral zone; the class Merostomata includes
the King or Horse-shoe ‘crabs’ (Limulus) whose sim-
ple compound eyes have provided very important
preparations for sensory physiologists; finally a large
and important class, the class Arachnida, contains
the spiders, scorpions, harvestmen, mites and ticks.
The sense organs of spiders (order Araneae), espe-
cially tactile hairs and, in some cases, ocellar eyes,
have evolved to a very high sensitivity and we shall
discuss them in some detail in Chapters 8 and 15.

The phylum Echinodermata (starfish, sea urchins,
sea-cucumbers, etc.) are widely diverse, radially sym-
metrical and have a fascinating zoology but they do
not provide any of the sense organs we discuss in this
book. However, as Figure 4.3 shows, they are the
closest evolutionary relatives of the Chordates and,
when the genome of a sea urchin, Strogylocentrus
purpuratus, was sequenced, fascinating biochemical
similarities between the elementary sensory systems
of their tube feet and our own hugely sophisticated
sensory systems were discovered (Chapter 5). Let us,
however, move directly to what is, for our purposes,
the last significant phylum, the phylum Chordata. As
this phylum includes Homo sapiens many will feel
that it is the most significant phylum of them all. But
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as our rapid review has made clear it is in fact but
one phylum of many, and, with some 45 000 species,
one of the smallest. It includes all the mammals,
reptiles, birds, amphibia and fish (i.e. all the verte-
brates) and a few obscure groups of invertebrates
commonly lumped together as protochordates. As
we noted above, the chordates are deuterostomes
and, as their vertebral columns clearly show, seg-
mented. They may be defined by the possession (at
some stage in their life history) of three features: (i) a
dorsal hollow nerve cord; (ii) beneath the nerve cord
but above the gut a stiff rod, the notochord, which
in the vertebrates becomes transformed into a verte-
bral column; (iii) the presence of gill clefts at some
stage in development, connecting the pharynx with
the exterior.

The most widely accepted classification subdi-
vides the chordates into four subphyla: two acra-
niate subphyla — the Tunicata (=Urochordata) and
the Cephalochordata, and two craniate subphyla the
Agnatha and the Gnathostomata. The latter two
subphyla together constitute the ‘vertebrates’. Most
adult tunicates are sessile forms, many of which, such
as the sea squirts, Ciona intestinalis, inhabit the lit-
toral zone. Only the larval stage, which resembles a
tadpole, develops a notochord, nerve cord and gill
clefts. Members of one order, the Appendicularia,
however, remains pelagic throughout their lives and
resemble the ascidian ‘tadpole’. The cephalochor-
dates are represented by Amphioxus lanceolatus, the
lancelet, a small (less than 5 cm long) slug-like form,
tapered at each end, which lives, filter-feeding, half-
buried in sea bed sediments. It shows many of the
features which would be expected of a generalized
primordial chordate possessing a dorsal nerve cord,
notochord and gill slits throughout its adult life. The
largely sessile life-style of Amphioxus suggests it may
have ‘degenerated’ from a more free-swimming an-
cestor. Although there is no real anterior expansion
of the anterior part of the nerve cord which deserves
the name of brain, Amphioxus nevertheless develops,
as we shall see, some interesting, if rudimentary, sense
organs (Figure 4.10). The two craniate subphyla
contain all the familiar vertebrate animals. Their
probable evolutionary relationships are shown in
Figure 4.4.

The subphylum Agnatha consists mainly of ex-
tinct fossil forms which lack both jaws and paired
appendages. The only living representatives be-
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Figure 4.4 Probable evolutionary relationships amongst the
vertebrates. After Caroll, R.L. (1988).

long to the class Cyclostomata, the lampreys and
hagfish.

The subphylum Gnathostomata, possessing jaws
and paired appendages, are subdivided into two su-
perclasses — the superclass Pisces containing all the
fish and the superclass Tetrapoda.
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The living Pisces are subdivided into two great
classes, the Chondrichthyes and the Osteichthyes. The
class Chondrichthyes (=Elasmobranchii) consists of
all the cartilaginous fish with rough dentinous pla-
coid scales and is represented by the sharks, dogfish,
skates, rays (including the electric ray, Torpedo) and
saw fish. The class Osteichthyes contains all the bony
fish. These develop bony scales known as cycloid or
ctenoid depending on whether their edges are smooth
or jagged. In numbers of species and variety of form
the Osteichthyes are far more successful than the
Chondrichthyes. Probably the most successful of all
the orders of bony fish is the order Teleostei, the
teleost fish, which includes herring, trout, salmon,
carp, eels, flying fish, sticklebacks and so on.

The Tetrapoda are subdivided into four large
classes: class Amphibia; class Reptilia; class Aves
and class Mammalia. As shown in Figure 4.4, the
Amphibia are the earliest of these four classes. Fossil
forms can be traced back almost four hundred mil-
lion years into the Devonian period. Contemporary
amphibia belong to three distinctive subclasses: sub-
class Urodela (the newts, salamanders, etc.; subclass
Anura (the frogs and toads); subclass Apoda (limb-
less, blind, burrowing, tropical forms).

The class Reptilia develop from eggs which, unlike
those of the Amphibia, possess an amniotic mem-
brane which adapts them to survive on land. The
reptiles are thus the first fully terrestrial vertebrates.
Zoologists sometimes use the term amniotes as a col-
lective noun to describe the fully terrestrial verte-
brates (reptiles, birds and mammals) in contrast to
the anamniotes (amphibia and fish) which, lacking
an amniotic membrane, necessarily spend part or all
of their life cycle in water. There are many orders
of extinct reptiles (including of course those terrible
lizards, the Dinosaurs) but only four living orders:
the Crocodilia, the Chelonia (tortoises and turtles)
the Rhychocephalia (Spenodon) and the Squamata.
(lizards, monitors, iguanas, snakes, etc.). The snakes,
which are believed to have lost their limbs through
a long period of subterranean living, have developed
(in some cases redeveloped) some of the most inter-
esting of vertebrate sense organs.

The class Aves are often regarded as feathered rep-
tiles. There are over 9000 living species found in
all parts of the world and in practically all habi-
tats. As would be expected from their highly active
lifestyles, the birds have evolved some of the most

highly sophisticated sensory systems that the planet
has known.

The class Mammalia is conventionally subdi-
vided into three subclasses: the subclass Protothe-
ria (Monotremata); the subclass Allotheria (all ex-
tinct) and the subclass Theria which is divided again
into three infraclasses, the Pantotheria (extinct),
the Metatheria (Marsupaliana) and the FEutheria
(Placentalia). The subclass Prototheria includes the
egg-laying mammals of Australasia — the duck-billed
platypus (Ornithorhynchus) and the spiny ant-eater
(Tachyglossus). The subclass Metatheria are again
largely confined to Australasia but there are some
North and South American species. They are distin-
guished by possessing an exterior pouch for nurtur-
ing the young, which are born very immature. The
subclass Eutheria consists of all the modern mam-
malian orders — the Insectivora (hedgehogs, shrews,
moles, tree shrews, etc.), the Chiroptera (bats), the
Rodentia (rats, mice, etc.), the Lagomorpha (rab-
bits and hares), the Carnivora (cats, dogs, bears,
weasels, seals), the Cetacea (whales, dolphins, por-
poises), the Perissodactyla (horses) and Artiodactyla
(cattle, pigs, etc.), to name just a few, and, of course,
the Primates to which we, together with the lemurs,
tarsiers, bush-babies, new and old world monkeys
and the apes, belong.

4.7 EVOLUTION OF NERVOUS SYSTEMS

The evolution of animal nervous systems is a vast
topic. All that is intended (and all that can be
achieved in the space available) is a brief introduc-
tion for those who have not had the benefit of an
introductory course in biology or zoology. The ori-
gin of animal nervous systems is likely to remain
speculative, as soft tissues, although they may leave
impressions in sedimentary rocks, leave no fossils
and a fortiori no information about cellular func-
tion. Examination of the most primitive motile forms
may, however, yield a clue. The reproductive medusae
of the hydrozoa show that depolarizing potentials
spread through large sheets of epithelial tissue, help-
ing to coordinate the pulsatile movements of the bell.
Thus it is suggested that nervous systems originated
from epithelial tissues whose cells intercommuncate
by tight junctions or electrical synapses (Section 2.7).
This suggests that electrical synapses preceded the
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chemical variety which are so much more prominent
in the nervous systems of the ‘higher’ animals, espe-
cially the vertebrates.

4.7.1 Cnidaria

In addition to the passage of depolarizing potentials
directly through epithelial sheets the Cnidaria have
developed a reticulated nervous system known as a
nerve net. This is developed not only in the bells of
jelly fish but also in sessile bodies of sea anemones
and fresh water polyps such as Hydra (Figure 4.5a).
Here neurons conduct impulses in both directions
making ‘en passant’ synapses with each other (Fig-
ure 4.5b). In consequence, impulses spread in every
direction from a stimulated point and the body con-
tracts in a unified manner.

4.7.2 Platyhelminthes

As indicated in Section 4.4, the next major step in
animal evolution was the development of bilateral
symmetry. Nothing in biology is simple and clear
cut. Genetic evidence indicates that genes involved
in the production of bilateral symmetry exist in the
Cnidaria. Indeed, molecular analysis has recently
shown that an active, muscular, parasitic worm,
Buddenbrockia plumatellae, is in fact a Cnidarian.
This suggests that bilaterality may have arisen by se-
lection for efficient internal circulation rather than,
or perhaps as well as, for locomotion. Did bilateral
symmetry exist in the Cnidaria during Precambrian
times only to be lost in the vast majority of mod-
ern forms? We do not know. At present, however,
the most primitive bilateral forms are represented
by platyhelminth turbellaria (flatworms) where one
end faces forward during locomotion. Clusters of
sense organs (including eye spots) develop on this
forward end as it is generally the first part of the
worm to encounter new environments. Associated
with the sense organs a bilateral cerebral ganglion or
primitive brain develops to analyse the information
picked up by the senses; from this, one, or usually
two or more, nerve trunks run back along the rest
of the worm’s body. Numerous transverse fibres run
between the two nerve cords giving a ladder-like ap-
pearance (Figure 4.6).

(b)

Figure 4.5 Nerve net and ‘en passant’ synapses. (a): Hydra
to show nerve net. Note the concentration around the mouth.
(b) ‘en passant’ synapses in nerve net. The synaptic varicosi-
ties contain numerous dense-cored vesicles.

4.7.3 Nematoda

Nematodes, of which the best known is the ex-
haustively studied Caenorhabditis elegans, also have
exceedingly simple nervous systems. There is no
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Figure 4.6 Turbellarian (flatworm) ‘ladder’ nervous system.
From Buchsbaum, R. (1948) Animals without Backbones.
Copyright © 1948 University of Chicago Press.

defined cerebral ganglion or ‘brain’, only a circu-
moesophageal commissure or ‘nerve ring’ made up
of four ganglia surrounding the oesophagous from
which six posterior nerves and six anterior nerve
cords spring. Like the nervous system the sensory
system is also very simple. The most obvious features
are a pair of ‘amphids’ near the mouth and, a pair of
‘phasmids’ situated in a lateral position. Both these
structures are believed to be chemosensory. Tactile
cilia are developed at the anterior end of the body.

4.7.4 Annelida

In contrast to the nematodes, the free-living an-
nelids (segmented worms) develop much more
complex nervous systems. They all share an under-
lying design in which a cerebral ganglion is located
at the anterior end. This is connected to a ventral

nsory projections /

Y

Brain or cerebral
ganglion

1st ventral ganglion

Segmental ganglion Segme'ntal nerve

Figure 4.7 Nervous system of the polychaete worm, Nereis.
From Buchsbaum, R. (1948) Animals without Backbones.
Copyright © 1948 University of Chicago Press.

nerve cord by circumpharyngeal connectives that
run round each side of the pharynx (Figure 4.7).
The ventral nerve cord consists, primitively, of two
pairs of nerve tracts which run the length of the
body. In more advanced members of the phylum,
these two cords become fused to form a single lon-
gitudinal tract. The cord expands in each segment
to form a ganglion from which segmental nerves
run to innervate the body musculature and intes-
tine. Sensory organs are, as usual, concentrated at
the anterior end of the body. The polychaetes of-
ten possess quite well developed eyes; statocysts are
also found in association with the cerebral ganglion;
touch sensivity is spread over the body surface and in
some cases concentrated in so-called ‘lateral organs’.
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Polychaetes also develop chemosensory nuchal or-
gans, innervated from the posterior part of the cere-
bral ganglion. The nervous systems of oligochaetes
such as earthworms are nowhere near as well de-
veloped as that of the polychaetes but, nevertheless,
are still recognizably of fundamentally the same de-
sign, whilst those of the Hirudinea (leeches) are much
reduced and specialized for their ectoparasitic life
style.

4.7.5 Arthropoda

The arthropods are a highly diverse group of organ-
isms yet their nervous systems are all built on a basic
underlying plan. This plan is, in essence, similar to
that of the annelids to which they are believed to
be evolutionarily related. A dorsal brain, or cerebral
ganglion, is connected to a ventral nerve cord by a
pair of circumoesophageal commissures. The nerve
cord is developed into ganglia in each segment and
segmental nerves run out to the body musculature
and intestine.

Clearly this plan is much modified in different
members of this largest of all phyla. Thus, although
decapod crustaceans such as prawns, shrimps and
lobsters have typical arthropod nervous systems
as described above, their close relatives, the crabs,
have condensed the system into two large ganglia:
a cerebral ganglion between the eyes and an even
larger thoracic ganglion located in the middle of
the body. Centipedes and millipedes, on the other
hand, although developing relatively large surpraoe-
sophageal ganglia, retain a characteristic ganglion-
ated ventral nerve cord connected to the supraoe-
sophageal ganglia by a pair of circumoesophageal
commissures. In the spiders the ganglia are concen-
trated once again, this time into the cephalothorax,
where two major ganglia develop — the supra and
suboesophageal ganglia. The supraoesaphageal gan-
glion is generally regarded as the most important
as sense organs throughout the body are connected
to it.

Lastly the insects show a great number of varia-
tions on the underlying theme. In the general case
this theme is quite evident (Figure 4.8a). The brain is

(a) (b)

() (d)

Figure 4.8 Insect nervous systems to show increasing ‘concentration’. (a) Forficula (earwig); (b) Chironomus (midge); Stratiomya
(fly); (d) Musca (tachinid housefly). 1, 2, 3 = thoracic ganglia; 1d, 2d, 3d = dorsal thoracic nerves; a;...as abdominal ganglia;
a.n = antennary nerve; a.nv = abdominal nerve cord; b = brain (surpra-oesophageal ganglion); l4, l2, I3 = nerves to legs; sg =

suboesophageal ganglion. Modified from Imms, (1946).
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composed of three paired ganglia fused together, the
protocerebrum, the deuterocerebrum and the trito-
cerebrum. The protocerebrum is largely concerned
with vision. It is also believed to be involved with
higher cognitive functions, such as memory. From
it spring a couple of indented structures which, be-
cause of their shape, are known as ‘mushroom bod-
ies’ or corpora pedunculata. The deuterocerebrum
is concerned with information collected by the an-
tennae whilst the tritocerebrum integrates sensory
inputs from the other two parts of the brain. The
tritocerebrum also links the brain with another com-
plex of fused ganglia, the suboesophageal ganglion,
and the rest of the nervous system by (as usual) a
pair of circumoesophageal commissures. The suboe-
sophageal ganglion, which is believed to consist of
three fused ganglia, controls the insect’s mouth parts,
salivary glands and neck muscles. Behind the sub-
oesophageal ganglion a ganglionated, paired nerve
cord runs through the thorax and abdomen to ter-
minate in a pair of abdominal ganglia which often
fuse to give a single caudal ganglion. This ganglion
innervates the anus, genitalia and sensory receptors,
such as cerci, found at the insect’s posterior end.

In some insects, for instance Musca domestica,
the housefly, the nervous system becomes yet more
concentrated (Figure 4.8d). The primitive chain of
three thoracic ganglia become fused to form a single
large ganglion which controls both flight and walk-
ing movements and many other functions of the tho-
racic and abdominal regions, for there are no abdom-
inal ganglia.

All arthropods, and especially insects, are provided
with a wide range of sensory systems and many of
these will be discussed in later chapters. These in-
clude not only exquisitely sensitive touch and chem-
ical senses but also intricate photoreceptors which
are not only sensitive to light of wavelengths which
humans and most other animals cannot detect but
in some cases are also able to detect the plane of
polarization.

4.7.6 Mollusca

The molluscs, like the arthropods, are also an ex-
tremely diverse and extremely large phylum (perhaps
over 100 000 species), ranging from simple chitons to
highly complex and active squids and octopi. Their

nervous and sensory systems are in consequence
highly diverse. Nevertheless, an underlying design is
discernable. This underlying design is not too dissim-
ilar to that of the turbellarian flatworms. Indeed, the
chiton nervous system is hardly an advance on that of
the flatworms (Figure 4.9a). A nerve ring surrounds
the oesophagus and two nerve chords run down each
side of the body from which numerous nerves run out
to innervate the foot muscle. Many chitons develop
primitive eyes, indeed in some species several thou-
sand minute eyes are found, detectable as black spots
on their shells.

The gastropod nervous system still shows traces of
the chiton ladder-like design. It is shown in Figure
4.9b. Although it is complicated by the spiral form
of the shell, which twists it into a figure of eight, it
can still be seen to be basically a ladder-like struc-
ture. As the figure shows, it is distinctly ganglionated
with cerebral, pleural and pedal ganglia surround-
ing the oesophagus, a parietal ganglia controlling
the posterior part of the foot and visceral ganglia
controlling the intestine. In many gastropods, for in-
stance the pulmonates, which include the snails and
slugs, several of these ganglia have fused together,
creating a more unified system. Gastropods are well
supplied with sense organs and often have well de-
veloped eyes. Their most characteristic sense organ,
which they share with other mollusks, is however the
osphradium. This is an olfactory organ consisting
of elongated sensory cells associated with the mol-
lusc’s gills and thus able to sample the water currents
passing over the gills during respiration.

The bivalve nervous system is simpler that that
found in the gastropods, as it does not have to con-
tend with the torsion of the body. It still retains the
foundational bilateral architecture. There are three
pairs of ganglia and two pairs of lengthy nerve cords
or commissures (Figure 4.9c). The cerebropleural
ganglia are placed on both sides of the oesophagus, a
pair of visceral ganglia are located close to the poste-
rior adductor muscle and a pair of pedal ganglia are
located in the foot. Bivalves are well supplied with
sense organs. An osphradium is located in the exha-
lant siphon close to the posterior adductor muscle, a
statocyst (gravity sensor) develops close to the pedal
ganglion and simple eyes are usually found lining the
edge of the mantle or on the siphons. These eyes be-
come quite well developed in the Pectinidae and they
will be discussed further in Section 15.2.3.
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Figure 4.9 Mollusc nervous systems: (a) Chiton. A nerve ring surrounds the oesophagus and is thickened anteriorly but not
differentiated into ganglia. Connectives run from the ring to buccal and subradular ganglia. Posteriorly there are two sets of nerve
cords, the pedal and pleural cords. From these cords numerous connectives and other fibres branch to the body’s musculature.
(b) Gastropod. A ganglionated nerve ring surrounds the oesophagus. The cerebral and pleural ganglia are in the dorsal position
and nerve fibres run from the cerebral ganglia to the eyes and tentacles. Beneath the oesophagus a pair of pedal ganglia control
the musculature in the anterior part of the foot. From the pleural ganglia nerve cords, or connectives, run back to parietal ganglia
controlling the posterior part of the foot and to visceral ganglia which innervate the intestine. Gastropods are many and various
and the system described here has many variations. (c) Bivalve. A pair of cerebropleural ganglia are connected above the gut by
a dorsal commissure. A pair of cerebro-pedal commissures run to the pedal ganglia, which are normally fused. These control the
foot. Another pair of commissures, the cerebro-visceral commissure, run to the paired visceral ganglia located on the posterior
adductor muscle. These ganglia are, again, often fused together.
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The cephalopods are the most highly evolved and
active of all the molluscs and, indeed, are often re-
garded as the peak of invertebrate evolution. They
have a cartilaginous brain case and well developed
brains and central nervous systems. Their sensory
systems are similarly highly evolved. We shall discuss
their well developed eyes in Chapter 15. They pos-
sess large gravity-detecting statocysts on each side
of the brain case. Their sense of touch is also highly
evolved, being most acute at the rim of each tentac-
ular sucker.

4.7.7 Echinodermata

The Echinoderms, like the Cnidaria, exhibit radial
symmetry. Although, like the Cnidaria, they do not
possess a central nervous system or anything resem-
bling a brain (although small ganglia are found in
some species), they nevertheless have evolved an in-
tricate radial nervous system which lies in and just
below the skin. The oesophagus is surrounded by
one or more nerve rings from which run radial nerves
that, in the case of star fish and brittle stars, inner-
vate the arms. This system allows coordinated body
movement (righting when flipped over) and also in-
tegrates the action of the multitudinous tube feet
when crawling over a substratum. As noted earlier,
when the genome of a sea urchin (Strongylocentrotus
purpuratus) was deciphered it was found that it con-
tained a number of genes coding for neurosensory
circuits in the tube feet. These genes showed striking
similarities to some of those coding for sensory func-
tions in humans. Echinoderms, like chordates, are
deuterostomes and are hence believed to be (very)
distant cousins (Figure 4.3).

4.7.8 Chordata

The design of the chordate nervous system is radi-
cally different from that of the other bilateral forms
we have reviewed. Firstly, instead of consisting of
one or more solid nerve cords with an anterior cere-
bral ganglion or brain, it consists of a single hollow
nerve tube which is expanded at its anterior end to
form a vesicular brain. There is no trace of a ladder-
like origin. Secondly, and most importantly, instead

of running along the ventral surface of the animal
beneath the gut, it is positioned in the mid-dorsal
position above the gut and above the notochord.
There has been much controversy over whether a
chordate (a deuterostome in contrast to the proto-
stome nature of the other major animal groups) can
be regarded as an invertebrate rotated 180° on its
long axis. This idea first surfaced in the nineteenth
century and has received significant support from
twenty-first century studies of developmental genet-
ics. These twenty-first century studies indeed suggest
that all central nervous systems share a common ori-
gin in the Precambrian period.

This is no place to enter a detailed discussion of
the evolution of the chordate central nervous system.
There is good evidence that Amphioxus and the as-
cidian larvae of tunicates provide reliable pointers to
the ancestral neurosensory systems of all chordates.
Both possess primordia of a dorsal hollow nerve cord
and the beginnings of an anterior vesicular brain. So
far as sensory systems are concerned, both the ascid-
ian ‘tadpole’ and amphioxus develop eye spots, stato-
cysts and olfactory tissue. The eye spot, or ocellus, of
Ciona intestinalis consists of a group of ciliary-type
photoreceptor cells surrounded by a large pigment-
containing cell. The ‘lamellar body’ of Amphioxus is
thought to be a homologue of the vertebrate pineal
body, whilst its ‘frontal eye’ (also associated with a
pigmented eye spot) is related to the paired eyes of
vertebrates (Figure 4.10). The recent sequencing of
the genome of Ciona intestinalis, an ascidian, has
thus been particularly valuable for those interested
in chordate origins (Chapter 5) and the Amphioxus
genome is eagerly awaited.

From these simple beginnings the hugely complex
brains and sensory systems of humans and other
vertebrates have evolved. They will be discussed at
length in the following chapters.

4.8 CONCLUDING REMARKS

At the conclusion of this rapid survey is it possible to
make any generalizations? Some have thought that
the array of living forms which presently populate
the planet’s surface are the result of pure happen-
stance. They could have been very different from what
they in fact are, both in form and function. Stephen
Gould has popularized this view with his account
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Figure 4.10 Anterior nerve cord of Amphioxus larva to show the organization of the photoreceptor apparatus. Both the frontal
eye and the lamellar body consist of ciliated cells. The neuropore closes in the adult. After Holland and Holland (1999) and Lacalli

(2007).

of the weird and wonderful fossils to be found in
the Burgess Shale deposits of 525 million years ago.
Others, especially Conway Morris, have pointed to
the fact that only a few great groups of animal forms
have successfully won through to the present day.
Our review has shown that three major designs have
proved overwhelmingly successful: the Mollusca, the
Arthropoda (especially the insects) and the Chor-
data. No doubt there is nothing preordained about
detail, or that any particular species should emerge,
including that most interesting of all species, Homno

sapiens, but perhaps the perpetual sifting of natu-
ral selection finds that only certain basic body plans
provide starting points from which to develop forms
able to persist through a billion year time span. In
the following pages, although due deference is given
to our own self-absorption by devoting most space to
mammalian, indeed human, sensory systems, com-
parisons will frequently be made with those other
two great solutions to the problems of surviving the
billion year period of animal life on earth: the Mol-
lusca and the Arthropoda.
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5.1 INTRODUCTION

A genome is defined as the entire hereditary infor-
mation carried by an organism. So far as the animal
kingdom is concerned this information is carried in
the DNA sequence of one set of chromosomes. Some
organelles — mitochondria, chloroplasts — have their
own non-chromosomal DNA. Thus it is possible to
speak of mitochondrial and/or chloroplast genomes.
The study of this totality is called genomics to dis-
tinguish it from genetics which, in contrast, largely
studies single genes and their interactions.

The structure of DNA and the various techniques
for determining the sequence of nucleotide bases
from which it is built are outside the remit of this
book. The student is referred to the many excellent
texts on biochemistry and molecular biology for in-
formation on this topic. It is worth, however, noting a
few salient features of the human genome. It consists
of 22 pairs of autosomal chromosomes and a pair
of sex chromosomes, XX in females, XY in males.
Each chromosome constricts to a centromere more
or less half way along its length. During cell divi-
sion spindle fibres attach to the centromere so that
the two chromatids can be drawn to opposite poles

of the cell before the cytoplasm divides. The ends of
the chromosome also have specialized structures and
functions and are called telomeres.

As the centromere is only more or less in the
middle, it divides the chromosome into a short arm
called ‘p’ and a long arm called ‘q’, Chromosomes
are not normally visible in the nuclei of eukaryotic
cells. They only condense just before cell division.
When this happens, they can be stained with a dye
such as the Giemsa stain, which brings out a spe-
cific pattern of bands that can be seen in the opti-
cal microscope (Figure 5.1). The bands, known as
G-bands for the Giemsa stain, are numbered on each
arm from the centromere towards the telomere. The
rough position of each gene on a chromosome is
given with respect to one or other of these numbered
bands. Thus the gene which in humans is responsi-
ble (when mutated) for the most common form of
Usher syndrome (hereditary deaf-blindness) is lo-
cated on the long arm of chromosome 1 on band
41, that is 1q41, whilst that for the congenital deaf-
ness presenting as Jervell and Lange—Nielsen syn-
drome (JLNSI) is found on the long arm of chro-
mosome 21 between bands 22.1 and 22.2, that is
21q22.1-q22.2.

Biology of Sensory Systems, Second Edition C. U. M. Smith
© 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-51862-5
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Chromosome nomenclature. Each Giemsa band is numbered from the centromere outward towards the telomere. In

reality a human chromosome would have far more bands than those shown in the figure. Further explanation in text.

But what is a gene? A quick search of the world-
wide web reveals a multitude of definitions. They
range from a DNA sequence which carries informa-
tion from one generation to the next, to the name
of an English rock group which became prominent
in the mid-1990s. Here we shall restrict ourselves
to the first definition. Most genes encode proteins.
Each amino acid in a protein is specified by a triplet
of nucleotides (or codon) and the sequence of nu-
cleotides making up the coding strand of DNA is
‘read’ continuously from ‘left’ (5') to ‘right’ (3'). As
proteins often consist of many hundred amino acid
residues the nucleotide sequence is often over well
over a thousand units in length. Even so there is much
so-called junk’ DNA between one gene and the next
(but see Section 5.2). Although the human genome
consists of 3.2 thousand million base-pairs (3.2 Gb)
there are only about 22 000 genes (Table 5.1) . Simple
arithmetic shows that only about 10% of the DNA
strand consists of genes.

Intron

D untranslated region of exon [UTR]

exon
% intron

|:| untranslated DNA between genes

Each coding sequence that makes up a gene con-
sists of stretches (exons) which potentially code for
the amino acid sequence of a protein, interrupted by
stretches (introns) which have no such function (Fig-
ure 5.2). The first step in the process by which the
sequence information held in DNA is used to specify
an amino acid sequence is known as transcription. In
this process the nucleotide sequence (base sequence),
including both introns and exons, is transcribed into
a matching sequence in messenger RNA (mRNA).
This is known as the primary transcript. When this
has occurred the introns are excised and the exons
spliced together. The resultant mRNA (and there is
much scope for differential resplicing) travels to a
ribosome for translation into protein. The first and
last exons also contain ‘start’ and ‘stop’ sequences
and are not translated into protein (Figure 5.2).

Although most of the proteins synthesized at the
ribosome are enzymes and other components of a
cell, some act back on the DNA controlling the

Exon Exon

Intron

Figure 5.2 Gene structure. The gene is transcribed from the 5’ to the 3’ end into mRNA. Introns are excised and exons respliced
before translation into the amino acid primary structure of a protein at a ribosome. The untranslated regions (UTRs) act as start
and termination signals and also control the rate at which translation occurs.
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BOX 5.1 NOMENCLATURE OF GENES AND PROTEINS

Molecular biology is a huge and diverse subject. As in all areas of science it has developed its own
vocabulary and conventions. This is of vital importance if scientists and others are to understand each
other. This Box outlines some of the vocabulary used in this book.

Proteins, as we have noted, are, in essence, long chains whose links are amino acid residues. The chain
may have over a thousand links though, more usually, only several hundred. The amino acid links are
numbered from the N-terminal to the C-terminal end of the chain.

There are twenty different amino acids each with its own biochemical characteristics and name.
These names are usually abbreviated to three letters: Glycine — gly; Threonine — thr; Tyrosine — tyr;
Proline — pro; Phenylalanine — phe and so on. In addition, for yet further compactness, each amino
acid is also assigned an uppercase letter symbol: Glycine — G; Threonine — T; Tyrosine — Y;
Proline — P; Phenylalanine — F. Complete lists can be found in all good biochemistry texts.

The names of genes are also abbreviated into a two, three or four letter code. Thus, for example,
the genes which control mechanosensitivity in C. elegans (Chapter 8) are abbreviated as mec genes. As
there are a number of these genes they are given suffixes, — mec-1, mec-2 and so on. The convention is
to italicize genes and to write their protein products in Roman type. Thus the mec-1 gene codes for a
mec-1 protein. It is customary, also, to write vertebrate genes with an initial capital and human genes
in capital letters throughout. Thus one of the genes important in the development of eyes (Box 15.2) is
written as pax-6 in Drosophila, Pax-6 in Mus and PAX-6 in Homo. It is not always possible to adhere

to these conventions but where it is they should be employed.

activity of the genes. This they do by attaching them-
selves to regulatory regions — promoters of various
types, enhancers and silencers — which switch on or
off, or up- or down-regulate transcription of a gene.
The molecular biology is highly complex and stu-
dents should consult one or other of the biochem-
istry/molecular biology texts recommended in the
Bibliography.

Genes are subject to mutation. There are various
types but the most common are ‘point’ mutations
where one nucleotide base is changed for another.
As each triplet of nucleotides codes for an amino
acid, any change can lead to a different amino acid
being specified. There are two cases. If the substituted
amino acid is the same as the original it is called a
synonymous mutation. If it differs from the original
it is called a non-synonymous mutation.

The difference between the two types of mutation
arises from the degeneracy of the genetic code. In
many cases, two or more codons code for the same
amino acid. GGU, GGC, GGA and GGG, for in-
stance, all code for Glycine. It follows that if the
third place U mutates to C, A or G, Glycine will still
be specified thus giving a synonymous mutation. If,

however, second place G mutates to A giving GAU
then Aspartic acid is specified, and if second place
G mutates to A giving GAG then Glutamic acid is
specified — both non-synonymous mutations.

Non-synonymous point mutations, along with
gene duplications, are the stuff of evolutionary
change. We shall meet many cases as we go through
this book. If we can make plausible estimates of the
rate at which these mutations occur, we can calculate
the time which has elapsed from the duplication event
(see glossary) which generated a pair of homologues.

Molecular biologists have developed a convenient
shorthand to indicate where a non-synonymous
point mutation has occurred in a polypeptide chain.
For instance, gly 34— asp, or G234A, signifies that
glycine has been replaced by aspartic acid at posi-
tion 234 in the chain. Note that the symbolism is
read from left to right: the original amino acid is on
the left, the substitution on the right. We shall come
across many examples of this shorthand in the fol-
lowing chapters, especially when we discuss some of
the molecular causes of sensory pathologies.

A final type of point mutation occurs when a nu-
cleotide base is deleted altogether. The base sequence
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to the ‘right’ of the mutation (remember the sequence
is continuously read, as if with a reading frame, from
left to right in groups of three) is consequently al-
tered. It follows that all the amino acids to the right
of the mutation are also altered and the protein, far
more likely than not, will be functionless. This type
of mutation is known as a ‘frame shift’ mutation.

5.2 COMPARATIVE GENOMICS

After these preliminaries let us look at what the se-
quencing of genomes has told us about the molecu-
lar bases of sensory systems. In a short chapter it is
impossible to do more than scratch the surface. It is,
nevertheless, worth remarking that the sequencing of
genomes is one of the brilliancies of twenty-first cen-
tury biology. It is a huge technical accomplishment,
involving not only highly sophisticated molecular
biology but also cutting-edge computer science. It
is a multi-million dollar enterprise, involving huge
teams of highly qualified researchers.

The first genomes were sequenced in the 1980s.
At first small organisms and organelles — viruses, ar-
chaebacteria, eubacteria, mitochondria — were anal-
ysed. Subsequently, the far larger genomes of eu-
karyotic organisms, including many members of the
animal kingdom, were sequenced. In a sense the en-
terprise culminated in 2003 with the final draft of the
human genome, exactly fifty years after Watson and
Crick published their ground-breaking paper. This
final draft is stated to be 99.9% accurate, in other
words less than one error in 10000 base pairs. This
is, of course, a remarkable achievement. The human
genome consists of 3.2 Gb (3.2 thousand million base
pairs), so that just to read off the sequence at one base
pair a second without break for food or sleep would
take rather more than a hundred years. Sequencing
did not, however, stop in 2003. Quite the opposite.
New methods, new techniques, new equipment have
ensured that the flow of genomes completed and pub-
lished has tended to increase rather than decrease.
Table 5.1 shows the metazoan genomes published up
to but not including 2008.

The completed genomes shown in Table 5.1 are no
more than the tip of an iceberg. Literally hundred of
genomes are in process of being sequenced including
dozens of vertebrates. By the time this second edition
is published many more will be in the public domain

and many more insights into the evolutionary pro-
cess gained.

Even the sparse data given in Table 5.1 hold some
surprises. It has been found, for instance, that there is
extensive genomic similarity between Nematostella,
the tiny starlet anemone, and modern vertebrates. In-
deed, because insects and nematodes have lost many
genes and jumbled others together, the anemone
genome resembles those of the vertebrates more than
it does those of these other ‘lowlier’ forms. This em-
phasizes once again the astonishing antiquity of our
genetic foundation and points up the huge evolu-
tionary developments that must have occurred dur-
ing the 2000 Megayear ‘dark ages’ of the Precam-
brian. Only after this immense period had elapsed
was a base genome available from which the animal
kingdom could evolve. The genes of the Cnidaria
appear to be at the root of whole families of genes
in more recently evolved organisms. As Figure 4.3
shows, the last common ancestor of the vertebrates
and the Cnidaria is believed to have lived before bi-
laterality had been ‘invented’. Indeed, as we saw in
Section 4.6, some of the earliest fossil remains are
those of these stem cnidarians.

When a comparison is made with Protistan
genomes, it is satisfactory to find that many of the
novel genes in the sea anemone have to do with
communication between cells and the development
and functioning of the neuromuscular system. Thus
we find genes coding for various aspects of synap-
tic transmission and muscular contraction — nico-
tinic acetylcholine receptors (nAChRs), calcium ion
channels and so on — are either new developments,
having no known homologues in Protistan genomes,
or modifications of earlier Protistan genes by the
addition of so-called ‘animal only’ domains. Full de-
tails of these profound developments may be found
in the papers cited in the bibliography.

Although, as we noted above, insects have lost
many of the genes in the original metazoan blueprint
as represented by Nematostella, they nevertheless
still share a major portion of their genomes with
vertebrates. Fruit flies, for instance, share about 60%
of their genomes with humans. Once again we can
only marvel at the stability of the genome: fruit flies
and humans have gone their own separate ways for
well over 500 million years (Figure 4.3). The core
genome, once ‘invented’, persists; it is merely modi-
fied and elaborated over vast periods. The members
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Table 5.1 Metazoan genomes

61

Organism predicted Genome No. of genes
Phylum Cnidaria
Class Anthozoa
Nematostella vectensis (starlet sea anemone) 450 Mb 18000
Phylum Nematoda
Class Secernetea
Caenorhabditis elegans 97 Mb 19000
Caenorhabdidtis briggsae (for comparison with C. elegans) 104 Mb 19500
Phylum Arthropoda
Class Insecta
Aedes aegypti (Yellow fever mosquito) 1376.0 Mb 15419
Anopheles gambiae (Malaria mosquito) 272.9 Mb 13111
Apis mellifera (Honeybee) 236 Mb 10157
Bombyx mori (Moth) 530 Mb 18500
Drosophila melanogaster (Fruit fly)? 117 Mb 13718
Phylum Echinodermata
Class Echinoidea
Strongylocentrotus purpuratus (sea urchin) 814 Mb 23300
Phylum Chordata
Subphylum Tunicata
Class Ascidiacea
Ciona intestinalis 116.7 Mb 16 000
Subphylum Gnathostomata
Class Osteichthyes
Danio rerio (Zebra fish) 1.7 Gb —
Takifugu rubripes (Puffer fish) 390 Mb 22-29000
Tetraodon nigroviridis (Puffer fish) 385 Mb —
Class Aves
Gallus gallus (Chicken) 1Gb 20—23000
Class Mammalia
Subclass Metatheria
Mondodelphus domestica (Opossum) 3.475 Gb 18—20000
Subclass Eutheria
Mus musculus (Mouse) 25Gb 24174
Rattus norvegicus (Rat) 2.75 Gb 21166
Canis familiaris (Dog) 2.4 Gb 19300
Macaca mulatto (Rhesus monkey) 2.87 Gb 20000
Pan troglodytes (Chimpanzee) 3.1Gb —
Homo sapiens (Human) 3.2Gb 22000

Further detail is given in the papers cited in the Bibliography.

4The genomes of 12 other species of Drosophila have been sequenced ranging from D. grimshawi with six chromosomes and 201

Mb of DNA to D. pseudoobscura with four chromosomes (the more usual complement) and 156 Mb of DNA.
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of the living world, wrote Darwin in the nineteenth
century, ‘may all be netted together’: genomics has
confirmed his vision at a deeper level than even he
could have imagined.

Another surprise presented by genomic research
is the finding that although the human genome is
the lengthiest in the list (indeed one of the lengthiest
presently known) the number of genes it encodes is
no larger than that of several other genomes. This
was unexpected. It had been assumed that with in-
creasing biological complexity the number of genes
would necessarily increase. Before the publication
of the human genome, estimates often suggested it
would be found to contain some 100000 genes. To
find that the number of genes scarcely exceeded that
presented by the lowly nematode worm and, in fact,
falls far short of the 60 000 or so in the Japanese rice
plant (Oryza sativa japonica) came as something of
a shock. However, it needs to be borne in mind that
genes are not the end of the story. Genes have many
different roles to play in biology. Even the informa-
tion encoded in the so-called ‘structural’ genes which
code for the body’s structural elements, the proteins,
undergoes complex manipulation before the protein
is synthesized. The primary transcript is cut and re-
spliced, introns are removed, exons shuffled and re-
joined, so that, on average, each human gene is re-
sponsible for three different mRNAs being presented
to the ribosomes for translation into protein. Quite
recently it has also been shown that the ‘dark matter’
of the human genome, the 90% of the DNA sequence
that is not translated into protein, that in other words
does not form genes, and which has accordingly often
been referred to as ‘junk DNA’, may have an impor-
tant part to play in the body’s economy, especially in
switching the genes on and off. It may be, therefore,
that the comparatively small number of genes in the
human genome is not so surprising after all. The non-
coding part of the human nucleotide sequence, which
at 3.2 Gb is the longest so far sequenced, may not be
9junk’ at all, but play a vital role in human genetics.

How has this great flood of knowledge affected
our understanding of sensory systems? Again some
interesting and unexpected insights have emerged.
There is, as noted above, an unlooked for homo-
geneity in genomes from bacteria and yeast through
Cnidaria to humans. Only 94 of the 1278 protein
families encoded by our genomes are specific to ver-
tebrates. All the rest are found throughout the living
world. These ubiquitous genes code for the enzymes

involved in DNA replication and transcription, for
ribosomes and the translation of mRNA into pro-
tein, for the ‘housekeeping’ functions of intermedi-
ate metabolism and protein transport and so on. It
seems that once the biochemistry of these core pro-
cesses had been put together in the early history of
the biosphere, they became universally incorporated
and like the qwerty keyboards of typewriters and
computers became too familiar to shift.

Building on these core processes it appears that
the major developments in the transition from Pro-
tista to Metazoa are those that have to do with the
neuromuscular system and intercellular communi-
cation; this process is continued in the Primate line
leading to humans where genes concerned with the
immune response, with the nervous system and its
development and with intercellular and intracellu-
lar signalling pathways, show particularly rapid evo-
lutionary development. Even here, however, com-
parative genomics does not show dramatic change.
In other cases dramatic developments are evident.
When, for instance, the honeybee genome is com-
pared with those of Drosophila and Anopheles a re-
markable expansion of genes coding for olfactory
receptors is found. In contrast, genes for gustatory
receptors have been lost. We shall return to some of
these very recent genome discoveries in later chap-
ters. Here let us end this chapter with a brief review
of some of the recent results of genome sequencing
in the vertebrate line leading to Homo sapiens, with
neurosensory systems principally in mind.

5.3 GENOMES AND NEUROSENSORY
SYSTEMS

In Chapter 4 we noted that the closest invertebrate
relatives of the vertebrates were the echinoderms and
that the two groups together have been called, on the
basis of their embryology, the deuterostomes. The
common ancestor of the echinoderms and the chor-
dates lies far back in the past, long before the Cam-
brian age began some 600 million years ago. Until
the first echinoderm genome, that of the sea urchin
Strongylocentrotus purpuratus, was published in 2006
it was thought that echinoderms held little interest
to those interested in sensory systems, as they had
few obvious sense organs. The genome has shown
that we were wrong. Well over 7000 sea urchin genes
are shared with the vertebrates and amongst these
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are to be found genes homologous to those which in
mammals code for the chemosenses (over 600 genes),
for balance, for sound and, surprisingly, a number of
different photorhodopsins and other proteins con-
cerned with vision. Many of these genes are ex-
pressed in the tube feet, suggesting that they have a
previously unrecognized sensory sophistication. The
thousands of tube feet each have their own reflex
apparatus of sensory neurons, ganglia and motor
neurons. Each can thus be looked at as an indepen-
dent neurosensory module. It is interesting, also, to
find that although genes encoding chemical neuro-
transmitters (with the exception of melatonin and
epinephrine) are well represented, those which in
the rest of the animal kingdom code for the compo-
nents of gap junctions (electrical synapses) seem to be
altogether lacking. Finally, it has been found that the
sea urchin genome contains many genes homologous
to those which in humans are implicated in neurolog-
ical disorders such as Huntington’s chorea, muscular
dystrophy and, of particular interest in the context
of this book, the Usher syndromes (Box 9.2) which
affect hearing and balance and are involved in retini-
tis pigmentosa. In humans the latter genes encode a
set of membrane and cytoskeletal proteins that form
a network controlling the organization of stereocilia
in the hair cells of the inner ear; they also play a role
in the organization and/or development of photore-
ceptors. Modern genomics emphasizes the immense
antiquity of these biochemical systems. They remain
at work in each and every one of us.

Ciona intestinalis, the sea squirt, is even closer to
the ancestral line leading to the verterbates and ul-
timately mankind. As noted in Chapter 4, its larval
stage, adapted for dispersal, develops a notochord,
nerve cord and gill clefts. The adult has lost all this
motility and resembles nothing so much as a bag
of jelly attached to a rock or other firm substratum
in the littoral zone. The genome of Ciona is com-
pact and contains a core of protostome genes that
presumably originate from ancestral bilateralia. In
addition to these ancestral genes, the genome also
exhibits genes which code for neural crest and the
ectodermal placodes which presage the paired sense
organs. The nervous system of the ascidian ‘tadpole’
is one of the smallest known: the cerebral ganglion
consists of just 300 or so cells and the hollow dor-
sal nerve tube is merely four cells in circumference.
Genes coding for the formation and maintenance of
myelin are missing. Myelin is probably superfluous

in a nerve cord extending only a few millimeters.
Similarly, genes for the synthesis of epinephrine are
lacking, as are those for melatonin and histamine.
One of the most interesting findings, however, has to
do with photoreception. The three rhodopsins found
in Ciona are closely related to the pineal opsin of
vertebrates, suggesting that the ocular system is de-
rived from the pineal complex. Many homologues
of the vertebrate phototransduction cascade are also
found in the Ciona genome. When we come to exam-
ine vertebrate photoreception in Section 17.2.1 we
shall find that exposure to light shuts off a so-called
‘dark current’ carried by Na*. It is thus fascinating
to find a similar mechanism obtains in Ciona and
that the genes coding for components of the photo-
transduction cascade are homologous to those of the
vertebrates. We shall find in Chapter 15 that Ciona is
not the only invertebrate to resemble vertebrates in
the molecular biology of phototransduction (Section
15.2.3), but that it does so is nevertheless interesting.
It provides support for the belief that the tunicates
are indeed related to the ancestral chordates.

Monodelphus domestica (an opossum) is very
much further up the evolutionary tree leading to
humanity. Because the opossum is a marsupial, the
common ancestor lies at the divergence of the eu-
therian and metatherian branches of the mammalia,
some 180 million years ago. Nevertheless, the vast
majority of its 18 000-20 000 genes have orthologues
in the eutheria. It is interesting to find that some
of the most rapidly evolving of these homologous
gene families are those which have to do with sen-
sory perception. In particular, genes encoding the
v -crystallin family of lens proteins and the olfactory,
gustatory and pheromonal receptors show particu-
larly rapid evolutionary developments, especially by
duplication events.

The mouse (Mus musculus), in addition to being
one of the commonest laboratory animals and conse-
quently an animal whose biology is very well worked
out, is also far closer to us than the opossum. In
contrast to the marsupials, the point of divergence
between the evolutionary lines leading to mice and
humans is ‘only’ some 75-65 million years in the
past. In consequence about 40% of the nucleotide
sequence of mice and men are held in common and
99% of mouse genes have homologues in the human
genome. So far as sensory systems are concerned, the
major evolutionary developments seem to be con-
centrated in the olfactory system. Duplication of
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olfactory genes and independent evolution of the
duplicants appears to have happened frequently. Ol-
factory genes are important not only in dietary se-
lection but also in reproductive success. Defects in
pheromone responses reduce chances of successful
mating and hence the production of offspring for the
next generation. We shall return to these develop-
ments in Part 3.

Finally we come to the primates themselves. At the
time of writing the genomes of three primate species
have been sequenced: rhesus monkey (Macaca
mulatto), chimpanzee (Pan troglodytes) and human
(Homo sapiens). The monkey line diverged from
that leading to humans some 25 million years ago
and the chimpanzee six million years ago. The nu-
cleotide sequence of macaque and human shows be-
tween 90.76% and 93.54% similarity and 97.5% of the
genes are orthologous. Compared with humans, the
macaque genome shows a significantly larger number
of olfactory genes. An interesting and so far unex-
plained finding is that the monkey genome presents
genes whose amino acid sequences are mutated forms
of several human genes which when mutated in hu-
mans are associated with disease. An instance of this
is provided by human Stargardt disease, a form of
early onset macular degeneration (Box 17.2). This is
associated with a point mutation in the ABCR gene
on chromosome 1 that leads to a lysine residue being
replaced by glutamine at position 223 (K223Q) in
the human ABC retinoid transporter protein. This,
it turns out, is the normal sequence found in the mon-
key and, indeed, as far back as Xenopus, the clawed
toad.

The closest of human relatives is of course the
chimpanzee, Pan troglodytes, sharing a common an-
cestor with us a mere six million years ago. The chim-
panzee genome was published in 2005 and showed,
as expected, a very close relationship to our own.
It turned out that typical human and chimp ho-
mologous proteins differed on average by only two
amino acids, with 30% of our proteins having ex-
actly the same sequence as the chimpanzee’s. About
600 genes were identified as having been subjected to
strong positive selective pressure. Many of these, as in
the other mammalian genomes discussed above, had
to do with the immune system and defence against
pathogens.

So far as sensory systems are concerned, it
emerged that olfactory receptors are rapidly evolv-
ing, as in the other mammals, and the chimpanzee

and human complements are rapidly diverging. Of
particular interest, however, was the finding that,
compared with the chimpanzee, a region in chro-
mosome seven which contains the Forkhead-box P2
transcription factor, or FOXP2 gene, which is associ-
ated with speech development (Section 10.8) has un-
dergone rapid evolution. Even so the human FOXP2
protein only differs from that expressed in chim-
panzee and gorilla by two amino acid residues and
from that expressed in the orang-outan and mouse
by three and four respectively. There is, moreover,
no evidence, so far, to suggest that the two residues
found in the human protein have any dramatic func-
tional importance. Nonetheless, it is satisfactory to
find that the two specifically human residues have
become fixed in the genome only in the last 200 000
years — a period consistent with the emergence of
Homo sapiens. Several genes involved in hearing were
also shown to have evolved rapidly in humans com-
pared with chimps. This points to the importance of
auditory communication — language — in human pre-
history. Taken together with the fact that the greatest
acceleration in the evolution of the FOXP2 gene oc-
curred in the last 200 000 years, these findings make
for a satisfactory tie up with the palaeontological
evidence of human evolution.

5.4 CONCLUDING REMARKS

This very rapid survey of a very rapidly develop-
ing field has concentrated on the evolutionary line
leading out of the Precambrian period to humans.
It has focused largely on that part of the evolving
genome devoted to sensory systems. We have noted,
throughout our survey, that it is olfactory systems
(i.e. olfactory receptor genes) which have been sub-
jected to the greatest selective pressures. This reflects
its crucial role in life’s two great interests — food and
sex. But we have also noted how ancient are many of
the genes controlling the structure and functioning
of sensory systems. The senses by which we find our
way through our life-worlds are built upon elabora-
tions of systems whose primordia reach far back into
the Precambrian period. We shall return to these ge-
nomic insights as we proceed through this book. The
molecular approach is changing our understanding
of ourselves and at the same time providing us with a
multitude of insights into the causes of the disorders
and diseases which blight so many lives.



PART I: SELF ASSESSMENT

The following questions are designed both to help
you assess your understanding of the topics covered
in the text and to direct your attention to signifi-
cant aspects of the subject matter. The sequence of
questions follows the sequence in which the subject
matter is presented in the text. It is thus easy to refer
back to the appropriate page or pages. After reading
each chapter and/or each section you should look
through these questions and make sure you know
the answers and the issues involved.

CHAPTER 1: ELEMENTS

1.1 Why is it believed that DNA was not the origi-
nal genetic molecule? life?

1.2 Give approximate dates for the earliest
prokaryocytes and the earliest eukaryocytes.

1.3 Distinguish between the primary, secondary,
tertiary and quaternary structures of proteins (con-
sult glossary if in doubt).

1.4 Explain what is meant by the terms ‘allostery’
and ‘allosteric effector’. What is cooperative al-
lostery?

1.5 What are protein kinases and how are they in-
volved in allosteric transitions? What role do protein
phosphatases play?

1.6 Why is it important that membrane lipids are
amphipathic molecules?

1.7 TIs the interior of a biological membrane hy-
drophilic or hydrophobic? Why?

1.8 Biomembranes are said to have a ‘fluid-mosaic’
structure. What is meant by this?

1.9 What structural characteristic holds proteins in
biomembranes? Describe one important structural
motif shown by many receptor proteins.

1.10 How far and how fast can proteins move in
biomembranes? Why is this mobility important in
many sensory cells?

1.11 What does the three dimensional conformation
of a 7TM protein resemble?

1.12 What does the acronym ‘GPCR’ stand for?

1.13 How are protein kinases involved in the desen-
sitization of receptor proteins?

1.14 What does the ‘G’ in G-proteins stand for?

1.15 Explain how G-proteins can be likened to ‘time
switches’.

1.16 Name three types of membrane bound

‘effector’.

1.17 Name three second messengers.

1.18 In a few sentences and (preferably) with
a diagram explain how G-protein-based second-
messenger systems provide a very flexible stimulus—
response mechanism.

1.19 What do the acronyms ‘LGIC’ and ‘VGIC’
stand for? Give examples.

1.20 What does the acronym “TRP’ stand for?

1.21 Which ions flow through open TRP channels
and what is their effect on membrane potential?

1.22 Draw a diagram showing the conformational
cycle of the Na*-channel.

1.23 Do all the Nat-channels on a patch of ex-
citable membrane have the same voltage thresholds
for opening? Why is the answer to this question im-
portant?
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CHAPTER 2: MEMBRANE, ACTION
POTENTIALS, SYNAPSES

2.1 What is the approximate value of V,? Why
were cephalopod molluscs important in its estima-
tion?

2.2 Write down the Nernst equation. Determine
V1 when [IT], = 150 mM and [I']; = 15 mM; when
[[*]o = 5.5 mM and [I*]; = 150 mM; and when
[Tl =125 mM and [I"]; = 9 mM.

2.3 Using the Goldman equation and the values
for the exterior and interior concentrations of K,
Cl~ and Na* and for Py, Pcj and Py, given in the
text, determine V', across the membrane of a squid
giant axon and a cat motor neuron.

2.4 Using the values of K*, CI~ and Na" which
you used in question 2.3 find the value of V', across
a cat motor neuron (i) if Px, becomes 5 x 1077 cm/s;
(ii) if Pna becomes 1 x 10 cm/s and (iii) Px be-
comes 5 x 107% cm/s.

2.5 Use the simplified form of the Goldman equa-
tion (Equation 2.4) and the concentrations of K+
and Nat given in Table 2.1 to determine V', of the
squid giant axon.

2.6 With the aid of a figure explain the nature of
electrotonic (=cable) conduction.

2.7 Distinguish between a receptor and a generator
potential.

2.8 Why is it that, although receptor potentials are
linearly related to stimulus intensity, sensory and
neurosensory cells only respond when a certain crit-
ical threshold stimulus (S.) is reached?

2.9 Define ‘sensory adaptation’. What is the differ-
ence between ‘fast’ and ‘slow’ adaptation?

2.10 Explain the role which calcium-dependent K*-
channels (K¢,-channels) play in some cases of sen-
sory adaptation.

2.11 What is the first event in an action potential?
2.12 Describe the sequence of changes through

which Nat-channels cycle during an action poten-
tial.

2.13 What ionic mechanisms repolarize an excite-
able membrane after the peak of an action potential?

2.14 What is the afterhyperpolarization (AHP) and
how long does it last?

2.15 Approximately how long does a refractory pe-
riod last? What is its physiological significance? If the
refractory perio