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Foreword

Drs Hemmings and Hopkins have assembled seventy three
chapters written by well-recognized authorities from both sides
of the Atlantic. Though the sea of knowledge is never full, they
have completed an extraordinary and successful labor in produc-
ing a significant tidal surge that will be regarded as the high water
mark to be noted by generations of anesthesiologists yet unborn.

Essential to the understanding of this text is the editors’
conviction that the successful practice of the art of anesthesia
requires a sound understanding of the underlying scientific prin-
ciples’. This quotation from the invitational letter to each contrib-
utor summarizes the philosophy which underlines the entire
work. The seventy three chapters are grouped under eight major
headings (General Principles, Neurosciences, Cardiovascular
system, Respiratory system, Pathological sciences, Renal system,
Gastrointestinal system and metabolism, and Adaptive phys-
iology). Within each section of the book, there are chapters that
cover the essential basic science information necessary for the
understanding of the section’s utility in clinical practice.

The amount of basic science information has grown tremen-
dously during my half century in medicine. When I started my
training, I was initially taught clinical anesthesia by very skillful
nurse anesthetists who were far more concerned with the art of
anesthesia. Scientific information was scarce. John Snow’s clas-
sic monograph on the inhalation of the vapor of ether was one
of the first publications to provide a scientific basic for the
practice of our art. In 1924, Howard Haggard published five
classic papers in the Journal of Biological Chemistry on the
uptake and elimination of diethyl ether, attributing his failure to

Excerpted from the foreword to the first edition (1969) of
Applied Respiratory Physiology by John F. Nunn, reprinted with
the permission of Butterworth-Heinemann
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effect quantitative recovery to the volatility of ether rather than
to the possibility of its metabolism by the body. The importance
of water solubility on the speed of anesthetic action was soon
elucidated by Seymour Kety. So opened a new era in the
scientific understanding of what had previously been largely a
clinical art.

When Dr Hemmings honored me by asking me to write this
piece, I asked myself not only what to say, but also who might
have said it very well in the past. The answer rose immediately
to mind: more than 30 years ago, John Severinghaus wrote the
foreword for the first edition of John Nunn’s classic book on
respiratory physiology- a book which, like this one, combined
and correlated basic science with clinical practice. He chose the
title © A Flame for Hypos’, and illustrated it with a photograph
of a lighted candle before the statue of the god of sleep. No one
has ever said it so well. Never have I read a more beautiful
foreword and append a part of it here with the permission of Dr
Severinghaus (who himself has contributed a chapter to this
book). So from the work of many minds and hands this book
goes forth, that we too, by understanding the process, may
better the art.

Alan Van Poznak, M.D.
New York City
1999

The world will little note nor long remember what I say here, but
it can never forget what we did here.
Abraham Lincoln, Gettysburg November 19, 1863

The lighted candle respires and we call it flame. The body
respires and we call it life. Neither flame nor life is substance,
but process. The flame is as different from the wick and wax as
life from the body, as gravitation from the falling apple, or love
from a hormone. Newton taught science to have faith in processes
as well as substances-to compute, predict and depend upon an
irrational attraction. Caught up in enlightenment, man began to
regard himself as a part of nature, a subject for investigation. The
web of self-knowledge, woven so slowly between process and
substance, still weaves physiology, the process, and anatomy, the
substances, into the whole cloth of clinical medicine. Within this
multihued fabric, the warp fibres of process shine most clearly
in the newest patterns, among which must be numbered
anesthesiology.

And what of the god of sleep, patron of anesthesia? The
centuries themselves number more than 21 since Hypnos
wrapped his cloak of sleep over Hellas. Now before Hypos, the
artisan, is set the respiring flame-that he may, by knowing the
process, better the art.

John W Severinghaus
San Francisco






The successful practice of the art of anesthesia, critical care and
pain medicine demands a sound understanding of underlying
scientific concepts and familiarity with the evolving vocabulary
of medical science. This is recognized in the postgraduate exami-
nations in anesthesia in North America, Europe and Australasia,
for which a thorough understanding of the relevant basic
sciences is required. Furthermore, many trainees in anesthesia
come to view learning the basic sciences to the required depth
as a necessary chore. This is disappointing to those of us who
find the scientific basis for our clinical practice to be a constant
source of interest, fascination and, indeed, sometimes excite-
ment. Part of the problem is that basic science texts directed
towards anesthetists tend to be fact, rather than concept-
oriented, and therefore difficult to read and to learn from.

Foundations of Anesthesia: Basic Sciences for Clinical Practice
second edition, provides comprehensive coverage in a single text
of the principles and clinical applications of the four major areas
of basic science that are relevant to anesthesia practice: molec-
ular and cell biology, physiology, pharmacology, and physics and
measurement. The approach is integrated and systems oriented,
avoiding the artificial boundaries between the basic sciences.
Recognizing that no single author possesses the breadth and
depth of understanding of all relevant subjects, each chapter is
authored by an expert in that area. These authorities represent
many of the finest institutions of North America, the United
Kingdom and Europe to take advantage of the globalization of
medicine facilitated by electronic communication. This allows
an international presentation of current anesthesia science pre-
sented by relevant experts at the cutting edge of anesthesia
research and education.

Each chapter stresses the scientific principles necessary to
understand and manage various situations encountered in anes-
thesia. Detailed explanations of techniques are avoided since
this information is available in many clinical subspecialty anes-
thesia texts. Nor is this book intended to provide a detailed

Preface

review of specialized research areas for the scientist. Rather, the
fundamental information necessary to understand ‘why’ and
‘how’ is stressed, and basic concepts are related to relevant
anesthesia situations. The style stresses a conceptual approach to
learning, using factual information to illustrate the concepts.
Chapters are self-contained with minimal repetition, and include
a short list of Key References and suggestions for Further
Reading to stimulate further exploration of interesting topics.
This style and approach is modeled after the ground-breaking
text Scientific Foundations of Anaesthesia, edited by Cyril Scurr
and Stanley Feldman, updated to cover the revolutionary devel-
opments in modern molecular biology and physiology. Recog-
nizing that graphics are the most expressive way of conveying
concepts, full-color illustrations facilitate use of the book as a
learning aid and make it enjoyable to read.

The second edition of Foundations of Anesthesia: Basic
Sciences for Clinical Practice includes a number of notable
developments. Text boxes are included to highlight important
points with particular relevance to clinical implications for the
practice of anesthesia. Important key words from the American
in-training examination are highlighted in the index. A number
of new chapters have been incorporated: Adverse Drug
Reactions, Sensory Systems, Physiology of Pain, General
Anesthetics: Mechanisms of Action, Consciousness and
Cognition, Sleep and Anesthesia, Ischemic Brain Injury, Blood
Constituents and Transfusion and Hemostasis and Coagulation.
An accompanying CD includes the figures and tables to facilitate
teaching from the text and a searchable index. These improve-
ments significantly enhance the use of Foundations of Anesthesia:
Basic Sciences for Clinical Practice as a tool for learning,
teaching and review of the fundamental concepts essential to
anesthesiology, pain and critical care medicine.

Hugh C Hemmings Jr and Philip M Hopkins 2005
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Molecular structure
and biochemistry

James Arden

TOPICS COVERED IN THIS CHAPTER
* Properties of atoms and molecules
Atoms
Bonding: the basis of molecular structure
Special properties
* Biomolecular structure
Amino acids and proteins
Lipids and membranes
Nucleic acids
Carbohydrates
¢ Solution chemistry
Solutions
Nonelectrolytes
Electrolytes
Diffusion and flow
Electrochemistry and acid—base chemistry
Chelation
Surface interactions
* Enzymes

In this chapter the fundamental ideas of molecular structure and
principles of biochemistry, pharmacology, and physiology rele-
vant to anesthesiology are introduced.

PROPERTIES OF ATOMS AND MOLECULES

Atoms

An atom consists of elementary particles: protons, neutrons, and
electrons, and approximately 20 subatomic particles (mesons,
bosons, etc.). The mass of the atom is provided principally by
the protons and the slightly heavier neutrons. Electrons are much
smaller and lighter, with a mass approximately 0.05% that of a
proton. The number of protons (and electrons in an uncharged
atom) is the atomic number (6, 7, and 8 for carbon, nitrogen, and
oxygen, respectively), and the total mass of the protons plus
neutrons is the atomic mass or mass number (12, 14, and 16 for
carbon, nitrogen, and oxygen, respectively). Mass numbers are
indicated by superscripts before the element symbol (e.g. '°C,

1N, 1°0). Isotopes are atoms with the same atomic numbers but
with different atomic masses. Naturally occurring elements are
found as mixtures of isotopes. For hydrogen, the hydrogen atom
of atomic number 1 and atomic mass 1 (*H) is about 5000 times
more common than its stable isotope deuterium (*H), which has
one neutron (atomic number 1, atomic mass 2). The atomic
mass of an element is actually the weighted average of the
masses of the isotopes of that element. A mole of a substance
contains as many atoms or molecules as there are atoms in
exactly 12 g of '2C (6.023 x 10%). By analogy to atomic mass,
the molecular mass of a molecule is described with reference to
the mass of '2C, hence the term ‘relative’ molecular mass.

Bonding: the basis of molecular structure

Atoms interact to form molecules by chemical bonds, which are
described by two theories. The valence bond theory concentrates
on the transfer (ionic bond) or sharing (covalent bond) of elec-
trons and is the basis for traditional organic chemistry. Molecular
orbital theory considers bonding as a coalescence of the electron
orbitals (probabilistic electron density maps) of two atoms to
create a new orbital that spreads over the entire molecule. To
describe electron orbitals mathematically, electrons are described
as waves, rather than as negatively charged points. Like light
waves, sound waves, or sine waves, an electron wave is defined
by a formula. Because an electron moves in three dimensions, its
formula has x-, y-, and z-components; changes along the three
axes are described by partial derivatives. As it is hard to freeze
electrons in time and space, their location is defined as a
probability (y). For example, 0%y /0x* is the derivative of
calculated in the x-dimension, with the y- and z-dimensions held
constant. An electron has a small mass (m) that is included in
energy calculations and, depending on its position, it also has
potential energy (V). Adding constants to balance the function
mathematically (h), electron energy (E) is defined in probability
terms (Ey) by Equation 1.1, the Schrodinger equation.

M Equation 1.1
Ey = Vy + [(0%y /0x°) + (0°y /dy°) + (0*y /0z°)] (h/2m)

The solutions to this differential equation for a single particle
are simple equations that can be plotted on a graph to give
mathematical pictures of electron densities, called orbitals. The
orbitals of molecules can be defined by combining the equations
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for the electron orbitals of individual atoms, which defines three

types of molecular orbital (Fig. 1.1):

® those with a high probability of finding electrons (bonding
orbital, s or p);

® those with a low probability of finding electrons (antibonding
orbital, s* or p*); and

® those of lower energy, inner shell electrons that do not
participate in bonding (nonbonding).

‘Antibonding’ does not refer to a repulsive interaction, but
rather to an electron distribution determined from the wave
equation that shows a low probability of finding an electron
between the nuclei of the bonded atoms.

Special properties

RADICALS

Certain electron configurations are of special interest to physi-
cians. Radicals (or free radicals) are molecules or atoms that
contain one or more unpaired electrons. ‘Pairing’ of electrons
refers to the orientation (4% or —5) of the electron ‘spin’,
which is an intrinsic property of electrons (like mass), rather
than a spinning movement. Atoms such as Cl and Na (not the
ions Na* and CI7) have unpaired electrons and are radicals.

Electron state of nitric oxide

Nitric oxide (NO *)
(molecular orbitals)
0.*
2p

Nitrogen (N)
(atomic orbitals)

Oxygen (O)
(atomic orbitals)

Superoxide
Ter (Oz._)
®
e Juu
c Oxygen
2s @ @ 2s (0)
@ ”‘T*zp
YL YL

Figure 1.1 Electron diagram of nitric oxide. (a) Oxygen (eight electrons, 8e )
and nitrogen (7e") are the components of nitric oxide (NO). Electrons in the inner
shells are not depicted. The remaining 11 electrons are shown for nitrogen (left)
and oxygen (right). The molecular orbital model distributes these electrons into
bonding and antibonding orbitals in order of increasing energy level: two into o,
two into 6*,,, four into T,,, two into 6,,, and one into T*,,. The electron in a T*,,
orbital remains unpaired, which defines NO" as a radical. (b) An electron diagram
for superoxide (O,") distributes 16 electrons from the two oxygen atoms similarly,
except that 3e” are in the *,,orbital. (c) Ground state oxygen (O,) is also formally
a radical and has one electron in each ©t*,;, orbital with spins unpaired.

Nitric oxide (NO®) has an unpaired electron and is thus a
radical. It is composed of N (nitrogen), which has seven elec-
trons, and O (oxygen), which has eight electrons (see Fig. 1.1).
The radical NO® has received considerable attention as a dif-
fusible modulator of cell signaling via the cyclic GMP pathway
(Chapter 3) and as a direct vasodilator (Chapter 41). Another
radical of physiologic interest is the superoxide radical (O,°7),
generated by the addition of an electron to molecular oxygen
(O,). Excessive production of superoxide induces oxidative
stress and ultimately cell death. Superoxide is converted into less
reactive products (hydrogen peroxide and oxygen) by the
enzyme superoxide dismutase.

Nitric oxide and superoxide are biologically relevant free
radicals.

DIPOLES

Because molecules consist of combinations of charged atoms, an
uneven distribution of charge over the molecule can exist when
atoms with different atomic numbers are combined. Most bio-
molecules, which combine N, C, O, H, and a few other atoms,
have a complex distribution of charge. The charge of a molecule
may also be distorted by an externally applied electric field,
which need only be as large as a neighboring molecule with its
own uneven charge distribution. When charges on a molecule are
separated by a distance they constitute an eleciric dipole. The
dipole is represented by a vector (which has magnitude and
direction), which by convention points from the negative toward
the positive charge, and is called the dipole moment (the unit is
a Debye, or coulomb meter (Cm) in SI units, i.e. charge X
distance). Some molecules are polar and have an inirinsic dipole
moment. Nonpolar molecules, when placed in an externally
applied electric field, can have an induced dipole. The dipole
moment determines in part the solubility of molecules. A polar
molecule with a large dipole moment is difficult to integrate into
a nonpolar medium, such as the interior of the plasma mem-
brane of a cell, which results in a slow transfer into the cell
interior

MOLECULAR MAGNETISM

A moving charge generates a magnetic field. For molecules, the
electron spin and orbital motion of electrons around the nucleus
of each atom result in a molecular magnetic moment. When an
external magnetic field is applied, molecules become oriented in
the field according to their magnetic moment. Three types of
interaction occur between the external field and the molecular
magnetic moment: diamagnetism, paramagnetism, and ferro-
magnetism. If the molecular field opposes the external magnetic
field, the material is referred to as diamagnetic. Diamagnetic
molecules (such as N;) have paired electron spins in the outer
shell. If the molecular field augments the applied magnetic field,
the molecule is termed paramagnetic. Paramagnetic molecules
(such as O,) have unpaired electron spins in the outer shell.
In ferromagnetic materials, electron spins align in parallel and
greatly augment an external magnetic field (by as much as 10°).
Magnetic interactions are the physical basis for oxygen analyzers
(paramagnetism) and magnetic resonance imaging (ferromag-
netism). Nuclear magnetic resonance manipulates molecular
magnetism to define molecular structure.
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STEREOCHEMISTRY
Stuctural issomers are molecules that have the same molecular
formula but with the atoms arranged differently in space; for
example, glucose, galactose, and mannose (all C4H;,04) or isoflu-
rane and enflurane (both C;H,OF;Cl) are structural isomers
with distinct structures and properties. In stereoisomers, mole-
cules have identical structures except for the arrangement of
substituents around one atom (the stereocenter), so that the two
molecules are not superimposable on one another (e.g. pseudo-
ephedrine is a stereoisomer of ephedrine). If the configuration of
atoms around the stereocenter produces a mirror image of the
original structure, the compounds are chiral and are called
enantiomers.

Stereochemistry can be described according to three differ-
ent systems, optical activity, ‘relative’ configuration, and the
Cahn—Ingold—Prelog system.

Approximately 60% of drugs used in anesthesia are chiral.

Optical activity is a property of molecules that can rotate
plane-polarized light. Dextrororary molecules have a positive
(+) angle of rotation and rotate plane-polarized light to the
right (or clockwise, as viewed when looking into the beam).
Levorotary molecules have a negative (-) angle of rotation and
rotate plane-polarized light counterclockwise. Molecules that
can rotate plane-polarized light have a chiral (handed) center,
are not superimposable on their mirror images, and are known as
enantiomers. Enantiomeric pairs have identical chemical and
physical properties (e.g. boiling point, density, solubility, absorp-
tion spectrum), but each enantiomer rotates plane-polarized
light in the opposite direction. A mixture of equal amounts of
enantiomers of a molecule is a racemic mixture, which is opti-
cally inactive. Racemic epinephrine (adrenaline) contains equal
amounts of the two enantiomers of epinephrine.

Relative configuration defines the structure of a molecule as
either the D or the L form by relating it to the two forms of a
standard molecule, glutaraldehyde. Most naturally occurring
sugars are of the D-configuration [e.g. D-(+)-glucose]. The opti-
cal rotation of a molecule, (4+) or (-), is independent of its
relative configuration. These two nomenclatures are sometimes
confused by the use of the lower case d and [ to denote optical
rotation. Thus, [-epinephrine (optical rotation) and L-epinephrine
(configuration) are not the same enantiomer; only [-epinephrine
(the D-configuration) is biologically active.

The Cahn-Ingold-Prelog system can only be applied if the
absolute stereochemistry is known. This system defines the
absolute configuration based on the atomic mass of the four
substituents attached to a chiral carbon center. The three highest
mass number substituents at the chiral center are projected on
to a triangle (the lowest mass substituent is projected backward
behind the triangle) and ranked in order of decreasing mass
number, starting with the highest mass at the top of the triangle.
If the mass numbers of the substituents follow a clockwise
direction from the top, the molecule is in the (R)-configuration;
if it is counterclockwise, it is in the (S)-configuration. The stereo-
chemical standard molecule is (R)-glyceraldehyde, which, coinci-
dentally, is the same as D-(+)-glyceraldehyde. Conformation refers
to the arrangements of a molecule that are achieved by rotation
of substituents at a bond (the molecules are superimposable if
correctly rotated), whereas the configuration (e.g. ‘absolute config-
uration’) of a molecule cannot be converted by bond rotation.

About 60% of drugs used in anesthesia are chiral. Chirality
influences the actions of intravenous hypnotics: etomidate is
administered as a single enantiomer, and the enantiomers of
ketamine and thiopental have small differences in pharmaco-
dynamic and pharmacokinetic effects. The volatile anesthetics in
current use are racemic mixtures, except sevoflurane, which is
achiral. The stereochemistry of local anesthetics is an important
clinical consideration: e.g. levobupivacaine, the S-enantiomer of
bupivacaine, has less effect on cardiac conduction than the
racemic mixture. As synthetic and separation techniques
improve, new drugs will be introduced as the single safest and
most efficacious enantiomer.

BIOMOLECULAR STRUCTURE

Amino acids and proteins

The 20 common amino acids (Table 1.1) are distinguished by
the side chains attached to the o-carbon. The side chains are
chemically distinct, and are classified as nonpolar, polar uncharged,
acidic, or basic. At neutral pH, amino acids and proteins are
mostly in a form with both positive and negative charges
(zwitterions). Amino acids are almost always of the L-form.
Glycine, the simplest amino acid, is the only amino acid that is
not chiral, as it has two hydrogens on the o-carbon. Amino acids
can have other functions in addition to being components of

Table 1.1 Amino acid classification and abbreviations

Nonpolar Abbreviations
Aspartate A Asp
Cysteine C Cys
Phenylalanine F Phe
Glycine G Gly
Isoleucine | lle
Leucine L Leu
Methionine M Met
Proline P Pro
Valine Vv Val
Tryptophan W Trp
Polar uncharged

Asparagine N Asp
Glutamine Q GIn
Serine S Ser
Threonine T Thr
Tyrosine Y Tyr
Acidic

Aspartic acid D Asp
Glutamic acid E Glu
Basic

Histidine H His
Lysine K Lys
Arginine R Arg
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proteins (for example glutamate and glycine are excitatory and
inhibitory neurotransmitters, respectively).

Peptides are short chains of amino acids joined by peptide
bonds (Fig. 1.2), and proteins are longer polypeptides (as long
as 8000 amino acids). Both peptides and proteins are broken
down by the addition of water (hydrolysis), which is catalyzed
by enzymes called proteases. Proteins contain successive levels
of organization, which endows them with complex three-
dimensional structures (Fig. 1.3a). The primary structure is the
sequence of amino acids. Certain motifs, or short segments of
amino acids, are associated with cellular functions (e.g. NPXY
for internalization of the low-density lipoprotein (LDL) recep-
tor, where X is any amino acid) or identified as sites of enzyme
action. Certain amino acids can be modified by the addition of a
phosphoryl group (on Y, S, or T), carbohydrate chains (on O or
N), or lipids (on S or N), thus affecting activity or subcellular
location (Chapter 2).

Secondary structure incorporates more information into the
protein by organizing some sections along the chain into regular
conformations, such as the right-handed o-helix, (10-15 amino
acids/turn) and the B-sheet. In the o-helix the polypeptide
backbone is closely packed with hydrogen bonds at every fourth
residue of the helix. The side chains project outward into the
surrounding solution or environment. At a higher level of organi-
zation, sequences of approximately 70-100 amino acids are organ-
ized into domains, which are loosely defined organizational units
that do not have distinct structures.

Tertiary structure is the overall pattern of folding or topology.
Unlike secondary structure, which consists of repeating patterns,
tertiary structure is diverse and results from interaction of the
side chains that project from the peptide backbone. Through
a variety of interactions, including hydrogen, electrostatic,
hydrophobic and disulfide bonds (between the sulfur atoms on
cysteine), a complex, energetically favorable conformation is

The peptide bond

| a-carbon ||
N—CH—C—OH

| a-carbon ||
H—N—CH—C—OH H

Amino acid
side chain

Amino acid
side chain

R R’

H O H O

| Il Peptide |
H—N—CH—CW

Figure 1.2 The peptide bond. The peptide bond of the polypeptide backbone is
an amide bond formed by the condensation of carboxy and amino groups of
amino acids. This bond has some double-bond character and acts as a rigid, planar
unit. R and R’are linked to the oi-carbon and denote the side-chain groups specific
to each amino acid. The amino (N) terminus is on the left, and the carboxy (C)
terminus is on the right.

generated. The tertiary structures of most soluble (i.e. neither
membrane-bound nor transmembrane) proteins are tightly
packed, water excluding, and stable. Tertiary structure is not
static, as conformational changes are essential to protein func-
tions such as catalysis, ligand binding, and signal transduction.
The tertiary structures of thousands of proteins are known at
the atomic level, and have been described by several methods,
including X-ray and electron diffraction of protein crystals
(Fig. 1.3b), and mass spectrometry and nuclear magnetic reso-
nance of small proteins in solution. For example, structural
studies of proteins have direct applications in medicine. X-ray
diffraction analysis and molecular dynamic calculations of the
structure of human immunodeficiency virus (HIV-1) protease
have contributed to the rational structure-based development of
HIV-1 protease inhibitors, which have dramatically altered the
therapy of HIV infection.

Atomic structures of drug targets allow structure-based
drug development.

Quarternary structure refers to the grouping of two or more
proteins by noncovalent bonds. A well-known example is hemo-
globin, which consists of two pairs of subunits (20, 2f), each
with its own tertiary structure. Interactions between the sub-
units alter their affinity for oxygen through conformational
changes. Current experimental evidence favors a protein site of
action for general anesthetics (Chapter 24). The lipid membrane
had been proposed as the site of action of volatile anesthetics
based on the observed correlation between volatile anesthetic
potency and lipid solubility (Meyer—Overton hypothesis). The
initial hypothesis of a global effect by anesthetic agents on mem-
brane lipids was revised to suggest that the lipids surrounding
membrane proteins (boundary lipids) and/or hydrophobic sites
in proteins are the sites of anesthetic action. Much recent evi-
dence, such as the existence of a ‘cut off’ in the length of long-
chain hydrocarbons and alcohols which have anesthetic effects,
the evidence for stereoselectivity in anesthetic effects, and the
ability of point mutations in proteins to alter their sensitivity to
anesthetics, strongly favors hydrophobic sites on cell membrane
proteins, particularly the ion channels, as the sites of anesthetic
action.

Lipids and membranes

The lipids of cell membranes are amphipathic; they have a
nonpolar (or hydrophobic) hydrocarbon tail and a polar (or
hydrophilic) head group. In the cell membrane lipid bilayer
(Chapter 2), the tails are clustered in the interior and the head
groups face the aqueous environments. Thus, the cell membrane
is dynamic, and the lipids and proteins embedded in the
membrane are able to move laterally within it (the fluid mosaic
model of cell membrane structure), although specific membrane
proteins can be immobilized to particular domains by inter-
actions with anchoring proteins.

The head groups of phospholipids are small, charged
molecules (e.g. serine, ethanolamine, choline) linked by a phos-
phate group to the hydrocarbon tail (Fig. 1.4). The hydrocarbon
tail usually consists of two long-chain fatty acids linked by
glycerol. The tail molecules may be of different lengths (14-24
carbons), and may be saturated (~CH,-CH,-) or unsaturated
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Figure 1.3 Protein structures. (a) In X-ray
diffraction, X-rays (wavelength 1.5A) are scattered
by the atoms of the protein crystal. The regular,
repeating arrangement of atoms, called a crystal
lattice, acts like a diffraction grating and the X-rays
are scattered in a pattern that is the reciprocal of the
crystal lattice pattern. The structure of the molecule
is calculated mathematically from this diffraction
pattern by Fourier transformation. Here, a ribbon
diagram of acetylcholinesterase from coordinates
stored in the Brookhaven Protein Data Bank was
generated using RasMol software. The substrate-
binding site is within the open area slightly above
center. (See Sussman JL, Harel M, Frolow F, et al.
Atomic structure of acetylcholinesterase from
Torpedo californica: a prototypic acetylcholine-
binding protein. Science 1991;253:872-79.) (b)
Human immunodeficiency virus (HIV) protease
complexed with an inhibitor. The protease dimer is
shown in ribbon form. The inhibitor molecule is
colored blue. The twofold axis of symmetry of the
dimer is vertical, in the plane of the figure. (See Silva
AM, Cachau RE, Sham HL, Erickson JW. Inhibition
and catalytic mechanism of HIV-1 aspartic protease.
J Mol Biol. 1996;255;321-46.

(-CH=CH-). Saturated tails are straighter and more flexible
than the kinked, unsaturated tails. The hydrocarbon tail is poorly
soluble in water. The exclusion of water by collections of hydro-
carbon chains allows an energetically more favorable arrange-
ment of the water molecules, which stabilizes the hydrocarbon
cluster. This is called the ‘hydrophobic’ effect, although the
arrangement is more a property of water packing than of hydro-
carbons excluding water. This water—hydrocarbon separation
is the basis for the formation of the lipid bilayer of cell
membranes.

The cell membrane is not symmetrical. Instead, the inner and
outer leaflets of the membrane may contain different phos-
pholipids. The inner leaflet contains more phosphatidylserine
and phosphatidylethanolamine and the outer leaflet contains
more phosphatidylcholine and sphingosine. Cholesterol, a planar
steroid molecule, is a major component (about 20%) of mam-
malian plasma membranes. The rigidity of cholesterol helps to
‘stiffen’ the plasma membrane.

Lipids have functions in addition to membrane structure.
Phosphatidylinositol bisphosphate, a phospholipid, is involved in
G protein-coupled transmembrane signaling cascades (Chapter
3). LDL, a large complex of phospholipids and cholesterol
packed together and bound to specific proteins, is a cholesterol
storage and transport molecule, the regulation of which is critical
in atherogenesis.

Nucleic acids

Nucleotides consist of a nitrogen-containing ring (a base) and a
five-carbon sugar (ribose or deoxyribose) linked to a phosphate
group. Nucleosides are composed of the base and the sugar
minus the phosphate. The sugar is a five-carbon ribose ring
which has a hydoxyl group (OH) in ribonucleosides or an H (in
deoxynucleoside) at the 2’-position of the sugar ring. The bases
are planar, aromatic heterocycles that contain carbon and nitro-
gen, and they are chemically classified as either purines (adenine,
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Lipid molecules

Figure 1.4 Lipid molecule structure. Lipid mole-
cules have the same basic structure, consisting of a
polar head group and a hydrophobic tail. (a) The tall
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may be extended as in the saturated fatty acid, or
bent if double bonds (-C=C-) are present. (b) The
head group may be small and the hydrocarbon tail
compact as in cholesterol, or (c) the head group may
be large and complex as in ganglioside GM,, which
contains several sugars. The overall structural
elements are the same for each lipid. (Gal, galactose;
Glc, glucose; GalNAc, N-acetylgalactosamine; NANA,
N-acetylneuraminic acid.
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A; guanine, G) or pyrimidines (thymine, T, uracil, U; cytidine,
C). The bases are synthesized from the amino acids glutamine,
glycine, and aspartate by tightly regulated enzymatic pathways.

The nucleotides are widely disseminated throughout the cell
and are multifunctional. Encoding genetic information in linear
sequences of the different nucleotides in DNA is the most
celebrated role for these molecules (Chapter 4). Nucleotides in
mRNA and tRNA also mediate the translation of this code into
proteins. In addition to reproducing and processing genetic
information, nucleotides function at some point in almost all
intracellular processes. Nucleotides, especially ATP, are the func-
tional storehouses for chemical energy in the cell. Hydrolysis of
phosphate from these nucleotides releases the energy to power
thousands of critical cellular reactions. Nucleotides are also com-
ponents of intracellular signaling pathways (GTP in G proteins,
cAMP) and are involved as cofactors (NAD, NADP) in the
reactions of catalytic proteins. Volatile anesthetics can affect
cyclic nucleotide levels (¢cGMP, cAMP) in some experimental
models. The possibility of toxic interactions of anesthetics with
DNA and chromosomes has long been an area of investigation,
but so far no relationship has been clearly shown.
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Carbohydrates

Sugars have carbons arranged in a straight chain or ring form
with the general formula (CH,0),, where n = 3 (triose), 5
(pentose, e.g. ribose), or 6 (hexose, e.g. glucose). Sugars are
generally depicted in their closed ring form (Fig. 1.5). Chains
of sugars may be linked together in pairs (e.g. sucrose =
glucose—fructose, lactose = galactose-glucose). Longer chains,
including branched chains, are polysaccharides, and shorter
chains are oligosaccharides. A number of biologically important
molecules are branched-chain polysaccharides, including red cell
surface antigens and heparin.

The brain and red cells depend almost completely on glucose
for energy. Glycogen, the storage form of glucose, is a polymer
of glucose. Glucose is synthesized (gluconeogenesis) in the
liver to provide an energy source for cells (Chapter 65).
Gluconeogenesis and glucose breakdown (glycolysis) are not
simply reversals of the same reactions. Rather, each pathway has
its own energetically favorable reactions, mediated by different
sets of enzymes. Gluconeogenesis involves the conversion of
pyruvate to glucose via oxaloacetate (Equation 1.2), a molecule
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Common sugar molecules
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Figure 1.5 Common sugar molecules. (a) Opening the glucose ring and closing
it during bonding can result in reconfiguration of the OH group at C1 into an o~
or B-linkage. (b) The two enantiomers of glucose. (c) Inositol. Inositol 1,4,5-
triphosphate (IP;) with phosphates (PO,) at the 1, 4, and 5 positions, is an
intracellular signaling molecule. (d) Ribose. In RNA, the phosphate backbone of
ribose is attached at the 3- and 5-positions.

from which CO, is removed in order to provide a favorable
energy balance for glucose synthesis.

M Equation 1.2
C5;H;05 — oxaloacetate — CgH;,04
pyruvate glucose

After breakdown, glycerol (derived from fats), and some
amino acids, enter the glucose synthetic pathway as pyruvate.

Other amino acids enter as other intermediates, which can be
converted to pyruvate in the series of reactions referred to as the
citric acid cycle.

To generate energy, glucose is metabolized (Equation 1.3),
during which electrons and protons are removed from glucose
and utilized in the two processes of glycolysis and oxidative
phosphorylation, to convert glucose ultimately into CO, and
water (Chapter 65):

M Equation 1.3
CGHIZOG - C3H303 g COZ + Hzo + energy

glucose pyruvate

The removal of an electron is called oxidation, hence glucose
is oxidized during glycolysis. The addition of an electron (a
negative charge) is called reduction. In the oxidative breakdown
of glucose during glycolysis, nicotinamide adenine dinucleotide
(NAD™) is the primary oxidizing agent of glucose, from which it
removes electrons and protons, and is itself converted into
NADH. Electrons transferred from glucose to NADH then
enter the oxidative phosphorylation pathway, where sequential
oxidation-reduction steps result in the ultimate reduction of O,
to H,O with the release of energy.

Carbohydrates have other cellular functions in addition to
storing and releasing metabolic energy. Inositol (Fig. 1.5d) is
phosphorylated to different degrees with 1-4 phosphates and
acts as an intracellular signaling molecule (Chapter 3). A variety
of cellular proteins and lipids are also modified by oligosaccha-
rides, often creating hydrophilic and antigenic sites on cell
surface and extracellular matrix proteins.

SOLUTION CHEMISTRY

Solutions

A solution is a mixture of two or more components that makes a
homogenous dispersion in a single phase. The component in the
greater amount is the solvent and that in the lesser is the solute.
As there are three states of components (solid, liquid, and gas),
nine solute—solvent combinations are possible. Anesthesia
involves solid-liquid, gas—gas, and gas-liquid solutions, which are
the usual drug delivery and disposition combinations. Note that
a vapor refers to the gaseous form of any substance that is either
liquid or solid under normal conditions of temperature and
pressure (e.g. isoflurane). The colligative properties of a solution
depend primarily on the number of solute particles, and include
osmotic pressure, vapor pressure lowering, freezing point
lowering, and boiling point elevation.

Concentrations of the components of a solution are defined in
several ways. Molarity is the number of moles of solute per liter
of solution (mol/L). Note that the denominator is for the total
solution, not the volume of solvent. Molarity is temperature
dependent, as the solvent expands or contracts as temperature
changes. Molality is defined as moles of solute per kilogram
(mol/kg) of solvent. Note that the denominator is mass. Molality
has experimental advantages because it is not temperature
dependent and is useful in examining colligative properties. The
mole fraction (X,) is used to calculate partial pressures of gases
and in working with vapor pressures, and is defined as ‘(moles
of component A)/(moles of all components)’. In considering
the properties of a solution it is valuable to recognize that, as a
result of solute interactions, the properties of the solution are
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not simply the additive sum of the properties of each
component.

Nonelectrolytes

Nonelectrolytes do not form ions when placed in water solution.
Solutions of nonelectrolytes are defined as either ideal or real.
In an ideal solution, made by mixing components with similar
properties, no change in component properties (e.g. vapor pres-
sure, refraction of light, viscosity, surface tension) occurs on
mixing the components. This implies an absence of attractive
forces between molecules in gas mixtures, or a complete uni-
formity of attractive forces among liquid molecules. In an ideal
solution, the properties of the components are equal to the
properties of a pure solution of each individual component
multiplied by the mole fraction of that component. As an exam-
ple, consider vapor pressure, which is defined as the tendency of
molecules of a liquid to escape from the liquid phase into the
vapor phase. If the vapor pressure of component A (p,) in a
solution is proportional to the vapor pressure of the pure
component (p*,) times its mole fraction (X,), then the solution
is an ideal solution and p, = X,p*s. This is referred to as
Raoult’s Law.

When a component is a minor part of a dilute solution, the
vapor pressure is no longer directly proportional to the vapor
pressure of the pure component, as in an ideal solution. In this
case, Raoult’s Law is not obeyed and these solutions are called
real or nonideal. In real solutions, the property (e.g. vapor
pressure, pg) of component B is described by an experimentally
determined proportionality constant specific to the component
(Kg), rather than by the vapor pressure of the pure component.
Thus, for the minor component in a real solution, py = XKj,
where Xj is the mole fraction of B. This is Henry’s Law, which
is usually applied to very low concentrations of gases in liquid
solutions, such as anesthetics in solution. Henry’s Law describes
the pressure of the minor component gas above the solution.
The law also describes the remaining amount of the gas, which
is dissolved in the solution. The concentration of the gas which
is dissolved in the solution at equilibrium defines the solubility
of the gas. Henry’s Law states that the solubility of a gas in a
solution increases in direct proportion to the pressure on the gas.
A practical application of this law comes from the physiology of
diving, where nitrogen, which is in solution in a diver’s blood at
depth, becomes less soluble and can form bubbles in the blood
as pressure decreases upon surfacing.

Electrolytes

When dissolved in water, electrolytes form ions, conduct electric
current, and have exaggerated (compared with nonelectrolytes)
freezing point depression and boiling point elevation (colligative
properties). Electrolytes are classified as strong (e.g. NaCl, HCI)
or weak (e.g. acetic acid, ammonium hydroxide). Strong elec-
trolytes are highly dissociated in water solution, but in mod-
erately concentrated solutions the large number of positive and
negative charges results in electrostatic attractions between ions.
One result of electrostatic attraction is that the ions sometimes
form ion pairs, rather than being free. The net result of these
attractions between ions is that the ‘effective’ concentration of
ions is lower than the actual concentration, which gives rise to
the use of activity, rather than concentration, to describe ionic
solutions.
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Diffusion and flow

Diffusion is the transport by random motion of particles down a
concentration gradient. Electrical conduction is the transport of
charge down a potential gradient, and thermal conduction is the
transport of energy (thermal motion) down a temperature gra-
dient. Somewhat less intuitive than these processes is viscosity,
which involves the transport of momentum. To approach
viscosity, the idea of flux must be examined. Flux is a rate of
movement and is dependent on a gradient of the property that
is moving. The flux (J) of a particle is its rate of diffusion (in one
direction) along its concentration gradient (in the same direc-
tion). If C is the concentration along a gradient, J] = —-D(dC/dx),
where x is a distance along the gradient and D is the diffusion
coefficient (the minus sign indicates that movement is toward
decreasing concentration). This is Fick’s First Law of Diffusion.
The usual model for viscosity is a series of liquid plates stacked
together and moving along the x-axis. As the top plate moves, it
drags the plates beneath it. Successively lower plates are
accelerated to a lesser extent, so a gradient occurs in the velocity
of the plates down the z-direction. The rate of movement in the
x-direction (flux, J,) is proportional to the gradient in velocity
(v) down the plates in the z-direction, J o dv/dz. A constant
can be substituted for the proportionality sign, J,, = 1(dv/0dz),
where 1 is the viscosity coefficient that describes the amount of
drag between the plates. Viscosity is a determinant of gas and
liquid flow through a tube, which is described by Poiseuille’s
Law for laminar flow through a cylinder, §V/8t = [(P, — Py)nr']/
(8nl), where V is the volume of gas or liquid, P, and Py, are the
pressures at each end, [ is the length, and r is the radius.

Electrochemistry and acid-base chemistry

Acid-base chemistry is intimately tied to electrochemistry — the
movement of protons (H*) is the movement of positive charge
and results in ionization. The pH of a solution is determined by
measuring the electromotive force, the potential difference in a
reversible electrochemical cell when no current flows. More
commonly, pH is defined as the negative logarithm of the proton
concentration, pH = -log;o[H"]. The measurement of pH
relative to the pH of water (pH = 7.0) leads to the definition of
an acid as a proton donor, HA — H* 4+ A", where A is the
conjugate base of acid HA. A base is a proton acceptor, B +
H* — BH, and BH is the conjugate acid. More general defini-
tions also exist: a Lewis acid is an electron-pair acceptor and a
Lewis base is an electron-pair donor. The extent of dissociation
of the acid HA is quantified by the dissociation constant K, =
[H*][A ]/[HA]. Separating the proton concentration and taking
the negative log), of both sides gives Equation 1.4, the
Henderson-Hasselbach equation.

M Equation 1.4

pH = pK,+ —I(E%EG |

The pK, is the pH at which the concentrations of A" and HA
are equal. The pH may be calculated from this equation if the
ratio of [A ]/[HA] is known, but it is only accurate between
pH 3 and 11 (beyond this range water ionization must be
included).

A buffer can be made to attenuate pH changes by combining
a weak acid and its conjugate base (i.e. the salt of its conjugate
base). Combining a weak base and its conjugate acid also makes
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a buffer. The buffering capacity is the quantity of acid (or base)
that may be added to a buffer to change the pH by one unit.
Buffers are most effective (permit the smallest pH change) in
the region of their pK,. Bicarbonate (pK, = 6.1) is the principal
buffer in blood.

Bicarbonate, a weak base, is the principle buffer in blood.

Chelation

In general, a metal is a substance that conducts heat and
electricity, and in each case the conduction is the result of the
movement of electrons within the material. Metal ions com-
monly found in biology include iron, cobalt, and magnesium. If
a Lewis base, which was described earlier as an electron pair
donor, has two or more groups of electrons available, it may
combine with a metal to form a complex called a chelate. In
biology, naturally occurring chelating compounds are polycyclic
molecules such as heme, which complexes iron, and chlorophyll,
which complexes magnesium. Drugs that form chelation com-
plexes include EDTA, which chelates iron and copper to prevent
oxidation in drug preparations and binds calcium in banked
blood; and deferoxamine, which chelates iron.

Surface interactions

The surface at which a phase interaction (between gas-liquid,
solid-liquid, etc.) occurs is an interface. If a liquid forms an
interface with a gas, the cohesive force of the molecules of liquid
holds the liquid together. A small attractive force also occurs
between the liquid and the gas. The work that must be done (or
the energy expended) to counteract this attraction at the inter-
face is the surface tension. Surface tension is a critical factor in
defining the relationship between the pressure inside a cavity
and the cavity curvature (the Laplace relation, P,, = P, + 2v/r,
where v is the surface tension and 7 is the radius of curvature).
Extensions of this relationship to the ventricle and the alveolus
are important in cardiac (Chapter 39) and pulmonary physiology
(Chapter 47). The units of surface tension are those of energy/
area (ergs/cm?) or force/distance (dyne/cm). Adsorption refers
to the movement of molecules in solution to an interface, which
results in an interface concentration higher than that of the
solution. Molecules and ions that are adsorbed at interfaces are
called surfactants (surface-active agents), which are essential to
pulmonary alveolar function

ENZYMES

Enzymes catalyze chemical reactions, that is, they lower the
activation energy barrier between products and reactants or
substrates (Fig. 1.6). Enzymes are usually proteins, though ribo-
nucleotides can catalyze reactions of RNA (ribozymes). Enzymes
can increase the rate of a reaction by as much as a billion times
over the rate of the spontaneous reaction, but they do not
change the equilibrium (ratio of products to reactants) of a
reaction, and cannot by themselves drive an energetically unfa-
vorable reaction. A cell has thousands of enzymes. Some enzymes
catalyze specific reactions, whereas others facilitate reactions
of several related substrates. The large number of enzymes led

Catalysis by enzymes

Activation energy
for uncatalyzed reaction

ST

Substrate

ENErgy

EP

Progress
Activation energy of reaction

for catalyzed reaction

Figure 1.6 Catalysis by enzymes. Enzymes accelerate chemical reactions by
decreasing the activation energy. Often both the uncatalyzed reaction (A) and the
enzyme-catalyzed reaction (B) go through several transition states. It is the
transition state with the highest energy (ST and ES') that determines the activation
energy and limits the rate of the reaction.

to the development of an enzyme classification (EC) system.
An enzyme is classified as an (1) oxidoreductase, (2) transferase,
(3) hydrolase, (4) lyase, (5) isomerase, or (6) ligase. Plasma
cholinesterase, also known as butyrylcholinesterase, is a hydro-
lase that breaks down the ester bond of succinylcholine and
other esters.

Enzymes enhance the rate, but do not change the
equilibrium, of chemical reactions.

Enzymes catalyze reactions in three basic ways:
® distorting a bond of the substrate;
® proton transfer to or from the substrate; or
® clectron donation to or withdrawal from the substrate.

In each case the few amino acid residues involved in catalysis
are positioned together from separate parts of the polypeptide
chain by precise protein folding to create an active site (see
Fig. 1.3). The active site usually contains amino acids such as C,
H, S, D, E, and K, which have available protons or electrons
or can bind with a substrate. Prosthetic groups are also located
at active sites, which, as shown by X-ray diffraction studies, are
actually pockets or grooves in enzymes where the substrate binds.
Most naturally occurring amino acids are of the L-configuration,
and it is consistent that enzymes are stereospecific in their choice
of substrates.
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The rate of an enzyme-catalyzed reaction increases with
increasing substrate concentration. At high substrate concentra-
tions, the increase in reaction rate attained by increasing the
substrate concentration reaches a limit (i.e. the reaction is
saturable), which is reflected by the hyperbolic shape of the
plot of reaction velocity (v) versus substrate concentration [S]
(Fig. 1.7a). This curve is described by Equation 1.5, the Michaelis—
Menten equation, in which V. is the maximal rate at saturating
substrate concentration, and K,, is a combination of rate con-
stants that is also equal to the substrate concentration at which
the reaction velocity is one half of V. (v = V,../2).

M Equation 1.5
Vi [S])
(Kw + [S])

The curve of Equation 1.5 is based on a two-step model in
which enzyme and substrate join initially to form an enzyme-
substrate (ES) complex in a reversible equilibrium, followed by
the formation of the product (P) (Equation 1.6).

v

M Equation 1.6

kl kcat
E+S=ES—>E+P
k_y

The term k., describes the maximum number of substrate
molecules converted into product per active site per unit time,
or how often the enzyme ‘turns over’. The k_./K,, value is a

measure of an enzyme’s efficiency as a catalyst: if k. /K, = k;
the enzyme is 100% efficient, and catalyzes a reaction every time
it encounters a substrate molecule. In this case, the reaction is
diffusion rate limited, that is, the reaction proceeds as quickly
as substrate and enzyme make contact and product leaves.
Acetylcholinesterase is an example of a nearly perfectly efficient
enzyme in these terms.

Replotting the velocity—substrate concentration plot as the
reciprocals gives a linear plot of 1/[S] versus 1/v (Fig. 1.7b).
These plots are imperfect, but are useful to describe different
enzyme inhibitors (Figs 1.7c—e). In competitive inhibition, sub-
strate and inhibitor compete for the substrate-binding site on the
enzyme. In uncompetitive inhibition, the inhibitor binds to
the enzyme-substrate complex but not to the free enzyme. In
noncompetitive inhibition, the inhibitor binds the enzyme at a
site that inhibits both catalysis and substrate binding.

Enzyme action may also be modulated by allosteric regula-
tion. A modulator or regulator binds to the enzyme at a distinct
site and either enhances or inhibits the binding of the substrate
with the enzyme or its catalytic efficiency. Many enzymes that
are allosterically regulated are composed of two or more protein
subunits bound together — one subunit binds the regulator
(regulatory subumit) and the other contains the active site
(catalytic subunit). These functions may also be achieved by
separate domains of the same protein. These diverse regulatory
mechanisms are essential to the adaptability of cellular regu-
lation in response to various normal and pathological conditions.

Enzyme reaction kinetics and inhibition
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Figure 1.7 Enzyme reaction kinetics and inhibition. (a) Enzyme reaction velocity is described by a plot of velocity (V) versus substrate concentration [S]. (b—e) Different
types of enzyme inhibition are described by double reciprocal plots of 1/V versus 1/[S] — the values of the normal plot (b) are shown in dark blue in each plot. (c) In
competitive inhibition, all lines intersect the y-axis at 1/V,,.... (d) In uncompetitive inhibition, the slopes (K,,/V,...,) are parallel. (e) In noncompetitive inhibition, lines intersect

the x-axis (1/[S]) at =1/K.,..
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The cell is the fundamental building block of all organisms. It is
the closest thing to an autonomous biological unit that exists.
Modern living organisms fall into three lineages, domains or
kingdoms (Fig. 2.1). Prokaryotes, which lack a defined nucleus
and have a simplified internal organization, form two of the
lineages — the bacteria and the archeae. Eukaryotes form the
third lineage. Prokaryotes have only one chromosome, are haploid
(i.e. they have only a single copy of the chromosome) and, from
a biological point of view, are potentially immortal. All other
forms of life have at least two copies of usually multiple chromo-
somes (i.e. they are either di- or polyploid). This complexity has

enabled eukaryotes to evolve into more complicated multi-
cellular organisms, but has also made them mortal (i.e. subject
to ageing and death).

CELLULAR DEATH, AGEING
AND IMMORTALITY

Apoptosis and necrosis

Cellular death is defined as the complete absence of active
metabolism, and can be initiated in various distinct ways. At the
extremes of the spectrum are apoptosis (programmed cell death)
and necrosis (accidental cell death) or oncolysis. Neither is
necessarily linked to ageing (senescence). Apoptosis is an essen-
tial part of life for any multicellular organism. The process of
apoptosis is genetically programmed, but is activated only in
those cells destined to die. During development, apoptosis is
used to sculpt tissues (e.g. embryogenesis, metamorphosis) and
to select competent T and B lymphocytes. Later, it is essential
for hormone-regulated tissue atrophy as well as the elimination
of virally infected or mutated cells. Autoimmune diseases,
immunodeficiencies, malignancies, ischemia and other diseases
involve the dysregulation of apoptosis.

Apoptosis is a genetically programmed cell death pathway
involved in physiologic as well as pathologic processes.

Apoptosis is triggered either by extrinsic receptor-mediated
or intrinsic mitochondria-mediated signaling pathways that
induce death-associated proteolytic and/or nucleolytic activities
(Fig. 2.2). Activation of death receptors in the extrinsic pathway
is followed by the formation of a signaling complex that induces
cell death via activation of caspases (cysteine-dependent
aspartate-specific proteases). In the intrinsic pathway, death
signals act either directly or indirectly on mitochondria, causing
the release of cytochrome c, which leads to the formation of an
apoptosome complex and caspase activation. In both pathways,
the dying cell undergoes a characteristic sequence of histologic
events: nuclear compaction (karyopyknosis), chromatin con-
densation, internucleosomal cleavage of DNA, blebbing of the
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Time (million years ago)
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Figure 2.1 Evolution. Geological intervals during the first 4 billion years of the earth'’s history. (a) By 3900 Myr (million years) ago, liquid water, a prerequisite for life, was
present. The atmosphere consisted mostly of water, nitrogen, hydrogen methane, reduced sulfur gases, carbon monoxide and carbon dioxide at 100-1000 times PAL
(present atmospheric level). Life may have originated many times, only to be wiped out by meteorite impacts large enough to sterilize the planet’s surface. Fossils
resembling prokaryotic cyanobacteria have been identified in 3500 Myr-old rocks, and by 544 Myr ago multicellular eukaryotic plants and animals were abundant. (b)
Phylogenetic tree of the three extant kingdoms (domains). The last common ancestors of Archea, Bacteria and Eukarya (progenotes) had very high mutation rates,
but the primary evolutionary mechanism was lateral gene transfer. As the organisms became more complex, lateral gene transfer became more restricted and mutations
were the driving force of evolution. The last common ancestor of the two bacterial kingdoms (Archaea and Bacteria) was a thermophilic, sulfur-dependent anaerobe (1;
green field), pointing to deep-sea vents as a potential site for the origin of life. Other types of organisms may have evolved from the universal ancestors and become

extinct.

plasma membrane (zeiosis), and disintegration of the cell into
multiple vesicles that are taken up by neighboring cells without
causing an inflammatory response. This orderly series of events
is orchestrated by dozens of genes, including a family of
‘inhibitors of apoptosis’ genes. The balance between apoptosis-
promoting and -inhibiting proteins is often disturbed in human
tumors: high expression of antiapoptotic proteins (Bcl-2, Bel-x,
Bcer-Abl) and/or inactivation of proapoptotic tumor suppressor
proteins (p53, p19*) are common.

Necrosis is a distinct form of cell death often associated
with edema (organelle swelling), vacuolation of the cytoplasm,
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karyolysis and cell lysis without the formation of vesicles, hence
the alternate term oncolysis. Cellular contents are spilled into
the extracellular space, damaging neighboring cells and inducing
an inflammatory response. Whereas apoptosis typically affects
isolated cells scattered throughout the tissue, necrotic cells are
usually found in contiguous zones. Necrosis is an important
component in a number of neurodegenerative conditions, as well
as acute ischemic insults to the myocardium and the brain. Until
recently, necrotic cell death was regarded as an unregulated
process, too chaotic for underlying biochemical regulatory path-
ways to be identified. The current model of necrotic cell death
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Figure 2.2 Signaling pathways leading to apoptosis. (a) The extrinsic receptor-mediated pathway. Ligation of the death receptor is followed by formation of the
death-inducible signaling complex (DISC), which results in the activation of caspase-8. In type | cells, caspase-8 activates caspase-3, which cleaves target proteins, leading
to apoptosis. In type Il cells, caspase-8 cleaves Bid, which in turn induces the translocation, oligomerization and insertion of Bax and/or Bak into the mitochondrial outer
membrane. Subsequent release of several proteins from the mitochondrial intermembrane space, including cytochrome ¢, forms a cytosolic apoptosome complex with
apoptosis activating factor-1 (Apaf-1) and caspase-9 in the presence of d-ATP. This results in the activation of procaspase-9, which leads to the activation of caspase-3.
The yellow circle represents a complex of Apaf-1, procaspase-9, and dATP (@apoptosome). (b) The intrinsic mitochondria-mediated pathway. Death signals function directly
or indirectly on the mitochondria, resulting in the formation of the apoptosome complex. This cell death pathway is controlled by Bcl-2 family proteins (regulation of
cytochrome c release), inhibitor of apoptosis proteins (IAPs, inhibition of caspases), second mitochondrial activator caspases (Smac) and Omi (negative regulation of IAPs).
Apoptosome function is also regulated by the oncoprotein prothymosin-a (Pro-T) and the tumor suppressor putative HLA-DR-associated protein (PHAP). The intrinsic
pathway might also operate through caspase-independent mechanisms, which involve the release from mitochondria and translocation to the nucleus of at least two
proteins, apoptosis inducing factor (AlF) and endonuclease G (EndoG). The nuclear location of AlF is linked to chromatin condensation and the appearance of high-
molecular-mass chromatin fragments, whereas the role of EndoG is still unclear. (c) Caspase-2-dependent pathway. The activation of caspase-2 by DNA damage leads to
the release of cytochrome ¢ and apoptosome formation (as shown for the intrinsic pathway) by an unclear mechanism. (d) Caspase-independent pathway. Recently, a
new caspase-independent, granzymeA (GrA)-mediated pathway was described. After being delivered into the target cell cytosol through Ca®*-dependent perforin-
mediated pores, GrA triggers a pathway characterized by single-stranded DNA nicks and the appearance of apoptotic morphology. The endonucleases involved in the
formation of DNA strand breaks in this system was identified as GAAD (GrA-activated DNase). GAAD activity is inhibited by a specific inhibitor (SET complex), which is
located in the endoplasmic reticulum (ER). This complex contains a number of factors (pp32, SET, HMG2 and Ape1l). (Reproduced with permission from Orrenius S,
Zhivotovsky B, Nicotera P. Regulation of cell death: the calcium-apoptosis link. Nature Reviews Mol Cell Biology 2003;4:552-65. Copyright © 2003 Nature Publishing Group,
London. http://www.els.net).
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Necrosis, characteristic of ischemia, is associated with cell
swelling, lysis and inflammation.

is as follows: severe energy depletion following the destruction of
mitochondria causes elevation of intracellular Ca?*. Increased
Ca?" activates proteases (calpains) that compromise the integrity
of lysosomes, spilling hydrolytic enzymes, including cathepsin
proteases, which degrade cellular structures, interfere with nor-
mal metabolism, and ultimately cause cell death.

Senescence

Ageing (senescence) is the conversion of a metabolically active
cell, through a series of genetically controlled events, to one with
impaired metabolic function. Senescence, followed by obligatory
death, appeared in evolution when eukaryotes diverged from
prokaryotes, and must have offered evolutionary advantages in
maximizing reproductive success. Evolution is targeted at
maximizing the reproductive success of an individual, not its
longevity beyond that. Therefore, genes that negatively affect
the survival of an organism after it has had a chance to reproduce
will not be selected against, and traits that will keep an individ-
ual alive after its optimal reproductive years will not be selected
for. Sexual reproduction (i.e. mixing the DNA from two dif-
ferent individuals and recombining it to form a new individual
with a genetic make-up slightly different from that of the
parents) offered evolutionary advantages and was selected for.
Sexual reproduction involves the partitioning of DNA into two
types of cell: germ cells and somatic cells. The exclusive function
of somatic cells is to optimize the reproductive success of the
germline DNA. Once the DNA contained in germ cells has
reproduced, somatic DNA becomes dispensable. Until the ground-
breaking experiments of Hayflick and Moorhead in 1961,
cultured cells were considered to be immortal and senescence
was thought to be an in vivo artifact of less than perfect condi-
tions present in the organism as a whole.

Two general forms of cellular senescence can be distin-
guished: replicative and nonreplicative. Replicative senescence is
observed when cells capable of division (e.g. fibroblasts) are
cultured in vitro. These cells undergo a certain number of divi-
sions and then stop. The ‘life clock’ is based on a set number of
cell divisions, not on calendar time, as cells that are frozen part-
way through their set number of cycles and thawed will continue
to completion of their program, independently of how long they
have been frozen. The number of cell divisions that cultured
fibroblasts are capable of correlates with the life expectancy of
the species they are taken from: mouse or rat embryo fibroblasts
divide about a dozen times, human fibroblasts about 50, and
those from the Galapagos tortoise about 120 times.

Most adult cells rarely divide and undergo nonreplicative
senescence, mainly due to oxidative damage.

However, the mechanism by which cells enter replicative
senescence may differ from species to species. Telomeres are
important components of a human cell’s ‘life clock’ and consist
of short DNA motifs (TTAGG) repeated multiple times at the
tips of chromosomes. Telomeres protect the ends of chromo-
somes from digestion, and also anchor chromosomes to the
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nuclear membrane. With each round of cell replication, telom-
eres shorten by a constant amount (40-100 bp) unless they are
restored to their original length by the enzyme telomerase.
When a certain degree of shortening of the telomere caps has
been reached, a cell cycle checkpoint (termed M1; see Fig. 2.4 )
is triggered that initiates the terminally nondividing state of
replicative senescence. In multicellular eukaryotes, telomerase is
present only in ovaries and testes (but not in mature ova or
sperm) and in some tissues that continue to divide throughout
life, but not in otherwise normal adult tissue. In contrast, telom-
erase can be found in cells of the early, rapidly dividing embryo
(and in over 90% of human tumors). Replicating cells also
undergo genome reorganization (e.g. translocation); the ability
to detect and respond to these changes diminishes with age,
thereby contributing to age-dependent functional impairment.

Most cells in the adult organism rarely divide; instead, they
undergo nonreplicative senescence. As cells age they accumulate
lipofuscin, which is largely oxidized fat. The amount of oxidized
protein increases as a function of cellular age. Cellular damage
by oxidative byproducts of metabolism is a major cause of cellu-
lar degeneration in ageing. One of the most damaging effects
of senescence is mutation of DNA. Mitochondrial DNA is
particularly affected, as it lacks both shielding by histones and
effective repair mechanisms. Common causes are oxidative
metabolites and UV radiation. Although cells are equipped to
repair DNA damage, this ability falls off with age, and the
resulting alterations in DNA are thought to be a major cause of
senescence in both dividing and nondividing cells. Secreted pro-
teins of many cells change with age. For example collagen, the
matrix supporting most cells, becomes more rigid. Another pro-
tein, amyloid, is secreted by a variety of cells. Once condensed
outside the cell to amyloid fibrils, it contributes to dysfunction
of a number of organs, e.g. the brain in Alzheimer’s disease.

Extending lifespan

Is the maximal lifespan of an organism a predetermined,
genetically-controlled, species-specific property? In organisms
like roundworms and fruit flies single gene mutations can result
in substantial increases in maximal lifespan. Experiments
conducted in the 1930s suggested that maximal lifespan might
also not be an unalterable quantity in warm-blooded animals. It
has been firmly established that caloric restriction (CR; typically
to 40-70% of the calories of an unrestricted diet) prolongs life
in nearly every species tested so far. Until recently, the proposed
explanations centered on reduced oxidative cell damage sec-
ondary to reduced availability of cellular ‘fuel’. Recently, a link has
emerged between CR and two pivotal regulators that robustly
extend survival across taxa: forkhead transcription factor FOXO
and SIR?2 (silencing information regulator 2, which silences tran-
scriptional at repeated DNA sequences) histone deacetylase. In
yeast, lifespan extension by CR requires SIR2, a NAD"-dependent
enzyme. Similar conclusions came from experiments in
Drosophila in which upregulation of SIR2 prolonged lifespan
while a decrease in SIR2 blocked the lifespan-extending effect
of CR (parallel pathways for CR and SIR2 effects on longevity
have, however, also been proposed). FOXO is linked to insulin/
IGF-1 mediated signal transduction pathways. When insulin sig-
naling is inhibited, unphosphorylated FOXO enters the nucleus
where it promotes somatic endurance, stress resistance and
longevity by induction of genes linked to detoxification of reac-
tive oxygen species, heat stock, DNA damage repair, growth
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Stem cells

Figure 2.3 Stem cells. (a) Embryonic stem (ES) cell
technology. Genetically altered higher organisms
can be generated by ‘knocking in” or ‘knocking out’
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specific genes from the DNA of ES cells grown in the
laboratory, and then reintroducing the genetically
iii altered cells into a normally developing embryo.
(i) The establishment of ES cells from the mouse
blastocyst. The brown color indicates that the ES

(i) Generation of chimeric mice by blastocyst
l injection or morula aggregation. The aggregated
embryos are transferred to foster mothers. When
the delivered embryos are partially derived from the
pluripotent ES cells, the coat color is mixed. These
mice are called chimeras. When they are mated to
normal wildtype mice they often transmit the ES
cell genome to the germline. (Copyright © 2003
Massachusetts Medical Society. All rights reserved.
Adapted with permission.) (iii) A typical gene
targeting experiment. The construct is electropo-
rated into ES cells. After selection and screening, the
positive homologous recombinant clone (blue) is
aggregated to wildtype embryos to generate
chimeras, which transmit the mutation to the
mouse germline. The mutation is indicated in
the inset by an asterisk on one chromosome
(Reproduced with permission from Mansouri A.

Knockout mouse Mouse knockouts. In: Nature encyclopedia of life

sciences. London: Nature Publishing Group; 2000.

i Multiple lineage- ii Adult somatic iii Transdifferentiation
restricted stem cells stem cells of lineage-restricted
stem cells

o @9
oD

http://www.els.net/). (b) Adult (AS) stem cells.
Recent data suggest that, contrary to previous
assumptions, AS cells are capable of generating

iv Differentiation of differentiated cells beyond their own tissue
mature cells followed boundaries. Models for generating solid-organ

by redifferentiation tissue cells through differentiation of bone marrow-
derived and circulating AS cells are shown. In the
QQQ _first model (i), distinct stem cells differentiate, each
into its own organ-specific cell (panel a). In the
QQ second model (i), primitive somatic stem cells
l located in hematopoietic tissue differentiate into
various organ-specific cells (iii). In the third model,

@ stem cells, such as hematopoietic stem cells,
differentiate along their predetermined pathways.

\ Under certain, probably rare, conditions, tissue

injury or another stimulus causes some stem cells to

QQQQQ deviate from their predetermined pathway and
QQ generate cells of a different tissue — a process

known as transdifferentiation. In the fourth model
(iv), mature cells dedifferentiate into cells with stem

cell-like characteristics and eventually redifferentiate into terminally differentiated cells of their own tissue or a different tissue. (Reproduced with permission from Kérbling
M, Estrov Z. Adult stem cells for tissue repair — A new therapeutic concept? New Engl J Med. 2003,349:570-82, Massachusetts Medical Society).

control, etc. SIRT1 (the best studied of the seven members of
the mammalian SIR2 gene family) may specifically modulate
FOXO activity toward maximal survival.

Immortality — stem cell technology

A period of potential cellular immortality exists in ontogeny: the
descendents of the first few divisions of the diploid zygote,
the embryonic stem (ES) cells, can replicate indefinitely if pre-
vented from differentiating. Mouse ES cell lines can exist for
more than a decade without signs of senescence. ES cells offer
the opportunity to understand the transition from immortality
to mortality, as well as providing a tool to generate genetically
altered organisms. After inactivating or inserting specific genes in
the genome of cultured ES cells, they can be transferred into an

embryo at the blastula stage (approximately 100 cells) where
they participate in the formation of tissues and organs, including

Stem cell technology has potential clinical applications
in tissue repair and replacement.

the gonads. The resulting ‘mosaic’ individuals (chimeras) can be
bred to generate animals that are homozygous for the desired
genetic alteration (Fig. 2.3a). In the course of differentiation
into more specialized cells, ES cells restrict accessibility to parts
of their genome not needed for specific functions of the devel-
oping tissue. A current senescence hypothesis postulates that
‘senescence repressor genes’ are gradually suppressed and the
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Figure 2.4 The cell cycle. (a) Checkpoints during cell cycle progression. The cell cycle is requlated by several critical cell cycle checkpoints (ticks) at which competency
for cell cycle progression is monitored. Entry into and exit from the cell cycle (black lines and lettering) are controlled by growth regulatory factors (e.g. cytokines, growth
factors, cell adhesion and/or cell-cell contact) which determine self-renewal of stem cells and the expansion of precommitted progenitor cells. The biochemical
parameters associated with each cell cycle checkpoint are indicated by red lettering. Options for defaulting to apoptosis (blue lettering) during G, and G, are evaluated
by surveillance mechanisms that assess the fidelity of structural and regulatory parameters of cell cycle control. (Reproduced with permission from Stein G S, van Wijnen
A J, Stein J L, Lian J B, Owen T A. Cell cycle. In: Nature encyclopedia of life sciences. Copyright © 2001 Nature Publishing Group, London. http://www.els.net). (b) Cyclin
expression and degradation in the yeast and mammalian (human) cell cycles. Cyclins comprise a large and diverse family of proteins of 50-90 kDa that share weak
homology in their amino acid sequences. The combination of both protein level and activity is depicted. D cyclin expression (indicated by *) is induced by mitogenic
signals and can be found in the cell during two successive cell cycles, under the constant presence of the signal. The main role of D cyclins is at the G,/S transition. At the
end of mitosis, cyclins are marked for degradation by coupling with ubiquitin and disappear abruptly. (Reproduced with permission from Kitazono A A, FitzGerald J N,
Kron S J. Cell cycle: regulation by cyclins. In: Nature encyclopedia of life sciences. Copyright © 1999 Nature Publishing Group, London. http://www.els.net).
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‘senescence program’ is activated. This process begins by the
time the embryo implants into the uterine wall, but senescence
is not fully expressed until reproductive maturity is reached.
Adult stem (AS) cells are intrinsic to various tissues. These cells
are capable of maintaining, generating, and replacing terminally
differentiated cells within their own tissue, such as those from
the hematopoietic lineage. AS cells are not committed to differ-
entiation within their own tissue, but are capable of dedifferen-
tiation and transdifferentiaton (Fig. 2.3b). AS cells derived from
bone marrow can differentiate to nonlymphohematopoietic tis-
sues, such as muscle fibers, hepatocytes, micro- and astroglia,
and neurons. Hematopoietic AS cells have numerous potential
clinical applications for tissue repair and replacement.

THE CELL CYCLE

Cyclins

The cell cycle is the sequence of events that leads to mitosis, in
which a parental cell gives rise to two daughter cells, normally
identical to the parent. An appropriate growth factor can induce
the cell to exit the resting stage (G) and enter the replication
cycle. Initially the cell enters the G; (growth 1) phase of the
cycle. Once the cell reaches the restriction point in Gy, it pro-
ceeds through the rest of the cell cycle even in the absence of
growth factors. However, replication can be stopped at a number
of checkpoints throughout the cycle if DNA damage is detected
(Fig. 2.4a). The cell is guided through the cell cycle by special-
ized cyclin proteins and cyclin-dependent kinases (Cdk), syn-
thesized early in Gy, and E2F molecules that guide the cell
beyond the restriction point and into the S (synthesis) phase of
the cycle, where replication of DNA (duplication of chromo-
somes) takes place (Fig. 2.4b).

Chromosomes

Chromosomes are linear molecules of DNA, extensively bound
to proteins. Histones facilitate packing of the DNA into con-
densed loops of DNA called nucleosomes. Nucleosomes pack
together to form fibers, which in turn form higher-order struc-
tures such as loops. Certain gene regulatory proteins can decon-
dense chromosomes, unwind loops, and create nucleosome-free
regions. Genes being transcribed are found in decondensed
portions of chromosomes, which are termed active chromatin.
All chromatin becomes tightly condensed as a prelude to mito-
sis. As a result of condensation, mitotic chromosomes can be
stained to reveal the distinct banding patterns (karyotyping).
Most DNA in mammals does not encode proteins; some is used
to encode RNA, some is regulatory, but most has no known
function (Chapter 4). This could account for the lack of corre-
lation between cellular DNA content and organism complexity.
DNA replicates during S phase at multiple replication origins.
Active chromatin replicates first, whereas condensed chromatin
replicates late in S phase. Because of the unidirectional nature of
DNA polymerase, the ends of a chromosome cannot be fully
replicated by DNA polymerase. This problem is addressed by
the telomeres, which are allowed to shorten with every cell
division unless restored by telomerase. Histones are also syn-
thesized in the S phase, and new DNA is assembled into
nucleosomes. After completion of S phase the cell (which now
has double the amount of DNA) passes into the G, phase and,

guided by a cyclin-Cdk2 dimer (M-phase promoting factor or
MPF), into M (mitosis) phase.

Mitosis and regulation of the cell cycle

During M phase the chromosomes, the nucleus, and finally the
cytoplasm are divided between two daughter cells. The first
step, prophase, is marked by compaction of the duplicated
chromosomes into chromatids (pairs of chromosomes attached
at their centromeres) and the formation of the mitotic spindle
in the cytoplasm. At prometaphase the nuclear envelope dis-
integrates into vesicles, and the chromatids attach to the micro-
tubules of the mitotic spindle. Kinetochores are protein complexes
that link centromeres to microtubules. During metaphase the
chromatids line up in the metaphase plate, separate during
anaphase, and move towards the spindle poles. When the chro-
mosomes reach the poles, the cell enters telophase. The nuclear
envelope coalesces around the chromosomes, and the nucleolus
reappears as RNA synthesis resumes. After mitosis is complete,
the cytoplasm and the organelles are separated into two cells.
Certain cells, such as endothelial cells, divide rapidly, whereas
in other cells, such as hepatocytes, the cell cycle may last a year.
In tissue culture, the cell cycle for many mammalian cell lines
lasts about 24 hours (compared to 90 minutes for yeast). Mature
neurons do not progress through the cell cycle at all. Deficiencies
of cell replication and cell death control (replicative immor-
tality) lie at the root of malignancies. One protein of major
importance in cell cycle regulation is p53, which detects damaged
DNA. Depending on the severity of the damage, p53 can either
stop the cell cycle until the DNA is repaired or direct the cell
into apoptosis. p53 exerts control before (to prevent damaged
DNA from replicating) and after (to check for integrity of the
DNA after replication) the S phase. Defective p53, as in Bloom
syndrome and Li-Fraumeni syndrome, leads to a high incidence
of malignancies. The retinoblastoma protein (Rb), which is
missing or mutated in various cancers, is an important negative
regulator of the cell cycle (via interaction with E2F in G,).

Defects in cell replication and death control underlie
malignancy.

Oncogenes

Even if a cell escapes cell cycle control, it will not replicate
uncontrollably without stimulation. This stimulus can be pro-
vided by mutations in a category of genes that can drive normal
cell division toward the development of cancer, called onco-
genes. More than 50 oncogenes have been defined in humans,
and they are found in many tumors. The products of these genes
are involved in receiving, transmitting, and processing growth
signals. When an appropriate mutation of an oncogene occurs,
the components of the signaling pathway downstream of the
mutated oncogene are activated and the cell enters the cell cycle
repeatedly. The Philadelphia chromosome is a mutation (via
translocation) where the oncogene Abl is activated on chromo-
some 22, causing chronic myelogenous leukemia. Unless the cell
is ‘immortalized’ most oncogenes induce only a limited number
of uncontrolled cell divisions before entering the replicative
senescent state incapable of division. The development of full-
blown cancer requires a simultaneous mutation in one or more
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of the guardians of the cell cycle, such as Rb, p53 and pl6,
which are collectively known as tumor suppressor genes.

Benefits of cellular senescence and mortality

A replicatively senescent cell is unable to respond to growth
signals because of safeguards at various stages of the cell cycle.
Cells that circumvent these safeguards pose a threat to the
organism in the form of malignant cells. Therefore, replicative
senescence appears to be a reaction of cells to certain kinds of
damage that, in other cells, cause apoptosis. The sophistication
of the controls necessary to prevent cells from escaping replica-
tive senescence depends on the life expectancy of the organism.
Human cells are approximately 90 000 times more resistant to
tumorigenic conversion per unit time than mouse cells,
reflecting the different lifespans of the organisms.

Meiosis

Meiosis is a special kind of cell division, taking place only in
testicles and ovaries, in which a cell with the full double set of
chromosomes (e.g. 46 in humans) divides to form sex cells with
a single set of chromosomes (23 in humans). In contrast to
mitosis, the homologous chromosomes in each sex cell that
results from meiotic division will be slightly different because of
the process of crossing over that takes place prior to the first
meiotic division. The pairs of homologous chromosomes physi-
cally ‘cross over’ (at sites termed chiasmata) and exchange
pieces of DNA, thus increasing the genetic diversity of the sex
cells. Whereas in somatic cells each chromosome can be iden-
tified as having been inherited from either parent, sex cells have
a unique ‘recombination’ of genes. The first meiotic division
results in two diploid sex cells that divide for a second time
without DNA replication, forming four haploid gametes.

CELL COMPARTMENTS

Membrane structure

Eukaryotic cells, like prokaryotic cells, are surrounded by a
plasma membrane. However, most eukaryotic cells also contain
extensive internal membranes that enclose specific compart-
ments (organelles) and separate them from the cytoplasm. Most
organelles are surrounded by a single phospholipid bilayer mem-
brane, but several, including the nucleus and the mitochondria,
are enclosed by two membranes. These membranes control the
ionic composition of organelles and spatially segregate metabolic
pathways within the cell. The plasma membrane is a thin (5 nm)
bilayer of lipids and proteins. Plasma membrane lipids are
chemically diverse, but phospholipids are the most abundant.
Phospholipid molecules are amphipathic and spontaneously
form bilayers in water. They typically contain either a glycerol
(as in phosphoglycerides) or a sphingosine (as in sphingomyelin)
backbone. The plasma membrane also contains cholesterol,
which confers rigidity. Under physiologic conditions, lipids and
integral membrane proteins can diffuse laterally through the
membrane leaflet (they do not usually migrate from one leaflet
of a bilayer to the other), a concept known as the fluid mosaic
model. The two sides (faces) of the lipid bilayer have different
lipid compositions. Inositol phospholipids, which are substrates
for enzymes that create second messengers such as inositol
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trisphosphate (Chapter 3), tend to be concentrated on the cyto-
plasmic face. Glycolipids (i.e. lipids with sugars attached to their
head groups) are found on the extracellular face. Glycolipids are
prominent in the myelin membrane that sheaths axons.

Pure lipid bilayers allow hydrophobic and small uncharged
polar molecules to pass through, but largely block the diffusion
of ions and larger polar molecules. Biologic membranes contain
two major types of membrane transport protein to facilitate
selective permeability to ions and large molecules. Carrier pro-
teins have at least two different conformational states, which
bind a solute on one side of the membrane and release it on the
other. Channel proteins span the membrane and allow the pas-
sage of molecules across the membrane. Channel proteins allow
more rapid transfer than carrier proteins, but only facilitate the
diffusion of certain molecules down electrochemical gradients.
Most channel proteins are highly selective for particular mole-
cules or ions. In general, channels are not constantly open, but
act as gated pores and open in response to a particular stimulus.
Carrier proteins, by comparison, can actively transport com-
pounds; they are often pumps driven by the energy derived from
ATP hydrolysis or by the energy stored in ion gradients.

Nucleus

A double nuclear membrane surrounds the largest organelle of
eukaryotic cells. In many cells the outer membrane is continuous
with the rough endoplasmic reticulum (ER) and the space
between the membranes is continuous with the lumen of the
rough ER. The inner membrane defines the nucleus itself, physi-
cally segregating DNA from cytoplasm. Separation of gene
transcription in the nucleus from messenger RNA translation in
the cytoplasm may facilitate RNA processing. The nuclear mem-
brane and its associated cytoskeleton may also protect chromo-
somes from physical stress. Cytoplasmic intermediate filaments
surround the outer membrane, and nuclear filaments known as
lamins form a mesh underneath the inner nuclear membrane.
The two nuclear membranes are bridged by nuclear pores, large
protein complexes that regulate molecular traffic into and out of
the nucleus. Proteins synthesized in the cytosol that contain
nuclear localization signals bind to the nuclear pore and are
actively transported into the nucleus. A suborganelle of the
nucleus, the nucleolus, is dedicated to the synthesis of ribosomal
RNA. Some ribosomal proteins are added to ribosomal RNAs
in the nucleolus before export to the cytosol through nuclear
pores.

Mitochondria

Mitochondria and chloroplasts probably arose by the incorpo-
ration of photosynthetic and nonphotosynthetic bacteria into
ancestral eukaryotic cells about 1.5 billion years ago. Like bac-
teria, they reproduce by fission. The bacterial origin of mito-
chondria explains the existence of mitochondrial DNA, which is
circular and encodes some mitochondrial proteins. Most mito-
chondrial proteins, however, are derived from nuclear genes.
Mitochondria are membrane-delimited organelles that oxidize
organic compounds, generate an electrochemical proton gradient
across the mitochondrial membrane, and synthesize adenosine
triphosphate (ATP) from adenosine diphosphate (ADP) and
phosphate. Mitochondria may occupy up to 25% of the volume
of the cytoplasm. The outer mitochondrial membrane, com-
posed of about half lipid and half protein, contains large porin
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channels, which render the outer membrane permeable to
molecules <10 kDa. The inner membrane (20% lipid, 80%
protein) is a convoluted membrane with a large surface area that
surrounds the mitochondrial matrix. Most solutes, such as pro-
tons, hydroxyl ions, and other ions, cannot pass freely through
the inner mitochondrial membrane, but carrier proteins facil-
itate the movement of metabolites. The respiratory chain,
located in the inner membrane, oxidizes metabolic substrates
and establishes an electrochemical proton gradient across the
inner membrane. Protons are pumped across the inner mem-
brane out of the matrix. ATP synthase, a large protein complex,
uses the proton gradient to drive ATP synthesis as protons return
into the matrix. The inner matrix contains enzymes used in
intermediary metabolic cycles, mitochondrial DNA, mitochon-
drial transfer RNAs, and ribosomes for translation of mito-
chondrial proteins. Matrix enzymes catalyze the tricarboxylic
acid cycle (Krebs or citric acid cycle) using acetyl coenzyme A
(CoA) to produce high-energy electrons (NADH) used by the
respiratory chain to pump protons out of the matrix. The intra-
cellular location of mitochondria is influenced by their asso-
ciation with microtubules. The number of mitochondria per cell
is not fixed, and repeated exercise of muscles leads to a large
increase in mitochondrial numbers. Mitochondrial inheritance is
nonmendelian. Unlike the precise segregation of nuclear genes
during meiosis, mitochondrial inheritance is the result of random
separation of mitochondria. The ovum has much more cyto-
plasm than the sperm, and the zygotic mitochondria are
descended from maternal mitochondria. Therefore, inheritance
of mitochondrial DNA follows the maternal line.

Endoplasmic reticulum

The endoplasmic reticulum is an extensive web of membranes
that courses throughout the cytoplasm of eukaryotic cells. In a
typical cell, the ER makes up about half of the total cellular
membrane and encloses about one-tenth of the cell volume.
Synthesis of fatty acids, phospholipids, and steroid hormones
takes place in the smooth ER, and most cells have relatively little
of it. The hepatic cytochrome P450 system, located in smooth
ER, metabolizes many drugs, including volatile anesthetics (in
particular halothane and methoxyflurane) (see Chapter 27).
Chronic ingestion of certain drugs, such as barbiturates, pheny-
toin, and ethanol, induces the proliferation of hepatic smooth
ER. The sarcoplasmic reticulum of muscle cells is smooth ER
specialized for Ca’" sequestration. Synthesis of cell membrane
lipids occurs on the outer, cytoplasmic side of the ER.
Movement of lipids to the other face is catalyzed by phospho-
lipid translocators that flip lipids from one side of the membrane
to the other. Membrane lipids are transported along the secre-
tory pathway by transport vesicles to the Golgi apparatus (a
series of flattened sacs located near the nucleus and surrounded
by a number of spherical vesicles), where they may undergo
further modification (e.g. attachment of polysaccharides), and
then to the plasma membrane, endosomes, or lysosomes.
Cytosolic phospholipid transfer proteins shuttle lipids from the
secretory pathway to other membrane-bound organelles.

The hepatic cytochrome P450 system located in smooth
endoplasmic reticulum metabolizes many drugs, including
volatile anesthetics.

Intracellular degradation

Eukaryotic cells contain specialized membrane-bound vesicles
for the degradation of exogenous and endogenous compounds. A
number of hereditary diseases have been linked to defects in
these pathways.

Peroxisomes degrade fatty acids and toxic compounds
(especially in the liver and kidney) using oxidases and molecular
oxygen and generating hydrogen peroxide. Hydrogen peroxide is
highly reactive and is degraded by catalase. Oxidation of fatty
acids into acetyl CoA occurs in both peroxisomes and mito-
chondria. In peroxisomes, however, it is not linked to ATP
generation. The energy released during peroxisomal oxidation is
converted to heat and the acetyl groups are transported into the
cytosol, where they are used in the synthesis of cholesterol and
other metabolites. Peroxisomes are present in all eukaryotic cells
except erythrocytes. Proteins destined for the peroxisome are
synthesized in the cytosol with a specific C-terminal signal
sequence that triggers uptake into the peroxisome. New peroxi-
somes are formed by the fission of pre-existing peroxisomes. In
X-linked adrenoleukodystrophy, peroxisomal oxidation of very
long-chain fatty acids is defective, causing death in late child-
hood in the severe form. In Zellweger syndrome and related
disorders, peroxisomes are unable to take up proteins into the
peroxisomal matrix.

Lysosomes are membrane-bound organelles specialized for
acidic hydrolysis. Lysosomal degradative enzymes, which are
optimally active at acid pH, are physically sequestered within
the lysosomes. The pH inside lysosomes is kept at about 5
(versus cytosolic pH of 7.2) by an H*-ATPase that pumps
protons into the lysosome. Molecules can follow several path-
ways to the lysosome. Lysosomal enzymes receive a specific
marker (mannose-6-phosphate) in the Golgi apparatus. Proteins
that carry this modification bind to mannose-6-phosphate recep-
tors, which mediate the movement of lysosomal enzymes
through transport vesicles to lysosomes. Defects in the function
of various lysosomal enzymes cause lysosomal storage diseases
such as Tay-Sachs disease.

Proteins, other solutes, and fluids are taken up by cells by
endocytosis and enter vesicles called early endosomes. This con-
tinuous process is termed pinocytosis and results in the forma-
tion of small vesicles at invaginated portions of the plasma
membrane. The cytosolic face is coated with clathrin, a protein
that mediates pinching-off of clathrin-coated pits into clathrin-
coated vesicles. Specific proteins are taken up during pinocytosis
by the inclusion of receptors in clathrin-coated pits. Many cells
have another type of invagination, termed caveolae or plas-
malemmal vesicles, which may function in transcytosis and as
subcellular compartments to store and concentrate various sig-
naling molecules. Some endosomes undergo maturation into late
endosomes, and the internal pH begins to drop. Transport vesi-
cles containing lysosomal enzymes fuse with late endosomes,
creating lysosomes. Other proteins contained in early endo-
somes, such as cell-surface receptors, do not go to lysosomes but
are recycled to the plasma membrane. Specialized cells, such as
macrophages or neutrophils, engulf large particles or micro-
organisms by phagocytosis, creating a large vesicle known as a
phagosome. Phagocytosis is triggered after a particle binds to a
specific receptor, such as the Fc receptor, which recognizes
antibodies. Phagosomes fuse with lysosomes, which degrade the
engulfed object. Organelles no longer needed by the cell, such as
aged mitochondria, are surrounded by membranes derived from
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The ubiquitin-proteasome degradation pathway

Ubiquitin - ©

26S proteasome

Figure 2.5 The ubiquitin-proteasome degradation pathway. The ubiquitin-
activating enzyme E1 forms a thioester linkage with ubiquitin using its C terminus.
The activated ubiquitin is transferred to the active cysteine group on the
ubiquitin-conjugating enzyme E2. E2, sometimes with the help of ubiquitin ligase
E3, transfers ubiquitin to lysine residues on other proteins. Repeated conjugation
leads to the formation of multiubiquitin chains. Proteasomes recognize proteins
with ubiquitin chains and degrade the labeled proteins. The multiubiquitin chains
are released and recycled. (Modified with permission from Hilt W, Wolf DH.
Proteasomes: destruction as a programme. Trends Biochem Sci. 1996; 21:96-102.
Copyright © 1996, with permission from Elsevier.)

the ER to form autophagosomes. The autophagosome fuses with
lysosomes, and the contents are broken down.

The ubiquitin/proteasome pathway is the main nonlysosomal
route for intracellular protein degradation in eukaryotes. It is
essential for various cellular processes, such as cell-cycle progres-
sion, transcription, antigen processing, and apoptosis. Cytosolic
proteins can be marked for degradation by covalent linkage with
a chain of ubiquitin proteins. Proteins thus marked are broken
down by proteasomes, which are large multiprotein cylinders.
Proteins at the ends of the cylinders recognize ubiquitinated
proteins and pass them into the interior of the cylinder, where
degradation occurs (Fig. 2.5). Understanding the multiple roles
of the ubiquitin/proteasome system might lead to new thera-
peutic approaches for human diseases linked to dysregulated
apoptosis, for example neurodegenerative diseases such as
Alzheimer’s and Parkinson’s diseases, amyotrophic lateral scle-
rosis etc., in which apoptosis may be excessive, and autoimmune
diseases, cancer, and acquired resistance to chemotherapy, which
are instances of downregulated apoptosis.
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THE CYTOSKELETON: STRUCTURE
AND MOVEMENT

The cytoskeleton is a cytoplasmic web of filamentous proteins.
It provides structure to the cell, allows the movement of
organelles, and translates energy into force for cell movement.
The cytoskeleton consists of three types of fiber: microfilaments
(composed of actin polymer along with bound proteins, 7-9 nm
in diameter); intermediate filaments (10 nm in diameter,
polymers of tissue-specific proteins, such as vimentin); and
microtubules (24 nm in diameter). All eukaryotic cells have
microtubules and actin; intermediate filaments are present in
most cells from multicellular eukaryotes. The nucleus also has a
filamentous protein structure, the nuclear lamina, composed of
intermediate filament proteins termed lamins.

Actin

Actin is the most abundant protein in many cells. A typical liver
cell, for example, has approximately 2 x 10* insulin receptors
but approximately 0.5 x 10° actin molecules. Actin exists as a
globular monomer called G-actin and a filamentous polymer of
G-actin subunits called F-actin. A striking property of G-actin is
its ability to polymerize into F-actin; conversely, F-actin can
depolymerize into G-actin. Actin filaments are flexible double-
stranded helices. Actin cross-linking proteins dictate the struc-
ture of actin filaments. Actin filaments are commonly arranged
as bundles and networks. Actin bundles form the core of microvilli
and filopodia, fingerlike projections of the plasma membrane.
Actin networks can be either planar, i.e. two-dimensional (like
a net), or three-dimensional (conferring a gel-like property).
The cell cortex is an actin-containing gel located beneath the
cell membrane. Actin filaments are organized into bundles and
networks by a variety of bivalent cross-linking proteins such as
filamin in platelets, spectrin in erythrocytes (deficient in hered-
itary spherocytosis and elliptocytosis), dystrophin in muscle
(deficient in Duchenne’s muscular dystrophy), and fimbrin and
fascin in microvilli. Other cross-linking proteins promote the
formation of parallel bundles of actin filaments. a-Actinin is
found in stress fibers, which are loosely packed bundles that
span large distances in cells. Stress fibers also contain myosin,
which produces tension in the fibers. Transmembrane proteins,
such as integrins, anchor stress fibers to the extracellular
substrate of the cell.

An actin filament is a polar structure; the plus end has a high
affinity for free actin molecules and the minus end has a lower
affinity. Actin filaments can simultaneously grow by net addition
of actin subunits at the plus end and shrink by loss of subunits
from the minus end (Fig. 2.6a). Free actin subunits bind ATPF,
which is hydrolyzed after the subunits are incorporated into
actin filaments. At steady state, the filaments undergo tread-
milling: the average length of the filaments remains constant, but
subunits progress through the filaments by binding to the plus
end and passing along the length of the filament until they reach
the minus end and dissociate from the filament. Energetically,
treadmilling is driven by the hydrolysis of ATP. Normal cell func-
tion depends upon the instability of actin. If actin filaments are
stabilized by toxins (such as the mushroom toxin phalloidin) or
actin polymerization is blocked, cell structure is grossly dis-
torted. Actin-binding proteins control the polymerization and
depolymerization of actin filaments. Some of these proteins bind
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Figure 2.6 The cytoskeleton - structure and motion. (a) Actin filament formation. Actin filaments are unstable in the absence of actin-binding proteins. Capping
protein binds the fast-growing, or plus, ends of actin filaments. It blocks further addition or loss of actin monomers from that end. Similarly, other proteins can block the
minus end. Capping protein also binds small actin oligomers and thereby promotes the nucleation of new filaments. (b) Ameboid cell movement. The ectoplasm, or the
cortical gel layer, consists of actin filaments cross-linked by actin-binding proteins and myosin Il motor proteins. It is hypothesized that local increases in Ca?* induce partial
solvation of the cortical gel. Ca?* activates proteins that shorten actin filaments, decreases the extent of cross-linking of filaments, and activates myosin (causing local
contraction). The combination of solvation and contraction generates hydrostatic pressure, and the contracting tail is pulled forward. (Reproduced from The Journal of
Cell Biology 1993;123:345-56, by copyright permission of The Rockefeller University Press.) (c) Orientation of cellular microtubules. (i) In interphase cells the minus ends
of most microtubules are proximal to the microtubule organizing center (MTOCQ). Similarly, the microtubules in flagella and cilia have their minus ends continuous with
the basal body, which acts as the MTOC in these structures. (ii) In nerve cells, the minus ends of axonal microtubules are oriented toward the base of the axon. However,
dendritic microtubules have mixed polarities. (iii) As cells enter mitosis, the microtubule network rearranges, forming a mitotic spindle. The minus ends of all spindle

microtubules point towards one of the two MTOCs, or poles as they are called in mitotic cells. (Adapted from a drawing by Sergey Perouansky.)

actin monomers and sequester them from polymerizing. Others,
such as tropomyosin, stabilize and strengthen actin filaments.
Capping protein binds the plus end of the filament and blocks
elongation. Gelsolin, a Ca’"-activated actin-severing protein,
cuts filaments and binds to the plus end, thereby generating
shorter filaments that are less likely to extend. By shortening
filaments, gelsolin can liquify the cell cortex. Localized trans-
formation of the cell cortex from a gel to a solution plays a role
in cell movement and release of the contents of secretory vesi-
cles. Stable actin filaments are found in microvilli, small exten-
sions that greatly increase the surface area of intestinal epithelial
cells. Other actin filaments exhibit rapid turnover and reor-

ganization. Changes in actin filaments can alter cell shape by
inducing the formation of spikes, invaginations, or sheet-like
extension of the cell. Ameboid movement of cells such as
leukocytes is mediated by actin filaments (Fig. 2.6b). Following
massive cell death, as occurs in fulminant hepatic necrosis and
septic shock, actin is released into the bloodstream. In normal
circumstances, circulating actin is depolymerized and bound by
gelsolin and Gc protein in plasma. If this actin-scavenging system
is saturated by excessive amounts of actin, free Gc protein is
depleted, which can be fatal. Intravenous injection into rats of
large amounts of actin causes pulmonary lesions similar to those
found in the lungs of patients who have adult respiratory distress
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syndrome (ARDS), which suggests a role in the pathogenesis of
ARDS (Chapter 49).

Actin, the most abundant protein in many cells, is released
into the circulation following massive cell death.

Myosin

Myosins are mechanochemical enzymes capable of transforming
chemical into mechanical energy. As they are associated with
actin, they are referred to as actin motor proteins. Other motor
proteins, associated with microtubules, are kinesin and dynein.
Contraction is a special form of movement resulting from actin
and myosin interaction. Skeletal muscle cells are giant multi-
nucleated syncytia that contain actin and myosin filaments
tightly organized into sarcomeres (Chapter 35). Individual car-
diac muscle cells are smaller and have only one nucleus. Cardiac
cells are physically tightly linked via binding of actin filaments to
desmosomes, and are electrically linked by gap junctions
(Chapter 39). Smooth muscle cells have individual nuclei and
lack sarcomeres. The loose organization of actin and myosin fila-
ments in smooth muscle cells allows only slow contractions, but
permits the cells to stretch or contract through a broad range of
lengths (Chapter 38). Myosin and actin also have many impor-
tant functions in cells other than muscle cells. Myosin generates
force for the division of cells, movement of cells, alteration of
cell shape, and intracellular movement of some organelles.

Microtubules

Microtubules are large, relatively rigid cylinders with a diameter
of 25 nm (Fig. 2.6c). They are heterodimeric polymers of o.- and
B-tubulin. Like actin filaments, microtubules are polar. One end
of a microtubule is often attached to the centrosome, also called
the microtubule-organizing center, which is often located near
the center of the cell. The end of the microtubule attached to
the centrosome is the minus end (i.e. the end of the filament
with lower affinity for binding of free tubulin). Free micro-
tubules tend to lose subunits from the minus end and add
subunits at the plus end. Assembly and disassembly of micro-
tubules depends on the critical concentration (C_) of of-tubulin
subunits. Assembly occurs above and disassembly below the C..
About half of the tubulin in a typical cell is polymerized into
microtubules, and half exists as free tubulin. The tubulin het-
erodimer is the structural subunit of microtubules. Microtubule
arrays grow and shrink rapidly; this dynamic instability is crucial
for microtubule function in intracellular transport and cell division.

Certain drugs alter the stability of microtubules. Paclitaxel
(Taxol), a tumor chemotherapeutic agent, stabilizes micro-
tubules and causes mitotic arrest in dividing cells. Colchicine,
vinblastine, and vincristine all bind tubulin monomers and cause
disassembly of microtubules. Microtubule-associated proteins
(MAPs) stabilize assemblies of microtubules and link micro-
tubules to other cellular components. Organelles are often
associated with microtubules and are propelled along micro-
tubules to other parts of the cell by microtubule-dependent
motor proteins, such as kinesins or dyneins. Axons of nerve cells
contain microtubules. All microtubules of an axon have the same
polarity; the plus end points towards the synapse. This unipolar
organization has functional importance, as secretory vesicles use
motor proteins to move along microtubules towards the plus
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end, where the contents are released. The shorter microtubules
of dendrites have a mixed polarity. Motor proteins also play
essential roles in cell division and the motion of cilia and flagella.

Filaments

Intermediate filaments are structural polymers with a diameter
of 10 nm. Intermediate filament proteins are diverse and vary by
cell type. Cytopathologists use intermediate filament subtype to
determine the tissue of origin of tumors. The fibrous subunits
of intermediate filaments are structurally different from the
globular subunits of actin and tubulin. Intermediate filaments
play a major role in distributing mechanical forces within and
across cells. Keratin filaments — intermediate filaments found in
epidermal cells — distribute stress between and within cells.
Desmosomes, which link cells together, and hemidesmosomes,
which fix cells to their substrate, are attached to keratin filaments.
The disease epidermolysis bullosa simplex results from a muta-
tion in keratin leading to a fragile epidermis.

PROTEIN SYNTHESIS, FOLDING
AND MODIFICATION

A typical mammalian cell contains greater than 10 000 different
proteins; proper function depends not only on correct synthesis,
but also on localization of each protein to the appropriate
cellular membrane or compartment. Some proteins encoded for
by mitochondrial DNA are synthesized on ribosomes in the
mitochondria and incorporated directly into compartments
within the organelle. The majority of mitochondrial proteins and
all the proteins encoded for by the nuclear DNA are synthesized
on ribosomes in the cytosol (either ‘free’ or bound to the endo-
plasmic reticulum [ER]), and are distributed to their correct
destinations via sorting signals and multiple sorting events (Fig.
2.7,2.8). Certain membrane and organelle proteins and virtually
all secretory proteins are synthesized and pass through the rough
ER. Ribosomes are bound to ER by the nascent peptide chain
(and give the ER a ‘rough’ appearance on electron microscopy).
Therefore, rough ER is particularly abundant in cells that pro-
duce secreted proteins. As free (cytoplasmic) ribosomes synthe-
size a secretory protein, the N-terminal signal sequence emerges
from the ribosome and is bound by a signal-recognition particle,
and this complex binds to the signal-recognition particle recep-
tor on the rough ER. Protein synthesis continues as the nascent
protein is translocated into the lumen of the ER through a
protein-conducting channel, not through the membrane itself.
The signal sequence is often removed by signal peptidase. Proteins
synthesized on the rough ER pass through the Golgi complex en
route to their final destination, which could be lysosomes, endo-
somes, secretory vesicles, or the plasma membrane. Transmem-
brane proteins and proteins for many cellular organelles follow
the same pathway. Proteins imported into mitochondria or
peroxisomes are synthesized in the cytosol and have signal
sequences that are different from those that mediate transloca-
tion into the ER.

Rapid folding of proteins into secondary structures (e.g. o-
helices, B-sheets, and random coils) occurs during and shortly
after synthesis. Then the slower process of searching for the final
correct protein conformation occurs. For some proteins, this
state is reached spontaneously; others require molecular
chaperones, which are ATPases that bind nascent or incorrectly
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Protein sorting

Figure 2.7 Protein sorting. All nuclear-encoded
mRNAs are translated on cytosolic ribosomes.
Ribosomes synthesizing nascent proteins in the
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secretory pathway (1) are directed to the rough
endoplasmic reticulum (ER) by an ER signal
sequence (2). After translation is completed in the
ER, these proteins move via transport vesicles to the
Golgi complex (3), whence they are further sorted to
several destinations (4a-c). After synthesis of
proteins lacking an ER signal sequence is completed
on free ribosomes (1), the proteins are released into
the cytosol (2). Those with an organelle-specific
uptake-targeting sequence are imported into the
target organelle (3a’-c’). Unlike mitochondrial pro-
teins, which are imported in a partially unfolded
form (4a”), most peroxisomal proteins cross the per-
oxisome membrane as fully folded proteins (4b").
Folded nuclear proteins enter through visible
nuclear pores (4c”). (Adapted from a drawing by
Sergey Perouansky.)

Mitochondrion

Matrix

folded proteins to promote correct folding and block unwanted
aggregation. Despite these safeguards, some proteins become
irreversibly misfolded and are destroyed. Abnormal protein
folding can cause diseases; some mutations cause loss of func-
tion through abnormal folding of the final protein. Kuruy,
bovine spongiform encephalopathy (BSE, ‘mad cow disease’),
Creutzfeld-Jakob disease (all variants), scrapie, fatal familial
insomnia and Gerstmann—Straussler-Scheinker syndrome are
diseases apparently caused by abnormal protein folding. These
diseases, known as transmissible spongiform encephalopathies or
prion diseases, are associated with the accumulation of an abnor-
mal form of a host cell protein. In scrapie, for example, the
normal protein has an o-helical conformation, whereas its patho-
logical form is B-helical, hydrophobic, neurotoxic, resistant to
proteolytic degradation contagious, and tends to polymerize into
scrapie-associated fibrils and rods.

Nearly every protein is chemically altered after its synthesis.
These alterations fall into two general categories: chemical
modifications (may be reversible) and processing (irreversible).
Chemical modifications include acetylation (the addition of an
acetyl group to the N-terminal amino group involves 80% of all
proteins, rendering them resistant to intracellular degradation),
phosphorylation (regulates function), glycosylation (attachment
of linear or branched carbohydrate chains, common in mem-
brane and secreted proteins) and the attachment of lipid
(forming lipoproteins). Protein processing involves proteolytic
cleavage (catalyzed by proteases, a common mechanism of acti-

vation/inactivation in the coagulation cascade). Protein degra-
dation can occur in the cytosol, in lysosomes, or in the ER.
Reasons for selective degradation of proteins include misfolding,
damage, overproduction, or targeted destruction of short-lived
proteins such as cyclins. Cytoplasmic proteins can be marked for
degradation in proteosomes by covalent linkage with a chain of
ubiquitin proteins (Fig. 2.5).

PROTEIN TRANSPORT AND SECRETION

Constitutive exocytosis of proteins is a nonregulated process
that occurs in all cells. Transport vesicles involved in the default
pathway of secretion have a cytosolic coat of the protein
coatamer. A GTPase regulates the assembly and disassembly of
coatamer-coated vesicles. The coatamer coat is removed after
the vesicle reaches its destination. Many cells, such as neurons,
hormone-secreting cells, and other specialized secretory cells,
have a regulated secretory system. Secretory vesicles are stored
for subsequent release. Proteins and other compounds stored in
secretory vesicles are sorted into clathrin-coated vesicles as they
leave the Golgi apparatus. As the secretory vesicles mature, they
lose the clathrin coat and the contents of the vesicle become
concentrated. Further processing of secretory proteins, such as
proteolytic cleavage of pro-opiomelanocortin into B-endorphin
and adrenocorticotropic hormone, occurs as the secretory vesicle
matures. Transport vesicles contain surface proteins that medi-
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ate binding to the correct destination. The fidelity of binding is
ensured by GTPases known as Rab proteins. Different Rab
proteins are associated with different membrane systems.

In neuronal cells, protein-containing secretory vesicles are
synthesized in the cell body and transported along microtubules
of the nerve axon until they reach the axonal terminal. The
vesicles accumulate, and some undergo a modification known as
priming that readies them for release of their contents. The next
step in release is docking, the close association of vesicles with
the plasma membrane. Actual release of vesicular contents
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occurs after protein-mediated fusion of the two membranes.
In nerve cells, an action potential leads to depolarization of
the axonal terminal, which causes an influx of Ca?" through
Ca’?* channels and subsequent secretion (Chapter 20). In other
cells regulated secretion is receptor mediated, and binding of a
specific hormone can cause a localized increase in intracellular
Ca®* that leads to regulated exocytosis. Fusion of the secretory
vesicles with the plasma membrane is followed by release of the
contents of the vesicle, and rapid recycling of the secretory
vesicle and associated membrane proteins by endocytosis.

Figure 2.8 Protein secretion. Ribosomes synthesizing proteins bearing an ER
signal sequence become bound to the rough endoplasmic reticulum (RER). As
translation occurs on the ER, the polypeptide chains are inserted into the ER
membrane or cross it into the lumen. Some proteins remain resident in the ER. The
remainder move into transport vesicles that fuse together to form new cis-Golgi
vesicles. Each cis-Golgi cisterna and its protein content physically moves from the
cis to the trans face of the Golgi stack (red arrows). As this cisternal progression
occurs, many lumenal and membrane proteins undergo modifications, primarily
glycosylation by attachment of oligosaccharide chains. Some proteins remain in
the trans-Golgi cisternae, whereas others move via small vesicles to the cell surface
or to lysosomes. Secretion of proteins can be either regulated (in response to a
signal) or constitutive. The orientation of a membrane protein, established when
it is inserted into the ER membrane, is retained during all the sorting steps: some
segments always face the cytosol, and others always face the exoplasmic space
(the lumen of organelles or the cell exterior) (Adapted from a drawing by Sergey
Perouansky.)
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PRINCIPLES OF CELLULAR SIGNALING

Signal transduction or cell signaling concerns the mechanisms
by which biological information is transferred between cells.
Functional coordination in complex multicellular organisms
requires intercellular communication between a diverse range of
specialized cell types in various tissues and organs. Maintaining
this coordination requires a constant and dynamic stream of
intercellular communication. Adjacent cells can communicate
directly by interactions of surface proteins, and through special-
ized plasma membrane junctions (gap junctions) that allow the
direct passage of small cytoplasmic molecules from one cell to
the other. Long range cell-to-cell communication is possible
through the involvement of extracellular signaling molecules
(such as hormones and neurotransmitters) that are synthesized
and released by specific cells, diffuse or circulate to target cells,
and elicit specific responses in target cells that express receptors
for the particular signal. The responses to the extracellular signal
are generated by diverse signal transduction mechanisms that
frequently involve small intracellular molecules (second messen-

gers) that transmit signals from activated receptors to the cell
interior, resulting in changes in the expression of genes and the
activity of enzymes. These intercellular and intracellular sig-
naling pathways are essential to the growth, development,
metabolism, and behavior of the organism.

At the level of individual cells, signaling is crucial in division,
differentiation, metabolic control and death. Cell signaling path-
ways are involved in the pathophysiology of many diseases.
Cancer is a disease of signaling malfunction due to inactivation
of a growth-inhibiting (tumor suppressor) pathway, or to activa-
tion of a growth-promoting (oncogene) pathway by genetic
mutation. Diabetes results from defects in insulin signaling
involved in blood glucose homeostasis. Cell signaling pathways
are also involved in the mechanisms of action of many drugs,
including local and general anesthetics. Knowledge of basic cell
signaling mechanisms is therefore essential for an understanding
of many pathophysiologic and pharmacologic mechanisms.
Progress in this area has been enhanced by the completion of a
draft sequence of the human genome, which includes at least
3775 genes (~14% of all genes) involved in signal transduction.
The new challenge in cell signaling is to understand the temporal
and spatial regulation of signaling events in cells.

EXTRACELLULAR SIGNALS

Communication by extracellular signaling is usually classified
according to the distance over which the signal acts. In autocrine
signaling the signaling cell is its own target, as occurs with many
growth factors which are released by cells to stimulate their own
growth. Paracrine signaling involves the release of extracellular
signals that affect target cells in close proximity to the signaling
cell, as occurs via neurotransmitters in neuromuscular transmis-
sion and synaptic transmission. Endocrine signaling involves the
release of hormones, which are extracellular signals that usually
act on distant target cells after being transported by the circula-
tory system from their sites of release. This classification is not
strict, in that many signals function in more than one manner, as
both a neurotransmitter and a hormone, for example epineph-
rine (adrenaline).

The cellular response to an extracellular signal requires its
binding to specific receptors (Table 3.1), which are coupled
to changes in the functional properties of target cells. The
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Table 3.1 Receptor classification

Cell surface receptors

G protein-coupled receptors (GPCRs) - receptors for hormones,
neurotransmitters (biogenic amines, amino acids) and
neuropeptides

Activate/inhibit adenylyl cyclase

Activate phospholipase C

Modulate ion channels
Ligand-gated ion channels - receptors for neurotransmitters
(biogenic amines, amino acids, peptides)

Mediate fast synaptic transmission

Enzyme-linked cell surface receptors

Receptor guanylyl cyclases - receptors for atrial natriuretic
peptide, Escherichia coli heat-stable enterotoxin

Receptor serine/threonine kinases - receptors for activin,
inhibin, transforming growth factor (TGF)-B, mullerian inhibiting
substance

Receptor tyrosine kinases — receptors for peptide growth factors
Tyrosine kinase-associated - receptors for cytokines, growth
hormone, prolactin

Receptor tyrosine phosphatases - ligands unknown in most
cases

Intracellular receptors

Steroid receptor superfamily - receptors for steroids, sterols,
thyroxine (T5), retinoic acid, and vitamin D

particular receptors expressed by target cells determine their
sensitivity to various signals and are responsible for the speci-
ficity involved in cellular responses to various signals. Receptors
can be classified by their cellular localization (Fig. 3.1). The
majority of hormones and neurotransmitters are water-soluble
(hydrophilic) signaling molecules that interact with cell surface
receptors that are directly or indirectly coupled to intracellular
effector molecules. This includes peptides, catecholamines, amino
acids, and their derivatives. Prostaglandins are the major class of
lipid-soluble signaling molecule that interact with cell surface
receptors. A number of lipid-soluble (hydrophobic) signaling mol-
ecules diffuse across the plasma membrane and interact with
intracellular receptors. Steroid hormones, retinoids, vitamin D,
and thyroxine are transported in the blood bound to specific
transporter proteins, from which they dissociate and diffuse
across cell membranes to bind to specific receptors in the
nucleus or cytosol. The hormone-receptor complex then acts as
a ligand-regulated transcription factor to modulate gene expres-
sion by binding to cis-acting regulatory DNA sequences in target
genes that alter transcription, and thereby regulates target cell
function. A sharp boundary between ligands acting extracel-
lularly and intracellularly may not exist. Recent evidence sug-
gests that receptors for the steroid estrogen also act at the
plasma membrane by coupling to G proteins to modulate intra-
cellular Ca?* and cAMP levels. Nitric oxide (NO) and carbon
monoxide (CO) are members of a new class of gaseous signaling
molecules that diffuse across cell membranes to affect neigh-
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boring cells. Nitric oxide, which is unstable and has a short half-
life (5-10 s), acts as a paracrine signal as it is able to diffuse only
a short distance before being inactivated. Cell surface receptors
can also bind to insoluble ligands, such as the extracellular
matrix or cell adhesion molecules at the surface of other cells,
interactions which are crucial to cell development and migration.

Signal transduction pathways have a number of common
properties with important functional implications. Signal ampli-
fication occurs as a result of sequential activation of catalytic
signaling molecules. This enables sensitive physiological responses
to small physical (several photons) or chemical (a few molecules
of an odorant) stimuli, as well as graded responses to increasingly
larger stimuli. Specificity is imparted by specific receptor pro-
teins and their association with cell type-specific signaling path-
ways and effector mechanisms. Pleiotropy results from the
ability of a single extracellular signal to generate multiple
responses in a target cell, for example the opening of some ion
channels, the closing of others, activation or inhibition of many
enzymes, modification of the cytoskeleton, and/or changes in
gene expression. Signal integration occurs as the cascades of
reactions triggered by different signals interact at multiple levels
(crosstalk), both positively and negatively, to produce a unique
cellular response distinct from that of any single signal. In some
instances signaling mechanisms transform a graded stimulus into
an all-or-none response (bistability), a mechanism which may be
very important for many cellular responses, such as cell division.
Feedback loops can occur in signaling pathways in which a com-
ponent can negatively (or positively) influence the activity of an
earlier (upstream) component. Activation of signaling pathways
can lead to long-lasting effects on cellular function as a result of
changes in gene expression and receptor trafficking, mechanisms
that provide potential molecular bases for learning and memory.

A modular organization of signaling proteins is an emerging
theme in signal transduction. Modules are domains of proteins
that are usually involved in protein interactions. They direct
protein interactions through their ability to specifically recognize
other modules or molecular targets. Larger proteins can contain
multiple modules that appear to impart higher selectivity for a
given protein—protein interaction and to provide a scaffold to
help bring multiple partners together in a signaling complex.
These interactions are important in a number of pathways that
involve the translocation of signaling proteins to different
cellular locations.

Receptors

Signal transduction begins with receptor proteins in the plasma
membrane, which sense changes in the extracellular environ-
ment. As a result of the interactions between receptors and their
ligands, signals are transduced across the plasma membrane
(Fig. 3.1). Ligand binding to a receptor protein causes a change
in the shape (conformation) of the protein, which is transmitted
to the cell interior. This can result in the stimulation of an
enzyme activity or function that is intrinsic to the receptor (e.g.
protein kinase activation, ion channel opening). Other receptors
interact with downstream signaling proteins that couple the
change in receptor conformation to a change in the activity of an
interacting protein, as illustrated by the G protein-coupled
receptors.

Diverse cellular functions are independently regulated, partly
by the existence of distinct extracellular signals. Receptors bind
the signaling molecule with high affinity and specificity.
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Figure 3.1 Ligand-receptor interactions. Extracellular signals bind to either cell surface receptors or cytoplasmic intracellular receptors. Most signaling molecules are
hydrophilic and therefore unable to cross the plasma membrane; they bind to cell surface receptors, which in turn generate one or more intracellular signals (second
messengers) inside the target cell or change the activity of effector proteins (e.g. G proteins, protein kinases, ion channels), through their intracellular effector domains.
Receptor activation can result in direct changes in the activity of intrinsic enzymatic activities of the receptor intracellular domain, or indirectly via association of the
receptor with intracellular mediators, which in turn regulate the activity of effector proteins. Some effectors translocate to the nucleus to control gene expression
(e.g. transcription factors) or to other subcellular compartments. Some small signaling molecules, by contrast, diffuse across the plasma membrane and bind to receptors
inside the target cell, either in the cytosol (as shown) or in the nucleus. Many of these small signaling molecules are hydrophobic and nearly insoluble in agueous
solutions; they are therefore transported in the bloodstream and other extracellular fluids bound to carrier proteins, from which they dissociate before entering the
target cell. (Adapted from Lodish H et al,, Molecular Cell Biology, 3rd edition. pp. 853-924; WH Freeman and Co, New York: 1995.)

Additional specificity is imparted by the existence of distinct
receptors coupled to different intracellular signaling pathways
that respond to the same extracellular signal. Thus a single
extracellular signal can elicit different effects on different target
cells, depending on the receptor subtype and the signaling mech-
anisms present. A good example is the neurotransmitter acetyl-
choline, which stimulates the contraction of skeletal muscle but
the relaxation of some smooth muscles. Differences in the

intracellular signaling mechanisms also allow the same receptor
to produce different responses in different target cells.

The cytoplasmic intracellular receptors are all structurally
related and act by directly regulating the transcription of specific
genes. In contrast, there are three major classes of cell surface
receptor, defined by their signal transduction mechanisms: G
protein-coupled receptors, ligand-gated ion channels, and
receptor-linked enzymes (Table 3.1). These cell surface receptor
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proteins act as signal transducers by binding the extracellular
signal molecule and converting this information into an intra-
cellular signal that alters target cell function. G protein-coupled
receptors (GPCRs) interact with specific G proteins in the
plasma membrane, which in turn activate or inhibit an enzyme
or ion channel. GPCRs constitute the largest family of cell sur-
face receptors, and they mediate the cellular responses to diverse
extracellular signals, including hormones, neurotransmitters, and
local mediators. There is also a remarkable diversity in the num-
ber of GPCRs for the same ligand receptor subtypes. Examples
include the multiple receptors for epinephrine, dopamine, sero-
tonin and the opioids. Ligand-gated ion channels (ionotropic
receptors) are involved primarily in fast synaptic transmission
between excitable cells (e.g. the nicotinic acetylcholine receptor
at the neuromuscular junction). Neurotransmitter binding to
these receptors transiently opens the associated ion channel to
alter the ion permeability of the plasma membrane and thereby
the membrane potential. The enzyme-linked cell surface receptors
are a heterogeneous group of receptors that contain intracellular
catalytic domains or are closely associated with intracellular
enzymes. This receptor class includes the receptor tyrosine
kinases, receptor guanylyl cyclases, receptor tyrosine phos-
phatases, and receptor serine/threonine kinases, in which ligand
binding to the receptor activates intrinsic catalytic activity.

The activation of many receptors leads to changes in the
concentration of intracellular signaling molecules, termed second
messengers. These changes are usually transient, which is a result
of the tight regulation of the synthesis and degradation (or
release and reuptake) of these intracellular signals. Important
second messengers include adenosine 3”:5-monophosphate
(cyclic AMP, cAMP), guanosine 3”:5’-monophosphate (cyclic
GMP; ¢cGMP), 1,2-diacylglycerol, inositol 1,4,5-trisphosphate
(IP;) and Ca®*. Changes in the concentrations of these mole-
cules following receptor activation are coupled to the modu-
lation of the activities of important regulatory enzymes and
effector proteins. The most important second messenger-
regulated enzymes are protein kinases and phosphatases, which
catalyze the phosphorylation and dephosphorylation, respec-
tively, of key enzymes and proteins in target cells. Reversible
phosphorylation alters the function or localization of specific
proteins. It is the predominant effector mechanism involved in
mediating cellular responses to almost all extracellular signals.

Receptor regulation

The number and function of cell surface receptors are subject
to regulation by several mechanisms. Most receptors can be
covalently modified by phosphorylation, which can rapidly
change their affinity and/or signaling efficiency. For example, B-
adrenergic receptors desensitize as a result of phosphorylation of
a number of sites in the intracellular carboxy-terminal domain
by cAMP-dependent protein kinase, protein kinase C and j-
adrenergic receptor kinase (BARK), a G protein-coupled recep-
tor kinase (GRK). The former is activated as a result of receptor
stimulation of adenylyl cyclase and results in homologous or
heterologous desensitization, whereas the latter is active only on
B-receptors occupied by ligand, and therefore results in only
homologous desensitization. Phosphorylation by BARK leads to
the binding of B-arrestin to the receptor. These processes both
serve to uncouple the active ligand-receptor complex from
interacting with G, creating a negative feedback loop for modu-
lation of P-receptor activity. In other instances, receptor
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phosphorylation can affect ligand affinity or associated ion chan-
nel kinetics rather than G protein coupling. Phosphorylation also
often promotes receptor internalization.

Many receptors undergo receptor desensitization in response
to prolonged exposure to a high concentration of ligand, a
process by which the number or function of receptors is
reduced, such that the physiological response to the ligand is
attenuated (tachyphylaxis). These mechanisms are thought to
contribute to the termination of the receptor stimulation, and to
prevent overstimulation. Receptor desensitization can occur by
several mechanisms, including receptor modification, internal-
ization, downregulation, or modulation. Receptor modification
can be a change in conformation that results in spontaneous
inactivation, as in the case of some ligand-gated ion channels
(e.g. nicotinic acetylcholine receptor, AMPA glutamate recep-
tor) that close in the prolonged presence of the ligand. Receptor
internalization by endocytosis is a common mechanism for the
desensitization of hormone receptors. The hormone-receptor
complex is sequestered by receptor-mediated endocytosis,
which results in translocation of the receptor to intracellular
compartments (endosomes) that are inaccessible to ligand. This
is a relatively slow process that usually terminates the hormone
signal. Cessation of agonist stimulation allows the receptor to
recycle to the cell surface by exocytosis. In other cases the inter-
nalized receptors are degraded and are no longer available for
recycling, a process known as receptor downregulation. Receptors
must then be replenished by protein synthesis. Receptor down-
regulation in response to prolonged agonist stimulation can also
occur at the level of receptor protein synthesis or mRNA regu-
lation owing to changes in gene transcription and/or mRNA
stability. Regulated endocytosis and the delivery of AMPA-type
glutamate receptors is also involved in the activity-dependent
regulation of synaptic strength by controlling the number of
receptors.

CELL SURFACE RECEPTORS: STRUCTURE
AND FUNCTION

G protein-coupled receptors

A variety of signals, which include hormones, neurotransmitters,
cytokines, pheromones, odorants, and photons, produce their
intracellular actions by pathways involving interactions with
receptors that activate heterotrimeric guanine nucleotide
(GTP)-binding proteins (G proteins). G proteins act as molec-
ular switches to relay information from activated receptors to
appropriate intracellular targets. Heterotrimeric G consist of a
large o subunit and a smaller By subunit dimer. There are various
isoforms of each subunit, which have different properties. An
agonist-stimulated receptor can activate several hundred G
proteins, which in turn activate a variety of downstream effec-
tors, including ion channels and enzymes, to alter the levels of
cytosolic second messengers such as Ca?", cAMP and inositol
trisphosphate. G protein-coupled (or linked) receptors
(GPCRs) form a large and functionally diverse receptor super-
family; more than 600 (over 2% of total genes) members have
been identified so far, making it the largest family of cell surface
receptors. These transmembrane receptors cross the membrane
seven times, hence they are also known as seven-transmembrane
domain, heptahelical, or serpentine receptors. GPCRs transduce
a wide variety of extracellular signals, such as light, odorant
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molecules, biogenic amines, a variety of other small molecules,
and peptides. They have an important role in pharmacology —
more than two-thirds of all nonantibiotic drugs target GPCRs,
and thus they are critical to anesthesiology.

The binding of extracellular signals to their specific cell
surface receptors initiates a cycle of reactions to promote
guanine nucleotide exchange by G proteins that involves three
major steps:
® the signal (ligand) activates the receptor to induce a
conformational change;
® the activated receptor turns on a heterotrimeric G protein
in the cell membrane by forming a high-affinity ligand-
receptor-G protein complex, which promotes guanine
nucleotide exchange of GTP for GDP bound by the o subunit
of the G protein, followed by dissociation of the o subunit
and the By subunit dimer from the receptor and each other;

® the appropriate effector protein(s) is regulated by the
dissociated GTP-bound o subunit and/or By subunits, which
thereby transduces the signal (Fig. 3.2a).

The dissociation of the G protein from the receptor reduces
the affinity of the receptor for the ligand, and the system returns
to its basal state as the GTP bound to the o submit is hydrolyzed
to GDP by the GTPase activity of the o subunit, and the
trimeric G protein complex reassociates to terminate the signal.
Several isoforms of G protein o, B and ¥ subunits exist which
mediate the stimulation or inhibition of functionally diverse
effector enzymes and ion channels (Table 3.2). Among the
effector molecules regulated by G proteins are adenylyl cyclase
(Fig. 3.2b), phospholipase C, phospholipase A,, cGMP phos-
phodiesterase, and Ca®>" and K* channels. These effectors then
produce changes in the concentrations of a variety of second-

messenger molecules or in the membrane potential of the
target cell.

Despite the diversity in the extracellular signals that stim-
ulate the various effector pathways activated by GPCRs, these
receptors share some global structural similarity, including the
seven-transmembrane domain, which is consistent with their
common mechanism of action. The GPCRs belong to four dif-
ferent large families that have no sequence homologies between
them. The structural domains of GPCRs involved in ligand
binding and interactions with G proteins have been analyzed by
deletion analysis, in which segments of the receptor are sequen-
tially deleted by site-directed mutagenesis, in which specific
single amino acid residues are deleted or mutated, and by con-
structing chimeric receptor molecules, in which recombinant
chimeras are formed by splicing together complementary
segments of two related receptors. For example, the agonist
isoproterenol binds among the seven transmembrane o helices of
the B, adrenergic receptor near the extracellular surface of the
membrane. The large intracellular loop between o helices 5 and
6 and the C-terminal segments are important for specific G-
protein interactions.

Most nonantibiotic drugs in current use target G protein-
coupled receptors.

Heterogeneity within GPCR signaling pathways exists at
both the level of the receptors and G proteins. A single extra-
cellular signal may have several closely related receptor
subtypes. For example, six genes for a-adrenergic receptors,
three genes for B-adrenergic receptors and five genes for mus-
carinic cholinergic receptors have been identified. Likewise,
G proteins consist of multiple subtypes. The 16 homologous

Table 3.2 Diversity of G protein-coupled receptor signal transduction pathways. G proteins and their
associated receptors and effectors
G Protein® | Representative receptors | Effectors Effect®
G, B, B, Ps-adrenergic, Dy, Adenylyl cyclase Increased cAMP
Ds-dopamine Ca?" channels Increased Ca?*
influx
G o,-adrenergic; Adenylyl cyclase Decreased cAMP
D,-dopamine; m,, m, Phospholipase A, Eicosanoid release
Muscarinic; [, 9, k opioid K* channels Hyperpolarization
G, m;, m; muscarinic; Phospholipase C3 Increased IP;,
o,,-adrenergic DG, Ca?*
G Odorants Adenylyl cyclase Increased cAMP
(olfaction)
G, Photons cGMP phosphodiesterase | Decreased cGMP
(vision)
G, ? Phospholipase C Increased IP;, DG,
Ca2+
Ca** channels Decreased Ca*
influx

°G,, stimulation; G, inhibition; G,, phospholipase C regulation; G, olfactory; G, transducin; G,, other.
®cAMP, adenosine 3’,5-monophosphate; cGMP, guanosine 3’,5-monophosphate; IP;, inositol 1,4,5-

trisphosphate; DG, 1,2,-diacylglycerol.
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Figure 3.2, cont’'d Cell surface receptor types. Common ligands for each receptor type are shown in parentheses. (a) G protein-coupled receptors. Ligand binding
triggers the sactivation of a heterotrimeric G protein, which then binds to and activates an enzyme that catalyzes the synthesis of a specific second messenger or regulates
an ion channel. (b) Ligand-gated ion channels. A conformational change triggered by ligand binding opens the channel for ion flow. Continuous occupation of the
receptor can result in desensitization of the receptor owing to closure of the ion channel. (c-g) Enzyme-linked cell surface receptors: (c) Tyrosine kinase-associated
receptors. Ligand binding causes the formation of a homodimer or heterodimer, triggering the binding and activation of a cytosolic protein tyrosine kinase. The activated
kinase phosphorylates tyrosines in the receptor; substrate proteins then bind to these phosphotyrosine residues and are themselves phosphorylated. (d) Activated
receptors are monomers with guanylyl cyclase activity that generate the second messenger cGMP. (e) Ligand binding to other receptors activates intrinsic tyrosine
phosphatase activity; these receptors can remove phosphate groups from phosphotyrosine residues in substrate proteins, thereby modifying their activity. (f, g) The
receptors for many growth factors have intrinsic protein kinase activity. Ligand binding to these receptors causes either identical or nonidentical receptor monomers to
dimerize and activates their enzymatic activity. Activated receptors with serine/threonine kinase activity are heterodimers (f), whereas those with tyrosine kinase activity
are heterodimers or homodimers (g). In both cases, the activated dimeric receptor phosphorylates several residues in its own intracellular domain. Receptor tyrosine
kinases also can phosphorylate certain substrate proteins, thereby altering the activity of these proteins; it is not known whether receptor serine/threonine kinases
phosphorylate specific substrate proteins. Specific phosphotyrosine residues in receptor tyrosine kinases function as recognition sites for binding proteins containing SH2

domains. (Adapted from Lodish H et al., Molecular Cell Biology, 3rd edition. pp. 853-924; WH Freeman and Co, New York: 1995.)

a-subunit genes are classified as o, o, o, 0, etc. subtypes based
on structural similarities. The different o subunits have distinct
functions, coupling with different effector pathways. The differ-
ent B and ¥ subunit isoforms may also couple with distinct
signaling pathways. Heterogeneity in effector pathways makes
divergence possible within GPCR activated pathways. This
effector pleiotropy can arise from two distinct mechanisms: a
single receptor can activate multiple G protein types, or a single
G-protein type can activate more than one effector pathway.
Thus, a single type of GPCR can activate several different
effector pathways within a given cell, and the predominant
pathway may vary between cell types.

The structure and function of the adrenergic receptors for
epinephrine and norepinephrine (noradrenaline) and their asso-
ciated G proteins can be used to illustrate important principles
of GPCRs (Fig. 3.3). B-Adrenergic receptors are coupled to the
stimulation of adenylyl cyclase, a plasma membrane-associated
enzyme that catalyzes the synthesis of cAMP. cAMP was the first
second messenger identified, and exists in all prokaryotes and
animals. The G protein that couples B-adrenergic receptor
stimulation to adenylyl cyclase activation is known as G, for
stimulatory G protein. Epinephrine-stimulated cAMP synthesis
can be reconstituted in phospholipid vesicles using purified B-
adrenergic receptors, G, and adenylyl cyclase, which demon-
strates that no other molecules are required for the initial steps
of this signal transduction mechanism. In the resting state G,
exists as a heterotrimer consisting of o, B, and y subunits with
GDP bound to o,. Agonist binding to the B-adrenergic receptor
alters the conformation of the receptor and exposes a binding
site for G,. The agonist-activated receptor binds the GDP-G,
complex, and thereby reduces the affinity of o, for GDP, which
dissociates, allowing GTP to bind. The o subunit bound to GTP
then dissociates from the G-protein complex, which exposes a
binding site for adenylyl cyclase, to which it binds and activates.
The affinity of the receptor for agonist is reduced following
dissociation of the complex, leading to agonist dissociation and a
return of the receptor to its inactive state. Activation of adenylyl
cyclase is rapidly reversed following agonist dissociation from
the receptor, as the lifetime of active ois limited by the intrinsic
GTPase activity of o that is stimulated by binding to adenylyl
cyclase. The bound GTP is hydrolyzed to GDP, which returns
the o subunit to its inactive conformation. The o subunit then
dissociates from adenylyl cyclase, which renders it inactive, and
reassociates with By to reform G,. Nonhydrolyzable analogues of
GTP, such as GTPyS or GMPPNP, prolong agonist-induced

adenylyl cyclase activation by preventing the inactivation of
active 0. The mechanism of action of cholera toxin involves
selective ADP ribosylation of o to inhibit the GTPase activity
and prolong Go., activation. Pertussis toxin promotes ADP-
ribosylation of Goy; and prevents its activation by blocking its
ability to exchange GDP for GTP.

The activity of adenylyl cyclase can also be negatively regu-
lated by receptors coupled to inhibitory G proteins. An example
is the o,-adrenergic receptor, which is coupled to inhibition of
adenylyl cyclase through G;. Thus the same extracellular signal —
epinephrine in this example — can either stimulate or inhibit the
formation of the second-messenger cAMP, depending on the
particular G protein that couples the receptor to the cyclase. G;,
like G,, is a heterotrimeric protein consisting of an ¢ subunit and
B and y subunits, which can be the same as those in G,. Activated
o,-adrenergic receptors bind to G;and lead to GDP dissociation,
GTP binding, and complex dissociation, as occurs with G,. Both
the released o; and the By complex are thought to contribute to
adenylyl cyclase inhibition, o; by direct inhibition, and By by
direct inhibition and indirectly, by binding to and inactivating
any free o subunits. Activated G; can also open K* channels, an
example of how a single G protein can regulate several effector
molecules.

A hallmark of signal transduction by GPCRs, as well as other
receptor/second messenger systems, is their ability to amplify
the extracellular signal. Amplification is possible because the
receptor and the G protein are able to diffuse in the plasma
membrane, which allows each agonist-bound receptor complex
to interact with many inactive G, molecules and convert them to
their active state. Further amplification occurs when each active
G,,* GTP complex activates a single adenylyl cyclase molecule,
which then catalyzes the formation of many cAMP molecules
in the period before the GTP is hydrolyzed, the complex
dissociates, and adenylyl cyclase is inactivated.

A number of novel signaling mechanisms have been identified
for GPCRs in the last decade. For example, B-arrestin binds to
phosphorylated B, adrenoceptors to recruit Src-like tyrosine
kinases to the membrane and activate MAP kinase and Jun
kinase signaling pathways. Thus certain arrestins, which were
known to bind to the C-terminal tail of GPCRs phosphorylated
by a G protein receptor kinase (GRK) to block G protein recep-
tor interactions and promote receptor recycling via endocytosis,
can also initiate other signaling pathways. Direct interaction of
the C-terminus of GPCRs with PDZ domains can bypass G
proteins to activate intracellular signaling pathways, as in the
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regulation of the Na*—H™ exchanger by B, adrenoceptors. These
and other non-G protein mediated effects indicate that these
mechanisms probably represent an important aspect of GPCR
signaling. The regulators of G protein signaling (RGS) proteins
are a recently identified family of signaling molecules that modu-
late G protein signaling and also act as scaffolding proteins to
maintain signaling complexes. Most RGS proteins are GTPase-
activating proteins (GAPs), and terminate signaling by activating
GTPase activity of Gi and Gq o subunits, in contrast to the
receptor, which acts as a guanine nucleotide exchange factor
(GEF) to catalyze GDP release from Ga. Other regulators of
the G protein cycle include guanine nucleotide dissociation
inhibitors (GDIs), which prevent dissociation of GDP from the
o subunit and block reassociation of the By subunit, thereby
prolonging Py signaling, and guanine nucleotide exchange factors
(GEFs), which enhance the rate of GTP loading in the presence
of activated receptor, thus accelerating the speed of the response.
Although GPCRs are classically thought to function as monomers,
recent evidence supports the existence of dimeric or oligomeric
complexes, either between like receptors (homomers) or between
different members of the GPCR family (heteromers). Such
interactions modulate receptor function and may be required to
produce functional native receptors (e.g. GABAj receptors).

Ligand-gated ion channels

Signals that utilize GPCRs operate with time courses of seconds
to minutes, as occurs with slow synaptic transmission or neuro-
modulation, in which receptor activation is coupled indirectly
through a series of steps to a specific change in effector function.
Signals that require rapid transduction, such as fast synaptic
transmission, utilize ligand-gated ion channels, in which binding
of the signal to the receptor directly causes an immediate con-
formational change in the receptor—ion channel complex to open
the associated ion channel (Chapter 6) and selectively change its
ion permeability independent of a second messenger. The ligand-
binding site and the ion channel are part of the same molecule
or multimolecular complex. A common structural pattern for
ligand-gated ion channels involves a tetramer or pentamer of
subunits surrounding a central ion pore (Fig. 3.4). lon channel
activation is dependent on the continued occupation of receptor
by the ligand, and is rapidly reversible upon ligand dissociation.
This allows ligand-gated ion channels to mediate rapid onset and
rapidly reversible cell signaling.

Ligand-gated ion channels allow the conversion of extra-
cellular chemical signals directly into electrical signals in
excitable cells such as neurons and muscle. The ionic selectivity
of the ion channel and the membrane potential of the target cell
determine whether the ligand-gated ion channel has an excita-
tory or an inhibitory effect on neuronal excitability or synaptic
transmission (Chapter 19). Excitatory neurotransmitters, which
include acetylcholine and glutamate, open cation-selective
channels that allow Na* influx and depolarize the membrane.
Inhibitory neurotransmitters, which include y-aminobutyric acid
(GABA) and glycine, open CI” selective channels that usually
hyperpolarize the membrane or prevent depolarization. In con-
trast to these neurotransmitter receptors located at the plasma
membrane, a subclass of ligand-gated ion channels is located on
intracellular endoplasmic reticulum membranes. It includes
receptors for intracellular messengers that control Ca®* channels
involved in the regulation of intracellular Ca** concentration
(e.g. the ryanodine receptor and IP; receptors — see below).
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Although their ligand-binding specificities and ion channel
selectivities differ, the ligand-gated ion channels that respond to
acetylcholine, serotonin, GABA, and glycine consist of struc-
turally homologous subunits and constitute a receptor super-
family. They are heteropentameric membrane-spanning proteins
that consist of homologous subunits that interact to form a
central transmembrane ion channel. Multiple isoforms of each
subunit exist that interact in different combinations to form
receptor—ion channel complexes with distinct ligand affinities,
sensitivities to drugs, and channel conductance and kinetic
properties. Glutamate-gated ion channels (AMPA, kainate,
NMDA subtypes) constitute a distinct family of receptors that
also consist of multiple subunit isoforms.

Extensive structural and functional information is available
for the nicotinic acetylcholine (ACh) receptor, which can be
isolated in large quantities from fish electric organs. This recep-
tor contains four subunit types, which exist in the stoichiometry
o,pYyd (Fig. 3.4a). Each subunit of the nicotinic ACh receptor,
GABA receptor, and glycine receptor contains four hydrophobic
transmembrane domains in its carboxy-terminal region in similar
positions within the subunit, with similar deduced membrane
topology (Fig. 3.4b). A long intracellular loop is located between
the third and fourth transmembrane segments and may mediate
interactions with other proteins. The second transmembrane
segment is the most hydrophilic of the four, and lines the aque-
ous ion channel. A large extracellular ligand-binding domain
extends over the entire amino-terminal half of the subunit.

Molecular cloning techniques have identified a large number
of isoforms of the five different subunit types that constitute the
GABA, receptor (04—0g; Bi—Bs; Vi—Ys; € O; and p subunits), an
important target for general anesthetics, benzodiazepines, and
anticonvulsants. Each isoform is homologous and has the general
structure shown in Figure 3.4b. Experimental expression of
specific subunit isoforms in cultured cells has identified phar-
macologic differences produced by various subunit combina-
tions. For example, benzodiazepine sensitivity depends on the
specific o or ¥ subunit isoform present. Alternative splicing of
subunit mRNA precursors has also been shown to generate a
second isoform of each y subunit, which may contain an addi-
tional phosphorylation site. The many alternative combinations
of GABA, receptors have been shown to have a complex
anatomical distribution within the CNS, which may have impor-
tant functional and pharmacological implications.

Signaling by ligand-gated ion channels is affected by most
general anesthetic drugs.

The ligand-gated glutamate receptors are functionally divided
into those activated by N-methyl-D-aspartate (NMDA) and
the non-NMDA receptors, which latter can be distinguished by
their sensitivities to o-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) and kainate. Expression cloning was
used to identify the first non-NMDA receptor subunit structure,
from which a family of homologous non-NMDA receptor sub-
units has been identified (GluR1-GluR7 and KA1-KA2). These
subunits have three deduced hydrophobic transmembrane
domains with a reentrant P-loop. More than one type of subunit
is required to express glutamate-gated cation channel function,
which suggests that the functional form of the receptor exists as
an oligomer. Alternative splicing results in additional subunit
heterogeneity, as seen with the GABA, receptor. NMDA recep-
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tors possess many unique properties among ligand-gated ion
channels, which include (in addition to glutamate sensitivity),
the requirement of glycine as a co-agonist, slow kinetics, and
voltage-dependent blockade by Mg?*. Identification of the struc-
ture of an NMDA receptor subunit by expression cloning (NR1)
again revealed a topology consisting of three similar transmem-
brane domains and a reentrant loop. Additional subunits have
since been identified (NR2A-NR2C). Although NR1 can produce
the above physiological properties in homomeric form,
NR2A-NR2C are only functional in a heteromeric form with
NR1. The NR2 subunits differ considerably from NR1 in amino
acid sequence and subunit lengths owing to variable carboxy-
terminal extensions. Although the multiple glutamate receptors
overall show considerable sequence diversity, the similarities in
their transmembrane sequences justifies their inclusion as a
distinct subgroup in one superfamily with the nicotinic ACh
receptors.

The structural diversity of ligand-gated ion channels is
reflected in a rich pharmacological diversity. Important exam-
ples include the actions of neuromuscular blocking drugs on
nicotinic ACh receptors at the neuromuscular junction (Chapter
37), of barbiturates and benzodiazepines on GABA, receptors
(Chapter 25), and of phencyclidine derivatives (e.g. ketamine)
on NMDA receptors (Chapter 25).

Enzyme-linked cell surface receptors

Enzyme-linked receptors are transmembrane proteins that
couple an extracellular ligand-binding domain with an intra-
cellular catalytic domain via a single transmembrane domain.
The enzyme activity is either contained within the intracellular
domain of the receptor (intrinsic activity) or associated with
the intracellular domain of the receptor (associated activity).
Although this is a heterogeneous group of receptors, most
possess a single transmembrane domain and are associated with
the activation of protein kinase activity (Fig. 3.2). The known
enzyme-linked receptors are divided into five classes: receptor
tyrosine kinases, tyrosine kinase-associated receptors, receptor
tyrosine phosphatases, receptor serine/threonine kinases, and
receptor guanylyl cyclases.

The best-known receptors in this family are the receptor
tyrosine kinases, which include the receptors for many peptide/
protein growth factors, including epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), nerve growth
factor (NGF) and related neurotrophins, fibroblast growth
factors (FGFs), and insulin and insulin-like growth factor-1
(IGF-1). Signaling through receptor tyrosine kinases is central
to many of the cell-cell interactions that regulate embryonic
development, tissue maintenance, and repair. Their activity is
tightly regulated; perturbation due to mutations results in dys-
regulated kinase activity and malignant transformation. Ligand
binding to the extracellular domain of most receptor tyrosine
kinases induces dimerization and activation of the tyrosine
kinase intrinsic to the intracellular domain, which catalyzes the
phosphorylation of the receptor itself (autophosphorylation) and
of specific intracellular proteins, which leads to specific physio-
logical effects and changes in gene expression. Receptor dimer-
ization is important in the activation of the intracellular tyrosine
kinase activity, as it allows cross-phosphorylation of the two
intracellular domains.

Phosphorylated tyrosines on proteins create high-affinity
binding sites for specific intracellular signaling proteins in the

target cell, resulting in changes in their localization or activity.
These interacting proteins usually contain Src homology-2
domains (SH2 domains), protein interaction modules that
recognize phosphorylated tyrosine residues in the receptor.
Tyrosine phosphorylation thus acts as a switch to recruit SH2
domain-containing target proteins. Binding of SH2 domain-
containing proteins frequently results in their phosphorylation
on tyrosine and subsequent activation, or in their interaction
with other signaling molecules. Receptor tyrosine autophospho-
rylation triggers the assembly of a transient intracellular signaling
complex that is involved in the signal transduction process
(Fig. 3.5). Some proteins in these complexes function only as
scaffolding (or adaptor) proteins that bring together other sig-
naling molecules. Other proteins that interact with tyrosine
phosphorylated receptors via their SH2 domains are themselves
signaling proteins, such as phospholipase Cy, GTPase activating
proteins (GAPs), c-Src-family non-receptor tyrosine kinases,
and phosphatidylinositide 3-OH kinase. Activation of phos-
phatidylinositide 3-OH kinase activates another pleiotropic sig-
naling pathway by phosphorylation of membrane lipids to form
phosphatidylinositol-(3,4)-bisphosphate and phosphatdylinositol-
(3,4,5)-trisphosphate, which recruits the serine/threonine
kinase Akt to the membrane by binding to its PH domain. This
allows Akt activation by PDK-1, an Akt kinase, and leads to
the phosphorylation of Akt substrates involved in regulating
glucose transport, programmed cell death (apoptosis) and cell
growth.

An important class of proteins recruited by tyrosine kinase
receptors includes regulators of small G proteins. Ras proteins
are small G proteins involved in transducing mitogenic signals
from the cell surface to the nucleus through a cascade of protein
kinases to stimulate cell growth and differentiation (Fig. 3.5).
In contrast to the larger heterotrimeric G proteins, small G
proteins are monomeric and consist primarily of the GDP/GTP-
binding domain. They are involved in many functions, such as
regulation of the cell cycle and the cytoskeleton. Ras activation
by growth factor receptor tyrosine kinases requires the adapter
proteins Grb2, Shc, and Sos, which couple receptor activation to
Ras activation. Binding of growth factor to its receptor leads to
autophosphorylation. An SH2 domain in Grb2 interacts with a
phosphotyrosine residue on the intracellular portion of the
activated receptor tyrosine kinase (e.g. EGF receptor) or on the
adapter protein She. Grb2 then binds and activates Sos through
two SH3 domains on Sos, thereby linking the receptor with Sos,
a guanine nucleotide exchange factor (GEF) that activates Ras
by stimulating the release of GDP and subsequent GTP binding.
The active GTP-bound form of Ras then recruits and activates
the Raf-1 protein kinase. Activated Raf-1 protein kinase initiates
a protein kinase cascade that involves the phosphorylation and
activation of MAP-kinase kinase (MEK), which then phospho-
rylates and activates MAP-kinase (mitogen-activated protein
kinase, also called ERK) by phosphorylation of both threonine
and tyrosine residues (an unusual dual-specificity kinase).
Activated MAP-kinase signals downstream by phosphorylating
various effector molecules, such as phospholipase A,, and tran-
scription factors involved in gene regulation. The MAP-kinase
pathway is a highly conserved eukaryotic signaling pathway
involving a kinase cascade that couples receptor signals to cell
proliferation, differentiation, and metabolic regulation. Activated
GTP-Ras is slowly converted to the inactive, GDP-bound form
by its intrinsic GTPase activity, which can be accelerated by a
GAP (GTPase-activating protein).
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Figure 3.3, cont’d G protein-coupled receptors. (a) General features. Many receptors belong to this class, including those for neurotransmitters, hormones, odorants,
light, and Ca’*. These receptors associate with heterotrimeric G proteins comprised of three subunits, o, B, and y. G proteins are not transmembrane proteins but are
associated with the membrane by covalently bound fatty acid molecules. In the resting state GDP is bound to the a subunit, which in this form interacts with the By
complex. When the ligand binds to the receptor the conformation of the receptor changes, leading to o subunit and inducing a change in the conformation of the o
subunit such that GDP dissociates and GTP binds. The GTP-bound o subunit is no longer capable of interacting with the receptor or By. GTP-bound o and By interact
with specific targets that differ for each isoform of o or By subunit. After a short time GTP is hydrolyzed to GDP and o-GDP reassociates with By. At about the same time
the ligand leaves its receptor, which returns to its resting state. G protein, guanine nucleotide-binding protein; Pi, inorganic phosphate. (b) The adenylyl cyclase/protein
kinase A (PKA) pathway. CAMP is formed from ATP by a class of transmembrane enzymes, adenylyl cyclases. A cytosolic form (soluble adenylyl cyclase) has also recently
been identified which may function as a bicarbonate sensor. Transmembrane adenylyl cyclases are activated by two related subtypes of G protein a subunit, o
(stimulatory, which is ubiquitous) and oy (olfactory, which is found in olfactory epithelium and a subset of neurons). Adenylyl cyclases are inhibited by o (inhibitory). In
addition, some adenylyl cyclases can be stimulated or inhibited by By, or Ca®* combined with calmodulin. Cyclic AMP is inactivated by hydrolysis into AMP by
phosphodiesterases, a family of enzymes which is inhibited by theophylline and related methylxanthines. CAMP has only two known targets in vertebrates: one is a CAMP-
gated ion channel which is most prominently found in olfactory neurons; the other is cCAMP-dependent protein kinase which is present in all cells. cAMP-dependent
protein kinase is a tetramer composed of two catalytic subunits and two regulatory subunit. When cAMP binds to the regulatory subunits (two molecules of cCAMP bind
to each regulatory subunit), they dissociate from the catalytic subunits. The free active catalytic subunit phosphorylates numerous specific substrates, including ion
channels, receptors, and enzymes. In addition, the catalytic subunit can enter the nucleus, where it phosphorylates transcription factors. One well-characterized
transcription factor phosphorylated in response to cAMP is CREB (cCAMP-responsive element-binding protein). In the basal state, CREB forms a dimer which binds to a
specific DNA sequence in the promoter region of cAMP-responsive genes, called CRE (cCAMP-responsive element). CREB is unable to promote transcription when it is
not phosphorylated, whereas phospho-CREB strongly stimulates transcription. Genes regulated by CREB include immediate-early genes c-Fos and c-Jun. CREB is
also activated by a Ca’* calmodulin-dependent protein kinase. (Adapted from Lodish H et al., Molecular Cell Biology, 3rd edition. pp. 853-924; WH Freeman and Co,
New York: 1995.)

Figure 3.4 Ligand-gated ion channel superfamily. (a) The nicotinic
acetylcholine receptor, a representative ligand-gated ion channel. Five homol-
ogous subunits (two as, B, vy, 8) combine to form a transmembrane aqueous pore.
The pore is lined by a ring of five transmembrane o helices, one contributed by

a each subunit. The ring of o helices is probably surrounded by a continuous rim of
Acetylcholine Channel transmembrane 3 sheet, made up of the other transmembrane segments of the
binding sites five subunits. In its closed conformation the pore is thought to be occluded by the
hydrophobic side chains of five leucine residues, one from each o helix, which
form a gate near the middle of the lipid bilayer. The negatively charged side chains
at either end of the pore (dotted lines) ensure that only positively charged ions

Ligand-gated ion channel superfamily

Lipid pass through the channel. Both of the o subunits contain an acetylcholine-

bilayer binding site; when acetylcholine binds to both sites, the channel undergoes a

conformational change that opens the gate, possibly by causing the leucine

4’nm residues to move outward. (b) Transmembrane topography of each of the four
¥ subunit types of the nicotinic acetylcholine receptor. M1-M4 represent the four

transmembrane domains of the receptor subunit. A region of the intracellular
loop of each subunit is phosphorylated by cAMP-dependent protein kinase,
protein kinase C, and a protein—tyrosine kinase. Phosphorylation of the receptor
in this region increases its rate of rapid desensitization. (Adapted from Lodish H
et al, Molecular Cell Biology, 3rd edition. pp. 853-924; WH Freeman and Co,
New York: 1995.)
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Figure 3.5 Cell-signaling pathways mediated by receptor tyrosine kinases. Binding of a hormone such as insulin leads to dimerization, autophosphorylation, and
activation of a receptor tyrosine kinase (RTK). On receptor stimulation, the adaptor protein Shc binds to activated, tyrosine-phosphorylated receptors and becomes
phosphorylated. Tyrosine-phosphorylated Shc subsequently interacts with the SH2 domain of Grb2, which binds by its SH3 domains to the guanine nucleotide exchange
factor (GEF) Sos, which activates the small GTP-binding protein Ras. Sos enhances GDP dissociation from Ras, promoting its activation by rebinding GTP; Ras then slowly
hydrolyzes GTP to GDP and becomes inactive. Activated Ras in turn activates Raf-1, a serine/threonine protein kinase. Raf-1 phosphorylates and activates MEK (MAP
kinase), a bifunctional protein tyrosine and protein serine/threonine kinase. MEK (extracellular signal-regulated kinase [ERK] kinase) activates ERK (MAP kinase) by
phosphorylation on both tyrosine and threonine. ERK itself phosphorylates and activates cytoplasmic proteins such as S6 kinase, which stimulates protein synthesis,
insulin-stimulated protein kinase p90™* and nuclear transcription factors such as Elk-1 and c-Jun. Ras functions as a GDP/GTP-regulated binary switch at the inner surface
of the plasma membrane to relay extracellular signals to the cytoplasmic signaling cascades. A linear vectoral pathway exists between the activation of receptor tyrosine
kinases, Ras, a serine/threonine kinase cascade (Raf>MEK—ERK) and transcription factors to provide a link between the cell membrane and the nucleus. (Adapted from
Lodish H et al,, Molecular Cell Biology, 3rd edition. pp. 853-924; WH Freeman and Co, New York: 1995.)

Changes in gene expression

Tyrosine kinase-associated receptors are comparable to the
receptor tyrosine kinases, but instead of activating an integral
tyrosine kinase activity they work through associated nonrecep-
tor tyrosine kinases. This diverse group of receptors includes
those for some hormones (prolactin, growth hormone, leptin),
many cytokines, interferons, and growth factors (e.g. erythro-
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poietin). The associated tyrosine kinases belong to the Janus
family (e.g. JAK1 and JAK2) of nonreceptor tyrosine kinases.
Other nonreceptor tyrosine kinases, such as those of the c¢-Src
family, are involved in transducing signals from membrane
receptors, including lymphocyte antigen receptors. Integrins,
which are receptors for extracellular matrix proteins, associate
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with the tyrosine kinase FAK (focal adhesion kinase). These
receptors function like the receptor tyrosine kinases, except that
the tyrosine kinase domain is a separate entity that interacts
with the receptor noncovalently. As with the receptor tyrosine
kinases, ligand binding usually induces receptor dimerization,
tyrosine kinase activation, and phosphorylation of distinct sets of
substrate proteins.

Receptor tyrosine phosphatases are a large and diverse group of
membrane-bound enzymes that reverse the action of tyrosine
kinases by catalyzing the dephosphorylation of specific phos-
photyrosine residues. Receptor tyrosine phosphatases include
an extracellular domain of variable length and composition, a
single membrane-spanning domain, and one or two intracellular
catalytic domains. CD45, the prototype of this family, has a
single transmembrane domain and is activated by crosslinking
with antibodies to the extracellular domain. The natural ligand
for CDA45, or for other members of this family, is unknown.

Receptor serine/threonine kinases constitute a family of recep-
tors for the transforming growth factor- (TGF-B) family of
signaling proteins, including activin and inhibin. These receptors
consist of a single transmembrane domain with an integral
serine/threonine protein kinase domain within the intracellular
portion of the receptor.

Another class of receptor is linked to the activation of prote-
olytic enzyme cascades. Proteolysis can be involved at several
levels of receptor function, including maturation and activation
by the ligand. Some transmembrane receptors activate a cascade
of intracellular proteases that results in cell death. For example,
receptors for Fas ligand and tumor necrosis factor (TNF)
associate with various intracellular proteins which, among other
things, activate aspartate-specific proteases (caspases).

The recepror guanylyl cyclases are discussed below.

SECOND MESSENGERS AND PROTEIN
PHOSPHORYLATION

Work by Sutherland and his colleagues in the 1950s on the
hormonal control of glycogen metabolism in liver showed that
epinephrine and glucagon stimulate glycogenolysis by increasing
the synthesis of the intracellular second messenger cAMP.
Subsequently, Krebs and his colleagues discovered a protein
kinase in skeletal muscle that is activated by increases in cAMP,
and demonstrated that epinephrine stimulates glycogenolysis
through activation of this protein kinase. Since this ground-
breaking work, the mechanisms of action of a number of extra-
cellular signals have been shown to involve second messengers
and/or regulation of protein phosphorylation. Protein phospho-
rylation involves either direct activation of a receptor-associated
protein kinase or an alteration in the level of a second messenger,
which in turn regulates a specific protein kinase or protein
phosphatase (Fig. 3.6). The regulation of the state of phos-
phorylation of specific substrates by a variety of protein kinases
represents a final common pathway in the molecular mech-
anisms through which most hormones, neurotransmitters, and
other extracellular signals produce their biological effects.

Protein phosphorylation represents a final common
pathway by which most hormones and neurotransmitters
produce their cellular effects.

Protein phosphorylation is the covalent modification of key
substrate proteins by phosphoryl transfer, which in turn regu-
lates their functional properties. All protein phosphorylation
systems have three components in common: a substrate protein
(phosphoprotein) that exists in either the dephospo- or the
phospho-form, a protein kinase that catalyzes phosphoryl trans-
fer from the terminal (y) phosphate of ATP to a specific
hydroxylated amino acid of the substrate (serine, threonine or
tyrosine), and a protein phosphatase that catalyzes dephospho-
rylation of the phosphorylated substrate (Fig. 3.6). Second
messengers involved in the control of protein phosphorylation
by extracellular signals include cAMP, ¢cGMP, Ca®" (with
calmodulin), and 1,2-diacylglycerol, each of which activates one
or more distinct protein kinases.

Protein kinases are divided into two major classes, serine/
threonine kinases and tyrosine kinases (already discussed above),
and a minor class of dual specificity kinases. The serine/
threonine kinases are further divided into those that are regu-
lated by known second messengers and those that are not (the
Ca*- and cyclic nucleotide-dependent protein kinases and the
receptor serine/threonine protein kinases). Almost 2% of human
genes encode protein kinases (>500 genes), most of which are
serine/threonine kinases (395 genes), and there are at least 15
serine/threonine and 56 tyrosine phosphatase genes. Adding
phosphate to a protein can change its conformation, thereby
activating or inhibiting a catalytic domain, or form part of a
binding motif recognized by other proteins that facilitates pro-
tein interactions and the formation of multiprotein complexes.
Kinases can be rather specific in their substrate specificity,
whereas the catalytic subunits of the phosphatases are relatively
nonspecific. Additional specificity is conferred by targeting to
specific protein complexes and subcellular domains, and by
interactions with various regulatory subunits. Protein kinases are
emerging as potentially important therapeutic targets with
improved specificity over receptor-based targets. In oncology,
small molecule inhibitors of the Abl tyrosine kinase (imatinib;
Gleevec) and aurora kinases (VX-680) identified by structure-
based approaches suppress tumor growth in vivo.

Protein kinases are emerging as potentially important
therapeutic targets.

Cyclic AMP

Cyclic AMP, the first intracellular messenger to be identified,
operates as a signaling molecule in all eukaryotic and prokaryotic
cells. Various hormones and neurotransmitters regulate the
levels of cAMP. Transmembrane adenylyl cyclases form a class
of membrane-bound enzymes that catalyze the formation of
cAMP, usually under the control of receptor-mediated G
protein-coupled stimulation (by o, and 0,y and inhibition (by
;). Depending on the isoform, adenylyl cyclases are also sensi-
tive to other regulators, such as B subunits of heterotrimeric G
proteins and Ca?". Soluble adenylyl cyclase is a recently identi-
fied nontransmembrane enzyme that is localized to a number
of subcellular compartments and produces cAMP in response
to bicarbonate. The rapid degradation of cAMP to adenosine
5’-monophosphate by one of several isoforms of cAMP phos-
phodiesterase provides the potential for rapid reversibility and
responsiveness of this signaling mechanism. Most of the actions
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Cellular regulation by extracellular signals acting through protein phosphorylation

Figure 3.6 Schematic diagram of cellular regu-
lation by extracellular signals acting through
protein phosphorylation. A generalized scheme
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for cell surface receptor-mediated signal transduc-
tion is shown on the left. Extracellular signals (first
messengers), which include various neurotransmit-
ters, hormones, growth factors, and cytokines,
produce specific biological effects in target cells via
a series of intracellular signals. Cell membrane
receptors for many extracellular signals are coupled
to the activation of protein kinases, either directly by
activating a protein kinase intimately associated
with the receptor, or indirectly through changes in
the intracellular levels of second messengers (right).
Protein kinases are enzymes that transfer a phos-
phoryl group from ATP to serine, threonine or
tyrosine residues. Prominent second messengers
involved in the regulation of protein kinases include
cAMP, cGMP, Ca’*, and 1,2-diacylglycerol. Other
protein kinases are themselves regulated by phos-
phorylation and participate in kinase cascades
(Fig. 3.5). The activation of individual protein kinases
causes the phosphorylation of specific substrate

Trasduction proteins (phosphoproteins) in target cells. Specificity
mechanism Dephospho- of the sites phosphorylated is conferred by the
proteins surrounding amino acid sequence. In some cases
ATP ‘/_\ these substrate proteins, or third messengers, are
Protein kinases <_Pr0tem the immediate effectors for the biological response,
phosphatases and in ot_he_r cases they produ_c_e the_ biological
- response indirectly, through additional intracellular

ADP

messengers (e.g. the MAP kinase cascade). Protein
phosphatases are also subject to regulation by
extracellular signals acting either directly or through
second messengers (e.g. Ca’* acting on Ca’*/
calmodulin-dependent protein phosphatase-2B), or
by the phosphorylation of specific protein phos-
phatase modulator proteins. Many, if not all, mem-
brane receptors and ion channels are themselves
regulated by phosphorylation/dephosphorylation.
(Adapted from Lodish H et al, Molecular Cell

of cAMP are mediated through the activation of cAMP-depend-
ent protein kinase (PKA) and the concomitant phosphorylation
of protein effectors on specific serine or threonine residues.

The widespread distribution of PKA throughout the animal
kingdom and in all cells led to the hypothesis that the diverse
effects of cAMP on cell function are mediated through the
activation of this enzyme, which is the principal intracellular
receptor for cAMP. Other known receptors for cAMP are the
hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels. PKA exists as a tetramer composed of two types of
dissimilar subunits, the regulatory (R) subunit and the catalytic
(C) subunit (Fig. 3.3b). In the absence of cAMP, the inactive
holoenzyme tetramer consists of two R subunits joined by
disulfide bonds, bound to two C subunits (R,C,). The binding of
cAMP to the R subunits of the inactive holoenzyme lowers their
affinity for the C subunits and leads to the dissociation from the
holoenzyme of the two free C subunits expressing phospho-
transferase activity. Each R subunit contains two binding sites for
cAMP, which activate the kinase synergistically and exhibit
positively cooperative cAMP binding.

The phosphorylation of specific substrates by PKA represents
the next step in the molecular pathway by which cAMP pro-
duces its biological responses. Substrates for PKA are charac-
terized by two or more basic amino acid residues on the
amino-terminal side of the phosphorylated residue. The
identification and characterization of the specific substrate(s)
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Biology, 3rd edition. pp. 853-924; WH Freeman and
Co, New York: 1995.)

phosphorylated in response to cAMP is an important goal in the
study of agents whose actions are mediated by cAMP. The
various substrates for PKA present in different cell types explain
the diverse tissue-specific effects of cAMP. They include ion
channels, receptors, enzymes, cytoskeletal proteins, and
transcription factors (e.g. CREB; cAMP-responsive element
binding protein).

Cyclic GMP/nitric oxide

Cyclic GMP is a key intracellular signaling molecule in virtually
all animal cells and is involved in signal transduction pathways
activated by nitric oxide (NO). Tissues contain multiple forms
of guanylyl cyclase and cGMP phosphodiesterase, the enzymes
that regulate the intracellular concentration of cGMP. Guanylyl
cyclases exist in both soluble and particulate (plasma mem-
brane) forms. Soluble forms of the enzyme are activated by NO
formed from L-arginine by the activation of NO synthase. Nitric
oxide signaling is important in the control of vascular tone,
neurotransmission, and macrophage function. The vasodilators
nitroglycerin or nitroprusside produce smooth muscle relaxation
via the formation of NO and activation of the guanylyl cyclase
system. Soluble guanylyl cyclase contains a heme moiety which
binds NO and other oxidants to stimulate enzyme activity. The
family of NO synthases includes constitutive neuronal (nNOS)
and endothelial (eNOS) forms and an inducible (iNOS)
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macrophage form. The eNOS and nNOS forms are dependent
on Ca’*/calmodulin binding for activation, whereas iNOS is
constitutively active owing to tightly bound intrinsic Ca®*/
calmodulin and is regulated by protein expression. NOS knock-
out mice indicate that nNOS is involved in neurotransmission
and ischemic neuronal damage, eNOS in blood pressure regu-
lation, and iNOS in immunomodulation. Nitric oxide is thought
to be the endogenous regulator of guanylyl cyclase activity that
mediates the action of several vasodilators, including acetyl-
choline, bradykinin, and substance P (Fig. 3.7). These trans-
mitters stimulate the production of a diffusible mediator known

Nitric oxide as a signaling molecule
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as endothelium-derived relaxing factor (EDRF), which has been
identified as NO or a closely related molecule. Nitric oxide is a
key physiological mediator of Ca?"-mediated signaling pathways
such as NMDA receptors and voltage-gated Ca®" channels,
which activate Ca?*/calmodulin-dependent forms of NO
synthase.

The NO/guanylyl cyclase signaling pathway has received
considerable attention as the first example of a signaling system
that involves a gaseous signaling molecule. Recent evidence
suggests that carbon monoxide (CO) also acts as a gaseous sig-
naling molecule to stimulate guanylyl cyclase. Because it readily

Figure 3.7 Nitric oxide as a signaling molecule. Nitric oxide (NO) is a gas which
is highly diffusible and chemically reactive. It is used as a locally active intracellular
or intercellular messenger. The enzyme responsible for the formation of NO is NO
synthase (NOS). This is activated by Ca’* complexed to calmodulin. In neurons,
opening of glutamate receptors of the NMDA subtype is a major source of Ca**
influx, which can lead to the activation of NOS. NOS is a complex enzyme which
uses molecular oxygen, O,, to generate NO by transforming arginine into citrulline.
Nitric oxide can cross membranes readily and diffuse to neighboring cells. Thus,
the rest of the cascade depicted in the figure can take place in a cell different from
that in which NO was generated, as illustrated. A major target of NO is soluble
guanylyl cyclase. This enzyme is activated by NO and uses GTP to form cGMP, a
second messenger that remains within the cell in which it is produced. Cyclic GMP
exerts its effects by activating several enzymes, one of which is cGMP-dependent
protein kinase, which is homologous to cAMP-dependent protein kinase.
Phosphorylation of specific proteins by cGMP-dependent protein kinase accounts
for some of the physiological effects of NO. Nitrosylation of cysteine thiols in
certain proteins is dynamically regulated and provides an additional effector
mechanism for NO. Cys, cysteine; GC, guanylyl cyclase; NMDA-R, N-methyl-p-
aspartate subtype of glutamate receptor; PKG, cGMP-dependent protein kinase;
CaM, calmodulin. (Adapted from Lodish H et al.,, Molecular Cell Biology, 3rd edition.
pp. 853-924; WH Freeman and Co, New York: 1995.)
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diffuses within a restricted volume across cell membranes, NO
formed in one cell is able to activate guanylyl cyclase in the same
cell as a second messenger (autocrine effect) as well as in
neighboring cells as a transmitter (paracrine effect), but as a free
radical its diffusion is limited by its high chemical reactivity
and short half-life. The chemical reactivity of NO underlies its
recently identified signaling roles not involving guanylyl cyclase
activation. Higher concentrations of NO can result in nitro-
sylation of cysteine residues or nitration of tyrosine residues
in proteins. Protein nitrosylation and nitration exhibit key prop-
erties of physiological transduction mechanisms, including
modulation of substrate function, substrate specificity, and
reversibility by denitrosylase and denitrase enzymes. Nitric
oxide donors (e.g. nitroglycerin, nitroprusside), inhibitors of NO
synthase, and NO itself are providing new approaches to the
management of a number of diseases, including sepsis, ARDS,
pulmonary hypertension, ischemia, and degenerative diseases.

The seven particulate forms of guanylyl cyclase serve as cell
surface receptors for a variety of different peptide ligands,
including the natriuretic peptides (e.g. atrial natriuretic peptide;
ANP). These receptors contain a single transmembrane domain
flanked by an extracellular peptide-binding domain and intra-
cellular guanylyl cyclase and protein kinase-like catalytic
domains. They are activated by ligand binding and are insensitive
to NO. Some forms of particulate guanylyl cyclase are also
sensitive to intracellular Ca?*.

The cellular responses to cGMP are mediated in specific
tissues by regulation of phosphodiesterases (PDE), cyclic
nucleotide-gated ion channels (CNG), and cGMP-dependent
protein kinase (PKG). Of the five families of phosphodi-
esterases, there are cGMP-stimulated, cGMP-inhibited, and
cGMP-specific families. Inhibition of the cGMP-specific isoform
PDE 5 by the popular drugs sildenafil (Viagra), tadalafil (Cialis),
and vardenafil (Levitra) increase cGMP, activate PKG, and result
in vasodilation of the penile vessels and erection. The CNG
channels are voltage-gated cation channels that modulate
membrane potential and are involved in retinal photoreceptor
transduction. cGMP-dependent protein kinase is a serine/
threonine kinase that exists as a soluble dimer of identical
subunits (type I) or a membrane-bound monomer (type II). It is
activated by increases in intracellular cGMP, the formation of
which is catalyzed by guanylyl cyclase. The primary mechanism
of inactivation of PKG is hydrolysis of cGMP by cyclic nucleotide
phosphodiesterase. Each subunit of type I PKG contains a
cGMP-binding domain and a catalytic domain, which is homol-
ogous to cAMP-dependent protein kinase catalytic subunit.
Upon binding of cGMP, a conformational change occurs in the
enzyme that exposes the active catalytic domain; the mechanism
of activation of the type II kinase has not been determined. In
contrast to cAMP-dependent protein kinase, which is present in
similar concentrations in most mammalian tissues, PKG has an
uneven tissue distribution. Relatively high concentrations of the
type I enzyme are found in lung, heart, smooth muscle, platelets,
cerebellum, and intestine; the type II enzyme is widely distrib-
uted in the brain and intestine. In vitro, cGMP-dependent and
cAMP-dependent protein kinases show similar substrate speci-
ficities. Although many physiological substrates for cAMP-
dependent protein kinase have been identified, only a few
specific physiological substrates for PKG have been found. Many
of the phosphorylated targets of the type I enzyme result in
smooth muscle relaxation, and are thus part of the eNOS signal
transduction pathway.
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Calcium and inositol trisphosphate

Along with cAMP, Ca?* controls a wide variety of intracellular
processes. Ca’" entry through Ca®* channels or its release from
intracellular stores triggers hormone and neurotransmitter
secretion, initiates muscle contraction, and activates protein
kinases and many other enzymes. The concentration of free
Ca®* is normally maintained at very low levels in the cytosol
of most cells (<10° M) compared to the extracellular fluid
(=10 M) by a number of homeostatic mechanisms. A Ca?*-
ATPase in the plasma membrane pumps Ca?* from the cytosol
to the cell exterior at the expense of ATP hydrolysis, a Ca®*-
ATPase in the endoplasmic and sarcoplasmic reticulum con-
centrates Ca?" from the cytosol into intracellular storage
organelles, and an Na*/Ca?" exchanger, which is particularly
active in excitable plasma membranes, couples the electrochem-
ical potential of Na* influx to the efflux of Ca’**. The Ca**-
ATPase has a higher affinity for Ca’" and a lower capacity than
the Na*/Ca?* exchanger. Although mitochondria have the
ability to take up and release Ca?*, they are not widely felt to
play a major role in cytosolic Ca?* homeostasis under normal
conditions.

Changes in intracellular free Ca?" concentration can be
induced directly by depolarization-evoked Ca?* entry down its
electrochemical gradient through voltage-gated Ca?* channels
(as in neurons and muscle) and by extracellular signals that
activate Ca’*-permeable ligand-gated ion channels (e.g. the
NMDA receptor), or indirectly by extracellular signals coupled
to the formation of IP; (Fig. 3.8). IP; is formed in response to
a number of extracellular signals that interact with GPCRs
coupled to the activation of phospholipase C (through G, G;).
Phospholipase C hydrolyzes phosphatidylinositol-4,5-bisphosphate
to IP;and diacylglycerol; further degradation of diacylglycerol by
phospholipase A, can result in the release of arachidonic acid. All
three of these receptor-regulated metabolites are important
second messengers. IP5 increases intracellular Ca®>* by binding to
specific IP; receptors on the endoplasmic reticulum which are
coupled to a Ca?* channel that allows Ca?" efflux into the
cytosol. IP; receptors are similar to the Ca’" release channels
(ryanodine receptors) of muscle sarcoplasmic reticulum that
release Ca’" in response to excitation. Ryanodine receptors are
stimulated by elevations of cytosolic free Ca?*, and are respon-
sible for Ca?*-induced Ca®* release, which can lead to Ca®*
waves in some cells. Diacylglycerol remains in the plasma
membrane where it activates protein kinase C, whereas arachi-
donic acid, in addition to its metabolism to biologically active
prostaglandins and leukotrienes, also activates protein kinase C.
The Ca®" signal is terminated by hydrolysis of IP; and by the
rapid reuptake and extrusion of Ca*".

Ca®* carries out its second-messenger functions primarily
after binding to intracellular Ca®*-binding proteins, of which
calmodulin is the most important. Calmodulin is a ubiquitous
multifunctional Ca?*-binding protein, highly conserved between
species, that binds four atoms of Ca’" with high affinity. Ca®*
can also bind to C2 domains found in several proteins (e.g.
protein kinase C, phospholipase A,, synaptotagmin). Most
calmodulin-regulated enzymes appear to be activated by a simi-
lar mechanism. Calmodulin does not usually bind to the enzyme
in the absence of Ca?*; however, in the presence of micromolar
concentrations of Ca’*, calmodulin undergoes a marked con-
formational change, exposing hydrophobic binding sites. The
exposed hydrophobic domain of the Ca**—calmodulin complex
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Regulation of intracellular Ca2+ as a second messenger

Figure 3.8 Regulation of intracellular Ca** as a
second messenger. Ca’*is a divalent cation whose
concentrations are relatively high in the extracellular
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large capacity but a low affinity for Ca**. ER, endoplasmic reticulum; GPCR, G protein-coupled receptor; PLC, phospholipase C; DAG, diacylglycerol. (Adapted from Lodish
H et al,, Molecular Cell Biology, 3rd edition. pp. 853-924; WH Freeman and Co, New York: 1995.)

interacts with a calmodulin-binding domain present in a variety
of effector proteins, including the Ca?"—calmodulin-dependent
protein kinases, which along with protein kinase C mediate
many of the effects of Ca®" in cells. Ca**—calmodulin-dependent
activation of protein kinases was originally observed for phos-
phorylase kinase and myosin light-chain kinase (Chapter 38).
Subsequently, Ca®>"—calmodulin-dependent protein phosphory-
lation was found to be widespread in various tissues. Ca?"—
calmodulin kinases I, II, and IV, myosin light-chain kinase, and
phosphorylase kinase appear to be responsible for most Ca®*—
calmodulin-dependent protein kinase activity. Ca?*—calmodulin
kinase I has a widespread species and tissue distribution, and,
like phosphorylase kinase or myosin light-chain kinase, exhibits
a restricted substrate specificity. In contrast, the isozymes of
Ca*"—calmodulin kinase II exhibit a relatively broad substrate
specificity. This kinase is therefore referred to as the multi-
functional Ca®*—calmodulin-dependent protein kinase.

Protein kinase C (PKC) is a family of serine/threonine
protein kinases that consists of 12 structurally homologous
phospholipid-dependent isoforms with conserved catalytic
domains, but distinguished by their variable N-terminal
regulatory domains and cofactor dependence. PKC is activated
by Ca?*, diacylglycerol, and membrane phospholipid. PKC is a

intracellular receptor for, and is activated by, the tumor-
promoting phorbol esters. The Ca?"-dependent or conventional
isoforms of PKC (cPKC) are components of the phospholipase
C/diacylglycerol signaling pathway. They are regulated by the
lipid second messenger 1,2-diacylglycerol, by phospholipids such
as phosphatidylserine, and by Ca®* through specific interactions
with the regulatory region. Binding of diacylglycerol to the ClI
domain of cPKC isoforms (o, B1, B2, ) increases their affinity
for Ca?* and phosphatidylserine, facilitates PKC translocation
and binding to cell membranes, and increases catalytic activity.
The novel PKC isoforms (nPKC; 3, €, m, 6, 1) are similar to
cPKCs, but lack the C2 domain and do not require Ca?*. The
atypical isoforms (aPKC; {, A) differ considerably in the regula-
tory region, and do not require Ca?* or diacylglycerol for activ-
ity. The cPKC holoenzyme contains a hydrophobic regulatory
domain which interacts with Ca?* and phospholipids (C2), and
with diacylglycerol and phorbol esters (C1). A hydrophilic C-
terminal catalytic domain can be cleaved from the holoenzyme
by proteolysis to yield a fragment that is catalytically active
in the absence of Ca®", diacylglycerol, and phospholipid, illus-
trating the negative modulatory role of the regulatory domain.
PKC has a broad substrate specificity, which differs from those
of both cyclic nucleotide-dependent and Ca?"—calmodulin-
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dependent protein kinases. Additional specificity is provided
by specific targeting subunits that localize activated PKC near
its important substrates, receptors for activated C-kinase or
RACK:s.

Protein kinase C is activated by micromolar concentrations of
Ca®" and membrane phospholipids, of which phosphatidylserine
is the most active. The addition of low concentrations of diacyl-
glycerol increases the affinity of cPKC for Ca?*. cPKC and nPKC
isoforms are activated by an increase in the concentration of
diacylglycerol produced by receptor-stimulated phosphatidyli-
nositol turnover. The activation of the kinase by diacylglycerol,
although dependent on micromolar concentrations of Ca®*, does
not appear to be dependent on increases in intracellular Ca®*.
Tumor-promoting phorbol esters appear to substitute for
diacylglycerol in the activation of PKC. The hydrolysis of phos-
phatidylinositol 4,5-bisphosphate produces diacylglycerol and
IP5, and the latter compound mobilizes Ca* in cells. Activation
of PKC results from the synergistic actions of increases in the
intracellular concentrations of both Ca** and diacylglycerol.
The contributions of each second messenger may vary, however,
depending on the cell type or receptor-mediated event.
Activation of PKC, which is predominantly cytosolic, leads to its
translocation to the plasma membrane, where it undergoes
protease-mediated downregulation in the presence of contin-
uous stimulation. Translocation of PKC may be important in
targeting the enzyme to specific substrates and cellular
compartments.

Protein phosphatases

The phosphorylation of specific sites on proteins is transient and
regulated by protein phosphatases, which remove the phosphate
groups transferred by protein kinases (Fig. 3.6). Protein phos-
phatases exhibit distinct substrate specificities and are tightly
regulated; regulation of both protein phosphorylation and
dephosphorylation increases the complexity and flexibility of
this regulatory mechanism. The protein phosphatases involved
in the dephosphorylation of most of the known proteins phos-
phorylated on serine or threonine residues are accounted for by
four groups of enzymes: type 1 protein phosphatases (protein
phosphatases-1) and type 2 protein phosphatases (protein
phosphatases-2A, -2B, and -2C). Protein phosphatases-1, -2A,
and -2B share homologous catalytic subunits, and are complexed
with one or more regulatory subunits. Protein phosphatase-2C
is distinct and relatively minor in most tissues. Protein
phosphatases-1, -2A, and -2C all exhibit relatively broad sub-
strate specificities, whereas that of protein phosphatase-2B
appears to be more restricted. Multiple forms of both cytosolic
and membrane-bound (receptor) phosphotyrosine-protein
phosphatases exist which are distinct from the phosphoserine/
phosphothreonine-protein phosphatases.

Protein phosphatases, like protein kinases, are under tight
physiological regulation. Protein phosphatase-2B (also known as
calcineurin), is activated by Ca*" plus calmodulin. Calcineurin
is a target for inhibition by cyclosporin A and FK506 used in
transplant therapy and autoimmune disorders, and has been
implicated as a schizophrenia susceptibility gene. Protein
phosphatase-1 is regulated indirectly by cAMP, which stimulates
the phosphorylation and activation of two potent and specific
inhibitor proteins (DARPP-32 and phosphatase inhibitor-1).
This provides a positive feedback mechanism for amplifying the
effects of cAMP, and a mechanism for cAMP to modulate the
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phosphorylation state of substrate proteins for protein kinases
other than PKA. Protein phosphatase-1 is also regulated by its
interaction with regulatory subunits. A complex of protein
phosphatase-1 with phosphatase inhibitor-2 (together known
as the Mg?"/ATP-dependent protein phosphatase, or PP1)) is
inactive in its basal state, but is activated by phosphorylation.
Tissue-specific targeting subunits also localize protein phosphatase-
1 to important subcellular sites of action in many tissues.

EMERGING SIGNALING MECHANISMS

The rich diversity of cell signaling mechanisms is apparent in the
classic pathways identified in the past 50 years, but funda-
mentally novel mechanisms with important physiological roles
continue to be identified.

Ubiquitination

Post-translational modification of proteins to alter their function,
activity, or localization typically involves the addition and
removal of small molecules, for example by phosphorylation,
methylation, nitrosylation, etc. Conjugation of the conserved 76
amino acid residue protein ubiquitin via its C-terminal glycine
residue to specific lysine residues in proteins (ubiquitination)
was well recognized for its role in targeting proteins for degra-
dation by the 26S proteasome. Ubiquitination involves a cycle of
reactions: after cleavage of the ubiquitin precursor, ubiquitin is
adenylated by ATP and linked to an activating enzyme (E1)
through a high-energy thioester bond, passed to a conjugating
enzyme (E2), and then attached to a substrate protein by a
ubiquitin-protein ligase (E3). Polyubiquitination of diverse pro-
teins marks them for degradation by the 26S proteasome, a
remarkable protein machine that catalyzes ATP-dependent pro-
tein unfolding and proteolysis. The ubiquitin—proteasome
system is the principal mechanism for the turnover of short-
lived proteins; an example is the periodic degradation of cyclin
activators and inhibitors of cyclin-dependent kinases during
progression of the cell cycle.

Recent findings indicate that mono-ubiquitination can func-
tion as a reversible nonproteolytic modification that controls
protein function in endocytic trafficking, retroviral budding,
and transcriptional regulation by histone modification. Several
ubiquitin-binding domains function to recognize this protein
modification to facilitate protein—protein interactions, similar to
SH2 domain- phosphotyrosine residue interactions. Mono-
ubiquitination is highly regulated, often at the level of the E3
ligase, and reversible by de-ubiquitinating enzymes, hallmarks of
physiological signaling pathways. A number of ubiquitin-like
modifiers have also been discovered, with mechanistic parallels
to the ubiquitin pathway but distinct cellular functions. For
example, SUMO (small ubiquitin-related modifier) is reversibly
conjugated to specific proteins, including a number of signaling
molecules. Sumoylation is involved exclusively in nonproteolytic
signaling functions, including the regulation of transcription
factors, signaling pathways, and chromosome function.

Proteolytic pathways

Proteases are usually perceived as degradative enzymes that
break down proteins for the purposes of elimination. However,
proteases can act as exquisite control switches for many pivotal
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cellular processes, such as embryonic development, immune
response, and wound healing. Proteases play important role in a
number of signaling cascades, including ubiquitin-targeted pro-
tein degradation by the proteasome (above), blood coagulation
(Chapter 53), and apoptosis (Chapter 2). Extracellular proteases
are involved in the maturation, processing, and degradation of
many peptides and proteins. For example, angiotensin-converting
enzyme (ACE) is a protease involved in blood pressure regu-
lation that catalyzes the conversion of angiotensin I into angiotensin
IT and the inactivation of bradykinin, leading to vasoconstriction,
a target for the clinically important ACE inhibitors. Recently
proteases have been found to activate cell surface receptors,
either directly or indirectly, to initiate intracellular signaling
cascades. Protease activated receptors (PARs) are G protein-
coupled receptors that are activated by protease cleavage of an
extracellular domain that unmasks a self-activating ligand that
interacts with the receptor. For example, thrombin cleaves PARs
on the platelet and the endothelial cell membrane to regulate
their responses to coagulation. A distinct protease-mediated
signaling event involves regulated intramembrane proteolysis
(RIP), in which sequential proteolysis first outside the mem-
brane (by a metalloprotease of the ADAM family) is followed by
a second cut inside the membrane (by a y-secretase) to release a
peptide messenger cleaved from the receptor itself. These
messengers can act as transcription factors, mRNA-binding pro-
teins, or modulators of other signaling pathways. For example,
Notch, a transmembrane receptor critical during development,
is activated by two successive proteolytic cuts following inter-
action with its ligand; the resulting intracellular peptide frag-
ment translocates to the nucleus, where it modulates gene
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GENERAL PRINCIPLES

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
comprise a cell signaling system that defies the death of an
organism, if not the extinction of a species. Not only are the
nucleic acids responsible for coordinating the cellular mech-
anisms that underlie growth, development, disease, and senes-
cence, but also their biochemical morphology enables successful

adaptations to be communicated to an organism’s progeny. To
fulfill these diverse roles, nucleic acids are forever suspended in
tension between the demands of error-free replication and those
for the continuous variation required to fuel selection. Too much
or too little stability in regions of an individual’s DNA sequence
that are unique, or in those that are shared with other indi-
viduals, entails identical lethal consequences.

It is now possible to measure with precision the extent of
variation between creatures, from the identity of whole organ-
ism clones to that of phylogenetic ancestors long extinct.
Moreover, we have the capacity to introduce variation, to enable
better understanding of the mysteries of anesthesia, or to ame-
liorate pain. Described below are the fundamental concepts
and tools of nucleic acid investigations (molecular biology).
Inevitably, these principles and techniques will improve many
areas of anesthetic practice, including presymptomatic diagnosis
(malignant hyperthermia, plasma cholinesterase deficiency), anes-
thetic genotoxicology (compound A), workplace safety (nitrous
oxide, viral pathogens), and therapeutic interventions (xenogenic
organs, recombinant proteins, gene therapy for pain). As nucleic
acids are involved in virtually all cellular processes, the same set
of tools can be used to address questions of outwardly unrelated
origin. Although the vernacular of molecular biology is huge
and daunting, the underlying notions are usually simple and
concrete, reflecting the parsimony that unites nucleic acid struc-
ture with function.

CLASSIC VERSUS MOLECULAR GENETICS

With the advent of contemporary molecular biology, the defi-
nition of a gene has shifted from abstract units of inheritance of
specific traits to the correspondence of DNA sequence with
expressed proteins and RNA. Nevertheless, an explicit distinc-
tion between the genotype and phenotype of an organism has
been preserved. The genotype, or genetic constitution, of an
organism can be described with extraordinary precision, and
differences between species, populations, individuals, and even
cells within the same individual can be compared. Conversely,
the phenotype, or characteristics that result from the interaction
of an organism’s genotype and its environment, is much more
indefinite. The perceived phenotype is largely a function of how
well the investigator is able to observe (e.g. how accurate is the
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in vitro halothane contracture test used to phenotype malignant
hyperthermia susceptibility?) and categorize biologic phenom-
ena (e.g. how is the state of anesthesia defined?). The net result
is that mapping phenotypic observations of interest to concrete
DNA sequences inevitably risks confusing biochemical with
semantic logic.

With the exceptions of sex chromosomes and mitochondrial
DNA (which is inherited only from the mother), the human
genome is diploid, with each gene present twice at a given
chromosomal locus. Mitosis is the process of DNA replication in
cell division that generates new diploid cells for development
and replacement. Meiosis is DNA replication in the testis and
ovary that results in the creation of haploid sperm and egg cells.
The copy at one locus of a matched pair of chromosomes is
inherited from the mother, and that of the other from the father.
Each copy of a gene at a specific locus is called an allele. An
organism that carries two unaltered, normal alleles is wild type.
An altered allele is mutant. When a specific allele at a particular
genetic locus is both necessary and sufficient for a trait to be
expressed, given an otherwise normal genetic and environmental
background, the trait (not the gene) is said to be inherited in a
mendelian fashion. Authentic mendelian traits are dominant if
detectable in the heterozygote with a single copy of the allele,
and recessive if two copies of the allele in the homozygote are
needed for detection. Alleles at the level of the genotype (i.e. in
reading actual DNA sequence) are codominant, as both may be
discerned unambiguously without reference to an expressed
trait. In some conditions the heterozygote may have an inter-
mediate phenotype, which is then referred to as semidominant.
Pathologic and nonpathologic human mendelian traits are
recognized and cataloged, each with a six-digit call number, in
Online Mendelian Inheritance in Man (OMIM), with weekly
updates on the Internet (http://www3.ncbi.nlm.nih.gov/Omim).

Mendelian single-gene traits are the exception rather than
the rule.

Mendelian traits are inherited in patterns (e.g. autosomal
dominant) that may often reflect more of an informed guess
than an actual genetic mechanism. An outwardly identical trait
may be caused by mutations in different genes (locus
heterogeneity), or by distinct mutations in the same gene (allelic
heterogeneity). Furthermore, different mutations in the same
gene may give rise to apparently unrelated phenotypes. A basic
mendelian pattern may be disguised by pleiotropic alleles
(widespread and divergent effects of the genotype), the pre-
sence of phenocopies (phenotypes produced by environmental
factors and masquerading as genetic traits), incomplete pene-
trance (the probability that an individual who has the genotype
manifests the phenotype), and variable expressivity (the geno-
type gives rise to different phenotypes in related individuals).
For a trait with high penetrance and variable expressivity, each
affected individual manifests the genotype, but in different ways.
A trait with reduced penetrance and limited expressivity is iden-
tical in all affected individuals, but some who have the genotype
may show no sign of the trait. Because the human genome is
complex and outbred, and because environmental factors vary
enormously between individuals, truly mendelian single-gene
traits are the exception rather than the rule. Mutant alleles at
several (oligogenic inheritance) or many (polygenic inheritance)
loci, with greater or lesser contributions from genetic interac-
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tions (epistasis) and environmental factors (multifactorial inheri-
tance), are required to account for most human phenotypes.

DNA STRUCTURE, REPLICATION,
AND REPAIR

Although Avery had established DNA as the carrier of genetic
information by 1944, its structure was not elucidated until
1952. Ten years elapsed before the molecular mechanisms that
underlie DNA self-replication and protein assembly were corre-
lated with its structure. Both DNA and RNA are composed of
linked sequences of nucleotides, each consisting of a base, a five-
carbon sugar (pentose), and a phosphate group. Two classes of
base are used: pyrimidines (cytosine (C), thymine (T) in DNA,
and uracil (U), which substitutes for T in RNA) and purines
(adenine (A) and guanine (G)) (Fig. 4.1). The covalent addition
of a pentose to Ny of a pyrimidine or Ny of a purine creates
the nucleosides (one base plus one sugar) cytidine, thymidine,
uridine, adenosine, and guanosine. The difference between ribose
(RNA) and deoxyribose (DNA) is the hydroxyl group at the 2’
position of the sugar (Chapter 1). A phosphate group is added to
the 5" position to form the cytidylic (C), thymidylic (T), uridylic
(U), adenylic (A), and guanylic (G) acid nucleotides (one nucleo-
side plus one, two, or three phosphate groups) that constitute
the basic repeat units of nucleic acids.

Nucleotides that form the nucleic acid chain are connected
by a covalent phosphodiester bond between the 5" and 3’
positions of adjacent sugar rings. Each nucleic acid chain begins
with a free 5" phosphate, and terminates with a free hydroxy
group at the 3’ position. The designations 5" (upstream) and 3’
(downstream) serve as a shorthand to orient relative position
along the DNA and RNA linear sequence. Double-stranded DNA
takes the shape of an antiparallel helix of two polynucleotide
chains. The phosphate groups confer a net negative charge to the
outside of the nucleic acid helix. Like rungs of a ladder, the bases
point inward and are joined such that the distance between the
two phosphorylated sugar backbones remains constant. This
results from the regular pairing of one purine with one pyrimi-
dine, either A with T bound by two hydrogen bonds, or G with
C linked by three hydrogen bonds. The capacity of these non-
covalent hydrogen bonds to break and reform under physiologic
conditions is of crucial importance in nucleic acid function.

The A-T and G-C dyads are referred to as base pairs (bp)
and represent the basic unit of distance along the nucleic acid
molecule (e.g. a kilobase (kb) equals 10° bp, a megabase (Mb)
equals 10 bp]. Because a given purine only binds with a specific
pyrimidine, one strand of DNA is complementary to the other,
which permits the reproduction of DNA, with one strand
serving as a template for synthesis of its companion. Partner
strands of the helix are oriented in an antiparallel direction, with
the sense strand running from 5’ to 3’ and the complementary
antisense strand from 3’ to 5. Synthesis of new DNA molecules
during replication proceeds in the 5" to 3" direction. The enzyme
helicase first unwinds the double strand, which allows each
single strand to serve as a template for the synthesis of an
identical daughter strand catalyzed by DNA polymerase.

Each of the daughter DNA duplexes contains one parental
strand and one newly synthesized strand. As the two parental
strands are antiparallel in orientation only, the leading strand is
continuously synthesized 5 to 3’ from the origin of replication.
The second lagging strand is assembled in small 5 to 3’ fragments,
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Figure 4.1 DNA structure and replication. The
DNA strands in the ‘double helix' consist of a
deoxyribose sugar backbone held together by
phosphodiester bonds. The two chains, which runin
opposite (antiparallel) directions, are linked by either
two (A-T) or three (G-C) hydrogen bonds between
complementary purine and pyrimidine base pairs.
During replication the strands unwind and separate,
such that each is able to serve as a template for the
synthesis of a new complementary, antiparallel
daughter strand using DNA polymerase. Each
daughter duplex contains one parental and one
new DNA strand that is identical in sequence and
structure to the parental duplex.
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which are covalently joined by DNA ligase. About 8 hours is
required for complete DNA replication in cultured human cells.
Most errors that occur during DNA replication are corrected by
DNA repair enzymes (glycosylase, phosphodiesterase, helicase),
which continuously scan the DNA sequence to detect and
replace damaged nucleotides. Two major repair pathways, single-
base excision and polynucleotide excision (the latter for larger
lesions up to 30 bp), recognize and remove most changes in the
DNA duplex. Alterations of fewer than 20 bp/year arise in a
mammalian germline cell with a genome size over 3000 Mb.

RNA STRUCTURE, TRANSCRIPTION,
TRANSCRIPTIONAL REGULATION,
TRANSLATION, AND THE GENETIC CODE

The replacement of T with U and ribose for deoxyribose makes
RNA chemically less stable than DNA. The single-stranded RNA
polynucleotide chain is able to adopt secondary structures of
functional significance. Three kinds of RNA, each synthesized by
a different RNA polymerase, are present in the cell. The first
step by which the genetic information encoded by DNA is
converted to protein assembly is transcription, whereby a single
strand of messenger RNA (mRNA) is assembled from 5’ to 3" in
the cell nucleus, to be identical in sequence with its sense DNA
strand (Fig. 4.2).

In subsequent steps in the cytoplasm, mRNA serves as a
template for the synthesis of amino acids into proteins
(translation). Most (up to 99%) RNA in the cell is ribosomal (or
rRNA), which does not code for proteins. Ribosomes that com-
prise tfRNA and specific protein constituents are the active sites
of translation, and contain binding sites for the interacting
molecules necessary for initiation, elongation, and termination of
peptide chains. Twenty distinct transfer RNA (tRNA) molecules
in cloverleaf conformations participate in translation by recog-
nition and aminoacyl-tRNA synthetase-mediated covalent
binding of a specific amino acid to an acceptor arm. Codons
are mRNA triplets, each of which encodes a single amino acid
(Fig. 4.3).

Of the 64 possible codons (4% combinations of nucleotides),
20 amino acids are designated. Thus, the genetic code is degen-
erate or redundant (i.e. several different codons may designate
the same amino acid). A loop within another arm of each tRNA
carries an anticodon nucleotide triplet complementary to an
mRNA codon, which assures an orderly assembly of the nascent
polypeptide chain in procession from the amino terminus to the
carboxy terminus of the peptide corresponding to the 5" to 3’
orientation of the DNA sequence. Successive amino acids are
incorporated in the growing chain by peptide bonds created by a
condensation reaction between the amino group of the incoming
amino acid and the carboxyl group of the preceding amino acid
(Chapter 1). Translation is begun at the initiation codon AUG,
which encodes the amino acid methionine. Three codons (UAA,
UAG, UGA) do not signify an amino acid, but are ‘nonsense
codons’ that terminate translation at the 3’ end of the open
reading frame. As a result of the triplet code, each stretch of
DNA and the corresponding transcribed RNA contains three
potential translation frames. The open reading frame is that
string of codons flanked on the 5" end by an initiation codon, and
on the 3’ end by a termination codon. It is therefore possible to
infer DNA or RNA sequence one from the other, if either is
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known. Peptide translation products commonly undergo a
variety of post-translational modifications that involve chemical
(e.g. hydroxylation, phosphorylation) and side-chain (e.g.
glycosylation) alterations, as well as cleavage of precursors to
mature proteins.

For biochemical purposes, a gene is defined as a segment of
DNA responsible for the production of one or more related
polypeptide chains or structural RNA molecules. The gene or,
more accurately, the transcription unit is a sequence of DNA
that can be transcribed into a single mRNA, tRNA, or rRNA
using a specific RNA polymerase. Included in the transcription
unit are regions that precede (proximal promoter) and follow
(distal terminator) the coding sequence. Upstream promoter
sequences (e.g. a TATA box 25 bp 5" from a transcriptional start
site) serve to bind various transcription factors (TFs), positioning
and activating RNA polymerase to begin transcription. The TFs
are referred to as trans-acting because they themselves are the
products of genes located elsewhere in the genome, and move to
their specific cis-acting sites of action upstream of a gene about
to undergo transcription. Genes with expression regulated by
external factors, including hormones or internal signaling mole-
cules (e.g. cyclic adenosine monophosphate (cAMP)), are
preceded by response elements capable of binding the signaling
factor. Transcription is further stimulated by cis-acting elements
(enhancers) for sequence-specific regulatory proteins that func-
tion independently of orientation and proximity to the coding
sequence and are responsible for tissue-specific and develop-
mental regulation of the ~30 000 genes per cell which are
differentially expressed along 40 Mb of sequence.

A gene is a segment of DNA that encodes one or more
related polypeptide or structural RNA molecules.

The activation of gene expression is complex and involves
the state of DNA methylation (which represses transcription),
modification of chromatin-associated histone proteins, and the
state and stage of the cell in its cycle. The heteronuclear RNA
transcript is processed shortly after transcription to mRNA
with the addition of a 5" cap (guanosine), a substrate for methy-
lation that contributes to the efficiency of mRNA transport to
the cytoplasm, and splicing to facilitate translation. Most genes
have 5’ leader and 3’ trailer untranslated sequences added after
the initiation of transcription. At the 3’ terminus, an untrans-
lated poly(A) tail of 150-200 A nucleotides is added after an
endonucleic cleavage of about 20 bases 3’ to an AAUAAA RNA
sequence. This poly(A) tail may stabilize the mRNA transcript
in the cytoplasm, and assist transport and translation.

GENE STRUCTURE, RNA PROCESSING, AND
GENOMIC AND COMPLEMENTARY DNA

The majority of mRNA transcripts are interrupted by large
segments of intervening sequences, or introns, which are even-
tually edited out to leave only the coding sequences or exons
linked together. Noncoding intron sequences, which contain
defective copies of functional genes (pseudogenes and gene
fragments) and repetitive noncoding DNA, are highly poly-
morphic as they are not subject to the same selective pressure
as exons. On average, a polymorphic allele is detected once
in 10° bp of human exon sequence, and intron polymorphisms
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Figure 4.2 Gene structure, transcription, and translation. Information transfer between nucleotide sequence and protein synthesis begins with transcription of DNA
into complementary mRNA. This step is catalyzed by RNA polymerase and coordinated by a variety of cis-acting enhancers and promoters and trans-acting transcription
factors (TF). Within the cell nucleus the mRNA transcript is edited to remove noncoding regions and splice exon segments (1-3 above) together. Processing of RNA is
completed with 5’-capping and 3’-polyadenylation prior to transport to cytoplasmic ribosomes for translation into peptide chains. The genetic code is deciphered from
5’ to 3" at the ribosome, which corresponds to the assembly of the protein from the amino to the carboxy terminus, by codon—anticodon recognition between the mRNA
transcript and tRNAs specific for each amino acid. Further modifications of the gene product take place after translation, so that the protein can play its enzymatic or
structural role in the cell. Ala, alanine; Asp, aspartic acid; GIn, glutamine; Tyr, tyrosine; Val, valine.
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The genetic code

O First base
O Second base
O Third base

Figure 4.3 The genetic code. Codons composed of three nucleotides are
translated into amino acids according to the rules shown, with the first, second,
and third positions chosen from the inner to outermost circles, respectively. Arg,
arginine; Asn, asparagine; Cys, cysteine; Glu, glutamic acid; Gly, glycine; His,
histidine; lle, isoleucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro,
proline; Ser, serine; Thr, threonine; Trp, tryptophan.

appear once in 10% bp. The functional roles of introns are
unclear, but it is speculated that they may act as TF binding sites
and regions of spontaneous recombination. Splicing occurs at
consensus sequences of splice donor and acceptor junctions, and
results in the formation of a spliceosome, a large particulate
complex made up of nuclear ribonucleoprotein particles (RNPs)
and small nuclear RNPs, Ul and U2. Alternative patterns of
splicing from the same heteronuclear RNA can lead to mRNAs
that encode different proteins by exon shuffling.

Most mRNA transcripts consist of coding exons separated
by noncoding introns, which are removed by splicing.

Genomic DNA is isolated from eukaryotic cells and contains
both introns and exons. In addition to the elements described
above, genomic DNA represents all of the boundaries between
introns and exons, together with all of the internal noncoding
sequences. Complementary DNA (¢cDNA) is synthesized in vitro
from mRNA transcripts isolated from tissues that express the
genes of interest. The synthesis of cDNA employs the enzyme
reverse transcriptase, which (like other DNA polymerases) uses
a template sequence, a primer (usually oligodeoxythymidylic
acid (oligo(dT)) annealing to the mRNA poly(A) tail), and the
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four deoxynucleotide triphosphates (dNTPs). Unlike other
DNA polymerases, reverse transcriptase is able to use RNA as a
template for synthesis, creating a cDNA molecule that corre-
sponds to the edited open reading frame.

IN VITRO MOLECULAR BIOLOGY

The cellular mechanisms required for nucleotide segregation,
lengthwise and end-to-end cleavage, sorting, recognition, editing,
and replication have been elucidated by virtue of their conser-
vation in widely divergent organisms, including prokaryotes
(bacteria) and eukaryotes (yeast, mammalian cells). To detect
variations in DNA sequence directly, and to correlate them with
variations between cells, individuals, families, and species, tools
were needed to repeat these processes in vitro. A revolution in
human biology was heralded by the discovery and availability of
restriction endonucleases (1962), DNA ligases (1967), vectors
(1973), DNA sequencing (1977), and the polymerase chain
reaction (PCR) (1984).

Chromosome sorting, nucleotide isolation,
and cleavage

The complement of human chromosomes consists of 22 homol-
ogous pairs of autosomes, numbered by convention from the
largest (1) to the smallest (22), and one pair of sex chromo-
somes. Together, the human genome consists of 3 000 000 000
base pairs (Fig. 4.4). During the mitotic interphase, chromo-
somes are decondensed and invisible to light microscopy. The
use of agents to halt the cell cycle at metaphase permits the visu-
alization of chromosomes, each of which reveals unique banding
patterns when stained with appropriate reagents. Together with
the size and position of the centromere, chromosome banding
enables accurate differentiation of the autosomes. The repre-
sentation of the entire set of banded chromosomes is a karyo-
gram. Alterations of chromosomal structure that arise during
meiotic crossover may result in duplications, deletions, or trans-
locations up to 4 Mb, which are apparent on the karyogram.
These and other large abnormalities of genetic material (aber-
rations in chromosomal number, e.g. triploidy, or structure, e.g.
chromosome rings, inversions), when associated with specific
clinical syndromes, may provide important clues to the sublo-
calization of genes.

The extraction of genomic DNA of high molecular weight
from cells is simple. If it is of sufficient molecular weight, the
DNA may be spooled on to a glass rod. In fact, the main diffi-
culty in working with genomic DNA from eukaryotic cells in
bulk is its viscosity and susceptibility to shearing forces. Much
more challenging is the isolation of RNA. Ubiquitous tissue
ribonucleases are hardy and can even survive autoclaving.

The human genome consists of 3 000 000 000 base pairs in
46 chromosomes encoding about 30 000 genes.

Endonucleases are enzymes that cleave phosphodiester bonds
within a nucleic acid chain. Restriction enzymes are a class of
endonuclease that recognize short sequences of double-stranded
DNA and cleave at or near a recognition sequence (Fig. 4.5).
Selection from a catalog of restriction endonucleases, each with
known recognition-specific sequences, enables the segregation of
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Figure 4.4 Genetic distances. (£. coli, Escherichia coli; S. cerevisiae, Saccharomyces
cerevisiae; C. elegans, Caenorhabditis elegans; A. thaliana, Arabidopsis thaliana.)

DNA fragments by size, based on the estimated frequency of the
recognition site. Smaller fragments are generated by digestion
with frequent cutters, whereas larger fragments are produced by
rare cutters with longer and less frequently encountered recog-
nition sites. The resultant fragments may have either blunt or
sticky ends — the overhangs of the latter are especially useful for
the ligation of DNA from dissimilar sources. The number and
arrangement of restriction sites can be assembled into a restric-
tion map of a particular DNA sequence or even a whole genome.

Detection of restriction fragment length polymorphisms
(RFLPs) was the first technique developed that used DNA
sequence as a marker for the presence of mutant alleles in genes.
An RFLP is a specific DNA fragment resulting from restriction
endonuclease digestion of DNA, which differs in length between
two alleles of the same gene in an individual, or between two
individuals. The difference resides in the presence or absence of
the specific cleavage site required by the enzyme, which may
depend on a single base-pair change. In the presence of the site,
two smaller fragments are generated after digestion. In its
absence, only a single larger fragment results. The polymorphism
is represented by the lengths of the fragments, which are easily
measured.

Nucleotide separation

Fragments of DNA that arise from restriction endonuclease
digestion are separated according to size on agarose or poly-
acrylamide gels. As a result of their phosphate groups, DNA
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Figure 4.5 Restriction enzyme cleavage and genetic polymorphism. A
molecule of DNA contains many short nucleotide sequences recognized by
restriction endonucleases that bind and cut the DNA duplex at that site (e.g. the
enzyme EcoRl cleaves wherever it encounters the sequence GAATTC, to leave
staggered ‘sticky’ ends). The presence or absence of the recognition site can be
inferred by the size of fragments separated by gel electrophoresis after enzymatic
digestion. Unambiguous ordering of fragment sizes is used to discriminate
chromosomal regions inherited from either parent (i.e. genetic ‘markers’). In the
example shown, a single digest of a 10 kb fragment is sufficient to detect each
homozygote (A and B) from the heterozygote in which all four possible
configurations are represented.

fragments are negatively charged and are therefore repelled from
the negative electrode toward the positive electrode as they
sieve through a porous gel. Smaller fragments move faster.
Agarose gel can separate DNA fragments that range in size from
100 bp to 25 kb. Pulse-field gel electrophoresis enables the
separation of very large fragments of DNA up to several Mb
using alternating current in two different directions.

Nucleotide visualization

Ethidium bromide binds DNA by intercalating between base
pairs, which causes the DNA helix to partially unwind.
Deoxyribonucleic acid bands in gels stained with ethidium are
fluorescent on exposure to ultraviolet light. Silver staining for
small fragments in polyacrylamide gels and radiolabeling
fragments prior to gel separation are alternative strategies for
tracking the presence of a DNA sequence of interest. Although
these approaches can indicate the presence of DNA, none can
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disclose the base-pair composition of the DNA fragment that
has been isolated. For this, probe-based tactics are necessary.

Nucleotide probes

A probe is any single-stranded nucleic acid of known compo-
sition that can be labeled with a marker and hybridized (bound)
to an unknown target nucleic acid on the basis of base com-
plementarity. Labeled nucleic acid probes allow investigators to
interrogate genetic material in solution, fixed on a filter, sepa-
rated in an electrophoretic gel, or on a histologic section. Nucleic
acid probes can be used to detect a single nucleotide species
from thousands of messages of varying abundance. Such DNA
probes may be 15-50 bp oligonucleotides synthesized on the
basis of prior knowledge of the DNA target, PCR (see below)
products (<15 kb), or full-length genomic or cDNA inserts
(0.1-300 kb) cloned from libraries and isolated by cell-based
cloning (see below). When no DNA sequence is available but the
protein sequence is known, the DNA sequence can be deduced
from the genetic code, and an array of degenerate synthetic
oligomer nucleotides synthesized to represent all possible codon
combinations. A variety of methods (nick translation, kinasing,
random primer, RNA transcription) have been devised to incor-
porate nucleotide precursors with radionuclide (*P, 3H, or 3°S)
tags. After hybridization to radiolabeled probes and washing, the
filter is exposed to a film with autoradiographic emulsion. The
resultant autoradiograph reveals the pattern of hybridization.
Nonradioactive methods use nonisotopic adducts (biotin-labeled
probes incubated with colorimetric streptavidin or fluorescent

dyes).

In vitro hybridization, and Southern, Northern,
and Western blotting

Sequences of DNA may be specifically identified by binding or
molecular hybridization, which is the formation of a duplex
between two complementary nucleotide sequences. All
nucleotide hybridization tests are based on the fact that two
antiparallel single-stranded nucleic acid molecules recognize one
another and bind on the basis of hydrogen bonding (e.g.
DNA:DNA, DNA:RNA, and RNA:RNA). The probability of
hybridization depends on the free energy available for the for-
mation of a particular structure, and is the sum of the individual
base-pairing reactions involved. The total number of comple-
mentary bases in the two sequences is a major factor in
determining the ability to form a stable hybrid, but the base-pair
composition also plays a role. Multiple G-C pairings with three
hydrogen bonds form a more stable duplex than A-T-rich (with
two hydrogen bonds) structures.

The interaction between duplex strands of nucleic acid is
strongly temperature dependent. Duplex stability is measured
by the melting temperature, defined as the temperature that
corresponds to the midpoint in observed transition from the
double-stranded to the single-stranded form. The transition is
easily assayed by measuring optical density as the mixture is
gradually heated. Besides homology indexed by the percentage
of mismatches between probe and target, hybrid formation is a
function of the mole percentage of G-C pairs in the probe,
probe length, salt and nucleic acid concentration, the degree of
reannealing of the probe to itself, and the presence of other
denaturing agents (e.g. formamide). Manipulation of these vari-
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ables helps to determine the specificity (stringency) of condi-
tions that favor duplex formation. Duplexes formed when the
two strands have a high degree of base homology withstand high
stringency conditions (e.g. high temperature, low salt, high
formamide) better than duplexes of lesser homology. In certain
applications highly stringent conditions may be desired, whereas
relaxed conditions, which allow imperfect duplex formation in
the presence of mismatched nucleotide pairs, may be useful
early on in gene searches (e.g. using a gene sequence from one
species as a probe to identify homologs in a genomic DNA
library (see below) derived from a second species). In most
hybridization experiments the labeled probe is bound to its
complementary target, excess probe is washed away, and the
specifically bound residual is detected. A common application
of hybridization technologies is filter hybridization, in which
denatured (single-stranded) DNA or RNA is immobilized on an
inert support such that self-annealing is prevented, but the
bound sequences are accessible for hybridization with a labeled
nucleic acid probe.

In Southern blotting, DNA from any source is extracted,
purified, fragmented with restriction endonucleases, and size-
separated on an agarose gel (Fig. 4.6). The gel contents are
transferred or ‘blotted’ on to a solid-support nitrocellulose or
nylon filter. The flow of buffer by capillary action causes dena-
tured DNA fragments to pass out of the gel on to the filter
paper, with preservation of their relative positions. The DNA is
hybridized with a complementary labeled single-stranded DNA
nucleic acid probe and the nonspecifically bound excess probe is
discarded. Thus, a restriction map of a particular DNA sequence
is generated by digestion with a panel of restriction enzymes.
Deoxyribonucleic acid fingerprinting using multilocus patterns
that represent the summed contribution of two alleles at many
variable loci throughout the genome enables unequivocal
distinction between any two individuals who are not identical
twins.

Laser scanning for evidence of hybridization of sample cDNA
to oligonucleotide probes representing thousands of genes fixed
to glass chip microarrays enables simultaneous screening of
thousands of alleles. This technology potentially identifies any
genotype of interest to perioperative caregivers within several
hours. Adaptation of these methods to ascertain patterns of gene
expression by organ, cell, subcellular structure, or pathologic
process yields insights into the components of complex events.

Probes representing thousands of genes fixed to glass chip
microarrays enables simultaneous screening of thousands
of alleles.

Northern blotting is the RNA counterpart of Southern
blotting, and may be useful for the estimation of the steady-state
level of specific mRNA transcription, or expression pattern, at
the time of extraction from the tissue. It is also valuable in
the detection of transcripts of differing sizes (alternate splice
variants), and may indicate the presence of promoters, splice
sites, or untranslated segments not apparent on Southern
blotting of genomic DNA. Western blotting employs the same
matrix and detection formats, but the targets are proteins and
the labeled probes are antibodies.



In vitro molecular biology

Southern blotting

> >

DNA from A DNA from B

~ Restriction Restriction ¢
enzyme enzyme
— High mol. wt
B
Agarose gel

N + Low mol. wt
electrophoresis

¢

Denature in alkali to single strands

Dry paper towels
Weight

Agarose gel Nitrocellulose filter

Sponge Buffer

Southern blotting and transfer
Bake

B
A
Nitrocellulose filter

Hybridize with 32P—labelled probe
Hybridization mix incubation

Wash excess probe and expose
to X-ray film

A B

Autoradiogram

Figure 4.6 Southern blotting. Deoxyribonucleic acid samples are digested by
a restriction endonuclease and fractionated by size on agarose gel by elec-
trophoresis. The positions of DNA fragments complementary to the probe are
detected as bands on the developed autoradiogram.

In situ hybridization

In situ hybridization, the technique of hybridization applied to
cells, reveals the tissue or cellular distribution of nucleic acid
sequences. Both the cellular localization of a specific DNA or
RNA sequence (tissue in situ hybridization) and the chromo-
somal assignment (chromosomal in situ hybridization) of a probe
can be established. Other than choosing between DNA and RNA
targets, differences between in situ hybridization protocols
center on maintaining tissue morphology while rendering the
tissue permeable to the probe without losing the target. The
sensitivity of in situ hybridization relies on the fraction of target
in the tissue that is accessible for hybridization, the mass of

probe relative to the target (saturation), and the specific activity
of the probe. Noise in the hybridization reaction correlates with
the extent to which the probe is able to bind nonspecifically to
the background. The specificity of hybridization is controlled by
the sequence and stringency conditions, and can be measured
using other probes (e.g. those that bind to the poly(A) tails of
most mRNA species) as controls.

Nucleotide propagation: cell-based cloning,
nucleotide libraries

Because a particular fragment of DNA may represent only a
small fraction of the DNA in a cell, techniques are required to
selectively amplify and purify the sequence of interest before its
structure and function can be investigated (i.e. by sequencing or
in vitro expression). Cell-based cloning is an in vivo technique in
which foreign DNA fragments are attached to DNA sequences
capable of independent replication, which are then propagated
in suitable host cells. Recombinant DNA refers to novel hybrid
DNA molecules constructed from DNA sources that cannot
occur naturally. Vectors are DNA molecules capable of continu-
ing a usual lifecycle after the insertion of foreign DNA. A vector
with a foreign recombinant DNA insert capable of replication
in bacteria represents a recombinant DNA clone. Cloning of
recombinant DNA in bacteria allows the production of large
amounts of the inserted fragment. The common property of all
vectors is a site at which foreign DNA can be inserted without
disrupting function. Plasmid vectors are autonomous circular
DNAs capable of self-replication without incorporation into
host-cell chromosomes. Most plasmid inserts are limited in size,
usually <5 kb (Fig. 4.7). Phages are viruses that infect bacteria
and, unlike plasmids, are capable of extracellular existence. Up
to 23 kb DNA sequences can be stably packaged in phage
particles. Cosmid vectors are plasmids with some phage
sequences. Perpetuated in bacteria as plasmids, but retrieved by
packaging in vitro into phages, cosmids carry inserts up to 45 kb
in length.

The ends of the DNA insert, whether cDNA or genomic
DNA fragments, must be engineered to link with the vector at a
specific locus. Any DNA fragment can be successfully cloned by
generating sequences of the foreign DNA that are comple-
mentary to sequences of the vector and then selecting a unique
restriction site in the vector to be used as the cloning site. The
ends of the insert sequence are ligated to the complementary
vector ends with DNA ligase. Often the restriction site is within
a marker gene in the vector, so that interruption of the gene by
the DNA insert can be used to select appropriate clones. If the
interrupted gene confers antibiotic resistance (e.g. to ampicillin),
the recombinant clones will be sensitive to the antibiotic. In
other systems, inserts interrupt the [B-galactosidase gene
required to metabolize lactose. Recombinant clones are unable
to cleave an artificial substrate (X-gal). Wildtype clones that lack
the recombinant DNA inserts produce a blue color, whereas
recombinant clones do not.

The recombinant plasmid molecule that consists of foreign
DNA and vector-specific sequence is introduced into bacterial
host cells, usually a strain of Escherichia coli, by the process of
transformation. The host bacteria are made competent by
pretreatment with calcium chloride, and exposed to heat in the
presence of the plasmid. Although only a small percentage of the
competent cells take up foreign DNA, they can be selected and
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Figure 4.7 Vectors and cell-based cloning. Multiple copies of a DNA fragment
of interest can be created by cell-based cloning. To clone DNA, a circular plasmid
vector is linearized (cut) with a restriction endonuclease, to leave the vector and
insert with compatible ends for ligation. The plasmids, which carry sequences for
replication origin (ori) and antibiotic resistance (AmpR), are introduced into E. coli
host cells by transformation and replicate as drug-resistant elements. Bacterial
colonies that contain the vector molecule are selected on antibiotic-containing
media and amplified in culture. Bacterial and plasmid-vector DNA are discarded,
and target recombinant DNA is purified by electrophoresis.

replicated many times. The transformed bacterial colonies are
selected in antibiotic-containing media and undergo secondary
expansion to scale up large yields of cell clones, each with the
desired insert. When the foreign DNA is ligated into phage DNA
the recombinant DNA is first packaged into the phage, which is
allowed to infect the bacteria.

Preparation of the DNA insert and host vector with restric-
tion endonucleases not only ensures specific recombination, but
permits later isolation and recovery of the cloned insert. To
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retrieve the cloned DNA the bacteria are lyzed and the plasmid
DNA is extracted. Separation of the insert from its cloning
vector is accomplished by restriction endonuclease digestion,
followed by gel electrophoresis and visualization of the frag-
ments with ethidium bromide staining. The gel band that
contains the foreign DNA can be sliced out and eluted, and
recombinant DNA molecules subcloned into a different vector
molecule for structural or functional assays. Cloning vectors
capable of accepting DNA inserts up to 3.0 Mb have been devel-
oped. Bacterial artificial chromosomes were created to coun-
teract the instability of large eukaryotic inserts (>300 kb) cloned
in bacterial hosts, but usually give only low yields of recombinant
DNA. Cloning in yeast cells with the construction of yeast
artificial chromosomes (YAC) enables the propagation of exoge-
nous DNA fragments up to 2 Mb in length, and has become
essential for physical mapping of genomes. However, YACs are
also hampered by relatively low yields of recombinant DNA.

Species-specific genomic DNA and tissue-specific cDNA
fragments are available as libraries of clones supplied in plasmids,
phages, and cosmids. DNA sequences that are extremely rare in
the starting population can be represented in a library of clones
created by restriction endonuclease digestion, from which they
can be selected and amplified. Hybridization is the most widely
used method for screening a library to select individual clones
of interest with DNA or RNA probes (Fig. 4.8). In colony
hybridization with plasmid vectors or plaque hybridization with
recombinant phage vectors, bacterial cells are used to propagate
recombinants on an agar surface, which are transferred to a
nitrocellulose or nylon membrane, denatured, and hybridized to
a labeled probe. The position of positively hybridized probes
identifies colonies that contain the cDNA sequence, which may
be picked and expanded. Subsequent rounds of cloning and
library rescreening (using one end of a newly identified clone to
detect an overlapping clone) enables ever larger DNA fragments
in the region of interest to be characterized by chromosome
walking.

Interspecies somatic cell hybrids are created by radiation
fragmentation of human cellular components. During the fusion
of rodent and human cells, hybrids that contain human, rodent,
and recombinant human-rodent chromosomes are created.
Hybrid cells randomly lose chromosomes in subsequent culture,
which allows the selection of hybrid panels with one or a few
remnant human chromosomes. Matching the presence or
absence of a particular nucleic acid probe by hybridization on the
panel with the presence or absence of known chromosome
fragments leads to unambiguous identification of the chromo-
some that contains the gene from which the probe was derived.

Nucleotide propagation: cell-free cloning and the
polymerase chain reaction

If the sequence of regions that flank both ends of a specific
DNA fragment is known, it is possible to selectively amplify
picogram (107'2 g) quantities of DNA using PCR. Defined as the
in vitro enzymatic synthesis and amplification of specific DNA
sequences, PCR is a simple and efficient technique to produce
over 100 billion copies of a single molecule of DNA within hours
(Fig. 4.9). Its advantages are its capacity to use minute samples
to produce a high yield of amplified target DNA, the specificity
of the reaction, the flexibility of the methods, and the rapidity
and simplicity of the automated procedure. Owing to these
attributes, PCR has been successfully used to amplify degraded
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Figure 4.9 The polymerase chain reaction. In the first step of PCR, target
double-stranded DNA is denatured at high temperature (e.g. 95°C) for 1-2
minutes to give single-stranded DNA (denaturation step). Next, 20-30 bp
oligonucleotide primers specific for the flanking regions on opposite strands are
annealed to the denatured DNA (annealing step) at 50-70°C. The primers are
designed to be complementary to the opposite strands of DNA and not to one
another, and bind at the 5” ends of the cDNAs in a 5 to 3” orientation. Next, a heat-
tolerant DNA polymerase uses the oligonucleotides as primers to synthesize
cDNA with both strands as templates (primer extension step). Tag DNA
polymerase, originally isolated from Thermus aquaticus living in the geysers of
Yellowstone National Park, is active at temperatures used for extension (70-72°C),
and survives subsequent 95°C denaturation steps. The strands are heat denatured,
the cycle is begun again, and the template amplified in a geometric expansion
over 30-40 cycles. A programmable heating and cooling thermal cycler makes
replication of DNA fragments rapid and cost-effective.
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DNA from Egyptian mummies, Neanderthal remains, and dyes
used in Paleolithic cave art.

Major disadvantages compared with cell-based cloning
include template contamination, the need for target-sequence
information for primer assembly, limited PCR product sizes
(usually <15 kb), and the absence of proofreading mechanisms
to correct copying errors. Because PCR may be successful in the
presence of several DNA bases in the primer that are not
complementary to the template DNA, it is possible to assemble
amplified PCR fragments with modified restriction endo-
nuclease recognition sites for use in subcloning, or to introduce
site-directed mutations into amplified products of target DNA
to investigate functional expression in host cells (see below).
Knowledge of the intron—exon structure of a gene expressing
pathogenic alleles allows exon-specific amplification by PCR
using primers complementary to 5" and 3’ boundary intron
sequences. The resultant PCR products can then be analyzed for
mutations by rapid screening methods or by direct sequencing.
If primers are assembled to anneal with specific sequences that
exhibit the pathogenic allele (allele-specific oligonucleotides) at
the 3’ terminus of the primer, the presence of the mutant allele
is inferred by the presence of the appropriately sized PCR prod-
uct. Small deletions and insertions are readily detected by a change
in the size of PCR products, or by a failure to produce any
fragment if the primer is unable to anneal in the area of deletion.

DNA sequencing

The resolution of the fine structure of DNA by direct sequenc-
ing was achieved in 1977. Subsequent refinements of the tech-
nique using novel cloning vectors and oligonucleotides led to the

Sanger dideoxy sequencing method now in widespread use. The
basic principle in sequencing methods is the assembly of a
population of synthetic single-stranded DNA molecules in which
each base of a specimen is represented by DNA fragments of a
length that conforms to the sample sequence that extends to
that point, and not beyond (Fig. 4.10). Typically, several hundred
base pairs of specimen sequence (up to 400 bp) can be read with
high fidelity. Synthesis of new oligonucleotide primers based on
homology with this sequence enables ongoing sequencing using
the same clone of template DNA. Novel sequencing methods
now make it feasible to use double-stranded vectors such as
plasmids and A phage, provided a short sequence of insert or
vector is known to construct the priming oligonucleotides.

GENOME STRUCTURE, MUTATION, THE
HUMAN GENOME PROJECT, AND
BIOINFORMATICS

The human genome is the total DNA content in human cells,
including the complex nuclear genome and a simple mito-
chondrial genome that specifies only a small proportion of
mitochondrial functions in its 37 genes. The number of genes in
the nuclear genome, estimated by genomic sequencing and
random sequencing of partial cDNA clones, known as expressed
sequence tags (ESTK), is estimated to be 30 000-40 000,
encoded by 3% or less of the 3000 Mb genome. Human genes
vary tremendously in size and internal organization. On average,
a human gene consists of 10-20 boundaries between intron and
exon sequences, 1-2 kb of coding, and 10-30 kb of genomic

DNA sequencing technique

Figure 4.10 Sanger dideoxy DNA sequencing.
The DNA to be sequenced is inserted into a
polycloning site of the M13 phage vector, which
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sequence. Genes as small as several hundred base pairs without
introns and as large as the dystrophin gene, with 15 kb of coding
sequence and 60 introns that span an entire genomic sequence
of 2.5 Mb, are well described. Overlapping genes, genes within
genes, multiple copy numbers of the same gene, and gene
families with homology between members have been identified.
Intron sequence is characterized by microsatellite (1-4 bp) and
minisatellite (1-20 kb) tandem repeats of high copy number and
variable length, but of unknown functional significance.
Mutation, which produces heritable changes in DNA,
includes both large changes (loss, duplication, or rearrangement
of chromosome segments) and small point modifications (loss,
duplication, or alteration of segments of DNA as small as a single
base pair). Based on estimates of gene frequency in a population
and reproductive failure of a genotype because of natural selec-
tion, mutation rates for most organisms are 10°-1077 per locus
per generation. This low level of mutation represents a balance
that allows occasional evolutionary novelty at the expense of
disease or the death of a proportion of members of a species.
Methods available to detect human genes that carry novel
mutant alleles are chosen according to the size of the defect.
Visible chromosomal rearrangements that give rise to dysmor-
phic syndromes may represent contiguous gene defects disrupt-
ing a monogenic locus of interest. Animal models, traits
associated with previously mapped loci, and candidate proteins
in plausible pathways may indicate specific genes for direct
sequencing. If there are no such shortcuts, investigators may
resort to genetic maps of linked markers and positional candi-
date genes (see below). Once a mutation is identified, to screen
individuals at risk is relatively simple using PCR-based approaches.
Single base-pair alterations produce mismatches that modify the
ability of a PCR product to form heteroduplexes with tagged
RNA probes. More commonly, conformational changes in single-
strand DNA fragments (single-strand conformation poly-
morphism, SSCP) that differ at one base pair are discriminated
by gel electrophoresis to detect known mutations (Fig. 4.11).
A major goal of the Human Genome Project was achieved in
2001 with completion of a full-length composite sequence.
Ultimately, a genomic DNA sequence (physical map) will be
assembled so that meaningful variations from normal can be
compared with their respective phenotypes, and thereby
improve the diagnosis and management of disease. The genomic
DNA sequence map will incorporate all the information
obtained in the construction of earlier, lower-resolution physical
maps (e.g. cytogenetic maps, restriction maps, and cDNA maps;

Fig. 4.12).

Recombination, genetic maps, and
genetic linkage

The basic principle in genetic mapping is to order loci using
meiotic recombination to index the size of the intervening dis-
tance. Any phenotypic or genotypic character that is polymor-
phic and mendelian can be used as a marker for the presence of
a genetic locus. In the simplest case of X-linked conditions,
analysis of pedigrees using gender as a marker leads to many
gene assignments to the X chromosome. For the remaining 22
autosomes, tremendous genetic variation arises during the first
stage of meiosis, from independent assortment of maternal and
paternal chromosomes to the gamete to recombination or
crossing-over (the exchange of chromosomal material between
homologous chromosomes during meiosis). Taking advantage of

Single-strand conformation polymorphism analysis for
mutation detection
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Figure 4.11 Single-strand conformation polymorphism analysis for
mutation detection. Single-strand DNA forms complex structures stabilized by
weak intermolecular bonds based on DNA composition that can be discriminated
by altered electrophoretic mobility. Denatured PCR products tagged with
radiolabeled primers are loaded on nondenaturing polyacrylamide gels — samples
that differ by a single base pair may be resolved. In the example shown, two bands
are apparent from each of the homozygous normal (N) and mutant (M) strands,
whereas all four bands are present in DNA from the heterozygote (N/M). Although
SSCP is a sensitive technique with which to screen PCR products for mutations, it
is limited to fragments of several hundred bp and cannot indicate the exact nature
or position of the genetic alteration if this is not already known.

the low probability of reassortment by crossing-over between
genetic loci in close linear approximation, linkage analysis allows
the detection of regions of the genome that contain genes asso-
ciated with traits and diseases inherited in a mendelian single-
gene manner. The strength of the approach is that no assumptions
need be made regarding the nature of the gene or its expressed
product. Its weaknesses include the need for pedigrees of sub-
stantial size and specific character (e.g. several affected individ-
uals in three generations), a clear-cut phenotypic diagnosis, and
assumptions about gene number, mechanisms of inheritance,
expressivity, and penetrance that may or may not prevail.
Linkage refers to the co-inheritance of a marker and a region
of DNA sequence thought to underlie a specific trait. Ideal
markers are highly polymorphic (i.e. at least two or more alleles
exist at the locus) and the least common allele has a frequency
of at least 1% in the general population. Individuals are most
likely to be heterozygous for markers that are highly poly-
morphic, which makes it possible to track the inheritance of a
particular marker-tagged chromosome within a family. In the
simplest version of linkage analysis (Fig. 4.13), if a marker is
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Figure 4.12 Genetic maps versus physical maps. Genetic maps represent the
order of loci by the frequency of recombination events between two loci. Genetic
loci in close approximation — <1 cM apart — rarely dissociate in meiosis, whereas
the greater the interval between loci, the greater the likelihood that they sort
independently. The genetic distance of 1 cM corresponds loosely to the physical
distance of 1 Mb, but is not constant throughout the genome (see text). When
completed, the highest-order human physical map of exon and intron sequence
will encompass lower-resolution cytogenetic, restriction, contig (contiguous
overlapping DNA clones assembled by chromosome walking), and cDNA physical
maps, and will incorporate chromosome-specific genetic maps.

mapped to a specific locus and a marker at a second locus is
linked to the first, then the two loci must reside on the same
chromosome. The map distance defined as a frequency of
recombination between loci of 1% (6 = 0.01) is 1 centiMorgan
(cM), which is estimated to represent about 1 Mb, but genetic
maps and physical maps are not isologous. Recombination is
more frequent at the ends of chromosomes, occurs more often
in females than in males, and may be especially common in
recombination ‘hotspots’. Linkage is observed by simultaneous
inheritance through successive generations of identical alleles at
the loci in question, with no evidence for recombination
between the two. As few families are ideal for linkage analysis,
mathematical models that calculate the LOD score (logarithm of
the odds ratio) are required to compare the likelihood that an
observed association of alleles occurs as a result of varying
degrees of linkage rather than by chance alone. A LOD score of
3 or more favors the probability of linkage at 1000:1, and is
taken as evidence of true linkage. Once a set of markers
(haplotype) in a chromosomal region has been found to be co-
inherited (co-segregate) with a trait of interest, fragments of
DNA sequence from that region can be searched for causal genes
using chromosome walking. As the number of mapped genes in
the Human Genome Project has increased, it is now more
common to seek candidate genes that have already been mapped
to the linked locus (positional candidates) for analysis using
intragenic markers and direct mutation searches. Alternatively,
association studies aim to identify DNA sequence variations that
correlate with the presence or absence of a trait in matched but
unrelated population samples. Higher-order statistical models
are required for quantitative trait loci (QTL) mapping, in which
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Figure 4.13 Genetic linkage. By isolating a series of polymorphic markers at loci
linked to a locus associated with a specific trait or disease, it is possible to track the
inheritance of specific chromosomal regions in families without knowledge of the
function of the locus in question. If two loci are closely linked (e.g. Bb and Dd),
their alleles are transmitted together to the gamete. Exchange of chromosomal
material between homologous chromosomes during meiosis is a crossover event.
The smaller the distance between two loci, the less probable a crossover event
(recombination) between the two becomes, and therefore the likelihood of
recombinational events between two loci can be used to define genetic
distances.
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many genes contribute to the inheritance of the trait, for
example predisposition to diabetes or hypertension.

Site-directed mutagenesis

If a gene has been cloned and a suitable assay is available,
molecular genetic techniques allow dissection and mapping of
the operational elements within the gene and the protein, as well
as investigation of the pathophysiologic consequences of disease-
causing alleles. The techniques of site-directed mutagenesis
precisely alters one or more nucleotides in a DNA clone using
either cell-based or cell-free PCR approaches. With PCR, primers
are designed to be dissimilar to the target sequence by incor-
porating novel nucleotides in the PCR product, but not suffi-
ciently different to inhibit amplification. Denatured PCR
products of two reactions with partially overlapping sequences
that contain the mutation of interest can then be combined to
create a larger fragment with the mutation at midpoint in the
sequence. In add-on mutagenesis, modified primers introduce a
convenient restriction site, labeled group, promoter sequence, or
other useful component to the 5" end of the PCR product. Using
the normal gene as a control, the mutant gene product may then
be expressed in host cells and functional changes compared with
the wild type gene product.

Expression cloning

Most cloning efforts in the past have been aimed at the acqui-
sition and amplification of DNA to investigate its structure and
function. More recently, the generation of bulk amounts of a
specific protein for therapy (insulin, growth hormone) or for
direct studies of peptide function has become feasible, with
the design of cloning systems that promote the expression of
eukaryotic genes in bacterial cells (expression cloning). An
expression vector contains bacterial promoter sequences of
DNA required to transcribe the cloned DNA insert and translate
its mRNA into protein (i.e. sequences that position the mRNA
on the ribosome and an initiation codon). The foreign DNA
fragment may be cloned into a site within the coding region of a
prokaryotic gene. Expression vectors are most appropriate for
cDNA inserts, as bacteria lack the mechanisms for intron
splicing. They often include an inducible promoter, which over-
comes the detrimental effects of foreign gene expression by
switching on the foreign gene after the bacteria have been
selected and propagated. The expression of eukaryotic proteins
in bacterial cells may be useful in the identification and charac-
terization of novel genes by antibody screening of a cDNA
library in bacterial cells that express foreign proteins (phage dis-
play library). Clones that react positively for a specific antibody
are isolated and used as probes for genomic library screens.

In the absence of many post-translational processing systems
in bacterial prokaryotic cells, eukaryotic gene products may be
unstable or reveal no biologic activity. Expression of eukaryotic
genes in eukaryotic cells allows the detection and quantification
of a gene product, which might otherwise be impossible in
bacteria. A crucial step in the development of DNA-mediated
transfection techniques was the creation of mammalian expres-
sion vectors, which allow the transcription and translation of
foreign genes in a wide variety of recipient cell types.
Mammalian expression vectors contain a eukaryotic transcrip-
tion unit, in addition to a prokaryotic plasmid region composed

of a replication origin (ori) and an antibiotic resistance cistron
(e.g. AmpR). To obtain a high level of expression in a broad range
of host cell types, the transcription unit derived from a simian
virus (SV40) that contains an early promoter is placed upstream
(5") from the insert coding region. The function of the SV40
transcription unit is to direct transcription, the processing and
transport of the foreign mRNA to the host cell cytoplasm. An
intervening intron sequence improves mRNA stability and trans-
port to the cytoplasm, and a 3" polyadenylation site prevents
‘readthrough’ to a prokaryotic plasmid sequence. Other modifi-
cations include restriction endonuclease sites for the insertion of
DNA sequences, or a eukaryotic DNA replication origin may be
added for specific applications. To measure the function of
exogenously introduced DNA it is necessary to construct a
foreign gene such that its expression can be distinguished from
that of the host cell gene. Foreign gene elements are marked by
fusion with functional reporter genes expressing easily assayed
proteins that are otherwise absent or expressed at low levels in
mammalian cells (e.g. chloramphenicol acetyltransferase, E. coli
B-galactosidase, and firefly luciferase).

Gene transfer

Despite the various mechanisms evolved by host cells to
sequester and degrade foreign DNA, many physicochemical and
viral techniques have been contrived to surmount obstacles to
gene transfer. The major attribute of nonviral vectors is the
absence of infectious and neoplastic hazards, whereas their
greatest deficit is inefficient transfer. After physicochemical
transfer, plasmid transgenes are maintained in the nucleus as
episomal DNA, but as they are nonreplicating they may not be
useful vectors in regenerating tissue. In the most fundamental
method, plasmid DNA is delivered directly into the nucleus
using microinjection. Although microinjection bypasses cyto-
plasmic and lysosomal degradation, only several hundred cells
can be modified in a given experiment. Calcium phosphate-
DNA co-precipitation to micrometer-size particles is a conven-
ient and versatile technique for endocytosis-mediated gene
transfer. It is effective with a wide range of cell types and can be
used with both plasmid and high molecular weight genomic
DNAEs, although the efficiency of transgene expression is below
that required for most therapeutic applications. Electroporation,
the technique used to create whole animal clones by nuclear
transfer, generates pores in the cell membrane for DNA entry in
the presence of transient, high-voltage pulses that result in stable
transfectants. Upon cessation of the pulse, the pores close and
entrap the transgene. Many cells do not survive the electric
shock, and even under optimal conditions most do not take up
the foreign DNA. Particle bombardment with the ‘gene gun’
requires minimal manipulation of target cells and is able to
deliver controlled dosages of DNA that coat the heavy projectile
beads. However, expression is transient, with minimal stable
integration of foreign DNA in the nuclei of treated cells.
Artificial cationic liposomes that contain small plasmid DNAs
are able to fuse to cells in tissue culture and deliver DNA into
the mammalian host cell. In the past this technique was confined
to low molecular weight DNA fragments, and yields of expres-
sion in vivo were low, but recent modifications of liposome
composition and DNA packaging promise to make liposome-
mediated gene transfer the method of choice, particularly in
applications for which it is possible to select stable transfectants.
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For long-term expression of introduced DNA, viral
transfection vectors are most effective, but carry risks.

For long-term expression of large inserts in vivo, viral trans-
fection vectors are preferred. The gene to be expressed is cloned
into a site in the viral genome that replaces essential viral
sequences and renders the recombinant host virus defective. The
recombinant viral genome is then co-transfected into packaging
cells in culture, and DNA from a second, defective helper virus
carries functional genes that lack the recombinant viral genome.
Cells that take up both the recombinant host virus and the
helper virus express proteins required for replication of the
introduced DNA. The DNA is packaged into infectious particles
that are harvested to transfect cell targets for expression of
protein from the cloned gene. Retroviral vectors capable of
reverse transcriptase-mediated synthesis of cDNA are able to
integrate into chromosomal DNA, accommodate large inserts
(up to 7 kb), and are highly efficient, easily manipulated, and
propagate through daughter cells after mitosis. Chromosomal
integration after viral transfection allows the transgene to be
perpetuated by replication following cell division, which pro-
vides long-term stable expression at the risk of host cell death
or undesired modification. Unfortunately, they do not readily
transfect nondividing cells, may cause harmful insertional muta-
genesis, and may be prone to rescue of the crippled helper virus
by contamination with wild type replication-competent viruses.
Adenoviral vectors enable gene delivery into differentiated
postmitotic cells, with limited risk of wild type contamination.
As adenoviral infection is ubiquitous in mammals, pre-existing
immunity may account for unstable and depressed levels of
expression. Other viral vectors are under investigation. A shared
theme is that the qualities of a vector that promote gene transfer
are closely entwined with properties that endanger the host.

Transgenic animals

Using transgenic animals, the consequences of discrete nucleotide
alterations may be investigated in genetic backgrounds otherwise
identical to those of the unmanipulated organism. Hence, a
whole animal expression—cloning system is produced by
transfection of exogenous DNA into cultured cells capable of
differentiation into the cells of the adult animal. If the exoge-
nous gene is found in only a proportion of cells, the animals are
partially transgenic. If the foreign DNA is transferred into
fertilized oocytes or embryonic stem (ES) cells that contribute
to the development of the whole organism, the animals are fully
transgenic and will transmit the modified genome to their
offspring. Methods used in the assembly of transgenic animals
include pronuclear microinjection of DNA into random chro-
mosomal sites of individual oocytes, retroviral transfer into pre-
or postimplantation embryos, and injection of modified ES cells
into host blastocysts, using coat color as a proxy to identify
chimeras (organisms derived from more than a single zygote)
that carry mutations for subsequent backcrossing (Fig. 4.14).

Transfer of foreign DNA into fertilized oocytes or embry-
onic stem cells is used to create transgenic animals.
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Gene knockouts

The introduction of a transgene into a preselected endogenous
locus is a form of site-directed in vivo mutagenesis termed gene
targeting. Gene targeting in ES cells leads to the creation of an
animal in which all the nucleated cells carry a mutation at the
gene of interest. This is usually accomplished by electroporation
of a cloned gene that is closely related in sequence to an
endogenous gene of an ES cell. Selected from the treated ES
cells are those in which recombination between the introduced
gene and its corresponding chromosomal homolog (homologous
recombination) has occurred. The modified ES cells are injected
into the blastocyst of a foster mother to produce an animal in
which all of the nucleated cells have been mutated at the site of
interest. If the mutagenesis results in the inactivation of gene
expression, the mutation is termed a ‘knockout’ and the effect
of the mutation on development and physiology is measured.
Often the knockout mutation is lethal, but viable cells can be
harvested for further investigation. On occasion little or no
change may be detected in the phenotype of the animal, which
indicates that other (redundant) genes are able to fulfill the
required functions of the inactivated locus.

Targeted degradation of a specific gene’s mRNA transcript is
perhaps the greatest technical advance in molecular biology since
the advent of the polymerase chain reaction. In RNA interference
(RNAi) either small fragments of RNA are introduced exoge-
nously, or the cell is engineered for their endogenous production
by administration of DNA, which will direct the formation of
specific RNA oligonucleotides. Qutside the nucleus, the short
double-stranded 21-23 bp interfering RNAs (siRNAs) bind to
their target mRNA transcript, thereby recruiting RNases to the
nucleic acid-protein RNA-induced silencing complex (RISC).
siRNA duplexes are unwound by helicases in the RISC, and the
resulting single-stranded RNA guides target identification. When
single-stranded RNA base-pairs with its target mRNA, the RISC
RNase degrades the target mRNA, synthesis of the protein
encoded by the targeted mRNA is blocked, and the cell’s pheno-
type is specifically altered (Fig. 4.15). Selective gene silencing
mediated by RNAi has rapidly become a powerful tool in
defining gene function, and RNAi-based drugs are currently
entering trials in experimental models.

RNA interference targets degradation of a specific mRNA.

Gene therapy

In the broadest sense, gene therapy is the genetic modification
of a patient’s cells to enable the treatment of disease. This
definition embraces many potential avenues for intervention,
including the transfer of whole or partial genes from identical or
foreign genomes, synthetic genes, and antisense oligonucleotides
to eliminate damaged cells or protect normal tissues from destruc-
tion. Originally envisaged as a method to correct human diseases
that arise from single-gene defects, gene therapy currently
encompasses a much broader range of applications in acquired
disorders, infectious diseases, oncology, degenerative diseases,
and symptom management. Owing to profound ethical, legal,
and social considerations, for the foreseeable future human gene
therapy will be restricted to addressing disorders of somatic
rather than germline cells.
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Genetically modified transgenic and germline chimeric mice

Figure 4.14 Genetically modified transgenic and
germline chimeric animals. To create transgenic
animals, fertilized eggs are transferred to pseudo-
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Strategies that involve the modification of somatic cells can
be classified into in vivo ‘direct’ and ex vivo ‘indirect’ gene thera-
pies (Fig. 4.16). In vivo methods, with transgene vectors directly
introduced into the tissue space of a living organism, are limited
by poor specificity and stability of gene transfer because of the
inability to select and amplify transformed cells, which increases
the need for repeated treatments that may engender immuno-
genicity. Ex vivo methods are based on grafting target cells that
are transfected, selected, and expanded in vitro to deliver a
required gene product fabricated in the host cell. Selectivity and
specificity are expedited by the physical removal and isolation of
autogenic or allogenic target cells. To serve as ex vivo platforms
for expression of transgenes, the host cells must be harvested,
purified, and banked easily and safely. They must be tolerant to
genetic manipulation by various means, survive transplantation
without immunosuppression, and express the transgene for an
appropriate interval with minimal oncogenic, infectious, and
immunogenic potential.

Well-characterized genes, and methods to transfer genes into
appropriate target cells considered in earlier sections of this
chapter, are prerequisites for gene therapy. Identification of

conditions with well-defined phenotypes and clear-cut thera-
peutic end points to monitor efficacy is an additional significant
barrier. For the ideal clinical target, the biochemical patho-
physiology must be understood, a suitable animal model must be
available or created using transgenic technologies, the human
and appropriate model animal genes must have been cloned (e.g.
genes that encode ligands, receptors, and metabolic enzymes),
outcomes must be quantifiable and controlled (i.e. using iden-
tical vectors with nontherapeutic reporter genes replacing the
gene of interest), and the shortcomings of competing approaches
must be balanced by the magnitude of the clinical problem.
Many of the conditions faced by anesthesiologists (e.g. cancer
pain syndromes) meet these criteria, and knowledge of the
fundamental pathophysiology of other disorders (e.g. complex
regional pain syndromes) must be expanded before gene therapy
will serve a management role.

Methods to regulate the bioactivity of the gene product offer
the prospect of temporal specificity to complement the topo-
graphic specificity realized by confining cell targets to discrete
populations. These methods include control of transcription
with the administration of second drugs coupled to promoters
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Figure 4.15 RNA interference. Taking advantage
of cellular processes aimed at the destruction of viral
invaders, mRNA transcripts are cleaved by RNase
enzymes that recognize the RNA-induced silencing
complex (RISC) formed by the binding of short
interfering 21-23 bp RNA oligonucleotides (siRNAs)
to their mRNA targets. siRNAs may be packaged
for external application to the cell, or they may be
internally produced by the cell after transfection
with double-stranded DNA with the desired
sequence composition, and then processing by an
enzyme (Dicer) to the effective length.

Figure 4.16 Gene therapy. Mammalian expression
vectors contain prokaryotic regions required for
replication (ori) and antibiotic resistance (AmpR),
together with promoter (CMV), polyadenylation,
and intervening intron sequences to improve
mMRNA stability and transport. Ex vivo gene therapy
entails modification of harvested primary cells by
transfection, in this example with a plasmid
DNA-cationic lipid complex, and reimplantation
into the organism. Expression of the transgene is
monitored in vitro and in situ. In vivo gene therapy
refers to direct injection of viral or nonviral vectors
into targeted host cells. (Adapted from Morgan E.
The aquatic ape hypothesis. London: Souvenir
Press; 1982.)



Further reading

(tetracycline, antiprogestins), or channeling gene products
through alternative pathways of RNA splicing, post-translational
modification, or pharmacokinetic transport and elimination. In
this fashion, alterations engineered at the most fundamental
molecular level of the cell may be placed directly under the
will of the patient (i.e. patient-controlled gene therapy), while
limiting toxicity and tolerance and maintaining bioactivity in
reserve as needs dictate.

Antisense oligonucleotides derived from RNA sequences
modulate endogenous nucleic acids through complementary
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Innovations in molecular genetics have changed the face of
medicine. In 2003 the Human Genome Project produced the
first sequence of the 2.9-gigabase (Gb) human genome. This
achievement coincided with the 50th anniversary of the deter-
mination of double-helical structure of DNA. The human genome
contains approximately 30 000 protein-encoding genes, consis-
tent with other mammalian genomes. In fact, about 85% of
human and rodent genes are identical in their coding sequences,
and more than 99% of human DNA is identical between indi-
viduals. However, variations in the exact DNA sequence do exist
between individuals, making each person unique. This genetic
variability may have important implications in physiology and
medicine.

Although the human genome only contains about 30 000
genes, variation at the protein level is far more extensive,
creating possibly more than 1000 000 modified human proteins.
Such diversity at the protein level results from extensive post-
transcriptional, translational, and post-translational modifica-
tions. Whereas genetic variability at the DNA level can be
examined using DNA sequencing techniques, analysis of large-
scale variability at the RNA and protein levels can be accom-
plished via microarray and proteomics approaches. This chapter
provides basic information on approaches for the analysis of
DNA sequence variation, and for high-throughput analysis of
RNA and protein alterations resulting from diseases or clinical
interventions. This information should facilitate the incorpo-
ration of new genetic/genomic tools into clinical research and
practice.

DNA VARIABILITY

Genetics - historic background

Today, the Czech monk Mendel is widely considered to be the
founding father of modern genetics. His landmark article
‘Experiments in plant hybridization’, published in 1865, pro-
posed the principles of heredity and introduced the concept of
recessive and dominant genes. The term ‘genetics’ was first
coined at the beginning of the 1900s by a British zoologist,
William Bateson. In 1902, Garrod described the inheritance of
a biochemical disorder in his article ‘The incidence of alkap-
tonuria: a study in chemical individuality’. His book, Inborn
Errors of Metabolism, written under the influence of Mendel’s
work, marked the beginning of 20th century biochemical
genetics. It was not until 1944, however, that Avery and co-
workers demonstrated that DNA was the hereditary material
in the living cell. In 1953, Watson and Crick revealed the
double-helix structure of the DNA molecule, and in 1966 Crick
introduced the concept — now the central dogma of genetics —
that every cellular protein is encoded in RNA which is derived
from the DNA sequence (Fig. 5.1). Recent milestones include
the discovery of recombinant DNA in the mid-1970s, cloning of
DNA fragments, development of the polymerase chain reaction,
and the development of automated sequencing machines. These
remarkable advances led in the mid-1980s to the idea to
sequence the human genome. In 1990, supported by a broad
international consortium, the Human Genome Project was
initiated.

The genome is the active genetic complement of an
organism.

The term genome, publicized with the Human Genome
Project, derives from the combination of words ‘gene’ and
‘chromosome,’ and is defined as the entire genetic complement
of an organism. The term was coined by Winkler in 1920 to
describe the haploid set of chromosomes within all genes.
Chromosome 22 was the first human chromosome to be com-
pletely sequenced by the Human Genome Project, in 1999.
Chromosome 21 followed in 2000 and chromosome 20 in 2001.
Finally, the first draft of the human genome was published in
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Central dogma of molecular biology

Figure 5.1 Central dogma of molecular biology.
Unidirectional gene expression, proposed in the
1950s, has evolved into a more complex model with
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2001. To fully appreciate the extent of this Herculean task, one
must realize that the human genome consists of approximately 3
billion bases. In April 2003 the ‘finished’ sequence of the human
genome was announced.

MOLECULAR BIOLOGY TOOLS

The basic concepts of molecular biology, such as DNA, RNA,
proteins, genetic code, and gene structure, are discussed in detail
in Chapter 4. A gene is considered a coding unit of heredity
composed of a specific DNA sequence located at a locus (or site)
within a chromosome. Each gene encodes a specific protein(s).
The most common DNA sequence for a particular gene is
referred to as the wildtype allele, and any rarer, less expressed
DNA sequence variants are termed variant alleles.

Single nucleotide polymorphisms (SNP) are variations in
single bases of DNA between organisms, and provide
useful genetic markers for clinical phenotypes.

An allele is defined as any alternative form of a gene occupy-
ing the same chromosomal position as that gene. Such allelic
variation may occur secondary to insertion, deletion, transloca-
tion, or inversion of a DNA fragment. A variation in the DNA
sequence that has an allele frequency of 21% is defined as a
polymorphism. DNA sequence variants with allele frequency of
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<1% are sometimes defined as mutations. DNA polymorphism
is quite common; DNA variants occur every few hundred base
pairs. The most common allelic variation is the single-nucleotide
polymorphism (SNP). SNPs can be defined as a variation in single
nucleotide bases of DNA between individuals:

. .ATGCGATCGATCTGAATCCCCGA. .
...ATGCGATCGATIGCTGAATCCCCGA...

Individual A
Individual B

Genome-wide maps describe the most common SNPs. One
of the most commonly used databases is dbSNP, an international
database available via the National Institutes of Health (USA)
websites (www.ncbi.nlm.nih.gov/SNP).

Two types of SNP exist with regard to clinical effects. The
first type leads to changes in a phenotype that can be clinically
appreciated (e.g. changes in clinical endpoints such as blood
pressure, bleeding, or enzyme function). A second type (the
majority) are clinically silent; such polymorphisms are called
background SNPs. Both types of SNP are useful markers for
genetic studies of disease association.

A haplotype is defined as an arrangement of alleles (i.e.
genetic polymorphisms) of closely linked loci within a single
chromosome that tend to be inherited together. The ability to
categorize human chromosomes by sections, i.e. haplotypes, is
convenient. Because genetic variability is most often the result
of chromosomal crossovers over generations, regions of each
chromosome segregate together. The use of haplotypes in clini-
cal medicine can therefore eliminate the need to identify the
actual genetic mutation involved/associated with a disease.
Clinical outcomes can be predictable simply from the presence
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of a known genetic marker, as this can predict the presence/
absence of a disease-altering genetic variant nearby on the
chromosome.

Tools used to incorporate genetic analysis into
clinical studies

Genetic linkage studies take advantage of the fact that the genes
of a given chromosome tend to be inherited together, by a
similar concept to that described for haplotypes. The closer
different genes are located to each other on the chromosome,
the higher the chance for those ‘linked genes’ to be inherited
together. Genetic linkage studies follow genes using specific
genetic variants known as ‘markers’ that are distributed across
all chromosomes. These have been used to identify specific
chromosome regions present in specific populations with a given
disease.

Linkage disequilibrium studies are based on the assumption
that there is a difference between observed and predicted fre-
quencies of haplotypes in a population, i.e. that there is a linkage
disequilibrium (LD) between alleles (i.e. SNPs). The extent of
LD depends on factors such as mutations, natural selection,
genetic drift, and population admixture. The degree of LD varies
highly from one genomic region to the next, sometimes
described as deserts and islands of genetic variability.

Genetic variation influences perioperative outcome and
complications.

Genetic association studies are designed to assess whether
a genetic variant is ‘associated with’ a disease. A population is
tested to determine whether a particular genetic variant is
enriched in individuals with disease characteristics. Association
studies have been particularly successful in identifying genes
involved in polygenic disorders (diseases where more than one
gene is involved). Conducted in a population-based sample of
affected and appropriately matched unrelated controls, asso-
ciation studies have greater statistical power to uncover the
small clinical effect of multiple genes.

Candidate-gene studies have been developed to enhance the
efficiency of genetic studies. In contrast to a generalized
approach, using markers spread across the genome without
consideration of their function or their distribution in a specific
gene, candidate-gene studies concentrate on genes selected
according to our current knowledge of disease mechanisms.

PERIOPERATIVE RISK AND OUTCOME

Some genetic variability in humans can be considered ‘back-
ground,” leading to distinctive personal traits (for example eye
color), but with no clinical consequences. Other genetic variants
can have important clinical ramifications. Although the majority
of classic single-gene diseases are rare, DNA variation can have
more subtle effects in complex diseases where multiple genes
interact to produce a final outcome, or phenotype. In such situa-
tions (e.g. diabetes, hypertension, atherosclerosis), genetic vari-
ability can contribute to disease onset, severity, progression, etc.
An increasing body of evidence supports the influence of genetic
variation on perioperative outcome and complications. Some of
these variants important to anesthesiologists are described below.

Several genes predictive of perioperative vascular response
have been identified. For instance, a significantly increased vas-
cular sensitivity to a-adrenergic receptor stimulation (phenyle-
phrine) was found in patients with the endothelial nitric oxide
synthase G894T gene polymorphism and patients homozygous
for the deletion genotype of the angiotensin-converting enzyme
insertion/deletion polymorphism of intron 16 (DCP1).
Variability in the B,-adrenoreceptor gene has been associated
with increased mean arterial blood pressure response to the
stress stimulus of tracheal intubation (Fig. 5.2).

Several genes predictive of a postoperative hypercoagulable
state associated with thrombosis have been identified. The
factor V Leiden genotype, resulting from a point mutation in
factor V (A1691G), is the most common genetic polymorphism
associated with primary venous thrombosis. Factor V Leiden has
also been linked to an elevated incidence of postoperative
venous thromboembolism, stroke, and coronary artery bypass
graft (CABG) thrombosis.

Increased attention has been paid to identifying genotypes
associated with an increased risk of acute or delayed restenosis
after revascularization surgery. The human platelet antigen-1b
(HPA-1b or PI A2) polymorphism has been linked to post-
CABG thrombotic occlusion, myocardial infarction, and death.
Homozygosity for the G allele of myocardial chymase (CMA-
1905) has been identified as an independent risk factor for
accelerated post-CABG atherosclerosis.

Biological effects of 3-2 adrenergic receptor polymorphism
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receptor expression
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down-regulation
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Figure 5.2 Association of genetic polymorphisms with perioperative
outcomes. f,-Adrenergic receptor (AR) genetic polymorphisms are clinically
relevant in diseases such as hypertension, asthma, and congestive heart failure. In
the B,AR gene, genetic alterations in the upstream leader sequence (an
introductory regulatory sequence occurring immediately upstream from where
the protein coding sequence begins) result in enhanced B,AR expression.
Resultant increased airway B,ARs protect against methylcholine-induced
bronchoconstriction. An association exists between the Gly16 polymorphic form
of the B,AR and vascular hyporesponsiveness to agonist in normotensive
individuals, resulting in elevated systemic blood pressure compared to individuals
with the Arg16 receptor. Finally, the B,AR variant lle164 appears to accelerate the
clinical course of patients with congestive heart failure (CHF).
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The severity and intensity of the postoperative inflammatory
reaction (i.e. the modulation of the surgery-induced immune
response) may depend on genotype. For example, the IL-6 gene
promoter G-572G>C and G-174G>C polymorphisms signifi-
cantly increase the IL-6 response to the inflammatory stimulus
after heart surgery with cardiopulmonary bypass (CPB). The
apolipoprotein (APO) e-4 polymorphism and TNF-a gene poly-
morphisms may exert a proinflammatory effect in patients
undergoing CPB. Interestingly, the TNF-o. gene polymorphism
influences plasma TNF-o concentration and outcome in patients
with severe sepsis. Finally, evidence suggests that genotype
influences two important causes of postoperative morbidity:
postoperative neurocognitive and renal outcomes.

Gene association studies are not without limitations. Most
populations originate from multiple ethnic and racial groups,
bringing unique and varied genetic backgrounds. This introduces
genetic ‘wobble’, which can only be overcome by either properly
powering a study for a primary main endpoint, or by carefully
screening the population to be as homogeneous as possible.
Furthermore, genetic association studies are only as good as the
clinical phenotyping used; therefore each clinical endpoint
examined should be both quantifiable and reproducible.

GENOMICS AND PROTEOMICS

Following the Human Genome Project, a need for systematic
high-throughput method to assign function to genes ushered in
modern genomics. Today, genomics encompasses the comprehen-
sive study of whole sets of genes, gene products, and their
interactions — as opposed to studies of single genes or proteins.
The genomics approach is anchored in the ‘central dogma’ of
molecular biology: DNA—RNA—Protein (Fig. 5.1).

Microarray analysis

Because only active genes are transcribed, levels of different
mRNA sequences in a tissue reflect the functional activity of the
entire genome for a particular physiological state. By comparing
one clinical state to another (e.g. disease versus no disease),
functional information about genes and their control mechanisms
can be uncovered by examining many genes and proteins; such
studies are known as ‘expression profiling’.

Microarray analysis has emerged as a key method of studying
genomics at the RNA level. This approach offers simultaneous
analysis of thousands of gene products in a single process
(Fig. 5.3). Some call microarray analysis ‘the essence of genomics’.
This method embeds thousands of small fragments of comple-
mentary DNA (cDNA; Chapter 4), called probes, in a pre-
determined order on to a solid matrix (e.g. nylon membrane,
silicon, or glass). Each of the probes represents a microarray
spot. Thousands of such spots fit on to a single matrix. The term
‘chip’ is often used to describe the solid matrix with these
thousands of probes. The selection of exact DNA probes varies
widely between chips and depends on the experimental or
diagnostic objective. Although genomic DNA with complete
introns and exons is particularly useful to study SNPs, only genes
that are actively expressed (represented by complementary
DNA clones or expressed sequence tags (EST5)) can be used to
analyze gene expression patterns. There are predominantly two
competing platforms. One utilizes very high-density glass slides
that contain hundreds of thousands of oligonucleotide sequences
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on a glass chip about 1.5 cm? in size. In this platform, each tran-
script is represented as a probe set, made up of probe pairs
comprised of perfect match (PM) and mismatch (MM) probe
cells. This probe pairing strategy identifies and minimizes the
effects of nonspecific hybridization and background signal. The
intensities of each probe pair are used to determine expression
levels for each gene and facilitate chip-to-chip comparisons
between independent experiments. An example of this platform
is the Affymetrix GeneChip®, named after the company that
pioneered large-scale microarray production using photolitho-
graphic DNA synthesis technology. The second platform utilizes
distinct DNA fragments (typically 70-mers, but can also be
cDNA fragments) attached as an array of distinct spots on a
suitably treated glass slide via a mechanical robotic spotting
process. Two distinct samples, typically the reference and the
test sample, are given fluorescent red and green labels, respec-
tively, and are combined in solution and applied to the array. The
relative amounts of red and green fluorescence at each spot
provides a measurement of relative numbers of red- and green-
labeled fragments attached at the spot, and thus of the relative
numbers of fragments in the reference and test samples. The
most commonly used labels are the Cy5 (red) and Cy3 (green)
fluorescent dyes. Because they lack internal standards, such
studies typically require a larger number of independent confir-
mations; however, they can be made in a single investigator’s
laboratory and are much less expensive than competing plat-
forms, making them popular.

Microarray analysis allows simultaneous determinations of
the expression of thousands of genes, for use in the
molecular characterization and diagnosis of disease states.

Possible applications for DNA microarrays include studying
the physiologic consequences of genetic variants, gene identi-
fication, and/or screening for mutations and polymorphisms.
Genomic profiling already facilitates early disease identification,
thereby also potentially facilitating early intervention. Moreover,
genomic studies should improve our knowledge of the molecular
characterization of disease, help refine diagnostic tests, and
ultimately identify novel targets for therapeutic intervention.

Proteomics

Information provided by microarray gene expression analysis
regarding levels of mRNA may not accurately reflect expression
at a protein level in all cases (Fig. 5.4). Futhermore, post-
transcriptional control mechanisms enable transcribed RNA to
be spliced in multiple ways to yield different protein forms.
Further changes can be introduced following translation from
RNA to proteins, such as glycosylation, phosphorylation, lipid
attachments, and/or proteolytic processing. In fact, more than
200 known post-translational modifications may produce a
variety of protein products from the same single gene, such that
the number of human proteins may be between 100 000 and
1000 000, or roughly between four and 50 proteins for every
gene. This has led to the emergence of a new field to study
protein modifications at the molecular level, called proteomics.
Proteomics involves characterizing the total set of proteins in
a given cell at a given time. Such studies examine the dynamic
protein products of the genome — which, it can be argued, are the
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Figure 5.3 Microarray analysis of mRNA
expression profiles. Example of microarray use to
establish a cluster image of different classes of gene
expression profiles. RNA was isolated from human
fibroblast cells following a time course of serum
stimulation and differentially expressed genes were
identified by microarray analysis. There were 517
genes grouped into categories on the basis of their
most likely role (indicated by A-J). The expression
pattern of each gene is displayed as a horizontal
strip. The color scale at the bottom represents the
ratio of mRNA levels, ie. gene activity, at the
indicated time after serum stimulation to its level in
the serum-deprived (time zero) fibroblasts. The
graphs show the average expression profiles for the
genes in the corresponding ‘cluster’. ‘Unsync’
denotes exponentially growing cells. Reproduced
with permission from: lyer VR et al. The transcrip-
tional program in the response of human fibro-
blasts to serum. (Science 1999;283:83-7.)
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Figure 5.4 Schematization of strategies for
protein characterization used in proteomics.
Proteomics is an expanding field, with new tech-
niques and methods rapidly developing. Currently
there are six basic steps in proteomic analysis:
sample acquisition and protein extraction, separa-
tion, detection, identification and characterization,
final identification and verification. 1-DE, 1-
dimensional electrophoresis; 2-DE, 2-dimensional
electrophoresis. (Modified with permission from
Graves PR, Haystead TA. Molecular biologist's
guide to proteomics. Microbiol Mol Biol Rev.
2002,66:39-63.)
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most biologically important molecules in a cell — rather than
focusing on ‘static’ DNA. By studying all proteins expressed in a
cell simultaneously, together with their interactions, proteomics
offers a more global and integrated view of biology. The aim is to
identify proteins that undergo changes in abundance, modifi-
cation, or localization in response to a particular disease state,
treatment, trauma, stress, etc. In this way proteomics Comple-
ments other functional genomic techniques. In combination
with other genome-wide approaches, proteomics enhances the
identification of complex genotypes predictive of disease and/or
drug responses (Fig. 5.5).

Proteomics is the large-scale study of gene expression at
the protein level, which provides insight into the activity
level of all proteins.

The most straightforward proteomic approach first separates
and isolates proteins using chromatography, single-dimension (1-
DE) gel electrophoresis, or two-dimensional (2-DE) gel electro-
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phoresis (Fig. 5.4). In the second step, silver stain or other dyes
are used to detect the protein spots. Information for the
identification and characterization of proteins is obtained
through mass spectrometry or Edman peptide sequencing. In
the last step, identified protein sequences are analyzed by com-
parison with existing databases of amino acid and nucleotide
sequences in order to determine the identity of a protein spot.
Recently protein arrays and antibody chips have been devel-
oped to improve, simplify, and expedite the analysis of the
proteome. In this context, single-stranded oligonucleotides
(either DNA or RNA) called aptamers have been used; these
molecules can fold into an almost endless array of structures,
which then interact directly with proteins. Using a technique
called SELEX (systematic evolution of ligands by exponential
enrichment), nuclease-resistant DNA or RNA aptamers are
selected by their ability to bind protein targets with high affinity
and specificity in the same range as antibodies. This process
has been used to successfully create aptamers to a variety of
targets, including receptors, growth factors, and adhesion mole-
cules implicated in the genesis of some kinds of cancer. The
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Figure 5.5 Identifying genes influencing polygenic drug responses. Three genome-wide approaches, gene-expression analysis, genome-wide scans, and
proteomics, can be used to identify potential candidate genes that influence a specific drug response (e.g. the promotion of antileukemic effects). (a) DNA microarray
analysis of cancer cells for six genes (rows) in 16 patients (columns), four with a poor response and 12 with a good response. (b) SNP haplotype map showing 16 gene
loci on one chromosome for four patients with a poor response and 13 with a good response. (c) LC-MS (liquid chromatography/mass spectrometry) analysis of plasma
or tumor tissue to identify differences in proteins (see yellow peaks) between good and poor responders. (d, e) The conventional ‘candidate gene’ approach, based on
clinical pharmacology studies of proteins (e.g. receptors) and pathways known to be involved in a drug’s pharmacokinetic or pharmacodynamic response. The middle
panel represents a subset of the final product, a panel of multiple genes and loci that collectively segregate patients into groups that respond best to one of several drugs
or doses. (Modified with permission from Evans WE, Relling MV. Moving towards individualized medicine with pharmacogenomics. Nature 2004; 29: 464-8).

automation of the SELEX process could lead to generalized use
of this technology for specific protein identification over
standard antibody approaches, and increase the feasibility of
creating protein chips.

The possibilities of proteomics go far beyond the simple
‘uncovering’ of the proteome of a particular cell. Proteomics
opens the door to study all protein isoforms, protein modifica-
tions, protein interactions and functions, and to create a com-
plete three-dimensional map of a cell, indicating where specific
proteins are located. Proteomics can help with the identification
of functionally crucial post-translational modifications in
response to a variety of intracellular and extracellular signals.

The integration of proteomic data together with information
gained by genomic approaches should create powerful tools to
comprehensively describe and modify cellular interaction mech-
anisms. In parallel, gene expression profiles help identify cellular
pathways and mechanisms leading to changes in the expression
of particular proteins. Even without knowing the mechanisms

involved, identification of differentially expressed proteins in
specific diseases offers a way to identify novel medical targets,
and so revolutionizes drug development.

The ‘omic’ revolution

Recently we have witnessed the emergence of a variety of ‘omic’
disciplines. The suffix ‘omic’ describes the ability to analyze com-
ponents of a living cell in its entirety. In addition to proteomics,
there are phenomics, which studies the complete set of muta-
tional phenotypes; epigenomics, which looks at the complete
set of methylation and acetylation alterations in the genome;
ligandomics, which examines the complete set of organic small
molecules; and metabolomics, which describes small metabolic
products present in a cell, to mention just a few. Integrated
‘omic’ databases might in future provide the key to a final
understanding of all products, processes, and interactions in the
human cell, from genome to genome product and ultimately to
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function, specifically identifying changes present with specific
diseases.

CONCLUSIONS

Concepts of genetic variability and new genomic approaches
have revolutionized medicine. In the future, rather than simply
tabulating patient risk factors (e.g. age, race, sex), a detailed
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Ion channels are specialized membrane-spanning proteins that
mediate rapid transmembrane ionic fluxes to produce alterations
in membrane potential critical for the initiation and propagation
of action potentials, synaptic transmission, and muscle contrac-
tion. Carriers, pumps, and transporters form another class of
membrane protein that carry ion fluxes essential to cellular
homeostasis. In addition, they transport neurotransmitters and
large organic molecules involved in metabolism. Electrophysio-
logic studies have identified the governing physiologic principles
and provided functional characterization of these proteins. The
techniques of molecular biology have advanced our knowledge of
the molecular structures underlying their functions. The impor-
tance of ion channels and carrier proteins in normal cell function
is self-evident, but some may also serve as targets for anesthetic
agents and other therapeutic drugs. This chapter reviews the
fundamental electrical principles that govern the behavior of all
cells, membrane potential, the properties of ion channels and
carrier proteins, and the methods used to study them.

MEMBRANE POTENTIAL

Membrane potential is the voltage difference between the inner
and outer surfaces of the cell membrane. Precise control of
membrane potential is critical to cell homeostasis and to cell

function in electrically excitable tissues. Membrane potential is
determined by the membrane electrical properties, the nature of
charged particles (ions) separated by the membrane, and the
movement of ions through the membrane and embedded ion
channels. Electrical properties determine, in part, the movement
of ions across cell membranes. Electrical properties derive
from fundamental physical laws and include the concepts of
electrical current, potential or voltage, capacitance, and resistance
(Chapter 12). To illustrate these concepts, consider two parallel
plates composed of a conducting material that allows the easy
passage of ions (Fig. 6.1a). A nonconducting gas between the
plates prohibits ion movement and electrically insulates one
from the other. Overall, this configuration is a capacitive ele-
ment which stores charge on parallel plates. Current () is defined
as the flow of positive charge (Q) per unit time and has units of
amperes (A). However, current can also be carried by anions
(negatively charged ions), where the direction of actual ion flow
is opposite to that of current. Current delivered to the upper
plate by the flow of cations leads to a net positive charge that
electrostatically repels cations on the lower plate, driving them
off and resulting in a net negative charge. Separated positive
and negative charges create an electric field between the plates
with a magnitude described by a potential or voltage (V) dif-
ference. The electric field exerts a force (F,) on an ion, with
magnitude proportional to the voltage and in a direction towards
the unlike charge. Therefore, voltage or potential differences
drive positive charges in the form of current from positive to
negative polarity.

Capacitance (C) is a measure of the ability of an electrical
element to store charge. An electrical circuit equivalent of a
capacitive element has two parallel lines representing parallel
plates (Fig. 6.1b). Capacitance is expressed in terms of the
amount of charge stored for the applied voltage and has units
of Farads (F). Application of voltage to a capacitor induces a
transient charging current that continues until the applied and
capacitive voltages equalize.

Resistance (R) is the opposition to current flow and has
units of ohms (). As resistance increases, higher voltages are
required to induce the same current through the element.
Resistance is defined by the ratio of the applied voltage to the
induced current (Fig. 6.1¢). Conductance (G), the reciprocal of
resistance, describes the ease with which ions are passed and has
units of mho (the reverse spelling of ohm) or siemens (S).
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Figure 6.1 Basic electrical principles. (a) Two
parallel conducting plates separated by a non-
conducting gas constitute a capacitive element.

lons are represented by circles, with — and + signs
indicating polarity. Current (/) carried by cations is
delivered to the upper plate. The voltage or
potential difference (V) between the plates is
indicated. A large cation placed between the plates
experiences an electromotive force (F,) arising from
the electric field and the voltage difference. (b) The
electrical circuit equivalent of a capacitive element.
Charges are shown on each plate. (c) The electrical
circuit equivalent for resistance (R). (d) The cell
membrane is composed of a phospholipid bilayer;
each molecule has a polar phosphate group and
two nonpolar long-chain hydrocarbons. The cell
membrane can store charges, demonstrating its
capacitance (C,). The membrane permits limited
passage of cations, constituting a finite resistance
(R). Alongside is the overall equivalent electrical
circuit, which combines capacitive and resistive
elements. The voltage difference is the trans-

membrane voltage (Vm).
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The cell membrane separates the intracellular and extra-
cellular environments (Chapter 2). Molecules energetically
prefer surroundings with similar physicochemical properties.
The properties of aqueous environments are determined by the
polar nature of water molecules. As a result, polar or charged
molecules favor the company of water molecules and are called
‘water loving’ or hydrophilic. Long uncharged carbon chains
prefer the absence of water molecules and are called ‘water
fearing’ or hydrophobic. Because the extracellular and intra-
cellular environs are aqueous they attract the polar hydrophilic
phosphate heads of membrane phospholipids while repelling the
nonpolar hydrocarbon tails; this favors the formation of a phos-
pholipid bilayer as molecules align in this manner (Fig. 6.1d).
This bilayer allows the passage of small nonpolar molecules, but
is virtually impermeable to ions and large or polar molecules
(e.g. sugars and amino acids), which must enter and exit the cell
by means of ion channels and transporters. Because the mem-
brane impedes ion flow it electrically insulates the intracellular
and extracellular solutions, which themselves are excellent con-
ductors because of their high ion concentrations. This arrange-
ment results in significant membrane capacitance (C,,). Ions, to
a small degree, penetrate the bilayer, resulting in a finite but
large membrane resistance (R,,). The electrical properties of the
membrane can be represented by an equivalent circuit involving
resistance and capacitance elements (Fig. 6.1d, right). The volt-
age across this circuit is the membrane potential or voltage (V).
Events that force V,, towards negative potentials are polarizing
and those that drive V,, towards positive potentials are depo-
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larizing. Thus the electrical properties of a cell can be repre-
sented by an electrical circuit made up of familiar electrical
elements (resistors and capacitors).

Many ions have different intracellular and extracellular con-
centrations, resulting in transmembrane concentration differ-
ences or gradients. These gradients, combined with ion-selective
channels, provide for the control of resting membrane potential,
which is critical to cell function. In addition, gated channels
allow for the modulation of membrane potential (Chapter 19).
In the face of a concentration gradient representing a chemical
potential, particles move by diffusion to give a net movement
from the area of high concentration to that of the lower. As a
simplification, the chemical potential gives rise to a diffusional
force (Fp) that pushes particles down the concentration gra-
dient. The effects of diffusional forces and ion-selective or
semipermeable channels on membrane voltage are shown in
Figure 6.2. The permeant cation has a greater concentration
inside than outside, similar to K* in actual cells. When the gated
ion channel opens, Fj, pushes the permeant cation through the
channel pore to the outside solution. This charge movement
constitutes an outward channel current. The permeant cation
accumulates on the outer membrane surface because of elec-
trostatic attraction from its partner anion, which itself is drawn
to the inner membrane surface. These charges, stored in the
membrane capacitance, result in a negative membrane potential.
In electrically quiescent cells, the resting membrane voltage is
negative. Outward currents cause additional polarization or
hyperpolarization. Conversely, inward currents drive the mem-
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Figure 6.2 Membrane voltage. (a) Larger imper-
meant cations are at a high concentration outside
and permeant cations are inside. Channel opening
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the outer surface as a result of electrostatic
attraction with partner anions that move to the
inner surface. In the new equilibrium condition, the
diffusional force (Fp) is equal to the electromotive
force (F)) as a result of V. At this equilibrium, V. is
equal to the Nernst potential (V) for the permeant
ion. (b) The Nernst potential is shown as a source of
voltage that can induce an ion channel current.
Initially V., is zero. When the channel opens (closure
of switch S) the channel current (/) is composed of
capacitive charging current (I,,) and transmem-
brane resistive current (/,,). At the new equilibrium /.
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is equal to /.. The current magnitude is such that
the voltage induced in R,, (membrane resistance)
+ is equal to V,, assuming R,, >> R. Therefore, V,,
T equals V.

brane voltage to more positive values and cause depolarization.
The outward current continues until the forces owing to
diffusion and the increasing membrane potential equalize. The
Nernst equation describes the magnitude of the membrane
voltage (Nernst potential) that exerts a force (Fy) that matches
the diffusional force, thereby stopping ion flow through the
channel. The equation for the Nernst potential of ion X is:

B Equation 6.1

[Xouel
Vx = (RT/z [n=——22
R

where R is the universal gas constant, T is temperature in Kelvin,
F is the Faraday constant, z is the valence of the ion, the brackets
indicate concentration, and subscripts in and out designate inside
and outside the cell, respectively. Applying the constants and
converting to log:

M Equation 6.2
Vx = 61 x long)(("“t] in mV at 37°C

in

If we assume [K* ] = 0.01 mol/L and [K*;,] = 0.1 mol/L,
we obtain a Nernst potential for K* (Vi) of =61 mV. Thus, when
V., = =61 mV, K* will stop flowing through the channel. If there
are only K* channels present, the voltage at which the measured
current reaches zero and reverses polarity, the reversal potential
(VR), is equal to V. At equilibrium, the membrane potential is

called the resting membrane potential and is equal to the reversal
potential.

There are many ion-selective channels in cells, each with its
own Nernst potential. The reversal potential will then depend
on all permeant ions. The Goldman, Hodgkin, and Katz equation
is used to determine the reversal potential for two (X and Y) or
more permeant ions:

M Equation 6.3

) (P x [Xol) + (Py x [Yaud])
V= RIVZE) >y SR ) & (o [Yoad])

where the constants are the same as in Equation 6.1 and P is the
permeability for each ion when its channel is open. Permeability
represents the ease with which a concentration gradient induces
a flow of ions, and here reflects channel conductance summed
over all channels present. The reversal potential is the voltage
at which the net current through the membrane is zero. For
two ions, this means that current carried by ion X is of equal
magnitude and opposite polarity to that of Y.

ION CHANNELS

Physiology

Ion channels are ion-selective macromolecular protein pores
that traverse the cell membrane and may therefore affect the
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membrane potential, which is vital to excitable cells. Ions are
passed with high efficiency, such that a few picoamperes
(107'2A) of current are generated by the ionic flow of a single
open channel. This high efficiency means that relatively few
channels — of the order of thousands — are needed in a particular
cell to support its electrical function. The majority of ion
channels fall into two broad categories: voltage-gated or ligand-
gated. Gating is the progression of the channel through various
conformational states, including a resting closed state and an
open ion-conducting state. A triggering stimulus (membrane
depolarization or ligand binding) causes the transition from
resting to open through the process of activation. Permeation is
the passage of ions through the open channel. In this way, gating
regulates ion permeation. Figure 6.3 shows a simple topologic
model of a generic voltage-gated cation channel. Permeation
occurs via the channel pore, which begins on the extracellular
face as the outer vestibule and narrows to a selectivity filter
responsible for ion discrimination. The pore then widens to
an inner vestibule (in which there are binding sites for local
anesthetics in Na® channels or antagonists in Ca’* channels;
Chapters 32 and 40). An activation gate is shown at the inner
channel mouth, which is closed at rest and obstructs the pore.
Membrane depolarization triggers activation by exerting force on
a charged voltage sensor, leading to the open conformation.
Persistent depolarization induces further gating that closes the
channel by shutting an inactivation gate. Consequently, voltage-
gated ion channels have three primary conformational states:
resting and inactivated closed states, and an open conducting

Model of a voltage-gated ion channel

a Permeant b
® cation

Voltage O}

sensor V Pore
i
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Gated Activation Inactivation
ion channel gate gate

Figure 6.3 Model of a voltage-gated ion channel. (a) A simple general model
of a voltage-gated ion channel residing within the cell membrane. A selectivity
filter performs ion discrimination. An activation gate is shown at the intracellular
mouth, which normally occludes the pore in the resting closed state and prevents
permeation. Depolarization of the membrane voltage (V,,) exerts a force (F,) on a
positively charged voltage sensor, which triggers conformational changes leading
to activation, gate opening, and ion permeation. Prolonged activation, caused by
persistent depolarization, leads to closure of a normally open inactivation gate at
the inner mouth. Negative V,, drives the permeant cation into the cell. (b) An
electrical circuit can be drawn to describe a gated ion channel where the resistive
element (R.) is resistance to ion flow of the channel pore, /. is the induced channel
current, and the switch (S) represents the regulatory effect of channel gates on
pore patency. When all gates are open, S is closed.
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state. In contrast, ligand-gated ion channels are activated by
ligand (such as a neurotransmitter) binding to an extracellular
receptor site. Like voltage-gated channels, they manifest resting
and open states. However, a persistent ligand presence induces a
closed desensitized state which is the correlate of the inactivated
state of voltage-gated channels. Examples of common gated ion
channels and their physiologic roles are given in Table 6.1.

Molecular structure

Functional entities that define channel behavior (such as the
selectivity filter, voltage sensor etc.) have structural correlates.
The molecular structure of an ion channel defines its properties.
Channel proteins span the membrane and have a hydrophobic
exterior surface compatible with the hydrophobic environment
of the lipid bilayer. The channel pore is lined with hydrophilic
amino acids, providing a water-like environment for the ion to
traverse the membrane. These pores are designed to pass ions
of a particular kind, either anions (negatively charged ions) or
cations (positively charged ions), as determined by the selec-
tivity filter. Cationic channels are generally more selective than
anionic channels. Many ligand-gated ion channels (e.g. the
acetylcholine-gated channels that mediate neuromuscular trans-
mission or the glutamate-gated channels that are largely respon-
sible for excitatory synaptic transmission) are permeable to
several cations. Numerous ion channels have been cloned and
their function directly assayed using oocytes harvested from
South African clawed frogs (Xenopus laevis). These oocytes are
large enough to be injected with messenger RNA (mRNA) from
other species and are capable of synthesizing the encoded
foreign protein (heterologous protein expression). Messenger
RNA is derived from complementary DNA (cDNA) purified or
cloned from tissues rich in the channel of interest. Mutant
cDNA clones with engineered alterations in the primary struc-
ture of the protein can be expressed and the properties of the
mutated ion channel can be studied electrophysiologically to
determine which regions of the protein are critical for a given
channel function.

Most voltage-gated ion channel proteins are composed of
multiple subunits or domains, with each containing six o-helical
hydrophobic transmembrane regions, S1-S6. Voltage-gated K*
channels (K,; the subscript v indicates voltage-gated) are com-
posed of four separate subunits (Fig. 6.4a,b). The subunits are
assembled to form the central pore in a manner that also
determines the basic properties of gating and permeation of the
channel type. The peptide chain (H5 or P loop: permeation
loop) between the membrane-spanning segments S5 and S6
projects into and lines the water-filled pore, as do portions of S6.
The voltage sensor is composed of charged amino acid residues
(lysine and arginine) on S4 that move outward during depolar-
ization to trigger channel opening. Mutated K* channels with
varying numbers of positively charged amino acids in S4 show
distinct voltage-dependent gating, supporting the idea that the
S4 segment is a voltage sensor. Inactivation involves the move-
ment of the N-terminus into the inner mouth, thus obstructing
the permeation pathway. The inactivation gate of Shaker chan-
nels, K* channels with a very rapid rate of inactivation, is the
peptide forming the N-terminus, which acts like a ‘ball on a
chain’ to plug the inner mouth to prevent further permeation.
When the inside of the cell where the N-terminus of the K*
channel resides is treated with a proteolytic enzyme (digesting
away the peptide), inactivation is eliminated. Subsequently, if a
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Table 6.1 Common gated ion channels
Voltage-gated channels Abbreviation | Role
Na In Rapid rising phase of action potential
K+

Delayed rectifier Ik Termination of action potential

Inward rectifier (. Determines resting membrane potential
Ca2+

Low voltage activated or LVA or T-type | Automaticity in the heart,

transient Ca”"influx in nerve
High-voltage activated (HVA) | HVA

Neuron HVA N-type Synaptic transmission

Muscle HVA L-type Ca** influx
Ligand-gated Primary
channels Neurotransmitter | permeable ion(s) | Role
GABA, GABA cr Inhibition in CNS
Glycine Glycine cr- Inhibition in spinal cord
Kainate Glutamate Na*, K* Excitation in CNS
AMPA Glutamate Na*, K* Excitation in CNS
NMDA Glutamate Na*, Ca®* Excitation in CNS
Nicotinic acetylcholine | Acetylcholine Na*, K* Excitation in CNS and

neuromuscular junction

AMPA, 2-amino-3-hydroxy-5-methylisoxozole-4-propionic acid; GABA, y-aminobutyric acid; NMDA, N-methyl-b-

aspartate.

synthetic polypeptide corresponding to the N-terminal amino
acids of the ion channel is introduced to the cell, inactivation
reappears, clearly supporting the notion that the structural basis
for fast inactivation resides in the N terminus. The current
understanding of the structure of Ky channels derives from
experiments described above, as well as the study of changes in
channel function produced by modifications in the primary
peptide sequence. X-ray crystallography, which determines the
complete structure of the protein in a crystal, has been
successfully applied to bacterial channels much smaller than Ky
channels. However, results from the small bacterial K™ channel
KcsA are relevant to the structure of Ky, as the primary peptide
sequence and function of KcsA are similar to the S5, P-loop, and
S6 regions of Ky. Therefore, KcsA can be viewed as a truncated
form of Ky, thereby allowing extrapolation of structural conclu-
sions in KcsA to these regions of Ky. Three fundamental structural
features proposed for Ky, were confirmed by the crystallographic
findings in KcsA: 1) KcsA contains two o-helical transmembrane-
spanning segments (Fig. 6.5¢) in agreement with S5 and S6
of Ky; 2) P-loops contribute to the channel selectivity filter
(Fig 6.5¢); and 3) four subunit proteins coassemble in a axial
fashion to form a functional channel (Fig. 6.5d). The complete
structural picture of Ky awaits successful application of X-ray
crystallography to this channel protein.

The pore-forming o, subunit of Na* and Ca®* channels con-
tains four repeats of the six transmembrane-spanning motifs or
domains (I-IV). These channels coassemble with accessory
subunits that modulate channel gating but do not contribute to

the pore. The structure of voltage-gated Na*™ and Ca?* channels
is fundamentally similar to that of K* channels (Fig. 6.4¢).

Most ligand-gated ion channels comprise multiple subunits or
groups of subunits; however, in these, each subunit contains four
hydrophobic transmembrane regions (Fig. 6.4f,g). The subunits
assemble in a pentameric fashion, such that segment M2 from
the five subunits forms the central pore and determines per-
meation characteristics. Channel activation is triggered by ligand
binding to site(s) on the extracellular segment of the polypep-
tide chain. Ligand binding causes a conformational change that
opens the channel pore. Molecular cloning has identified numer-
ous isoforms of the subunits of ligand-gated ion channel recep-
tors (Chapter 20). The reason why so many receptor subunit
isoforms exist is unclear. The exact subunit composition of the
v-aminobutyric acid (GABA) type A receptor probably has
significance for the action of general anesthetics.

CARRIERS, PUMPS AND TRANSPORTERS

The cell membrane preserves the intracellular milieu, thereby
excluding the free movement of larger and charged molecules in
and out of cells. Substrate molecules required for cell metab-
olism, such as glucose and amino acids, metabolic end-products,
and essentially all charged molecules must be transported.
Carriers, pumps, and transporters are proteins that allow move-
ment of these molecules across the cell membrane. Like voltage-
gated ion channels, some protein carriers are highly selective
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Figure 6.4, cont’d Structure of gated ion channels. (a) Proposed tertiary structures of a typical K* channel based on amino acid hydrophobicity deduced from cloned
channel mRNA sequences and the X-ray structure of the channel. The voltage-gated K™ channel consists of four subunits, each containing six membrane-spanning
segments (51-56). Positively charged residues in S4 act as a voltage sensor. Residues of H5 (P-loop) line the pore and contribute to the selectivity filter, which is located
between S5 and S6. S6 residues also contribute to the pore. (b) The four subunits assemble to form a K* channel in which the N terminus acts like a ‘ball on a chain’ to
mediate fast (N-type) inactivation by occluding the permeation pathway at the inner mouth. X-ray crystallography of the bacterial KcsA K* channel supports fundamental
structural features of K, channels. (c) Two KcsA subunits showing inner and outer transmembrane-spanning segments which are coiled a-helical structures as proposed
for similar S5 and Sé regions of K, channels in panel (a), and the contribution of P-loops to the selectivity filter. Straight lines represent components of individual amino
acids. (d) Coassembly of four subunits to form a complete channel (tetramer) with selectivity filter as indicated (see text). KcsA lacks fast inactivation and hence the
N-terminus is small and mostly membrane bound. (e) In Na* channels, the a-subunit comprises four repeats (domains I-1V) that are strikingly similar to a single K* channel
subunit. The a-subunit alone forms the channel pore, although other auxillary subunits also exist. Voltage sensors are charged residues of S4 in each domain. All P-loops
contribute to the pore, as well as portions of S6 in domain IV. The cytoplasmic loop between domains Ill and IV underlies fast inactivation and is considered a ‘hinged lid’;
it closes to occlude the pore. The structure of Ca’* channels (not shown) is similar to that of the Na* channels. (f) The ligand-gated GABA, receptor has subunits containing
four membrane-spanning segments (M1-M4). M2 contributes to the pore and a chloride ion is shown traversing it. (g) Five subunits assemble to form a GABA, channel.
This general structure also applies to several other ligand-gated ion channels (e.g. those for glycine, serotonin, nicotinic acetylcholine; see also Chapter 19). (c and d
modified with permission from Doyle DA, Cabral JM, Pfuetzner RA et al. The structure of the potassium channel: molecular basis of K* conduction and selectivity. Science
1998;280:69-77.)
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whereas others resemble neurotransmitter-gated ion channels
which move two or more molecules at the same time. Therefore,
in many ways carrier proteins functionally resemble ion chan-
nels. Carrier proteins are classified as active or passive, depend-
ing on whether the translocated molecules are moved up or
down their electrochemical gradients, respectively. The electro-
chemical gradient is determined by the concentration difference
across the membrane and membrane potential, and determines
the direction of passive transmembrane movement of a
molecule. Active carrier proteins expend energy through ATP
hydrolysis to move molecules against the electrochemical gra-
dient. They are further subdivided into primary active or
secondary active, depending on whether the transporter is
directly or indirectly coupled to the energy-supplying process
(Fig. 6.5). The best-known primary active transporter is the
Na*/K*-ATPase, which is present in all eukaryotic cells. This
primary active transporter maintains the Na* and K% ionic
gradients by translocating Na™ outward and K* inward against
their electrochemical gradients. The Ca**-ATPase, abundant in
Ca’* storage organelles such as skeletal muscle sarcoplasmic
reticulum, moves Ca’" against its electrochemical gradient. The
ionic gradients established by these primary active transporters
provide the potential energy necessary for the rapid membrane
electrical events critical to the function of excitable membranes.
Secondary active transporters lack endogenous ATPase activity
and move molecules against their electrochemical gradient by
coupling to an already established potential energy source. In
most cases, movement of Na* and/or K* drives secondary active
transport. Examples include the Na*/K*-dependent glutamate
transporters, Na*/Cl"-dependent GABA transporter, Na™—Ca®*
exchanger, and the Na*—glucose cotransporters (SGLIY).

Passive transporters move molecules down their electro-
chemical gradient, which is sometimes referred to as facilitated
or carrier-mediated diffusion. The carrier has a maximum rate,
which indicates the involvement of a specific binding process. As
the concentration gradient for the transported molecule is
increased, a maximum transport velocity (V,,,,) is reached that
depends on the total binding sites available. The Na*-
independent amino acid and glucose transporters are examples
of passive transporters. For an uncharged molecule, the electro-
chemical gradient is the concentration gradient. For charged
molecules, transport depends on membrane potential as well.
Transporters can translocate a single molecule in one direction
(uniport), or two or more molecules in the same (symport) or
opposite (antiport) directions (Fig. 6.5).

Transporters as a current source

The Na*/K*-ATPase couples the translocation of three Na*
outward and two K* inward, both against their electrochemical
gradients. Because of the unequal 3:2 coupling, there is a net
movement of positive charge out of the cell. In electrical terms,
the Na*/K*-ATPase is electrogenic, as it produces a net outward
current. An electrogenic pump has two major implications for
cell function. First, its transmembrane current affects membrane
potential. For the Na*/K*-ATPase, the outward current hyper-
polarizes the membrane. Inhibition of this pump by drugs such
as digoxin therefore depolarizes the cell membrane by removing
this hyperpolarizing effect. Second, electrogenic pumps are
influenced by membrane potential. Depolarization of the mem-
brane enhances cation pumping. Therefore, during times of

Primary and secondary active transporters

Intracellular

c Transported molecule

Cotransported ion

Extracellular

| Symport
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Coupled transport

Figure 6.5 Primary and secondary active transporters. (a) The primary active
transporter Na*/K*-ATPase has two binding sites for K* (red) facing the
extracellular surface and three binding sites for Na* (blue) on the intracellular side.
The movement of Na® outside and K inside both against their respective
concentration gradients (green arrows) is accomplished by energy derived from
the hydrolysis of ATP. (b) The secondary active transporter Na*~Ca”" exchanger
binds three Na* (blue) on the outside and one Ca’* (black) inside. The
translocation of Ca®* against its concentration gradient is driven by the coupled
movement of Na*. This carrier protein has 11 transmembrane domains; it does not
hydrolyze ATP. (c) Three types of protein transporter exist, depending on the
coupling between the ions or molecules that they transport. Both active and
passive transporters can function as uniporter, symporter, or antiporter. (Modified
from Guyton 1991 and Alberts et al. 1994, with permission.)
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intense membrane depolarization, such as during skeletal muscle
activity with exercise, ionic gradients can run down. Under these
conditions, Na*/K*-ATPase activity is increased, enhancing
gradient restoration.

Membrane potential also modulates electrogenic secondary
active transporters such as the GABA and glutamate trans-
porters. The GABA transporter is a symport carrier that couples
the transport of two Na™, one Cl~, and one GABA molecule into
the cell. Because GABA has no net charge, at physiologic pH this
results in net transport of one positive charge into the cell for
each cycle. The glutamate transporter is an antiport carrier that
couples the inward translocation of two Na® and a glutamate
anion, with outward transport of K* and OH". Glutamate is
negatively charged at physiologic pH, resulting in net transport
of one positive charge into the cell. Thus both GABA and gluta-
mate transporters are electrogenic, causing a net inward current,
and, like the Na*/K*-ATPase, they are sensitive to membrane
potential.

Transporter reversal

Neurotransmitter transporters are responsible for sequestering
neurotransmitters released during synaptic transmission. The
rapid sequestration of neurotransmitters away from postsynaptic
receptors ensures rapid termination of the signal, which allows
for high-speed information transfer. They may also serve as a
nonvesicular source of neurotransmitter release during patho-
physiologic conditions (e.g. ischemia). Under normal conditions,

the GABA transporter removes the inhibitory neurotransmitter
GABA from the extracellular space against its concentration
gradient. With increased neuron excitability, such as during a
hypoxic—ischemic insult to the brain or seizure, the membrane
depolarizes and the intracellular Na* concentration rises. Both
factors oppose the normal inward electrogenic GABA trans-
porter activity. In fact, under these conditions the GABA trans-
porter may reverse, translocating Na*, CI~, and GABA outward.
v-Aminobutyric acid can activate GABA receptors, inducing
membrane hyperpolarization and reducing electrical activity
(Fig. 6.6a) such that reversal of the GABA transporter serves as
a negative feedback mechanism, reducing neuronal excitability
at times of greatest need.

In contrast, reversal of the glutamate transporter during
ischemia or neuronal hyperexcitability can result in greater
glutamate release into the extracellular space, causing increased
neuronal damage (Fig. 6.6b). During neuronal hyperexcitability,
the increased intracellular Na* and extracellular K* concen-
trations and the depolarized membrane potential favor reversal
of the glutamate transporter, resulting in the outward translo-
cation of glutamate from the cytoplasmic pool. Released gluta-
mate can activate its receptors, leading to further neuronal
excitation and ultimately to neuronal death (‘excitotoxicity’).
The significance of this positive-feedback self-exacerbating
mechanism in vivo may be limited by the effect of extracellular
acidosis to block transporter function. Malfunction of the gluta-
mate transporter may be important for the pathophysiology of a
variety of neurodegenerative diseases.

Reversal of a transporter

Figure 6.6 Reversal of a transporter. Transport
proteins can operate in the forward or reverse
direction. (a) The Na*/Cl-dependent GABA trans-
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porter under physiologic conditions (left) transports
GABA along with the cotransported ions from
the extracellular to the intracellular space. The net
inward current flow is denoted as an inwardly
directed current source. Under the conditions
indicated (right), the transporter may operate in the
reverse direction serving as a nonvesicular source of
GABA release, which can act on its receptors to
decrease neuronal excitability. (b) Normal forward
operation of the Na®/K*-dependent glutamate
transporter (left) sequesters extracellular glutamate.
This transporter is also electrogenic, causing an
inwardly directed current. Under the conditions
indicated (right), reversal of this transporter releases
intracellular glutamate, exacerbating the excito-
toxicity of neurons.
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ELECTROPHYSIOLOGICAL TECHNIQUES

A dramatic increase in our understanding of ion channels and
carrier proteins has resulted largely from combining the power-
ful techniques of molecular biology (Chapter 4) and electro-
physiology. This section provides an overview of selected
electrophysiologic techniques that allow precise measurements
of transmembrane currents and voltages.

Two-electrode voltage clamp

Channel currents are determined by the nature of channel
opening, resistance or conductance of the permeant ion(s), the
Nernst potential, and membrane voltage. In order to study ion
channel function, the essence of ion channel physiology, channel
currents are precisely measured during the delivery of a trig-
gering stimulus (a membrane voltage change for voltage-gated
ion channels, or a pulse of agonist for ligand-gated channels).

In the 1950s the two-electrode voltage clamp technique
yielded the first observations of currents through voltage-gated
ion channels and remains an indispensable tool in ion channel
physiology. This technique employs two electrodes to control or
‘clamp’ membrane voltage (V,,) (Fig. 6.7). The glass micro-
electrodes contain conducting solutions and communicate
electrically with the cell cytosol. A voltage-sensing electrode in
combination with a bath electrode provides measurement of the
membrane potential (V). When the voltage-gated channel
opens, the resultant current (I.) drives V,, away from V. This
increases the error, causing an increase in I, (current delivered by
the amplifier) that exactly matches I, to equalize V,, and V.. As
a result, the change in I, reports I. under constant V. Two-
electrode voltage clamp controls the voltage of the entire cell
membrane, and therefore reports an average activity of all
channels, which is known as whole-cell or macroscopic current.
Two-electrode voltage clamp can only be used in cells large
enough to tolerate puncture by two microelectrodes (e.g. cardiac
Purkinje cells). As a result single-electrode voltage clamp tech-
niques were developed, but the nature of currents through
individual or single channels remained a mystery until the 1970s,
when Neher and Sakmann developed the patch clamp
technique, for which they received a Nobel Prize.

Patch clamp technique

The patch clamp technique provides voltage clamp of a mem-
brane patch (hence the name). A single glass micropipette is
pushed on to the cell membrane and negative pressure is care-
fully applied to form a ‘tight seal’, characterized by high resist-
ance (giga-Ohm, >10'’Q). In essence, the electrode isolates
and captures all ions flowing through the ~2 pm? membrane
bounded by the micropipette. In this fashion, ionic current
passing through a single channel in the membrane patch can be
collected and measured. These single-channel or microscopic
currents reflect closed or open conducting states (Fig. 6.8).
Open channels conduct unitary current, which is determined by
channel conductance, ionic conditions, and membrane potential.
Single channel activity reports transitions between numerous
possible conformational states; the analysis of these data
requires probabilistic techniques such as histogram analysis. The
patch clamp technique has a number of variations for the
measurement of single channel currents, which include cell-

Two-electrode voltage clamp measurement of channel currents

a Current

delivering Glass ——
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Figure 6.7 Two-electrode voltage clamp measurement of channel currents.
(a) The method is illustrated for a single cell with a gated ion channel selective for
an intracellular cation (circle with + sign) that is concentrated in the cytosol.
Electrical elements representing membrane capacitance (C,,) and resistance (R,)
are superimposed on the membrane. The intracellular voltage (V) is assayed by a
glass micropipette (diameter 107 m) and voltage-sensing electrode. The
transmembrane voltage (V) is determined by comparing Vi, with the bath
voltage (V) detected by the bath electrode (coiled wire); V,,, is compared with its
desired value (V). The difference represents an error signal that is fed to an
amplifier; this then generates a proportional current (/,) that is delivered to the cell
via a second electrode (current delivering). (b) Changes in V,, (left) and I, (right)
over time are also shown. Initially, when the gated channel is closed, /, is equal to
the negative resistive current (/) necessary to cause the voltage induced in R,
and, therefore, V;, to equal V., (< 0 mV). Channel opening results in an outward
hyperpolarizing current. The setup delivers additional current equal to /. in order
to maintain equality between V,, and Vi (negative feedback control). This
technique allows the measurement of ion channel current at constant V,;,.

attached inside-out, cell-free inside-out and outside-out, as well
as whole-cell formations for measuring whole cell currents.

Lipid bilayer technique

The lipid bilayer technique also allows the study of single chan-
nel activity. The recording chamber comprises two wells sepa-
rated by a thin wall containing a 250 um diameter hole, which is
painted with lipid solution to form a lipid bilayer. Channel-
containing vesicles are introduced in one well and fuse with
the lipid covering the hole, thereby inserting the channel. The
voltage across the lipid bilayer is clamped and the channel
current studied.

Extracellular recording

Much has been learnt about the fundamental properties of
excitable membranes through voltage clamp techniques that
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Patch clamp measurement of channel currents

Figure 6.8 Patch clamp measurement of channel
currents. In the ‘membrane patch’ arrangement (a)
a glass micropipette is pushed on to the cell
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GABA,
receptor
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Closed
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membrane and negative pressure is applied to the
micropipette lumen to form a high-resistance seal.
Glass Y-Aminobutyric acid (GABA) in the pipette triggers
the opening of the channel, which is reported as a
CI™ current below. These single-channel records
demonstrate that individual channels open in a
quantal fashion to conduct a unitary current. The
membrane patch can be ‘ripped” off the cell to
achieve a cell-free inside-out configuration (not
shown), which allows the delivery of agents to the
cytoplasmic side of the channel and membrane. In

micropipette

« the ‘whole-cell’ configuration (b) transient negative
pressure applied to the micropipette lumen
Cell disrupts the membrane patch, allowing the pipette

lumen to communicate with the cell cytosol
electrically. Delivery of GABA to the cell exterior
triggers channel opening. The recorded current
< reflects the averaged activity of numerous channels
in the entire membrane.

require intracellular microelectrodes. However, essentially all
clinical information is obtained through extracellular recording
(e.g. electrocardiogram, electroencephalogram, sensory- and
motor-evoked potentials). Extracellular recording of electrical
activity is based on two fundamental principles: excited mem-
brane serves as a current generator, and current flowing between
any two points on a tissue can be recorded as a resistive voltage
difference.

The first principle is easy to understand based on the pre-
ceding discussions on gated ion channels. The net current flow
across a short segment of axon or a membrane patch changes
from zero at rest to net inward current at the peak of an action
potential (inward Na* channels are fully open) to net outward
current during the falling phase of an action potential (outward
K* channels are fully open), and back to zero. These events
sequentially cause the excitable membrane to be a current sink,
then a current source, before returning to zero current. The
charge flow that feeds the current sink or accepts the current
source comes from the extracellular space surrounding the
excitable membrane. When many membrane patches act as a
time-dependent current generator, a corresponding extracellular
current flow occurs. Quantitatively, the transmembrane current
(i.e. the net current that flows across the cell membrane via the
ion channels) is directly proportional to the first derivative of the
extracellular action current. In experimental recording situa-
tions, such as extracellular recording from a hippocampal slice
preparation, this relationship is utilized and the first derivative of
the initial upstroke of the extracellular action current is used as
an indirect measure of the transmembrane current indicative of
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the synaptic strength. In clinical situations when a fairly well
defined large amount of excitable tissue undergoes a more or
less uniform change in its excitability (such as during the stimu-
lation of a nerve bundle during a nerve conduction test), the
total extracellular current flow resulting from these changes is
recorded as the compound action potential. When billions of
nerve cells all fire in a synchronous manner in the brain, all indi-
vidually contributing a miniscule amount of extracellular cur-
rent, the net aggregate extracellular current flow as recorded
on the surface of the scalp is the electroencephalogram (EEG)
(Chapter 14).

The second principle states that the final magnitude of the
recording is a product of the actual current flow and the extra-
cellular resistance between the two recording points. For a given
amount of current flow, the ohmic voltage drop is proportional
to the resistance. Therefore, a low-resistance contact provided
by the electrocardiogram pads and the precise placement of the
leads becomes essential for obtaining reproducible results

(Chapter 13).

FLUORESCENT TECHNIQUES FOR
MEASURING INTRACELLULAR IONS

Ion channels and protein carriers maintain vital intracellular ion
and substrate concentrations. Direct physicochemical techniques,
such as radioisotopic tracer or ion-selective microelectrode
methods, allow the measurement of intracellular ion concentra-
tions. Optical methods based on ion-selective indicators are also
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useful. Their principal advantages are that they are noninvasive
and allow high spatial resolution of intracellular ion concentra-
tions at the level of individual cells and organelles.

The physical principles underlying optical measurement of
intracellular ions should be familiar to clinical anesthesiologists.
The method is based on a concentration-dependent change in
the absorbance/emission of light at a given wavelength, analo-
gous to the principles underlying oxygen saturation determina-
tion by pulse oximetry. Thus, determination of the functional
oxygen saturation of hemoglobin is accomplished by comparing
light absorbance at 660 and 940 nm. At 660 nm, reduced
hemoglobin (higher extinction coefficient) absorbs light better
than oxyhemoglobin (lower extinction coefficient), whereas at
940 nm the converse is true. Modern pulse oximeters take
measurements of light absorption at these two wavelengths
nearly 500 times a second, and calculate the relative amounts of
oxyhemoglobin and reduced hemoglobin and determine the
hemoglobin oxygen saturation. Optical methods of determining
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Sites of drug action
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* Drug-receptor interactions
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Drug-receptor interaction

» Concentration-response relationships
Antagonists

* Biological responses

Applied pharmacology is central to the practice of anesthesia.
Following intravenous administration of a drug, the desired
effects — and the unwanted effects — are rapid and usually
immediate. The observed effect is not the direct result of the
drug itself, however, but a response by the organism to the
presence of the drug. Original beliefs held that this was due to a
physical interaction, the drug combining with the cell to induce
a physical change, e.g. a change in size, shape, surface tension, or
osmotic pressure. The pioneering work of Langley and Ehrlich at
the beginning of the 20th century, however, gave rise to the
concept of surface groups on cells that could exhibit specific
binding properties with external molecules. It was Ehrlich who
named these groups ‘receptors’. Since then, a vast array of drugs,
toxins, transmitters, hormones, etc. have been shown to act by
transferring information to cells by interaction with receptors.
The activation of a receptor necessitates a direct chemical bond-
ing between the ligand and the receptor, the latter functioning as
a specific recognition/binding site for the former.

Studies by Clarke, also in the early part of the 20th century,
centered on the quantitative relation between concentration and
action. Clarke examined the responses to graded increasing con-
centrations of acetylcholine and showed that when plotted in
the form of a graph a curve resulted which could be expressed
mathematically by the equation:

M Equation 7.1

_ y
*=kT00-y)

where x is the concentration of acetylcholine, y is the effect
expressed as a percentage of maximum possible effect, and k is
a constant.

The simplest explanation for this relationship was a reversible
monomolecular reaction between two entities — the drug and a
single binding site on the cell.

NATURE OF RECEPTORS

A receptor is an entity that binds to a drug or a transmitter
substance and puts into action a chain of events leading to an
effect (or part of an effect, if it is necessary to exceed a
threshold). These must be differentiated from certain other sites
that bind drugs, e.g. plasma proteins. These latter sites, often
called ‘acceptors’, possess an affinity for the drug but result in
no response. The presence and concentration of these inactive
acceptor sites may considerably influence the action of a drug,
either by removing it from the active biophase, thereby decreas-
ing the expected effect, or by acting as a storage site and
potentially prolonging the effect.

Receptors have three notable properties: sensitivity, selectiv-
ity, and specificity. A response results from very low concen-
trations (sensitivity). A response is only produced by a narrow
range of structurally similar chemical entities (selectivity). The
response to an agonist that is acting on the same set of receptors
is always the same because the cells themselves (specificity)
determine it. Although the concept of receptors on the surface
of cells was established, they remained a conceptual entity until
the 1970s, when the techniques of electron microscopy and
biochemistry began to allow their visualization and purification.

Receptors have traditionally been classified according to the
target systems to which they relate, and on the basis of effects
and the relative potency of selective agonists and antagonists,
e.g. cholinergic muscarinic, cholinergic nicotinic, adrenergic. In
most systems, detailed studies with more selective agonists and
antagonists have revealed many subdivisions, e.g. adrenergic
oy, 0o, Bi, Bs, B3. An alternative classification results from the
anatomical location of the receptors. Here, the tissue supporting
the receptors could be used to categorize receptors: for example,
most cholinergic muscarinic receptors lie on smooth muscle
or glandular tissues, whereas a particular subtype of cholinergic
nicotinic receptor lies on striated muscle. One further
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classification has become available relatively recently following
advances in molecular biology. The isolation and study of single
receptors has allowed the actual amino acid sequence to be
determined. Receptors can now be classified in a very detailed
manner, according to the gene sequence encoding the receptor.

Molecular characterization of receptors used to be very dif-
ficult because they are present in extremely small concentrations
compared with other membrane proteins. Destruction of the
membrane using detergents will secure the release of the mem-
brane proteins, including those containing receptors. Those con-
taining the ligand-binding sites can then be isolated and purified.
Such purification processes are complex and tedious in view of
the very small concentrations of receptors available, and this
limited research until relatively recently. Molecular biological
techniques have now revolutionized this field. Messenger RNA
encoding the receptor being examined is used to create the com-
plementary DNA, which is replicated by insertion into bacteria.
The DNA produced, which is capable of encoding a particular
receptor, is then harvested from the bacterial cells following cell
lysis and used to express the receptor in cells that would not
normally contain that receptor. The new receptor can then be
examined using routine ligand-binding techniques. Using these
techniques it is possible to produce receptors at a very much
higher density than in normal cells (overexpression), and further
purification and studies are facilitated. More detailed studies to
determine the receptor structure are then possible, and purified
receptors can be inserted into other artificial lipid membranes
to facilitate further studies of receptor function under more
physiological conditions.

Cell membranes are made up of a phospholipid bilayer, the
hydrophobic parts of which lie within the membrane and the
hydrophilic parts of which line the surface (Fig. 7.1). Proteins
are an important constituent of the cell membrane and are
orientated within the membrane according to their hydrophilic
and hydrophobic characteristics. The majority of drug-binding
sites are situated on proteins, glycoproteins, or lipoproteins, and
the unique three-dimensional structure of these substances
permits highly individualized binding sites to be created. In the
case of a water-soluble drug, the binding site will lie within the

Receptors inserted into cell membrane

Phospholipid
bilayer
(cell membrane)

Receptor protein
(an integral transmembrane protein)

Figure 7.1 Receptor inserted into cell membrane.
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hydrophilic head of the protein on the outer surface of the cell
membrane. In the case of a lipophilic drug, the binding site
probably lies within the cell membrane itself. The whole struc-
ture usually spans the membrane, such that the outer section
contains the binding site for the drug or ligand, the transmem-
brane part is made up of amphiphilic helices of lipophilic amino
acids capable of transmitting or functioning as a gate, and the
intracellular section is capable of interacting with other intra-
cellular proteins to promote second-messenger systems. The
transmembrane proteins cannot move into or out of the mem-
brane, although they are capable of lateral motion, floating in
a lipid film in a dynamic fashion. Lateral motion may be very
important, allowing the receptor proteins to interact freely (or
relatively freely) with adjacent proteins. Many receptors appear
to depend on such interactions as a part of their action to trigger
the ongoing response. The reverse may be true, however, in that
binding of a ligand to one receptor might alter the affinity of
the binding of another ligand to an adjacent receptor, thus
modulating drug and hormonal actions.

DRUG RECEPTOR INTERACTIONS

There are a number of properties common to transmembrane
receptors, in particular the recognition of extracellular drugs or
ligands and the transmission of information to the intracellular
region. Ligands combine directly with receptors. This bonding
is usually electrostatic (ionic) in nature. Other forms of electro-
static bonding, e.g. hydrogen bonds and van der Waals forces, act
to further stabilize binding. Covalent bonds are not common and
are usually irreversible. The formation of ionic charges, and also
the hydrophilicity, depends upon the pH of the medium and the
pK, of the molecule. These are extremely important in the
context of drug-receptor interactions and can be manipulated
externally to change binding properties, prolong or inhibit drug
receptor interactions, etc. Hydrogen bonds are very weak and
serve principally as reinforcements to other types of ionic bond.
The importance of hydrogen bonds in biological systems is
considerable: for example, the macromolecular structure of
DNA and similar proteins depends upon the presence of large
numbers of hydrogen bonds.

Structure-activity relationships

Drugs act at receptors, which are specific groups on the surface
of cells. A large number of different receptors exist, each with
its own individual family of related drugs. In general, there is
little or no crossreactivity between these separate families. For
example, tubocurarine has an action at the nicotinic acetyl-
choline receptor, and diazepam at the benzodiazepine receptor.
Neither has any effect on the other receptor. Tubocurarine and
diazepam differ considerably in their chemical structure, and it
might therefore be expected that the characteristics and shape
of the molecule would be relevant to activity. The whole mole-
cule is not necessarily involved, however. Pancuronium and
atracurium, for example, all have the same effect as tubocu-
rarine on the nicotinic acetylcholine receptor whereas midazo-
lam, temazepam and lorazepam all affect the benzodiazepine
receptor. It would thus appear logical to infer that there must be
some component part of each molecule which is common to a
series, and which possesses the ability to combine with the
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receptor. That moiety on benzodiazepines must be different
from that on the cholinergic agonists.

The study of structure—activity relationships has enabled us
to determine a number of factors with respect to the receptors.
Information concerning, for example, the number of binding
sites and their spatial configuration, the probable nature of the
binding forces, and the requirements for activation may be
deduced. Although traditional structure-activity relationships
continue to be important in the elucidation of receptor struc-
ture, newer methods have been developed. Of particular impor-
tance are computational techniques involving advanced graphics.
These enable predictions to be made of energies between bonds,
and the conformations of the bound versus the unbound states
of drug-receptor complexes. Advances in recombinant DNA
technology have allowed the primary structures of receptors
to be copied. X-ray crystallography and magnetic resonance
imaging have also played a vital role.

The simplest model concerning the relationship between
drug (or ligand or agonist) concentration and observed response
is derived from the Law of Mass Action and assumes that the
two entities (agonist and receptor) are combining in a reversible
manner to form a third. In its simplest form, this may be
expressed by the following equation:

M Equation 7.2
[Drug (D)] +[Receptor (R)] — [Drug-Receptor complex (DR)]

Unless the drug forms a completely irreversible union with
the receptor (an uncommon state of affairs), the drug-receptor
complex can dissociate into its two component parts and the
equation is bidirectional:

M Equation 7.3

k
D] + [R] kle [DR] — Effect
21

The rate of forward reaction, k;, (formation of drug-receptor
complex), depends upon the concentration of drug [D] and the
concentration of receptors [R]. The rate of dissociation of drug—
receptor complex (k;;) depends upon its concentration [DR].
Therefore, when steady state is reached,

M Equation 7.4
ki> [D][R] = ky; [DR]
[DI[R] _ ko

rearranging, ——— = — = Kp

[DR] ki

The ratio ky,/k,; is usually replaced by the single term K, the
dissociation constant. It must be noted that in this scheme it
has been assumed that the reaction is totally reversible, that all
receptor sites have an equal affinity for the drug, that binding to
some receptor sites does not affect the binding to others, and
that there are no other nonspecific binding sites present. Clearly,
this is an ‘ideal’ situation and not one that pertains in many
clinical circumstances. Fractional receptor occupancy may be
expressed as a function of ligand concentration [L] at equi-
librium, and the result is a rectangular hyperbola (Fig. 7.2a). The
equilibrium dissociation constant K is equal to the concentra-
tion of ligand at 50% receptor occupancy, and is more easily
determined from the semilogarithmic plot of log [L] against [LR]
(Fig. 7. 2b). Note the similarity of these ligand-binding graphs to
the dose (concentration)-response graphs below.

Saturation binding experiments
a 100
Hyperbolic curve
[LR] = ligand-receptor
x concentration
=
32 [L] = ligand
concentration
0
[L]
b 100
Above data
transformed into a
sigmoid curve by
x log [L]
T 50 frerereerererenees / 9
8¢ Kp = equilibrium
i K dissociation
/ D constant
0 H
log [L]
c
Data transformed
using a Scatchard plot
) to linearize the data
g B,o = total receptor
- concentration

Figure 7.2 Hyperbolic curve of ligand receptor concentration (%LR) against
ligand concentration [L]. The same data transformed by taking logarithms of [L].
A sigmoid curve results. K, the equilibrium dissociation constant, is equal to [L] at
50% receptor occupancy.

At equilibrium, the sum of the total number of free receptors
[R] and the total number of receptors bound to drug [DR] must
equal the overall total of existing receptors, which we can denote
by the term [Ryy]. Thus, [Rewi] = [R] + [DR].

Substituting for [R] in Equation 7.2 and rearranging gives the
following:

M Equation 7.5
[D] [Rtotal - DR]
[DR]

D

which can be further rearranged as:
H Equation 7.6

[DR] _ _ [D]

[Rtotal] I<D + [D]

When all of the receptors [Ry.] are occupied by agonist, the
maximum effect (E,,,) will be produced. When no receptors are
occupied, there will be no effect. Between these two extremes,
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the effect (E) will be proportional to the concentration of
receptors occupied [DR]. Thus,
M Equation 7.7
E[DR]  [D]
Emax [Rtotal] KD + [D]

therefore

The measured response, r, is equal to E/E,,, so:

M Equation 7.8
B L]
Kp + [D]

and

M Equation 7.9
D] = Kp, x _r
1-r

If drug concentration is displayed in terms of the response, r,
a rectangular hyperbola results (Fig. 7.3). This is the standard
concentration-response relationship graph and is identical to
that derived by Clarke (see above). It is also clear that Ky, is the
concentration of agonist that will occupy half of the receptors at
equilibrium. When K, is small, the receptors have a high affinity
for the agonist (few drug molecules are required to occupy 50% of
the receptors), and when Ky, is high, the receptor affinity is low.

The rectangular hyperbola describing the relationship
between drug concentration and measured effect is particularly
difficult to construct and to use. It is therefore common to dis-
play the data as the response against the logarithm of the con-
centration (or dose) of drug, where the response is expressed as
a percent of maximum response. This yields a sigmoid-shaped

Graph of response against drug concentration
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Figure 7.3 Graph of response against drug concentration (a ‘dose-response
curve’) demonstrating the similarity to the ligand-binding graphs (Fig. 7.2).
Key points referring to the derived equations have been illustrated.
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Graph of log response against drug concentrations
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Figure 7.4 Graph of response against log drug concentration (the ‘log
dose-response curve’). The section from about 20% to 80% is linear, making it
easier to use and to determine standards of comparison, e.g. the EDs, or ECsy,.

graph (Fig. 7.4). This transformation is particularly useful because
the section from approximately 20% to 80% of maximal response
is a straight line, allowing a more precise estimate of the ECs,.
Additional advantages of this semilogarithmic plot are that it is
possible to visualize effects over a wide range of drug doses
(concentrations), and also to more easily compare the effects of
different agonists and antagonists.

The log dose-response graph is difficult to use outside the
range 20-80% of maximum response because of nonlinearity,
and it may not be possible to confine data to the central linear
section. A further transformation can be obtained by taking
logarithms of both sides of the equation:

M Equation 7.10

Log[D] = LogKp + Log(lrj)

Thus a graph of log[D] against log(ﬁ) will produce a

straight line, the intercept of which gives the value for logKp
(Fig. 7.5). This relationship is known as the Hill plot (named
after A V Hill). If the agonist and receptor combine on a 1:1
basis, then the slope of the line should be unity.

The term ‘Log (ﬁ)’ is also referred to as the logit (or

logistic) transformation, and this has the effect of extending the
ends of the scale of r and is linear between about 2% and 98% of
maximum response. It allows points to be reliably plotted out to
between approximately 5% and 95% of maximum response.
There is an alternative approach, namely that of probit analy-
sis. This considers the response as being due to a statistical
summation of the probabilities that any individual drug entity
and receptor entity will combine to initiate an effect. The
response axis is replaced by an axis that represents the propor-
tion (or percentage) of positive receptor interactions for that
given dose and response. As the concentration of agonist rises,
the proportion (or rate) of receptor interactions increases until
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The Hill plot

Intercept = log[Kp]

Log (r/I-r)

Slope indicates ratio of agonist:
receptor combination

Log [D]

Figure 7.5 The Hill plot.

the 50% response point is reached. The proportional increase for
each unit increase in dose then declines with further increases in
dose, although the total number of receptors occupied must be
increasing. The frequency distribution of quantal responses to
many drugs has been shown to be described by such a normal
(gaussian) distribution. Conversion of a response to its probit
value requires complex mathematics, and it is easier to use
either a table of probit values or graph paper marked with a
probit scale. The effect of probit analysis is almost identical to
that of logit analysis, in that it expands the ends of the scale of
response and converts the sigmoid relation between log concen-
tration and response to a straight line between about 2% and 98%.

There is one further technique occasionally applied to biolog-
ical data, namely arcsine transformation (alternatively known as
the angular transformation or inverse sine transformation). The
equation y = sin"'x is applied to the data, where x is the square
root of the original variable. As the original variable increases
from O to 1, y increases from 0° to 90°, and equal changes in x
correspond to greater changes in y towards the ends of the scale.
The result is therefore again to convert a sigmoid curve (which
might be regarded as having the appearance of a section of a sine
wave) into a straight line between about 2% and 98%.

Drug-receptor interaction

The two principal theories underlying the interaction between
drugs and receptors are the occupation theory and the rate
theory, although many others have been postulated.

The occupation theory of drug action is the most logical, and
holds that the observed response is a direct function of the
number of receptors occupied by drug. The resulting response
therefore depends on the receptor density, the dissociation
constant Kp, the intrinsic efficacy of the receptors for the drug
and the efficiency of the process converting receptor activation
to cellular response.

The occupation theory has its origins in the work of Clarke,
who showed that there were many situations where the effect
of a drug was linearly proportional to receptor occupancy. The
occupation theory can readily explain the shape of the dose-
response relationships from the equations described above. There

are, however, some discrepancies, and a number of assumptions
have to be made. In particular, the concentration of drug in the
active biophase surrounding the receptor will not change instan-
taneously, owing to pharmacokinetic factors.

A variant on the occupation theory is the operational model.
This originates with the experimental observation that most
drug concentration-response curves describe a rectangular
hyperbola. Thus the model can be tested by producing a
saturation curve. It is simpler than the occupation model in that
drug responses can be described in terms of only three param-
eters: the dissociation constant, the receptor concentration, and
the concentration of drug-receptor complex that elicits half-
maximal response.

The rate theory of drug action is based on the kinetics of
onset and offset of drug binding to the receptors. It recognizes
that receptors have to be occupied by drug for the effect to be
produced, but holds that the drug is constantly binding with
and dissociating from the receptors in a dynamic fashion. The
response should then be a function of the rate of interaction
between agonist and receptors, and not the actual occupation.
This theory can also be mathematically shown to predict the
same shapes of graph for the dose-response and log dose—
response relationships. The dissociation constant Kp, is also equal
to the concentration of agonist at half-maximal response. The
time curve of a response under the rate theory differs from that
predicted by the occupation theory. At zero time, as the drug is
administered, [DR] is zero. According to the rate theory, the
response should immediately rise to a transient peak and then
decrease exponentially very rapidly to a plateau (equilibrium
response). It is the equilibrium response that is the measured
response. Theoretically, the plateau responses are the same as
those predicted by the occupation theory. According to the rate
theory, however, peak response may considerably exceed the
maximum response that would be possible according to the
occupation theory. It is hard to reconcile these theoretical con-
siderations, and the existence of these instantaneous maximum
values is almost impossible to test experimentally. The rate
theory also supports the observation that agonists act more
rapidly than antagonists. It also supports the concept that the
probability of an agonist and a receptor combining will depend
on their relative concentrations, which has already been sup-
ported by using probit analysis as a tool in the analysis of
concentration—response relationships.

A third model, the receptor inactivation model, combines
elements from both the occupation and the rate theories. This
theory proposes first, that an agonist binds to a receptor with an
onset rate k; and an offset rate k,. Second, it proposes that the
agonist-receptor complex can transform into an inactive state
incapable of further activation for a set time, which is governed
by a rate constant of k;. Again this theory fulfils the theoretical
criteria but is extremely difficult to test experimentally.

In an attempt to further simplify this field, a recent proposal
has suggested that a two-state model is adequate. This theory
proposes that a dynamic equilibrium exists between the inacti-
vated and the activated forms of the receptor. The transition
from inactivated to activated is rooted in probability theory, such
that the probability of a receptor existing in the activated state
is high in the presence of agonist and very low in the absence
of agonist. The ratio of inactivated to activated is tissue specific
and probably receptor specific. In the normal situation, in the
unstimulated state there are negligible activated receptors pre-
sent. In transgenic animals, however, where receptors may be
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overexpressed more than 1000-fold, there is a greater proba-
bility of activated receptors existing in the absence of agonist.
According to this theory, agonists bind selectively to stabilize the
activated state, and thus the equilibrium is driven towards the
right. Antagonists would bind equally to both states, thus pro-
moting the default position of the great majority of receptors
being in the inactive state and also preventing an agonist from
disturbing this equilibrium. Inverse agonists would bind selec-
tively to the inactive form of the receptor, thus having the
opposite effect to an agonist.

CONCENTRATION-RESPONSE
RELATIONSHIPS

The binding of a drug to a receptor is necessary for the trans-
mission of the signal. There may be an increase or a decrease in
activity of a second-messenger system or a blockade of effect,
depending on the substance binding to the receptors. Although
consideration has been given to the theoretical interaction
between ligands and receptors, such receptor theories may not
fully explain the amount of drug that would be required for a
given effect. Drugs may fall into a number of different categories
with respect to their interactions with receptors.
® Agonist An agonist is a ligand or drug that binds to a receptor
and causes activation. In an adequate concentration it can
cause maximal activation of all receptors (a full agonist).
According to the theories above, an agonist alone should com-
pletely stabilize the activated form such that in sufficient
concentration the reaction would be driven totally to the right
and 100% response can be obtained by occupying all recep-
tors (Fig. 7.6).
® Potency When considering agonists, the term potency is used
to differentiate between different agonists that activate the
same receptor and which can all produce the same maximal
response, but which do so at different concentrations (Fig.
7.7). The most potent drug of a series has the lowest Kp, and
vice versa.

Effect on ligand potency on concentration-response curves
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Figure 7.6 Ligand (drug) effects on receptor-mediated responses.
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Figure 7.7 Effect of agonist (drug, ligand) potency on concentration-
response curves. All are identical, parallel sigmoid curves. They are all capable of
producing the same 100% response and differ only in potency. Drug 1 is the most
potent and has the smallest Ky, whereas drug 4 is the least potent and has the
highest K.

® Affinity The affinity of a drug is its ability to bind to the
receptor. It can be calculated as 1/Kp,.

® Efficacy The efficacy of a drug is its ability to produce the
appropriate change in the receptor, which leads to stimulation
or propagation of the signal. It refers to the maximum possi-
ble effect that can be achieved with that drug (Fig. 7.8). The
term intrinsic activity is often used instead of efficacy,
although this more accurately describes the relative maxi-
mum effect obtained when comparing compounds in a series.
Efficacy may be due to the extent to which an agonist pro-
duces the appropriate conformational changes within the
receptor/gating molecule.

Effect of ligand efficacy on concentration-response curves
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Figure 7.8 Effect of efficacy on concentration-response curves. All three
drugs are equipotent, as the curves are not shifted to the left or to the right and
they all have the same Kp. Drug 1 is the most efficacious and drug 3 the least.
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Effect of a partial agonist on
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Figure 7.9 Effect of agonist in presence of a partial agonist. A full agonist
alone will produce 100% response. The addition of a partial agonist reduces
the maximal possible response to the agonist. The responses at lower
concentrations of agonist depend on the concentration of partial agonist. In
the example illustrated, the concentration of partial agonist is sufficient to
produce an effect even in the absence of full agonist.

® Partial agonist A partial agonist activates a receptor but
cannot produce a maximum response (Fig. 7.6). It may also
be able to block (at least partially) the effects of a full agonist
(Fig. 7.9). It has been postulated that partial agonists possess
both agonist and antagonist actions, and the term ‘dualist’ or
‘agonist—antagonist’ has been used. A partial agonist has a
lower efficacy than a full agonist.

® Inverse agonist These substances produce effects opposite to
that of an agonist (Fig. 7.6). They appear to bind prefer-
entially to the inactivated receptor to stabilize the system.
They may under some circumstances have a theoretical advan-
tage over antagonists in situations where a disease state is
partly due to an upregulation of receptor activity, such that
there is an increased probability of the activated form of
receptor at resting state.

® Allostery Proteins are dynamic structures that can alter their
structural conformation depending on state of activation,
surrounding proteins, etc. This ability is described as allostery.
The binding of one ligand or entity may affect the subsequent
binding of another, identical or different substance. Recent
evidence suggests that this may result from there being several
graded states between inactivated and activated, rather than
an all-or-none response with just two forms of the receptor.

® Spare receptor concept The relationship between the number
of receptors stimulated and the response is usually nonlinear.
A maximal, or almost maximal, response can often be pro-
duced by activation of fewer than all of the receptors present
(Fig. 7.10). A good example can be found in the neuro-
muscular junction. Occupation of over 70% of the receptors
by antagonist molecules is necessary before there is a reduc-
tion in response, implying that a maximal response is obtained
by activation of only 30% of the total number of receptors.

® Tolerance Individual variation can result in a situation where
an unusually large concentration of drug is required to produce
the response. The usual reason for this is chronic exposure to
the agonist, and the result is tolerance or tachyphylaxis. The
underlying mechanism in many cases may not be clear.

Relationship between receptor occupancy
and biological response
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Figure 7.10 The relationship between receptor occupancy and biological
response. In this example maximal response can be obtained with only about
one-third of the receptors occupied. Further addition of agonist beyond this
point will cause more receptors to be occupied, but the response cannot be
further increased beyond 100%.

Common causes include enzyme induction, depleted neuro-
transmitter, protein conformational changes, and changes in
gene expression.

Antagonists

An antagonist is a substance that inhibits or blocks the action of
an agonist. Antagonism may be competitive or noncompetitive,
reversible or irreversible. It may or may not take place at the same
receptor, and may involve more than one process simultaneously.
Competitive antagonists compete with agonists for a common
receptor-binding site. The extent of the competitive antagonism
is dependent upon the concentration of agonist and its disso-
ciation constant, and also upon the concentration of antagonist
and its dissociation constant. In the presence of the competitive
inhibitor, the fractional occupation of receptor by agonist will
decrease. Because the nature of the interactions is competitive,
increasing the concentration of agonist can still produce the
same maximum response as in the absence of the antagonist. A
large excess of agonist favors a normal response. A plot of the log
dose of agonist against response in the presence of a competitive
antagonist also produces a sigmoid curve which is parallel and
displaced to the right (Fig. 7.11a). Increasing the concentration
of competitive antagonist shifts the curve further to the right.
Noncompetitive antagonists attach to the receptor, or to a
nearby group, and prevent the receptor from initiating the
response, whether or not it is activated. The antagonist does not
necessarily alter the ability of the agonist to combine with the
receptor, and agonist can therefore combine with either normal
or inactivated receptor. The presence of the antagonist has
therefore effectively reduced the number of available receptors,
and because the response depends upon the number of receptors
activated, the maximum possible response is reduced (Fig. 7.11b).
The more noncompetitive antagonist that is present, the greater
will be the reduction in possible maximum response. The drug
should still be combining with the receptor (whether normal or
inactivated) with the same affinity (Kp is the same). The ECs
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Interactions between agonist and antagonist
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Figure 7.11 Interactions between agonists and antagonists. In the case of a
competitive antagonist the curve is shifted to the right in a parallel fashion. The
maximum possible response remains the same, but a higher concentration of
drug is required in the presence of antagonist. A noncompetitive antagonist will
reduce the maximum possible response to the agonist.

remains the same, although it is 50% of a different maximum
from the situation pertaining in the absence of antagonist.
Increasing the concentration of agonist will have no effect on the
maximum response obtainable. Plots of the response against log
dose of agonist produce a family of curves similar to those in
Figure 7.11b. It can be seen that graphical analysis can be used
to discriminate easily between competitive and noncompetitive
antagonism.

If the antagonist reacts in an irreversible manner with the
receptor the receptors will be permanently removed from the
pool. This is irreversible antagonism. Under these circumstances
it may be necessary to await the manufacture of new receptors.
In the meantime, a normal log dose-response relationship is
seen, but the maximum possible response will be less. A family
of curves similar to those in Figure 7.11b for a noncompetitive
antagonist will result.

It is possible for antagonism to result from a mechanism
unrelated to block of drug receptors. Examples might be the
inhibition of a second-messenger system which is activated by
the receptor, or alteration in cellular excitability by another
means. This type of antagonism is sometimes referred to as
physiological antagonism. It also must be remembered that it is
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possible for some antagonists not to act by one mechanism alone,
but by several different mechanisms simultaneously.

BIOLOGICAL RESPONSES

Responses to drugs can be defined as either graded or quantal. In
a graded response there is an increasing magnitude of response
with increasing dose of drug. Most drugs possess this type of
action. In some cases, however, there is an all-or-nothing response
where, once a certain level of receptor occupancy has been
exceeded, the response is triggered. Below the threshold, the
response is absent. This would be described as a quantal response.

Quantal response to a drug in a population

a Gaussian distribution curve

Number of patients responding

[Drug] or drug dose

b Sigmoid curve

100

% Response

T T
EDso  EDgs

[Drug] or drug dose

Figure 7.12 Quantal drug responses. (a) Gaussian distribution curve describing
a normal quantal dose-response relationship. (b) The result of transforming the
data by plotting the cumulative percentage response (number of patients
responding) against the dose. The effective dose in 50% of patients (the ED)
can be readily determined.



Further reading

The nature of the drug interaction with the receptor may
itself be described as quantal, as the receptor is either occupied
by drug or not. It is the nature of the response of the organism
to the presence of drug that is being considered here, though,
and if the response increases with increasing receptor occupancy,
then it is a graded response, irrespective of the nature if the
interaction at molecular level.

Quantal responses are subject to individual variations, where-
by different concentrations of a drug will be required to trigger
the response in different individuals. The frequency of the
response in the population then becomes the important variable
in describing quantal effects. When the number of individuals
(e.g. patients) who respond is plotted against the concentration
(dose) of drug to trigger that response, a population distribution
type of graph is produced which might or might not be gaussian
in nature (Fig. 7.12a). Such graphs are very difficult to use and
to define mathematically, and do not lend themselves to routine
use in pharmacology. If the relationship is replotted in the form
of cumulative percentage response against dose, however, a
sigmoid curve results (Fig. 7.12b) which resembles the log dose—
response curve described above. This is much easier to manip-
ulate and is linear between the points of 20% and 80%, allowing
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Pharmacokinetics is the study of how drugs are distributed in
the plasma and tissues, and how they are eliminated from the
body. Pharmacodynamics relates drug concentration to drug
effect. The fundamental principle of pharmacokinetics is that
the time course of drug administration, which includes the dose,
rate and route of administration, determines the concentration
of drug in the plasma, which then determines the concentration
of drug at the site of drug effect, called the ‘biophase.’” In turn,
the time course of drug in the biophase determines the time
course of the pharmacodynamic response. This chapter will
address pharmacokinetics from three perspectives: the physio-
logical basis of pharmacokinetics, mathematical relationships for
the pharmacokinetic models relevant to the intravenous drugs
used in clinical anesthesia, and how pharmacokinetic principles
and mathematical models can be used clinically to optimize
pharmacotherapy in the perioperative period.

THE PHYSIOLOGIC BASIS OF
PHARMACOKINETICS

Volume and clearance are the fundamental physiological con-
cepts of pharmacokinetics. Volume represents the dilution of
drug as it is progressively distributed among the blood and body
tissues. Clearance is the process by which drug is transferred
between tissues or removed from the body.

The volume of distribution (Figure 8.1A) is readily envisioned
as the dilution of drug into body fluids and tissues. The volume
of distribution follows from the definition of concentration:

M Equation 8.1
amount

Concentration =
volume

By simply measuring the concentration of drug in the body, one
can readily calculate the volume of distribution from the dose
administered by rearranging Equation 1:

M Equation 8.2
amount (or dose)

Volume = .
concentration

Volume and clearance are fundamental concepts in phar-
macokinetics: volume represents the dilution of drug into
fluids and tissues, and clearance is the flow of blood or
plasma that is completely cleared of drug.

The traditional definition of clearance is the flow of blood or
plasma that is completely cleared of drug. This can be envisioned
as the flow of drug to an organ that completely removes drug
(Figure 8.1B). For a drug like propofol, Figure 8.1B is an accurate
representation of clearance, because the liver removes nearly all
of the propofol delivered. Thus, propofol clearance is the same
as liver blood flow. However, for other drugs the liver only
removes a fraction of the drug delivered. For example, the liver
removes about half of the fentanyl delivered, such that fentanyl
clearance is about half of liver blood flow. The extraction ratio is
the amount of drug removed by an organ per unit time, divided
by the total amount of drug delivered. The hepatic extraction
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Volume of distribution and clearance
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Figure 8.1 Volume of distribution and clearance. A, The volume of distribution
is the apparent volume into which the drug has been diluted, based on the initial
concentration. B, Clearance, represented as the plasma flow to a tissue that
completely eliminates the drug. The more general view of clearance is the flow to
the clearing organ times the fraction of drug extracted.

ratio of propofol is nearly 1, while the hepatic extraction ratio of
fentanyl is closer to 0.5.

Volume of distribution

CENTRAL VOLUME OF DISTRIBUTION
The central volume represents the dilution volume at the instant
the drug is introduced into the plasma. Returning to Equation
8.2, if concentration is measured right after a bolus injection of
drug, then the volume calculated by Equation 8.2 is the central
volume of distribution. This would typically represent the blood
volume of the upper arm, heart, and great vessels, as well as any
uptake into the pulmonary parenchyma prior to the blood
reaching the arterial circulation.

The concept of the central volume is based on a notion that
the plasma concentration instantaneously peaks at time 0 fol-
lowing a bolus injection, and then continuously declines, as
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Figure 8.2 The central volume. This is based on the erroneous concept that the
highest drug levels following bolus injection occur instantly. The peak at time 0,
Co is never actually measured, but is the extrapolation (dashed line) of
measurements made at subsequent times. The actual concentrations resemble
the solid line, and include an initial transport delay.

shown in the dotted line in Figure 8.2, where C,, is the peak at
time 0. Of course, the actual concentration in the blood at the
instant drug is injected is 0, because it takes time for the drug to
travel from the injection site to the sampling site. The solid line
in Figure 8.2 shows the true time course of concentration fol-
lowing intravenous injection, where there is a delay between the
moment of the injection (at time 0) and when drug appears at
the sampling site. To accurately describe the first few minutes
after injection requires a model such as that shown in Figure 8.3.
The standard compartmental model adequately describes the
concentrations from roughly 30 seconds onwards, but fails mis-
erably prior to that. But it is so mathematically simple compared
to the recirculatory model shown in Figure 8.3, we will use it for
our pharmacokinetic analysis.

Central volume is highly influenced by many factors, includ-
ing study design, the site of blood sampling (arterial samples
yield higher concentrations, and hence smaller volumes, than
venous samples) and timing of samples (samples drawn near the
arterial peak at 30-45 seconds yield high concentrations, and
hence smaller central volumes of distribution). Central com-
partment volume is also influenced by pulmonary uptake and
lipophilicity. Highly lipophilic drugs (e.g. sufentanil) show rela-
tively lower concentrations, and hence larger central volumes,
then less lipophilic drugs (e.g. alfentanil).

PERIPHERAL VOLUMES OF DISTRIBUTION
Most anesthetic drugs distribute extensively into peripheral tis-
sues. These appear as peripheral volumes of distribution, linked
to the central compartment by ‘intercompartmental clearance’.
Typically multicompartment models for anesthetic drugs link
each peripheral compartment to the central compartment.

The size of the peripheral volumes of distribution reflects the
tissue solubility of a drug relative to the solubility in blood or
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Recirculatory model

Figure 8.3 A recirculatory model accounting for
the transit delays, pulmonary uptake, and initial
mixing in the first minute after drug adminis-
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plasma. Because we typically do not know the solubility of drugs
in peripheral tissues, we assume that the solubility everywhere is
the same as in plasma, and that the concentration at steady state
in all compartments is the same. While not technically accurate,
this simplifying assumption does not compromise our ability to
understand or use pharmacokinetics to predict drug behavior.
However, it can lead to volumes of distribution that vastly
exceed total body volume for drugs that are highly lipid soluble
(e.g. propofol’s total volume of distribution is thousands of
liters). Changes in body habitus and composition influence
peripheral volumes of distribution. For example, lipid solubility
predicts the volume of distribution for benzodiazepines, which
explains the increase in volume of distribution and duration of
drug effect in elderly patients.

Volume of distribution at steady state: During an intravenous
infusion, the concentration eventually comes to steady state,
where the rate of metabolism equals the infusion rate. The
concentration of drug in the plasma reflects the dilution of drug
into the volume of distribution at steady state (Vd,,) defined as:

M Equation 8.3

_ Xtotal drug
Vi, ==&

plasma

where Xy, dryg 15 the total amount of drug in the body. Vd, is
the mathematical sum of the central volume and the peripheral
volumes of distribution, based on the assumption that the con-
centration in all compartments at steady state is the same.

Clearance

HEPATIC CLEARANCE

Biotransformation of drugs typically reduces the lipophilicity,
resulting in metabolites that are more likely to be excreted by
the kidney, or discharged into the intestine. Biotransformation
reactions occur in nearly all tissues, but the main site is the liver.
There are two types of biotransformation reactions: those that
expose a linking group, called ‘Phase I’ reactions, and those that
then add a water-soluble moiety to the drug, called ‘Phase II’
reactions (Fig. 8.4).

The linking groups exposed in a Phase I reaction are typically
oxygen or nitrogen. For some drugs this is accomplished by
cleaving the molecule to expose the oxygen (O-dealkylation)
or nitrogen (N-dealkylation), or altering an existing oxygen to
increase reactivity (deamination). Alternatively, this may be
accomplished by adding an OH group (aliphatic hydroxylation,
aromatic hydroxylation, N-oxidation) or a double bonded oxygen
(S-oxidation). The phase I reactions are often catalyzed by
cytochrome P 450 (‘CYP’) enzymes present in the endoplasmic
reticulum. Of these, the most important is CYP 3A4, which is
responsible for the metabolism of over half of all drugs, including
many intravenous drugs used in anesthesia (fentanyl, alfentanil,
sufentanil, methadone, midazolam, triazolam, alprazolam,
diazepam, droperidol, lidocaine, bupivacaine, ondansetron), and
CYP 2D6, which catalyzes the conversion of codeine, a prodrug,
into morphine, codeine’s active metabolite. CYP 3A4 is induced
by rifampin, glucocorticoids, barbiturates, phenytoin, carba-
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CYP3 2 10 xenobiotic and steroid metabolism (fentanyl, alfentanil, midazolam)
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Figure 8.4 Drug metabolism. A, Types of phase 1
biotransformation reactions. B, Mammalian cyto-
chrome P450 enzyme families. C, Scheme for the
electron transport system in the liver microsomal
P 450 System.
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Localization of phase | and phase Il reactions of drug and xenobiotic
metabolism in the liver (with examples from anesthetic practice)

Phase |

Oxidation - mainly in the smooth endoplasmic reticulum

Aliphatic hydroxylation Thiopental, methohexital,
meperidine, ketamine

Lidocaine, bupivacaine, mepivacaine,
fentanyl, propranolol

Phenytoin

Pancuronium

Ephedrine, amide local anesthetics,
ketamine, fentanyl, morphine, atropine,
diazepam

Morphine, meperidine
Chlorpromazine

Epinephrine amphetamine
Thiopental

Halothane, enflurane, sevoflurane

Aromatic hydroxylation

Epoxidation
O-dealkylation
N- dealkylation

N-oxidation
S-oxidation

Oxidative deamination
Desulphuration
Dehalogenation

Reduction mainly in the cytoplasm
Nitroreduction

Carbonyl reduction

Alcohol dehydrogenase

Nitrazepam, dantrolene
Warfarin
Chloral hyrate, ethanol

Hydrolysis mainly in the cytoplasm
Ester linkage breakdown Procaine, cocaine, succinylcholine,
propanidid, pancuronium, atracurium,

mivacurium, esmolol, remifentanil

Phase II: in both cytosol and endoplasmic reticulum

Glucuronidation
O-glucuronides
N-glucuronides

Morphine, lorazepam, propofol,
diazepam

Sulphation Morphine, steroid hormones
Acetylation Procainamide, hydralazine
Methylation Morphine, norepinephrine

Amino acid conjugation
Glutathione conjugation

Salicylic acid (with glycine)
Acetaminophen

Figure 8.4, cont'd D, Phase 1 and phase 2 reactions.

mazepine, and St. John’s Wort, and is inhibited by macrolide
antibiotics (e.g. erythromycin, and troleandomycin), and the
azole class of antifungals (e.g. ketoconazole). Grapefruit juice
inhibits CYP 3A4 in the intestinal mucosa, increasing the bio-
availability of CYP 3A4 substrates taken orally, but has no effect
on systemic clearance of drugs because it does not affect CYP
3A4 in the liver. Although oxidation and reduction typically are
catalyzed by the cytochrome P-450 system, there are notable
exceptions, such as aldehyde oxidase, peroxidase, azoreductase,
nitroreductase, and alcohol dehydrogenase. Hydrolysis of esters
(e.g. etomidate and remifentanil), and amides is a phase I
reaction that is typically not catalyzed by a P450 system.

The Phase I step may be followed by a second reaction, called
(as expected) the Phase II step. In the Phase II reaction, the
drug undergoes conjugation, typically by glucuronic acid, acetate,
glutathione, sulfate, or an amino acid. Often this step will mask an
existing functional group on the drug. The effect of conjugation
is to transform hydrophobic molecules into water soluble mol-
ecules through addition of polar groups. Conjugation usually occurs
in the cytosol, rather than through the P-450 system, although
glucuronidation can involve the P-450 system as well. Some
anesthetic drugs are primarily deactivated through conjugation
without first undergoing a phase I biotransformation. For exam-
ple. propofol and morphine are both cleared by glucuronidation.

Hepatic metabolism is responsible for the systemic clearance
of nearly all intravenous anesthetic drugs. In general, the rate of

hepatic metabolism is proportional to drug concentration, and
clearance is constant over the range of concentrations used clini-
cally. Constant clearance is a fundamental assumption of ‘linear’
pharmacokinetics. Simply stated, linear pharmacokinetics means
that if the the dose is doubled, the concentration doubles. This
is such an important concept that we will explore clearance in
detail, understanding why it is that clearance for anesthetic
drugs is constant, and metabolism is proportional to concentra-
tion, even though metabolism is intrinsically saturable.

Hepatic metabolism is responsible for the systemic clear-
ance of nearly all intravenous drugs used in anesthesia.

The rate of hepatic metabolism, R, can be calculated as the
concentration difference between the drug flowing into and out
of the liver the liver, times the rate of blood flow:

M Equation 8.4

Rate of drug metabolism = R = Q(Ciyow — Coutflow)

where Q = hepatic blood flow (about 1.4 L/min in an adult),
Cinflow 18 drug concentration in arterial blood perfusing the liver,
and C, 0 is drug concentration in venous blood draining the
liver (Figure 8.5).

The concentration of drug flowing out of the liver can be
related to intrinsic hepatic metabolic capacity:

M Equation 8.5
Rate of drug metabolism = R = Q(Cjp0w —

= Vm outflow
Km + Coutﬂow

Coutﬂow)

where Vm is the maximal rate of metabolism and Km is the
Coutflon that yields metabolism at 50% of the maximum rate
(Vm) (Figure 8.6).

Metabolism increases linearly with concentration when the
outflow concentration is less than % of Km, which is the basis of
linear pharmacokinetics. Since at concentrations used clinically
Coutfiow < v» Km for all drugs used in anesthesia, anesthetic drugs
have linear pharmacokinetics.

Metabolic rate

Metabolism (R)

Clearing organ

inflow | » [ » [

Flow = Q

» Coutflow

R = Q (Cinfiow - Coutflow!

Figure 8.5 The metabolic rate can be calculated as the difference between the
inflowing and outflowing concentrations times hepatic drug flow.
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Relationship between concentration and metabolic rate

=
| = Linear kinetics =—_
0.1 -
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Figure 8.6 The relationship between concentration, in units of Km, and the
rate of drug metabolism, in units of Vm. When the outflow concentration is less
than /% Km, a change in concentration is matched by a proportional change in
metabolic rate. By normalizing Coio t0 Km and the metabolic rate to Vm, the
relationship is true for all values of Vm and Km. (Adapted from Longnecker DE,
Tinker JH, Morgan GE Jr. Principles and Practice of Anesthesiology, 2nd Ed,
Copyright © Mosby 1997.)

Hepatic clearance is the flow of blood or plasma that is
entirely cleared of drug. Metabolism can be related to clearance
by dividing Equation 8.5 by the inflow drug concentration:

M Equation 8.6

Rate of drug metabolism
Cinﬂow

Q Cinﬂow — Coutﬂow

C inflow
_ VmC outflow

_Cinﬂow(Km + Coutﬂow)

Clearance

Thus clearance is the ratio of drug metabolism to inflow drug
concentration (Cj,a0), and is a measure of the efficiency of drug
metabolism. If the liver is completely efficient, the rate of
metabolism equals the rate at which drug flows into the liver,
which equals Q X C; o, Substituting Q x C;,.,, for metabolism
in Equation 8.6 demonstrates that clearance equals hepatic
blood flow, Q, if the liver metabolizes all of the drug it sees.

Clearance is the blood flow times the extraction ratio.

The second relationship of Equation 8.6 introduces the
extraction ratio: the fraction of drug flowing into the liver (Q %
Cinfiow) that is extracted by the liver, Q X (Cipiow — Coutflow)-
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-C

inflow

Cinﬂow outflow

Thus, the extraction ratio is , and therefore

clearance can be expressed as the liver blood flow times the
extraction ratio. Equation 8.6 can be rewritten as:

M Equation 8.7

Clearance = Co
= Q xER
_ VmCutiow
_Cinﬂow(Km + Coutﬂow)

where R is the rate of drug metabolism and ER is the extraction
ratio. Solving this equation for the extraction ratio gives:

M Equation 8.8
_ Vm - R
ER = Vm + KmQ — R

In the linear range (which applies to all anesthetic drugs at
clinically used doses) R, the rate of metabolism, is much less
than Vm, so the extraction ratio can be simplified to:

M Equation 8.9

Vm

ER " Vm + KmQ

By definition Km is the venous drug concentration at which the
metabolic rate is half maximal (i.e., %> Vm). Thus, Km times Q
is the flow of drug from the liver, in amount per unit time, when
the liver is operating at half maximal metabolic rate. If Km times
Q is small relative to Vm, then the enzymatic activity of the liver
is fully engaged even when the concentration in the venous
blood is very low. Put another way, a low Km x Q relative to Vm
means that the liver metabolizes nearly all drug it sees, implying
a high extraction ratio close to 1. If Km x Q is large relative to
Vm, the enzymatic activity slows even while the venous blood
still has high drug concentrations. Thus, a high Km x Q, relative
to Vm, is associated with a low extraction ratio.

The liver removes nearly all the propofol delivered, resulting
in an extraction ratio of nearly 1 (i.e. 100%). For drugs like
propofol the metabolic clearance is simply liver blood flow.
Consequently, any reduction in liver blood flow reduces clear-
ance for drugs with high extraction ratios and such drugs are said
to be ‘flow dependent.” The capacity of the liver to metabolize
‘flow dependent’ drugs is much greater than the flow of drug to
the liver at clinically relevant doses. Increases or decreases in
hepatic function have little influence on flow-dependent drugs,
unless liver blood flow changes as well.

For many drugs (e.g. alfentanil), the extraction ratio is con-
siderably less than 1, and clearance is limited by the capacity
of the liver to metabolize the drug (‘capacity dependent’).
Changes in liver blood flow have little effect on clearance of
these drugs, since the liver metabolizes only a fraction of the
drug it sees.

Drugs with high hepatic extraction ratios have flow
dependent clearance, while those with low extraction ratios
have capacity dependent clearance.

Figure 8.7A relates changes in clearance with changes in liver
blood flow. For drugs with an extraction ratio of nearly 1 (e.g.
propofol), clearance changes linearly with liver blood flow.
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Clearance, blood flow, metabolic capacity and extraction ratio
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Figure 8.7 Relationships between clearance, blood flow, metabolic capacity
and extraction ratio. A, Changes in clearance as a function of changes in liver
blood flow for drugs with extraction ratios ranging from 0.1 to 1, calculated at an
hepatic blood flow (Q) of 1.4 I/min. For drugs with high extraction ratios, clearance
approximates liver blood flow, and changes accordingly with changes in liver
blood flow. Drugs with low extraction ratios are relatively insensitive to changes in
liver blood flow. B, Changes in Vm have little effect on drugs with a high extraction
ratio, but cause a nearly proportional decrease in clearance for drugs with a low
extraction ratio. (Adapted from Wilkinson GR, Shand DG. Commentary: a
physiological approach to hepatic drug clearance. Clin Pharmacol Ther 18:377-
390. Copyright 1975, with permission from the American Society for Clinical
Pharmacology and Therapeutics.)

Drugs with a low extraction ratio (e.g. alfentanil) show almost
no change in clearance with changes in liver blood flow. Figure
8.7B relates changes in clearance with changes in Vm (metabolic
capacity). Changes in Vm, as might be caused by liver disease
(reduced Vm) or enzymatic induction (increased Vm), have little
effect on drugs with a high extraction ratio. However, drugs with
a low extraction ratio have a nearly linear change in clearance
with a change in intrinsic metabolic capacity (Vm). Returning to
Equation 8.7, when C_ o, is much smaller than Km, clearance
can be simplified to:

H Equation 8.10
Coutﬂowvm

Clearance =
inﬂome

Combining Equations 8.8 and 8.10 we can develop an explicit
derivation of clearance in the linear range:

M Equation 8.11
_VmQ
KmQ + Vm

Because Vm and Km are often not known, it is useful to replace
these by a single term that summarizes the hepatic metabolic
capacity, the ‘intrinsic clearance’. Consider what happens if
hepatic blood flow increases to infinity with no change in hepatic
metabolic capacity. Since the finite capacity of the liver could
only metabolize an infinitesimal fraction of the drug were
hepatic blood flow infinite, C, . becomes indistinguishable
from Ci,fo In the setting of infinite hepatic blood flow,

Clearance =

Vm oy .
clearance becomes Km T Copos” By definition, if C, g, = O
o . . Vm
pharmacokinetics are in the linear range and clearance = Km-

This is the intrinsic clearance, Cl;,,. From this we can calculate
(derivation not shown) that intrinsic clearance is directly related
to the extraction ratio:

M Equation 8.12

Extraction ratio = &
Q + Clint
and hepatic clearance:
M Equation 8.13
Hepatic clearance = (S%é‘?mt

RENAL CLEARANCE

The kidneys use two mechanisms to clear drugs: filtration at the
glomerulus, and excretion into the tubules. Renal blood flow is
inversely correlated with age, as is creatinine clearance, which
can be predicted from age and weight according to the equation
of Cockroft and Gault (value for women is 85% of this):

M Equation 8.14
Creatinine clearance _ (140 — age (yr)) x weight (kg)
(ml/min) "~ 72 x serum creatinine (mg%)

Even with normal serum creatinine concentrations the crea-
tinine clearance is substantially decreased in elderly patients.
Nearly all intravenous drugs used in anesthetic practice are
cleared by the liver or in the plasma (e.g. esters). The exception
is pancuronium, which is about 85% renally excreted, such that
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its dose must be reduced in elderly patients, even in the presence
of normal serum creatinine.

Age is an independent predictor of creatinine clearance.

DISTRIBUTION CLEARANCE

Distribution clearance is the transfer of drug between the blood
or plasma and peripheral tissues. It reflects tissue blood flow and
the permeability of capillaries and tissues to the drug. For a drug
which readily crosses into peripheral tissues, such as propofol (a
lipophilic anesthetic), the sum of metabolic clearance and dis-
tribution clearance approaches cardiac output. For drugs which
are metabolized directly in the plasma, such as succinylcholine
and remifentanil, the sum of metabolic and distribution clear-
ance can exceed cardiac output. Distribution clearance depends
on regional blood flow, which in turn is a function of cardiac
output. Decreases in cardiac output decrease distribution clear-
ance and increase plasma concentrations.

The distribution clearance reflects, at least in part, the
lipophilicity of a drug. Since drugs need to pass through lipid
membranes to reach their site of pharmacological activity, most
drugs are at last partly lipophilic. Most anesthetic drugs are
highly lipophilic, promoting passage of the drugs across the
blood-brain barrier.

Distribution clearance is also affected by specialized trans-
porters. In general, anesthetics move by passive diffusion, rather
than transport systems. The exception is morphine, which is
actively removed from the CNS by the transporter P-glyco-
protein. This accounts for the unusually slow onset of morphine
drug effect.

In the case of local anesthetics, the lipophilicity is partly
determined by whether the drug is protonated. To provide
adequate shelf-life, local anesthetics are typically provided in an
acid vehicle with a pH of around 4, where nearly all of the drug
is protonated. Since it is the un-ionized form that crosses the cell
wall, the transfer of local anesthetics into the nerve, and hence
the onset of neural blockade, can be enhanced by first
alkalinizing the solution.

Protein binding

Virtually all intravenous anesthetic drugs are reversibly bound to
plasma proteins. Generally, acidic drugs (e.g. salicylates, barbi-
turates) bind to serum albumin, while basic drugs (e.g. fentanyl,
diazepam, propranolol) also bind to globulins, lipoproteins and
glycoproteins. Basic drugs also bind to acute-phase proteins such
as al-acid glycoprotein. Since the levels of these proteins vary
with age and disease, this is a source of pharmacokinetic vari-
ation. Only free unbound drug can diffuse across lipid mem-
branes. The relationship between drugs and their binding proteins
can be described by the law of mass action:

B Equation 8.15
kOn
[D] + [Sites] == [Bound Drug]

koff

where [D] is free drug concentration, [Sites] is the concen-
tration of available unbound protein binding sites, [Bound Drug]
is the concentration of drug bound to plasma proteins, k., is the
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rate constant for binding, and k. is the rate constant for dis-
sociation of bound drug. The above formula implies that the rate
of formation of bound drug is:

B Equation 8.16
d[Bound Drug]

o = [D][Sites]k,, — [Bound Drug]k.
At equilibrium (which happens very quickly) d[Bound Drug]/dt
= 0, and there is no longer net protein binding. This permits us
to solve for k, the ratio of k., /k.g, as:

M Equation 8.17
_ ky, _ [Bound Drug]

~ kgt [D][Sites]

It is nearly impossible to measure the number of unbound pro-
tein binding sites. The plasma protein is a reasonable surrogate
for unbound protein binding sites, offset by a scalar that gets
folded into the definition of the protein association rate con-
stant, k,:

M Equation 8.18
k [Bound drug]

k — On:
a

kot [D][Sites]

We are often interested in the free fraction of drug, f:

B Equation 8.19

- D]
[Bound drug] + [D]

For drugs that are not bound (free fraction = 1.0), there is no
relationship between free fraction and protein concentration
(Figure 8.8). For many anesthetic drugs that are highly protein
bound (free fraction <20%), there is a nearly linear change in
free fraction with changes in protein concentration. However,
there is never greater than a proportional change in free fraction
and thus free drug concentration.

Free (i.e. unbound) drug equilibrates between the plasma and
the tissues. If protein binding is decreased, then the free drug
concentration gradient increases between plasma and peripheral
tissues. As a result equilibrium is achieved at a lower total
plasma drug concentration. This gives the appearance that the
drug has distributed into a larger apparent volume of distribu-
tion. However, this is a result of calculating Vd,, based on total
plasma drug concentration. If Vd were calculated based on
unbound drug concentrations, there would be virtually no
change in Vd with changes in plasma protein concentration,
because only a trivial amount of the total free drug is in the
plasma.

Decreases in protein binding may increase the clearance of
drugs with low hepatic extraction ratios by increasing the driving
gradient into the liver. However, for drugs with high hepatic
extraction ratios, there will be no change since the liver metab-
olizes all of the drug it sees, regardless of whether it is bound
or not.

Decreases in protein binding can increase clearance of
drugs with low hepatic extraction ratios, and increase the
apparent potency of a drug.
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Changes in protein concentration and free fraction of a drug
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Figure 8.8 The relationship between changes in protein concentration and
changes in free fraction of a drug. There is no change in free fraction with
changing protein concentration for a drug that is not bound to plasma proteins
(free fraction = 1). However, for drugs that are highly protein bound, at typical
clinical doses any change in protein causes a nearly inversely proportional change
in free fraction.

Decreases in protein binding also increase the apparent potency
of a drug. An increase in free fraction increases the driving pres-
sure to the site of drug effect, and thus increases the concen-
tration in the effect site. Thus, decreased protein binding may
decrease the dose required to produce a given drug effect even
in the absence of other pharmacokinetic changes.

Stereochemistry

Many anesthetic drugs are chiral, and are supplied as racemic
mixtures (Chapter 1). Since the body is a chiral environment,
enantiomers can have distinct pharmacokinetic and pharmaco-
dynamic properties. For example, see the discussion of ketamine
and etomidate in Chapters 24 and 25.

MATHEMATICAL PRINCIPLES OF
COMPARTMENTAL PHARMACOKINETICS

Zero and first order processes

Many processes happen at a constant rate. These processes are
called zero-order processes, the rate of change (dx/dt) for a zero-
order process is constant:

B Equation 8.20
dx

ar —F

If x represents an amount of drug, then the units of k are
amount/time. The value of x at time ¢, x(1), is the integral of the
equation from O to ¢:

M Equation 8.21
x(t) = xo + kt

where x is the value of x at time 0. This is, of course, the equa-
tion of a straight line with a slope of k and an intercept of x,,.

Other processes occur at a rate proportional to the amount.
The rate of change for a first-order process is:

M Equation 8.22

dx
o= kx

Here, the units of k are simply 1/time, since x on the right hand
side already includes the units for the amount. The value of x at
time 1, x(1), is the integral of the equation from O to #:

M Equation 8.23
x(t) = xpe

where x; is the value of x at time 0. If & > 0, x(t) increases
exponentially. If & < 0, x(t) decreases exponentially. In pharma-
cokinetics, the exponent is negative, i.e. concentrations decrease
over time. It is customary to explicitly express the minus sign:

M Equation 8.24
x(t) = xpe™

Figure 8.9A shows the relationship between x and time, as
described by Equation 8.24 (where k is positive, so —kt is < 0).
This exponential relationship is typical of drug concentrations
after an intravenous bolus. The amount of drug continuously
decreases, and the slope continuously increases (i.e. becomes
less negative) as the amount of drug falls from x, to 0. This
relationship can be linearized by taking the natural logarithm
(Figure 8.9B) such that:

M Equation 8.25
In(x(1)) = In(xge—kt)
= In(x,) + In(e™)
= In(xg) — kt
The half-life, is t%, or the time for x to fall by 50%, can be

calculated as the time for x to fall from x; to x;/2, based on the
slope, —k:
M Equation 8.26

In|

ol 2=

X X

_ Aln(xy) _ InGa) - w3y (3 @) ~0.693
At t% R R
Using this relationship, we can compute k from t%, or vice versa,
depending on what is experimentally measured.

k

Bolus pharmacokinetics

Returning to Figure 8.1, if we add x units of drug into volume,
V the concentration, C, is x/V. The rate at which drug is
removed from the system is CI x C:

M Equation 8.27

. dx
rate of drug elimination = —~ =

i =ClxC=_Cl
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Behavior of drug injected into a DNE compartment model
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Figure 8.9 Behavior of drug injected into a one compartment model,

showing the exponential decay. A, The relationship is x(t) = x, €™, with x, = 10

and k= 0.5. B, The same exponential decay curve, x(t) = x, e but now plotted on
alog Y axis.

This is a first-order process, because the rate is proportional to
Cl

x, and the rate constant, k, equals = . We can rearrange k = %

14
to derive a fundamental pharmacokinetic relationship:

B Equation 8.28
Cl (clearance) = k (rate constant) x V' (volume of distribution)

Equation 8.28 indicates that if we know the volume and clear-

Cl .
ance, we can calculate k as —. Of course, knowing k we can

1%
calculate half-life as O'i% .
Let Cy = x—VO, where Cj is the concentration at time 0, x is

the dose of drug we added to the volume V. This is the equiv-
alent of an intravenous bolus. To understand the time course of
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concentration, divide each side of equation 8.27 by V, to turn
amounts into concentration:

B Equation 8.29

dX/V_kﬁ
adt "V
dC

E—kC

Since it is a first order process, referring back to Equation 8.24,
plasma concentration will be described by:

M Equation 8.30
C(t) = Cye™

This equation defines the ‘concentration over time’ curve for a
one compartment model, and has the log linear shape seen in
Figure 8.9.

We can calculate clearance, Cl, in one of two ways. If we
know V and k, then CI = kV. However, a more general solution
is to consider the area under the concentration vs. time curve,
known in pharmacokinetics as the ‘area under the curve’ or
AUC. By definition, the area is the integral of concentrations
over time, given by Equation 8.30, the integral of which is:

M Equation 8.31

8

AUC = |Cpe*dr

—

g <

Xo

c
V(evt)dt (substituting C,, and k)

I
o—

X % (evaluating the above integral)

Qlr <k

We can rearrange Equation 8.31 for clearance, CI:
M Equation 8.32

X0

cl= AUC

Since x is the dose of drug, clearance equals the dose divided
by the area under the curve. This is a fundamental property of
all linear pharmacokinetic models, and applies to one compart-
ment models, multicompartment models, and to any type of
drug dosing (provided the total systemic dose is used as the
numerator). It directly follows that AUC is proportional to dose
for linear models (i.e. models where Cl is constant).

A fundamental property of all linear pharmacokinetic
models is that clearance equals the dose divided by the
area under the curve.

Infusion pharmacokinetics

For an infusion at a rate of I (for Input), plasma concentration
continues to rise as long as the rate of drug going in the body, I,
exceeds the rate at which drug leaves the body, C x CI. Once I
= C x Cl drug is entering and exiting at the same rate. At
equilibrium, we can simply rearrange the definition of steady
state, [ = C x Cl, to identify the steady state concentration:
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B Equation 8.33
I

C.=a

Thus, the steady state concentration during an infusion is the
rate of drug input divided by the clearance. This is similar to the
equation describing the concentration following a bolus
injection: C = x/v. Thus volume relates initial concentration to
the size of the initial bolus, and clearance relates steady-state
concentration to the infusion rate. It follows that the initial
concentration following a bolus is independent of the clearance,
and the steady state concentration during a continuous infusion
is independent of the volume.

The time for the plasma concentration to rise to 50% of the
steady state concentration can now be derived. The rate of
change in x, the amount of drug in the compartment, is:

M Equation 8.34

dx

pri I — kx(t)
where I is the rate of drug entering, x(t) is the amount of drug
present at time ¢, and k x(t) is the rate of drug exiting. We can
calculate x(t) as the integral from time O to time ¢, knowing that
xo=0 (i.e. we are starting with no drug in the body).

H Equation 8.35
x(t) = é(l — e

Ast = o, e = 0, and Equation 8.35 reduces the steady state
amount:

M Equation 8.36

x|~

XKoo =

Xeo

For 50% of that amount, we know that > 5 Substituting

i for x(t) in Equation 8.35, we get:

H Equation 8.37

I I
2% k0"

In(2

Solving Equation 8.37 for t, we get b This is, of course, the

half-life, t'5. We can similarly show that we will get to 75% of
the steady state concentration following 2 half-lives, 88% fol-
lowing 3 half-lives, 94% following 4 half-lives, and 97% following
5 half-lives. Usually, by 4-5 half-lives, we consider the patient to
be at steady state.

Steady state occurs by 4-5 half-lives of the infused drug.

Absorption pharmacokinetics

So far we have focused on intravenous drug delivery, but with
minor changes the same mathematics can describe non-intra-
venous drug delivery. With intravenous dosing, all of the drug
reaches the systemic circulation. For other forms of dosing (e.g.
oral, intramuscular, epidural, etc.) not all of the drug may reach
the systemic circulation. In these cases, the total drug reaching

the circulation is not the administered dose, but the
administered dose times f, the fraction ‘bioavailable:’

M Equation 8.38
Systemic dose = administered dose X f

When drugs are absorbed, one must also account for the delay
in reaching the systemic circulation. Typically the drug is in a
depot, from which it is released over time at a rate proportional
to the amount of drug in the depot. This is, again, a first order
process, and so it is modeled as an exponentially decreasing infu-
sion rate. We can model this exponential decrease in delivered
drug as:

M Equation 8.39
A(t) = fD oralkueikdt

where A(t) is the absorption rate at time ¢, f is the fraction
bioavailable, D, is the dose given orally (or by another non-
intravenous route), and k, is the absorption rate constant. The
integral of k, e is 1, so that the total amount of drug absorbed
is f X D,- We can use this rate of drug absorption in the

differential equation that describes the net flow of drug into the
body:

M Equation 8.40

D A1) ~kx(t) = Dyuflae™ — kx()

This is the rate of absorption at time #, A(z), minus the rate of
exit, kx(t). To solve for the amount of drug, x, in the compart-
ment at time ¢, we integrate this from 0 to time #, knowing that

x(0) = O:
M Equation 8.41
_ Doralfka —kat —kt
x(t) = A )

Multicompartment pharmacokinetics

Unfortunately, none of the drugs used in anesthesia can be accu-
rately characterized by one compartment models. Distribution of
anesthetic drugs into and out of peripheral tissues plays a crucial
role in the time course of anesthetic drug effect. Anesthetic
drugs are modeled by extending the principles of one-compart-
ment models to account for uptake of drug by peripheral tissues.
The plasma concentrations over time following a bolus of an
intravenous drug resemble the curve in Figure 8.10. In contrast
to Figure 8.9, Figure 8.10 is not a straight line even though it is
plotted on a log vertical axis. The concentrations continuously
decline, the rate of decline is initially very steep, and the curve
continuously becomes less steep (i.e. the slope continuously
increases), until it becomes ‘log-linear’.

For many drugs, three distinct phases can be distinguished.
There is a rapid ‘distribution’ phase (solid line in Figure 8.10)
immediately after the bolus injection. This phase is character-
ized by very rapid movement of the drug from the plasma to the
rapidly equilibrating tissues. The first hydraulic model in Figure
8.10, constructed based on fentanyl pharmacokinetics, permits
an intuitive interpretation of this rapid phase. The small tank in
the center of the model is the plasma compartment. Initially,
drug has three places to go: either of the peripheral tanks, or out
the open pipe and down the page. By virtue of having a large
concentration gradient against the two tanks and the central
metabolism (open pipe), the plasma levels drop quickly.
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Concentrations of fentanyl following bolus injection
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Figure 8.10 The concentrations of fentanyl following a bolus injection, with
a superimposed hydraulic representation of a three compartment model.
The central tank in the hydraulic model represents the central compartment
(plasma). The height of the water in each tank represents the apparent
concentration.

The second phase (dashed line in Figure 8.10) is charac-
terized by the plasma levels dropping below those in the rapidly
equilibrating tissues, so that the flow to the tank has reversed.
The reversed flow between the plasma and the rapidly equili-
brating tank slows the decline in plasma concentration.

The terminal phase (dotted line in Figure 8.10) is a straight
line when plotted on a semilogarithmic graph. The terminal
phase is sometimes called the ‘elimination phase’ because the
primary mechanism for decreasing drug concentration during the
terminal phase is drug elimination. This is a misnomer, because
the rate of elimination is much slower than during earlier phases,
because the plasma drug concentration is less. The distinguishing
characteristic of the terminal elimination phase is that the
relative proportion of drug in the plasma and peripheral volumes
of distribution remains constant. As seen in the tank model,
during terminal phase drug is returning from peripheral com-
partments of distribution into the plasma. Thus, the liver is fight-
ing against the entire body load drug, and the rate of decrease is
therefore quite slow.

Curves which continuously decrease over time, with a
continuously increasing slope (e.g. Figure 8.10), can be
described by a sum of exponentials.

M Equation 8.42
C(t) = Ae™ + Be® + Ce™

where 7 is the time since the bolus, C(t) is the drug con-
centration following a bolus dose, and A, o, B, B, C, and vy are
parameters of a pharmacokinetic model. A, B, and C are called
coefficients, while o, B, and 7y are called exponents. Following a
bolus injection all 6 of the parameters in Equation 8.42 will be
greater than 0.

The most important reason to use polyexponential phar-
macokinetic models is that such models describe the data.
Mathematical pharmacokinetics is an empirical science: the
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models describe the data, not the processes by which the obser-
vations came to be. Fortunately, polyexponential functions
permit us to use many of the one compartment ideas just devel-
oped, with some generalization of the concepts. Additionally,
Equation 8.42 can be transformed into a model of volumes and
clearances that has an appealing, if not necessarily accurate,
physiologic flavor. Figure 8.11 shows one, two, and three
compartment models, corresponding to pharmacokinetic models
with one, two, and three exponents. Equation 8.42 also has
useful mathematical properties. For example, its integral, the

AUC, is A/a. + B/B + C/y.

Polyexponential pharmacokinetic models describe the
three distinct phases observed for most drugs, and can be
transformed into more intuitive compartmental models.

The concentrations over time following bolus injection are
the sum of three separate functions, which can be graphed sepa-
rately or superimposed as shown in Figure 8.12. At time O (t =
0), Equation 8.42 reduces to the sum of the coefficients A, B,
and C, which equals the concentration immediately following a
bolus. Usually, A > B > C. Thus, the initial contribution to the
decrease in concentration is primarily from the A component,
because Ae™™ >> BeP >> Ce™ (assuming o > B > 7). The
exponents usually differ in size by about an order of magnitude.
Each exponent is associated with a half-life. Thus, a drug
described by three exponents has three half-lives: two rapid half

Compartmental pharmacokinetic models
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Figure 8.11 One, two, and three compartment pharmacokinetic models. In
the two and three compartment pharmacokinetic models, drug is administered
into a central compartment, from which it is cleared by metabolism. Drug
distributes into peripheral volumes of distribution.
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Plasma concentration following bolus injection
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Figure 8.12 The plasma concentration following bolus injection into a three
compartment model (dotted line). This can be frequently described as the
algebraic sum of three exponential functions. The solid lines represent the
individual exponential functions, A e, Be™® Ce™.

lives, calculated as 0.693/0: and 0.693/B, and a terminal half-life
(sometimes inappropriately called the ‘elimination half-life’),
calculated as 0.693/.

As seen in Figure 8.12, over time the function approaches the
slowest (smallest) exponent. For reasons that mostly reflect
pharmacokinetic naivete, the ‘half-life’ quoted in textbooks and
discussed among physicians is usually the slowest (smallest)
exponent. The terminal half-life for drugs with more than 1 expo-
nential term is nearly uninterpretable. The terminal half-life may
nearly describe, or tremendously overpredict, the time it will
take for drug concentrations to decrease by 50% after drug admin-
istration. The terminal half-life places an upper limit on the time
required for the concentrations to decrease by 50%. Usually, the
time for a 50% decrease is much faster than that upper limit.

Polyexponential models can be mathematically transformed
from the unintuitive exponential form to an intuitive, if still
fanciful, compartmental form, as shown in Figure 8.11. The
fundamental parameters of the compartment model are the
volumes of distribution and clearances. The central compart-
ment (compartment 1) includes the rapidly mixing portion of
the blood and the first-pass pulmonary uptake. The peripheral
compartments are composed of those tissues and organs showing
a time course and extent of drug accumulation different from
that of the central compartment. In the three compartment
model, the smaller peripheral compartment may very roughly
correspond to splanchnic and muscle tissues and the huge
compartment may correspond to body fat. If drugs are highly
soluble in body tissues (e.g. lipophilic drugs), there will be a
large amount of drug in the body, relative to the plasma drug
concentration, and the Vd  may be huge.

Plasma-effect site equilibration

The concept of the effect site is required to understand the
clinical application of pharmacokinetic concepts. Figure 8.13

shows the time course of fentanyl and alfentanil concentrations
during and after a brief infusion, and the delay in the onset and
offset of drug effect relative to the rise and fall of opioid
concentration. This delay represents the time required for the
drug to transit to the site of drug effect, called the ‘effect site’
or ‘biophase.” The biophase is added to pharmacokinetic models
through the addition of an additional compartment (Figure
8.14). By definition, the effect compartment is so small that it
receives almost no drug from the central compartment, and thus
has no influence on the plasma pharmacokinetics. The rate

Plasma concentrations and EEG response to infusions of fentanyl
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Figure 8.13 The plasma concentrations and electroencephalogram (EEG)
response to infusions of fentanyl (top) and alfentanil (bottom). The time
course of the infusion is shown by the horizontal bar. Arterial concentrations rise
quickly during the infusion, and decay quickly when the infusion is terminated.
With fentanyl there is a delay of 3-5 minutes between the response in the plasma
and the EEG response. The EEG responds much more quickly for alfentanil,
reflecting the faster blood-brain equilibrium.
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The effect compartment

The plasma and effect site concentration
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Figure 8.14 The effect compartment. The effect site is a compartment that is
added to a conventional pharmacokinetic model to account for the delay
between the time course of drug concentration and the pharmacological
response. Ve, the volume of the effect site, is negligible with respect to V.

constant k. defines the elimination from the effect site, which
determines the time course of blood-brain equilibration:

M Equation 8.43

4o _ oCp-Co)

where Cp is the plasma concentration and Ce is the effect site
concentration. Following a bolus dose, the onset of drug effect is
a function of both the plasma pharmacokinetics and k.. For
drugs with a very rapid decline in plasma concentration follow-
ing a bolus (e.g. adenosine, with a half-life of several seconds),
the effect site concentration will peak within several seconds of
the bolus, regardless of k.. This happens because the plasma
concentrations drop so quickly that after a few seconds there is
no longer a driving gradient into the effect site. For drugs with a
rapid k., and a slow decrease in concentration following bolus
injection (e.g. pancuronium), the time to peak effect site con-
centration will be determined more by the k., than by the
plasma pharmacokinetics. k., has been characterized for many
drugs used in anesthesia. Plasma-effect site equilibration is rapid
for thiopental, propofol, and alfentanil, intermediate for
midazolam, fentanyl, sufentanil, vecuronium and pancuronium,
and slow for morphine.

Figure 8.15 shows the plasma and effect site concentrations
following boluses of fentanyl, alfentanil, or sufentanil, as a per-
cent of initial plasma concentration. The rapid plasma-effect site
equilibration (large ko) of alfentanil causes the effect site
concentration to peak about 90 seconds after bolus injection.
Fentanyl effect site concentrations peak about 3-4 minutes after
a bolus injection, while sufentanil effect site concentrations peak
about 5-6 minutes after bolus injection.

CLINICAL APPLICATION OF
PHARMACOKINETICS

Onset of drug effect

Most anesthetics begin with a bolus dose of intravenous drug.
Returning to Equation 8.1, we can rearrange the definition of
concentration to find the amount of drug required to produce
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Figure 8.15 The plasma and effect site concentrations, as a percent of initial
plasma concentration, following a bolus of fentanyl, alfentanil, or sufentanil.
Alfentanil has the most rapid equilibration between brain and effect site, which
produces both a more rapid rise in effect site concentration. (Adapted from Shafer
SL and Varvel JR, Pharmacokinetics, pharmacodynamics, and rational opioid
selection. Anesthesiology. 1991 Jan; 74(1):53-63.

any desired target plasma concentration, Cr, for a known
volume:

M Equation 8.44
Bolus = Cp x V

This simple textbook solution ignores the complexity of anes-
thetic pharmacokinetics. For all anesthetic drugs there are several



Clinical application of pharmacokinetics

volumes: V; (central compartment), V, and V3 (the peripheral
compartments), and Vd,, the sum of the individual volumes.
V, is usually much smaller than Vd,. The ‘textbook’ recom-
mendation is to choose something between V,; and Vd.
Unfortunately, the range between these is usually so large as to
be useless. For example, the fentanyl concentration required to
attenuate the hemodynamic response to intubation with propo-
fol is approximately 3 ng/ml. The V; and Vd for fentanyl are 13
liters and 360 liters, respectively. According to Equation 8.44,
the dose of fentanyl required to attenuate the hemodynamic
response is between 39 pg (3 ng/ml + 13 liters) and 1080 mg
(3 ng/ml + 360 liters).

Since plasma is not the effect site of aneshetic drugs, using
plasma concentration to calculate the initial bolus is
illogical.

Since plasma is not the site of drug effect, the common
teaching of using plasma concentration to calculate the initial
bolus is illogical. It is better to consider the time course of drug
effect. Once we know the k. of an intravenous anesthetic, we
can design a dosing regimen that yields the desired concentration
at the site of drug effect. Figure 8.15 shows the plasma and
effect site concentrations following a fentanyl bolus. The plasma
concentration decreases continuously, while the effect site peaks
several minutes after the bolus. To avoid overdose, we should
select the bolus that produces the desired peak concentration in
the effect site. This can be calculated based on the volume of
distribution at the time of peak effect, Vd e,y effect:

M Equation 8.45

Vi bolus dose

Cpeak effect (plasma)

peak effect —

where Cp i effece (plasma) is the plasma concentration at the time
of peak effect. Once we know Vd, ..y efrecr, We can calculate the
loading dose necessary to produce any desired target
concentration, Cr, at the time of peak effect:

M Equation 8.46
Bolus = Cy x Vd

peak effect

The Vd e efiece for fentanyl is 75 liters. To produce a peak
fentanyl effect site concentration of 3 ng/ml requires 225 g,
which produces a peak effect in 3.6 minutes. This is a clinically
reasonable suggestion, particularly compared with the useless
suggestion based upon V; and Vd.

Maintenance of drug effect

The rate at which drug exits the body is the systemic clearance,
Cl, times the plasma concentration. To maintain a steady target
concentration, Cr, drug must be delivered at the same rate that
drug is exiting the body. Thus, the infusion rate to maintain a
target concentration, Cr, is often presented as:

B Equation 8.47
Maintenance infusion rate = C; x Cl

This equation makes perfect sense for a one compartment
model, but fails when applied to drugs described by multicom-
partment pharmacokinetics (e.g. all intravenous anesthetic
drugs). Such drugs distribute into peripheral tissues for many

hours during an infusion until steady state is reached. Thus
Equation 8.47 is only correct after the peripheral tissues have
equilibrated with plasma. At all other times, this maintenance
infusion rate will be too slow.

There are several more sophisticated approaches. One approach
is to start at higher infusion rates, based on nomograms or other
dosing guides, and then turn down the infusion rate by titrating
to drug effect. The rigorous pharmacokinetic approach is to
compute the amount of drug moving into peripheral compart-
ments, and adjust the dose accordingly. Unfortunately, the equa-
tion for the infusion rate so calculated is:

M Equation 8.48
Maintenance infusion rate = Cp x V;(kyo + ke +
kyze™)

The infusion rate calculated by the above equation is initially
rapid, and the rate decreases over time. At equilibrium (r — )
the infusion rate decreases to Cr x V| X ko, which is the same
as Cp x Cl (equation 8.47). While few anesthesiologists would
choose to mentally solve this equation during administration of
an anesthetic, most understand the implications: the rate of drug
administration must be continuously titrated downward during
anesthesia to avoid overdosing the patient as drug accumulates in
peripheral tissues.

TARGET CONTROL INFUSION SYSTEMS

Although Equation 8.48 is not easily applied by the practicing
clinician, it is readily solved by computers. In 1968, Kruger-
Thiemer described using pharmacokinetics to administer drugs
for multicompartment models, exactly as described above. About
10 years later his recommendations were incorporated into an
anesthetic dosing system by Schwilden. The result is an infusion
device, called a ‘Target Controlled Infusion’ (or just TCI) that is
very analogous in use to a vaporizer, but for intravenous drugs.
Using validated pharmacokinetic models, the system will rapidly
achieve, and then maintain, a target concentration. Performance
is limited by underlying pharmacokinetic variability, but such
systems perform quite well; typically measured concentrations
are within 20-25% of the targeted concentrations. The only
commercially available target controlled infusion system at this
time is the Diprifusor for propofol. Several research TCI sys-
tems are available over the internet (e.g. STANPUMP, available
at http://anesthesia.stanford.edu and RUGLOOP available at
http://users.skynet.be/fa491447/).

Offset of drug effect

Although the terminal half-life is typically thought to be impor-
tant in governing the offset of drug effect, this is almost never
the case for anesthetic drugs. The terminal half-life sets an upper
limit on how long it will take the plasma concentrations to fall
by 50%. However, often the offset of drug effect is far faster for
anesthetic drugs because of their polyexponential (i.e. multi-
compartment) pharmacokinetic profile.

This relationship has been explored in detail for the opioids
fentanyl, alfentanil, and sufentanil. Figure 8.16 shows the rela-
tionship between a fentanyl infusion that is designed to maintain
a constant effect site concentration (i.e. a TCI system with a
single target) and the time required for decreases in effect site
concentration of various percents after the infusion is termi-
nated. If only modest doses of fentanyl are used, so that the
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Family of effect site decrement curves for Fentanyl
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Figure 8.16 The family of effect site decrement curves for fentanyl. The X axis
is the duration of an infusion that targets a steady concentration in the effect site
(i.e. a TCl infusion targeting the effect site). The Y axis is the time required for a
decrease of a given percentage in the effect site concentration after the infusion
is terminated. The curves represent the time required for decreases ranging from
10% to 80%. The highly non-linear shape of the curves reflects the multi-
compartment nature of anesthetic drugs, and shows how accumulation of drug
in peripheral tissues can dramatically lengthen the duration of drug effect,
particularly after many hours of anesthesia.

desired offset of drug effect at the end of anesthesia can be
accomplished with just a 10% decrease in fentanyl concentra-
tion, then the fentanyl can be turned off shortly before the end
of the case and patients will awaken quickly. This describes
standard clinical use of fentanyl, where the concentrations are
maintained quite low and only a modest decrease, if any, is
required at the end of anesthesia for adequate ventilation. How-
ever, if higher concentrations are maintained, so that the fen-
tanyl concentration the concentration at the end of the case
must decrease by 30% for adequate ventilation, then there may
be a significant delay in emergence from anesthesia if the case
extends longer than 2 hours.

Figure 8.17 explores this relationship for fentanyl, alfentanil,
sufentanil, and remifentanil, looking at decreases of 20%, 50%,
and 80%. These are called the 20%, 50%, and 80% effect site
decrement curves, respectively. There is no accumulation for
remifentanil, even though it has a terminal half-life of about 90
minutes. Fentanyl, alfentanil, and sufentanil are indistinguish-
able in terms of recovery for anesthetics of 30 minutes or less.
For anesthetics longer than 30 minutes, sufentanil produces
faster recovery than fentanyl or alfentanil for anesthetics less
than 3 hours. This also demonstrates the uselessness of half-lives
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Figure 8.17 The 20%, 50%, and 80% context-sensitive effect-site decrement
times for fentanyl, alfentanil, sufentanil, and remifentanil. These curves show
the relationship between infusion duration and the time required for decreases in
effect site concentration of 20%, 50%, and 80% when the infusion is terminated.
The time for the 50% decrease is similar to the “context-sensitive half-time” which
describes the time for a 50% decrease is plasma drug concentration.

in predicting recovery, because sufentanil has the slowest
terminal half-life among these opioids.

Hughes et al simplified this relationship to look at the 50%
offset in plasma concentration, which they termed the ‘context-
sensitive half-time’. The ‘context’ is the duration of an infusion
that maintains a steady drug concentration in the plasma. For
anesthetics with relatively rapid plasma-effect site equilibration,
the context sensitive half-time and the 50% effect site decre-
ment times are indistinguishable. One cannot predict the shapes
of these decrement curves a priori. Computer simulations are
required to predict the time course of recovery following admin-
istration of drugs described by multicompartment pharmaco-
kinetics.
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Anesthetic drug
interactions
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TOPICS COVERED IN THIS CHAPTER

 Types of drug interaction

* Mechanisms of drug interaction
Pharmaceutical drug interactions
Pharmacokinetic drug interactions
Pharmacodynamic drug interactions

When two or more drugs are given together, the pharmacological
response may be greater or smaller than the sum of the effects
of the drugs given separately. One drug may antagonize or
potentiate the effects of the other, and there may be also quali-
tative differences in response. Although some drug interactions
increase toxicity or result in loss of therapeutic effect, others
are beneficial. In fact, modern anesthetic techniques depend
on the utilization of beneficial drug interactions. A sound com-
bination of drugs can increase the efficacy and safety of drug
treatment.

Drug interactions are in some instances an important cause of
toxicity. However, the clinical significance of such interactions
has occasionally been exaggerated. In many cases our knowledge
of adverse drug interactions is based only on case reports.

It is not reasonable to try to list all possible anesthetic drug
interactions. It is more important that anesthesiologists under-
stand the principal mechanisms of interactions. Such knowledge
will enable drug interactions to be anticipated and, if necessary,
avoided. This chapter reviews the mechanisms of drug inter-
actions and presents an overview of possible interactions in anes-
thesia, intensive care, and pain medicine, with an emphasis on
the undesirable consequences of drug interactions.

TYPES OF DRUG INTERACTION

When the effect of two drugs given together is simply the sum
of their individual effects, they are said to have an additive
interaction. Different types of interaction can be described by
isoboles, which are isoeffect curves. These curves show dose
combinations that result in equal effects (Fig. 9.1). Isoboles are

well suited to describe quantitatively desirable drug interactions,
but they cannot be used to describe qualitatively changed
responses. Isoboles also illustrate synergistic and antagonistic
drug interactions (Table 9.1).

A small drug-induced change in the pharmacokinetics or
pharmacodynamics of another drug cannot normally be regarded
as clinically significant. A drug interaction is clinically significant
only when it results in either unexpected toxicity or loss of
efficacy. During a well-monitored intraoperative period or in
intensive care this normally requires at least a 50% change in the
pharmacokinetic or pharmacodynamic variables describing the
response to the drug. Thus, clinically significant adverse drug
interactions are not frequently a major problem during the
intraoperative phase.

Adverse drug interactions are not a major problem in the
intraoperative period.

There is little information on the prevalence of clinically
significant adverse drug reactions in the perioperative period, but
it has been estimated that in the USA the overall mortality
attributed to adverse drug reactions may be as high as 200 000
per year. Owing to the high standards of intraoperative moni-
toring in developed countries, fatal adverse drug interactions are
rare. However, anesthesiologists face the problem of undesirable
consequences of drug interactions both in pre- and postoperative
periods and in pain medicine. Many patients undergoing surgical
operations are taking medication unrelated to surgery. A recent
pharmacoepidemiologic study demonstrated that half of the
population of adult general surgical patients were taking such
medicines. On average, these patients were taking nine different
drugs, the number of which increased with age, vascular surgery,
and other major procedures. This means that anesthesiologists
must be aware of the basic principles of drug interaction to be
able to adjust their perioperative strategies according to the
patient’s condition and concomitant medication. The incidence
of adverse drug reactions increases exponentially as the number
of drugs prescribed rises, and this is most likely due to drug
interactions. The patients with poorest ASA physical status are
at the greatest risk of drug interactions.
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Figure 9.1 Isobologram. (a) The axes are the dose axes of individual drugs A and
B. The line of additivity connects isoeffective doses of the two drugs when
administered alone. If the isobole (isoeffect curve) bows toward the origin, then
the two drugs have a synergistic (supra-additive) interaction. If the isobole bows
away from the origin, then the two drugs antagonize each other (infra-additive
interaction). (b) Example of an isobologram for the interaction of morphine (MPH)
and midazolam (MDZ). Data are for the EDs, for loss of righting reflex, which
corresponds to loss of consciousness (hypnosis), in rats. (With permission from
Kissin et al, 1990).

MECHANISMS OF DRUG INTERACTION

Drugs may interact on a pharmaceutical, pharmacodynamic, or
pharmacokinetic basis (Table 9.2). A number of drugs may inter-
act simultaneously at several different sites. Many pharmaco-
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Isobologram Table 9.1 Definition of terminology of drug interactions
Type of interaction Description
a

A N Additive 1+1=2

AN . EDs, for B Antagonism Supra-additive (synergism) 1T+1>2

N Infra-additive (antagonism) 1+1<2

N N\
N
N
N

AN dynamic interactions are predictable and can be avoided. It is
N 4% much more difficult to predict the likelihood of pharmaco-

kinetic interactions despite good prior knowledge of the
pharmacokinetics of individual drugs.

Drugs may interact on a pharmaceutical, pharmaco-
dynamic or pharmacokinetic basis.

Pharmaceutical drug interactions

Pharmaceutical interactions usually occur before the drug is
given to the patient. Chemical interactions can occur because
of acid-base reactions, oxidation-reduction, salt formation,
hydrolysis, or epimerization reactions. For instance, when inject-
ing sodium thiopental with rocuronium through the same intra-
venous tubing, a precipitate will form instantaneously because of
the change in pH. Correspondingly, mixing of calcium salts and
NaHCO; results in the formation of an insoluble salt. There are
no difficulties in recognizing such interactions; however, other

Table 9.2 Mechanisms of drug interaction

Pharmaceutical interactions (i.e. in vitro interactions)

Chemical or physical incompatibility

Pharmacokinetic interactions

Interference with absorption
Change in gastrointestinal pH and motility
Binding and chelation of drugs
Toxic effects on gastrointestinal tract
Change in regional blood flow
Drug distribution (plasma protein-binding displacement)
Drug elimination
Drug metabolism
Stimulation
Inhibition
Changes in hepatic blood flow
Interference with biliary excretion and enterohepatic circulation
Modification of renal excretion
Competition for active renal tubular secretion
Changes in urinary pH

Pharmacodynamic interactions

Competition for same receptors
Action on the same physiological system
Modification of conditions at the site of action
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interactions take place without a visible change. For instance,
many catecholamines undergo auto-oxidation with light, and epi-
nephrine (adrenaline) loses its efficacy when mixed with alkali.

Physical interactions are due to physical events that may
occur during the administration of drugs. Damage to blood
because of the use of hyperosmotic solutions and adsorption to
plastic infusion sets are common examples of physical pharma-
ceutical drug interactions. Although most pharmaceutical inter-
actions can be regarded as undesirable, the interaction between
protamine and heparin is an example of a beneficial interaction.
Acidic heparin loses its pharmacological activity when it forms a
stable complex with basic protamine.

As it is impossible to be aware of all possible pharmaceutical
interactions, it is important to recognize the most significant
ones and to know how they can be avoided or minimized. Some
general principles help anesthesiologists to avoid pharmaceutical
interactions. It is important that drugs are given as intravenous
infusions only when it is really necessary; the oral route should
be used whenever possible. The use of multiple drugs in the
same infusion fluid should be avoided. NaCl 0.9% and 5%
dextrose are regarded as the safest carrier solutions. NaHCO;,
dextran, mannitol, blood, and hyperalimentation solutions should
not be used because they can react with many drugs to be
infused. Bivalent cations also frequently cause problems in
infusion solutions. All additions should be marked clearly on
the infusion set. The clearness of the solution should always be
checked prior to the commencement of infusion. Because numer-
ous incompatibilities have been demonstrated, drugs should
never be mixed unless the absence of reaction has been clearly
established. Some factors affecting the stability of infusible
drugs are shown in Table 9.3.

Pharmaceutical interactions are not limited to drugs
administered intravenously. An example of a significant
pharmaceutical interaction is the reaction between soda lime
and the volatile anesthetics sevoflurane and halothane. The
reaction occurs especially with dry soda lime, and may result in
diminished anesthetic delivery and delayed onset of anesthesia.
However, the use of intraoperative gas monitoring helps to avoid
problems associated with the degradation of volatile anesthetics
by soda lime.

Pharmacokinetic drug interactions

ABSORPTION

Drugs can influence the absorption of other drugs by changing
gastrointestinal pH and motility, intraluminal binding or chela-
tion, changing regional blood flow, inhibition or stimulation of

Table 9.3 Factors affecting the stability of infusible drugs

pH

Solvent

Buffers

Other drugs
Preservatives
Dilution

Duration of storage
Mixing

Light

Temperature

first-pass metabolism, or through toxic gastrointestinal effects.
Subcutaneous and intramuscular absorption of drugs can be
delayed or decreased following the administration of drugs
affecting regional blood flow (vasoactive agents or drugs that
affect hemodynamics, such as volatile anesthetics). However,
this mechanism has essentially no relevance with regard to
anesthesia.

Because the rate of absorption of orally administered drugs is
directly proportional to the rate at which drugs pass from
stomach to intestine, all drugs that slow the gastric emptying
rate delay the gastrointestinal absorption of drugs. Gastric
emptying before elective surgery is normal, but premedication
with opioids and anticholinergic agents delay it. Figure 9.2
demonstrates the effect of heroin on the oral absorption of
acetaminophen (paracetamol). Opioids may significantly delay
the onset of action of orally administered drugs, although the
bioavailability would not be changed.

Effect of heroin on gastric emptying and drug absorption
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Figure 9.2 Effect of heroin on the rate of gastric emptying. The effect of
10 mg of heroin was measured on gastric emptying (a) and acetaminophen
(paracetamol) absorption (b). (With permission from Nimmo et al. 1975.)
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Before reaching the systemic circulation, many drugs are
subjected to first-pass metabolism in the gut wall and liver
(Chapter 8). The biotransformation of drugs during first pass
and during elimination from the systemic circulation is usually
divided into phase I and phase II reactions. Many drugs are
lipophilic and cannot be excreted through the kidneys until they
have been transformed into more favorable water-soluble forms.
Phase I reactions include oxidation, reduction, and hydrolysis.
Phase I reactions alter a functional group of the drug, whereas
phase II reactions are conjugation reactions in which the drug or
its metabolite is attached to a water-soluble molecule or group,
such as glucuronic acid, glutathione, sulfate, acetyl group, methyl
group, or glucosamine, making the whole complex more
hydrophilic (Fig. 9.3). Oxidation is the most important phase I
reaction and is catalyzed by cytochrome P450 enzymes

(CYP450).

Inhibition or induction of cytochrome P450 enzymes can
enhance or reduce therapeutic effect.

CYP enzymes are divided into families, subfamilies, and
specific isozymes, according to the homology of their amino acid
sequences. The first Arabic numeral indicates a family (an amino
acid sequence homology of 40-55%), the letter thereafter the
subfamily (homology more than 55%), and the last number the
individual isozyme. CYP1, CYP2 and CYP3 are involved mainly
in the metabolism of drugs and other xenobiotics, whereas those
belonging to the families CYP4, CYP5, and CYP7 have
endogenous functions.

Table 9.4 shows some common substrates, inhibitors, and
inducers of cytochrome P450 enzymes. Many substrates are also
inhibitors of the same CYP enzyme. Co-administration of an
inhibitor and a substrate of any CYP enzyme can increase the
plasma substrate concentrations. The magnitude of the increase
depends on the inhibitor, its dose, and the interval between the
administration of the inhibitor and the substrate. If the substrate
has low oral bioavailability, an inhibitor is likely to cause a major
increase in substrate concentrations if the substrate is admin-

Biotransformation of drugs

Drug
Cytochrome

P450

Phase | = Hydrolysis Reduction Oxidation

Phase Il X i
Conjugation

Water-soluble metabolites

Figure 9.3 Biotransformation of drugs.
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istered orally. For example, ketoconazole can increase the area
under the oral triazolam concentration versus time curve (AUC)
approximately 30 times, compared to the administration of
triazolam with placebo. Correspondingly, the AUC of oral mida-
zolam is increased approximately 16 times. Although the major
part of the increases in AUC values is explained by the change
in first-pass metabolism of triazolam and midazolam, their con-
centrations are also increased as a result of the change in
elimination clearance.

Inhibition of CYP enzymes is not the only mechanism that
can cause clinically significant drug interactions. The concomi-
tant adminstration of CYP enzyme inducers can greatly increase
first-pass metabolism and reduce or even eliminate the thera-
peutic effect. Inhibition or induction of CYP enzymes can
cause the AUC values of oral midazolam to vary 400-fold
(Fig. 9.4).

DISTRIBUTION

Drug distribution can be affected by numerous factors. Cardiac
output and regional variations in perfusion influence the rise
of alveolar concentrations of gases and blood concentrations of
intravenous anesthetics. Essentially, all drugs are bound to blood
components — red blood cells and plasma proteins. Protein-
binding interactions have been studied extensively in vitro.
Concomitantly administered drugs compete for binding sites on
blood and tissue proteins to produce displacement interactions.
Because only the unbound (free) fraction of a drug is pharmaco-
logically active, an increase of the free concentration of drug
increases its pharmacological effects. The clinical significance
of these interactions in anesthesia is often grossly exaggerated
(Fig. 9.5).

Protein-binding interactions have been studied exten-
sively, but have limited clinical significance.

In the most common situation the displacer is added to the
drug treatment regimen of a patient taking a low extraction-ratio
drug. If the displacer has a long elimination half-life relative to
the drug, the total plasma drug concentration is decreased when
the patient is given the displacer. Because the pharmacokinetics
of the displacer is the rate-limiting step in the interaction, the
slow accumulation and correspondingly slow elimination of the
displacer results in insignificant changes in the unbound drug
concentration and hence the therapeutic response. Many anes-
thetics, including volatile anesthetics, are able to displace drugs
from plasma protein binding sites in vitro, but this does not
appear to have significant clinical consequences.

ELIMINATION

Metabolic drug interactions can either increase or reduce the
metabolism of drugs. Enzyme induction can significantly reduce
drug concentrations and effects. Compounds known to enhance
drug metabolism include drugs such as rifampicin, barbiturates,
phenytoin, and carbamazepine. Smoking and heavy consumption
of ethanol also induce hepatic microsomal CYP enzymes. The
administration of the inducing drug causes stimulation of not
only its own metabolism, but also the metabolism of many
unrelated drugs which are substrates for the same microsomal
enzymes. Induction usually develops within a period of days or
weeks. Table 9.4 shows some common substrates, inhibitors and
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Table 9.4 Common substrates, inhibitors, and inducers of cytochrome P450 enzymes
CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP2E1 CYP3A4
Substrates
Lidocaine Phenytoin Diazepam Codeine Desflurane Midazolam
Ropivacaine Celecoxib Clomipramine Ethylmorphine Enflurane Triazolam
Amitriptyline Diclofenac Imipramine Oxycodon Halothane Alfentanil
Imipramine Ibuprofen Moclobemide Tramadol Isoflurane Buprenorphine
Clomipramine Valdecoxib Omeprazole Amitriptyline Sevoflurane Codeine
Theophylline S-Warfarin Propranolol Clomipramine Acetaminophen Fentanyl
Caffeine Nortriptyline Ethanol
Fluoxetine Bupivacaine
Venlafaxine Lidocaine
Debrisoquine Ropivacaine
Paroxetine Valdecoxib
Haloperidol Granisetron
Ondansetron
Venlafaxine
Methylprednisone
Cortisol
Lovastatin
Simvastatin
Cyclosporin
HIV protease inhibitors
Inhibitors
Cimetidine Miconazole Fluvoxamine Fluoxetine Disulfiram Itraconazole
Ciprofloxacin Fluconazole Ketoconazole Paroxetine Ketoconazole
Fluvoxamine Omeprazole Haloperidol Diltiazem
Quinidine Verapamil
Celecoxib Erythromycin
Valdecoxib Fluvoxamine
Grapefruit juice
Inducers
Smoking Phenobarbital Phenobarbital Ethanol Carbamazepine
Rifampicin Rifampicin Phenobarbital
Rifampicin
Glucocorticoids

inducers of CYP enzymes; this information allows clinicians to
predict drug interactions on the basis of their metabolic pattern.

Recent studies have shown that many dietary supplements
and natural products can modify the pharmacokinetics of drugs.
For example, the common plant St John’s Wort (Hypericum
perforatum) has gained popularity as an antidepressant. It is a
potent inhibitor of CYP3A4 and can have potentially hazardous
interactions with substrates of CYP3A4. Grapefruit juice is also
an inhibitor of CYP3A4 and greatly increases the concentrations
of CYP3A4 substrates such as triazolam, amiodarone, nisoldipin,
and felodipin. Other grapefruit-induced interactions are caused
by inhibition of intestinal P-glycoprotein. P-glycoproteins are
transporters that mediate the transport of various compounds
through cell membranes. High levels of P-glycoproteins have
been identified in luminal surfaces of the small and large intes-
tine, proximal tubules of the kidneys, and in the luminal surface
of biliary tract and hepatocytes. The genes for both P-glyco-

protein transporters and CYP3A enzymes are located on the
same chromosome, and many inhibitors of CYP3A enzymes are
also inhibitors of P-glycoprotein.

Intravenous hypnotics

Because the intravenous hypnotics propofol, thiopental, and
etomidate are usually used only for the induction of anesthesia,
enzyme induction or inhibition does not have major effects on
their pharmacokinetics and effects in humans. Following the
induction of anesthesia, the cessation of the effect is mainly due
to redistribution and not elimination. Thiopental is a barbiturate
that is eliminated mainly by metabolism in the liver. During
long-term infusions, enzyme inhibition and induction are likely
to change its pharmacokinetics significantly. Propofol has a high
extraction ratio and systemic clearance that exceeds hepatic
blood flow. From a theoretical point of view, its elimination is
dependent on blood flow and not on changes in enzyme activity.
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Pharmacokinetic interactions mediated by CYP3A4
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Figure 9.4 Plasma concentrations (mean values + SEM; n = 9) of midazolam
after an oral dose of 15 mg without pretreatment, 7.5 mg during and 4 days after
pretreatment with the CYP3A4 itraconazole 200 mg daily for 4 days, and 15 mg 1
day and 4 days after pretreatment with the CYP3A4 inducer rifampicin 600 mg
daily for 5 days. Plasma concentrations during the itraconazole phases were
corrected for a 15-mg dose of midazolam. Orange circles: control, without
pretreatment; blue triangles: during itraconazole; orange triangles: 4 days after
itraconazole; blue squares: 1 day after rifampicin; green squares: 4 days after
rifampicin. (From Backman et al. The area under the plasma...than with rifampicin.
Eur J Clin Pharmacol. 1998; 54; 53-58.)

Although there is evidence that alfentanil can cause a minor
increase in propofol plasma concentrations, propofol does not
have clinically significant pharmacokinetic drug interactions in
humans. Midazolam is a CYP3A4 substrate; its elimination is
significantly reduced by strong inhibitors of CYP3A4. Ketamine
is cleared almost exclusively by hepatic metabolism. With an
extraction ratio of 0.8, its elimination is dependent on liver
blood flow. No clinically significant pharmacokinetic drug inter-
actions have been described.

Analgesics

Analgesics are used throughout the perioperative period and also
in the long-term treatment of pain. Clinically significant drug
interactions are much more likely during the treatment of
chronic pain than during the short-lasting and well-monitored
intraoperative period.

Clinically significant drug interactions are more likely
during chronic pain treatment than in the intraoperative
period.

Fentanyl has a high extraction ratio, which makes it unlikely
to have clinically significant pharmacokinetic drug interactions
during elimination. For example, itraconazole, a potent inhibitor
of CYP3A4, does not affect the pharmacokinetics of fentanyl.
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Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

Figure 9.5 Effects of a displacer on plasma drug concentrations. \When
constantly infused, the unbound (free) concentration of a drug with a low
extraction ratio remains virtually unchanged if a displacer with a long half-life,
relative to the drug, is either infused or withdrawn. The change in plasma drug
concentration reflects the displacement. (From Rowland and Tozer. Clinical
Pharmacokinetics: Concepts and Applications. Lea& Febiger 1989 p. 264.)

Interestingly, treatment for 2 days with another CYP3A4
inhibitor, ritonavir, used in the treatment of HIV infections,
caused a threefold increase in the concentrations of intravenous
fentanyl. Such an increase is of major clinical significance and, if
the dose is not reduced, may cause fatal respiratory depression.
However, the effect of ritonavir on the metabolism of other
drugs is complicated. Longer treatment with oral ritonavir
decreased the AUC of oral meperidine (pethidine) by 67%. The
AUC of the metabolite normeperidine was increased, suggesting
induction of hepatic pethidine metabolism.

Inhibition of CYP3A4 increases the concentration of alfen-
tanil. Although there is little information on the metabolic inter-
actions of morphine, rifampicin and possibly other inducers
may reduce the clinical efficacy of morphine by increasing its
metabolism. Enzyme induction also increases the metabolism of
methadone. Codeine is considered to be a prodrug whose effects
are mediated by its minor active metabolite morphine. It is
demethylated and glucuronated to yield morphine, codeine-6-
glucuronide, and norcodeine, which are then further metab-
olized. Inhibition or deficiency of CYP2D6 decreases the
analgesic efficacy of codeine significantly.

There is little information on the effect of enzyme induction
or inhibition on the pharmacokinetics of nonsteroidal anti-
inflammatory drugs (NSAIDs). Many commonly used NSAIDs
are substrates of CYP enzymes and their metabolism is likely
to be changed by enzyme induction and inhibition. However,
their large therapeutic index limits the clinical significance of
this. Chronic ethanol consumption increases the toxicity of
acetaminophen, but otherwise acetaminophen does not appear
to have clinically significant pharmacokinetic interactions with
other drugs.
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Muscle relaxants
The depolarizing muscle relaxant succinylcholine is metabolized
by plasma cholinesterase. Drugs that inhibit plasma cholinesterase
prolong the time to recovery following succinylcholine. These
drugs include the anticholinesterase ecothiopate, the antineo-
plastic drug cyclophosphamide, and the MAQ inhibitor phenelzine.
Modern nondepolarizing neuromuscular blockers are struc-
turally either aminosteroids or benzylisoquinolinium compounds.
Enzyme-inducing agents such as glucocorticoids and antiepilep-
tic drugs antagonize the neuromuscular blocking effects of
nondepolarizing neuromuscular blockers. The antagonism is
more pronounced with the aminosteriods that undergo mainly
hepatic metabolism but it occurs also with the benzylisoquino-
linium derivatives, which undergo nonenzymatic breakdown

(Chapter 37).

Local anesthetics

Local anesthetics can be classified by structure into the
aminoesters, which are metabolized by plasma cholinesterase
(cocaine, procaine, chloroprocaine, amethocaine, tetracaine),
and the aminoamides (lidocaine, prilocaine, mepivacaine, bupi-
vacaine, ropivacaine, etidocaine), which are metabolized by the
liver. Ester local anesthetics do not appear to have clinically
significant pharmacokinetic interactions.

Amide local anesthetics are metabolized by CYP3A4 and/or
CYP1A2. Parenteral lidocaine has not been reported to have
clinically significant interactions with inhibitors of CYP enzymes.
However, as a drug with a high extraction ratio its elimination
clearance is directly proportional to cardiac output. Its elimi-
nation is affected by B-blockers which, in addition to decreasing
cardiac output, also affect the enzymatic activity in liver.

Bupivacaine has been reported to interact with inhibitors of
CYP3A4, but these interactions are not likely to have clinical
consequences. Ropivacaine is metabolized mainly by CYP1A2,
but also by CYP3A4. Its clearance is reduced by 77% with
concomitant administration of the CYP1A2 inhibitor fluvox-
amine. Erythromycin, a CYP3A4 inhibitor, alone had only a
minor effect on the pharmacokinetics of ropivacaine. However,
the combination of fluvoxamine and erythromycin further
increased the area under the drug plasma concentration-time
curve by 50%. Clinicians should be aware of the possibility of
increased toxicity of ropivacaine when used together with
inhibitors of CYP1A2. Concomitant use of CYP1A2 and

CYP3A4 inhibitors further increases ropivacaine concentration.

Volatile anesthetics
Modern volatile anesthetics are eliminated mainly in unchanged
form by exhalation and by CYP-catalyzed biotransformation
with varying extents of metabolism: halothane (20%), enflurane
(10%), sevoflurane (5%), isoflurane (0.2%), and deslurane
(0.02%). The metabolism is mediated mainly in the liver by
CYP2E1. Although the metabolism of volatile anesthetics can
certainly be modified by compounds affecting CYP2E1, these
interactions are of minor clinical importance. Disulfiram, an
inhibitor of CYP2E]1, can be used to reduce the risk for halothane
hepatitis, but because of the limited use of halothane in the
adult population and the availability of alternative volatile anes-
thetics, there is no need to use disulfiram pretreatment prior to
general anesthesia.

Volatile anesthetics can affect the pharmacokinetics of other
drugs. Halothane reduces the elimination of fentanyl, theo-
phylline, meperidine, and lidocaine in dogs. These changes are

due to both decreased liver blood flow and decreased hepatic
intrinsic clearance. Halothane has strong hemodynamic effects
and can therefore affect the pharmacokinetics of drugs whose
elimination is dependent on liver blood flow. This effect is not
likely to last longer than the duration of anesthesia. There is
little information on the effects of halothane on the pharmaco-
kinetics of co-adminstered drugs in humans, and even less infor-
mation on the effects of the other volatile anesthetics enflurane,
isoflurane, sevoflurane, and desflurane. There is no evidence that
volatile anesthetics would have clinically significant pharmaco-
kinetic interactions in humans.

Pharmacodynamic drug interactions

Although pharmacokinetic interactions are of academic interest
and may in some cases have clinical significance, pharmaco-
dynamic interactions are far more common and have greater
significance in anesthetic practice. In fact, modern ‘balanced
anesthesia’ techniques are based on pharmacodynamic interac-
tions. Many pharmacodynamic interactions are predictable with
a good knowledge of pharmacology. In most cases pharmaco-
dynamic drug interactions can be regarded as desirable. A sound
combination of drugs having synergistic effects facilitates the use
of smaller and less toxic doses of the individual drugs.

Pharmacodynamic drug interactions are of greater clinical
significance than pharmacokinetic drug interactions in
anesthesia.

Drugs acting at the same receptor can compete at receptor
sites. One drug can have a greater affinity than the other for the
receptor. If it has no activity, the actions of the second drug are
antagonized. Examples of such interactions in anesthetic prac-
tice are the interactions between naloxone and opioids, B-
blockers and catecholamines at B-adrenergic receptors, flumazenil
and benzodiazepines at GABA, receptors, etc.

The concurrent use of drugs acting at the same site or on the
same physiological system can result in either increased or
decreased effect. The most typical example is the combined use
of several drugs acting on the central nervous system. When
used in combination, inhalational anesthetics have an additive
interaction. Interactions between intravenous anesthetics may
be additive. Examples of such interactions are the ketamine-
thiopental and ketamine-midazolam interactions. The lack of
synergism is most likely due to the different mechanisms of
action of ketamine and the two other anesthetics. Ketamine
inhibits excitatory transmission by decreasing depolarization
through blockade of NMDA receptors. Thiopental and midazo-
lam exert their effects by allosteric modulation of the GABA,
receptors (Chapter 25).

The interactions between benzodiazepines and opioids are
synergistic. The hypnotic effects of propofol, midazolam,
alfentanil, and their binary and triple combinations have been
studied in humans (Fig. 9.6). The ratios of a single-drug frac-
tional dose (EDs, = 1.0) to a combined fractional dose (in
fractions of single-drug EDs, values), indicating the degree of
supra-additivity (synergism), were: 1.4 for propofol-alfentanil,
1.8 for midazolam-propofol, 2.8 for midazolam-alfentanil, and
2.6 for propofol-midazolam-alfentanil. Accordingly, propofol—
midazolam-alfentanil interaction produces a profound hypnotic
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Figure 9.6 Binary versus triple synergism. ED;,
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synergism which is not significantly different from that of the
binary midazolam-alfentanil combination.

Volatile anesthetics potentiate the effects of neuromuscular
blocking agents in a dose-dependent manner. Although there are
quantitative differences in the magnitude of the interaction,
depending on the volatile anesthetic and the neuromuscular
blocking agent, the interaction can be demonstrated for all
volatile anesthetics. Desflurane appears to be able to potentiate
the effect more than isoflurane and sevoflurane (Fig. 9.7). The
mechanism of potentiation of neuromuscular blockade by
inhalational agents is controversial. It may be increased blood
flow to the muscle, increased sensitivity of the motor endplate,
decreased release of acetylcholine, change in the conductance of
the ionic channels of the endplate, and/or induction of relax-
ation via the central nervous system.

Changes in electrolyte balance may alter the effects of several
drugs, especially those that act on neuromuscular transmission.
The antiarrhythmic actions of quinidine and lidocaine are antag-
onized by hypokalemia, and the sudden release of K* from
muscle following the injection of succinylcholine can cause
ventricular arrhythmias in patients on digitalis therapy. Non-
depolarizing neuromuscular blocking agents may produce pro-
longed neuromuscular blockade in the presence of hypokalemia
in patients taking thiazide diuretics. Hypokalemia causes hyper-
polarization of the motor endplate, and thereby antagonizes the
action of acetylcholine for a pharmacodynamic interaction.

CONCLUSIONS

Although drug interactions are an important cause of toxicity,
their clinical significance has been overemphasized by pharma-
cologists and some clinicians. Despite all that is written on the
subject, the clinical importance of harmful drug interactions is
largely unknown. The problem is that the actions of many drugs
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Potentiation of neuromuscular blockade by volatile anesthetics
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Figure 9.7 Mean effective therapeutic infusion rate (ETI), of cisatracurium
(+SD) to maintain neuromuscular blockade constant at 90% during desflurane,
isoflurane, sevoflurane, or propofol anesthesia. **P<0.002: propofol vs volatile
anesthetics; *P<0.02: desflurane vs. propofol, sevoflurane, isoflurane. (With
permission from Hemmerling et al. 2001).

cannot be measured under clinical conditions, and interactions
are unlikely to be recognized unless they cause major adverse
effects. During the intraoperative period patients are usually so
well monitored that any undesirable drug interactions are unlike-
ly to cause adverse effects. Thus the intraoperative period is less
problematic with regard to drug interactions than the pre- and
postoperative periods. If anesthesiologists have a sound knowl-
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edge of basic pharmacological principles and are aware of the
mechanisms of action and pharmacokinetics of the drugs they
use, most undesirable drug interactions can be avoided, and
desirable interactions can be used for the benefit of the patient.

Anesthesiologists should be especially alert when anes-
thetizing patients being treated with drugs having a high prob-
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TOPICS COVERED IN THIS CHAPTER
* Drug administration errors
* Drug intolerance
¢ Drug idiosyncrasy
Acetylator status
Cytochrome P450 variants
+ Plasma cholinesterase variants
* Glucose-6-phosphate dehydrogenase deficiency
+ The porphyrias
* Malignant hyperthermia
* Allergic drug reactions

An adverse drug reaction can be considered as any potentially
harmful untoward outcome of therapeutic drug administration.
The unwanted outcome may be a side effect of the drug, an
exaggeration of the therapeutic effect, a failure of the thera-
peutic effect, or a totally unexpected effect. A classification of
adverse drug reactions is given in Table 10.1.

This chapter focuses on the general principles of the mecha-
nisms of adverse drug reactions that can be applied to a wide
range of drugs, to idiosyncratic drug reactions relevant to anes-
thesia, and to allergic reactions to drugs. The mechanisms of
direct organ toxicity and secondary effects tend to be specific to
individual drugs and will be covered where appropriate in the
relevant chapter. Drug interactions are discussed in Chapter 9.

Table 10.1 Classification of adverse drug reactions

Administration errors
Intolerance

Idiosyncrasy
Anaphylaxis/anaphylactoid
Direct organ toxicity
Secondary effects

Drug interaction

DRUG ADMINISTRATION ERRORS

A recent audit at a large UK teaching hospital reported that
there were prescribing anomalies in the prescription charts of
60% of patients surveyed. Although some of these errors were
minor and probably of little potential consequence, others were
more worrying. They included prescription of the wrong drug
(substitution of drugs with similar names), the wrong route of
administration, the wrong dose, and incorrect dosing intervals.
The dosing errors were a mixture of under- and overdosing, and
included some doses that were incorrect by three orders of
magnitude.

For some drugs, dosing information that forms the knowledge
base for prescribers may be inaccurate and thus the cause of
erroneous dosing. Several examples exist in anesthetic practice
where dosing regimens for a drug developed in a nonanesthetic
context have been applied directly to the perioperative situation.
This applies to several drugs that were introduced into clinical
practice in the days when licensing legislation was not as rigorous
as it is now. A classic example of this is morphine. The tradi-
tional quoted dose for severe postoperative pain is 0.15 mg/kg
given intramuscularly. This was, however, determined as the
effective dose for battlefield casualties. It is now appreciated
that battlefield casualties are an inappropriate model for post-
operative pain, as their pain tolerance is high as a result of the
psychological and neurohumoral response to the situation.

Another example is the use of traditional antiemetic drugs for
the prevention and treatment of postoperative nausea and
vomiting. None of the currently available antiemetics was devel-
oped primarily for perioperative use: many were first introduced
as treatments for motion sickness or other vestibular disorders,
for migraine, or for the treatment of side effects of radiation
therapy or cytotoxic chemotherapy. Droperidol, a butyrophenone,
was introduced into anesthetic practice as a neuroleptic agent in
a dose of approximately 0.1 mg/kg. Although neurolept anes-
thesia as a technique has diminished in popularity, it did demon-
strate the antiemetic efficacy of droperidol. It is interesting that
this efficacy was maintained at doses 10 times lower than those
used for the neuroleptic effect. It may well be that antiemetic
phenothiazines and antihistamines are also being used in
inappropriately high doses in the perioperative setting, with an
inevitable increase in side effects.
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DRUG INTOLERANCE

Even when given the intended correct dose of a drug some
patients will exhibit an adverse effect. When this occurs as a
result of variation of the individual’s drug response within a
unimodal population variation in response, the phenomenon is
termed drug intolerance. The cause of drug intolerance is
invariably multifactorial, with both environmental and genetic
factors involved. This is in contrast to idiosyncratic reactions
(see below), in which genetic factors determine a bimodal
population response to a drug.

The propensity for adverse drug effects is often described in
terms of the therapeutic index. In animal testing of new drugs
the therapeutic index is calculated from the ratio of the LDx,
(the dose that causes death in 50% of animals) to the EDs (the
dose that produces the desired effect in 50% of animals). The
LDsy and EDs; are calculated from cumulative quantal dose
response curves (see Chapter 7). This is illustrated in Figure
10.1a. Figure 10.1b, however, illustrates a limitation of the
therapeutic index. This illustrates two drugs, A and B, that have
the same EDs, value, but because the population variability in
response to drug B is greater than that of drug A, the EDgs (dose
that produces the desired effect in 95% of subjects) is
considerably higher for drug B than for drug A. This is of great
clinical importance, as we would wish any dosing regimen to
have the desired effect in as many individuals as possible, and so
the EDgs, the EDgq, or even the EDgg ¢ would be the best dose
to select, provided it does not encroach on doses that produce
important unwanted effects. Similarly, the LDs, has limited
clinical value, as indeed does the dose required to produce any
unwanted effect in 50% of individuals, as the clinical pharma-
cologic requirement is to have as few individuals as possible with
an unwanted effect. Figures 10.1c and 10.1d further illustrate
this principle for the two drugs described in Figure 10.1b. A more
clinically useful concept, therefore, to describe the likelihood of
drug intolerance is the certain safety factor. This relates the dose
to produce a specified unwanted effect in a defined proportion
of the population to the dose that will be ineffective in the same
proportion of the population. The proportion of the population
used in the calculation depends on the severity of the unwanted
effect. The most frequently used proportion is 1%, and in this
case the certain safety factor is calculated as TDy;/EDgy, where
TD is the toxic dose. If the unwanted effect is especially serious
lower proportions may be used, e.g. TDy;/ EDgg 9, TDg91/EDgg g9,
etc. The doses used in the calculation of the certain safety factor
also define the limits of the therapeutic window.

The certain safety factor is more clinically useful as an
indicator of drug tolerance than the therapeutic index.

DRUG IDIOSYNCRASY

Pharmacogenetic variation has been identified in drug metabolism
(acetylation, cytochrome P450 variants, plasma cholinesterase
variants), inability to compensate for drug effects (glucose 6-
phosphate dehydrogenase deficiency, acute porphyrias), and in
drug effects themselves (malignant hyperthermia). Each of these
examples will be discussed separately.
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Acetylator status

Acetylation is one of the nonmicrosomal phase II conjugation
reactions. The gene controlling the enzyme involved, N-
acetyltransferase, exists in one of two forms that determines the
acetylator status — slow or fast — of an individual. The prevalence
of slow acetylation is 60% in Caucasians and 10-20% in Asians.
Drugs subject to N-acetylation include isoniazid, hydralazine,
procainamide, some sulfonamides, sulfasalazine, nitrazepam, and
caffeine. Slow acetylators are at higher risk of side effects of
these drugs, such as peripheral neuropathy with isoniazid, lupus
syndrome with hydralazine and procainamide, allergic reactions
and hemolysis with sulfonamides, and gastrointestinal side
effects with sulfasalazine.

Cytochrome P450 variants

The cytochrome P450 group of enzymes are responsible for the
great majority of microsomal phase I oxidation reactions. Four
classes of cytochrome P450 enzyme (CYP1-4), each with sever-
al subgroups, are important in drug metabolism. Polymorphisms
in at least four cytochrome P450 enzymes have been found that
are associated with reduced or even absent enzyme activity.
Most drugs have the potential to be metabolized by more than
one subtype of enzyme, but clinically important reductions in
metabolism will be seen if there are reductions in the activity of
an enzyme that normally predominates in the metabolism of
the drug.

CYP2D6

This enzyme is involved in metabolism of approximately 25% of
drugs, many of which are relevant to anesthesiologists. The drugs
include B-blockers (metoprolol, propranolol), antiarrhythmics
(amiodarone, flecainide), antidepressants (nearly all tricyclics
and selective serotonin reuptake inhibitors), and neuroleptics
(phenothiazines and butyrophenones). It has been estimated
that approximately 6% of Caucasians and 1% of Asians have
reduced CYP2D6 activity.

CYP2C9

This enzyme is involved in the metabolism of warfarin.
Individuals with deficient CYP2C9 activity are prone to hemor-
rhagic complications of warfarin administered in otherwise
standard dosage regimens.

CYP2C19

This enzyme is responsible for the oxidation of diazepam and the
proton pump inhibitors, such as omeprazole. Reduced activity of
this enzyme is especially prevalent in Asians (20%, versus 3%
in Caucasians). Affected individuals require reduced doses of
diazepam but have a beneficial therapeutic effect when given
proton pump inhibitors in the treatment of Helicobacter pylori
infection.

CYP3A4-5

The CYP3A enzymes are responsible for 50% of drug oxidation
reactions. Polymorphisms leading to reduced activity occur in
approximately 6% of Caucasians. Of relevance to anesthesia is
that they account for individuals who are slow metabolizers of
midazolam, feutanyl and other important anesthetic drugs

(Chapter 9).
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Therapeutic index and its limitations
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dose response curves for the desired drug effect and for death are used to determine EDs, and LDs, values respectively in animal experiments: these values are necessary
to define the therapeutic index of a drug. (b—d) One limitation of using the EDs,. The two curves in (b) are the cumulative quantal dose-response curves for two drugs
having the same effect. Drugs A and B have identical EDs, values but there is greater population variability in the response to drug B than to drug A. (¢, d) The cumulative
quantal dose-response curves for the desired effect and death for drugs A (c) and B (d). So, although the ED, dose of each drug does not encroach on the dose-response
curve for death with either drug (c and d), it can be seen that the EDy; value for drug B is identical to the LDys value for the drug (d). This is not the case for drug A (c),

which therefore has a greater certain safety factor.

PLASMA CHOLINESTERASE VARIANTS

Plasma cholinesterase (also known as pseudocholinesterase, serum
cholinesterase, nonspecific cholinesterase, butyrylcholinesterase,
S-type cholinesterase) is responsible for the breakdown of suc-
cinylcholine in the plasma. Indeed, it was the recognition of
individuals who had prolonged paralysis after the administration
of succinylcholine (‘scoline apnea’) that led to the identification
of genetic variants of plasma cholinesterase. Investigation of
those affected by scoline apnea revealed the clinical condition
to be inherited as an autosomal recessive trait. We now know
that the plasma cholinesterase gene lies on the long arm of
chromosome 3.

Plasma cholinesterase phenotyping through the measurement
of enzyme activity and response to in vitro inhibitors can now be
complemented by genotyping (Table 10.2). The first in vitro
inhibitor of cholinesterase activity to be used was dibucaine
(cinchocaine). In this test the dibucaine number is given by the
percentage inhibition of cholinesterase activity of the sera of
the patient by dibucaine 10 mM using benzoyl choline as the
substrate. Normal individuals have a dibucaine number of
71-85. Patients homozygous for the atypical allele have a dibu-
caine number of 20, whereas those heterogenous for the atypical
allele have an intermediate dibucaine number of 52-65. The use
of sodium fluoride 50 mM as an alternative inhibitor to dibu-
caine enabled the identification of the fluoride-resistant allele. In
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Table 10.2 Plasma cholinesterase variants

Duration of
Name Base change Frequency Enzyme activity (%) action of sux
Usual None 0.98 100 Normal
Atypical A209T 0.02 30 2 hrs
Silent G351A 0.0003 Zero 3-4 hrs
Fluoride C728T 0.003 40 1-2 hrs
H type G424A ? 10 2-3 hrs
K type G1615A 0.0013 70 <1 hr
Jtype A1490T ? 34 1-2 hrs

The names of the variants were given after their characterization by enzyme activity and inhibitor studies. The
variants are due to missense mutations in the plasma cholinesterase gene, which lies on chromosome 3. The
normal duration of action of succinylcholine (sux) is 4-6 minutes, depending on the dose administered.

addition to succinylcholine, the nondepolarizing neuromuscular
blocking drug mivacurium is metabolized by plasma cholinesterase.
The investigation of patients with a prolonged action of either of
these drugs can use the traditional phenotyping or a genotyping
approach. However, it should be appreciated that a negative
mutation screen should be followed by measurement of enzyme
activity and inhibitor effect, as there may well be undiscovered
mutations in the plasma cholinesterase gene. In addition to
succinylcholine and mivacurium, ester local anesthetics, heroin,
diamorphine (to 6-acetylmorphine), aspirin and methyl-
prednisolone acetate are metabolized by plasma cholinesterase,
at least in part. In contrast, atracurium, remefentanil, esmolol,
and 6-acetylmorphine are ester drugs that are not dependent on
plasma cholinesterase for their metabolism.

GLUCOSE-6-PHOSPHATE DEHYDROGENASE
DEFICIENCY

Erythrocytes are one of the cell types that utilize the pentose
phosphate pathway for carbohydrate metabolism. The first step
in the pentose phosphate pathway is the conversion of glucose-
6-phosphate by glucose-6-phosphate dehydrogenase (G6PD). In
this reaction NADP™ is used as a cofactor and is converted to
NADPH. NADPH is important in erythrocytes for restoring the
levels of reduced glutathione required to combat hydrogen
peroxide released within the cell in the presence of oxidants.
Individuals with G6PD deficiency are therefore exposed to high
levels of hydrogen peroxide in their red cells in the presence of
oxidant drugs such as primaquine, chloraquine, chlorampheni-
col, some sulfonamides, and vitamin K analogs. Administration
of these drugs to those with G6PD deficiency results in
hemolytic anemia. The prevalence of G6PD deficiency is highest
in those areas where falciparum malaria is endemic. This is
assumed to reflect a survival advantage of G6PD deficiency to
falciparum malaria.

THE PORPHYRIAS

The porphyrias are a group of disorders characterized by the
excessive build-up of precursors of heme. These precursors,
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porphyrinogens, are excreted in the urine, where they are spon-
taneously converted on exposure to light and air to purple-
colored porphyrins. The metabolic pathway of synthesis of heme
is shown in Figure 10.2. Under normal circumstances heme
synthesis is very tightly regulated by efficient feedback inhibi-
tion of heme on §-aminolevulinic acid (ALA) synthetase. Acute
attacks can be precipitated by any factor that places a stress on
the heme synthesis pathway, such as bleeding, or metabolic
stress (fasting, dehydration, infection, stress). The features of an
acute attack are related to the effects of porphyrinogens on the
nervous system, which include motor, sensory, and autonomic
dysfunction.

Of particular importance to anesthesia is the potential for
many drugs to induce the activity of ALA synthetase. These
drugs have the potential to induce or exacerbate an acute attack
in a susceptible individual. There is some uncertainty and con-
troversy as to the porphyrinogenicity of some drugs. A good
example of this is propofol. In animal experiments propofol has
been shown to induce ALA synthetase activity, but there are
anecdotal reports of its safe use in patients who have acute
porphyria. On the other hand, porphyrin levels have been shown
to increase after maintenance anesthesia with a propofol infusion
in patients with acute porphyrias. Table 10.3 lists drugs of
relevance to anesthesia and indicates how safe they are to use in
patients with acute porphyria.

MALIGNANT HYPERTHERMIA

Malignant hyperthermia (MH) was first reported in 1960. It is
an autosomal dominant condition in which susceptible indi-
viduals have a defect in skeletal muscle intracellular calcium
regulation. Under most circumstances homeostatic mechanisms
compensate for increased calcium turnover, but the potent
inhalation anesthetics and succinylcholine cause a massive accel-
eration of calcium release that overwhelms the compensatory
mechanisms. The resulting increased intracellular calcium
concentration leads directly to increased muscle contractile
activity and metabolic stimulation. Metabolism is further
increased indirectly in response to the increased contractile
activity and the demand for ATP to fuel sarcoplasmic reticulum
and sarcolemmal calcium ATPase pumps. Under these con-
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Synthetic pathway of heme

Figure 10.2 The synthetic pathway of heme
from glycine and succinyl coenzyme A. The inter-
mediary compounds in the pathway are given in

Glycine Succinyl CoA
ALA Synthetase
3-Aminolaevulinic acid (ALA)
ALA Dehydratase
Porphobilinogen (PBG)

PGB Deaminase

Hydroxymethylbiline

Feedback inhibition

Plumboporphyria

Acute intermittent
porphyria

Uroporphyrinogen Congenital erythropoietic
cosynthetase porphyria
Uroporphyrinogen
Uroporphyrinogen Porphyria cutanea tarda
decarboxylase
Coproporphyrinogen
Coproporphyrinogen Hereditary
oxidase coproporphyria
Protoporphyrinogen
Protoporphyrinogen . .
oxidase Variegate porphyria
Protoporphyrin
Erythropoietic
2+
Ferrochelatase +Fe protoporphyria
Heme

the central column and the enzymes for each step
on the left-hand side. The rate-limiting step is that
catalyzed by ALA synthetase, which is under feed-
back control by heme. On the right-hand side the
various types of porphyria are listed adjacent to the
enzyme deficiency responsible for the condition.
The acute porphyrias are shaded. (Adapted from
James MF& Hift RJ. Porphyrias. British Journal of
Anaesthesia 2000; 85: 143-53, © The Board of
Management and Trustees of the British Journal of
Anaesthesia. Reproduced by permission of Oxford
University Press/British Journal of Anaesthesia.)

ditions oxygen supply cannot match demand, and there is
overproduction of carbon dioxide, lactate, and heat. The other
primary feature of an MH reaction is rhabdomyolysis. This
results from a combination of excessive muscle activity and
depletion of ATP, which is required to maintain cell membrane
integrity.

The principal gene responsible for determining MH suscep-
tibility is the skeletal muscle ryanodine receptor gene (RYRI),
which encodes the protein forming the sarcoplasmic reticulum
calcium release channel (see Chapter 35). More than 100
mutations or polymorphisms of RYRI have been described, and
over 20 of these have been demonstrated to lead to functional
protein defects consistent with MH susceptibility. Such
functional mutations have a potential use in presymptomatic
diagnosis of the disorder. The molecular genetics of MH,
however, is not always straightforward. Whereas RYRI muta-
tions or polymorphisms are likely to be implicated in the great
majority of patients, some of these mutations or polymorphisms
may need to be present in combination with other RYRI
variants, or indeed polymorphisms of other genes involved in
skeletal muscle calcium regulation, for an individual to be at risk
from a clinical reaction.

Other than all the potent inhalation anesthetics (halothane,
enflurane, isoflurane, sevoflurane, desflurane) and succinylcholine,
no other drugs are implicated as triggers of MH. Some others,
such as lidocaine, ketamine, nitrous oxide, phenothiazines, have
been implicated in the past as MH triggers, but it is now agreed
that these were erroneously implicated as a result of misdiag-
nosis or poorly designed laboratory experiments.

ALLERGIC DRUG REACTIONS

Allergic reactions to drugs administered intravenously are acute
type I hypersensitivity reactions (Chapter 54). By definition,
these responses occur on a second or subsequent exposure to
an allergen. However, it is recognized that approximately 50%
of anaphylactic-like or anaphylactoid reactions that occur in
anesthesia do so in patients receiving the drug on the first
occasion. True anaphylactic reactions involve mast cell degranu-
lation resulting from the production of allergen-specific IgE.
Anaphylactoid reactions can occur through complement acti-
vation (classical or alternative pathways) or through a direct drug
action on the mast cell itself. There is little rationale in the
use of a ‘test dose’ in the prevention of allergic drug reactions.
True anaphylaxis can occur after exposure to the smallest dose
of antigen. Direct mast cell degranulation (nonlgE-mediated
response) is probably dependent on the mass of drug and its rate
of administration. However, in these circumstances there is
unlikely to be any response to a test dose, but the full dose will
cause the reaction. It is therefore advisable to administer intra-
venous drugs slowly.

The products of mast cell degranulation that are the medi-
ators of the anaphylactic or anaphylactoid response include
principally histamine and other vasoactive amines, but also pro-
teases (such as tryptase) and lipid-derived mediators (such as
leukotrienes and prostaglandins). These mediators can affect the
skin (flushing and urticaria), the vasculature (vasodilatation and
increased capillary permeability), and the respiratory system
(bronchoconstriction, inflammation, and increased bronchial secre-
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tions). Not all of these features occur in every anaphylactic/
anaphylactoid reaction. Some reactions are characterized by the
predominance of vasodilatation, whereas in others bronchocon-
striction predominates. This probably reflects the presence of
two main types of mast cell: mucosal mast cells that are located
in the lungs and the gut, and connective tissue mast cells that are
ubiquitous. The relationship between individual drugs and the
spectrum of clinical features is not consistent between patients
suffering reactions, although some drugs (e.g. atracurium, mor-
phine) frequently produce cutaneous reactions without systemic

vasodilatation or bronchoconstriction. This suggests that cuta-
neous connective tissue mast cells are particularly sensitive to
these drugs.

Our ability to investigate suspected anaphylactoid reactions
is somewhat crude. Histamine release is difficult to measure
because the serum half-life of the amine is so short. Its metabo-
lite, methylhistamine, is, however, more stable and can be
detected in the urine. Alternatively, mast cell degranulation can
be demonstrated by serum mast cell tryptase levels, and com-
plement assays may point to a particular mechanism. The

Table 10.3 Recommendations for the use of drugs during anesthesia in the acute porphyrias
Drugs Recommendation Drugs Recommendation
Inhalational agents Nitrous oxide Use Local anesthetics Bupivacaine Use
Cyclopropane Use Lidocaine Use
Halothane Use Prilocaine Use
Enflurane uwc Procaine Use
Isoflurane uwc Tetracaine Use
Sevoflurane* uwc Cocaine uwc
Desflurane* uwc Mepivacaine uwc
Intravenous induction | Propofol Use Ropivacaine ND/avoid
agents Ketamine UwcC Sedatives and Domperidone Use
Barbiturates Avoid antiemetics Droperidol Use
Etomidate Avoid Phenothiazines Use
Analgesics Acetaminophen Use Tgmazepam Use
- Triazolam Use
Alfentanil Use . .
Aspiri Benzodiazepines UwcC
spirin Use )
Buprenorphine Use other than listed
. Cimetidine uwc
Codeine Use .
Diazepam UwcC
Fentanyl Use
. Lorazepam uwc
Pethidine Use .
(meperidine) Metoclopramide uwc
Morohine Use Midazolam UwcC
P Ondansetron uwc
Naloxone Use
. Oxazepam uwc
Sufentanil Use o
. Ranitidine uwc
Diclofenac UWECO . .
. Chlordiazepoxide UWECO
Ketorolac UWECO Nit UWECO
Phenacetin UWECO trazepam
Tilidine UWECO Cardiovascular drugs Epinephrine Use
Pentazocine Avoid Magnesium Use
Neuromuscular Tubocurarine Use Phent.olam.me Use
; Procainamide Use
blocking drugs .
. o-agonists Use
Pancuronium Use
. . B-blockers Use
Succinylcholine Use .
. B-agonists Use
Alcuronium uwc T
. Diltiazem uwc
Atracurium uwc . .
- Disopyramide uwc
Rocuronium uwc Sodi UWC
Mivacurium* uwc n?cr(l)l:)r?usside
V i W
ecuronium uwc Verapamil UWC
Neuromuscular block Atropine Use Hydralazine UWECO
reversal agents Glycopyrrolate Use Nifedipine UWECO
Neostigmine Use Phenoxybenzamine | UWECO

* No data, and recommendation is based on drugs of a similar class.

Use, may be used safely; UWC, use with caution, as there is insufficient evidence to indicate complete safety, although they are probably safe; UWECO, use with
extreme caution only, as there is insufficient evidence to indicate safety and some rationale for their not being safe; avoid, do not use, as there is good evidence that
they could initiate or exacerbate a porphyrinogenic response. (Adapted from James MF& Hift RJ. Porphyrias. British Journal of Anaesthesia 2000; 85: 143-53, © The
Board of Management and Trustees of the British Journal of Anaesthesia. Reproduced by permission of Oxford University Press/British Journal of Anaesthesia.)
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availability of allergen-specific radioallergosorbent tests (RAST)
for anesthetic drugs is limited, although one exists for suc-
cinylcholine. There are many enthusiasts for skin-prick testing
following suspected anaphylactic reactions. A positive weal and
flare reaction following the introduction of an allergen to the
skin is produced by an IgE response and, by implication, is said
to be indicative of true anaphylaxis. However, protocols for skin-
prick testing of potential drug allergens vary widely, as do the
interpretation of the results. As with skin-prick testing of, for
example, airborne allergens, the specificity of drug allergen
testing is low. Furthermore, in some individuals IgE may be
absent from the skin but present in serum or bronchial secre-
tions, and in these individuals skin-prick testing will give a false-
negative result.

There is little rationale for the use of a ‘test dose’ to prevent
allergic drug reactions.

The greatest controversy with drugs used in anesthesia is the
proportion of anaphylactic reactions in which nondepolarizing
neuromuscular blocking drugs are implicated. In France, for
example, muscle relaxant drugs are implicated in approximately
60% of anesthesia-associated type I hypersensitivity reactions.
In Australia and North America, however, reactions to muscle
relaxants other than succinylcholine are considered rare. The
explanation for this apparent epidemiological anomaly is prob-
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ably the use of intradermal testing (which has a high false-
positive rate) or different degrees of drug dilution in the conduct
of skin-prick tests: there is a growing body of evidence that skin-
prick tests for nondepolarizing neuromuscular blockers have a
high false-positive rate unless the drug is diluted to at least
1:1000. The studies that provide this evidence involve con-
ducting skin-prick tests on subjects who have never received
general anesthesia, and in whom any positive response to the
skin-prick test should be presumed to be erroneous. An alter-
native explanation for these findings is that individuals may be
immunologically sensitized to neuromuscular blocking drugs by
environmental exposure to chemicals used in, for example,
perfumes or air fresheners; however, no positive links have so far
been established.

These limitations of diagnosis make quantification of the
incidence of hypersensitivity reactions difficult. A reasonable
consensus would be that they occur in approximately 1:10 000-
1:40 000 anesthetics. Drug groups other than muscle relaxants
that are most commonly implicated are intravenous anesthetics,
antibiotics, and plasma substitutes. Latex sensitivity is becoming
an increasing problem and accounts for 20-50% of hyper-
sensitivity reactions during anesthesia. Reactions to latex are
characterized by their development after 30-60 minutes of
surgery, whereas drug reactions tend to occur within seconds or
a few minutes of administration. The use of chlorhexidine as an
antibacterial coating to bladder and central venous catheters has
also been associated with severe systemic hypersensitivity
reactions.
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Basic physical principles
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TOPICS COVERED IN THIS CHAPTER

* What is physics?

* Mass, force, work, and energy

* Pressure and density

+ States of matter and latent heat

* Gas laws

* Avogadro’s hypothesis

+ Calorimetry and heat transfer
Thermal or heat capacity

+ Solubility and diffusion

WHAT IS PHYSICS?

Physics is natural science’s attempt to describe the fundamental
laws of the world around us. This may seem a rather grandiose
way of starting a chapter in a book devoted to explaining the
application of the basic sciences in anesthesia, but it is the very
nature of physics that often most foxes medical scientists.
Physics asks and answers simple fundamental questions. It
follows the implications of those questions to their logical and
sometimes extraordinarily strange conclusions. The key to under-
standing it is to do the same. When in doubt, ask simple
questions! Physics describes in detail what it finds using the
clarity and economy of mathematics. As a result, descriptions in
the physical sciences require precision. The starting point for
many physical descriptions is a few basic concepts inspired by
experimental observation. These concepts lead to basic defini-
tions of quantities defined by number and unit. In the end,
however, physics resolves into a single theme: the description of
the natural laws that govern energy transfer. All the topics to be
covered in this chapter are concerned with energy in one form
or another.

MASS, FORCE, WORK, AND ENERGY

The first major problem that was addressed by physics was how
and why things move. Intuitively we know that heavy objects
require more effort to pick up from ground level. People also

noted that, when dropped from a height, objects moved faster
and faster until they hit the ground. Initially, it was thought that
the heavier the object the faster it would fall, but Galileo proved
that this rate of increase in speed (acceleration) was independ-
ent of the weight of the object. Therefore, the next question
was, what makes objects fall? When objects fall or move in any
way, what controls how they move? Does the motion of things
on earth say anything about how the planets move in the heavens?
One other observation was important. Intuitively, people real-
ized that the same volumes of different materials had different
weights. However, Archimedes showed that the weight of an
object immersed in water was reduced by the equivalent of the
weight of water it displaced. Is there some property of materials
that makes the weight of the water and the reduction in weight
of the object equivalent?

It was Newton, through his Laws of Motion and Theory of
Gravity, who answered all these questions, and by doing so
founded physics as we think of it. The definitions and principles
he used are shown in Table 11.1.

The ultimate concept derived from Newton’s laws is that of
energy. Energy can be defined as the capacity to perform work.
However, as work is about moving forces and forces are about
creating motion, energy can be thought of as the property of an
object that creates motion. In the case of gravity, when an object
is dropped from a high tower it has a far higher velocity at
impact than if dropped only a few meters. Thus, it can create
more change in motion in other bodies upon impact. The faster it
moves, the more capacity for creating motion it has. This energy
that the object has by virtue of its motion is kinetic energy.

The capacity to do work was in the object before it fell. The
higher the tower from which the object falls, the further the
separation of the object from the ground, and the more work is
done against gravity. Thus, there is an energy that an object has
by virtue of its position in a region over which a natural force
acts. This is potential energy. Potential energy can be converted
into kinetic energy, and vice versa. In a closed system — i.e. one
in which energy does not flow out or in — energy is always
conserved. The nature of the energy in a system leads to energy
being referred to in different ways in different circumstances.
For instance, the energy associated with motion may be called
mechanical energy, or that with chemical reactions chemical
energy, and so on, but all energy ultimately is the same and in the
SI system is designated by the unit joule (J).
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Table 11.1 Definitions and principles of physics

Newton’s laws of motion

mass multiplied by acceleration

watt, W).

the diffusing molecule

pressure of the gas above the liquid

I An object remains at rest or continues in motion in a straight line unless acted on by an external force.
Il The rate of change of momentum of an object is proportional to the applied force.
Il To the action of every force, an equal and opposite opposing force is generated.

Force - that which causes or changes motion (Sl unit: Newton, N = kg m/s?)

Mass — A measure of the amount of matter in a body (SI unit: kilogram, kg)

Velocity — The rate of change of position of an object (speed of motion) in a given direction (Sl unit: meter per second, m/s)

Force of gravity — The force that causes objects to fall toward a body and controls the motions of the planets; it is proportional to the
product of the masses of the two objects involved and inversely proportional to their distance apart

Momentum - The mass of an object in motion multiplied by its velocity (SI unit: kilogram meter per second, kg m/s)

Acceleration - The rate of change of the velocity of an object in motion. Thus, Newton'’s second law of motion means that force equals

Work — Work is done when the point of application of a force moves; the work done equals the force multiplied by the distance moved by
the force’s point of application (Sl unit: joule, J); the concept of work is fairly intuitive, as is the concept of power
Power - The rate of doing work or the work done per unit time; power equals the work done divided by the time taken to do it (Sl unit:

Kinetic energy — The energy an object has by virtue of its motion (Sl unit: joule, J)

Potential energy - The energy an object has by virtue of its position or state (Sl unit: joule, J)

Law of Conservation of Energy - In a closed system for which no energy leaves or enters, the amount of energy in the system is constant
Law of Conservation of Momentum - When two or more objects act upon one another their total momentum does not change unless
external force is applied; this is derived from Newton'’s Third Law of Motion

Pressure - Force per unit area of application (Sl unit: Pascal, Pa = N/m?)

Density — The mass per unit volume of a substance (S unit: kilogram per cubic meter, kg/m?)

Absolute pressure measurement - A pressure measurement made with reference to vacuum

Relative or gauge pressure — A pressure measurement made with reference to atmospheric pressure

Latent heat - The latent heat (e.g. vaporization) is the energy required to convert 1 kg of a substance from one phase to another without
change in temperature at a given pressure (Sl unit: joules per kilogram, J/kg)

Fick’s Law - The rate of diffusion is proportional to the gradient of concentration

Graham'’s Law - The rate of diffusion through a permeable material is inversely proportional to the square root of the molecular weight of

Henry's Law - Given an inert gas in contact with a liquid, the mass of gas that dissolves in the liquid is directly proportional to the partial

PRESSURE AND DENSITY

As physical quantities, pressure and density are also related to
gravity and Newton’s laws. Torricelli, an Italian scientist, per-
formed the classic experiment that revealed this in 1643, and
invented the barometer at the same time (Fig. 11.1). He filled a
closed glass tube with mercury and placed the open end of the
tube in an open dish of mercury. With the tube inclined from the
vertical he noted that the mercury filled the tube. However, as
the tube was raised to the vertical, when the length of the
mercury column above the surface of the mercury in the dish
reached a specific length (0.76 m) a space formed at the top of
the tube (known as Torricelli’s vacuum). His explanation was
that atmospheric pressure kept the column of mercury in the
tube. He also noted that the upper level of the mercury varied
from day to day.

Consider the basic mechanical unit of the mercury, an atom,
to be a solid ball. The atoms of mercury in a barometer do not
move perceptibly. Therefore, by Newton’s Third Law of Motion,
they must experience no net force. Consider the forces that act
on a mercury atom about halfway up and near to the center of
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the tube of the barometer. The forces the atom experiences in a
horizontal plane from neighboring atoms must be equal, other-
wise it would move. Similarly, all the oblique forces it receives
from the layers above and below must balance and be equal. The
force it experiences from the layer of atoms vertically above it is
slightly less than the force it bears down with upon the layer of
atoms below, but is still balanced. The difference is the force
caused by gravity on its own mass. The force that bears down is
the force caused by the weight of all the atoms above this atom.
The net force upward, which supports the column of mercury
above the layer in which our atom lies, is the sum of all the
infinitesimal forces experienced by all the atoms in the layer,
which, except at the contact point between the mercury and
the tube, must be equal. The size of the atoms and the cross-
sectional area of the tube limit the number of atoms that can be
packed into one horizontal layer. Thus, the net force upward is
proportional to the cross-sectional area of the tube, or (in other
words) the force per unit area across the layer is constant. This
gives the basic definition of pressure (see Table 11.1).

The actual value of the pressure is determined by the weight
of the column of mercury above the point of measurement. In
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Torricelli's mercury barometer experiment

Torricelli's vacuum

<« T

Absolute Relative
pressure pressure
measurement measurement

Figure 11.1 Torricelli’s mercury barometer experiment.

the barometer, all the infinitesimal forces are resolved and it is
the atmospheric pressure at the surface of the mercury in the
dish that supports the column of mercury and balances the
pressure at the bottom of the barometer tube. The weight of the
mercury column is given by the number of atoms in the column,
which is determined by the mass of the individual atoms and the
number that can be packed into the volume of the column. This
is the density (p) of the substance.

The pressure P is given by Equation 11.1, in which & is the
column height, a the cross-sectional area, and p the density of
mercury.

B Equation 11.1
P = (hagp)/a = hgp

Equation 11.1 means that, as density and acceleration caused
by gravity (g) are constant in the barometer, atmospheric
pressure can be measured by reference only to the height of the
mercury column above the surface of the mercury in the dish.
Hence units of pressure measurement such as millimeters of
mercury (mmHg) are used.

Because Torricelli’s barometer essentially has a vacuum at one
end of its column of mercury, it measures pressure with refer-
ence to this vacuum, a true zero pressure, to give an absolute
pressure measurement. Torricelli’'s vacuum is not actually a
vacuum, as it contains a saturated vapor of mercury, which
exerts a saturated vapor pressure.

Absolute pressure measurements are most often found in
hyperbaric medicine or in the measurement of vacuum itself. If
a barometer’s mercury column and dish are replaced by an open-
ended ‘U’-tube, one end of which is connected to a pressure
source to be measured, then the pressure measurement made is
relative to atmospheric pressure (Fig. 11.1).

STATES OF MATTER AND LATENT HEAT

Three states of matter are of interest to anesthesiologists: solid,
liquid, and gas. These are three stable states in which molecules
exhibit distinctly different bulk physical characteristics. The
difference between the states is the degree of intermolecular
interaction that exists. In gases the molecules move around

freely and are very unstructured, and virtually no intermolecular
forces exist. In liquids molecules still move easily, but they dis-
play some evidence of wanting to cohere, such as forming droplets
under surface tension; slight but significant intermolecular forces
exist. Solids are hard and resist deformation. The molecules
within them can form regular, ordered patterns called crystal
structures; the intermolecular forces are strong.

In all three states, thermal energy is held in the molecules as
the kinetic energy associated with the velocity of their random
motions. In the gas phase these motions involve collisions, both
with the sides of the vessel containing the gas and with other
molecules. The more heat there is in the gas, the higher the
molecular velocities. In the liquid or solid phases kinetic energy
is associated with molecular vibration or limited molecular
motion. The more heat, the greater the amplitude of the vibra-
tions and the more kinetic energy present in that form of
motion. The amount of thermal energy present is expressed as
temperature.

To change from one state of matter to another, for example
from liquid to gas, the kinetic energy of the vibrations must
be increased until the intermolecular forces can no longer hold
the molecules together as liquid and they break free. This can be
achieved by heating the liquid. As the liquid heats up, the
vibrations increase until the point is reached at which the kinetic
energy in the vibrations is equal to the kinetic energy the mole-
cules would have in the gaseous state at the same temperature.
However, gas does not form. The intermolecular forces still
exist, so a residual potential energy must be supplied to the
molecules for the gas to form. This energy is latent heat. It does
not result in extra vibrations in the molecules and is therefore
supplied at the volatilization temperature, or boiling point. The
difference between these two is simply the conditions. In
boiling, heating is vigorous enough to cause the conditions to
be met for gas formation throughout the liquid volume all at
once. Thus bubbles of gas form spontaneously in the bulk of the
liquid.

The same principles apply to cooling a liquid or gas. If the
vibrations are reduced sufficiently, intermolecular forces can
establish themselves. So, a practical way of solidifying a liquid is
to remove thermal energy (heat) by cooling the liquid. If the
temperature change in the liquid is plotted against time, as this
process proceeds a point occurs at which the temperature of the
liquid ceases to fall but the liquid begins to solidify. At this point
the molecular vibrations have been reduced to a level such that
the only energy that must be removed for solidification is the
latent heat. As cooling proceeds this occurs and solidification
takes place at the same temperature, the freezing point. In the
opposite direction, it is the melting point.

GAS LAWS

In explaining latent heat, the concept of molecular kinetic
energy in gases was introduced. This is the basis of the kinetic
theory of a gas, which considers the molecules in a gas as a
collection of elastic balls in free, random motion inside a con-
tainer. They obey Newton’s laws of motion and therefore travel
in straight lines unless they hit each other or the vessel walls. No
energy is lost in any collision, that is, the collisions are perfectly
elastic. No intermolecular forces are present, and gravity does
not affect the system. These assumptions do not hold for real
gases, but they hold well enough to be useful.
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Kinetic theory links Newton’s laws of motion and the gas laws
through a molecular description of the source of pressure in
gases. When a molecule strikes the wall of the vessel that
contains the gas, it bounces off the wall. Figure 11.2 shows what
happens to a molecule (mass m) as it strikes the wall at an angle
0. It is reflected off the wall at the same angle and, because no
energy is lost in the collision, it leaves at the same velocity (v) as
it had on striking the wall. If we resolve its momentum into a
part perpendicular to the wall and a part parallel to the wall
before and after the collision, then, as the direction of flight has
changed, the change in momentum in the direction of the wall is
2musin@. Because momentum is conserved, Newton’s laws show
that the result of the collision is the creation of a tiny
instantaneous force (f) that acts on the wall of the container. In
a real gas container billions of such collisions occur each second.
The average force they exert in 1 second over a unit area of one
wall of the vessel volume (V) is the average force per unit area,
or pressure (P).

To quantify P, we need to know how many collisions occur
per second. In a cubic container of side length [, a molecule that
collides perpendicularly with one wall will, after recoil, travel
back to the opposite wall and there be reflected back, before
striking the first wall again. Therefore, the average time between
collisions with the original wall is 2[/vsin® or vsin6/2[ collisions
per second. The average change in momentum per second is
m(vsin®)2/l and the average force over that wall is m(vsin8)%/[3.
On average, only one-third of all the molecules (N) in the con-
tainer have components of velocity in the direction of one wall.
Therefore, the equation for one wall (Equation 11.2) applies,
where V' is the volume of the container. Rearrangement gives
Equation 11.3.

M Equation 11.2

P - [0.33Nm(vsin6)?] _ [0.33Nm(vsin6)?]
B |4
M Equation 11.3

PV = 0.33Nm(vsin6)*

The motion of the molecules in the gas is clearly governed by
statistical considerations. Thus, to derive bulk properties such as
the gas laws from kinetic theory, average measures applicable to

The mechanics of the collision of a molecule

muvsin 0

Change in momentum = 2muvsinf

o :

I I

Volume =PR=V

Figure 11.2 The mechanics of the collision of a molecule of an ideal gas with
the wall of the container holding the ideal gas.
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the whole gas need to be used in the model. For instance, what
should the value of the average molecular velocity be? The
answer is the root mean square velocity, ¢, which replaces vsin6
in Equations 11.2 and 11.3. The kinetic energy for the whole of
the gas, E, in the container is 0.5 Nmc?, where N is the total
number of molecules of mass m, which gives Equation 11.4, in
which R is a constant (the gas constant) and T is a variable
proportional to the average kinetic energy of the molecules,
known as temperature.

M Equation 11.4
PV = 0.33 Nmc?> =0.67E = RT

Equation 11.4 is the ideal gas equation, which summarizes all
the gas laws determined empirically.

Given this development of the concept of temperature, when
T = 0 no molecular motion occurs. This is the definition
employed in the SI system, in which temperature is measured
in degrees Kelvin (°K). The freezing point of water is 0°C or
273.16°K.

Boyle’s Law states that at a constant temperature, pressure
varies inversely with volume. If temperature T is held constant,
it follows from the ideal gas law that the pressure P is inversely
proportional to volume V' (Equation 11.5).

M Equation 11.5
1

P o %

As the volume of the container is reduced the molecules have
less distance to travel between collisions with the walls, and thus
the rate of collisions rises and therefore so does pressure.

Charles’ Law, or Gay Lussac’s Law, states that at a constant
pressure the volume of a given mass of gas varies directly with
the absolute temperature. In contrast, at constant volume V/, the
pressure P is directly proportional to absolute temperature T
(Equation 11.6).

M Equation 11.6
PoT

As temperature rises the amount of kinetic energy of the gas
increases and the average velocity of the molecules increases, so
the change in momentum for each collision increases and the
pressure rises.

AVOGADRO’S HYPOTHESIS

Avogadro’s Hypothesis states that equal volumes of gas at the
same temperature and pressure contain the same numbers of
molecules. Avogadro’s Hypothesis is implicit in the kinetic
theory description of the gas laws. Because temperature is the
measure of internal energy, if temperature, volume, and pressure
are constant then the number of molecules in the given volume
must be the same, irrespective of the mass of the molecules.

In SI units, 1 mole (mol) of a substance is the quantity that
has a mass equal to its molecular mass. Molecular mass is the
ratio of the mass of a substance’s molecule to one-twelfth the
mass of an atom of carbon 12 (*2C).

The number of molecules in a mole of anything is thus the
molecular mass of the substance divided by the mass of one
molecule of the substance, which is the molecular mass
multiplied by one-twelfth the mass of a carbon-12 atom. This is
always a constant, and the number is Avogadro’s number, 6.02 x
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10%. Thus 1 mol contains Avogadro’s number of molecules. At
standard temperature and pressure (STP, i.e. 0°C and
760 mmHg) 1 mol of gas occupies 22.4 L.

If the total mass of the gas is M (= Nm) and the atomic mass
of the gas is M,, then the number of moles of the gas is M/M,.
As 1 mol of gas contains Avogadro’s number of molecules, N,
Equation 11.7 is another form of the ideal gas equation.

M Equation 11.7

PV = (%)NakT

If we define a new constant R [J/(K mol)] as the gas constant
(N, k), then the most familiar form of the ideal gas equation is
given (Equation 11.8).

M Equation 11.8

PV = (AA/;{I)RT — nRT

Dalton’s Law of Partial Pressures states that in a mixture of
gases the pressure exerted by one gas is the same as it would
exert if it occupied the container alone. From kinetic theory, in
a mixture of two gases the collisions of the molecules of each gas
with the container can be considered separately. So the pressure
that results from one gas can be derived from the ideal gas
equation and added to the pressure from the other to give the
total pressure (Equation 11.9).

M Equation 11.9

P.=P,+ P, = (R_VT)[(A]\ZI) + (%)]

CALORIMETRY AND HEAT TRANSFER

Calorimetry is the measurement of the amount of heat evolved,
absorbed, or transferred. The techniques used for calorimetry
vary with the mechanisms of heat transfer. To understand these
mechanisms it is best to start with kinetic theory and gases.

Kinetic theory assumes that the total kinetic energy in a gas is
simply the sum of all the molecular kinetic energies. Thus, the
higher the temperature, the higher the average velocity of the
molecules. Because the number of collisions that a molecule can
have increases with its velocity, the higher the temperature of a
gas, the higher the number of collisions averaged over time. This
energy is transferred in collisions between the molecules and the
walls of the vessel. Momentum and energy are conserved in
these collisions, but molecules can still change their velocities. In
collisions of molecules of the same gas in which one molecule is
of higher velocity than the other, on average the velocity of the
faster molecule is reduced by the collision and the velocity of
the slower molecule is increased. Thus, if a body of gas of a
higher temperature mixes with a gas of a lower temperature the
collisions tend to heat the cooler gas and cool the hotter gas. In
this way, the transfer of molecular kinetic energy from molecule
to molecule can pass heat.

In gases it is the collisions between free mobile molecules
that transfer the energy, but in liquids and solids the molecules
are constrained by intermolecular forces. However, they can still
possess kinetic energy, either as a more limited motion similar to
that of gas molecules, or as vibrational kinetic energy while still
held in place in a solid crystal lattice. This kinetic energy can be
coupled from molecule to molecule by intermolecular forces.

Coupling of kinetic energy by molecular coupling is the first
mode of heat transfer — conduction.

The speed at which heat spreads is indicated by the thermal
conductivity of the substance. In gases thermal conductivity is
closely allied to the process of diffusion (described later).
Conduction in solids is much more complex than this simple
treatment allows, but can be described by quantum mechanics.

The calorimetry of conduction is concerned with bringing
objects of different temperatures together and measuring their
common temperature after heat transfer has ceased. This raises
the concept of objects having a capacity to hold heat.

Thermal or heat capacity

The thermal capacity of a body is the quantity of heat required
to raise its temperature by 1 K (SI unit is the joule, J). The
thermal capacity divided by the mass of the object is the specific
thermal capacity. The thermal capacity of 1 mol of a substance
is the molar thermal capacity.

For the most part, calorimetry is carried out to determine an
unknown quantity of heat or the details of heat flow in a specific
physical or chemical process. Thus, calorimetry can be used only
to measure heat flow within a closed system (i.e. heat does not
flow to the outside world). If heat flow cannot be prevented by
insulation or placing the calorimeter in a vacuum, corrections for
heat flow into or out of the calorimeter have to be made.

If we take two metal objects of thermal capacities C, and C,,
heat them to two different temperatures T, and T5, and place
them in contact in a well-insulated calorimeter, heat flows
between them by conduction and eventually they reach a single
temperature, T,. Because no heat is lost (assuming a perfect
calorimeter), the heat balance in the system can be represented
by Equation 11.10.

M Equation 11.10
T,C, + T,C, = TA(C, + )

Convection is also explained in terms of kinetic theory and
the gas laws, but a twist is that in practice it can only occur
naturally in bodies of fluids under gravity. In a container of gas
under gravity at constant pressure, if part of the gas is heated
locally it effectively occupies more volume and is less dense. It
thus tends to rise as a body and mix with the cooler gas around
it. If it rises and is cooled by coming into a colder part of the con-
tainer it then sinks, and a circulating current is formed that
mechanically mixes the gases and thus transfers heat more rapidly.
In calorimetry, convection effects aid heat transfer if fluids are
involved. Stirring or otherwise mixing the fluids is even more effec-
tive and quicker, and can be thought of as forced convection.

Whereas convection is a bulk effect and conduction is gov-
erned by molecular considerations, radiation, the final physical
heat-transfer process, is exhibited on a submolecular basis. Some
of the kinetic energy in a heated molecule is stored as vibrations
of the molecular structure itself and of the electrons that sur-
round it. Thus, some of the kinetic energy results in the motion
of charged particles, and this movement creates electromagnetic
fields that can radiate electromagnetic waves in the infrared
range. (Electromagnetic radiation is considered in Chapter 12.)
If this infrared radiation intercepts another molecule it can
interact with that molecule and increase its internal kinetic
energy and hence its temperature. This heat transfer mechanism
is the only one that can take place in a vacuum. Because infrared
radiation has a relatively short wavelength, like visible light it
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effectively travels in straight lines. Radiative heat transfer is thus
a line-of-sight phenomenon. Again, a detailed description of
radiation requires some appreciation of quantum mechanics, and
is very complex.

Conduction, convection, and radiation are the three physical
methods of heat transfer from one body to another. However,
heat is only a specific form of energy. If heat locked up as
potential energy in any way is transferred to another place and
released as heat again, then heat transfer has, in a very general
sense, taken place. In the body, heat generation is biochemical
from the chemical potential energy in food and oxygen in respi-
ration. The heat generated is transferred from the body by con-
duction to the air, convection of air at the skin, losses from
chemical binding of energy in exhaled carbon dioxide, and losses
from latent heat changes in sweating or humidification of venti-
latory gases in the upper respiratory tract (Chapter 64).

Calorimetry of the heat transfer of the body as a whole aims
to account for all the sources of energy transfer and measure
them. This is carried out in a whole-body calorimeter for meta-
bolic studies.

SOLUBILITY AND DIFFUSION

The process of diffusion can be explained very simply from
kinetic theory. If two different gases (or any fluids in any sense)
are separated by a physical barrier and that barrier is removed,
the kinetic motion of the molecules of the gases mixes them and
equalizes their energy until they are perfectly mixed. At this
point they are constrained only by the walls of the vessel that
contains them.

Of more interest in medicine is how fast this mixing pro-
ceeds, which can be expressed in terms of the number of mole-
cules transported through a given area in a given time. This rate
of mass transport through another gas or liquid per area per
second (M) is proportional to the density gradient (dP/dz). This
is Fick’s Law (Equation 11.11), in which D is the diffusion
coefficient and is proportional to how far molecules travel before
collisions. It is thus inversely proportional to gas density and
proportional to mean molecular velocity (and hence absolute
temperature). Mass transport is one of the fundamental physical
principles that underlie gas exchange during respiration through-
out the body.

B Equation 11.11
_ [oP
M =p(¥)

Further reading

If a membrane permeable to the gas is placed in the way of
diffusing molecules, molecular motion is limited by the channels
or pores through which the gas can diffuse. In this situation the
rate of diffusion becomes dependent on the molecular weight of
the gas (Graham’s Law).

Another limiting factor to gas transport is the solubility of the
gases in blood. Henry’s Law governs this when gases are not
bonded chemically in the liquid, such as oxygen in hemoglobin.
Even in this case, the gas bound by hemoglobin in red cell bodies
is exchanged first with plasma and then the cells of tissue or the
alveoli, so Henry’s Law still plays a part in diffusion limitations
to the exchange of oxygen.

The kinetic theory explanation of Henry’s Law is the mirror
image of the kinetic theory explanation of how saturated vapors
are formed. The gas molecules in the liquid have kinetic motion,
and some have enough velocity to leave the surface of the liquid.
In the gas phase above the liquid, molecules collide with the
gases present and some fall back into the liquid. Eventually the
rate of loss of molecules from the gas phase equals the rate of
emergence of molecules from the liquid, which is a dynamic
equilibrium. The partial pressure exerted by the gas at this point
is the saturated vapor pressure of the gas.

Henry’s Law describes the same equilibrium from the point
of view of dissolving the gas. At the equilibrium point the liquid
has become saturated with all the gas it can hold. The concept
of partial pressure can be applied to its state in the liquid — hence
the idea of partial pressures or tensions to measure saturated and
other concentrations of gas in a liquid. The pressures involved
are temperature dependent, with the amount of gas dissolved
decreasing with increased temperature.

Henry’s Law is couched in terms of the mass of gas or the
partial pressure, but it is possible to express the amount of gas
dissolved in terms of the volume of gas in the liquid phase to the
gas present in the same volume of the gas phase. This gives a
ratio called the partition coefficient or Ostwald solubility
coefficient (A).

The partition coefficient has the advantage that it allows gas
exchange to be expressed in terms of volumes directly related to
other physiologic volumes, such as tidal volume. It is of partic-
ular use in compartmentalized models of gas exchange. Because
gases dissolve inertly in many tissues (as if these tissues were
liquids), a partition coefficient for a complex tissue can be
estimated from the weighted sum of the partition coefficients
of the tissues’ basic chemical constituents. Thus, the partition
coefficient of blood can be estimated by combining the coeffi-
cient for olive oil to represent lipids, and saline to represent
plasma.

Bragg M. On giants’ shoulders. London: Hodder & Stoughton; 1998.
Davis PD, Parbrook GD, Kenny GNC. Basic physics and measurement
in anaesthesia, 4th edn. Oxford: Butterworth-Heinemann; 1995.
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ELECTRICITY

Electricity is a general term for the phenomena associated with
charged particles (usually electrons or protons) at rest or in
motion. (The word electron derives from the Greek elektron
meaning amber.) Electromagnetic theory is the physics of charged
particles in electromagnetic fields. It extends beyond simple
electrical phenomena and circuit theory to radio transmission,
light waves, X-rays, nuclear magnetic resonance (NMR), and
other forms of electromagnetic radiation.

CHARGE, POTENTIAL, AND
ELECTROMOTIVE FORCE

Charge is the total quantity of electricity in an object, and can
be thought of as the number of charged particles in a body (SI
unit is the coulomb, C). Charges can have signs, that is, positive
or negative. An attractive force exists between opposite charges
and a repulsive force between charges of similar sign. As with

gravity, work is carried out when charges are moved against
electrostatic forces, and bodies having charge can have potential
energy because of the electrostatic field.

The electrostatic measure of potential energy is the electric
potential. It can be positive or negative, depending on the sign of
the charge on the body. The earth is assigned a potential of zero,
so that the difference in electric potential between two different
bodies is simply the sum of the electric potential of the two
bodies above the earth, the potential difference (Table 12.1).

When a conductor connects two points of different potential
difference, a current flows between them. For this to occur a
source of energy is required to make the electrons flow in the
conductor; this is called the electromotive force (EMF) and has
the same SI unit as potential (V).

The difference between potential difference and EMF can be
very important in physiologic measurements, and hence in anes-
thesia. Electrical energy is dissipated in an electrical circuit by
the resistance and impedance of that circuit only when current
flows. Bioelectric phenomena, such as those measured using the
electrocardiogram (ECG), electroencephalogram (EEG), etc., are
generated deep in the body. Inevitably, resistances between the
source of these bioelectric potentials and the skin make it harder
to measure the signals. Accurate measurement of these requires
as little energy dissipation as possible. Thus, we would like to
make measurements potentiometrically (when no current flows).

Charge may be transferred from object to object by electro-
static contact without a conductor, but it is most commonly
transferred using conduction through metals, which allow elec-
trons to flow from one body to another. When charge moves or
flows it is a current, or charge transferred per unit time. When
current flows in a wire a magnetic field is created around the
wire and deflects a compass needle in a direction depending on
the direction of flow of the current. Attractive or repulsive
magnetic forces can be established between parallel wires with
currents flowing in the appropriate direction, an effect that is
used to define the unit of current (ampere).

Returning to electrostatics, the property that relates electric
potential to the amount of charge that an object holds is its
capacitance, C, given by Equation 12.1.

M Equation 12.1
_Q
€= Vv
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Table 12.1 Definitions in electromagnetism

Parallel plate capacitor

Potential difference — The work performed when one positive
electric charge is moved from one point to another (Sl unit: volt, V)
Electromotive force — The rate at which energy is drawn from a
source and dissipated in an electrical circuit when unit current
flows (Sl unit: volt, V)

Volt - The potential difference between two points on a
conducting wire carrying 1 A of current between which 1 W of
power is dissipated

Current - Overall movement of electrons through a conductor, or
charge flow per unit time

Ampere - The current that produces a force of 2 x 107 N/m™
when flowing in two straight infinitely long parallel conductors

1 m apart in a vacuum

Farad - The capacitance of a capacitor across which exists a
potential difference of 1V when storing 1 coulomb of charge
Power — The power dissipated in a resistance is equal to the
product of the potential difference across the resistor and the
current flowing through the resistor (Sl unit: watt, W)

Inductance - That property of an electrical circuit as a result of
which an EMF is generated by a change in current flowing in the
circuit (self inductance) or by a change in current in a neighboring
circuit that is magnetically linked to the first circuit (mutual
induction)

Henry - The Sl unit of an inductance in a closed electrical circuit,
such that a change in current of 1 A produces a change in EMF
of 1V

Becquerel - A radioactive source with a disintegration rate of one
disintegration per second is said to have an activity of 1 Bq

(1 Curie, Ci = 3.7 x 10'° Bq)

Gray - When a source of radiation transfers 1 J/kg™' of energy to a
body then the absorbed dose is 1 Gray (Gy).

It is this property of a system of electrical conductors and
insulators that allows the system to store an electrical charge.
Capacitance varies with object shape, as the field intensity
around an object and hence the work required to place charge on
the object against the field varies with its shape. Figure 12.1
shows a parallel plate capacitor with one plate connected to
earth and a positive charge placed on the other plate. This
induces negative charges to flow from earth to balance this
charge. The force that exists between the plates as a result
follows the general form of all electrostatic forces (Equation
12.2), in which E is the field strength or force on a unit charge a
distance 7 from a charge Q; € is the permittivity of the space
between the charges.

M Equation 12.2
Q

" (4me)

The permitivity of vacuum, or free space, €, is a constant, but
other insulators can increase the permittivity if placed between
the charges. Thus, placing an insulator between the plates of a
parallel-plate capacitor decreases the force between the plates,
decreases the work required to move charge onto the plates,
decreases the potential difference induced across the capacitor,
and therefore increases capacitance.
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Figure 12.1 The parallel plate capacitor.

The capacitance of a parallel-plate capacitor of which A is the
plate area, € the permittivity of the dielectric in the space
between the plates, and d the separation of the plates, is given
by Equation 12.3.

W Equation 12.3
_ e
d

To increase capacitance, either area or permittivity can be
increased or plate separation reduced.

The energy stored in the electric field of a capacitor can be
released through a resistor to earth. If this is carried out using a
switch, the voltage (V) from the capacitor falls exponentially
with time to zero from a maximum (V) before the switch is
thrown (Equation 12.4, in which RC is the time constant of the
circuit).

W Equation 12.4
Vt — e—t/RC

RESISTANCE, OHM'S LAW, INDUCTANCE,
AND IMPEDANCE

How dissipation of energy supplied by a source of EMF occurs
depends on whether current flows steadily through conductors
in one direction all the time (direct current, DC) or whether it
oscillates in direction (alternating current, AC).

Resistance is the simplest process of dissipation. All con-
ductors exhibit resistance, apart from superconductors below
specific, extremely low temperatures. Resistance can be thought
of simplistically as the result of collisions between the moving
electrons that carry the current in a conductor and the molecules
or atoms of the main crystal lattice that make up the conductor.
The collisions result in transfer of energy that eventually is
dissipated as heat within the conductor.
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Resistance (SI unit is the ohm, Q) for a conductor relates
current (I) to potential difference (V) across the conductor
(Equation 12.5).

B Equation 12.5
-V

I

This is Ohm’s Law, given in a more familiar form in Equation

12.6.

B Equation 12.6
V =1IR

Resistance depends on the shape of the conductor, as current
flow is not uniformly distributed even in a uniform conductor.
Resistance is proportional to conductor length and inversely
proportional to conductor cross-sectional area. Stretching a con-
ductor increases its length, and the resultant increase in
resistance is the basis of strain gauges.

Temperature increases can cause conductors to expand,
which leads to an increase in resistance by this mechanical
effect, as well as affecting electron flow. Resistors used in elec-
tronic circuitry are made from metal alloys or films or carbon
compounds designed to reduce the effects of changes in ambient
temperature.

Different materials have different specific resistances or
resistivities. Resistivity (p) is the resistance of a unit cube of the
conductor at 0°C (SI unit is ohm meters, Qm), and is generally
given by Equation 12.7, where [ is conductor length.

M Equation 12.7

_RA
="

For resistances in series (Fig. 12.2a), the total potential differ-
ence across the resistors is the sum of the potential differences
across the individual resistors (Equation 12.8). For resistances in
parallel (Fig. 12.2b), Equation 12.9 applies.

M Equation 12.8
V=V1+V2+V3=IR1 +IR2+IR3

Resistance

Figure 12.2 Resistance. (a) Resistors in series. (b) Resistors in parallel.

M Equation 12.9

I=1+05+1= (R—Vl) + (RKZ) + (R—V3)

The way in which resistances dissipate electrical energy is
independent of whether the current flow is AC or DC, but this
is not true of inductances or capacitances.

In the same way that moving charge into an electrostatic field
against electrostatic forces requires work, so moving magnetic
poles into a magnetic field requires work. There are no single
magnetic poles so, unlike the electrostatic example, moving
magnetic poles is more like forcing together two magnetic fields
than placing single charges on bodies in the field. Faraday found
that if a wire was placed in a permanent magnetic field between
the poles of a U-shaped magnet and a current was made to pass
along the wire, the wire would kick out of the field. The mag-
netic field created by the current around the wire opposes the
magnetic field of the permanent magnet, which produces a force
and hence motion. The direction of motion is given by Fleming’s
left hand rule (Fig. 12.3).

If a conductor is moved through a magnetic field a current is
induced in the conductor (the dynamo effect). If the conductor
is placed in a magnetic field that can vary in intensity with time,
which is equivalent to moving it in and out of a fixed field, both
a time-varying current and an associated magnetic field are
induced in the conductor. Time varying (i.e. AC) currents can
induce currents in other conductors placed within the influence

Fleming's left hand or motor rule

.

Flexible joint

Straight wire

Rheostat

Mercury

Figure 12.3 Fleming'’s left hand or motor rule. The first finger, thumb, and
second finger of the left hand are held at right-angles to each other; if the
direction of the first finger is taken to indicate the direction of a fixed magnetic
field and the second finger the direction of current flow in a conductor placed in
that field, then the direction of the thumb indicates the direction of force
experienced by the conductor in the field.
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Principle of the transformer
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Figure 12.4 The principle of the transformer.

of the magnetic fields created by those currents (electromagnetic
induction). If two coils or conductors are used, energy is trans-
ferred by induction from one coil to the other. This is the
principle of the transformer (Fig. 12.4), in which two coils are
wound on either side of a circular metal ring composed of a
magnetic material such as iron. This core channels the magnetic
field produced by the coil that is excited with the AC and
transfers it efficiently to the other coil, in which is induced
another AC (mutual induction).

The coil that is excited in a transformer is termed the
primary, and the one in which the current is induced is termed
the secondary. The number of turns in the primary (Np) and the
secondary (Ng) can be different. If this is the case, ignoring
losses in the transformer, the EMF (V) that the secondary coil
can provide is related to the EMF (V}) used to excite the
primary (Equation 12.10).

M Equation 12.10

Vs _ Ns

Ve  Np

A conductor has self-inductance as well. In a coil, this exists
because one turn of the coil sits in the magnetic field of the next
turn, and so on. When an AC is applied the changing magnetic
fields in one turn produce opposing currents in the neighboring
turns, and thus energy is dissipated.

So far we have not discussed the nature of the AC. Any time-
varying current causes inductive effects. However, the term AC
is conventionally applied to sinusoidal current flows. A sinu-
soidal waveform is defined by its amplitude and frequency (f).
Given a regular waveform such as a sinusoid, is there an AC
equivalent for inductors of resistance? The faster the magnetic
fields in the inductor reverse, the more energy is dissipated, so
any equivalent term must be frequency dependent. The overall
dissipation term is called reactance (X|) and for an inductor of L
Henrys is given by Equation 12.11.

M Equation 12.11
XL = anL
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The effect of dissipation in the inductor does more than
reduce the amplitude of the AC that flows through it. It
also delays the sinusoidal current, which is termed a phase
change.

A similar line of argument applies when a capacitor is excited
with a sinusoidal current or voltage. In this case energy is dissi-
pated in continuously reversing the direction of the electric field
in the dielectric. This also is dependent on the frequency, and
capacitance has reactance too (X¢). Capacitances also induce phase
changes in the AC and voltage waveforms (Equation 12.12).

M Equation 12.12
1

Xe = 2nf

Although the concept of reactance is useful for simple
electronic calculations, more useful is a quantity that could be
used in an AC equivalent of Ohm’s law, which relates the
amplitude of the current to the voltage across an inductor. This
quantity is impedance (Z), which is also frequency dependent. If
a resistor, a capacitor, and an inductor are connected in series,
the impedance of the three together to AC is given by Equation
12.13.

M Equation 12.13
Z = {R? + [2nfL - 1/(2rC)]*}*?

AMPLIFIERS

The main way that signals and physiologic measurements are
processed in medicine is as electrical signals. Even for original
signals that are not electrical, transducers or sensors of one form
or another are employed to convert them into electrical signals
(Chapters 13-15). In any instrument the amplifier is the vital
circuit component.

The performance of an amplifier is defined by its gain (A),
which is the ratio of the output signal amplitude (v,) to the input
signal amplitude (v;) (Equation 12.14). A negative gain indicates
that the signal is inverted.

W Equation 12.14
A=2

Ui

Bandwidth is the range of frequencies of signal over which
the amplifier amplifies without distortion in frequency (ampli-
fying one frequency more than another) or introducing phase
shifts in the signal or components of the signal.

If small signals are to be amplified, the higher the input
impedance (Z,), the more sensitive the amplifier can be. However,
input impedance should be resistive, so as not to introduce phase
shifts etc. Output impedance (Z,) should be low, so that the
amplifier can provide adequate EMF to drive any form of load or
other type of electronic circuit. An amplifier should not produce
offset voltages at its own inputs.

The amplifiers used in medical instrumentation are almost
invariably operational amplifiers. These are integrated circuits in
which the transistors, resistors, and all other components required
to construct the amplifier have been manufactured on a single
piece of silicon (chip). An operational amplifier (op-amp) has
three terminals: inverting input, noninverting input, and output.
Voltage signals applied to the inverting input (v;) with the
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noninverting terminal (v,) connected to earth (ground) are
amplified and appear at the output inverted, and vice versa for
the noninverting input. If signals are applied simultaneously to
both, the difference between the signals is amplified and appears
at the output. In the latter configuration the amplifier is acting
as a differential amplifier.
Operational amplifiers have the following ideal charac-
teristics:
® linear in response both in gain (infinite gain) and phase;
® accurately amplify signals with a very wide range of frequency
components (infinite bandwidth);
® stable with temperature;
® very low offset voltages (when vy = vy, v, = 0);
® very high (infinite) common mode rejection ratio (CMRR);
® very high (infinite) input impedance; and
® very low (zero) output impedance.

An amplifier with an infinite gain is not very useful. The
slightest signal would send it off to infinite gain, which in prac-
tice means that the output would immediately saturate at the
value of the supply voltage to the device. In practice, the gain
and performance of the op-amp is controlled by negative feed-
back to produce a usable amplifier of known performance that
still preserves many of the ideal op-amp characteristics. Negative
feedback is applied to the op-amp using two or three external
resistors connected to the op-amp terminals.

High CMRR is of particular importance in anesthesia and
medical instrumentation. Much of the interference suffered in
operating rooms is associated with mains electricity supply and
currents flowing in the power supplies of equipment connected
to it. The magnetic fields created by these currents induce
currents at the mains supply frequency in any conductor within
range. These currents are very small but are of the same order as
some of the bioelectric potentials, such as the ECG. Because
these interfering currents are likely to be the same size in all
leads of an ECG or other measuring leads, they should appear as
common mode signals at the inputs of any preamplifier used.
High CMRR should therefore eliminate these interfering signals.
However, even with precision components no pair of resistors
can be matched exactly, and if the match is not achieved, CMRR
is reduced.

ELECTRICAL HAZARDS AND SAFETY
MEASURES

Electricity has three damaging effects on the body and living
tissue:

® electrolysis, which causes local chemical breakdown of tissue;
® heating, which causes burns; and

® stimulation of excitable cells (i.e. shock).

Electrolysis

The least well-described hazard is electrolysis. It is a purely local
effect and is not life threatening. It can occur wherever a low
DC of a few milliamps is applied to the skin for a sufficient time.
The skin breakdown that occurs has many of the characteristics
of a chemical burn. The effect is proportional to current density,
but occurs readily at a few volts. Battery-powered equipment is
capable of producing this effect.

Burns

In anesthesia burn injuries to patients are most likely to occur
because of faulty or badly applied electrocautery (diathermy)
equipment. Surgical electrocautery equipment uses a high-
frequency current at about 1 MHz to disrupt or destroy tissue.
At these frequencies no neuromuscular effects are produced.
Monopolar electrocautery uses a small cutting and/or coagu-
lating electrode in which the current density is high. The cutting
effect is proportional to current density, as it is simply the result
of dissipating electrical energy in a small volume of tissue. To
reduce the current density at exit of the current from the body
a large-area electrode is used, usually strapped tightly to the
thigh. If this electrode is badly fitted or damaged, local hot spots
may develop on the plate or the current may find a lower-
impedance return path through ECG electrodes or chance con-
tact between the patient’s skin and objects connected to earth
(such as the operating table or anesthetic equipment). If these
contact areas are small enough and the exit current density high
enough, a burn occurs at these sites. Staff can also receive small
shocks in these circumstances if they complete the earth return
circuit by having contact with the patient. The shock arises
because the patient’s potential may rise above that of earth until
contact is made as the return current tries to find a suitable
return path. Bipolar cautery uses two electrodes of similar small
size in the form of tweezers. The burning effect takes place
between the electrodes and no large earth return electrode is
required.

The other indirect burn risk associated with electrical equip-
ment is explosion. When inflammable anesthetic agents were
commonly used this was a major hazard. Static electrical dis-
charges and electrical equipment that could cause sparking were
potential sources of ignition. Anesthesia is still carried out using
gases that readily support combustion (oxygen and nitrous
oxide), and there are plenty of paper or cloth drapes and alcohol-
based skin preparations to burn. Electrical equipment is still a
source of ignition for these fuels. The possibility also exists for
ignition from hot components inside anesthetic or monitoring
equipment.

Shock

The source of electrical hazard that is most important to
anesthetists is shock. The severity of shock is determined by the
current involved and the frequency. The maximum neuro-
muscular effects of electrical currents occur in the frequency
range in which cells produce action potentials. This tends to be
about 50-60 Hz, the frequency of AC mains supplies.

In terms of life-threatening shock, the heart is the susceptible
organ. A sufficient current flow through the heart produces ven-
tricular fibrillation. In macroshock an externally applied current
produces a sufficient current flow in the thorax to induce fibril-
lation. However, the other main determinants of shock severity
are whether the skin is broken at the point of application of the
current, and whether the heart is exposed to direct application
of the current (microshock). The skin provides a relatively high
impedance, which underlying tissues do not. The removal of
this protection can reduce the fibrillation threshold by 10 000-
fold (Table 12.2).

Limitation of current flow from equipment to patients and
staff, under normal operating and fault conditions, is the primary
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Electrical safety in medical equipment

Table 12.2 Electrical shock

Current Effect

Macroshock

1 mA Threshold of perception

5mA Accepted maximum harmless current

10-20 mA ‘Let-go’ current. Threshold of tetanic
contraction of skeletal muscle. The point at
which the individual can just let go of a current-
carrying conductor

50 mA Pain, fainting, mechanical injury

100-300 mA Ventricular fibrillation
Respiration center remains intact

6000 mA Sustained ventricular contraction
Defibrillation effect
Burns if the current is high enough

Microshock

10 pA Recommended safe current limit for directly
applied cardiac equipment

50 uA Maximum fault condition current for cardiac
equipment

100 ©A Ventricular fibrillation

method of preventing shock hazard. To do this, both the design
of the instrument and the design of the mains supply to that
instrument are important (Fig. 12.5).

ELECTROMAGNETIC RADIATION AND LIGHT

Electromagnetic radiation is the collective term for all the elec-
tromagnetic fields that propagate across space. The nature of the
field follows from considering electrostatic and electromagnetic
induction. If an oscillating EMF is applied to a conductor, then
associated with the induced current flow is a local electric and
magnetic field, both of which vary in time. The laws of induction
discussed above are concerned with those fields local or near to
the conductor. Also, a field is created at a distance or far from
the conductor. This field is a combined electric-magnetic field
that propagates away from the conductor at the speed of light.
Like the near field, it is capable of inducing currents and EMF in
other conductors.

Electromagnetic radiation is a continuous spectrum of waves
of different frequencies. These are divided into sections largely
related to their interactions with matter, the characteristics of
which change with frequency (or wavelength). The common
