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Foreword to the First Edition

A book with a title such as this might be thought merely
to present an account of the drugs used in anaesthesia. In
this case, the authors have achieved much more. They have
presented their subjectin such a wayas to give thereaderan
insight, which will make him not only a more competent
anaesthetist, but one who will derive more satisfaction
from his work by a more acute perception of the nuances
of drug administration.

The authors demonstrate their awareness of the unique
nature of anaesthesia amongst the disciplines of medicine.
This uniqueness arises from the necessity of the anaes-
thetist to induce in his patient a much more dramatic
attenuation of a wide range of physiological mechanisms
than colleagues in other disciplines seek to achieve. He
must also produce these effects in such a way that their
duration can be controlled and their termination may be
acute. The anaesthetist may be called upon to do this on
subjects already affected by diseases and drugs which may
modify the effects of the drugs which he uses. To be well-
equipped to meet these challenges he needs a knowledge of
the factors influencing the response to and the elimination

vi

of drugs, and of the mechanisms of drug interaction. Such
knowledge is much more relevant to anaesthesia than to
most other fields of medicine. The authors of this book
have striven successfully to meet the needs of anaesthetists
for a better understanding of these basic mechanisms of
pharmacology. This is illustrated by the fact that one-third
of the work is devoted to these principles. This should
relieve the teacher of the frustration of having students
who seem always to produce answers on the effects of
drugs, but respond to the question "'Why?” with a stony
silence.

Those sections of the book which deal with specific
drugs show the same emphasis on mechanisms of action,
thus giving life to a subject whose presentation is so often
dull. The trainee who reads thisbook early in his career will
acquire not only a great deal of invaluable information, but
also an attitude and approach to the problems of his daily
activity which will enhance the well-being of his patients
and his own satisfaction in his work.

Jackson Rees



Preface

In this edition we have again attempted to provide a com-
prehensive scientific basis and a readable account of the
principles of pharmacology, as well as some practical guid-
ance in the use of drugs that is relevant to clinical anaes-
thesia. All the chapters have been thoroughly revised and
updated with these concepts in mind, and an additional
Chapter on Adverse Drug Reactions (Chapter 6) has been
added, without increasing the overall size of the book. We
hope that it will be of value to FRCA examination candi-
dates, but also of interest to all anaesthetists.

In general, the book only deals with drugs that are cur-
rently available in Great Britain, so there is little men-
tion of previously common but now discarded agents
such as droperidol, trimetaphan, methohexitone or en-

flurane. The structures of many commonly used agents
have been included with their sites of isomerism, when
appropriate, as we believe that these are generally more
useful and informative than their chemical names. As
in previous editions, recommended International Non-
proprietary Names (rINNs) have been generally used for
generic agents, although preference has been given to the
current nomenclature for adrenaline and noradrenaline.
As in previous editions, a comprehensive glossary cover-
ing the abbreviations and acronyms has been included to
aid the reader.

Both authors are indebted to their wives for their
help and forbearance during the preparation of the
manuscript.

vii



Drug Absorption, Distribution
and Elimination

Drugs can be defined as agents that modify normal biolog-
ical responses and thus produce pharmacological effects.
These are frequently dependent on the transfer of drugs
across one or more cellular membranes, whose structure
and physicochemical properties govern the rate and extent
of drug transfer.

Cellular membranes are usually about 10 nm wide and
consist of a bimolecular layer of phospholipid and protein
(Fig. 1.1). The lipid layer is relatively fluid, and individ-
ual phospholipid molecules can move laterally within the
membrane. Extrinsic (peripheral) proteins are present on
the external or internal aspect of the membrane. In con-
trast, intrinsic (integral) proteins traverse the entire width
of the cell membrane and may form an annulus surround-
ing small pores or ion channels approximately 0.5 nm in
diameter (Fig. 1.1). Both intrinsic and extrinsic proteins
canactas enzymes or receptors and may mediate the active
transport of drugs.

Approximately 5-10% of the cell membrane consists of
carbohydrates, mainly glycolipids or glycoproteins. They
are believed to be responsible for the immunological char-
acteristics of cells and play an important part in molecular
recognition. Many cell membranes also contain inorganic
ions (e.g. Ca?*).

Lipid cell membranes are excellent electrical insulators.
Consequently, there may be differences in electrical poten-
tial across cellular membranes, which can facilitate or im-
pede the passive transport of charged molecules through
ion channels.

Transfer of drugs across cell membranes

In general, drugs may cross cell membranes by
* Passive diffusion
* Carrier transport

Principles and Practice of Pharmacology for Anaesthetists, Fifth Edition
© 2008 Norman Calvey and Norton Williams. ISBN: 978-1-405-15727-8

Passive diffusion

In most cases, drugs cross cell membranes by passive dif-
fusion down a concentration gradient due to random
molecular movements produced by thermal energy. The
rate of drug transfer is directly proportional to the dif-
ference in concentration, and to the solubility of drugs
in membranes, which is extremely variable. Highly po-
lar substances (e.g. quaternary amines) are insoluble in
membrane lipids and are unable to penetrate cellular
membranes. In contrast, drugs with a high lipid solubil-
ity (e.g. diazepam, fentanyl) readily dissolve in membrane
phospholipids and rapidly diffuse across cellular mem-
branes. Other less lipid-soluble drugs (e.g. morphine) dif-
fuse more slowly and their onset of action is often delayed.

Molecular size is a less important factor in the pas-
sive diffusion of drugs. Some low molecular weight com-
pounds may diffuse through ion channels, or penetrate
small intercellular or paracellular channels (particularly
in ‘leaky’ epithelial membranes). In contrast, molecules
larger than 100200 Da are usually unable to cross cell
membranes. The permeability of vascular endothelium is
greater than other tissues, and most ionized compounds
can readily cross capillary membranes.

Most drugs are weak acids or weak bases and are thus
present in physiological conditions in both an ionized and
a non-ionized form. Their ionization or dissociation can
be represented by the equations:

(for acids)

(for bases)

AHZA™ +H'
BH" =B+ H"

Weak acids and bases are predominantly present as the
species AH and BH™ in acidic conditions, butas A~ and B
in alkaline conditions. The non-ionized forms AH and B
are lipid soluble and can readily diffuse across cell mem-
branes, while the ionized forms A~ and BH™ are effectively
impermeable. As the proportion of the drug that is present
in the non-ionized form is dependent on pH, differences

T.N. Calvey and N.E. Williams 1



Intrinsic or integral protein
(enclosing an ion channel)

N

N
N
N
N
N

)
9

7
’
’
’

7 1

7 1

Phosphorylated
head of phospholipid

in HT concentration across cellular membranes can pro-
vide a diffusion gradient for the passive transfer of the
non-ionized form.

Consider a weak acidic drug that dissociates in the
manner:

AHZ= A" + H"

From the Henderson—Hasselbalch equation, it can be
shown that

[AH]

[A-]”

where [AH] and [A™] are the concentrations of non-
ionized and ionized forms and pK, (the negative log-
arithm of the dissociation constant) is the pH value at
which [AH] = [A™]. If the pK, of the drug is 6, at pH 2
(e.g. in gastric fluid), almost 100% is present in the form
AH (Fig. 1.2). This non-ionized form will rapidly diffuse
into plasma (pH 7.4) where approximately 96% will be
converted to A~, providing a concentration gradient for
the continued diffusion of AH. Subsequent transfer of the
drugto other sites will also be dependent on the relative pH
gradient. At pH 8, as in interstitial fluid or alkaline urine,
the concentration of AH is less than at pH 7.4. A gradient
is thus created for the passive diffusion of AH across renal
tubular epithelium, followed by its subsequent ionization
to A~ and elimination from the body (Fig. 1.2). By con-

pK,—pH = log

Fatty acid tail of
of phospholipid

Extrinsic or peripheral protein

Fig. 1.1 The phospholipid and protein
structure of a typical cell membrane.

trast, at a urine pH of 7 or less, the concentration of AH
is greater in urine than in plasma, and the excreted drug
will tend to diffuse back into plasma.

In a similar manner, pH gradients govern the non-ionic
diffusion of weak bases that associate with hydrogen ions.
In these conditions,

B+ H'=ZBH"

From the Henderson—Hasselbalch equation, it can be
shown that

[BHY]

(B] °
where [BH'] and [B] are the concentrations of the ion-
ized and the non-ionized forms and pK, is the pH value
at which [BH™] = [B]. If the pK, of the basic drug is 7, at
pH 2 (e.g. in the stomach), almost 100% is present as the
ionized form BH™ (Fig. 1.3). At pH 5.5 (e.g. in the small
intestine), only 3% is present as the non-ionized form B,
and thus available to diffuse across the cell membrane.
Although the effective pH gradient does not facilitate the
non-ionic diffusion of weak bases from the small intestine
(pH 5.5) to plasma (pH 7.4), the continuous perfusion of
intestinal capillaries provides a small concentration gra-
dient for their absorption.

By contrast, weak bases at pH 7.4 (e.g. in plasma) are
mainly present as the non-ionized species B. In these

pK,—pH = log
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conditions, there is a large concentration gradient that fa-
cilitates their diffusion into the stomach (pH 2) and into
acid urine (pH 5). Following intravenous administration
of fentanyl, the initial decline in plasma concentration may
be followed by a secondary peak 30—40 minutes later. Fen-
tanyl is a weak base which can diffuse from plasma (pH
7.4) to the stomach (pH 2), due to the large concentration
gradient that is present, and its subsequent reabsorption
from the small intestine is responsible for the secondary
rise in the plasma concentration. Similarly, weak bases
rapidly diffuse from plasma (pH 7.4) to urine (pH 5) as

Cell membrane

pH2 pH7.4

(e.g. gastric secretion) (e.g. plasma)

» AH «—> H" + A~

Cell membrane

Fig. 1.2 Non-ionic diffusion of the weak
acid AH (pK, = 6). Only the non-ionized
form AH can diffuse across cell
membranes, and the diffusion gradient is
dependent on pH differences between
compartments or tissues. Numbers in
parentheses correspond to the percentage
of the drug present as AH and A~ at pH
2,7.4and 8.
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Eliminated

the non-ionized species B, where they are converted to the
ionic form BH™ and rapidly eliminated (Fig. 1.3).

In theory, modification of urine pH can increase the
proportion of weak acids (pK, = 3.0-7.5) and weak bases
(pK, = 7.5-10.5) that are present in an ionized form in
urine, and thus enhance their elimination in drug-induced
poisoning. Although forced alkaline diuresis was once ex-
tensively used in drug overdosage, as with salicylates or
phenobarbital, it has little or no place in current therapy.
It is a potentially hazardous procedure that requires the
infusion of relatively large amounts of fluid and the use of

pHS

(e.g. acid urine)

B + H' «— BH"—»

B + H'«—» BH"_,]

(72) (28)

> B + H'«— BH"

0) (100) 1)

Fig. 1.3 Non-ionic diffusion of the weak
base B (pK, = 7). Only the non-ionized
form B can diffuse across cell
membranes, and the diffusion gradient is
dependent on pH differences between
compartments or tissues. Numbers in
parentheses correspond to the percentage
of the drug present as B and BH' at pH
2,74 and 5.

99)

Eliminated



loop diuretics or mannitol. In addition, pulmonary and
cerebral oedema are possible complications, particularly
in the elderly.

Carrier transport

Carrier transport can be divided into two main types:
* Facilitated diffusion

* Active transport

Facilitated diffusion

Facilitated diffusion is a form of carrier transport that
does not require the expenditure of cellular energy. Many
physiological substrates combine with specific sites on in-
trinsic proteins, resulting in conformational (allosteric)
changes in protein structure. These changes facilitate the
transcellular transport of many endogenous compounds.
In these conditions, physiological substrates enter cells
down a concentration gradient, but at a faster rate than
anticipated from their lipid solubility or molecular size.
Facilitated diffusion mediates the absorption of some sim-
ple sugars, steroids, amino acids and pyrimidines from the
small intestine and their subsequent transfer across cell
membranes.

Active transport

In contrast, active transport requires cellular or metabolic
energy and can transfer drugs against a concentration
gradient. In some instances, metabolic energy is directly
produced from the hydrolysis of ATP (primary active
transport). More commonly, metabolic energy is provided
by the active transport of Na™, or is dependent on the
electrochemical gradient produced by the sodium pump,
Nat/K* ATPase (secondary active transport). It is gener-
ally considered that the drug or substrate initially com-
bines with an intrinsic carrier protein (which may be an
ion channel or Nat/K*t ATPase). The drug—protein com-
plex is then transferred across the cell membrane, where
the drug is released and the carrier protein returns to the
opposite side of the membrane.

Active transport systems are saturable and specific and
can be inhibited by other drugs (Chapter 4). They play a
crucial role in the transfer of drugs across cell membranes
at many sites, including the small intestine, the proxi-
mal renal tubule, the biliary canaliculus and the choroid
plexus (Tables 1.1 and 1.2). A drug transport protein (P-
glycoprotein) appears to play an important role as an ef-
flux pump at many of these sites (i.e. it transports drugs
from intracellular fluid across plasma membranes). Other

Table 1.1 Some acidic and basic drugs eliminated from
plasma by active transport in the proximal renal tubule.

Acidic drugs Basic drugs
Penicillins Dopamine
Cephalosporins Morphine
Salicylates Neostigmine
Sulphonamides Lidocaine
Thiazide diuretics Quinidine
Furosemide

Chlorpropamide

Methotrexate

active transport systems transfer physiological substrates
across cell membranes. For example, at sympathetic nerve
endings the transport of noradrenaline across the neu-
ronal membrane (Uptake;) is coupled to the active exclu-
sion of Na™ by the sodium pump.

Plasma concentration of drugs and their
pharmacological effects

Although the plasma concentrations of drugs can usually
be measured, it is often impossible to determine their ef-
fective concentration in tissues. In some instances, it may
be possible to derive an approximate estimate of their con-
centration by pharmacokinetic techniques (Chapter 2).
The principal factors that determine the plasma concen-
tration of drugs are

* Absorption

* Distribution

* Metabolism

* Excretion

Table 1.2 Some acidic and basic drugs secreted from liver
cells into biliary canaliculi.

Acidic drugs Basic drugs
Amoxicillin Vecuronium
Ampicillin Pancuronium
Cefaloridine Glycopyrronium
Sulphobromophthalein Mepenzolate
Probenecid

Rifampicin
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These factors also affect the concentration of drugs at their
site of action (Fig. 1.4), and thus modify the magnitude
and duration of their effects and the time course of drug
action.

Drug administration

Drugs are most commonly administered orally, by subcu-
taneous, intramuscular, or intravenous injection, by local
infiltration or by inhalation. Occasionally, drugs are given
sublingually, rectally, or by application to other epithelial
surfaces (e.g. the skin, nose or eye).

Oral administration

Oral administration is obviously most convenient and
acceptable for the patient. Nevertheless, not all drugs
can be taken orally. Some drugs are unstable in the

Inhalation  Intravenous

Site of
action

Drug
excretion
Fig. 1.4 The relation between drug
absorption, distribution, metabolism
and excretion, and the concentration of
Urine drugs at their site of action.

acid medium of the stomach (e.g. benzylpenicillin, ery-
thromycin), while others may irritate the gastric mucosa
and cause nausea, vomiting or haemorrhage (e.g. salicy-
lates, concentrated solutions of most salts). In recent years,
these problems have been partially avoided by the use of
enteric-coated tablets or slow-release preparations, which
only dissolve in the upper small intestine.

When drugs are taken orally, there is usually a latent pe-
riod of 30-120 minutes before they reach their maximum
concentration in plasma. The presence of adequate drug
concentrations in plasma is dependent on
* Drug dissolution
* Drug absorption
* The absence of significant first-pass effects in the gut
wall or the liver

Drug dissolution

The dissolution of agents administered as tablets or cap-
sules is essential before drug absorption can take place.
Drug dissolution usually occurs in the stomach and may



be dependent on gastric acidity. Variations in the speed
of dissolution and the rate and extent of gastric emptying
can thus affect the amount of drug in solution in the up-
per part of the small intestine (where absorption mainly
occurs).

Many pharmaceutical factors influence the dissolution
of tablets and capsules, including particle size, chemical
formulation, the inclusion of inert fillers and the outer
coating of the tablet. In these circumstances, proprietary
or generic preparations of the same drug may have differ-
ent dissolution characteristics and thus produce a range of
plasma concentrations after oral administration. At one
time, differences in the potency of digoxin tablets sus-
pected from clinical observations were eventually traced
to variations in the dissolution of different preparations
of the drug. Similarly, toxic effects were produced by
diphenylhydantoin (phenytoin) tablets when an excipi-
ent (calcium sulphate) was replaced by lactose. In these
conditions, dissolution was more rapid, resulting in faster
and more extensive absorption, and higher blood levels of
the drugs.

Sustained release preparations
Sustained release oral preparations usually consist of
multi-lamellated erodable polymers and are designed to
allow the slow continuous release of drugs. Other formula-
tions may permit the release of fixed doses of a drug at reg-
ular intervals. Some preparations are osmotically active,
or incorporate an ion-exchange resin that allows drugs
to be released in solution at a defined ionic concentration
and pH. Their use often results in greater convenience and
safety, improves bioavailability and causes less variability
in plasma concentrations. They may also reduce side ef-
fects, drug dosage, frequency of administration and cost.
Many drugs may be administered in this manner, in-
cluding some opioid analgesics, NSAIDs, bronchodilators,
antihypertensive drugs, antiarrhythmic agents and potas-
sium salts.

Drug absorption

The absorption of drugs in the stomach and the small in-
testine is primarily dependent on their physicochemical
properties, particularly their lipid solubility. Non-ionized
compounds (e.g. ethyl alcohol) and low molecular weight
substances (e.g. urea) readily cross cell membranes by pas-
sive diffusion and are easily and rapidly absorbed from
the gut. Drugs that are weak acids (e.g. aspirin) are pre-
dominantly non-ionized and lipid-soluble in acidic con-
ditions and partially diffuse into plasma from the stom-

ach. In contrast, basic drugs (e.g. propranolol, most ben-
zodiazepines) are less ionized and more lipid-soluble in
alkaline conditions and are preferentially absorbed from
the duodenum (pH 5-6). Strong bases (e.g. quaternary
amines) are always ionized in solution and are not signif-
icantly absorbed from the gut.

In practice, other factors influence the site of drug ab-
sorption. Mucosal surface area is more extensive in the
upper small intestine than the stomach, and most drugs,
whether acids or bases, are predominantly absorbed from
the duodenum. Nevertheless, some non-ionized com-
pounds and acidic drugs may be partially absorbed from
the stomach and may produce a rapid increase in plasma
concentration after oral administration.

Drugs that affect gastric motility

Compounds affecting gastric motility can modify drug
dissolution, and influence the rate, but not the extent,
of drug absorption. In particular, drugs that slow gas-
tric emptying (e.g. atropine, morphine) decrease the rate
of drug absorption. Other drug interactions, as between
tetracyclines and iron, or colestyramine and digoxin, may
affect the extent of drug absorption and thus modify sys-
temic bioavailability. Drug absorption may be reduced
in pathological conditions affecting the gastrointestinal
tract, particularly in coeliac disease, Crohn’s disease, ob-
structive jaundice, or after extensive resection of the small
intestine.

Drug absorption and carrier transport

Although most drugs are absorbed from the stomach
and small intestine by passive diffusion, occasionally ab-
sorption is dependent on carrier transport. Levodopa is
absorbed by a carrier protein that normally transports
amino acids, and fluorouracil is absorbed by the car-
rier that transports pyrimidine bases. In contrast, a car-
rier protein (P-glycoprotein) can transport many drugs
from the intracellular environment to the intestinal lu-
men and actively opposes drug absorption. It is constitu-
tively expressed on the luminal surface of most intestinal
cells.

Subcutaneous and intramuscular
administration

Some drugs do not produce adequate plasma concentra-
tions or pharmacological effects after oral administration
and are usually given subcutaneously or intramuscularly.



In particular, drugs broken down in the gut (e.g. ben-
zylpenicillin, polypeptide hormones), are poorly or un-
predictably absorbed (e.g. aminoglycosides), or drugs that
have significant first-pass effects (e.g. opioid analgesics),
are often given by these routes. Drugs are sometimes given
by the intramuscular route when patients are intolerant
of oral preparations (e.g. iron salts) or when patient com-
pliance is known to be poor (e.g. in schizophrenia).

Absorption of drugs by subcutaneous or intramuscu-
lar administration is not usually dependent on the dis-
sociation constant of the drug or its pH, but is often de-
termined by regional blood flow. The onset of action of
a drug given by intramuscular injection is usually more
rapid and the duration of action shorter than when the
subcutaneous route is used because of differences in the
perfusion of muscle and subcutaneous tissues. The sub-
cutaneous administration of relatively insoluble drugs or
drug complexes is sometimes used to slow the rate of ab-
sorption and prolong the duration of action (e.g. with
preparations of insulin or penicillin). In these conditions,
the rate of dissolution of the drug from the complex
and its subsequent absorption governs the duration of
action.

Implantable subcutaneous preparations are sometimes
used in hormone replacement therapy (e.g. estradiol and
testosterone implants). Controlled release systems capable
of an increased release rate on demand (by the external
application of magnetic or ultrasonic fields, or the use of
enzymes) are being developed.

Intravenous administration

Drugs are usually given intravenously when a rapid or
an immediate onset of action is necessary. When given
by this route, their effects are usually dependable and re-
producible. This method of administration often permits
the dose to be accurately related to its effects, and thus
eliminates some of the problems associated with interindi-
vidual variability in drug response. Although most drugs
can be safely given as a rapid intravenous bolus, in some
instances (e.g. aminophylline) they must be given slowly
to avoid the cardiac complications associated with high
plasma concentrations. Irritant drugs must be given in-
travenously in order to avoid local tissue or vascular com-
plications. Some drugs (e.g. diazepam) can cause local
complications such as superficial thrombophlebitis after
intravenous administration. It is uncertain if this is re-
lated to the pH of the injected solution. When drugs that
release histamine from mast cells are given intravenously

(e.g. vancomycin, morphine) local or generalized vasodi-
latation and oedema (‘flare and weal’) in the surrounding
tissues may be observed.

Mini-infusion pumps and syringe drivers

The development of mini-infusion pumps for intermit-
tent intravenous drug delivery is particularly valuable
in pain relief. Some of these devices incorporate elec-
tronic pumps to provide ‘on-demand’ bolus release of
the drug according to the patient’s needs. Alternatively,
the use of gravity methods and balloon reservoir devices
provide accurate mechanical control of drug administra-
tion. Battery-operated syringe drivers for the continuous
administration of opioid analgesics are particularly valu-
able in the domiciliary management of patients with in-
tractable pain associated with malignant disease.

Targeted drug delivery

Some delivery systems have been designed to selectively
target drugs to their desired site of action, thus avoid-
ing excessive toxicity and rapid inactivation. For instance,
microparticulate carrier systems (e.g. liposomes, red cells,
microspherical beads) have been occasionally used in the
treatment of infectious and neoplastic diseases. Similarly,
drugs conjugated with antibodies are sometimes used in
the management of malignant disease. In these conditions,
the more extensive use of ‘pro-drugs’ often leads to greater
target specificity.

Other routes of drug administration

Transmucosal administration

Drugs are frequently applied to mucous membranes at
various sites, including the conjunctiva, nose, larynx and
the mucosal surfaces of the genitourinary tract, to pro-
duce topical effects. Antibiotics, steroids and local anaes-
thetic agents are commonly used for this purpose. Sys-
temic absorption readily occurs due to the high vascularity
of mucous areas, and local anaesthetics may produce toxic
effects.

Alternatively, drugs may be administered to mucosal ar-
eas in order to provide a more rapid onset of systemic ac-
tion and to avoid first-pass metabolism. The buccal route
(i.e. the positioning of tablets between the teeth and the
gum) may be used for the administration of glyceryl trini-
trate, hyoscine and prochlorperazine. Similarly, oral trans-
mucosal administration of opioid analgesics using drug



impregnated ‘lollipops’ has been employed in the man-
agement of postoperative pain.

Nasal administration

Certain hypothalamic and pituitary polypeptides that are
destroyed in the gut are given by nasal administration.
A number of other drugs, including opioid analgesics,
steroids, histamine antagonists, propranolol and vitamin
By,, can also be given by this route. These drugs may
be partly absorbed from vascular lymphoid tissue on the
nasal mucosa. Other evidence suggests that some drugs
are rapidly absorbed from the nasal mucosa to the CSF
and the cerebral circulation, since the submucous space of
the nose is in direct contact with the subarachnoid space
adjacent to the olfactorylobes. After nasal administration,
the concentration of some drugs in the CSF may be sig-
nificantly higher than in plasma.

Transdermal administration

Most drugs are poorly absorbed through intact skin. The
stratum corneum is the main barrier to the diffusion of
drugs, and its lipid lamellar bilayers prevent the penetra-
tion of polar compounds. Nevertheless, some extremely
potent drugs with a high lipid solubility (e.g. glyceryl trini-
trate, hyoscine) are absorbed transdermally and can pro-
duce systemic effects when applied to the skin. In these
conditions, the stratum corneum may act as a reservoir
for lipid-soluble drugs for several days after administra-
tion is stopped. The absorption of drugs from the skin
may be influenced by the vehicle used for administration
and can be increased by the use of various penetration
enhancers (e.g. dimethyl sulfoxide).

Local anaesthetic preparations (EMLA, tetracaine gel)
are frequently used to produce analgesia prior to
venepuncture. An occlusive dressing and a relatively long
contact time (30—45 min) are required to produce effective
analgesia.

Infiltration techniques

Local anaesthetics are commonly infiltrated into the skin
or mucous membranes when it is important to confine
theiraction to aregion or an area of the body; theyare often
combined with vasoconstrictors in order to restrict their
absorption and prolong the duration of drug action. Al-
ternatively, they may be injected at various sites on nerves
and nerve plexuses to produce conduction anaesthesia.
Local anaesthetics, analgesics and occasionally antibiotics
may also be given by intrathecal injection.

Inhalation

The uptake and distribution of inhalational anaesthetic
agents is dependent on their transfer from alveoli to
pulmonary capillaries. Many factors, which include the
inspired concentration, adequacy of pulmonary venti-
lation, lipid solubility and blood—gas partition coeffi-
cient of individual agents determine the rate of transfer
(Chapter 8).

Corticosteroids and some bronchodilators are given to
produce a local action on respiratory bronchioles and to
avoid systemic effects. Particle size may influence their
distribution to the site of action. In general, particles with
a diameter greater than 10 pm are deposited in the upper
respiratory tract. Particles with a diameter of 2-10 p.m are
deposited in bronchioles, while those with a diameter less
that 2 pwm reach the alveoli.

Drug distribution

After administration and absorption, drugs are initially
present in plasma and may be partly bound to plasma
proteins. They may subsequently gain access to interstitial
fluid and intracellular water, depending on their physic-
ochemical properties (in particular, their lipid solubility
andionicdissociation). Consequently, they may be rapidly
distributed in other tissues and organs. When distribution
is complete their concentration in plasma water and ex-
tracellular fluid is approximately equal.

The distribution of drugs in the body is extremely vari-
able (Table 1.3). It may be assessed by preclinical stud-
ies in experimental animals or by pharmacokinetic meth-
ods. Some drugs are extensively protein-bound and are
predominantly present in plasma. Similarly, ionized com-
pounds cannot readily penetrate most cell membranes and
are largely distributed in extracellular fluid. Consequently,
these drugs usually have a low apparent volume of distri-
bution. In contrast, lipid-soluble drugs with a relatively
low molecular weight are widely distributed in tissues. For
instance, ethyl alcohol, urea and some sulphonamides are
evenly distributed throughout body water. These drugs
usually have a volume of distribution similar to total
body water. Other drugs penetrate cells and are extensively
bound to tissue proteins, or are sequestered in fat. In these
conditions, the volume of distribution is characteristically
greater than total body water.

Following intravenous administration, some drugs are
initially sequestered by well-perfused tissues, but are sub-
sequently redistributed to other organs as the plasma



Table 1.3 The volumes of physiological compartments and the main sites of distribution of some common drugs.

Compartment

Volume (mL kg™!)

Drug (V: mL kg™!)

Plasma 50-80

Extracellular fluid

Total body water

Total body water + cell and tissue binding >700

150-250

500-700

Heparin (60)
Tolbutamide (100)
Warfarin (140)

Acetylsalicylic acid (150)
Atracurium (160)
Chlorothiazide (200)
Sulphamethoxazole (210)
Mivacurium (210)
Vecuronium (230)

Ethyl alcohol (500)
Bupivacaine (1000)
Lidocaine (1300)
Prilocaine (2700)
Thiopental (2300)
Morphine ( 3000)
Pethidine (4400)
Digoxin (8500)

Values for the distribution volume (V) of the drugs are shown in parentheses.

concentration declines. Approximately 25% of thiopen-
tal is initially taken up by the brain due to its high lipid
solubility and the extensive blood supply of the CNS.
As the plasma concentration falls, thiopental is progres-
sively taken up by less well-perfused tissues which have
a higher affinity for the drug. In consequence, intra-
venous thiopental is rapidly redistributed from brain to
muscle and finally to subcutaneous fat. Redistribution is
mainly responsible for its short duration of action, and
its final elimination from the body may be delayed for
24 hours.

Some drugs tend to be localized in certain tissues or
organs, for example, iodine is concentrated in the thyroid
gland and tetracyclines in developing teeth and bone.
The concentration of drugs in these tissues may be much
greater than in plasma. Drugs that are widely distributed
in tissues and concentrated in cells may have an extremely
large volume of distribution, which is usually greater

Cerebral capillary
______ Endothelial cell
Basement membrane

<

than total body water (e.g. phenothiazines, tricyclic
antidepressants).

Blood-brain barrier

Structure

Many drugs are widely distributed in most tissues, but
do not readily enter the CNS. In cerebral capillaries, en-
dothelial cells have overlapping ‘tight” junctions restrict-
ing passive diffusion. The surrounding capillary basement
membrane is closely applied to the peripheral processes of
astrocytes, which play an important part in neuronal nu-
trition (Fig. 1.5). To pass from capillary blood to the brain,
most drugs have to cross the endothelium, the basement
membrane and the peripheral processes of astrocytes by
simple diffusion or filtration. Some drugs cannot read-
ily cross these restrictive barriers, which are collectively
referred to as the ‘blood—brain barrier’

Fig. 1.5 Diagrammatic representation of
the blood-brain barrier, showing the
endothelial cells with tight junctions, the
basement membrane and the foot
processes of astrocytes.



10

Enzymatic blood-brain barrier
In addition to this structural barrier, there is also a
metabolic or enzymatic blood-brain barrier, which is
mainly associated with the peripheral processes of astro-
cytes. Many potentially neurotoxic agents (e.g. free fatty
acids, ammonia) can readily cross the capillary endothe-
lium, but are metabolized before they reach the CNS.
Monoamine oxidase and cholinesterases are also present
in capillary endothelium, and some neurotransmitters
may be metabolized as they cross the blood-brain barrier.
In addition, capillary endothelial cells express a transport
protein (P-glycoprotein), which actively extrudes many
drugs, including most opioids, from the CNS.
Consequently, the blood-brain barrier is not simply a
passive and immutable structural barrier, but a dynamic
membrane interface between the blood and the brain.
Both its structure and function are dependent on trophic
factors secreted by astrocytes. It develops during the first
trimester of foetal life, but is immature at birth, when it is
often less restrictive to drugs and endogenous substances
than in adult life.

Drug permeability

Certain metabolic substrates and hormones, such as glu-
cose, insulin, L-amino acids, L-thyroxine and transferrin,
normally cross the blood-brain barrier by endocytosis or
carrier transport. In addition, many low molecular weight,
lipid-soluble drugs (e.g. general anaesthetics, local anaes-
thetics, opioid analgesics) can cross the barrier and enter
the CNS, although their access may be restricted by P-
glycoprotein. In contrast, when drugs are highly protein-
bound (e.g. tolbutamide, warfarin), only the unbound
fraction can readily diffuse from blood to the CNS, so that
the concentration of these drugs in the brain may be 1-2%
of the total plasma level. Drugs that are highly ionized (e.g.
quaternary amines) cannot cross the blood-brain barrier,
and muscle relaxants do not enter or affect the brain. Sim-
ilarly, dyes that are protein-bound (e.g. Evans blue) and
drugs with a large molecular weight (e.g. ciclosporin, ery-
thromycin) do not readily cross the blood-brain barrier.
Some drugs (e.g. benzylpenicillin) cannot penetrate the
barrier or enter the brain unless its permeability is in-
creased by inflammation (e.g. in bacterial meningitis). The
normal impermeability of the blood—brain barrier can be
modified by pathological changes, which include inflam-
mation, oedema and acute and chronic hypertension.

Physiological deficiency
In some parts of the brain, principally the area postrema,
the median eminence, the pineal gland and the choroid

plexus, the blood-brain barrier is deficient or absent. In
these areas, the diffusion of drugs and the exchange of
endogenous substrates is not restricted. For example, in
the choroid plexus drugs may freely diffuse from capillary
blood to CSF across the relatively permeable choroidal ep-
ithelium. Similarly, the ependyma lining the cerebral ven-
tricles does not appear to restrict the diffusion of most
drugs. Neuropeptides and certain ionized compounds
(e.g. benzylpenicillin, probenecid) may be actively se-
creted in the opposite direction, i.e. from cerebral ven-
tricles into capillary blood.

Placental transfer

Structure and function

During late pregnancy, structural changes occur in the
placenta, involving the gradual disappearance of the cy-
totrophoblast and the loss of chorionic connective tissue
from placental villi. At term, maternal and foetal blood
compartments are separated by a single layer of chorion
(the syncytiotrophoblast) in continuous contact with the
endothelial cells of foetal capillaries. Consequently, the
placental barrier consists of a vasculosyncytial membrane,
and from a functional point of view behaves like a typical
lipid membrane. Most low molecular weight, lipid-soluble
drugs are readily transferred across the placenta, and their
rate of removal from maternal blood is dependent on pla-
cental blood flow, the area available for diffusion and the
magnitude of the effective diffusion gradient. In contrast,
large molecular weight or polar molecules cannot read-
ily cross the vasculosyncytial membrane. Almost all drugs
that cross the blood-brain barrier and affect the CNS can
also cross the placenta, and their elimination by foetal tis-
sues may be difficult and prolonged.

Drugs and the foetus

Some drugs that readily cross the placenta are known
to produce foetal abnormalities if taken in pregnancy
(Table 1.4). Many other drugs can readily diffuse from ma-
ternal plasma to the foetus and may cause complications
when used in late pregnancy. These include inhalational
anaesthetics, intravenous agents, local anaesthetics and
many analgesics such as morphine and pethidine. Simi-
larly, some -adrenoceptor antagonists (e.g. propranolol)
can cross the placenta and may cause foetal bradycardia
and hypoglycaemia. When diazepam is used in late preg-
nancy as in the treatment of preeclampsia and eclamp-
sia, it readily crosses the placenta, but is not effectively
metabolized by the foetus. Several of its active metabo-
lites (including both desmethyldiazepam and oxazepam)
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Table 1.4 Drugs that may cause foetal damage or malforma-
tion (teratogenic effects) if taken during pregnancy.

Drug Effect on foetus

Methotrexate Hydrocephalus; neural tube defects

Tretinoin Hydrocephalus

Phenytoin Cleft lip and palate; cardiac defects

Sodium valproate Neural tube defects

Oestrogens Vaginal adenosis; testicular atrophy

Aminoglycosides Cochlear and vestibular damage

Tetracyclines Dental pigmentation; enamel
hypoplasia

Carbimazole Goitre; hypothyroidism

Propylthiouracil Goitre; hypothyroidism

Warfarin Nasal hypoplasia; epiphyseal

calcification

accumulate in foetal tissues and can cause neonatal hypo-
tonia and hypothermia. By contrast, ionized compounds
(e.g. muscle relaxants) cannot readily cross the placenta.

Protein binding

Plasma protein binding plays an essential role in the trans-
port and distribution of drugs. Most drugs are relatively
lipid-soluble, but are only poorly soluble in plasma water.
Consequently, binding to plasma proteins is essential for
their transport in plasma.

Most drugs are reversibly bound to plasma proteins,
according to the reaction:

unbound drug + protein == drug — protein complex

During perfusion, the unbound drug diffuses into tissues,
and as its concentration in plasma falls, protein-bound
drug rapidly dissociates. Consequently, a continuous con-
centration gradient is present for the diffusion of drugs
from plasma to tissues.

Binding by albumin and globulins

Albumin usually plays the most important role in the
binding of drugs. It has a number of distinct binding
sites with a variable affinity for drugs, and mainly binds
neutral or acidic compounds, including salicylates, in-
dometacin, tolbutamide, carbenoxolone and oral antico-
agulants. Some basic drugs and physiological substrates

such as bilirubin, fatty acids and tryptophan are also
bound by albumin.

Globulins bind many basic drugs (e.g. bupivacaine,
opioid analgesics). These drugs are mainly bound by -
globulins or by a;-acid glycoprotein. Plasma globulins
also play an important part in the binding of minerals, vi-
tamins and hormones. Hydrocortisone (cortisol) is mainly
transported in plasma by a specific globulin (transcortin)
for which it has a high affinity.

Some drugs (e.g. pancuronium) are bound by both
globulins and albumin. Indeed, the resistance to muscle
relaxants that often occurs in liver disease may be due to
their increased binding by plasma globulins.

Extent of plasma protein binding

The extent of plasma protein binding of drugs ranges from
0% to almost 100%, even among closely related drugs
(Table 1.5). Thus, the binding of local anaesthetics to
a;-acid glycoprotein ranges from 6% (procaine) to 95%
(bupivacaine). In some instances (diazepam, phenytoin,
warfarin) unbound, pharmacologically active concentra-
tions are only 1-5% of total plasma levels. The concentra-
tion of drugs in salivary secretions and CSF often reflects
the level of the unbound drug in plasma. Alternatively, the
concentration of the unbound drug can be determined by
various in vitro techniques, such as equilibrium dialysis or
ultrafiltration.

Table 1.5 Plasma protein binding of some common anaes-
thetic drugs.

Drug Plasma protein binding (%)
Prilocaine 55
Lidocaine 65
Tetracaine 75
Ropivacaine 94
Bupivacaine 95
Morphine 30
Pethidine 64
Fentanyl 80
Alfentanil 90
Atracurium <20
Vecuronium <20
Pancuronium 30
Thiopental 80
Etomidate 75
Propofol 97
Diazepam 97
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Drug competition and displacement

Drugs and endogenous substrates that are extensively
bound to proteins may compete for (and be displaced
from) their binding sites. In most instances, binding of
drugs at clinical concentrations only occupies a small pro-
portion of the available binding sites and does not ap-
proach saturation. Consequently, competition between
drugs resulting in clinically significant displacement from
plasma protein binding is extremely rare (Chapter 4).

Protein binding and drug elimination

The hepatic clearance of many drugs is limited by liver
blood flow and is not restricted by plasma protein bind-
ing (which is a rapidly reversible process). Drug disso-
ciation from binding to plasma proteins probably occurs
within microseconds or milliseconds. By contrast, the hep-
atic perfusion time may be several seconds or more. Thus,
extensive protein binding only decreases hepatic clearance
when the ability of the liver to extract, metabolize or ex-
crete the drug is low. Similarly, protein binding is unlikely
to restrict the renal elimination of drugs, either by the
glomerulus or the renal tubule. Only the unbound drug
is secreted by the proximal tubule, but the resultant de-
crease in its plasma concentration leads to the immediate
dissociation of protein-bound drug in order to maintain
equilibrium. Indeed, a number of protein-bound drugs
are completely cleared in a single passage through the kid-
ney (e.g. benzylpenicillin).

Protein binding in pathological conditions

Binding to plasma proteins is modified in pathological
conditions associated with hypoalbuminaemia, as in hep-
atic cirrhosis, nephrosis, trauma or burns. In these con-
ditions, the concentration of the unbound drug tends to
increase and may result in toxic effects (e.g. with pheny-
toin or prednisolone). Significant changes are particularly
likely when high doses of drugs are used, or when drugs are
given intravenously. In these conditions, binding to albu-
min and other plasma proteins may be saturated, causing
a disproportionate increase in the concentration of the
unbound drug. Tissues and organs that are well perfused
(e.g. brain, heart, abdominal viscera) may receive a higher
proportion of the dose, predisposing them to potential
toxic effects. Similar effects may occur in elderly patients
and in subjects with renal impairment, possibly due to al-
terations in the affinity of drugs for albumin. The plasma
concentration of a;-acid glycoprotein can also be modi-
fied by a number of pathological conditions including my-
ocardial infarction, rheumatoid arthritis, Crohn’s disease,

renal failure and malignant disease, as well as operative
surgery. In these conditions, the binding of basic drugs
(e.g. propranolol, chlorpromazine) is increased, and the
concentration of the free, unbound drug is reduced.

Drug metabolism

Most drugs are eliminated by drug metabolism, which
mainly occurs in the liver. Nevertheless, certain drugs are
partly or completely broken down by other tissues. Some
esters thatare used in anaesthesia are hydrolysed by plasma
cholinesterase (e.g. suxamethonium, mivacurium) or red
cell acetylcholinesterase (e.g. esmolol, remifentanil). In
addition, drugs may be partly or completely metabolized
by the gut (e.g. morphine, chlorpromazine), the kidney
(e.g. midazolam, dopamine) or the lung (e.g. angiotensin
I, prilocaine).

Nevertheless, the liver is mainly responsible for the
breakdown of drugs. Hepatic metabolism decreases the
concentration of the active drug in plasma, and thus pro-
motes its removal from the site of action. This mainly
involves the enzymatic conversion of lipid-soluble non-
polar drugs into water-soluble polar compounds, which
can be filtered by the renal glomerulus or secreted into
urine or bile.

Metabolism usually reduces the biological activity of
drugs, and most metabolites have less inherent activity
than their parent compounds. In addition, their ability to
penetrate to receptor sites is limited because of their poor
lipid solubility. Nevertheless, some drugs are relatively
inactive when administered, and require metabolism to
produce or enhance their pharmacological effects (Ta-
ble 1.6). Other drugs may be metabolized to compounds

Table 1.6 Drugs that require metabolism to produce their
pharmacological effects.

Drug Active metabolite
Prontosil red Sulphanilamide

Chloral hydrate Trichlorethanol
Cyclophosphamide Phosphoramide mustard
Cortisone Hydrocortisone
Prednisone Prednisolone
Methyldopa Methylnoradrenaline
Proguanil Cycloguanil

Enalapril Enalaprilat
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Table 1.7 Phase 1 reactions resulting in drug oxidation, reduction and hydrolysis.

Reaction Site Enzyme Example
Oxidation Hepatic endoplasmic Cytochrome P450 Thiopental — pentobarbital
reticulum
Mitochondria Monoamine oxidase Dopamine — dihydroxyphenylacetaldehyde
Hepatic cell cytoplasm Alcohol dehydrogenase Alcohol — acetaldehyde
Reduction Hepatic endoplasmic Cytochrome P450 Halothane — chlorotrifluoroethane
reticulum
Hepatic cell cytoplasm Alcohol dehydrogenase Chloral hydrate — trichlorethanol
Hydrolysis Hepatic endoplasmic Carboxyesterase Pethidine — pethidinic acid
reticulum
Plasma Cholinesterase Suxamethonium — succinate + choline
Erythrocyte Acetylcholinesterase Remifentanil — carboxylated derivatives
Neuromuscular junction Acetylcholinesterase Acetylcholine — acetate + choline
Hepatic cell cytoplasm Amidase Lidocaine — 2,6-xylidine + diethylglycine

Paracetamol
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Fig. 1.6 The metabolism of paracetamol to the toxic metabolite
N-acetyl-p-amino-benzoquinone-imine.

with a different spectrum of pharmacological activity (e.g.
pethidine, atracurium). Certain antibiotics (e.g. ampi-
cillin, chloramphenicol) may be administered orally as
esters. In this form, they are better absorbed than their
parent drugs and are subsequently hydrolysed to active
derivatives.

Occasionally, drug metabolism results in the forma-
tion of compounds with toxic effects. Paracetamol, for
example, is partially converted to N-acetyl- p-amino-
benzoquinone-imine, and if this metabolite is not rapidly
conjugated, it alkylates macromolecules in liver cells, re-
sulting in necrosis (Fig. 1.6). Similarly, one of the metabo-
lites of halothane (trifluoroacetyl chloride) is covalently
bound by lysine residues in liver proteins, resulting in
hepatocellular damage. The breakdown of halothane to
reactive intermediate metabolites plays an important role
in halothane hepatitis.

The enzymic changes carried out by the liver during
drug metabolism are divided into two types. Phase 1
reactions (non-synthetic or functionalization reactions)
usually result in drug oxidation, reduction or hydrolysis
(Table 1.7). Phase 2 reactions (synthetic or conjugation
reactions) involve combination of phase 1 reaction prod-
ucts (or unchanged drugs) with other groups, including
glucuronide, sulphate, acetate or glycine radicals. Both
phase 1 and phase 2 reactions increase the water solubility
of drugs and promote their elimination from the body.
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Some drugs (e.g. sodium salicylate) are almost entirely
metabolized by phase 2 reactions.

Phase 1 reactions

Most phase 1 reactions and glucuronide conjugation are
carried out by the smooth endoplasmic reticulum or the
microsomes (Fig. 1.7). Most drug oxidation and reduc-
tion, and some hydrolysis, is carried out by a non-specific
microsomal enzyme system (cytochrome P450 or the
‘mixed function oxidase system’). Cytochrome P450 con-
sists of many distinct but genetically related forms of a
superfamily of haem proteins. Their name is derived from
their ability, in the reduced state, to combine with carbon
monoxide and form a complex that maximally absorbs
light at a wavelength of 450 nm.

Cytochrome P450

Drug oxidation by cytochrome P450 depends on the
flavoprotein NADPH-CYP reductase, the electron donor
NADPH and molecular oxygen (as well as cytochrome bs
and NADPH-cytochrome bs reductase). The reaction in-

Fig. 1.7 Electron micrography of part of a
mouse liver cell, showing mitochondria
(M), endoplasmic reticulum (ER) and the
nuclear membrane enclosing the nucleus
(N) (x30,000).

volves a complex enzymatic cycle (Fig. 1.8), which results
in the breakdown of molecular oxygen. A single oxygen
atom (from O,) is released as H,O and the other is trans-
ferred to the substrate (D), according to the equation:

DH + O, + NADPH + H* — DOH + H,0 + NADP*

Cytochrome P450 enzymes may also mediate the reduc-
tive metabolism of certain drugs, such as halothane (Table
1.7). This is dependent on the ability of drugs to directly
accept electrons from the reduced cytochrome P450 drug
complex (Fig. 1.8) and is enhanced by hypoxia.

Isoforms of cytochrome P450

Different forms of human cytochrome P450 are classi-
fied by the similarity in their amino acid sequences into
gene families and gene subfamilies. The members of each
gene family (CYP 1, CYP 2 etc.) have a common amino
acid sequence of 40% or more, while members of each
subfamily (CYP 1A, CYP 1B etc.) have a sequence simi-
larity of more than 55%. At the present time, 17 different
gene families have been identified, and at least six of these
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Oxidized cytochrome P450

+ drug
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Oxidized cytochrome P450 — drug

+ electron
(from NADPH cytochrome
P450 reductase)
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Reduced cytochrome P450 — drug

+ O2

Reduced cytochrome P450 — drug
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02 *
(active electron)

Oxidized drug + H20

Fig. 1.8 The mixed-function oxidase system (cytochrome
P450).

families (CYP 7, CYP 11, CYP 17, CYP 19, CYP 21 and
CYP 27) appear to be solely concerned with the synthesis
of steroids, bile acids and cholesterol, and play no part in
drug metabolism. The CYP 1, CYP 2 and CYP 3 families
account for more than 75% of hepatic cytochrome P450,
and seven distinctisoforms (CYP 1A2, CYP 2C8,CYP 2C9,
CYP 2C19, CYP 2D6, CYP 2E1, CYP 3A4) are responsible
for most phase 1 reactions in man (Table 1.8). The indi-
vidual isoforms have different but overlapping substrate
specificities, metabolize drugs at different rates, and also
differ in their susceptibility to enzyme induction and in-
hibition. Their expression in different organs is extremely
variable, and some of them (e.g. CYP 2D6) are subject to
genetic polymorphism.

The isoform CYP 2E1 is specifically responsible for de-
fluorination and degradation of many common fluori-
nated inhalational agents. The rate of anaesthetic deflu-
orination, as assessed by fluoride production, occurs in
the order sevoflurane > enflurane > isoflurane > desflu-
rane. Enzyme induction with ethanol or phenobarbital
increases the rate of defluorination. CYP 2E1 may also
be induced by fasting, obesity, diabetes, isoniazid, ketones
and isopropyl alcohol (Table 1.8). In some cases, it may
produce activation of some carcinogens.

Cytochrome P450 isoenzymes have also been iden-
tified at many extrahepatic sites. Cerebral isoenzymes
are considered to play an important role in the regu-
lation of certain steroids that control mood and sleep
patterns.

Other phase 1 reactions

Although most drug oxidation and reduction is depen-
dent on isoforms of cytochrome P450, some endoge-
nous compounds (e.g. dopamine, tyramine) are metab-
olized by monoamine oxidase, which is predominantly
present in mitochondria. Similarly, ethyl alcohol is oxi-
dized and chloral hydrate is reduced by alcohol dehydro-
genase, which is present in the cytoplasm of liver cells
(Table 1.7).

Most esters and amides are primarily metabolized by hy-
drolysis. Drug breakdown may be dependent on certain
microsomal enzyme systems (e.g. the carboxylesterases,
which hydrolyse diamorphine to 6-monoacetylmorphine,
and pethidine to pethidinic acid). Alternatively, it may oc-
cur in plasma (e.g. the hydrolysis of suxamethonium by
butyrylcholinesterase), in erythrocytes (the hydrolysis of
esmolol and remifentanil by acetylcholinesterase), or at
the neuromuscular junction (e.g. the hydrolysis of acetyl-
choline). Many amides (e.g. lidocaine, prilocaine) are bro-
ken down in the liver by amidases.

Phase 2 reactions

Phase 2 reactions (synthetic reactions) involve the conju-
gation of other chemical groups with the oxidized, reduced
or hydrolysed products of phase 1 reactions. Some rela-
tively polar drugs may only be metabolized by phase 2
reactions. The metabolic changes that occur during phase
2 reactions usually involve the addition of glucuronide,
sulphate, acetate, glycine or methyl groups to the prod-
ucts of phase 1 reactions. The most important of these
reactions is glucuronide conjugation.



Table 1.8 The main forms of cytochrome P450 involved in hepatic drug metabolism in humans.

Enzyme isoform Typical substrates Inhibitors Biological properties

CYP 1A2 Caffeine Benzoflavone 13% of total hepatic cytochrome P450
Clomipramine Cimetidine Only present in liver
Imipramine Fluvoxamine Induced by phenobarbital, phenytoin,
Lisophylline Furafylline omeprazole, cigarette smoke
Oestrogens Polycyclic aromatic hydrocarbons
Ondansetron Cruciferous vegetables
Phenacetin Marked interindividual
Ropivacaine variation in expression (40-fold)
Theophylline
R-warfarin

CYP 2C8 Carbamazepine Cimetidine 4% of total hepatic cytochrome P450
Diazepam Narrow substrate specificity
Pioglitazone Inducible by phenobarbital and rifampicin
Paclitaxel
Rosiglitazone
Taxol
Zopiclone

CYP 2C9 Diclofenac Fluconazole 17% of total hepatic cytochrome P450
Fluoxetine Fluvastatin Individual variation in expression in human liver,
Ibuprofen Sulfaphenazole due to genetic variants with low activity
Losartan Sulfinpyrazone Unaffected by enzyme inducing agents
Omeprazole Trimethoprim
Phenytoin
S-warfarin

CYP 2C19 Citalopram Sulfaphenazole 3% of total hepatic cytochrome P450
Diazepam Subject to genetic polymorphism
Imipramine A mutation is inherited as an autosomal recessive trait
S-mephenytoin
Omeprazole
Proguanil

CYP 2D6 -blockers Cimetidine 2-5% of total hepatic cytochrome P450
Codeine Haloperidol Metabolizes 25% of all drugs
Dextromethorphan Methadone Subject to genetic polymorphism (debrisoquine/sparteine
Flecainide Quinidine polymorphism); presents as autosomal recessive trait
Morphine SSRIs Catalyses many O-demethylation reactions
Fluphenazine

CYP 2E1 Desflurane Diallylsulphide 6% of total cytochrome P450
Ethanol Diethylcarbamate Induced by fasting, obesity, ethanol, isoniazid
Enflurane Disulfiram and benzene
Isoflurane 4-methylpyrazole Metabolizes small molecular weight halogenated
Isoniazid compounds
Sevoflurane

CYP 3A4 Alfentanil Cimetidine 30-60% of total hepatic cytochrome P450
Cortisol Ketoconazole Metabolizes 50% of all drugs
Ciclosporin Gestodene Catalyses many N-demethylated reactions
Erythromycin Grapefruit juice Induced by barbiturates, rifampicin,
Lidocaine Propofol phenytoin, glucocorticoids, St John’s Wort
Midazolam Troleandomycin
Nifedipine

Testosterone
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Table 1.9 Drugs that induce and inhibit cytochrome P450.

Inducers of cytochrome P450

Inhibitors of cytochrome P450

Imidazoles (cimetidine, etomidate,
ketoconazole, omeprazole)
Macrolide antibiotics (erythromycin, clarithromycin)

Barbiturates
Phenytoin
Carbamazepine
Rifampicin Antidepressants
Griseofulvin HIV protease inhibitors
Alcohol (chronic consumption) Ciclosporin
Polycyclic hydrocarbons (tobacco Amiodarone
smoke, grilled meat) Gestodene
Grapefruit juice

Glucuronide conjugation

The conjugation of drugs to glucuronides is mainly depen-
dent on enzyme systems in the hepatic endoplasmic retic-
ulum. The microsomal enzyme glucuronyl transferase
catalyses the transfer of glucuronide residues from UDP-
glucuronide to unconjugated compounds. This process
is responsible for the conjugation of endogenous com-
pounds (e.g. bilirubin, thyroxine) as well as many drugs
(e.g. morphine, steroid hormones). Glucuronide conjuga-
tion usually results in the formation ofacidic drug metabo-
lites with a low pK, (i.e. relatively strong acids) and con-
sequently increases their water solubility.

Other conjugation reactions

Sulphate conjugation may occur in the gut wall or in
the cytoplasm of the liver cell. The enzymes involved
are normally concerned with the synthesis of sulphated
polysaccharides (e.g. heparin). Sulphate conjugation may
be the final step in the metabolism of chlorampheni-
col, isoprenaline, noradrenaline, paracetamol and certain
steroids.

Drug acetylation may take place in several tissues (e.g.
spleen, lung, liver). In the liver, Kupffer cells rather than
hepatocytes may be responsible for conjugation, which
involves the transfer of acetyl groups from coenzyme A
to the unconjugated drug. The rate and extent of acety-
lation in man are under genetic control. Isoniazid, many
sulphonamides, hydralazine and phenelzine are partly me-
tabolized by acetylation.

Glycine conjugation occurs in the cytoplasm of liver
cells. Bromosulphonphthalein and several other drugs are
partly eliminated in bile as glycine conjugates.

Methylation is mediated by enzymes that are present
in the cytoplasm of many tissues, and plays an important
part in the metabolism of catecholamines by the enzyme
catechol-0-methyltransferase.

Induction and inhibition of cytochrome
P450

Induction

Several drugs selectively increase the activity of cy-
tochrome P450, including phenytoin, carbamazepine and
rifampicin (Table 1.9). Enzyme induction usually occurs
within several days and increases liver weight, microso-
mal protein content and biliary secretion. Chronic alcohol
consumption, brussels sprouts, and polycyclic hydrocar-
bons in tobacco and grilled meats, also increase the ac-
tivity of certain isoforms. Polycyclic hydrocarbons mainly
induce CYP 1A2, while barbiturates and phenytoin affect
CYP 1A2 and CYP 3A4. Rifampicin is a potent inducer
of CYP 2D6 and CYP 3A4, while ethyl alcohol induces
CYP 2E1. Enzyme induction usually increases the activity
of glucuronyl transferase, and thus enhances drug con-
jugation. In some instances, drugs may induce their own
metabolism (autoinduction).

Induction of cytochrome P450 may have secondary ef-
fects on other enzyme systems. Hepatic enzyme induc-
tion decreases intracellular haem, reducing its inhibitory
effects on porphyrin synthesis, and this may be significant
in acute porphyria.

Inhibition
Many imidazole derivatives (e.g. omeprazole, etomidate)
combine with the ferric (Fe’*) form of haem, resulting in
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reversible non-competitive inhibition of CYP 3A4 and var-
ious other isoforms. Quinidine is a competitive inhibitor
of CYP 2D6 (although it is not metabolized by this iso-
form). In addition, some synthetic corticosteroids (e.g.
gestodene) are oxidized by CYP 3A4 and combine with
it covalently (‘suicide inhibition’). Furafylline affects CYP
1A2 in a similar manner. Many other drugs also inhibit
some cytochrome P450 isoforms, particularly CYP 3A4
(Table 1.9). Enzyme inhibition may increase plasma con-
centrations of other concurrently used drugs, resulting in
drug interactions (Chapters 4 and 5).

First-pass metabolism

After oral administration, some drugs are extensively me-
tabolized by the gut wall (e.g. chlorpromazine, dopamine)
or by the liver (e.g. lidocaine, pethidine) before they en-
ter the systemic circulation (‘presystemic’ or ‘first-pass
metabolism’). In these conditions, oral administration
may not produce adequate plasma concentrations in the
systemic circulation and may result in an impaired re-
sponse to drugs. First-pass metabolism by the liver is rela-
tively common with drugs that have a high hepatic extrac-
tion ratio (i.e. when the concentration in the hepatic vein
is less than 50% of that in the portal vein). In these condi-
tions, clearance is primarily dependent on liver blood flow
rather than the activity of drug-metabolizing enzymes,
and drugs that reduce hepatic blood flow (e.g. propra-
nolol) may influence the magnitude of the first-pass ef-
fect. Drugs are sometimes given by sublingual or rectal
administration in order to avoid first-pass metabolism in
the liver.

Individual differences in drug metabolism
When some drugs are administered in the same dose to
different patients, plasma concentrations may vary over
a 10-fold range. The phenomenon is sometimes due to
interindividual differences in drug metabolism, which is
an important cause of the variability in response to drugs
(Chapter 5). Most of the available evidence suggests that
the rate and the pattern of drug metabolism are mainly
controlled by genetic factors, including sex, race and eth-
nicity. Some metabolic pathways are subject to genetic
polymorphism (e.g. drug acetylation, ester hydrolysis).
For example, individuals who are deficient in CYP 2D6
(Table 1.8) may have an impaired analgesic response to
codeine, since they convert little or none of the drug to
morphine.

Environmental factors, including diet, cigarette smok-
ing, alcohol consumption and exposure to insecticides,

are probably of lesser importance. However, interindi-
vidual differences in plasma concentrations and vari-
able responses are sometimes related to drug interactions
(Chapter 4), particularly with agents that induce or in-
hibit hepatic enzyme systems. Interactions with enzyme
inducers or inhibitors are commoner with low extraction,
extensively protein-bound drugs whose clearance is de-
pendent on metabolism rather than hepatic blood flow.
High extraction drugs whose clearance is dependent on
hepatic blood flow are unlikely to be involved in signifi-
cant metabolic reactions.

Drug metabolism may be related to age, and the hepatic
metabolism of many drugs is modified in childhood and
in the elderly. Neonates have impaired drug metaboliz-
ing systems, and some isoforms of cytochrome P450 and
glucuronyl transferase may be relatively immature. In the
elderly, drug metabolism is also modified, although altered
environmental influences may be of more importance.

Pathological changes
Pathological changes may affect the metabolism and clear-
ance of drugs in an unpredictable manner. In severe hep-
atic disease (e.g. cirrhosis or hepatitis), the elimination of
drugs that are primarily metabolized may be impaired.
The reduction in clearance may result in drug cumu-
lation, and the urinary elimination of metabolites may
be decreased. Liver disease may also enhance and pro-
long the effects of drugs that are metabolized by plasma
cholinesterase. Any decrease in cardiac output (e.g. due to
heart block, myocardial infarction or hypertension) may
reduce the elimination of drugs whose clearance is depen-
dent on hepatic blood flow. Renal disease usually has little
or no effect on drug metabolism, although polar metabo-
lites may accumulate in plasma and produce toxic effects.
Thus, norpethidine (a demethylated metabolite of pethi-
dine) is normally eliminated in urine, but in renal failure
its excretion is impaired, and may sometimes cause cere-
bral excitation and convulsions.

Hepatic, renal and cardiac diseases are important fac-
tors affecting the variable response to drugs (Chapter 5).

Drug excretion

Almost all drugs and their metabolites are eventually elim-
inated from the body in urine or in bile. Small amounts
of some drugs are excreted in saliva and in milk.

The molecular weight of drugs and their metabolites
plays an important part in determining their route of
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Glomerulus
Filtration of
non-protein-bound drugs

Proximal renal tubule
Active secretion of
weak acids (as anions) and
weak bases (as cations)

elimination. Most low molecular weight compounds and
their metabolites are excreted in urine. By contrast, drugs
with a higher molecular weight (above 400-500 Da in
man) are preferentially eliminated in bile. Thus, biliary
secretion plays an important part in the elimination of
some muscle relaxants, many steroid conjugates and cer-
tain antibacterial drugs (Table 1.2).

The renal elimination of drugs is dependent on three
separate processes that take place at different sites in the
nephron (Fig. 1.9). These are
* Glomerular filtration
* Proximal tubular secretion
* Distal tubular diffusion

Glomerular filtration

Glomerular filtration is partly responsible for the elimi-
nation of poorly lipid-soluble drugs and drug metabolites
in urine. Only the free or unbound fraction in plasma

Distal renal tubule
Passive reabsorption or elimination of
non-ionized forms of weak acids and bases

Fig. 1.9 The renal elimination of drugs
by glomerular filtration, proximal
tubular secretion and distal tubular
reabsorption or excretion. In the distal
renal tubule, weak acids and weak bases
may be reabsorbed or excreted into
urine, depending on their pK, values
and the pH gradient between plasma and
urine.

water is available for filtration by the renal glomerulus.
Nevertheless, since glomerular perfusion time is probably
much longer than the dissociation time from the rapidly
reversible binding to plasma proteins, significant amounts
of protein-bound drugs may be filtered by the glomerulus.

Proximal tubular secretion

The active secretion of drugs by the proximal renal tubule
may lead to their rapid elimination from the body. Prox-
imal tubular secretion is an example of carrier transport,
requires the expenditure of cellular energy, and may take
place against a concentration gradient. A wide number
of drugs and drug metabolites are partly eliminated by
this process (Table 1.1). Acidic and basic drugs are se-
creted by two separate and distinct transport systems.
These are located in related sites in renal tubule cells, and
both have a requirement for cellular energy. Acidic drugs
may compete with each other for tubular secretion, and
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basic drugs may interfere with the elimination of other
bases or cations. Acids do not usually compete with or
affect the secretion of bases. Occasionally, the competitive
inhibition of the tubular transport of acids or bases is of
practical significance (e.g. the inhibition of penicillin se-
cretion by probenecid, or the reduction of urate transport
by thiazide diuretics).

During tubular secretion, only the unbound drug is
transferred from plasma to tubular cells. Nevertheless,
protein or red cell binding does not apparently restrict
tubular secretion, and some drugs that are significantly
bound to plasma proteins (e.g. phenol red, some peni-
cillins) are completely cleared by the kidney in a single
circulation. As discussed above, this probably reflects the
rapid dissociation from plasma protein in relation to the
time required for renal tubular perfusion.

Distal tubular diffusion

In the distal renal tubule, non-ionic diffusion is partly re-
sponsible for the reabsorption and elimination of acids
and bases. In this region of the nephron, there is a con-
siderable H" gradient between plasma and acid urine.
Most acidic drugs are preferentially excreted in alkaline
urine, where they are present as non-diffusible anions.
In acid urine, they are usually present as non-ionized
molecules that can readily diffuse back into plasma. In
these conditions, they are slowly eliminated from the body
and their half-lives may be prolonged. For instance, the
weak acid probenecid is actively secreted in the prox-
imal renal tubule as an anion, i.e. R-COO™. In acidic
conditions (e.g. in the distal renal tubule), it is partially
present in the non-ionized form R-COOH and is exten-
sively reabsorbed. In consequence, its elimination from
the body is relatively slow and its half-life is approximately
6-12 hours.

By contrast, basic drugs (e.g. secondary and tertiary
amines) are preferentially excreted in acid urine (Fig. 1.3).
In these conditions they can readily diffuse from plasma
to urine where they are trapped as cations. This provides
a gradient for the diffusion of the non-ionized drug from
plasma to urine. Many basic drugs are highly lipid-soluble
and extensively bound to plasma proteins and may not
be significantly eliminated by glomerular filtration or by
tubular secretion. Diffusion of the non-ionized fraction
from the relatively alkaline plasma to acid urine (Fig. 1.3)
may be the only method responsible for the elimination of
these drugs. At one time, the effects of changes in urine pH
on the elimination of weak acids and bases were sometimes
utilized in the treatment of drug overdosage.

Biliary excretion

The biliary excretion of drugs and drug metabolites is usu-
ally less important than their renal elimination. Neverthe-
less, almost all drugs or their metabolites can be identified
in bile after oral or parenteral administration (although
only trace amounts of many compounds may be detected).
Biliary excretion is usually the major route of elimination
of compounds with a molecular weight of more than 400—
500 Da.

Tonized or partly ionized drugs and their metabolites
are usually eliminated from liver cells by active transport.
High molecular weight anions (including glucuronide and
sulphate conjugates) and cations (including quaternary
amines) are actively transferred from hepatocytes to the
biliary canaliculus by separate transport systems, which
are dependent on Nat/Kt ATPase. Biliary secretion is rel-
atively non-specific, saturable and can be competitively or
non-competitively inhibited by other drugs. Thus, anions
compete with each other for canalicular transport, while
basic drugs interfere with the elimination of other bases
or cations. In many respects, the biliary secretion of an-
ions and cations is similar to their active transport in the
proximal renal tubule, and accounts for the high concen-
trations of certain drugs in bile (in some instances, more
than 100 times their plasma level).

The phenomenon is sometimes of practical signifi-
cance. The visualization of contrast media during radi-
ological examination of the biliary tract is dependent on
their active secretion and concentration in bile. Similarly,
the high concentrations of ampicillin and rifampicin that
are eliminated in bile may account for their effective-
ness in enteric infections. Many muscle relaxants are also
present in high concentrations in bile. Monoquaternary
compounds (e.g. vecuronium) are more extensively elimi-
nated than their bisquaternary analogues (pancuronium),
and this may partly account for the differences in their du-
ration of action.

Enterohepatic circulation

Many compounds that are eliminated in bile as glu-
curonide conjugates are hydrolysed in the small intestine
by bacterial flora that secrete the enzyme glucuronidase.
After hydrolysis the unchanged drug is reabsorbed, me-
tabolized and re-excreted as a glucuronide conjugate
(Fig. 1.10). This ‘enterohepatic circulation’ of drugs
may occur many times before compounds are finally
eliminated from the body and is often associated with
a substantial first-pass effect and a prolonged plasma

half-life.
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Hydrolysed by bacterial flora

Gut Drug h
Portal vein Systemic
Drug . .
circulation
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Fig. 1.10 The enterohepatic circulation
of drugs. Only small amounts of the
absorbed drug and its conjugates escape

Many oestrogens have an extensive enterohepatic cir-
culation. During broad-spectrum antibiotic therapy, oe-
strogen conjugates may not be hydrolysed in the small
intestine, and their elimination in the gut is enhanced.
This phenomenon may sometimes be responsible for the
failure of oral contraception in these patients.

The trace amounts of many drugs that are eliminated
unchanged in bile are probably directly transferred from
hepatic arterial blood to intrahepatic bile ducts via the
peribiliary plexus. The transference of drugs may be modi-
fied by the hormone secretin, which also increases bile flow
by its action at this site.

Excretion in saliva and milk

Small amounts of most drugs are excreted unchanged in
saliva and in milk. The elimination of drugs by these
routes is usually dependent on simple physical princi-
ples. Non-protein bound, lipid-soluble, small molecular
weight drugs can readily diffuse into saliva and milk, where
their levels may be similar to the plasma concentration.
As the pH of saliva and milk is slightly acid compared
with plasma, the concentration of weak acids will be re-
duced (although weak bases may be slightly concentrated).
Some ions (e.g. chloride, iodide) may be actively secreted
into saliva and milk. Nevertheless, drug excretion by these

recirculation and enter the systemic
circulation.

routes is usually of little quantitative significance. Occa-
sionally, the elimination of trace amounts of certain drugs
in milk (e.g. many opioid analgesics and most hypnotic
and tranquillising drugs) may make breast-feeding inad-
visable when patients are on continual therapy. Muscle
relaxants and their antagonists are not significantly elim-
inated in saliva or in milk.

Suggested reading

Bates, I.P. (1985) Permeability of the blood-brain barrier.
Trends in Pharmacological Sciences 6, 447—450.

Birkett, D.J., Mackenzie, P.I., Veronese, M.E. & Miners, J.O.
(1993) In vitro approaches can predict human drug
metabolism. Trends in Pharmacological Sciences 14, 292—
294.

Calvey, T.N. (2001) Enzymes. Anaesthesia and Intensive Care
Medicine 2, 322-323.

Calvey, T.N. (2005) Enzyme inducers and inhibitors: addition,
subtraction and synergism. Anaesthesia and Intensive Care
Medicine 6, 139—140.

Chang, GW.M. & Kam, P.C.A. (1999) The physiological and
pharmacological roles of cytochrome P450 isoenzymes.
Anaesthesia 54, 42-50.



22

Cholerton, S., Daly, A.K. &Idle, J.R. (1992) The role of individ-
ual human cytochromes P450 in drug metabolism and clin-
ical response. Trends in Pharmacological Sciences 13, 434—
439.

Fehrenbach, A. (1987) Drugs in breast milk. British Journal of
Pharmaceutical Practice 9, 288—290.

George, C.E. (1981) Drug metabolism by the gastro-intestinal
mucosa. Clinical Pharmacokinetics 6, 259-274.

Gonzalez, EJ. (1992) Human cytochromes P450: problems and
prospects. Trends in Pharmacological Sciences 13, 346—352.

Guengerich, EP. (1989) Characterization of human microso-
mal cytochrome P-450 enzymes. Annual Review of Pharma-
cology and Toxicology 29, 241-264.

Iohom, G., Fitzgerald, D. & Cunningham, A.J. (2004) Principles
of pharmacogenetics — implications for the anaesthetist.
British Journal of Anaesthesia 93, 440-450.

Kharasch, E.D. & Thummel, K.E. (1993) Identification of
cytochrome P450 2E1 as the predominant enzyme
catalysing human liver microsomal defluorination of
sevoflurane, isoflurane and methoxyflurane. Anesthesiology
79, 795-807.

Krishna, D.R. & Klotz, U. (1994) Extrahepatic metabolism
of drugs in humans. Clinical Pharmacokinetics 26, 144—
160.

Lieber, C.S. (1997) Cytochrome P-450 2E1: its physiological
and pathological role. Physiological Reviews 77, 517-544.

Lin, J.-H & Lu, A.Y. (2001) Interindividual variability in inhibi-
tion and induction of cytochrome P450 enzymes. Annual
Review of Pharmacology and Toxicology 41, 535-567.

Okey, A.B. (1990) Enzyme induction in the cytochrome P-450
system. Pharmacology and Therapeutics 45, 241-298.

Pardridge, W.M. (1988) Recent advances in blood—brain barrier
transport. Annual Review of Pharmacology and Toxicology
28, 25-39.

Pleuvry, B.J. (2002) Body compartments and drug distribution.
Anaesthesia and Intensive Care Medicine 3, 256—260.

Pleuvry, B.J. (2005) Factors affecting drug absorption and dis-
tribution. Anaesthesia and Intensive Care Medicine 6, 135—
138.

Routledge, P.A. (1986) The plasma protein binding of basic
drugs. British Journal of Clinical Pharmacology 22, 499-506.

Schinkel, A.H. (1997) The physiological function of drug-
transporting P-glycoproteins. Seminars in Cancer Biology
3,161-170.

Somogyi, A. (1996) Renal transport of drugs: specificity and
molecular mechanisms. Clinical and Experimental Pharma-
cology and Physiology 23, 986—989.

Spatzeneger, M. & Jaeger, W. (1995) Clinical importance of hep-
atic cytochrome P450 in drug metabolism. Drug Metabolism
Reviews 27, 397-417.

Stoughton, R.B. (1989) Percutaneous absorption of drugs. An-
nual Review of Pharmacology and Toxicology 29, 55-69.
Tamai, I. & Tsuji, A. (2000) Transporter-mediated permeation
of drugs across the blood-brain barrier. Journal of Pharma-

ceutical Sciences 89, 1371-1388.

Tanaka, E. (1999) Update: genetic polymorphism of drug me-
tabolizing enzymes in humans. Journal of Clinical Pharmacy
and Therapeutics 24, 323-329.

Tucker, G.T. (1979) Drug metabolism. British Journal of Anaes-
thesia 51, 603—618.

Tucker, G.T. (1994) Clinical implications of genetic polymor-
phism in drug metabolism. Journal of Pharmacy and Phar-
macology 46, 417-424.

Wood, M. (1997) Drug distribution: less passive, more active?
Anesthesiology 87, 1274-1276.

Zhang, Y. & Benet, L.Z. (2001) The gut as a barrier to drug
absorption: combined role of cytochrome P450 3A and P-
glycoprotein. Clinical Pharmacokinetics 40, 159-168.



Pharmacokinetics

Pharmacokinetics was originally defined as the quantita-
tive study and mathematical analysis of drug and drug
metabolite levels in the body. More recently, the term
has been generally applied to the processes of drug ab-
sorption, distribution, metabolism and excretion, and
to their description in numerical terms. Pharmacokinet-
ics is sometimes described as ‘what the body does to
drugs’.

Since 1960, many sensitive analytical techniques, in-
cluding high performance liquid chromatography, mass
spectrometry and radioimmunoassay, have been used
to measure the concentration of many drugs and their
metabolites in plasma and urine. Changes in drug con-
centration in relation to time have been assessed and used
to derive pharmacokinetic constants that describe the be-
haviour of drugs in the body. These constants can be used
to determine the loading dose and the rate of infusion re-
quired to maintain steady-state concentrations in plasma,
and to predict the rate and extent of drug cumulation.
They can also be used to predict the modification of drug
dosage required in renal and hepatic disease, and to deter-
mine the possible effects of other agents and pathological
conditions on drug disposition.

The two most important pharmacokinetic constants are
¢ Volume of distribution (V)

* Clearance (CL)

The volume of distribution represents the apparent vol-
ume available in the body for the distribution of the drug,
while the clearance reflects the ability of the body to elim-
inate the drug.

These constants are related to the terminal or ‘elimi-
nation’ half-life of the drug, which is defined as the time
required for the plasma concentration to decrease by 50%
during the terminal phase of decline, by the expression:

Vv Vv

X ——=kXx —

: CL CL
where k is a constant (In 2 = 0.693). Consequently, the
terminal half-life is a hybrid constant, which depends on
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the primary pharmacokinetic constants V and CL. A pro-
longed terminal half-life may reflect an increased volume
of distribution, a reduced clearance, or both these changes.
Similarly, a shorter terminal half-life may represent a de-
creased volume of distribution, an increased clearance, or
both phenomena. When the terminal half-lives of drugs
are compared, differences between them do not necessar-
ily reflect changes in drug elimination.

Volume of distribution

The volume of distribution represents the relation be-
tween the totalamount of a drugin the body and its plasma
concentration, and thus reflects the process of drug disper-
sal in the body. It is dependent on the partition coefficient
of the drug, regional blood flow to tissues and the degree
of plasma protein and tissue binding.

Although the volume of distribution is an apparent vol-
ume, and does not correspond to anatomical or physio-
logical tissue compartments, it may be of some practical
significance.

When measured by pharmacokinetic analysis, its value
for various drugs in adults ranges from 50 to 21,000 mL
kg™! (Table 2.1). Drugs with a volume of distribution of
50-150 mL kg~! are predominantly localized in plasma
or are extensively bound by plasma proteins (e.g. hep-
arin, warfarin). Drugs with a slightly higher distribution
volume (150-250 mL kg™') are mainly present in extra-
cellular fluid (e.g. muscle relaxants). Conversely, when the
volume of distribution is greater than the presumed values
for total body water (i.e. 500-700 mLkg ™), there is exten-
sive tissue distribution of drugs (although the specific sites
of drug distribution cannot be determined or inferred).
In these circumstances, the concentration in tissues may
be higher than in plasma. The binding of drugs by tis-
sue constituents is not uncommon, and drugs that are
bound by tissues and have relatively high apparent vol-
umes of distribution include fentanyl, digoxin, propofol,
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Table 2.1 The volume of distribution of some common drugs in normal adult patients.

Volume of distribution

Volume of distribution

Drug (mL kg™!) (L70kg™!)
Heparin 58 (47-69) 4 (3-5)
Warfarin 140 (80-200) 10 (7-14)
Acetylsalicylic acid 150 (120-180) 11 (8-13)
Atracurium 160 (110-210) 11 (8-15)
Chlorothiazide 200 (120-280) 14 (8-20)
Vecuronium 230 (160-300) 16 (11-21)
Pancuronium 270 (200-340) 19 (14-24)
Ethanol 540 (490-590) 38 (34-41)
Alfentanil 800 (500-1100) 56 (35-77)
Lidocaine 900 (500—1300) 63 (35-91)
Bupivacaine 1050 (650-1450) 74 (46-102)
Prilocaine 2700 (2100-3300) 189 (147-231)
Morphine 3500 (2600-4400) 245 (182-308)
Pethidine 4000 (3100-4900) 280 (217-343)
Fentanyl 4000 (3600—4400) 280 (252-308)
Digoxin 5500 (4000-7000) 385 (280-490)
Propofol 8000 (4000—12,000) 560 (280—840)
Imipramine 18,000 (15,000—-21,000) 1260 (1050-1470)
Chlorpromazine 21,000 (12,000-30,000) 1470 (840-2100)

The values shown are approximate and represent means and normal ranges (in parentheses).

most phenothiazines and most antidepressant drugs
(Table 2.1).

The volume of distribution of drugs may be modified
by age and physiological factors, since extracellular fluid
volume is greater in infants and during pregnancy than in
adults, and may also be affected by disease (e.g. renal and
cardiac failure).

An appreciation of the total apparent volume of dis-
tribution of potentially toxic drugs may be relevant
to the management of drug poisoning. Drugs with a
large volume of distribution may take many hours or
days to be entirely removed from the body. In con-
trast, drugs with a relatively small volume of distribu-
tion may be rapidly eliminated (as long as they are not
significantly metabolized or extensively bound by plasma
proteins).

Clearance

Clearance represents the volume of blood or plasma from
which a drug would need to be completely removed in unit

time in order to account for its elimination from the body.
It is therefore a theoretical concept, since in practice drugs
are incompletely removed from a rather larger volume of
plasma. Clearance values are usually expressed as a volume
cleared in unit time and are usually measured in mL min !
orLh™.

Alternatively, clearance can be defined as the rate of drug
elimination (in mg min~!) per unit of blood or plasma
concentration (in mg mL™!), and

plasma clearance (mL min~")

rate of drug elimination (mg min™")

plasma concentration (mg mL~!)

Since plasma clearance is normally constant, the rate of
drug elimination is directly proportional to plasma con-
centration.

Total body clearance is the sum of different ways of drug
elimination that are carried out by various organs in the
body:

CL = CLR + CLH + CLX
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where CL is total clearance, CLp is renal clearance,
CLy is hepatic clearance and CLy is clearance by other
routes.

Renal clearance
In many instances, the renal clearance of drugs can be
directly measured by classical methods,

i.e. renal clearance = rate of urine flow (mL min~!)

. . 1
urine concentration (mg mL™ ")

plasma concentration (mg mL™!)

Consequently, separate estimates may be obtained for
renal clearance (CLr) and extrarenal clearance (CLgg),
where CLgg = CL — CLg. These values may be useful in
assessing the relative importance of renal and hepatic
function in drug elimination. When the total body clear-
ance of drugs is predominantly due to renal excretion
(i.e. when CLg > 0.7 CL), drug cumulation may occur
in renal failure or during renal transplantation. By con-
trast, when CLy < 0.3 CL, renal disease has little effect on
drug elimination, and drug clearance is mainly dependent
on metabolism or biliary excretion. Although these pro-
cesses may be affected by liver disease, the effects of hep-
atic dysfunction on the clearance of drugs are usually less
predictable.

Hepatic clearance
The clearance of most drugs from thebody is dependent on
the liver (either by hepatic metabolism and/or biliary ex-
cretion). In steady-state conditions, the removal of drugs
by the liver can be expressed by the extraction ratio (ER).
This can be defined as

_Ca_CV_
== =

Gy

ER 1 ——

Ca
where C, is the drug concentration in mixed portal venous
and hepatic arterial blood, and C, is the drug concentra-
tion in hepatic venous blood. The ER is an overall measure
of the ability of the liver to remove drugs from the hep-
atic capillaries and reflects drug metabolism and biliary

secretion.

The most generally accepted model of hepatic clear-
ance assumes that the unbound concentration of drugs in
hepatic venous blood and in liver cell water is equal. In

these conditions, the elimination of drugs by the liver is
dependent on

* Hepatic blood flow (Q)

* The proportion of unbound drug in blood ( f)

* The rate of hepatic clearance (CLjpinsic)

Hepatic clearance represents the product of hepatic blood
flow (Q) and the ER, i.e.

CLy = Q x ER

Hepatic clearance can also be expressed in terms of blood
flow and ‘intrinsic clearance’ (CLiyinsic)s 1.-€.

CLintrinsic X f
Q + (CLintrinsic X f)

CLH:QX

CLinwrinsic represents the rate at which liver water is cleared
of drug (measured in mL min~!) and f is the fraction of
the drugunbound in blood. Intrinsic clearance is indepen-
dent of blood flow and represents the maximum ability of
the liver to irreversibly eliminate drugs by metabolism or
biliary excretion. It has a unique value for different drugs
and can be interpreted in terms of enzyme kinetics as the
ratio Vi /K (page 37).

Low extraction drugs
When intrinsic clearance (CLinrinsic) 18 relatively low com-
pared to blood flow (Q), then

Q + (CLintrinsic X f) ~ Q
and
CLH ~ CLintrinsic X f

In these circumstances, hepatic clearance depends only
on intrinsic clearance and the fraction of the drug that
is unbound in blood. This type of drug elimination
(‘capacity-limited’ or ‘restrictive elimination’) is charac-
teristic of the hepatic elimination of phenytoin, theo-
phylline and warfarin, as well as most barbiturates and
benzodiazepines. These drugs have a limited first-pass ef-
fect after oral administration and a low hepatic ER (i.e.
<0.3). Their clearance is relatively low and is unaffected by
alterationsin liver blood flow, butis profoundly influenced
by changes in hepatic enzyme activity. These changes may
beinduced by other drugs or environmental agents, as well
as age, malnutrition or disease, which characteristically
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affect the hepatic clearance of these compounds. Conse-
quently, drugs that induce cytochrome P450 (e.g. barbi-
turates, phenytoin, rifampicin) may increase the hepatic
clearance of low extraction drugs, while drugs that in-
hibit this enzyme system (e.g. imidazoles, macrolide an-
tibiotics) reduce the clearance of drugs that are poorly
extracted by the liver.

Since CLy = (CLinginsic X f), hepatic clearance is also
dependent on the fraction of the unbound drug in blood
and may be modified by plasma protein binding. Drugs
that are only slightly bound (i.e. 20-30% or less) may
be unaffected by changes in protein binding (‘capacity-
limited, binding-insensitive drugs’). On the other hand,
the clearance and terminal half-life of extensively bound
drugs will be modified by changes in protein binding
(‘capacity-limited, binding-sensitive drugs’).

High extraction drugs
When intrinsic clearance (CLinyinsic) is relatively large
compared to blood flow, then

Q + (CLintrinsic X f) ~ CLintrinsic X f
and
CLy ~ Q

In these conditions, hepatic clearance is relatively high
(10-21 mL kg min~! in adults) and is determined by
liver blood flow (‘flow-limited” or ‘non-restrictive’ elimi-
nation). The hepatic clearance of some opioid analgesics,
local anaesthetics and propofol is flow-dependent (Table
2.2). The hepatic ER is usually high (i.e. 0.7 or more)
and there is a substantial first-pass effect after oral ad-
ministration. Their hepatic clearance may be modified
by changes in liver blood flow, but is not influenced by
alterations in hepatic enzyme activity or plasma protein
binding.

Although this classification is useful, many drugs can-
notberigidly classified aslow extraction or high extraction
compounds. Their elimination may be partly dependent
on intrinsic clearance (enzyme activity and/or biliary se-
cretion) and partly on hepatic blood flow, depending on
the conditions in which hepatic clearance is assessed. Nev-
ertheless, these concepts provide a physiological approach
to the hepatic clearance of drugs and illustrate the unpre-
dictable relationship between plasma protein binding and
drug elimination. When the hepatic clearance of drugs
is dependent on intrinsic clearance (i.e. with low extrac-
tion drugs), significant protein binding may reduce the
concentration of free drug and restrict its elimination. By

Table 2.2 The hepatic clearance of some common drugs in
normal adult patients.

Hepatic clearance  Hepatic clearance

Drug (mLmin~'kg™!) (mLmin~' 70 kg~!)
Warfarin 0.05 (0.03-0.07) 3.5(2.1-4.9)
Phenytoin 0.1 (0.07-0.13) 7 (4.9-9.1)
Diazepam 0.4 (0.3-0.5) 28 (21-35)
Theophylline 0.5 (0.3-0.7) 35 (21-49)
Temazepam 1.0 (0.7-1.3) 70 (49-91)
Chlorphenamine 1.7 (1.6-1.8) 119 (112-126)
Thiopental 2.9 (2.2-3.6) 203 (154-252)
Atracurium 6.2 (4.2-8.2) 434 (294-574)
Ketamine 6.6 (4.0-9.2) 462 (280-644)
Alfentanil 6.7 (4.3-9.1) 469 (301-637)
Fentanyl 13.0 (11.0-15.0) 910 (770-1050)
Lidocaine 17.0 (12.6-21.4) 1190 (882-1498)
Pethidine 17.0 (12.0-22.0) 1190 (840-1540)
Morphine 24.0 (14.0-34.0) 1680 (980-2380)
Propofol 28.1 (23.3-32.9) 1967 (1631-2303)

The values shown are approximate and represent means and normal
ranges (in parentheses).

contrast, when clearance is dependent on hepatic blood
flow, protein binding has little or no effect. Characteristi-
cally, the clearance of these drugs is relatively high and is
dependent on and determined by liver blood flow
(21 mL kg~! min~! in adults). The half-life may be mod-
ified by changes in liver blood flow, but is relatively insen-
sitive to alterations in hepatic enzyme activity or plasma
protein binding.

Measurement of clearance and volume of
distribution

Clearance
Clearance is usually calculated from the equation:

dose

- AUC
where AUC is the area under the plasma concentration —
time curve between t = 0 and ¢t = co. The AUC can be
estimated by the ‘trapezoidal rule’ which depends on the
measurementand summation of the area of each trapezoid
between successive sampling times and the correspond-
ing plasma concentrations (Fig. 2.1). The area (‘terminal
area’) between the plasma concentration and time of the
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Fig. 2.1 Determination of the AUC by the trapezoidal rule. The
area of each trapezoid between successive sampling times and
the corresponding plasma concentrations is calculated, and the
area between 0 and 150 minutes is derived by summation. The
remaining terminal area between the plasma concentration and
time of the final sample and t = oo is calculated from the slope
of the terminal decline.

final sample and r = oo can be estimated from the slope
of the terminal decline in plasma concentration.

Volume of distribution
The volume of distribution can be calculated from the
product of the mean residence time (MRT) and the clear-
ance, i.e., V. = MRT x CL. The MRT is the mean time that
each drug molecule resides in the bodys; it can be deter-
mined from the relationship:

AUC
where AUMC is the total area under the first moment
of the plasma concentration — time curve (i.e. the area
under the plasma concentration x time versus time curve,
extrapolated to infinity).

Measurement of the volume of
distribution and clearance by
compartmental analysis

The volume of distribution and clearance of drugs can
also be determined by compartmental analysis. A suitable

pharmacokinetic model is used to illustrate the distribu-
tion and elimination of the drug, and values for its volume
of distribution and clearance are derived from the param-
eters of the model.

One-compartment open model

In the past, the pharmacokinetics of many drugs was
described in terms of a simple, one-compartment open
model (Fig. 2.2). The body is considered in a highly
simplified manner as a single homogenous entity or

Drug administration

k (min™")

v

Drug elimination

Fig. 2.2 A one-compartment open pharmacokinetic model.
The constant k represents the elimination rate constant,
measured in units of reciprocal time (e.g. min~!). The
concentration declines in a monoexponential manner, as
expressed by the equation C, = Coe ™.
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compartment, and drugs are administered into and elim-
inated from this compartment. The rate of drug elimina-
tion (k) is assumed to be proportional to the amount of
drug in the compartment at any time, while the concen-
tration (C) decreases with time () in a monoexponential
manner, as expressed by the equation C; = Cye~ ", where
e = 2.718 (Appendix).

Although one-compartment models have the advan-
tage of mathematical transparency and simplicity, they
have considerable limitations, and are not consistent with
the behaviour of most common drugs or anaesthetic
agents.

Two-compartment open model

After intravenous injection, the concentration of most
drugs in plasma rapidly declines due to their distribu-
tion. This decline is usually called the distribution or
rapid disposition phase, and its rate and extent are mainly
dependent on the physicochemical characteristics of the
drug, particularly its molecular weight and lipid solubil-
ity. The distribution phase (or phases) is followed by a
slower decline in plasma concentration (the terminal or
elimination phase), which usually reflects its elimination
by metabolism and excretion.

A typical biphasic decline occurs when a bolus dose of
lidocaine (1 mg kg™!) is given intravenously (Fig. 2.3).
The initial fall in concentration due to drug distribution
is followed by a slower decline due to drug elimination.
When the logarithm of the plasma concentration of li-
docaine is plotted against time, there is a linear relation-
ship between the variables during the terminal elimination
phase, and the decrease in plasma concentration can be re-
solved into two exponential components by extrapolation.
In this procedure, the terminal decline in plasma concen-
tration during the elimination or -phase is extended to
the ordinate ( y-axis), which it intersects at point B. Sub-
traction of the extrapolated values from the initial data
points gives a series of residual values which represent
the initial (o) phase of exponential decline, and are de-
fined by a regression line that intercepts the ordinate at A.
Both a- and B-phases have characteristic slopes (o« and )
and half-lives (t,, and ty,). The intercepts on the ordi-
nate (A and B) represent the amount that each half-life
contributes to the decrease in plasma concentration after
intravenous lidocaine. Approximately 80% of the decrease
in concentration occurs during the initial distribution
phase.
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Fig. 2.3 Biexponential decline in the plasma concentration of
lidocaine (1 mg kg™!, i.v.). The abcissae (x-axis) shows the time
in minutes, and the ordinate ( y-axis) the plasma concentration
of lidocaine (logarithmic scale). B represents the initial
concentration of the slower B-phase of exponential decline,
extrapolated to zero time. Extrapolated values on this line were
subtracted from the initial data points to give a series of residual
values (x ). The least squares regression line through these
points corresponds to the rapid disposition a-phase, which
intercepts the ordinate at A.

Numerical values for the slopes o and 3 can be derived
from the equations:

In2 In2
a= 22 and B:n—

2 g
and the plasma concentration (C,) of lidocaine at time ¢
is given by the expression representing the sum of the two
exponential components, i.e.

C,= Ae ™ + Be ®

where A and B are the intercepts on the ordinate, a and
[ are hybrid rate constants (i.e. they are dependent on
other constants) and e = 2.718 (Appendix). Values for A,
B, aand B can be derived by graphical methods, or more
accurately determined by digital computer programs. In
the case of lidocaine, the plasma concentration (C,) at
time ¢ is given by the expression:

Cp — 87746—0.895t + 11476—0.03091

where C, is measured in ng mL™" and ¢ in minutes.
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Lidocaine (1 mg kg, i.v)
k12=0.583 min_l .
Central Peripheral
—
compartment compartment
= — —
V = 101 mL kg™ V = 452 mL kg™!
k21: O 1 30 min71
Fig. 2.4 A two-compartment open I
model for lidocaine disposition. The
constants kj, and ky; govern drug
transfer between the central and kyo=10.213 min!

peripheral compartments. kjg is the
elimination rate constant.

The biexponential decline in the plasma concentra-
tion of lidocaine can be interpreted in terms of a
two-compartment open pharmacokinetic model (Fig.
2.4). The model consists of a relatively small central com-
partment, into which lidocaine is administered and from
which it is eliminated, and a larger peripheral compart-
ment. The rate of drug elimination is governed by the rate
constant kjo, and reversible drug transfer between the two
compartments is governed by the rate constants k;, and
ky1. The central and the peripheral compartments have
no direct physiological significance, and their parameters
and constants are solely determined by the behaviour of
lidocaine in the body.

The two-compartment model is essentially a theoreti-
cal concept which accounts for the observed biexponen-
tial decline in the plasma concentration of lidocaine. In
the case of lidocaine (and most other drugs), the central
compartment consists of extracellular fluid and some in-
tracellular water of highly perfused organs. The peripheral
compartment consists of less well-perfused tissues (e.g.
most skeletal muscle, fat). During the distribution phase,
the concentration of lidocaine in the central compartment
falls rapidly as the drug is distributed to the peripheral
compartment. After the occurrence of distribution equi-
librium between the two compartments, removal of the
drugis solely dependent on elimination, which is governed
by the rate constant kj.

Resolution of the model assumes that both distribution
and elimination are first-order processes (i.e. that the rate

at which they occur is proportional to the amount of drug
in each compartment). Differential equations can then be
derived that express the rate of change of the amount of li-
docaine in each compartment (dX,; /dt and dX, /dt, where
X, and X; are the amounts of drug in each compartment
at time ). The solution of these differential equations for
dX, /dt and dX,/dt, and the conversion of X; and X, to
concentrations, gives expressions that relate the concen-
tration of the drug in the central compartment and the
peripheral compartment to the constants A, o, B and (3,
and to time.
In the case of the central compartment,

C) = Ae ™ + Be P!

This expression has an identical form to the equation that
describes the biexponential decline in the plasma concen-
tration of lidocaine after intravenous injection. Conse-
quently, values for A, o, B and B can be derived from
the measured plasma concentrations, and then used to
derive other parameters of the two-compartment open
model (e.g. the area under the plasma concentration —
time curve (AUC), the clearance (CL), the volume of dis-
tribution (V), as well as the rate constants ki,, kjo and
k»1), using the formulae:

A B
AUC = = 4+ =
a B
dose dose
CL = =
AUC 3 + g
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AB + Ba
ky =
A+ B

of

kg = —

10 o
kip = a+ B — (ko + kio)
Vo _ dose B dose

YT B(AUC) T B(A/a+ B/B)
Vi — dose o k12 + ko
A+ B ko,

Analysis of the plasma concentration of lidocaine after
intravenous injection gave the following values, using a
digital computer program:

A=8774ngmL !

a = 0.895min !

ty,o = 0.77 min

B = 1147 ngmL™!

B = 0.0309 min~!

ty,g = 22.4 min

AUC = 46692 ng mL™! min

CL=214mL min ' kg!

ky; = 0.130 min~!

k]() =0.213 min_l

k12 = 0.583 min~!

Virea = 693 mL kg ™!

Vi = 553 mL kg ™!

Vi = 101 mLkg™!

Vy = 452 mL kg ™!

As shown above, two expressions for the volume of dis-
tribution ( Ve, and Vi) can be calculated. Ve, expresses
the relation between the total amount of lidocaine in the
body and its concentration in the central compartment
during the terminal phase when distribution equilibrium
has been established. V,., may overestimate the true vol-
ume of distribution when rapid drug elimination occurs
and clearance is high. Vi (the volume of distribution at
steady state) is not dependent on the rate of drug elimina-
tion, and therefore usually provides the more accurate and
reliable value. In the case of lidocaine, Vi, (693 mLkg™!)
is greater than V, (553 mLkg™!), although both values are
similar to presumed values for total body water. The vol-
ume of the central compartment (101 mLkg™!) is approx-
imately twice the plasma volume, while the clearance of
lidocaineis similar to liver blood flow (21 mL min~! kg~1).

Three-compartment models
Although the pharmacokinetics of many drugs is consis-
tent with a two-compartment solution, models of greater

complexity may provide a better interpretation of the
experimental data. The decline in the plasma concen-
tration of many opioids, as well as some muscle relax-
ants and intravenous anaesthetics, can often be resolved
into three exponential components. Consequently, the
plasma concentration C, at time t is defined by the
expression:

Cp = Ae™™ + Be P4 Ce™!,

and values for the intercepts (A, B and C) and the slopes
(o, B and y) of the three components can be obtained.
After an intravenous bolus dose (1 mg kg™!) of propo-
fol, the decline in plasma concentration is consistent with a
triexponential decline. Its concentration rapidly decreases
during the first 10 minutes, and then declines more slowly
for approximately 4 hours (Fig. 2.5). Both these phases of
drug distribution are due to the uptake of propofol by tis-
sues and are followed by a slower decline in plasma concen-
tration due to hepatic elimination (which is constrained by
the slow return of propofol from peripheral tissues). When
the logarithm of the plasma concentration of propofol is
plotted against time, there is a linear relationship between
the variables during the terminal elimination () phase,

)

Plasma concentration of propofol (ng mL™")

1 |0c phase B phase

\

0 240 480 720 960

Time (min)

v phase

Fig. 2.5 Triexponential decline in the plasma concentration of
propofol (1 mg kg™, i.v.). The abcissae (x-axis) shows the time
in minutes, and the ordinate (y-axis) the plasma concentration
of propofol (logarithmic scale). C is the initial concentration of
the slowest y-phase of exponential decline, extrapolated to zero
time. A and B are the intercepts of the rapid a-distribution
phase and the slower B-distribution phase of exponential
decline.
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Propofol
(I mgkg™!, i.v.)
v
Peripheral k= 0.112 min” Central K,y = 0.0419 min™ LI
compartment —ee compartment . compartment
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|
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Fig. 2.6 A three-compartment open model for propofol disposition. Drug administration occurs into and elimination occurs from
the central compartment. The constants kj, k1, ki3 and ks; govern drug transfer between the central and the peripheral

compartments. ki is the elimination rate constant.

and the decrease in plasma concentration can be resolved
into three exponential components by extrapolation. The
three phases of exponential decline all have characteris-
tic slopes (o = 0.301 min~'; = 0.0299 min';and y =
0.0024 min~") and half-lives (ty,, = 2.3 min; ty,5 = 23.2
min; and ty,y, = 289 min). The intercepts on the ordinate
(A, B and C) can be considered to represent the amount
that each half-life contributes to the decrease in plasma
concentration after the bolus dose of propofol. Almost all
the decline in plasma concentration occurs during the a-
and B-phases of drug distribution.

Since the number of compartments required to char-
acterize drug behaviour is always equal to the number of
phases of exponential decline, the decline in plasma con-
centration is interpreted in terms of a three-compartment
model (Fig. 2.6). This consists of a relatively small cen-
tral compartment, into which the drug is administered
and from which it is eliminated, and two larger periph-
eral compartments that are both connected to the cen-
tral compartment. One of the peripheral compartments
is relatively small and well perfused, and reflects the initial
fall in plasma concentration (a-phase), while the other
peripheral compartment is larger and less well perfused,
and is associated with the slower phase of distribution
(B-phase). The rate of drug elimination is governed by

the rate constant ko and bidirectional (reversible) drug
transfer between the central compartment and the pe-
ripheral compartments are governed by the rate con-
stants ki, and kp; (compartment 2) and k;3 and ks
(compartment 3).

Resolution of the three-compartment open model is es-
sentially similar to the two-compartment model and de-
pends on similar assumptions. Values for A, a, B, 3, C and
v are derived from the pharmacokinetic analysis, and used
to derive the parameters of the model, including the vol-
ume of distribution and the clearance. In some instances,
the decrease in plasma concentration is best interpreted by
a three-compartment model with elimination from one of
the peripheral compartments (Fig. 2.7).

In practice, the distinction between two compartment
and three compartment models may be relatively small,
and the choice of model may be influenced by the accu-
racy of the analytical method used to measure drug con-
centration. Similarly, the timing of blood sampling may
influence the choice of a pharmacokinetic model, since
inappropriate sampling times may fail to identify the ini-
tial phase or the terminal phase of exponential decline.
Consequently, technical, analytical and sampling factors
may play an important part in determining the choice of
pharmacokinetic model.
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Fig. 2.7 A three-compartment open model. Drug administration occurs into the central compartment, but elimination occurs from
a peripheral compartment. The constants kj,, ka1, k13 and ks; govern drug transfer between the central and the peripheral

compartments. ky is the elimination rate constant.

Physiological models

The distribution and elimination of some drugs, including
thiopental, lidocaine and inhalational anaesthetics, have
been described in terms of physiological perfusion models.
These depend on the interpretation of drug distribution
in terms of anatomical or physiological spaces, which have
defined volumes, perfusion characteristics and partition
coefficients that are specific for each drug. They are par-
ticularly useful in the modelling of drugs with effects that
produce changes in physiological parameters (e.g. cardiac
output, liver blood flow) and which can thus influence
their own disposition.

In 1960, the disposition of thiopental was classically
described by a physiological perfusion model, which il-
lustrated the importance of redistribution in the termina-
tion of its action. The concentration of the drug in blood,
skeletal muscle and subcutaneous fat at various times after
its administration was shown to be consistent with a rela-
tively simple model (consisting of a central blood pool and
six tissue compartments). It was suggested that thiopental
was primarily removed from the brain by lean body tissues
(e.g. muscle) and that subcutaneous fat only played a sub-
sidiary role. The model was subsequently refined by the in-
clusion of compartments representing drug metabolism,
plasma protein binding and tissue binding. More recent
models have predicted the occurrence of higher peak ar-
terial concentrations in patients with a low cardiac out-
put, and may account for the interindividual variability in

thiopental disposition in patients during induction of
anaesthesia.

Physiological perfusion models have a number of dis-
tinct advantages. They can be used to predict drug con-
centrations at the site of action in tissues. Distribution and
elimination can be precisely described, and they can also
take account oflocal or general physiological changes dur-
ing anaesthesia (e.g. alterations in cardiac output, regional
blood flow and renal function). In some instances, they
can accommodate intrasubject variability in drug disposi-
tion. Unfortunately, they depend on the detailed analysis
of a significant amount of data, and the collection of ap-
propriate tissue samples from anaesthetized patients may
be undesirable or unethical.

Maintenance of constant plasma
concentrations

Values for the volume of distribution and the clearance
of drugs can be used in the design of individual dosage
regimes when drugs are given by intravenous infusion. In
these conditions, a loading dose and a continuous infu-
sion can be used to produce accurate and constant plasma
concentrations. The required loading dose (in wgkg™!) is
given by C, x V, and the rate of infusion (in pg min™"
kg™") by C, x CL, where C,, is the desired steady-state
plasma concentration (g mL™!), V is the volume of dis-
tribution at steady state (mL kg '), and CL is the clearance
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Fig. 2.8 Maintenance of a constant target plasma concentration
(Cp) based on the equations: loading dose = C,, x V; infusion
rate = C, x CL.

(mL min~! kg~!). When drugs are given intravenously
for prolonged periods (e.g. opioid analgesics, induction
agents) this method can be used to provide reproducible
and constant plasma concentrations (Fig. 2.8). Unfortu-
nately, it depends on accurate values for the volume of
distribution and clearance of drugs, which may be sub-
ject to experimental error and considerable interindivid-
ual variability. In addition, the loading dose may result in
transiently high plasma concentrations, and may there-
fore require modification, such as an initially rapid rate of
infusion, rather than a loading dose.

More recently, the BET (bolus, elimination and trans-
fer) method has been used to produce constant and repro-
ducible plasma concentrations of drugs. This procedure is
based on the use of an appropriate compartmental model.
A bolus of drug sufficient to fill the central compartment
to the required concentration is administered, followed by
a continuous infusion at an exponentially declining rate
to compensate for the disappearance of the drug from the
central compartment and its transfer to one or more pe-
ripheral compartments. This method has been used with
computer-controlled programmed infusion devices to de-
liver constant plasma concentrations of several anaesthetic
agents (e.g. propofol, alfentanil), and to maintain them
within the therapeutic range.

Target-controlled infusion systems

In recent years, target-controlled computer systems have
been used to produce desirable plasma concentrations of
drugs after intravenous infusion. In general, the parame-
ters of three compartment models have been used as the
input for pharmacokinetic simulation programs that con-
trol conventional intravenous infusion systems. Computer
programs that can be used to control infusion systems for
various drugs are generally available, and a variety of dif-
ferent algorithms can be used to regulate the infusion rate.
Target-controlled infusion systems can alter the rate of in-
fusion extremely rapidly (e.g. every 10 s) and thus rapidly
achieve the target concentration. These systems rapidly
achieve and maintain steady-state plasma concentrations,
which can then be modified in a controlled manner ac-
cording to the individual pharmacodynamic response.

Pharmacokinetic variability

Identical doses of drugs may result in wide differences
in the plasma concentrations in different patients due to
pharmacokinetic variability. These differences may be re-
lated to variability in the processes of absorption, distri-
bution, metabolism and excretion (Chapter 1), or to phys-
iological changes associated with age, obesity, gender or
pregnancy. They may also be related to genetic variabil-
ity or caused by interaction with other drugs (Chapter 4).
Alternatively, they may be related to the effects of patho-
logical changes on the clearance of drugs.

Hepatic disease

Hepatic disease may have relatively little effect on the phar-
macokinetics of drugs, since the liver has a large reserve
capacity and its metabolic functions may not be compro-
mised until failure is extreme. In general, liver impair-
ment will have the greatest effect on the elimination of
drugs with a low intrinsic hepatic clearance (e.g. theo-
phylline, diazepam, warfarin). The metabolic clearance
of these drugs may be reduced in severe hepatic failure,
resulting in a longer terminal half-life.

Renal disease

Chronic renal disease causes a reduction in creatinine
clearance and the renal elimination of many drugs. In
particular, the clearance of drugs that are almost entirely
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eliminated unchanged by the kidney (e.g. aminoglycoside
antibiotics, digoxin) is reduced.

Renal failure may reduce the clearance and prolong the
duration of action of some muscle relaxants. The action of
gallamine and pancuronium is prolonged in renal failure,
although the duration of action of other non-depolarizing
agents is generally unaffected. These clinical findings are
consistent with the effects of renal impairment on the
clearance of these drugs.

Population pharmacokinetics

Population pharmacokinetic analysis attempts to take ac-
count of interindividual variability to derive constants and
parameters that reflect drug disposition in the entire pa-
tient population. The use of summary statistics derived
from individual pharmacokinetic studies is usually unreli-
able. A more acceptable method depends on the collection
ofasmall number of individual blood samples from alarge
and varied population of patients. Analysis of the data
can be used to assess intraindividual and interindividual
variability, and attempts to relate the variation to patient
characteristics, renal and hepatic function, and concur-
rently administered drugs. In ‘non-linear mixed effects
modelling) an attempt is made to integrate the inherent
interindividual variability into a pharmacokinetic model
by means of appropriate statistical parameters. Data from
all individual patients are included, as well as a note of
their identity. Population pharmacokinetic analysis usu-
ally depends on restricted individual data derived from a
large number of subjects, as well as several assumptions
(e.g. that the form of each individual plasma profile is
identical to the population profile).

The differences between individual pharmacokinetic
constants and the population value are then assessed in
terms of measurable characteristics or ‘fixed effects’ (e.g.
age, weight, creatinine clearance, hepatic clearance), while
other unexplained sources of variability are described as
‘random effects’ Population pharmacokinetics attempts
to interpret as much variability as possible in terms of
measurable characteristics or ‘fixed effects’.

Duration of drug action

In some instances (e.g. organophosphorus compounds,
phenoxybenzamine), the activity of drugs is dependent on
their irreversible combination with enzymes or receptors.
In these conditions, there is often no relationship between

pharmacokinetic parameters and their duration of action.
Their biological effects usually last for days or even weeks,
long after their elimination from the body.

In most other conditions, the activity of drugs is depen-
dent on the presence of an effective concentration at the
site of action, which is in turn dependent on their plasma
concentration. Consequently, if the plasma concentration
is above the minimum effective level when drug distribu-
tion is complete, its subsequent rate of decline due to drug
elimination may be a guide to the duration of action. In
these circumstances, values for the terminal half-lives of
drugs may be used as a guide to their length of action,
particularly when drugs are administered orally.

Terminal half-life

The terminal half-life is usually defined as the time re-
quired for the plasma concentration to decrease by 50%
during the terminal phase. Its value in agents that are
commonly used in anaesthesia varies over an extremely
wide range, from suxamethonium (3-5 min) to diazepam
(24-48 h).

The terminal half-life is often closely related to the pri-
mary pharmacokinetic constants V and CL. In general
terms,

v
ty, X — = kx —,

CL CL
where k is a constant (In 2; 0.693).

Consequently, the term is a hybrid constant, which de-
pends on the values for V and CL. An increase in the
terminal half-life of a drug may reflect an increased vol-
ume of distribution, a reduced clearance, or both these
changes. A shorter half-life may represent a decrease in
the volume of distribution, an increase in clearance, or
both phenomena. Consequently, alterations in the termi-
nal half-lives of drugs do not necessarily reflect changes in
drug elimination.

When drugs are administered orally in identical doses
atintervals that are equal to their terminal half-lives, there
is a progressive rise in plasma concentration for approxi-
mately 4-5 half-lives until steady-state concentrations are
reached (Fig. 2.9). The latent period before steady-state
conditions occur can be avoided by the initial administra-
tion ofaloading dose equal to twice the normal dose. Simi-
larly, when drugs are given by continuous infusion, steady-
state concentrations are reached after approximately
4-5 terminal half-lives. In general, drugs are best given
at intervals that are approximately equal to their terminal
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Fig. 2.9 The cumulation of drugs when they are administered
(arrows) at intervals that are equal to their half-lives.

half-lives. In these conditions, there is often an acceptable
compromise between the decline in drug concentrations
after successive doses and the necessity for frequent drug
administration in order to maintain an adequate plasma
level.

In the case of some anaesthetic drugs (e.g. muscle re-
laxants), there is an approximate relationship between the
terminal half-lives of individual drugs and the relative du-
ration of action of conventional doses (Table 2.3). This
relationship may not be present with other drugs (e.g.
opioid analgesics), since they must cross the blood-brain
barrier in order to produce their effects (Chapter 10).

Table 2.3 Plasma half-lives and approximate duration of
action of conventional doses of some common muscle re-
laxants in adult patients with normal renal and hepatic
function.

Plasma Duration
Drug half-life (min) of action
Suxamethonium 3-5 Very short
Mivacurium* 2-8 Very short
Atracurium 18-22 Short
Cisatracurium 18-22 Short
Vecuronium 36-72 Short
Rocuronium 70-140 Intermediate
Gallamine 80-220 Intermediate
Pancuronium 110-150 Long

*Values for the two most active isomers (cis—trans mivacurium

and trans—trans mivacurium).

Consequently morphine, which has a shorter terminal
half-life than pethidine, has a longer duration of action.
Similarly, when the effects of drugs are terminated by dis-
tribution or redistribution (e.g. intravenous barbiturates,
benzodiazepines, some opioids) their duration of action
is not predictably related to their terminal half-lives. After
low doses of propofol (1-2 mg kg™!), the plasma concen-
tration rapidly falls below the levels associated with anaes-
thesia due to its extensive tissue distribution (Fig. 2.5). In
these conditions, the terminal half-life (4-11 h) is quite
unrelated to its duration of action. Similar conclusions
apply to fentanyl, alfentanil and thiopental, whose actions
are normally terminated by their distribution in tissues.

Context-sensitive half-times

As explained above, the terminal half-lives of drugs may
be an inaccurate indication of their disposition and dura-
tion of action after intravenous administration, since their
concentrations may decline below effective levels during
the initial phase or phases of drug distribution, i.e. be-
fore the terminal half-life becomes a dominant feature
of the plasma concentration profile. In these conditions,
the action of drugs is terminated by drug distribution,
and ‘context-sensitive half-times’ provide a more accu-
rate measurement of drug disposition and activity. The
context-sensitive half-time can be defined as the time re-
quired for the plasma concentration to decrease by 50%
at the end of a period of infusion designed to maintain
a constant level. Even after prolonged periods of infu-
sion, context-sensitive half-times are invariably less than
their comparable terminal half-lives. Computer simula-
tions suggest that the context-sensitive half-times of some
drugs are independent of the duration of infusion. For
instance, the half-time of remifentanil is 2—5 minutes for
all infusion times of up to 8 hours. The context-sensitive
half-times of some other drugs (for instance, alfentanil,
midazolam, propofol) are moderately influenced by the
duration of infusion, and the half-time of propofol in-
creases 2—3 times (from 12 to 38 min) when the duration
of infusion is increased from 1 to 8 hours (Table 2.4).
Consequently, recovery from the effects of these drugs af-
ter short infusions is usually relatively rapid. In contrast,
the context-sensitive half-time of fentanyl increases 10-12
times (from 24 to 280 min) when the infusion duration is
increased from 1 to 8 hours, since significant amounts of
the drug rapidly returns to plasma from peripheral tissues
after the termination of prolonged infusions (Table 2.4).
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Table 2.4 Context-sensitive half-times of some common anaesthetic agents.

Context-sensitive half-times (min)

Infusion

duration (h) Remifentanil Alfentanil Midazolam Propofol Thiopental Fentanyl
1 2 36 34 12 78 24

2 2 53 45 16 100 50

3 3 55 60 18 120 108

4 3 56 63 25 138 175

5 3 57 67 30 157 218

6 3 58 70 32 167 250

7 3 59 72 35 172 268

8 4 60 75 38 180 280

These computer simulations suggest that the effects of
fentanyl may last for at least several hours after prolonged
infusions are stopped. By comparison, the residual effects
of remifentanil, and to a lesser extent alfentanil, propofol
and midazolam, are relatively transient, irrespective of the
duration of infusion. The clinical usefulness of context-
sensitive half-times has been questioned, since the de-
crease in plasma concentration required for recovery is
not necessarily 50%. Nevertheless, they are a useful guide
to the duration of action of drugs whose effects are nor-
mally terminated by distribution.

Although context-sensitive half-times are not pharma-
cokinetic constants and have no pharmacokinetic mean-
ing, they provide a useful practical indication of the decline
in plasma concentrations after infusions of a defined du-
ration. In these conditions, they may also provide a guide
to the likely duration of drug activity and the speed of
recovery after infusions of different durations, and may
therefore be of considerable value in the context of total
intravenous anaesthesia.

More recently these ideas have been extended by the
concept of ‘relative decrement times), in which a pharma-
codynamic model is integrated into the computer simu-
lations of context-sensitive half-times.

Compartmental models and
pharmacological effects

When drugs produce reversible effects at their site of ac-
tion, there may be a close correlation between their plasma
concentrations and their pharmacological effects. When
the site of action is in the central compartment, there
may be a relation between the amount of drug in the
compartment and the observed response. Early studies

suggested that the serum concentration of tubocurarine
(and the amount of the drug in the central compartment)
was closely correlated with its effects on neuromuscular
transmission, suggesting that the action of the drug was
in this compartment. More recently, it has been shown
that a better interpretation of the pharmacokinetics and
pharmacodynamics of muscle relaxants during onset and
recovery is obtained when a separate ‘effect compartment’
is added to a pharmacokinetic model.

Drug hysteresis

When non-depolarizing muscle relaxants are infused,
there is a latent period between the rise in their plasma
concentration and the onset of neuromuscular blockade.
When infusion ceases, the fall in plasma concentration
occurs slightly earlier than the recovery in neuromuscular
transmission. This phenomenon is known as anticlock-
wise hysteresis or temporal disequilibrium (Fig. 2.10). It
hasbeen shown to occur with many other drugs (e.g. intra-
venous anaesthetics, most opioid analgesics) and is usually
attributed to slow drug-receptor kinetics or to the delayed
access of drugs to their site of action (‘the biophase’).

Effect compartment

In the case of muscle relaxants, the occurrence of hys-
teresis or temporal disequilibrium has been rationalized
by the addition of a separate ‘effect compartment’ (with
distinct rate constants) to the central compartment of a
pharmacokinetic model. The effect compartment is envis-
aged as a hypothetical and infinitely small compartment
that has no significant effect on the kinetics of the phar-
macokinetic model as a whole, but in which there is a
hysteresis-free relationship between the plasma concen-
tration and the pharmacological effect. At equilibrium,
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Fig. 2.10 An anticlockwise hysteresis loop, showing the
relationship between the plasma concentration of an opioid and
its analgesic effects.

there is no difference between the drug concentration in
the central compartment and the effect compartment.

Saturation kinetics

When drug behaviour is analysed by pharmacokinetic
models, it is usually assumed that distribution and elimi-
nation are first-order processes (i.e. that the rate of drug
transfer from compartment to compartmentis always pro-
portional to drug concentration). This presumption is
not necessarily correct. Many physiological processes con-
cerned with drug distribution and elimination are depen-
dent on carrier transport, and are potentially saturable,
i.e. they have a maximum, finite, transport capacity. Simi-
larly, many reactions concerned with drug metabolism are
saturable, and proceed at a maximal and constant rate at
high substrate concentrations. In these conditions, drug
transport and metabolism occur at a high but constant
rate that is independent of drug concentration. This type
of kinetics is usually called saturation, zero-order or non-
linear kinetics.

Michaelis-Menten enzyme kinetics

Metabolic reactions that are subject to saturation kinetics
are consistent with Michaelis—Menten kinetics (Fig. 2.11).
When saturation occurs, metabolism changes from the
first-order process

dX/dt = —kX' = —kX

toa Zero-order process
dX/dt = —kX° = —k

and is thus constant and independent of drug concentra-
tion.

These expressions can be derived from the Michaelis—
Menten equation for enzyme kinetics as expressed in the
form:

VinaxCp

V= ———
Km + Gy

where v is the rate of drug elimination, Vi, is the maxi-
mum rate of drug elimination and C,, is the plasma con-
centration. Ky, is an affinity constant (the Michaelis—
Menten constant) which represents the affinity of the
drug for the enzyme, carrier or transport system. It corre-
sponds to the plasma concentration at which drug elimi-
nation is half its maximal rate (i.e. v/Vjx = 0.5). When
the plasma concentration C, is low (and <Kp,), then
v (Vmax/Km) X Cp~

Since Vinax and Ky, are both constants, v o C,,, and the
rate of drug elimination is directly proportional to the
plasma concentration.

Athigher plasma concentrations, Cj, is greater than Ky,
and v & (Vipax X Cp)/Cp, and v & Viay. Thus, the rate
of drug elimination becomes constant and approaches
Vinax athigh concentrations, producing saturation kinetics
(Fig. 2.11).
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Fig. 2.11 Michaelis—Menten kinetics and drug metabolism. K,
corresponds to the plasma concentration at half the maximum
rate of drug metabolism (v = Vpc/2). The rate of drug
metabolism is linear (directly proportional to plasma
concentration) below the K, value. At higher concentrations
the rate of drug metabolism becomes increasingly non-linear,
and is constant when v = V.
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Clinical implications

In clinical practice saturation kinetics is relatively uncom-
mon, since the capacity of carrier transport systems and
metabolic reactions is normally much greater than effec-
tive drug concentrations. Nevertheless, in some instances,
particularly with drugs that are predominantly eliminated
by hepatic metabolism, saturation kinetics occurs in vivo.
In these conditions, increases in drug dosage prolong the
terminal half-life, and cause a disproportionate increase
in steady-state plasma concentrations.

Saturation kinetics occurs during the metabolism of
ethanol, salicylates and phenytoin due to the saturation of
hepatic metabolic pathways. Ethyl alcohol is removed from
plasma by alcohol dehydrogenase at the maximum rate of
approximately 2 mmol kg~! h~! (about 100 mgkg=' h™!)
due to the limited availability of the cofactor NAD ™. Con-
sequently, traces of alcohol can still be detected in blood for
aslongas 8 hours after the intake of 60 gor so (about 3 pints
of beer). Saturation kinetics also occurs at subtherapeutic
or therapeutic plasma concentrations of phenytoin (40-80
pwmol L71), so that increments in dosage cause a dispro-
portionate increase in plasma concentrations. A similar
phenomenon occurs during the elimination of large or
repeated doses of thiopental, so that the terminal half-life
of the drug is increased and its pharmacological effects are
prolonged due to saturation of hepatic metabolism.

Saturation kinetics may also occur in many patients af-
ter drug overdosage. It is uncertain whether this is due
to saturation of hepatic metabolism, the toxic effects of
drugs, or other factors. When drugs are eliminated by
saturable processes, the subsequent decrease in plasma
concentration is associated with reversion to linear, non-
saturable kinetics. Consequently, the plasma half-life be-
comes progressively shorter during drug elimination, and
the logarithm of the plasma concentration versus time
curve is bell-shaped, rather than monoexponential or bi-
exponential (Fig. 2.12).

The value and limitations of
pharmacokinetic analysis

Pharmacokinetic models and constants have been widely
used to design acceptable dosage regimes for the in-
travenous administration of anaesthetic agents. Auto-
matic computer-controlled infusion pumps have been
programmed with appropriate pharmacokinetic models
and individual patient characteristics, and used to produce
predetermined plasma concentrations of drugs (‘target-
controlled infusion’). More recently, ‘feedback’ devices
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Fig. 2.12 The plasma concentration of drugs after overdosage.
Initially drug metabolism is non-linear (saturation kinetics). As
the plasma concentration falls, drug metabolism becomes linear
(first-order) resulting in a shorter plasma half-life.

that monitor drug responses have been used to produce
‘closed-loop’ control of infusion systems. Nevertheless,
there are a number of inherent problems involved in the
consistent application of pharmacokinetic regimes in clin-
ical practice.

In the first place, the pharmacokinetics of drugs whose
distribution and elimination are consistent with a two-
or three-compartment open model have been usually de-
termined after intravenous administration, either with a
bolus dose or a rapid infusion. In these conditions, the
accurate determination of kinetic parameters is subject
to a number of errors. The estimation of both the clear-
ance (CL) and the volume of distribution (V) are critically
dependent on the area under the plasma concentration—
time curve between t = 0 and t = co (AUC). In a two-
compartment model, the AUC is determined from the
relationship A/a 4+ B/B. Since A is usually large and « is
relatively small, any errors in the determination of these
constants may significantly affect the value of the AUC.
After the intravenous injection of drugs, measurement of
A and o may be extremely inaccurate since:

(1) They are dependent on derived rather than measured
concentrations;

(2) They are usually determined from a relatively small
number of data points;

(3) The plasma concentration of drugs is rapidly decreas-
ing during the distribution phase, so that minor diffi-
culties in the timing or removal of blood samples may
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lead to considerable errors. Consequently, the pharma-
cokinetic parameters that are derived from the plasma
concentration data may be relatively inaccurate and
unreliable.

Values for the volume of distribution and clearance can
be determined more accurately when drugs are adminis-
tered by infusion. Pharmacokinetic constants applicable
to a two- or three-compartment open model can then be
derived from the postinfusion plasma concentration data
by appropriate mathematical techniques. When drugs are
given by continuous infusion, rapid distribution or redis-
tribution may no longer occur (depending on the period
of infusion), and the rapid decline in their plasma con-
centration during the a or fast disposition phase may be
attenuated.

A further problem associated with the application of ki-
netic data to routine clinical practice is associated with the
wide interindividual variability in both pharmacokinet-
ics and pharmacodynamics. There is commonly a two or
threefold variation in the plasma concentrations achieved
by the same dosage regime in different patients. In ad-
dition, there is often a marked variability in interindi-
vidual pharmacodynamic responses to the same plasma
concentration. The presence of pathological changes in
cardiac, hepatic and renal function may be responsible for
further interpatient variability. In these conditions, the
application of highly variable pharmacokinetic and phar-
macodynamic data, usually obtained in young and healthy
volunteers, to surgical patients with compromised organ
function is extremely questionable.

The value of pharmacokinetics depends on a repro-
ducible and measurable relationship between the plasma
concentration of drugs and their pharmacological effects.
Pharmacokinetic analysis is of little practical use unless
drugactivityisa predictable function of plasma concentra-
tion. Unfortunately, the relationship between these levels
and the biological effects of drugs may be unpredictable.
In some instances, plasma concentrations do not reflect
those at the biophase or site of action, and the relation be-
tween them is often complex. Some anaesthetic agents do
notactinan entirely reversible manner (e.g. neostigmine).
Others have active metabolites with similar effects to the
parent drug (e.g. diazepam, thiopental), while some have
an onset and duration of action unrelated to their phar-
macokinetics (e.g. some opioids and local anaesthetics).
In all of these instances, pharmacokinetic methods may
be of little use in the accurate prediction of drug activity.

Finally, the use of many anaesthetic drugs as chiral or
racemic mixtures (Chapter 3) may have pharmacokinetic
implications. In most instances, their plasma concentra-

tions have been determined by non-stereoselective meth-
ods. Since the proportion of stereoisomers in the original
racemic mixture may rapidly change to an unknown ratio
in the body, pharmacokinetic interpretation of the derived
kinetic constants may be inaccurate and misleading. The
generation of pharmacokinetic data on chiral drugs by
methods that do not distinguish between the enantiomers
has been rightly described as a waste of money on unsci-
entific, sophisticated nonsense.

Bioavailability

When drugs are administered orally, the term bioavail-
ability is often used to indicate the proportion of the dose
that is present in the systemic circulation. Bioavailability
can be defined as the rate and extent to which a drug is
absorbed and becomes available at its site of action. The
total amount of drug that is present in the systemic circula-
tion is usually more important than its rate of absorption,
and bioavailability is usually defined by reference to the
area under the plasma concentration—time curve (AUC),
which can be easily measured by the ‘trapezoidal rule’
(Fig. 2.1). After intravenous administration, drugs can be
presumed to have a bioavailability of 100%; consequently,
the bioavailability (%) of oral drugs can be defined as (see
Fig. 2.13)

(AUC(_q after oral administration) 100

(AUC(_q after intravenous administration)

Alternatively, the absolute bioavailability of drugs can
be measured from the total excretion of unchanged drug
in urine after oral and intravenous administration.

High oral bioavailability

Some drugs have a high oral bioavailability (e.g. diazepam,
warfarin). These compounds are relatively stable in gas-
trointestinal secretions, are well absorbed from the small
intestine, have a low intrinsic hepatic clearance and first-
pass effect, and are not significantly metabolized by the
gut wall or the liver before they gain access to the systemic
circulation.

Low oral bioavailability

Other drugs have alow oral bioavailability due to a number
of factors. In the first place, some drugs are unstable or are
broken down in the gastrointestinal tract (e.g. benzylpeni-
cillin, many polypeptide hormones). Secondly, drugs may
be poorly absorbed from the gut due to their low lipid
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Fig. 2.13 Differences in the oral bioavailability of drugs. (a)
High oral bioavailability; (b) low oral bioavailability. Plasma
concentrations after intravenous administration (—); plasma
concentrations after oral administration (___).

solubility or high molecular weight (e.g. neostigmine, gly-
copyrronium). Finally, high extraction drugs with a sig-
nificant first-pass effect have a low systemic bioavailabil-
ity due to their extensive metabolism by the gut and the
liver (e.g. morphine, propranolol). First-pass metabolism
reduces the amount of unchanged drug that enters the
systemic circulation.

Differences in oral bioavailability

Differences in the oral bioavailability of drugs may be
due to several causes. Numerous pharmaceutical factors
can influence the dissolution of tablets and capsules. In
these conditions, proprietary or generic preparations of
the same drug may have different dissolution character-
istics and thus produce a range of plasma concentrations
after oral administration. These variations in drug disso-
lution mainly occur with relatively insoluble drugs that

are administered orally, and the subsequent differences in
bioavailability may be clinically significant (page 6). In-
terindividual differences in hepatic blood flow and first-
pass metabolism can also lead to variations in bioavailabil-
ity. With ‘flow-limited’ hepatic clearance, any reduction
in hepatic blood flow may lead to an increase in bioavail-
ability. Drugs that induce or inhibit hepatic microsomal
enzymes may also affect systemic bioavailability. For in-
stance, cimetidine can increase the bioavailability of pro-
pranolol. Similarly, physiological changes (old age) and
pathological factors (hepatic cirrhosis) can impair drug
metabolism and increase bioavailability.

Plasma concentrations of lidocaine and propofol in
Figs. 2.3 and 2.5 were not determined experimentally but
were derived from published pharmacokinetic models. See
Schnider et al. (1996); Marsh et al. (1991); Glen (2002).
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Appendix

Exponential changes

Changes in the plasma concentration of drugs in relation
to time can usually be expressed as mathematical equa-
tions containing one or more exponential terms. In the
mathematical expression

10° = 1000

10° is an exponential term; the number 10 must be raised
to the power or exponent of 3 in order to equal 1000.
Equations of this type can be conveniently considered in
terms of the common logarithms of numbers, which are
defined as the power or exponent to which the base must
be raised in order to give the number. Consequently, the
logarithm of 1000 to base 10 is 3.

Since 10% x 10° = 10*™* and 10 <+ 10° = 10°7?, the
multiplication of numbers can be carried out by summat-
ing their logarithms, and the division of numbers by sub-
tracting their logarithms, followed by an antilogarithmic
transformation. Logarithms to base 10 (log;o) are most
commonly used for this purpose.

Natural or Napierian logarithms (log, or In) are similar
to common logarithms, but use the mathematical con-
stant e (2.718) as their base. In numerical terms, e can be

expressed as the limiting sum of an infinitely convergent
series:

1 1 1
e=14+14 —+ — etc.
Tt 2.1 + 3.2.1 4.3.2.1
and
x? X3 x*
ef=1+x+—+ + etc.
2.1 3.2.1 4.32.1

convergent for all finite values of x. Alternatively, e can be
considered as anirrational number which can be expressed
as the sum of a series:

e=<l+l>n(n—>oo)
n

which can be expressed as the sum of a series:

The importance of the constant e is related to the math-
ematical interpretation of exponential changes, in which
the rate of change in a variable is proportional to its mag-
nitude. Exponential changes can be expressed mathemat-
ically in terms of natural logarithms. Many processes con-
cerned with the absorption, distribution and elimination
of drugs result in exponential changes in drug concentra-
tion in relation to time. In these exponential changes, the
increase or decrease in the concentration of a drug is di-
rectly proportional to its magnitude, and in mathematical
terms,

j:dX X
— X
dt

dX

— =kX

dt

where dX/dt is the rate of increase or decrease of the
variable X during an infinitesimal moment of time , k is
a constant and X is the value of the variable at time ¢.

On integration of this expression between t = 0 and
=00

X = X,e*(for exponential growth)
X = Xoe ¥ (for exponential disappearance)

where X is the value of X at any time ¢, Xj is the initial
value of X at zero time, e is the base of natural logarithms
(2.718) and k is a constant.

In these conditions, X can be described as an exponen-
tial function of time.

Consider the equation for exponential disappearance

X = Xoe ™
On taking natural logarithms,

InX =InX, — kt
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and

In <£) = —kt
X,

Consequently, k = —In(X/ Xp)/t; in this equation k
can be considered as a rate constant, and represents the
proportional change in X in unit time. Alternatively, the
rate of exponential change can be represented as the half-
time (half-life) or as a time constant. Since
L _ ~In(X/X,)

N t

In(X/X,)
t= T

If (X/ Xo) = 1/2, t represents the time for X to decline
to half its original value, and

,_(/2)
Tk
In2

k
0.693

k

In these conditions, ¢ represents the half-time (half-life)
of the exponential change. Alternatively, if t represents the
time required for X to decline to 1/e (37%) of its original
value, and

X 1 1
X, 2718 e
1
. n(1/e)
—k
_In(e™")
Tk
B —Ine
Tk
1
Tk

In these conditions, t represents the time constant of
the exponential change and is the reciprocal of the rate
constant k.



Drug Action

The effects of drugs in humans usually depend on the
modification of cellular function by agents with a relatively
simple chemical structure. In some cases, including in-
halational agents, local anaesthetics and non-depolarizing
muscle relaxants, there is a reasonably close relation-
ship between their chemical structure or physicochem-
ical properties and their biological effects. In other in-
stances, drugs that are closely related chemically (such as
promazine and promethazine, which are structural iso-
mers) have quite different pharmacological actions.

Dose-response relationships

Pharmacological effects are usually related to drug dosage
by means of dose-response curves (Fig. 3.1). Although
the plasma concentration of most drugs can be accurately
measured, the relation between these values and their con-
centration at the site of action in the ‘biophase’ is often
unclear or unknown. In some instances, it may be possible
to obtain an approximation of their concentration from
appropriate pharmacokinetic models (Chapter 2). Nev-
ertheless, it is often difficult to study the relationship be-
tween drug doses or concentrations and pharmacological
responses in in vivo conditions, and any observed corre-
lation between them may be subject to significant inaccu-
racy.

Until 50 years ago, the observation and analysis of the
effects of drugs was predominantly dependent on iso-
lated tissue preparations, such as the frog rectus abdomi-
nis muscle, the rat phrenic nerve—diaphragm preparation
and the guinea pig ileum. In these isolated preparations,
a defined concentration of a drug can be added to a tissue
bath, and the response obtained can be directly measured
by appropriate techniques. Many of the effects of drugs
that produce observable and measurable responses (‘ago-
nists’) were originally assessed in these experimental con-
ditions. In recent years, other techniques have been more
widely used, such as the direct measurement of cellular
or subcellular responses to drugs in in vitro conditions
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or tissue culture. Human tissues removed during surgical
operations have been used for similar purposes, either as
isolated preparations or in tissue culture.

Dose—response curves

In both in vivo and in vitro conditions, the relationship
between drug dosage and biological response is usually
represented by a dose—response (or concentration—effect)
curve. In most experimental situations, this curve has a hy-
perbolic shape (Fig. 3.1). Incremental increases in dosage
progressively amplify the response obtained. As the dose
is further increased, the proportional response dimin-
ishes, and eventually a maximum effect ( E ) is obtained
which cannot be exceeded irrespective of the dose. Dose—
response curves can be used to estimate E,x and the drug
concentration required to produce 50% of the maximal
response (ECs). Differences between the ECs, values of
drugs are frequently used to compare their potencies (i.e.
the dose required to produce a given effect).

Log dose-response curves

Dose-response relationships are more commonly ex-
pressed semi-logarithmically, and in these conditions, the
hyperbolic curve usually becomes sigmoid or S-shaped
(Fig. 3.2). This transformation has a number of advan-
tages. In particular, it is linear for most of its course (be-
tween approximately 20 and 80% of E ), and it permits
the simultaneous comparison and assessment of drugs
with large differences in potency. In general, drugs that
have a similar mechanism of action tend to have paral-
lel log dose—response curves. Highly potent agents that
produce responses at relatively low dose levels have a log
dose—response curve which is displaced to the left, i.e. to-
wards the y-axis. By contrast, drugs of lower potency have
a log dose—response curve that is displaced to the right.
Many drug antagonists displace agonist log dose—response
curves to the right, without affecting the slope or the maxi-
mum response, and the extent of the parallel displacement
can be used to measure antagonist affinity (page 60).

T.N. Calvey and N.E. Williams 43
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Fig. 3.1 The relation between drug dosage and response. Both
axes are plotted on a linear scale, resulting in a hyperbolic curve.
E max represents the maximum response; ECsy is the dose
required to produce 50% of the maximum response.
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Fig. 3.2 A typical log dose—response curve (—), which is
linear for most of its length (between 20 and 80% of the
maximum response).

Atypical dose-response curves

Although most dose-response relationships are hyper-
bolic, and give rise to sigmoid log dose—response curves
(Fig. 3.2), other types of concentration—effect relation-
ship are not uncommon. Dose-response curves for ag-
onists at nicotinic, glutamate and GABA receptors are
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Fig. 3.3 Examples of atypical log dose—response relationships:
(a) biphasic log dose-response curve; (b) bell-shaped log
dose—response curve.

frequently sigmoidal. In some experimental situations, log
dose—response curves are biphasic (e.g. the effects of nora-
drenaline and adrenaline on the rabbit heart) or even bell-
shaped (e.g. the effects of histamine on vascular smooth
muscle in the guinea pig pulmonary artery, Fig. 3.3). In
some instances, drug concentrations at the site of action in
the biophase may be much less than those bathing tissue
preparations due to enzymic hydrolysis, tissue uptake or
the presence of diffusion barriers.

Dose-response relationships in humans

In intact animals or in humans, the relation between drug
dosage and response is often complicated by homeostatic
reflexes and other factors, particularly plasma protein
binding and the presence of active metabolites. Conse-
quently, the plasma concentrations of drugs, or their pre-
sumed concentrations at their site of action, are usually re-
lated to their pharmacological effects. In these conditions,
the slope of the plasma concentration—response curve
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may indicate the potential safety margin of a drug. When
relatively steep plasma concentration—response relation-
ships are present (e.g. fentanyl), toxic effects may be pro-
duced by relatively small incremental increases in dosage.
By contrast, when more gradual plasma concentration—
response relationships are present (e.g. diazepam), incre-
mental increases in dosage are usually less hazardous.

Graded and quantal responses

Dose-response curves represent a graded or changeable
response to incremental doses of drugs in different in vivo
or in vitro conditions, rather than an all or none (‘dis-
continuous’ or ‘quantal’) response. At one time, quantal
responses were widely used to measure the median effec-
tive dose (EDsy) and the median lethal dose (LDsg) of
drugs in experimental conditions. The ‘therapeutic index’
was defined as the ratio of these values (i.e. LD5y/EDs), in
an attempt to reflect the relationship between the toxicity
and effectiveness of drugs. In recent years, the limitations
of this approach have been widely recognized and the use
of these methods has greatly declined.

The basis of drug action

In some instances, the effects of drugs are solely depen-
dent on their chemical or physical properties. Simple
antacids act by neutralizing gastric acid, and are not sig-
nificantly absorbed, although large doses may produce
minor changes in systemic pH and acid—base status. Simi-
larly, most acids and bases produce alterations in systemic
and urinary pH due to the addition or removal of H* from
body fluids.

The effects of chelating agents (Table 3.1) are also due
to their chemical properties. Chelating agents usually pro-
duce their effects by combining with metallic ions, form-
ing water-soluble complexes which are subsequently re-
moved from the body. Consequently, they are often used
in the treatment of heavy metal poisoning and certain
other conditions.

The action of other drugs may be related to their
physical properties. Both inhalational agents and local
anaesthetics were formerly believed to act by producing
non-specific physical changes in the lipid components of
neuronal membranes, which subsequently produced sec-
ondary effects on ionic permeability and transport. Re-
cent evidence suggests that both groups of drugs affect
neuronal function in a more specific manner (Chapters 8
and 9).

Table 3.1 Chelating agents in current clinical use.

Ions or elements

Chelating agent  chelated Clinical use
Penicillamine Lead Heavy metal poisoning
Mercury Rheumatoid disease
Copper Wilson’s disease
Zinc Cystinuria
Dimercaprol Lead Heavy metal poisoning
Mercury
Arsenic
Gold

Sodium calcium

edetate Lead
Dicobalt edetate  Cyanide
Desferrioxamine Iron

Heavy metal poisoning
Cyanide poisoning
Iron poisoning

Iron overload

Aluminium Aluminium overload

In most other circumstances, drugs produce their phar-
macological effects by acting on protein targets, which may
be
* Enzymes
* Receptors
* Ton channels
* Transport proteins

Enzymes

Many drugs produce their effects by inhibiting enzymes
concerned with normal biochemical or metabolic pro-
cesses (Table 3.2) and are often chemically related to the
natural substrates that are metabolized by the enzyme.
For example, allopurinol, a xanthine oxidase inhibitor, is
a close chemical analogue of xanthine and hypoxanthine,
which are normally converted by xanthine oxidase to uric
acid.

Reversible enzyme inhibition

Most drugs that affect enzymes are reversible inhibitors,
and compete with natural substrates for enzymes (e.g.
edrophonium, enoximone, allopurinol). Their effects
usually depend on the formation of a reversible enzyme-
inhibitor complex, according to the equation:

enzyme + inhibitor enzyme — inhibitor complex
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Table 3.2 Common drugs whose effects are partly or totally

due to enzyme inhibition.

Drug(s) Inhibited enzyme
Acetazolamide Carbonic anhydrase
Acetylsalicylic acid; NSAIDs ~ Cyclooxygenase
Aciclovir Thymidine kinase
Allopurinol Xanthine oxidase
Aminophylline; enoximone  Phosphodiesterase
Benserazide Dopa decarboxylase
Benzylpenicillin Bacterial wall transpeptidase
Chlorophenylalanine Tryptophan hydrolase
Cytarabine DNA polymerase
Disulfiram Aldehyde dehydrogenase
Edrophonium; neostigmine;

pyridostigmine Acetylcholinesterase
Enalapril; lisinopril Angiotensin converting

enzyme

Methotrexate; trimethoprim  Dihydrofolate reductase
Methyldopa Dopa decarboxylase
Moclobemide; phenelzine;

selegiline Monoamine oxidase
Sulphamethoxazole Folate synthetase
Zidovudine Reverse transcriptase

In some instances, enzyme inhibition is dependent on the formation

of drug metabolites.

Formation of the enzyme—inhibitor complex is usually
dependent on reversible, unstable chemical bonds (e.g.
electrostatic bonds). Consequently, enzyme inhibition is
often evanescent, and probably reflects the presence of
drugs or their active metabolites in the immediate envi-
ronment of the enzyme. As reversible enzyme inhibitors
are eliminated from the body, their plasma concentration
falls and inhibition decreases.

Neostigmine and related drugs are usually classi-
fied as reversible inhibitors of acetylcholinesterase and
cholinesterase. These drugs initially combine reversibly
with both enzymes, but subsequent inhibition is mainly
dependent on carbamylation of the esteratic site, and in-
volves the formation of a covalent chemical bond. This
bond is slowly hydrolysed (), = 36 min), and the enzyme
is gradually regenerated, although the drugs are hydrol-
ysed (Chapter 10).

Irreversible enzyme inhibition

Irreversible enzyme inhibition depends on the forma-
tion of a stable chemical complex between the inhibitor
and the enzyme. In these conditions, regeneration of the

inhibited enzyme is usually impossible, and the enzyme
must be resynthesized before its function is restored.
Drugs that act by irreversible enzyme inhibition include
organophosphorus insecticides, methotrexate and most
monoamine oxidase inhibitors. These drugs have an ex-
tremely long duration of action and may produce ef-
fects for days or weeks after they are eliminated from the
body. Aspirin has similar effects on platelet cyclooxyge-
nase (COX-1), and irreversibly acetylates the enzyme for
the duration of the platelet lifespan (approximately 7-9
days).

False metabolites

In some instances, drugs are converted by enzyme systems
to metabolites that interfere with normal cellular func-
tion. Methyldopa is converted by sympathetic neurons
to methyldopamine and methylnoradrenaline, and these
metabolites replace noradrenaline in central and periph-
eral sympathetic nerve endings. Similarly, fluorouracil is
metabolized to a false nucleotide intermediate, which can-
not be converted to thymidylate by the enzyme thymidy-
late synthetase. Consequently, DNA synthesis is inhibited,
resulting in cytotoxic effects.

Receptors

Most drugs produce their effects by combining with
macromolecular sites in cells known as drug receptors.
These sites are usually glycoproteins, and most of them
were originally developed to enable cells to respond to en-
dogenous hormones or neurotransmitters. Consequently,
many of them have animportantrole inintercellular trans-
mission, and form an integral part of the physiological
mechanisms that are involved in signal transduction.

History

The concept of receptors was introduced at the end of
the nineteenth century by J.N. Langley, in order to ac-
count for the highly specific actions of certain drugs on
physiological systems, such as the effects of pilocarpine
and atropine on salivary secretion, and the action of
nicotine and curare on neuromuscular transmission. The
German physician Paul Ehrlich also played an important
part in the development of the concept of chemorecep-
tors in tissues. Ehrlich was clearly influenced by the work
of Langley, and by his own studies on cross-resistance in
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antitrypanosomal drugs. The mathematical and quantita-
tive aspects of drug—receptor reactions and drug responses
were subsequently developed by A.J. Clark and J.H.
Gaddum.

In subsequent work between 1930 and 1960, the na-
ture and properties of drug receptors were mainly inferred
from ‘structure—activity’ relationships. In these studies,
an attempt was made to investigate the nature of drug—
receptor interaction from the response of isolated tis-
sues to a series of drugs with related chemical structures,
as typified by the response of smooth muscle prepara-
tions to a series of choline esters. At this time, it was
widely recognized that this was a relatively indirect ap-
proach to the study of the structure and properties of
receptors.

Isolation and purification of receptors

Since 1965, it has been possible to isolate receptors from
tissues and to study their properties in in vitro conditions,
and their structure, function and organization can be de-
termined by molecular biological techniques. Most recep-
tors can now be complexed with radiolabelled ligands. For
instance, the acetylcholine receptor at the neuromuscular
junction is irreversibly bound by the radioiodinated -
toxins of certain snakes, such as a-bungarotoxin from the
Taiwan banded krait and a-cobra toxin from the cobra. In-
tact receptors in cellular membranes can be solubilized by
non-ionic detergents, radiolabelled and subsequently pu-
rified by affinity chromatography or related techniques,
so that their amino acid sequences can be established.
The corresponding base sequence of the messenger RNA
(mRNA) can then be deduced and complementary DNA
(cDNA) obtained by conventional cloning methods, us-
ing recombinant DNA technology. Subsequently, mRNA
is generated by transcription of cDNA and injected into
cultured cell lines in vitro (‘transfection’), resulting in the
expression of receptors by the cultured cells (‘expression
cloning’).

Insomeinstances, receptors expressed in stable cultured
cell lines have been reconstituted with their transcription
systems, and their molecular mechanisms have been stud-
ied. Similarly, receptor variants and subtypes have been
cloned from ¢DNA libraries and expressed in cultured
cells. Some receptor subtypes appear to have no known
physiological functions, and in some instances ‘orphan
receptors’ (receptors with no known endogenous ligands)
have been identified. More recent techniques of expres-
sion cloning have been developed that do not depend on
the isolation or purification of receptor proteins.

Receptor distribution

Radiolabelled compounds with a high affinity for spe-
cific receptors (radioligands) have also been widely
used to study receptor distribution and heterogeneity.
The distribution of nicotinic acetylcholine receptors in
the brain has been studied, and muscarinic receptors
in the heart, the small intestine, sympathetic ganglia and
the brain have also been identified by various radiola-
belled ligands (e.g. *H-pirenzepine). Similarly, dopamine
receptors at various sites in the CNS have been iden-
tified by radiolabelled dopamine antagonists (e.g. *H-
haloperidol). Both a- and $3-adrenoceptors can be specif-
ically labelled and identified by different radioligands,
which may be agonists (*H-hydroxybenzylisoprenaline)
or antagonists (**I-iodocyanopindolol). Adrenoceptors
are widely distributed in the body, and in some instances
(op-receptors in platelets, 3, -receptors in vascular smooth
muscle) their presence is not associated with a nerve

supply.

Receptor density

Changes in adrenoceptor density may be produced by en-
dogenous hormones or drugs, or may be associated with
various pathological conditions (e.g. bronchial asthma,
congestive cardiac failure, thyrotoxicosis). In general, high
catecholamine concentrations reduce the number and
density of adrenoceptors (‘down-regulation’). This phe-
nomenon is partly due to the sequestration (‘internaliza-
tion”) of receptors within cells, although receptor affinity
may also be modified. In contrast, any fall in circulating
epinephrine and norepinephrine, produced by drugs or by
sympathetic denervation, increases the number of recep-
tors (‘up-regulation’). Similar changes in receptor density
are probably produced by most neurotransmitters that act
at synapses and neuroeffector junctions.

In some situations, ‘up-regulation’ of receptors may be
partly responsible for the phenomenon of supersensitiv-
ity, defined as an excessive but essentially normal response
to an agonist. After peripheral denervation or damage to
skeletal muscle, the response to acetylcholine and other
depolarizing agents is increased due to up-regulation of
nicotinic receptors on the postsynaptic membrane (Chap-
ter 10). Sympathetic denervation by surgical or pharma-
cological methods also increases peripheral responses to
catecholamines. In these circumstances, the increased re-
sponse is mainly related to impairment of the neuronal
uptake of norepinephrine. Any increase in the number of
adrenoceptors due to up-regulation probably plays a less
important part.
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Receptor sensitivity and specificity

Most receptors are extremely sensitive to their naturally
occurring endogenous agonists, and only small concentra-
tions are required to produce a significant response. Con-
sequently, considerable amplification or enhancement of
the initial stimulus may be required to produce a signifi-
cant effect. In many instances, amplification is produced
by regulatory G-proteins. Many receptor systems also
show considerable specificity and selectivity, and charac-
teristically respond to alimited range of agonists with a de-
fined chemical structure, which are often closely related to
their naturally occurring neurotransmitters or hormones.
Many receptors also have a finite capacity, and the binding
of endogenous agonists is often competitive and saturable
(‘high affinity, low capacity binding’).

Cellular localization

Most drug receptors are present on the external surface
of cells and are associated with the limiting cytoplasmic
membrane. Important exceptions are receptors for steroid
hormones, which are present in the cytoplasm or the nu-
clear membrane of certain cells (target cells). Steroid hor-
mones are bound by specific receptor proteins. Their ac-
tivation modifies messenger RNA, and thus indirectly af-
fects ribosomal protein synthesis.

Receptor activation

Receptor activation depends on two essential attributes of
an agonist, affinity and efficacy. Affinity is the tendency
of an agonist to combine with a receptor, while efficacy
refers to the tendency of the agonist—receptor complex to
induce a pharmacological response.

The reversible combination of an agonist with the re-
ceptor (‘receptor occupancy’) is the primary event that ini-
tiates a sequence of biophysical and biochemical reactions,
such as ion transport, enzyme activation and protein syn-
thesis, resulting in a pharmacological response (Fig. 3.4).
Four main biophysical or biochemical changes appear to
mediate a wide range of different responses to endogenous
neurotransmitters, hormones and drugs:

* Direct changes in ion channel permeability

¢ Increased or decreased synthesis of intracellular
metabolites

* Enhanced tyrosine kinase activity (autophosphoryla-
tion)

* Modification of DNA transcription

|Drug +* receptor||:

A

A 4

| Drug + receptorl

b

|Drug — receptor complexl

v

|Dmg — activated receptor complex I—

v

| Biophysical or biochemical change |

v

| Drug response |

Fig. 3.4 General sequence of reactions involved in the
combination of a drug with a receptor and the generation of a
biological response. The drug combines reversibly with the
receptor, causing its activation and resulting in biophysical or
biochemical changes that mediate the biological response. The
drug-receptor complex then dissociates resulting in the
regeneration of the drug and the receptor.

Direct changes in ion channel
permeability

In some instances, receptor activation directly affects ion
channels in synaptic membranes, resulting in a selective
or non-selective increase in ionic permeability. In these
conditions, the receptor contains an intrinsic ion channel
which is part of the same molecular complex. Receptor
activation is usually evanescent, and causes an immediate
increase in ionic permeability, which only lasts for several
milliseconds.

Acetylcholine receptors at the
neuromuscular junction

The acetylcholine receptor at the neuromuscular junc-
tion is the classical example of a receptor with an intrinsic
ion channel (Chapter 10). The acetylcholine receptor is
an integral membrane protein with a molecular weight
of approximately 250 kDa. In adult man, it consists of
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Outside

Inside

Fig. 3.5 Diagrammatic representation of the nicotinic receptor
at the neuromuscular junction. The receptor consists of five
subunits (o, o, B,y or €, and 8) surrounding the central
transmembrane ion channel. It has two binding sites for
acetylcholine (at the a—y/e and a3 interfaces). (a) View of the
receptor from above; (b) vertical cross-section of the receptor in
the muscle cell membrane. acetylcholine-binding sites (o); ion

channel (] ).

five subunits (o, e, B, €, 8), which cross the postsynaptic
membrane and surround an ion channel (Fig. 3.5).! The
a-subunits have a molecular weight of approximately 40
kDa, and each contains an acetylcholine-binding site at
the interface with a different subunit (€ or ). The phos-
pholipid composition of the surrounding membrane may
influence the combination of the a-subunits with acetyl-
choline and their subsequent conformational changes re-
sulting in receptor activation.

When an action potential reaches the motor nerve ter-
minal, acetylcholine is released and diffuses across the
synaptic cleft. Combination of acetylcholine with both its
receptor sites on the a-subunits results in conformational

!In the foetus, the e-subunit is replaced by the y-subunit, which
has different electrical and biophysical properties.

changes that open the ion channel. Ion channel opening
is an extremely rapid ‘all or none’ event that lasts for 1-2
milliseconds, and results in the transfer of approximately
10,000 ions (Na*, K™ or Ca’>") during each millisecond
that the channelis open. These ionic changes result in mul-
tiple single channel currents, which summate to produce
an endplate current. If the localized endplate potential
reaches a critical amplitude (a depolarization of approxi-
mately 10-15mV), a muscle action potential is propagated
along the muscle fibre.

Other nicotinic acetylcholine receptors

All nicotinic acetylcholine receptors have the same basic
structure and consist of five subunits with an intrinsic ion
channel. Nevertheless, many different molecular varieties
of a- and B-subunits have been identified. Nicotinic re-
ceptors at presynaptic, ganglionic and CNS sites have a
different molecular constitution, and most ganglionic re-
ceptors only contain a- and -subunits.

Some receptors for other neurotransmitters have a sim-
ilar molecular structure and are directly coupled to selec-
tive or non-selective ion channels. In these conditions,
receptor activation results in channel opening and a rapid
increase in permeability to one or more ions (Table 3.3).

Increased or decreased synthesis of
intracellular metabolites
Receptor activation often modifies the activity of specific

membrane-bound enzymes, resulting in an increased or

Table 3.3 Neurotransmitter receptors that contain an intrin-
sic ion channel (ionotropic receptors).

Receptor type Tonic selectivity

Acetylcholine (nicotinic receptors) Na®, K+, Ca**
GABA 4 Cl~
Glutamate
NMDA™ receptors
AMPAT receptors Nat, Kt, Ca?t
Kainate receptors Na*t, K*, Ca?*
Glycine Cl~
5-HT; Nat, Kt, Ca’*t

Nat, K+, Ca?t

*NMDA, N-methyl-p-aspartate.
TAMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole proprionic
acid.
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| Agonist + receptor |

|

| Agonist — receptor complex |

| Receptor activation
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Adenylate cyclase

Phosphodiesterases

| Activation of protein kinase A |

l

Phosphorylation reactions

e Ca’' channels

e phospholamban

e myosin-light-chain kinase

|

Ca2* T
Positive inotropic effects
Vasodilatation

decreased concentration of intracellular metabolites. Con-
sequently, these mediators form a link between receptor
activation and drug responses and are usually referred to
as intermediate or second messengers.

The most important intermediate messengers are
* Cyclic adenosine monophosphate (cAMP)
* Inositol phosphates and diacylglycerol (IP and DAG)
* Cyclic guanosine monophosphate (cGMP)

Cyclic adenosine monophosphate

Cyclic adenosine monophosphate (cAMP) is synthesized
from adenosine triphosphate (ATP) by the enzyme adeny-
late cyclase (Fig. 3.6). Many drugs and hormones which

=

Fig. 3.6 Receptor activation and the
formation of cAMP from ATP by adenylate
cyclase. After receptor activation,
GTP-binding proteins stimulate or inhibit
adenylate cyclase. cAMP is formed and
subsequently converted to AMP by
phosphodiesterases.

combine with receptors in cell membranes can affect the
activity of adenylate cyclase, and thus modify the syn-
thesis of cAMP. All these receptor systems are indirectly
coupled to adenylate cyclase by regulatory G-proteins. All
G-protein coupled receptors (‘metabotropic receptors’)
have a similar molecular structure, consisting of a sin-
gle long polypeptide chain with seven transmembrane re-
gions (‘domains’).

Regulatory G-proteins

There are numerous different types of regulatory G-
proteins. The effects of many drugs and endogenous
compounds are mediated by receptors coupled to G, a
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Table 3.4 Receptors with effector pathways that are depen-
dent on activation of G;, stimulation of adenylate cyclase,
and the increased synthesis of CAMP.

ACTH receptors

Adenosine A;-receptors

Adrenergic B-receptors (31, B, and B3)

Dopamine D; - and Ds-receptors

Glucagon receptors

Histamine H,-receptors

5-Hydroxytryptamine 5-HTy, 5-HTg and 5-HT receptors
Vasopressin V,-receptors

stimulatory G-protein, and adenylate cyclase. Conse-
quently, receptor activation results in increased enzyme
activity and enhanced synthesis of cAMP. All the 8-
adrenergic effects of catecholamines are mediated by an
increase in cAMP, and its significance was first recognized
by Sutherland and Rall during their studies of the effects
of adrenaline on glycogenolysis in isolated liver cells. More

Agonist + receptor

||

Agonist — receptor complex

l

recently, it has been recognized that increases in intracel-
lular cAMP mediate effects at many other receptor sites
(Table 3.4). In contrast, if the regulatory protein is G;, re-
ceptor agonists inhibit the enzyme and decrease the syn-
thesis of cAMP (Fig. 3.6).

Structure and function of G-proteins

Regulatory G-proteins consist of three different subunits,
a, B and . In the inactive state, the a-subunit is bound
by GDP. Receptor activation results in dissociation of the
B—y units and the binding of GTP by the a-units (i.e.
GTP/GDP exchange), resulting in varying forms of an
o—GTP complex which is then transferred to adenylate
cyclase (Fig. 3.7). After enzyme stimulation (Gs) or inhi-
bition (G;j), the a—GTP complex is rapidly hydrolysed to
GDP and then recombines with the f—y units to reform
the inactive G-protein (a—GDP — B—y), which can then
be reactivated by another agonist-receptor complex. Since
G and Gj can be repeatedly activated by a single drug—
receptor complex, G-proteins can produce considerable

Receptor activation +

G protein (Gg or Gi)
o—GDP — B~y

Fig. 3.7 The role of regulatory G
proteins in the stimulation (by G;) or
inhibition (by G;) of adenylate cyclase.

GTP/GDP exchange
B—y units dissociate

o—GTP

Adenylate cyclase

GTPase

The regulatory proteins G and G;
consist of three subunits, «, $ and vy. In
the inactive state, the a-subunit is bound
to GDP. Receptor activation results in the
binding of G, or G; by the receptor,
followed by GTP/GDP exchange (GDP
dissociates from the a-subunits and is
replaced by GTP); the f—y subunits also
dissociate. The a—~GTP complex then
combines with adenylate cyclase,
producing activation (G;) or inhibition
(G;) of the enzyme. The a—GTP complex
is rapidly broken down to a—GDP, which
then recombines with the B—y subunits

o—GDP

Stimulation (Gs) or inhibition (Gj)

to reform the inactive G protein. GDP,
guanosine diphosphate; GTP, guanosine

ATP — cAMP

triphosphate.
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amplification of the biological stimulus, and many drugs
whose action is mediated by cAMP are extremely potent
agents. The B—y subunits may also have an important role
in intracellular signalling.

G-proteins and bacterial endotoxins

Regulatory G-proteins are affected by some bacterial exo-
toxins. Cholera toxin causes persistent excitation of G by
ADP-ribosylation of its a-subunit, resulting in the contin-
uous activation of adenylate cyclase and accumulation of
cAMP. Most of the symptoms and signs of cholera are due
to the effects of the toxin on intestinal epithelium. In a sim-
ilar manner, pertussis toxin produces ADP-ribosylation
of the a-subunit of G; and G,, inhibiting the synthesis of
cyclic AMP.

G-proteins in other systems

G-proteins play an important role in many other cellu-
lar systems. Some receptor systems cause activation of the
third main type of regulatory G protein (Gq) which me-
diates the activation of phospholipase C and the break-
down of phosphoinositides (page 53). In some systems,
G-proteins (Gj or G,) directly control the gating of ion
channels. The B~y units probably mediate K* channel
opening in a,, M, My and opioid receptors, resulting
in hyperpolarization and inhibitory effects (Chapters 11
and 13).

Inhibition of adenylate cyclase

The effects of some drugs and hormones are dependent on
the activation of receptors that are coupled to the regula-
tory protein G;, resulting in inhibition of adenylate cyclase
and decreased synthesis of cAMP. The effects of opioids at
-, K- and 8-receptors, and the action of noradrenaline on
oy -receptors are partly dependent on this mechanism. In
addition, some of the effects of acetylcholine, adenosine,
dopamine, glutamate and somatostatin are dependent on
the attenuation of adenylate cyclase activity and the de-
creased synthesis of CAMP (Table 3.5).

In some instances, opposing or complementary physio-
logical responses may be dependent on the activation and
inhibition of adenylate cyclase, as shown by the effects of
sympathetic and vagal tone on heart rate and cardiac con-
tractility. An increase in cardiac sympathetic tone causes
3; -receptor activation, resulting in enhanced synthesis of
cAMP. In contrast, increased vagal tone activates myocar-
dial muscarinic M,-receptors, reducing cAMP.

Table3.5 Receptors with effector pathways that are dependent
on activation of G;, inhibition of adenylate cyclase and the
decreased synthesis of cAMP.

Adenosine A; - and As-receptors

Adrenergic o, -receptors

Dopamine D,-, D3- and D4-receptors

Glutamate mGlu,, mGlus, mGluy, mGlug, mGlu; and mGlug
GABA ; receptors

5-Hydroxytryptamine 5-HT; receptors

Muscarinic M, - and M, -receptors

Opioid receptors (., 8, k and N/OFQ)

Effects and metabolism of cyclic AMP

Intracellular cAMP is rapidly bound by the regulatory
(R) units of protein kinase A (PKA). The free catalytic
(C) units of PKA are then activated, resulting in extensive
protein phosphorylation, including the phosphorylation
of voltage-dependent calcium channels, phospholamban
(a regulatory protein in the sarcoplasmic reticulum) and
myosin light chain kinase (Fig. 3.6). Consequently, Ca?*
mobilization in the heart is increased and vasodilatation
occurs. In addition, activation of PKA increases lipolysis,
glycogenolysis and protein synthesis.

After stimulation of adenylate cyclase by G, increased
intracellular concentrations of cAMP rapidly return to
their resting level, due to their metabolism by phospho-
diesterase (PDE) enzymes, which convert cAMP to AMP
(Fig. 3.6). The related cyclic nucleotide cGMP is also con-
verted to GMP by phosphodiesterase. At least seven differ-
ent families of PDE isoenzymes are present in mammalian
cells, with different specificities, tissue distributions, and
sensitivity to enzyme inhibition by drugs (Table 3.6). PDE
111, and to a lesser extent, PDE IV play an important part
in the hydrolysis of cCAMP.

Phosphodiesterase inhibitors

When PDE enzymes are inhibited, the effects of cAMP may
be prolonged, producing similar effects to the activation
of receptors linked to G, i.e. an increase in intracellular
cAMP. Several drugs primarily act by the reversible inhibi-
tion of one or more forms of the enzyme. Many methylx-
anthines (e.g. aminophylline, caffeine) non-selectively in-
hibit PDE isoenzymes in many tissues, producing positive
inotropic effects on the heart, vasodilatation, relaxant ef-
fects on bronchial smooth muscle, inhibition of platelet
aggregation and lipolysis.
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Table 3.6 The primary substrates, tissue distribution and
selective inhibitors of phosphodiesterase isoenzymes.

Isoenzyme  Primary  Tissue Selective
family substrate  distribution inhibitors
I cAMP Brain Vinpocetine
Heart
Liver
Kidney
11 cGMP Heart
Adrenal cortex
1II cAMP Heart Pimobendan
Blood vessels Milrinone
Bronchi Inamrinone
Platelets Enoximone
Peroximone
v cAMP Brain Rolipram
Heart Cilomilast
Bronchi Roflumilast
Macrophages
\% cGMP Platelets Dipyridamole
Zaprinast
Penis Sildenafil
Tadalafil
Vardenafil
VI cGMP Retina

In contrast, other drugs with a structural relationship
to the natural substrate cCAMP (e.g. enoximone, peroxi-
mone) selectively inhibit PDE III, which is predominantly
present in the heart and vascular smooth muscle (Table
3.6). Consequently, their effects are mainly restricted to
the cardiovascular system, and these agents are primarily
used for their positive inotropic effects. Similarly, selec-
tive inhibitors of PDE IV have bronchodilator and anti-
inflammatory effects, while inhibitors of PDE V are in-
hibitors of platelet aggregation or enhance penile erection.

Inositol phosphates and diacylglycerol

The mobilization of Ca’" in many tissues is associated
with the increased hydrolysis and turnover of the in-
ositol phosphates (‘phosphoinositides’), a minor group
of membrane phospholipids. The occupation of recep-
tor sites by agonists activates the enzyme phospholipase
C, which hydrolyses the membrane phospholipid PIP,
(phosphatidylinositol 4,5-bisphosphate) to IP3 (inositol
1,4,5-trisphosphate) and DAG (diacylglycerol) (Fig. 3.8).
Receptor occupation is not directly linked to the activa-

tion of phospholipase C, but is mediated by a regulatory
G protein (Gq), which behaves in an identical way to the
regulatory proteins G, and G; in the cAMP-adenylate cy-
clase system. The activation of phospholipase C, in a sim-
ilar manner to the activation of adenylate cyclase, is de-
pendent on the formation of an a-subunit—-GTP complex
(Fig. 3.7). Both products of the hydrolysis of PIP, (IP; and
DAG) are intracellular messengers. IP5 is subsequently
converted intracellularly to an inositol tetraphosphate
(IP,) whose role is uncertain, but may be involved in Ca**
mobilization.

Inositol trisphosphate

Inositol trisphosphate (IP3) combines with intracellular
receptors in the endoplasmic reticulum, resulting in the
opening of Ca?* channels in the reticular membrane, with
a subsequent increase in cytoplasmic Ca**, which is nor-
mally low (about 10~7 M, 100 nmol L~!). Subsequently,
free intracellular Ca?* is bound by the regulatory protein
troponins in cardiac and skeletal muscle, and calmod-
ulin in most other tissues. Combination of Ca?t with
troponin C in cardiac and skeletal muscle plays an es-
sential role in muscle contraction, allowing interaction to
occur between myosin and actin filaments (Chapter 10).
In other tissues, combination of Ca?* with calmodulin
causes conformational changes in the protein, exposing
sites, which can interact with a wide variety of effectors,
particularly protein kinases such as myosin light chain ki-
nase and phosphorylase kinase. Consequently, the Ca?*-
calmodulin complex mediates a wide range of responses,
including protein synthesis, changes in ionic permeability,
glandular secretion and smooth muscle contraction (Fig.
3.8). The action of many hormones and neurotransmit-
ters depends on receptor mechanisms that are mediated
by the activation of PLC and the hydrolysis of PIP, to IP;
(Table 3.7).

Diacylglycerol

DAG activates the enzyme protein kinase C, which binds
Ca*" and is then translocated to the plasma membrane
where it mediates the phosphorylation of a wide variety
of membrane proteins (e.g. enzymes, receptors, ion chan-
nels). Protein kinase C is also activated by phorbol esters
(carcinogenic compounds produced by certain plants).
DAG can be degraded by phospholipase A, to arachidonic
acid, which is subsequently metabolized to prostaglandins
and leukotrienes (Chapter 11). The phosphokinases A and
C play a central role in the effector responses to receptor
activation.
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In practice, itis believed that activation of a single recep-
tor or receptor subtype can be mediated by multiple G pro-
teins, or by different subunits of a single G protein, that are
concerned with several intermediate messengers. In addi-
tion, CAMP can increase intracellular Ca?*, and modify
responses to Ca>*, and phosphorylation of many enzymes
and proteins by protein kinases often results in a significant
increase in their Ca?* sensitivity. Indeed, Ca®* are gener-
ally considered to be the universal messenger in mediating
the response of cells to receptor activation and are respon-
sible for the regulation of many forms of cellular activity.

Cyclic guanosine monophosphate

The cyclic nucleotide cGMP has a limited role as an in-
termediate messenger and mediates the effects of some
hormones and neurotransmitters, although it is much

pathway. PIP,, phosphatidylinositol
4,5-biphosphate; IP3, inositol
1,4,5-trisphosphate; DAG, diacylglycerol;
ER, endoplasmic reticulum; ECF,
extracellular fluid. In skeletal and cardiac
muscle, released Ca®* is bound by
troponin C.

less important than cAMP. It is synthesized from GTP by
the enzyme guanylate cyclase, which exists in two distinct
forms and cellular locations:

* Membrane-bound guanylate cyclase

* Cytoplasmic (soluble) guanylate cyclase

Membrane-bound guanylate cyclase

Occasionally, receptor systems in cell membranes possess
inherent guanylate cyclase activity, increasing the synthe-
sis of cGMP from GTP. In these conditions, the activation
of guanylate cyclase is not dependent on G proteins, but
appears to be due to the ‘autophosphorylation’ of tyro-
sine residues in the enzyme. For instance, the effects of
natriuretic peptides on renal and vascular smooth muscle
cells are mediated by receptors with inherent guanylate
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Table 3.7 Receptors with effector pathways that are depen-
dent on activation of G, and phospholipase C, resulting in
the formation of inositol 1,4,5-trisphosphate (IP3).

Adrenergic o -receptors

Angiotensin AT -receptors

Endothelin receptors

Glutamate mGlu, - and mGlus-receptors
Histamine H, -receptors
5-Hydroxytryptamine 5-HT, receptors
Muscarinic M, -, M3- and Ms-receptors
Vasopressin V-receptors

cyclase activity, so that receptor activation increases the
intracellular synthesis of cGMP.

Cytoplasmic (soluble) guanylate cyclase
Cytoplasmic (soluble) guanylate cyclase is a different form
of enzyme that increases the intracellular formation of
c¢GMP from GTP. The subsequent activation of cGMP-
dependent protein kinases results in the phosphoryla-
tion of membrane proteins and ion channels, decreased
Ca?* entry in vascular smooth muscle and vasodilatation.
K" channels are also activated by cGMP, resulting in hy-
perpolarization. Soluble guanylate cyclase containsa haem
group, which binds nitric oxide (NO), and many of the
effects of NO on neurons and blood vessels are indirectly
mediated by the enzyme.

Metabolism of cGMP

The metabolism of cGMP is dependent on one or more of
the phosphodiesterase family of enzymes, and some iso-
forms (PDE II, III and V) have a high affinity for cGMP
(Table 3.6). Inhibition of PDE V by dipyridamole pre-
vents platelet adhesion. In contrast, inhibition by sildenafil
prolongs and enhances penile erection due to its depen-
dence on the local synthesis of cGMP by soluble guany-
late cyclase. Occasionally, high doses of these drugs cause
visual disturbances in sensitive individuals due to their
non-specific effects on PDE VI.

Nitric oxide
Although NO is not an intracellular messenger produced
by receptor activation, many of its effects are mediated by
soluble guanylate cyclase and cGMP.

The physiological role of NO was first elucidated during
studies of ‘endothelium-derived relaxing factor’ (EDRF),
which showed that acetylcholine-induced relaxation of

blood vessels was dependent on a factor derived from vas-
cular endothelium. It was subsequently shown that the
activity of EDRF was dependent on the formation and re-
lease of NO by endothelial cells, and that EDRF and NO
were identical.

Synthesis of NO

In most cells, NO is synthesized from r-arginine by ni-
tric oxide synthase (NOS), which exists in three distinct
isoforms:

* Neuronal (nNOS)

* Endothelial (eNOS)

* Inducible (iNOS)

All three enzyme isoforms are haem proteins with molecu-
lar similarities to cytochrome P450, and have binding sites
for arginine, Ca*"-calmodulin and flavine nucleotides.
Both neuronal and endothelial NOS are Ca*"-dependent,
‘constitutive’ enzymes that are present in normal physio-
logical conditions. In contrast, inducible NOS is a Ca**-
independent and ‘non-constitutive’ isoform that is syn-
thesized in inflammatory cells by pathological changes.
Its activity is normally approximately 1000 times greater
than either nNOS or eNOS.

Neuronal NOS

Neuronal NOS is responsible for the synthesis of NO in
most peripheral and central neurons. In the peripheral
nervous system, NO is synthesized by non-adrenergic,
non-cholinergic (NANC) neurons in the adventitial wall
of blood vessels, and regulates the control of smooth mus-
cle function in many organs and tissues (e.g. stomach,
small intestine, uterus). In the penis, the release of NO
from NANC nerves activates guanylate cyclase and in-
creases the synthesis of cGMP, causing relaxation of the
corpus cavernosum and erection. In the CNS, NO syn-
thesis is enhanced by the increase in intracellular Ca*"
and calmodulin binding that are produced by activation
of NMDA glutamate receptors. NO subsequently diffuses
into adjacent cells, activates guanylate cyclase and in-
creases synthesis of cGMP. It may also be involved in retro-
grade neurotransmission and regulate synaptic plasticity.

Endothelial NOS

Endothelial NOS is present in vascular endothelium
and certain other tissues, including myocardial cells, os-
teoblasts and platelets, and is responsible for the synthesis
of NO at these sites. NO then diffuses from the endothe-
lium to vascular smooth muscle cells, where it activates
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soluble (cytoplasmic) guanylate cyclase, increasing cGMP
synthesis and activating cGMP-dependent protein kinases
(Fig. 3.9). These changes cause phosphorylation of mem-
brane proteins, a decrease in Ca>* entry and relaxation of
vascular smooth muscle. NO also reacts with intracellu-
lar SH™ groups in amino acids and proteins, and the S-
nitrosothiol compounds formed are potent vasodilators.
In physiological conditions, acetylcholine, bradykinin and
the shear stress of blood flow increase the synthesis of NO
by endothelial cells and cause cGMP-dependent relaxation
of vascular smooth muscle. In addition, NO may act in
conjunction with prostacyclin as an inhibitor of platelet
aggregation and adhesion, and has negative inotropic
effects. Its continuous synthesis and release by endothe-

Sodium nitroprusside

Fig. 3.9 The synthesis, release and action
of nitric oxide in vascular smooth
muscle. NOS, nitric oxide synthase;
G-S-T, glutathione S-transferase;
Cyt-P450, cytochrome P450; SH,
sulphydryl groups; S-NO-thiols,
S-nitrosothiols.

lial cells plays an important functional role in the con-
trol of peripheral resistance and vascular smooth muscle
tone.

Receptor activation is occasionally mediated by NO
synthesis and release. The activation of muscarinic
M;-receptors in blood vessels increases endothelial NO
synthesis; subsequently NO diffuses into smooth muscle
cells and increases the formation of cGMP, producing
vasodilatation.

Inducible NOS
Inducible NOS is a Ca’>"-independent, non-constitutive
enzyme that can be induced in most immune and
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inflammatory cells, as well as in endothelial cells and mi-
croglia. Its synthesis is induced by bacterial liposaccharides
and endotoxins, interferon v, tumour necrosis factor a,
interleukin 18 and other cytokines. In pyrexia, the syn-
thesis and expression of iNOS frequently increases nitrate
excretion, and similar changes commonly occur in bac-
terial sepsis and endotoxaemia. Synthesis of NO by in-
flammatory cells is a major cause of delayed hypotension
in shock, and its formation and conversion to peroxyni-
trite is an important factor in the cytotoxicity induced by
activated macrophages.

The induction of iNOS is inhibited by many glucocorti-
coids and is mainly responsible for the anti-inflammatory
effects of these drugs (Chapter 17).

Therapeutic applications

Certain vasodilator drugs, including glyceryl trinitrate
(GTN) and sodium nitroprusside (SNP) are metabolized
to NO and thus produce relaxation of vascular smooth
muscle. Both GTN and SNP are highly lipid-soluble drugs,
and readily diffuse from blood vessels to vascular endothe-
lium and smooth muscle cells. They are then metabolized
to NO and nitrosothiols by glutathione-S-transferases and
cytochrome P450 enzymes, resulting in activation of sol-
uble guanylate cyclase, increased synthesis of cGMP and
vasodilatation (Fig. 3.9).

Low concentrations of inhaled NO (30-50 ppm) pro-
duce pulmonary vasodilatation, and have been used in
pulmonary hypertension and the adult respiratory dis-
tress syndrome (ARDS), with encouraging results. In the
circulation, NO is rapidly inactivated by haem and re-
versibly bound by globin. Consequently, it has a circula-
tory half-life of approximately 5-7 seconds and does not
significantly affect the systemic circulation.

Enhanced tyrosine kinase activity
(autophosphorylation)

Extracellular activation of membrane receptors may cause
the association of adjacent paired receptors, resulting in
the intracellular phosphorylation of their own tyrosine
residues (‘autophosphorylation’). Insulin receptors con-
sist of two extracellular a-units and two intracellular B-
units, which are linked by S-S bonds, forming a B—a—a—3
tetrameric molecule. The binding of insulin by the two a-
units results in enhanced tyrosine kinase activity in the
B-units, and the subsequent phosphorylation of amino
acid residues in other intracellular proteins.

Similar receptors mediate cellular responses to many
cytokines and interleukins, as well as natriuretic peptides
and related transmitters. Thus natriuretic peptide recep-
tors have catalytic functions, with inherent guanylate cy-
clase activity on their intracellular aspects.

Modification of DNA transcription

Steroid hormones and their synthetic analogues produce
their effects by combining with nuclear receptors and in-
directly affecting protein synthesis. Steroid receptors are
usually discrete nuclear proteins that are widely expressed,
although their density in different cells is extremely vari-
able. All steroid hormones are highly lipid-soluble and
diffuse across cellular membranes where they are bound
by steroid receptors, usually in the cytoplasm or the nu-
clear membrane. The binding of steroids by the receptor
protein results in the activation of adjacent amino acid
residues that normally bind DNA, usually known as ‘zinc
fingers’. The activation of these high-affinity DNA binding
sites results in their association with specific sequences in
DNA (‘steroid regulatory or hormone response elements’)
and the induction or repression of adjacent genes that con-
trol protein synthesis. The binding of receptors by differ-
ent steroid hormones, i.e. corticosteroids, oestrogens, or
progestogens, results in the activation of distinct DNA se-
quences, and thus produces an entirely different pattern of
protein synthesis. Irrespective of the hormonal stimulus,
gene transcription is either repressed or induced, result-
ing in rapid changes in RNA polymerase activity, mRNA
and ribosomal protein synthesis. Nevertheless, the physi-
ological effects of steroid hormones are often delayed for
several hours.

The anti-inflammatory effects of glucocorticoids are
mainly due to their combination with intracellular steroid
receptors, and the subsequent modification of DNA and
RNA synthesis (Chapter 17).

lon channels and transport proteins

In addition to their effects on enzymes (page 45) and re-
ceptors (page 46), drugs may also directly act on ion chan-
nels and transport proteins. In particular, drugs may affect
Na™, K* or Ca?* channels. Local anaesthetics produce
blockade of voltage-sensitive Na* channels in excitable
membranes (Chapter 9), and oral hypoglycaemic agents
block Karp channels in pancreatic 3-cells, resulting in de-
polarization and insulin secretion (Chapter 17). Diazoxide
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and thiazide diuretics open K* channels in vascular
smooth muscle, producing hyperpolarization, vasodilata-
tion and a reduction in blood pressure (Chapter 14), while
some antianginal drugs produce similar effects in myocar-
dial cells (nicorandil, Chapter 15). Finally, calcium chan-
nel blockers affect L-type Ca?t channels in the heart or
vascular smooth muscle (Chapters 14 and 15).

Analysis of drug-receptor reactions

Occupation theory
The classical analysis of drug responses in terms of the
combination of agonists with receptors (‘occupation the-
ory’) was introduced by A.J. Clark in the 1930s. It depends
on the assumption that each drug molecule combines with
areceptor in a reversible manner, forming a drug-receptor
complex. In these conditions, it can be shown that the frac-
tion of receptors occupied by the drug is equal to

[D]
Kq+[D]
where [ D] is the concentration of free (unbound) drug
and Kgq is the equilibrium dissociation constant of the
drug-receptor complex at equilibrium (Appendix I).

If the total number of receptors remains constant, this
expression can be represented graphically as a rectangular
hyperbola. As the concentration of the drug is increased,
the fraction of receptors that are occupied rises progres-
sively and approaches an asymptote (with almost 100%
receptor occupation) at high drug concentrations (Fig.
3.10). If drug concentration is plotted on a logarithmic
axis, a characteristic sigmoid curve is obtained from which
the numerical value of Ky can be derived. If it is assumed
that the pharmacological response is proportional to the
fraction of receptors occupied by the drug (‘fractional oc-
cupancy’) the relationship between the log dose and the
effect will also be represented by a sigmoid curve. As previ-
ously noted, this type of relationship is often observed (Fig.
3.1), and the log dose-response curve has a characteristic
sigmoid shape (Fig. 3.2). Until the 1950s, these classical
concepts (‘occupation theory’) were generally accepted,
and it was considered that the pharmacological responses
of tissues to drugs were directly and linearly related to the
proportion of receptors occupied by the agonist.

Spare receptors (receptor reserve)
In 1956, Stephenson identified certain apparent anoma-
lies in occupation theory and suggested a number of im-
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Fig. 3.10 The theoretical relationship between drug
concentration and the fraction of receptors occupied by the
drug. It is assumed that each agonist molecule combines with
the receptor in a non-cooperative manner. K4 represents the
equilibrium dissociation constant of the drug-receptor complex
at equilibrium, i.e. the concentration required to occupy 50% of
the receptor sites at equilibrium. In (a) concentration is plotted
on a linear scale; in (b) concentration is plotted on a
logarithmic scale.

portant modifications. It was proposed that maximal re-
sponses to agonists could be produced by the occupation
of a small proportion of receptors and that ‘spare recep-
tors’ were present at many sites. The presence of a receptor
reserve generally ensures that maximal pharmacological
effects can be produced by relatively low concentrations of
drugs or endogenous transmitters. It is now generally con-
sidered that spare receptors are present in smooth muscle,
but are rather less common in most other situations.
Nevertheless, it is accepted that a receptor reserve is
present on the postsynaptic membrane at the neuromus-
cular junction, and that occupation of only 25% of the
receptors by acetylcholine may be required to produce a
maximal contractile response to indirect stimulation. Sim-
ilarly, a fractional occupancy of only 50% may be required
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to produce a sustained tetanic response. Consequently,
neuromuscular blockade by non-depolarizing agents may
be dependent on the occupation of more than 50% of
postsynaptic receptors before any effects on function are
observed.

Efficacy and intrinsic efficacy

Stephenson also proposed that drug responses were not
directly proportional to the fraction of receptors occu-
pied by the agonist, as predicted by occupation theory.
Consequently, two different drugs could produce equal
responses, although they occupied different proportions
of the receptor population. This property of agonists was
defined as their efficacy or strength, and drugs that could
only produce a half-maximal response were considered to
have an efficacy of unity (on a scale between 0 and a num-
ber greater than 1). Subsequently, the definition of efficacy
has been broadened, and the concept of intrinsic efficacy
has been developed. Intrinsic efficacy has been used to ex-
plain differences in the potency and efficacy of agonists in
different tissues, even though they are acting on the same
receptor.

Positive cooperativity

It is now widely recognized that the classical occupation
theory is an outdated and simplistic approach to drug
action, and that many pharmacological effects are com-
plex and non-linear functions of receptor occupation. In
many instances, the relation between concentration and
response is sigmoidal (S-shaped) rather than hyperbolic
as predicted by occupation theory.

For example, when drugs act at nicotinic, glutamate
or GABA receptors, log dose-response curves are fre-
quently sigmoidal, and their shape is believed to reflect
the presence of multiple agonist binding sites on a single
macromolecular complex. The binding of a drug molecule
by a single receptor site often produces conformational
(allosteric) changes and alters the affinity of the remain-
ing receptor sites for additional drug molecules. Conse-
quently, the affinity of the remaining receptor sites for
agonist molecules may be increased or decreased. This
concept (‘cooperativity’) was originally advanced by
Monod, Wyman and Changeux in the mid-1960s in order
to explain the allosteric properties of enzymes. Certain
protein molecules (e.g. haemoglobin) are known to com-
bine with their substrates (oxygen) in this manner, and
the combination of haemoglobin with a molecule of oxy-
gen affects its affinity for additional molecules of oxygen.
Other substances (e.g. 2,3-diphospho-glycerate, nitric ox-

ide, carbon monoxide) may also bind to haemoglobin
at different sites and significantly decrease its affinity for

oxygen.

Neuromuscular junction

A comparable phenomenon probably occurs at the neu-
romuscular junction. When the effects of acetylcholine or
other agonists on nicotinic cholinergic receptors at the
neuromuscular junction are studied, the relationship be-
tween drug concentration and response is usually sigmoid.
This is consistent with the presence of two agonist binding
sites on each receptor macromolecule, which are present
on the a—y and a-3 subunit interfaces of the nicotinic
receptor (Chapter 10). Binding of acetylcholine at one site
increases its affinity for the other agonist binding site, al-
though simultaneous occupation of both sites is essential
for channel opening.

In other experimental situations, log dose-response
curves are biphasic or even bell-shaped (Fig. 3.3). Both
biphasic and bell-shaped log dose—response curves may
be due to agonists acting on two opposing receptor pop-
ulations that mediate different effects (e.g. activation and
inhibition of vascular smooth muscle). Complex dose—
response curves of this type can usually be unmasked by
selective antagonists.

Drug antagonism

Drug antagonists characteristically prevent or decrease
pharmacological responses to agonists. In general, drug
antagonism can be divided into three types:

* Reversible competitive antagonism

* Irreversible competitive antagonism

* Non-competitive antagonism

In both reversible and irreversible competitive antago-
nism, agonists compete for and combine with the same
binding site as antagonists. In contrast, non-competitive
antagonism does not depend on competition for the same
binding sites on receptors.

Reversible competitive antagonism

The ability of drugs to combine with receptors (‘affinity’)
is determined by simple intermolecular forces and is dis-
tinct from the capacity to produce receptor activation (‘in-
trinsic activity’). Intrinsic activity and efficacy are similar
concepts, although intrinsic activity is usually measured
on a scale between 0 and 1.
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Fig. 3.11 The effect of reversible competitive antagonists on the
log dose—response curve. (a) In the absence of an antagonist; (b)
in the presence of an antagonist. The log dose—response curve is
displaced to the right in a parallel manner. The slope of the
curve and the maximum response is unaffected.

Since agonists combine with receptors and induce phar-
macological responses, they possess both receptor affinity
and intrinsic activity. In contrast, reversible competitive
antagonists combine reversibly with receptors but do not
induce pharmacological responses, i.e. they possess recep-
tor affinity but no intrinsic activity. Consequently, they
do not cause receptor activation or induce the biochemi-
cal and biophysical changes that result in drug responses.
Most reversible competitive antagonists can be completely
displaced from receptors by a sufficiently high concentra-
tion of any agonist that acts at the same site. They typically
displace the log dose-response curve to the right in a par-
allel manner, so that the slope and the maximum response
obtained are unaffected (Fig. 3.11).

The Schild equation

A number of reversible competitive antagonists are com-
monly used in anaesthetic practice (Table 3.8). Their po-
tency can be compared by their dose ratios, i.e. the ratio
or factor by which the dose of the agonist must be raised
to produce an equivalent response in the presence of the
antagonist. It can be shown that

A
[A] (the Schild equation)
d(A)

dose ratio — 1 =

Table 3.8 Reversible competitive antagonists that are used
in anaesthetic practice.

Endogenous neurotransmitter

Drug antagonized

Atropine Acetylcholine (muscarinic sites)
Glycopyrronium

Hyoscine

Atracurium Acetylcholine (nicotinic sites at
Cisatracurium the motor endplate)
Pancuronium

Rocuronium

Vecuronium

Atenolol Adrenaline and noradrenaline
Esmolol (B-effects)

Propranolol

Prochlorperazine Dopamine

Domperidone

Metoclopramide

Chlorphenamine Histamine (H;-effects)
Promethazine

Alimemazine

Cimetidine Histamine (H,-effects)
Ranitidine

Ondansetron 5-Hydroxytryptamine (at 5-HT;
Granisetron receptors)

Tropisetron

Dolasetron

Naloxone Endorphins

Naltrexone

Flumazenil ? Endogenous benzodiazepines

where [ A] is the molar concentration of the antagonist
and Kqa) is the equilibrium dissociation constant of the
antagonist—receptor complex. It is comparable with the
equilibrium dissociation constant of the drug-receptor
complex (Ky), and its reciprocal in numerical terms (the
affinity constant) reflects the affinity with which antago-
nists bind to receptors. When the log (dose ratio — 1) is
plotted against log [ A], Kq(a) can be easily derived from
the intercept on the x-axis.

pA, values

The relationship between log [ A] and log (dose ratio — 1)
can be used to compare the potency of competitive antag-
onists, using their pA, values. The pA, value represents
the negative logarithm of the molar dose of antagonist
required to produce a dose ratio of 2. In these conditions,
Kay = [A], and pA; = —log Ky(s). Determination of
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Table 3.9 The pA, values of reversible competitive antago-
nists of acetylcholine at muscarinic receptors.

Drug PA; value
Hyoscine 9.5
Glycopyrronium 9.5
Atropine 9.0
Promethazine 7.7
Chlorpromazine 7.5
Amitriptyline 6.7
Pethidine 5.8
Sotalol 5.1
Propranolol 5.0
Imipramine 34

Drugs with the highest pA; values are the most potent antagonists
of acetylcholine. Potencies are expressed on a logarithmic scale;
thus atropine is 10,000 times more potent than propranolol as an
antagonist of acetylcholine.

the pA, values of drugs is a convenient way of comparing
the potency of a series of reversible competitive antago-
nists, with the most potent compounds having the highest
pA; values (Table 3.9). These values are entirely indepen-
dent of the characteristics and the relative potency of the
agonist, as long as the different antagonists compete with
the agonist for the same receptor population.

Irreversible competitive antagonism
Irreversible competitive antagonists compete with ago-
nists, but only slowly dissociate from receptor sites, so
that the total number of receptors available for combina-
tion with agonists is reduced. This type of antagonism is
usually due to the formation of stable chemical bonds
between the antagonist and the receptor, or to disori-
entation and distortion of the receptor molecule. Irre-
versible antagonists characteristically decrease the slope
of the log dose—response curve (i.e. there is a non-parallel
displacement of the curve to the right) and also de-
crease the maximal response produced by the agonist
(Fig. 3.12), since they decrease the number of recep-
tors available to combine with the agonist. They often
have a long duration of action, and their effects are usu-
ally unrelated to their pharmacokinetics or their plasma
concentration.

Characteristic examples of irreversible antagonism are
the effects of phenoxybenzamine on a-adrenoceptors, and
the action of a-bungarotoxin on acetylcholine receptors
at the neuromuscular junction.

@
100 -

80

60

40 e

Response (% of maximum)
\
]

20 ,

T 1
0.1 1 10 100 1000
Dose (1g)

Fig. 3.12 The effect of irreversible competitive antagonists on
the log dose—response curve. (a) In the absence of an
antagonist; (b) in the presence of an antagonist. The log
dose-response curve is displaced to the right in a non-parallel
manner by the antagonist (i.e. its slope is decreased), and the
maximum response is reduced.

Despite these differences, the precise distinction be-
tween reversible and irreversible antagonism is not always
clear. Many tissues contain a receptor reserve that allows
a maximum response to be obtained at a relatively low
receptor occupancy. In these conditions, an irreversible
decrease in the total number of receptor sites may not ini-
tially reduce the maximal response, and may displace the
log dose-response curve to the right in a parallel man-
ner. Irreversible antagonists may therefore produce ini-
tial effects that are consistent with reversible antagonism.
Higher concentrations, and prolonged exposure, may be
required to produce unequivocal features of irreversible
antagonism. In other instances, irreversible antagonism
may be preceded by a reversible phase.

Non-competitive antagonism

Other types of drug antagonism do not depend on com-
petition between agonists and antagonists for the same
receptor binding sites. Non-competitive antagonism may
be due to

* Conformational changes in receptors

* Direct combination between agonists and antagonists
* Physiological (functional) antagonism

* Pharmacokinetic antagonism
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Conformational changes in receptors

In some instances, non-competitive antagonism is due to
conformational (allosteric) changes in receptors, in which
antagonists reduce the affinity of receptors for agonists.
For instance, the tachycardia commonly induced by gal-
lamine is partly due to a reduction in the affinity of cardiac
muscarinic receptors for acetylcholine.

Direct chemical combination between

agonists and antagonists

Non-competitive antagonism may be dependent on direct
chemical combination between agonists and antagonists,
so that the effects of agonists are prevented or diminished.
For instance, the effects of some metallic ions can be neu-
tralized by various chelating agents (Table 3.1), and this
type of chemical antagonism is widely used in the man-
agement of heavy metal poisoning. Similarly, the antico-
agulant effects of heparin are antagonized by protamine
due to the neutralization of the acidic sulphate groups in
heparin by the basic arginine residues in protamine.

Physiological or functional antagonism

In physiological or functional antagonism, drugs acting
on two independent receptor systems that normally me-
diate opposing responses are used simultaneously to an-
tagonize their respective actions. Thus, histamine causes
contraction of bronchial smooth muscle, while adrenaline
causes relaxation. Consequently, adrenaline is a physi-
ological or functional antagonist of histamine, since it
can oppose or negate its bronchoconstrictor effects. In
some instances, this type of antagonism occurs in physi-
ological conditions and is responsible for the opposite ef-
fects of sympathetic and parasympathetic tone in effector
systems.

Pharmacokinetic antagonism

Pharmacokinetic interactions may reduce the plasma
concentration and activity of other drugs by affecting
their absorption, distribution, metabolism or excretion
(Chapter 4).

Agonists, partial agonists and inverse
agonists

Agonists have two distinct characteristics:
* Receptor affinity (the capacity to combine with recep-
tors)

« Intrinsic activity or efficacy (the ability to cause recep-
tor activation)

Full or complete agonists have both receptor affinity and
maximal intrinsic activity (unity), and thus produce the
maximal response of which the system is capable. Re-
versible competitive antagonists also have receptor affinity
(as reflected by their pA, values; Table 3.9) and compete
with agonists for receptors. Nevertheless, they have no
inherent intrinsic activity and therefore do not produce
pharmacological effects.

Partial agonists

Partial agonists are drugs with variable receptor affinity
and some intrinsic activity, which is greater than that of
competitive antagonists (zero) but less than that of full
agonists (unity). Consequently, partial agonists can pro-
duce either agonist or antagonist effects, depending on
the circumstances in which they are used (Fig. 3.13). In
low doses or concentrations, they usually produce agonist
effects; in the presence of small concentrations of a full ag-
onist, additive effects are observed. When the response to
the full agonist equals the maximum response to the par-
tial agonist, the latter has no apparent action. When high
concentrations of the full agonist are present, the partial
agonist acts as a competitive antagonist and reduces the
response to the agonist.

Partial agonist activity is dependent on receptor expres-
sion, receptor density and the efficiency of effector sys-
tems, which may vary in different tissues. Consequently,
drugs that are partial agonists in one tissue or system may
be full agonists or antagonists in another.

Drugs with partial agonist activity

At least two groups of drugs have some partial agonist
activity that may be of clinical significance in man:

* B-Adrenoceptor antagonists

* Opioid analgesics

Many B-adrenoceptor antagonists possess some partial
agonist activity (‘intrinsic sympathomimetic activity’)
and may produce sympathomimetic effects (Table 13.5).
These actions may be of some importance when f{3-
adrenoceptor antagonists are used in the management of
patients with borderline congestive cardiac failure. Nev-
ertheless, in patients with high sympathetic tone and en-
hanced noradrenaline release, all 3-adrenoceptor antag-
onists tend to reduce cardiac output and may result in
clinical deterioration.
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Table 3.10 Opioid analgesics with partial agonist activity at
[L- or K-receptors.

Partial agonist activity at opioid receptors

Drug w-Receptors  k-Receptors
Nalorphine 4F
Pentazocine S
Cyclazocine ++
Butorphanol 95 AF AF
Nalbuphine ++
Buprenorphine  ++

Some synthetic opioid analgesics are partial agonists at
some opioid receptors (Table 3.10). In consequence, they
may show agonist or antagonist activity, depending on
the circumstances in which they are used. The analgesic
effects of full agonists (e.g. morphine, pethidine) may be
partially antagonized by partial agonists (e.g. buprenor-
phine, pentazocine).

Fig. 3.13 (a) Dose—response relationship for a full agonist in the
presence of a constant concentration of a partial agonist. Solid
line ( ), response to full agonist alone; broken line (- - -.),
response to full agonist in presence of a partial agonist. At low
concentrations of the full agonist, the partial agonist increases the
response, due to their combined intrinsic activities. At higher
concentrations of the full agonist, the response is reduced, since
the partial agonist (intrinsic activity <1) competes with the full
agonist (intrinsic activity = 1) for receptor occupancy. At
extremely high concentrations, the partial agonist is completely
displaced from receptors, so the maximal responses are identical.
(b) Dose—response relationship for a partial agonist in the
presence of increasing concentrations of a full agonist
(represented by the curves A-E). At lower concentrations of the
full agonist (A and B) the partial agonist has additive effects, due
to their combined intrinsic activities; at higher concentrations of
the full agonist (D and E) the partial agonist has antagonist
effects, since it competes with the full agonist for receptor
occupancy. When the response to the full agonist equals the
maximal response to the partial agonist alone (C), little or no
effect is observed.

Inverse agonists

In normal conditions, most receptor systems are quies-
cent unless activated by agonists. Nevertheless, in some
conditions receptor systems show spontaneous basal or
‘constitutive’ activity and activate effector systems with-
out being bound by agonists. Constitutive activation ap-
pears to be relatively common when receptor populations
are overexpressed and may be related to physiological or
pathological changes in the number of receptors.

Inverse agonists inhibit the spontaneous constitutive
activation of receptor systems and may therefore produce
opposite effects to agonists or act as competitive antago-
nists. In general, they are best considered as agents with
receptor affinity and negative intrinsic activity. Inverse ag-
onists can compete with full agonists, partial agonists and
competitive antagonists for receptors depending on their
relative affinity for receptors.

Drugs that are inverse agonists typically produce phar-
macological effects that are opposite to those of full ago-
nists. For example, some simple methyl, ethyl and propyl
esters of the f3-carbolines (8-CCM, -CCE and £-CCP)
are competitive antagonists of most benzodiazepines and
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antagonize the anticonvulsant, anxiolytic and sedative ef-
fects of these drugs. When given alone, 8-CCM and 3-CCE
commonly produce excitatory or convulsant effects due
to their inverse agonist activity. A similar phenomenon
may occur with the benzodiazepine antagonist flumaze-
nil, which occasionally acts as an inverse agonist by causing
anxiety or precipitating convulsions in susceptible patients
(Chapter 12). These effects are believed to be due to inverse
agonist activity.

Similarly, the over expression of B-receptors can result
in the activation of adenylate cyclase and the synthesis
of cAMP without the binding of B-receptors by agonists.
In these conditions, B-adrenoceptor antagonists with in-
verse agonist activity may decrease resting heart rate in
cardiac failure and be more useful in the control of some
tachyarrhythmias.

Desensitization

Desensitization can be defined as a decrease in cellular
sensitivity or responsiveness due to the continuous or
repeated exposure to agonists. It is usually observed in
in vitro conditions (e.g. in isolated tissues or cultured
cells).

Acute desensitization

Acute desensitization usually occurs rapidly and is read-
ily reversible. In experimental conditions, it was origi-
nally observed when nicotinic agonists were applied to
the motor endplate at the neuromuscular junction. In
man, it is sometimes produced by large or repeated doses
of suxamethonium, although this phenomenon is more
commonly referred to as tachyphylaxis or rapid tolerance
(Chapter 5).

This type of acute desensitization is sometimes ex-
plained by the conversion of the receptor to an inacti-
vated and desensitized form. Although the receptor can
still bind agonists, it cannot open the ion channel or cause
depolarization at the motor endplate. Many agonists and
some antagonists may have a preferential affinity for the
desensitized receptor.

Acute with  B-
adrenoceptors. Although they are able to bind agonists,
desensitized B-adrenergic receptors cannot activate
G-proteins or adenylate cyclase. These changes are
believed to be related to the phosphorylation of specific
amino acid residues in the receptor.

desensitization also  occurs

Chronic desensitization
Chronic desensitization usually develops more slowly and
is not easily reversible. It is often associated with the loss
or sequestration of receptors from effector cells by
* Endocytosis (‘internalization’)
* Irreversible conformational changes
* Receptor degradation
* Receptor ‘down-regulation’
Chronic increases in hormonal or transmitter release may
cause receptor ‘down-regulation’, and may occur at both
cholinergic and adrenergic synapses. Receptor ‘down-
regulation’ occurs when receptors are exposed to excess
concentrations of agonists, as when bronchial smooth
muscle cells are exposed to sympathomimetic amines with
3, effects.

Chronic desensitization due to receptor loss may also
occur in pathological conditions associated with autoim-
mune processes (e.g. myasthenia gravis).
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Appendix |

Kinetic analysis of drug-receptor reactions
The classical analysis of drug responses depends on the
assumption that each drug molecule combines with a re-
ceptor in a reversible manner, forming a drug-receptor
complex, i.e.

k
D+Rk<:\’DR
2

where D is the number of free (unbound) drug molecules,
R is the number of free receptors, DR is the number of
occupied receptor sites, k; the association rate constant
and k;, the dissociation rate constant. At equilibrium, the
rates of association and dissociation are equal; if D, R and
DR are expressed as molar concentrations (i.e. [ D], [R]
and [DR]), then

ki[D][R] = k;[DR]

and
k, _ [DI[R] _
k~ [DR] ‘

where Ky is the equilibrium dissociation constant and

reflects the affinity with which drugs bind to receptors.

When Kj is high, there is a low affinity for drug receptors,

and when Kj is low, there is high receptor affinity. In nu-

merical terms, K4 represents the concentration of the drug

required to occupy half the receptor sites at equilibrium.
If R, is the total number of receptors,

[R] = [R] + [DR]

and
[R] = [R] — [DR]
thus
«. _ LDIIR] _ [DI(R] ~ [DR))
6= =
[DR] [DR]
and

[DI([R] — [DR]) = Ka[DR]
thus
[DI[R] — [DI[DR] = K4[DR]
and
[D][R] = Ka[DR] + [D][DR]
= [DR](Kq + [D])
consequently
[DR] _ (D]
[R]  Ka+[D]
and
[D]

/=% +1D]
since the fraction of receptors occupied ( f) is given by
[DR]
[R]

This equation (the Langmuir or Hill-Langmuir equa-
tion) was originally derived by A.V. Hill in 1909. A similar

relationship was used by Langmuir to characterize the ab-
sorption of gases to metal surfaces.

f=

Appendix Il

Drug isomerism
Isomers can be defined as two or more different drugs
with identical numbers of atoms; consequently, they have
the same chemical composition, molecular formula and
molecular weight. They are difficult to define in terms
of their physical, chemical or biological properties, since
these may be almost identical or quite different, depending
on the type of isomerism that is involved.

There are two main types of isomerism:
* Structural isomerism
e Stereoisomerism

Structural isomerism
Structural isomers have the same molecular formula but
different chemical structures because their atoms are not
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arranged in the same manner. Isoflurane and enflurane
are a well-known example of structural isomerism. Both
drugs have the same molecular formula (C; H, Cl Fs O),
butindividual atoms are not arranged in the same manner
in relation to the common carbon atom structure of the
two agents.

The actions of structural isomers may be relatively sim-
ilar (e.g. isoflurane and enflurane), or their actions and
uses may be quite different (e.g. promethazine and pro-
mazine). Structural isomers do not usually present prob-
lems of identification, since they are easily recognized as
entirely different drugs, with distinctive names.

Tautomerism
In tautomerism or dynamic isomerism, two unstable
structural isomers are present in equilibrium.

One isomer can be reversibly and rapidly converted to
the other by physical changes (e.g. pH changes). In alka-
line solution (pH 10.5), sodium thiopental is ionized and
water-soluble. On injection into plasma (pH 7.4), the drug
becomes non-ionized and undergoes tautomerism, thus
increasing its lipid-solubility (Chapter 7).

Stereoisomerism

Stereoisomers are two or more different substances with
the same molecular formula and chemical structure, but a
different configuration, i.e. their atoms or chemical groups
occupy different positions in space, and thus differ in their
spatial arrangements. Stereoisomers can be classified into
two main groups:

» Enantiomers

* Diastereomers

Enantiomers

Enantiomers (literally, substances of opposite shape)
are pairs of stereoisomers that are non-superimposable
mirror-images of each other. This type of stereoisomerism
is dependent on the presence of a chiral centre in the
molecular structure of certain drugs, which is usually a
single carbon atom with four different substituent atoms
or groups. Drugs with this type of structure (chiral drugs)
have a mirror-image that cannot be superimposed on their
original configuration, and they therefore exist as R (rec-
tus) and S (sinistra) isomers. These two forms are distin-
guished by the orientation of different substituents around
the chiral centre. Enantiomers are also optically active and
can rotate polarized light to the right (the (+) or (d) form)
or the left (the (=) or (1) form). Individual isomers are

therefore referred to as R(+), S(—), R(—) or S(+) isomers.
Equal mixtures of the two forms (racemic mixtures), with
the prefixes (£) or (dl), have no optical activity.

Diastereomers

Diastereomers are pairs of stereoisomers that are not enan-
tiomers (i.e. not mirror images). Diastereomers charac-
teristically have different physical and chemical proper-
ties. For example, they do not have the same melting
point or solubility, and they do not take part in chemi-
cal reactions in the same manner. Some of the stereoiso-
mers of atracurium, mivacurium and tramadol are
diastereomers.

Differences between stereoisomers

In terms of stereoisomerism, anaesthetic agents can be

divided into four main groups (Table 3.11).

* Achiral drugs

¢ Drugs administered as single stereoisomers

* Drugs administered as mixtures of two stereoisomers

* Drugs administered as mixtures of more than two
stereoisomers

There may be differences in the pharmacodynamic activ-

ity and pharmacokinetic properties of individual isomers.

Although R and S isomers have the same structure, they

have a different configuration, i.e. their substituent groups

occupy different positions in space. Consequently, the two

enantiomers may form different three-dimensional rela-

tionships in the asymmetric environment of receptors and

enzymes, which are almost entirely composed of L-amino

acids with stereoselective properties. In these conditions,

there may be differences between the R and S enantiomers,

since their relationship with specific receptor sites and en-

zymes may not be identical.

There are often differences in the potency of individual
enantiomers, for example, S(+)-isoflurane is slightly more
potent than its R(—) enantiomer, while S(+)-ketamine is
3—4 times more potent than R(—)-ketamine. Occasion-
ally, one stereoisomer is almost inactive, and l-atropine,
l-noradrenaline and 1-adrenaline are approximately 50—
100 times more potent than their d-enantiomers. When
differences in potency are present, they are often expressed
by the stereo-specific index (eudismic ratio), which rep-
resents the relation between the activity of the more ac-
tive isomer (the eutomer) and its less active antipode (the
distomer). Stereo-specific indices of 100 or more are not
uncommon and may be due to differences in either the
affinity or the intrinsic activity of individual enantiomers.
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Table 3.11 Some achiral and chiral drugs that are commonly used in anaesthetic practice.

Chiral
Achiral One isomer Two isomers More than two isomers
Propofol Etomidate Thiopental Mivacurium
Nitrous oxide Ropivacaine Ketamine Atracurium
Tetracaine Levobupivacaine Halothane
Lidocaine Cisatracurium Isoflurane
Fentanyl Pancuronium Desflurane
Alfentanil Vecuronium Prilocaine
Remifentanil Morphine Bupivacaine
Pethidine Hyoscine Atropine
Neostigmine Tramadol
Edrophonium Dobutamine
Dopamine Glycopyrronium

Although some chiral drugs are administered as single isomers, most of them are used as equal, racemic mixtures

of two enantiomers.

There may also be important differences in the type of
pharmacological activity produced by the enantiomers.
Thus, one isomer may be an agonist, while its enantiomer
is a partial agonist or competitive antagonist.

There are also differences in the metabolism and phar-
macokinetics of individual stereoisomers, and one enan-
tiomer may be more rapidly metabolized than its antipode.
R(+)-propranolol, R(—)-prilocaine and S(+)-ketamine
are more rapidly metabolized than their enantiomers,
and have a greater intrinsic hepatic clearance. Paradox-
ically, the metabolism of S(+)-ketamine is inhibited by
R(—)-ketamine, and this may account for the relatively
prolonged action of the racemic mixture. Some inac-
tive enantiomers undergo unidirectional metabolic con-
version (‘inversion’) to their antipodes. R(—)-ibuprofen
and R(—)-ketoprofen are converted to their active S(+)-
enantiomers in the intestine and the liver, which are 100—
160 times more potent than their R(—)-enantiomers. Both
S(+)-ibuprofen and S(+)-ketoprofen are now used clin-
ically as single isomer preparations (dexibuprofen and
dexketoprofen).

Differences in the metabolism and disposition of the R
and S enantiomers of many chiral drugs may affect their
pharmacokinetics, and individual drug enantiomers may
have different half-lives, clearances and volumes of distri-
bution (Chapter 2).

Practical considerations

Many anaesthetic agents are normally administered as chi-
ral mixtures of two stereoisomers or more complex iso-
meric mixtures. In many instances, there are differences
in the pharmacodynamic properties and pharmacokinetic
behaviour of the individual isomers (e.g. ketamine, bupi-
vacaine and atracurium). Occasionally, the enantiomers
of chiral drugs have different but complementary actions,
and both stereoisomers make an important contribution
to the overall pharmacological profile of the drug (e.g.
tramadol, dobutamine). The use of these drugs as chiral
mixtures is clearly essential.

In other instances, the use of stereoisomeric mixtures
has been widely accepted, although it appears to have few
practical advantages. Recent progress in chemical tech-
nology has greatly simplified the separation and prepa-
ration of individual stereoisomers by asymmetric chem-
ical synthesis, or by chiral inversion of one enantiomer.
In addition, drug regulatory authorities in many coun-
tries have encouraged the introduction of new drugs as
single stereoisomers. Consequently, since 1990 most new
drugs have been introduced as single enantiomers, and in
some instances previously available mixtures have been re-
introduced as single stereoisomers (e.g. atracurium, bupi-
vacaine). In the future, it seems likely that this trend will
continue.



Drug Interaction

Drug interaction is the modification of the effects of one
drug by another. Many of these reactions are clinically
unimportant, while others form an integral part of medi-
cal or anaesthetic practice. A familiar example is the use of
neostigmine to antagonize the effects of non-depolarizing
neuromuscular blocking agents and the concomitant use
of atropine to prevent the muscarinic effects of the anti-
cholinesterase drug. However, a minority of interactions
are hazardous or potentially fatal, and it is therefore im-
portant for the anaesthetist to be aware of their possible
occurrence. Interactions may occur between drugs that
are administered concurrently during anaesthesia; alter-
natively, reactions may be associated with prescribed drugs
or self-medication. It is thus essential for a full drug his-
tory to be available prior to the administration of anaes-
thesia. Nevertheless, the assessment of drug interactions
in humans must be undertaken with a sense of balance.
Reports of adverse effects based on single case histories or
circumstantial and anecdotal evidence are of little value,
particularly when the mechanisms involved are obscure.

The incidence of adverse drug reactions and presum-
ably of interactions increases with the number of drugs a
patient receives. One hospital study showed that the rate
was 7% in those taking 6-10 drugs and 40% in those taking
16—20 drugs. Comparable figures for anaesthetic practice,
where the patient may receive as many as 10 drugs as part of
the anaesthetic regimen, are unknown. However, most of
the interactions that occur in anaesthesia are well known
and are usually predictable from an appreciation of the
pharmacology of the drugs concerned.

Nomenclature

Drug interactions are often described in terms of four
phenomena:

* Summation

* Antagonism

* Potentiation

* Synergism
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Summation

Summation is defined as the additive effects produced
when two or more drugs with similar actions are given
simultaneously. For example, when two different inhala-
tional agents are used concurrently (e.g. nitrous oxide and
isoflurane), their potencies and effects are usually addi-
tive (Chapter 8). Similarly, when drugs with anticholiner-
gic properties are used simultaneously (e.g. atropine and
amitriptyline), they produce additive effects on salivary
secretion. Since their effects are solely due to the summa-
tion of their separate activities, they are not a true example
of drug interaction.

Antagonism

Antagonism is the attenuation or prevention of pharma-
cological responses to agonists by other drugs (Chapter
3). In most instances, it is due to reversible competitive
antagonism, such as between naloxone and opioid anal-
gesics, or propranolol and 3-adrenoceptor agonists. Oc-
casionally, it is irreversible (e.g. phenoxybenzamine and
noradrenaline) and is due to the failure of the antagonist to
dissociate from the receptor site. Alternatively, antagonism
may be due to pharmacokinetic factors such as reduced
drug absorption or enzyme induction, or to the formation
of complexes between drugs, as occurs between heparin
and protamine, or heavy metals and chelating agents.

Potentiation

Potentiation is usually defined as the enhancement of
the effects of one drug by another when the two drugs
have dissimilar pharmacological activities (e.g. midazo-
lam and erythromycin, or digoxin and thiazide diuret-
ics). The mechanisms involved in potentiation are usu-
ally pharmacokinetic (e.g. enzyme inhibition), or involve
changes in acid—base and electrolyte balance.

Synergism
Synergism refers to the supra-additive effects of two
drugs with similar pharmacological properties and closely

T.N. Calvey and N.E. Williams

© 2008 Norman Calvey and Norton Williams. ISBN: 978-1-405-15727-8



69

related sites of action, which produce an effect in combi-
nation which is greater than anticipated from summa-
tion, as shown by the hypnotic effects of benzodiazepines
and concomitantly administered intravenous induction
agents. Synergism may also occur between vecuronium
and atracurium at the neuromuscular junction, and has
been attributed to the different affinities of drugs with
diverse molecular structures for binding sites on the two
a-subunits of the acetylcholine receptor.

Isoboles

Synergism is often defined and interpreted by isoboles,
i.e. graphs showing equi-effective combinations of drugs.
Isoboles were first used approximately 120 years ago to
illustrate the antagonism between physostigmine and at-
ropine. Each axis on the graph corresponds to the dosage of
adrug, whose individual values for a given effect (e.g. hyp-
nosis) have previously been determined by probit analysis
of the dose-response relationship. The median effective
dose (EDsg) of each agent is plotted on the coordinates of
the graph, which are then joined by a straight line between
the axes. When equi-effective combinations of two drugs
approximate to this line, the effects of drugs are merely
additive. However, when equi-effective combinations lie
below this line, the interaction is considered to be synergic.
In contrast, when the corresponding reference points to
the equi-effective combination of the two drugs lies above
the line, it is considered that drug antagonism is present
(Fig. 4.1).

Limitations of isoboles

In the past, the analysis of interactions between drugs by
the use of isoboles has been viewed with considerable cir-
cumspection. The method hasbeen regarded as rather em-
pirical and appears to take little account of any differences
in the dose-response relationships of the two drugs. Nev-
ertheless, current evidence suggests that isoboles can be
used to distinguish between additive and synergic effects
when the drugs concerned act at, or are bound by, the same
receptor or enzyme site. However, combinations of drugs
that act at different sites cannot be analysed by isoboles,
since agents with purely additive effects may give rise to
isoboles that are incorrectly attributed to synergism. Nev-
ertheless, they are a convenient method of demonstrating
the coexistent effects of two drugs so that the lowest dose
combination necessary to produce the desired effect can
be defined.
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Fig. 4.1 Diagrammatic illustration of an isobole. The two axes
show the median effective doses (ED50) for two drugs (A and
B) that are required to produce a specific pharmacological effect
(e.g. loss of response to command, onset of neuromuscular
blockade). The EDs values are joined by a straight line between
the axes. When equi-effective combinations of the two drugs
approximate to this line, their effects are considered to be
additive. However, when equi-effective combinations fall below
this line, their effects are considered to reflect synergism (e); if
they fall above the line (o), they are considered to reflect drug
antagonism.

Mechanisms of drug interactions
In this chapter, a general account is given of the pharmaco-
logical mechanisms that are usually responsible for drug
interactions in humans. Reactions with specific groups of
drugs that are commonly used in anaesthetic practice are
then considered in more detail.

The mechanism of drug interactions may be considered
in three groups:
* Pharmaceutical interactions
+ Pharmacokinetic interactions
* Pharmacodynamic interactions

Pharmaceutical interactions

Pharmaceutical interactions are due to chemical or physi-
cal reactions that occur in vitro. These interactions may be
responsible for the loss of activity of drugs, or for their ag-
gregation or precipitation in solution, which occasionally
has serious consequences.
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Chemical

Chemical deterioration or decomposition

Most drugs, including anaesthetic agents, must be stored
before use and in many instances may undergo deteriora-
tion or decomposition. When stored in a powder or solid
form, decomposition tends to occur more slowly. The
addition of water or a mixing agent may accelerate the
rate of decomposition of certain drugs (e.g. thiopental),
particularly when more concentrated solutions are
formed, or when dextrose or saline is used as a solvent.
Other drugs (e.g. most catecholamines) are decomposed
by light, or are sensitive to changes in temperature (e.g.
suxamethonium).

Drug precipitation

Mixing of solutions with different pH values may result in
drug precipitation. For example, thiopental is invariably
used as a sodium salt and is only ionized and water-soluble
inalkaline conditions (pH 10-11). Conversely, many other
drugs including local anaesthetics, analgesics and most
sympathetic amines are weak bases that can only exist in
aqueous solutions as acid salts (sulphates or hydrochlo-
rides) at a pH of 4-5. Mixing these dissimilar solutions
in the same syringe or in an infusion set usually causes
precipitation of free acid and base. The addition of drugs
such as suxamethonium to a solution of thiopental results
in rapid alkaline hydrolysis and thus inactivation of the
muscle relaxant. Similarly, the addition of calcium salts to
infusion lines containing bicarbonate solutions will result
insignificant precipitation of insoluble calcium carbonate,
and the addition of drugs or electrolytes to fat emulsions
(e.g. intralipid) or concentrated solutions (e.g. 20% man-
nitol) may result in the aggregation or precipitation of the
mixture.

Direct chemical combination or degradation

Direct chemical combination may also produce drug in-
teraction in vitro. A classical example was the use of the in-
halational anaesthetic trichlorethylene in anaesthetic cir-
cuits incorporating soda lime, leading to the production of
the potentially neurotoxic vapour dichloracetylene. More
recently, it has been recognized that carbon monoxide
may be produced in circle systems when isoflurane or
desflurane is administered in the presence of warm and
dry soda lime, and may cause significant levels of car-
boxyhaemoglobin in anaesthetized patients. Sevoflurane
may also undergo some decomposition when used with
warm soda lime in low flow anaesthesia systems, and sig-

nificant amounts of a potentially nephrotoxic vinyl ether
(‘Compound A’) may be produced.

Similarly, when penicillin derivatives are added to in-
fusion fluids containing amino acids, drug—protein com-
plexes are formed that can induce the formation of cy-
tophilic antibodies (IgE). These reactions may result in
the development of Type I hypersensitivity reactions.

Racemization

Racemization (epimerization) may also occur in solu-
tion, and involves a change in the steric configuration of
molecules. A change in the pH of catecholamine solutions
may convert (1)-adrenaline to (d)-adrenaline, with an al-
most total loss of potency.

Physical

Solvent system polarity

Solvent system polarity (the solubility of a drug or drug
solvent in aqueous solution) may be important when rel-
atively insoluble agents such as diazepam or propofol are
present in organic solvents and are subsequently added to
aqueous solutions. In these conditions, precipitation may
occur, and its extent will depend on the relative volume
and concentration of both drug and aqueous solution.

Interactions with glass or plastic

Drugs may also interact with the administration sets
through which they are given. Some drugs may have the
tendency to adhere to the surface of their containers, as
may occur with insulin in glass or plastic syringes (adsorp-
tion). Similarly, nitroglycerine and other lipophilic drugs
may be bound by different types of plastic.

Other physical phenomena which may occur include
‘salting out’, when electrolytes are added to supersaturated
solutions such as mannitol, and ‘emulsion cracking, when
calcium salts are added to fat emulsions.

Prevention of pharmaceutical interactions

Pharmaceutical interactions are often predictable and are
not usually an important cause of complications in anaes-
thetic practice. Their occurrence can be minimized by
a number of simple precautions. If possible, only one
drug should be added to each unit of a crystalloid solu-
tion. No additives should be incorporated in infusions of
blood, blood products, lipid emulsions, amino acid prepa-
rations or hypertonic fluids. The addition of drugs to acid
or alkaline solutions should be avoided. Solutions must
be thoroughly mixed before administration and this is
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particularly important when potassium salts are added
to intravenous fluids. Solutions containing additives are
preferably prepared in the pharmacy and should be clearly
labelled. When additives are used in the wards or theatre,
the manufacturers’ data sheet or a table of drug incom-
patibilities should be consulted. A pharmacist or drug in-
formation centre can usually resolve any problems.

Pharmacokinetic interactions

Pharmacokinetic interactions occur in the body and are
due to an alteration in the disposition of one drug by an-
other. In these circumstances, the concentration of a drug
at its site of action may be modified. These interactions
are usually classified by their effects on the processes of

* Dissolution or absorption

* Distribution

* Metabolism

* Elimination

Dissolution or absorption

Gastric pH and motility

Drug dissolution usually takes place in the stomach, and
the solubility of some drugs (e.g. tetracyclines) is critically
dependent on acid conditions. In these circumstances,
drugs affecting gastric pH (e.g. antacids, H,-receptor an-
tagonists) will influence the degree of absorption. Most
drugs are absorbed in the more alkaline medium of the
small intestine. Agents that affect the speed of gastric emp-
tying will alter the rate of delivery of other drugs to their
site of absorption and consequently influence their up-
take. Metoclopramide stimulates gastric emptying and in-
creases the rate of uptake of many drugs administered by
mouth. In contrast, opioid analgesics and antimuscarinic
agents that slow gastric emptying have the converse effect.
When drugs affect gastric motility, the total amount of
orally administered drugs absorbed usually remains un-
altered. However, the bioavailability of digoxin is reduced
by metoclopramide and increased by propantheline. Con-
versely, the absorption of levodopa is reduced in the pres-
ence of antimuscarinic drugs, presumably because of an
increased time of exposure to metabolism by the intestinal
mucosa.

Intestinal absorption
Drug interactions in the small intestine may decrease ab-
sorption when chelates or other insoluble complexes are

formed. Thus, the absorption of tetracyclines is reduced by
the simultaneous administration of calcium, magnesium
or iron salts, and the resin colestyramine may decrease
the absorption of many other drugs including warfarin,
digoxin and thyroxine.

Subcutaneous and intramuscular absorption

The absorption of drugs administered by subcutaneous
or intramuscular injection is determined by the aqueous
solubility of the drug at tissue sites, the extent of local
metabolism and peripheral blood flow. Drugs prepared
in organic solvents (e.g. diazepam, phenytoin) may pre-
cipitate in tissues, and this may account for any decrease
in bioavailability compared to that after oral administra-
tion. Sympathomimetic amines and (3-adrenoceptor an-
tagonists can significantly modify skin and muscle blood
flow. If extensive metabolism of the parenterally admin-
istered drug occurs at tissue sites, bioavailability may be
affected.

Distribution

Inhalational agents

The uptake and distribution of inhalational agents is sig-
nificantly influenced by minute ventilation and cardiac
output. The rate of rise of alveolar concentration, which
is correlated with the induction of anaesthesia, is largely
determined by ventilation. Consequently, respiratory de-
pressants may slow the rate of onset of anaesthesia. Con-
versely, drugs that reduce cardiac output increase the rate
of rise of alveolar concentration and the rate of induction
may be increased (Chapter 8).

Displacement from protein binding

After administration and absorption, drugs are present in
plasma in simple solution or bound to carrier proteins or
erythrocytes. They are subsequently transported to organs
and tissues by the vascular system.

The transport of drugs in the circulation usually in-
volves their binding by plasma proteins. Acidic drugs are
usually bound by albumin, and basic drugs are bound by
other plasma protein constituents such as lipoproteins,
ay-acid glycoprotein and -y -globulin. In most instances
binding sites are relatively non-specific and are subject to
competition by a wide variety of drugs.

Nevertheless, it is doubtful whether displacement from
plasma proteins alone is an important factor in drug in-
teractions in humans. Any enhanced effects are likely to be
small and transient, since the increase in the concentration
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of unbound drug in plasma is usually counterbalanced by
increased renal and hepatic clearance. A new steady state is
thus established, with the total amount of drug in plasma
reduced but the unbound fraction unchanged, and drug
distribution to the site of action is unaffected. Basic drugs
have a wide availability of binding sites and plasma lev-
els of a;-acid glycoprotein may be considerably elevated
following surgery and in many disease processes.

Significant interactions may occur between acidic drugs
with a low volume of distribution which are predomi-
nantly present in plasma, and where the ratio between
the effective and toxic dose is small (e.g. anticoagulants).
Drugs that displace warfarin from plasma proteins (e.g.
phenylbutazone, some sulphonamides) may enhance its
therapeutic effects and produce toxic side effects. How-
ever, drugs that lead to clinical interactions with warfarin
may also affect its metabolism, presumably by competing
at enzymatic sites, where protein configuration may be
important.

Interactions may occur between drugs that are exten-
sively bound by tissue proteins. The antimalarial drugs
mepacrine and pamaquin are both bound by hepatic pro-
teins and may displace each other into extracellular fluid.
It is unclear whether this phenomenon is responsible for
clinically significant drug interactions in humans.

Metabolism

Drug interactions affecting metabolism mainly occur in
the liver, although drug metabolism can also occur in the
intestinal mucosa, plasma and lung parenchyma, and may
be due to interference with a number of different physio-
logical or biochemical processes.

First-pass metabolism

After oral administration, some drugs are extensively me-
tabolized by the liver before they gain access to the systemic
circulation. First-pass metabolism may be an important
cause of the diminished response to certain drugs when
given orally, as occurs with most opioid analgesics. In the
case of drugs with a high extraction ratio that are exten-
sively cleared by the liver, the magnitude of the first-pass
effect is dependent on liver blood flow. Drugs that modify
hepatic perfusion may affect the proportion of the oral
dose that enters the systemic circulation. Thus, the oral
bioavailability of some opioid analgesics may be increased
by drugs that reduce liver blood flow (e.g. propranolol, in-
halational anaesthetics). Cimetidine, which isalso a potent
inhibitor of liver enzymes, enhances the systemic bioavail-
ability of propranolol by a reduction in hepatic blood flow.

Enzyme induction

Drug interaction in the liver may be due to effects on
enzymes that are responsible for drug metabolism. The
activity of cytochrome P450 and other microsomal en-
zymes can be enhanced by certain drugs (Table 4.1),
and the rate and extent of drug metabolism may be in-
creased. Chronic alcohol consumption and polycyclic hy-
drocarbons in tobacco and grilled meats may also induce
certain isoforms of cytochrome P450. Polycyclic hydro-
carbons mainly induce CYP 1A1 and CYP 1A2, while bar-
biturates and phenytoin mainly affect CYP 1A2 and CYP
3A4. Rifampicin is a potent inducer of CYP 2D6 and CYP
3A4, while ethyl alcohol induces CYP 2E1. Most enzyme-
inducing agents also increase liver weight, microsomal
protein content and the rate of biliary secretion. Enzyme
induction usually increases glucuronyl transferase activity
and thus enhances drug conjugation. In some instances,
drugs may induce their own metabolism (autoinduction).
Induction of cytochrome P450 may have secondary ef-
fects on other enzyme systems. For example, enzyme in-
duction usually decreases intracellular haem, reducing its
inhibitory effects on porphyrin synthesis, which may be
significant in acute porphyria.

Enzyme induction is a common and important cause
of drug interactions and normally takes place over several
days. The rate of metabolism of the inducing agent itself,
as well as other drugs, may be increased with a subsequent
reduction in concentration and pharmacological effects.
Conversely, withdrawal of the inducing drug will allow the
serum concentration and the plasma half-life to increase,
and toxicity may result if the dose is not adjusted. This is
exemplified by the interaction between barbiturates and
warfarin anticoagulants. Barbiturates are potent enzyme-
inducing agents, and can alter the rate of metabolism
of other drugs within 2 days of administration, with
increasing effects over several weeks. It is unclear whether

Table 4.1 Agents that induce hepatic cytochrome P450.

Barbiturates

* Phenytoin

* Carbamazepine

* Rifampicin

Griseofulvin

Ethyl alcohol (chronic consumption)

Polycyclic hydrocarbons (tobacco smoke, grilled meat)
Insecticides

Corticosteroids

* St. John’s Wort (a popular herbal medicine)
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the repeated use of thiopental as an induction agent can
lead to clinically significant enzyme induction.

Some hepatic enzyme systems that are concerned with
drug metabolism are unaffected by enzyme induction (e.g.
monoamine oxidase).

Inhalational anaesthesia and enzyme

induction

Many inhalational anaesthetics produce complex effects
on cytochrome P450 and other microsomal enzyme sys-
tems. Most fluorinated agents appear to be metabolized
by the isoform CYP 2E1 (Chapter 1), which is induced by
ethyl alcohol and variably affected by inhalational anaes-
thetics. Anaesthesia with inhalational agents may possibly
cause induction, inhibition or have biphasic effects on
CYP 2E1 and related enzyme systems. In addition, the
metabolic response to surgery may profoundly affect hep-
atic drug metabolism.

Enzyme inhibition

Other agents may inhibit many microsomal enzyme sys-
tems and thus prevent or delay the metabolism of other
drugs. Isoforms of cytochrome P450 and other hepatic en-
zymes concerned with drug metabolism may be inhibited
in a competitive or a non-competitive manner by many
drugs (Table 4.2). Enzyme inhibition may increase plasma
concentrations of other concurrently used drugs, resulting
in drug interactions.

Competitive inhibition may result when two drugs are
in competition for the same metabolic pathway (e.g. tolbu-
tamide and sulphonamides). Other drugs (e.g. quinidine)
are competitive inhibitors of CYP 2D6, but are not sub-
strates of this enzyme isoform.

Table 4.2 Agents that inhibit hepatic cytochrome P450.

Imidazoles (ketoconazole, itraconazole, omeprazole,
cimetidine, etomidate)

* Macrolide antibiotics (erythromycin, clarithromycin)
* Antidepressants

* HIV protease inhibitors

* Ciclosporin

* Amiodarone

* Gestodene

* Allopurinol

* Quinidine

* Disulfiram

* Grapefruit juice

Non-competitive inhibition may also occur and some
imidazole compounds can form a complex with the fer-
ric form of haem in CYP 3A4 and certain other isoforms
(e.g. CYP1A2, CYP2C8, CYP 2D6). Other irreversible in-
hibitors (e.g. gestodene, diethylcarbamate) are oxidized
by CYP 3A4 and then form a covalent bond resulting in
enzyme destruction (‘suicide inhibition’).

Some compounds are not metabolized by hepatic en-
zymes but are broken down by cholinesterases in plasma
(e.g. suxamethonium, mivacurium). Drugs that inhibit
cholinesterase (e.g. edrophonium, neostigmine) or inhibit
its synthesis (e.g. cyclophosphamide) may prolong the ef-
fect of suxamethonium and mivacurium.

Elimination

Drugs are principally eliminated from the body by the
liver, the kidneys, the lungs or the gut. Drug interactions
are possible when any of these routes are involved.

Hepatic elimination
Drug interactions affecting hepatic elimination may be
due to competition for biliary excretion. Both anions (e.g.
ampicillin) and cations (e.g. vecuronium) are concen-
trated and excreted in bile by transport processes that re-
quire cellular enzymes (e.g. Na™/K*-ATPase). These sys-
tems are usually saturable, and other anions and cations
may compete with and reduce their transport and elimi-
nation. This interaction is rarely of practical significance.
Other drugs (e.g. morphine, oestrogens) are excreted
in the bile as water-soluble conjugates (glucuronides or
sulphates). Some of these conjugates are metabolized to
their parent compounds by the gut flora and subsequently
reabsorbed (enterohepatic recirculation). When bacterial
flora are inhibited by antibiotics this recycling will not
occur, and this may explain the occasional failure of oral
contraception when used with oral penicillins or tetracy-
clines.

Renal elimination

Compounds that alter urine pH may influence the rate and
the extent of elimination of other drugs. The duration of
action and the proportion of the dose metabolized by the
liver may also be modified. In general, drugs that are weak
acids or weak bases may be present in solution in both
ionized and non-ionized forms and the relative propor-
tions of the two forms are dependent on pH. In alkaline
urine, significant amounts of some weak acids are ionized.
In these conditions, they cannot readily diffuse back into
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Fig. 4.2 Elimination of weak acids in alkaline and acidic urine.
Weak acids are present in the renal tubule in an ionized and a
non-ionized form (A~ and AH). Only AH can diffuse across
tubular cell membranes (— ). At pH 8, most of the drug in the
renal tubule is present as A~ and is eliminated in urine (). At
pH 5, more of the drug is present in the non-ionized form
(AH), which can diffuse back across the renal tubule (—) and is
eliminated to a lesser extent. Similar factors apply to the
elimination of weak bases.

plasma across the renal tubule, and are therefore elimi-
nated in urine (Fig. 4.2). By contrast, in neutral or acidic
urine a higher proportion of the drug is non-ionized, so
that diffusion back into plasma is facilitated and excretion
is reduced.

On the other hand, weak bases (e.g. tricyclic antidepres-
sants, opioid analgesics) are more highly ionized in acidic
urine and their elimination is enhanced. In contrast, the
presence of an alkaline urine promotes the reabsorption
of basic drugs in the renal tubule.

At one time, these principles were used in the treatment
of drug overdosage. Although modification of the pH of
urine may lead to other interactions, these are not usually
of clinical significance.

Drug interactions involving renal function are some-
times related to competition for active transport. Both
acid and basic drugs and their metabolites are partially
eliminated from plasma by secretion in the proximal renal
tubule. This process is competitive and may be subject to
interference by other drugs. Benzylpenicillin is a weak acid
that is actively secreted by the proximal renal tubule. Con-
sequently, it has a relatively short half-life (30-40 min),
which can be prolonged by other drugs that compete with
it for active transport (e.g. probenecid, NSAIDs, most di-

uretics). The elimination of endogenous substances can
also be inhibited by drugs. Many thiazide diuretics com-
pete with urates for tubular secretion in the proximal renal
tubule. In these conditions, the plasma urate concentra-
tion may be increased and acute gout can be precipitated.

Pulmonary elimination

The rate of removal of inhalational anaesthetic agents is
principally determined by minute ventilation and cardiac
output. Drugs that affect either of these factors (e.g. res-
piratory depressants and some antiarrhythmic drugs) can
reduce the rate of elimination and thus prolong the effects
of volatile and gaseous agents.

Gastrointestinal elimination

Some highly basic and lipid-soluble drugs (e.g. pethidine,
fentanyl) may diffuse from plasma into the stomach, and
subsequent reabsorption from the small intestine may re-
sult in a secondary peak effect. This gastroenteric recir-
culation process may be modified by drugs, which either
influence splanchnic blood flow or produce changes in
gastric pH.

Pharmacodynamic interactions

Interactions at receptor sites

Pharmacodynamic interactions occur at the site of action
of drugs, and many are related to additive, synergistic or
antagonistic effects at receptor sites. Such interactions are
frequently beneficial, for example the use of protamine
to reverse the anticoagulant effects of heparin, or the use
of B-adrenergic antagonists to reverse adrenaline-induced
tachycardia. Alternatively, adverse interactions can occur;
for instance, chlorpromazine and related drugs block a-
adrenoceptors and may therefore enhance the hypoten-
sive effect of other drugs. Some pharmacodynamic inter-
actions are related to the additive or synergistic effects
of drugs on the CNS (e.g. ethyl alcohol and benzodi-
azepines) the autonomic nervous system (e.g. atropine
and tricyclic antidepressants) or the cardiovascular sys-
tem (e.g. B-adrenoceptor antagonists and calcium chan-
nel blockers). Many examples of competitive and non-
competitive antagonism (Chapter 3) can be classified as
pharmacodynamic interactions. In addition, a number of
important interactions are related to interference with the
active transport of drugs to their site of action, such as the
potentiation of the effects of noradrenaline by tricyclic
antidepressant drugs.
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Other pharmacodynamic interactions

Not all pharmacodynamic interactions are related to ad-
ditive, synergistic or antagonistic effects at receptor sites.
Disturbances of fluid and electrolyte balance play a role
in some interactions. Thiazides and loop diuretics reduce
serum KT and thus increase the sensitivity of Na™ /K-
ATPase to inhibition by digoxin, resulting in enhanced
Nat/Ca?" exchange, raised cardiac contractility and im-
proved atrioventricular conduction. Similarly, the toxicity
of lithium salts can be enhanced by Na™ depletion pro-
duced by thiazide diuretics, since Na* and Li* are treated
in a similar manner by the body.

Drug interactions in anaesthetic
practice

Drug interactions in anaesthetic practice may occur be-
tween pre-existing drug therapy and general or local
anaesthetic agents, muscle relaxants, analgesics and drugs
used for premedication. Interactions may also occur be-
tween anaesthetic agents and their adjuvants.

In some instances, the pharmacological basis of drug
interaction is unknown or obscure. From the anaesthetist’s
point of view, it is often more important to be aware of
the more common established interactions that may be
encountered or anticipated.

Interactions with general anaesthetic
agents

Interactions may occur with both intravenous and in-
halational agents. In vitro drug interactions can occur
when solutions of lower pH are added to solutions of
thiopental (pH 10-11). These in vitro interactions are
well known and are easily avoided. Other interactions
with general anaesthetics may occur in vivo and may
involve:

* Other respiratory depressants

* Antiarrhythmic and antianginal agents

» Sympathomimetic amines

* Antihypertensive agents

* Drugs that modify electrolyte balance

* Muscle relaxants

* Enzyme-inducing agents

* Enzyme-inhibiting agents

* Nephrotoxic agents

Other respiratory depressants
Drugs with a significant respiratory depressant effect can
modify the uptake, distribution and elimination of in-
halational anaesthetic agents. However, once anaesthesia
is established, all drugs that depress CNS activity are con-
sidered to have summative effects. The minimum alveolar
concentration (MAC) value of many fluorinated agents,
which reflects their potency in steady-state conditions, is
reduced by about 30% when diazepam is also adminis-
tered. Similar effects have been shown or may be pre-
dicted when opioid analgesics, hypnotics, tranquillisers,
antidepressants and certain antihypertensive agents (e.g.
clonidine) have been used. Nitrous oxide will accelerate
the uptake of other inhalational agents by the ‘concentra-
tion’ and ‘second gas’ effects relating to its high diffusing
capacity, but in steady-state conditions, the MAC values
of different inhalational agents are additive (Chapter 8).
Conversely, the concomitant use of CNS stimulants (e.g.
theophylline) may increase anaesthetic requirements and
MAC values.

Antiarrhythmic and antianginal agents
Organic nitrates, B-adrenoceptor antagonists and calcium
channel-blocking agents are commonly used in the man-
agement ofangina, and the last two groups of drugs are also
effective as antihypertensive and antiarrhythmic agents.
Treatment with these drugs should always be continued
until the immediate preoperative period as the risks of
rebound phenomena, such as worsening of angina symp-
toms and the reappearance of arrhythmias far outweigh
those due to drug interactions which may occur during
anaesthesia. The percutaneous administration of glyceryl
trinitrate in the management of angina is sometimes con-
tinued during anaesthesia, although the theoretical risk of
potentiation of systemic hypotension or reflex tachycardia
must be borne in mind.

-Adrenoceptor antagonists and calcium
channel-blocking agents
Bradycardia is frequently encountered during anaesthesia
in patients receiving 3-adrenoceptor antagonists. Severe
bradyarrhythmias may result in hypotension and has been
observed following the absorption of timolol eye drops.
Pharmacokinetic parameters may be of some importance,
as inhalational agents and propranolol can both reduce
liver blood flow.

Many volatile anaesthetic agents have significant cal-
cium channel-blocking activity or interfere with the
mobilization of intracellular Ca?", although significant
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problems with therapeutic doses of calcium antagonists
are unlikely. However, additive or synergistic effects may
occur, and their combined effects on cardiac output and
peripheral vascular tone is more likely to lead to intraop-
erative hypotension. In addition, certain calcium channel-
blocking agents, especially verapamil and diltiazem, can
produce some degree of heart block, which may be en-
hanced by inhalational anaesthesia.

Combined treatment with both B-adrenoceptor antag-
onists and calcium channel-blocking agents requires spe-
cial vigilance during anaesthesia. - Adrenoceptor antago-
nists will depress the reflex responses associated with some
calcium channel blockers (e.g. nifedipine) and augment
their effects by reducing Ca®* channel availability, an ef-
fect which may be due to reduced intracellular synthesis of
cAMP. In addition, the reduction in cardiac output associ-
ated with B-adrenoceptor antagonists and some calcium
channel-blocking agents may also modify the pharma-
cokinetic behaviour of inhalational agents and effectively
increase their potency by secondary reflex mechanisms
which facilitate cerebral blood flow. Similarly, the effects
of inhalational agents on hepatic perfusion and intrinsic
clearance may increase plasma levels of antiarrhythmic
agents.

Amiodarone

The antiarrhythmic agent amiodarone may cause a signif-
icant increase in bradyarrhythmias, complete heart block
and pacemaker dependence in patients undergoing car-
diac surgery and receiving various anaesthetic regimes.
This may reflect the additive effect of anaesthetic drugs
when used with antiarrhythmic agents with a long elimi-
nation half-life.

Sympathomimetic amines
Sympathomimetic amines with 3-adrenergic activity may
precipitate dangerous or fatal tachyarrhythmias during in-
halational anaesthesia. Factors that can lead to an increase
in endogenous production of adrenaline (e.g. hypoxia,
hypercarbia, reflex stimulation) may increase the risk.
Similar problems are encountered when cocaine, which
inhibits the reuptake of noradrenaline, is used to pro-
mote mucosal surface anaesthesia and vasoconstriction
in ENT surgery. Dysrhythmias are less common with the
fluorinated ethers in common use than with halothane
(Table 4.3).

Interactions with sympathomimetic amines are mainly
encountered when these drugs are administered dur-
ing anaesthesia. Indirectly acting sympathomimetic

Table4.3 Doses of submucosal adrenaline required to induce
ventricular extrasystoles in the presence of inhalational agents
(median effective dose at 1.25 MAC).

Inhalational agent Dose
Halothane 2.1 pgkg!
Isoflurane 6.7 pgkg!
Enflurane 10.9 pgkg™!
Sevoflurane ~7ugkg!
Desflurane ~7pgkg!

amines (e.g. ephedrine, metaraminol) and related drugs
(e.g. theophylline) may have a greater propensity to
induce arrhythmogenic effects than directly acting
catecholamines.

Ketamine produces central stimulation of sympathetic
activity, resulting in raised catecholamine levels. Both
tachyarrhythmias and the development of seizures have
been reported with the concurrent use of theophylline,
which has similar central and peripheral actions.

Cardiovascular effects have also been reported dur-
ing anaesthesia associated with the prior administration
of levodopa. These interactions appear to be dose re-
lated since large doses tend to produce tachyarrhythmias
and vasoconstriction, presumably due to its metabolite
dopamine. With smaller doses, vasodilatation usually pre-
dominates.

Arrhythmias induced by sympathomimetic amines
during inhalational anaesthesia can usually be prevented
or controlled by B-adrenoceptor antagonists.

Antihypertensive agents

During general anaesthesia, hypotensive responses may be
induced by a number of drug interactions. Most of these
reactions are due to the additive effects of drugs that affect
arterial pressure. For instance, thiopental and sevoflurane
tend to lower blood pressure and may interact with - or
[-adrenoceptor antagonists or with other drugs that can
produce vasodilatation (e.g. chlorpromazine, morphine).
These actions are predictable and may be desirable in nor-
motensive patients during anaesthesia.

In hypertensive patients on drug therapy, severe hy-
potension may occur during general anaesthesia, or
postural hypotension may be seen on recovery. Induc-
tion agents are particularly liable to induce such re-
sponses in treated hypertensive patients. Thiopental re-
duces cardiac output and often decreases blood pressure
inboth hypertensive and normotensive subjects. Similarly,
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inhalational agents, via negative inotropic or chronotropic
effects or by a reduction in peripheral resistance, may lead
to falls in systemic pressure that are exaggerated in hy-
pertensive subjects. Treated hypertensive patients carry a
greater risk of perioperative hypotension than normoten-
sive subjects. However, if attention is given to circulat-
ing volume requirements and appropriate modification
of the dosage of anaesthetic agents is made, drug interac-
tion should not be a major problem.

Nevertheless, severe and unexpected hypotension has
been observed during anaesthesia for patients receiving
angiotensin-converting enzyme (ACE) inhibitors. This
may reflect the failure of the normally protective renin—
angiotensin—aldosterone system associated with decreased
renal perfusion during general anaesthesia. It has been
suggested that an intravenous infusion should be com-
menced for all patients who are receiving ACE inhibitors
prior to induction of anaesthesia.

Drugs that modify electrolyte balance

Drugs affecting electrolyte balance may also contribute to
the occurrence of cardiac arrhythmias during inhalational
anaesthesia. Drugs that lower serum K* (most diuretics,
corticosteroids, insulin) may induce supraventricular or
ventricular ectopic beats during inhalational anaesthesia,
particularly in patients who are digitalized. Conversely,
drugs that induce hyperkalaemia (e.g. suxamethonium,
potassium-sparing diuretics) tend to impair cardiac con-
duction and may cause sinoatrial block. Agents that lower
serum Ca?* (e.g. calcitonin, blood transfusions) depress
cardiac contractility and may predispose to cardiac ar-
rhythmias. Additional factors unrelated to drug adminis-
tration may also be involved (e.g. reflex stimulation).

Muscle relaxants

Volatile anaesthetic agents increase the neuromuscu-
lar block induced by non-depolarizing muscle relaxants
(page 79). They may also induce dual block when patients
are concomitantly receiving repeated doses of suxametho-
nium (page 180).

Enzyme-inducing agents

Thiopental and other agents used in anaesthesia can po-
tentially induce the activity of drug-metabolizing en-
zymes. It is therefore possible that the plasma concen-
tration and effects of other drugs concurrently used (e.g.
anticoagulants, anticonvulsants) could be reduced. How-
ever, underlying disease and associated trauma may have

a depressant effect on drug metabolism and lead to higher
plasma concentrations of drugs administered in the post-
operative period.

Inhalational anaesthetics produce complex effects on
cytochrome P450 and other microsomal enzyme systems.
Most fluorinated agents are metabolized by the isoform
CYP 2El, which is induced by ethyl alcohol and vari-
ably affected by fluorinated agents. Anaesthesia with in-
halational anaesthetics may cause induction, inhibition or
have a biphasic effect on CYP 2E1 and related enzyme sys-
tems. In addition, the metabolic response to surgery may
profoundly affect hepatic drug metabolism.

Enzyme-inhibiting agents

In clinical concentrations, propofol has a modest in-
hibitory effect on some isoforms of cytochrome P450, par-
ticularly CYP 1A1, CYP 2A1 and CYP 2B1. Experimental
and clinical studies suggest that propofol may potentially
alter the metabolism of fentanyl and alfentanil. In addi-
tion, imidazole derivatives (including etomidate) can in-
hibit drug hydroxylation by CYP 3A4 and other isoforms
(Chapter 7).

Nephrotoxic agents

After administration of sevoflurane, there is a limited in-
creasein the urinary excretion of fluoride ions. In addition,
sevoflurane can interact with soda lime to form a poten-
tially nephrotoxic vinyl ether (‘compound A’). Although
there is no clinical evidence that sevoflurane or isoflu-
rane can produce renal damage, this possibility should be
recognized when other nephrotoxic agents (e.g. amino-
glycoside antibiotics) are used concurrently.

Interactions with local anaesthetic
agents

Although local anaesthetics are extensively used in current
practice, undesirable or adverse drug reactions are un-
common. Nevertheless, interactions involvinglocal anaes-
thetic solutions are a potential risk when they are admin-
istered to patients receiving certain other drugs. Prepara-
tions of local anaesthetics often contain vasoconstrictors,
which delay absorption and usually produce a beneficial
drug interaction by increasing the duration of anaesthe-
sia. Interactions with other drugs can occur with either the
vasoconstrictor or the local anaesthetic agent. Other con-
stituents of local anaesthetic solutions (reducing agents,
preservatives, fungicides) have not been incriminated
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in drug interactions. Nevertheless, the addition of
hyaluronidase to local anaesthetic solutions may signifi-
cantly enhance tissue penetration and reduce the duration
of blockade.

In the past, noradrenaline was occasionally used as a
vasoconstrictor in local anaesthetic solutions. Injected no-
radrenaline, as well as the endogenous hormone, is pre-
dominantly removed from tissues and synapses by ac-
tive transportinto sympathetic nerve terminals (Uptake, ).
This mechanism can be blocked by most tricyclic agents
and their derivatives, which compete with noradrenaline
for Uptake;. Consequently, the pressor response to no-
radrenaline is significantly potentiated by these agents,
and the effects of adrenaline may also be increased. In-
fusion or injection of noradrenaline, adrenaline or other
a-adrenoceptor agonists such as phenylephrine to patients
on tricyclic drugs may cause a marked rise in blood pres-
sure, which can precipitate subarachnoid haemorrhage.
There is some evidence that pancuronium may also sen-
sitize tissues to noradrenaline by a similar mechanism.

The potential hazards of adrenaline and noradrenaline
in patients receiving tricyclic antidepressants are well
known. Nevertheless, current opinion suggests that pro-
vided adrenaline is used in local anaesthetic solutions, and
proper attention is given to dosage and technique, clini-
cally significant drug interactions will not occur. It should
be recognized that tricyclic agents themselves may induce
complex side effects on the cardiovascular system includ-
ing postural hypotension, tachycardia, delayed AV con-
duction and T wave prolongation.

In general, local anaesthetic solutions can interact with:
* Muscle relaxants and their antagonists
¢ Sulphonamides
¢ Other drugs (e.g. clonidine, ketamine)

Muscle relaxants and their antagonists

Local anaesthetics can enhance the effects of both depo-
larizing and non-depolarizing muscle relaxants on neu-
romuscular transmission. High concentrations of esters
(e.g. procaine) can compete with suxamethonium for
cholinesterase, prevent its hydrolysis, and enhance de-
polarizing block. Conversely, the effects of local anaes-
thetic esters may be prolonged by drugs that inhibit
cholinesterase (e.g. neostigmine, cytotoxic drugs).

Many local anaesthetics can also augment non-
depolarizing block, although their mechanism of action
is uncertain. Local anaesthetics decrease acetylcholine re-
lease from the nerve terminal and stabilize the postsynap-
tic receptor and the muscle cell membrane. These effects

can clearly contribute to and enhance non-depolarizing
blockade.

Sulphonamides

The antibacterial effects of sulphonamides are dependent
on the antagonism of para-aminobenzoate, which is essen-
tial for nucleic acid synthesis in certain organisms. Drugs
that release para-aminobenzoate in tissues, such as pro-
caine and related esters, can overcome this antagonismand
prevent the bacteriostatic effects of sulphonamides. In-
stances of this interaction have only rarely been reported
and its significance is now mainly of historical interest.
Nevertheless, local anaesthetic preparations containing
procaine or amethocaine should be avoided for patients
with infections that are being concurrently treated with
sulphonamides or sulphonamide combinations (e.g. co-
trimoxazole).

Other drugs

Clinical reports and experimental studies suggest that
the cardiovascular toxicity of local anaesthetic amides is
increased in the presence of calcium channel blockers
(e.g. verapamil, nifedipine), and additive effects on my-
ocardial contraction and conduction are likely. The ad-
ministration of either clonidine or ketamine with local
anaesthetic agents can increase the duration of extradu-
ral (and spinal) blockade, and both pharmacokinetic and
pharmacodynamic factors may be involved. Conversely, a
significant failure rate of spinal anaesthesia using bupiva-
caine has been reported in those patients with either a high
alcohol intake, long-term treatment with non-steroidal
anti-inflammatory drugs (e.g. indometacin) or both. The
mechanism of such apparent drug antagonism is obscure.

Interactions with muscle relaxants and
their antagonists

The intensity and duration of action of muscle relax-
ants can be affected by many other drugs. Interactions
of this type may be associated with prescribed or self-
administered oral therapy, with parenteral or locally ap-
plied preparations, or with agents concurrently used in
the course of anaesthesia.

Interactions with muscle relaxants and their antagonists
may occur with:
* General anaesthetics
* Local anaesthetics
* Drugs that affect cytochrome P450
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* Drugs that affect electrolyte balance
* Drugs that modify acid-base balance
* Antibiotics

* Cholinesterase inhibitors

¢ Other drugs

General anaesthetics

Non-depolarizing relaxants

Most inhalational agents will affect both the pharma-
codynamic activity and the kinetic behaviour of non-
depolarizing neuromuscular blocking agents. The increase
and prolongation of myoneural blockade is dependent
on the nature and concentration of the anaesthetic agent.
Isoflurane, sevoflurane and desflurane generally produce
a greater effect than halothane at equivalent MAC val-
ues. The mechanism of skeletal muscle relaxation is not
entirely clear, but may be due to central actions, presynap-
tic effects or to an altered sensitivity of the postsynaptic
receptor or the muscle cell membrane. Alternatively, the
variable potencies of individual inhalational agents may
reflect different effects on presynaptic Ca®* influx at the
neuromuscular junction.

Volatile anaesthetics may also affect the kinetic disposi-
tion of muscle relaxants. When gradually increasing con-
centrations of fluorinated agents are administered neu-
romuscular junction sensitivity increases, but the rate of
equilibration between the plasma concentration of the re-
laxant and the onset of paralysis will decrease. This re-
flects decreased perfusion to the neuromuscular junction,
resulting in a reduction in the rate of drug delivery.

There is no evidence that intravenous induction agents
in common use interact with non-depolarizing agents.

Suxamethonium
The duration of action of a single dose of suxametho-
nium is not usually affected by intravenous or inhala-
tional anaesthesia. Nevertheless, if volatile agents are used
concurrently, the transition from phase I (depolarizing)
to phase II (non-depolarizing) blockade may occur at
a lower total dosage of suxamethonium when repeated
doses are given. Isoflurane may accelerate the onset of
phase II blockade and potentiate its intensity. The mech-
anisms involved in this interaction are not entirely clear,
but may involve translocation of Ca** at pre- and postsy-
naptic sites.

The muscarinic effects of suxamethonium may be en-
hanced by propofol, possibly due to its absence of any
central vagolytic activity.

Local anaesthetics
Most local anaesthetic agents enhance the effects of
non-depolarizing agents on neuromuscular transmission.
Many other drugs have local anaesthetic or membrane-
stabilizing properties and can also augment non-
depolarizing blockade, including phenothiazines, tricyclic
antidepressants, antihistamines, quinidine and some bar-
biturates. It is unclear whether these effects are due to
presynaptic or postsynaptic actions on neuromuscular
transmission.

In addition, local anaesthetic esters may compete with
suxamethonium for cholinesterase and prolong depolar-
ization blockade.

Drugs that affect cytochrome P450

Drugs that affect cytochrome P450 may modify the elim-
ination of muscle relaxants that partly or predominantly
depend on hepatic metabolism (pancuronium, rocuro-
nium, vecuronium). Drugs that induce cytochrome P450
(Table 4.1) may reduce their effects and duration of action,
in spite of their membrane-stabilizing effects. Conversely,
drugs that inhibit cytochrome P450 or reduce hepatic per-
fusion (Table 4.2) may have the opposite effect.

Drugs that affect electrolyte balance
Electrolytes or drugs that modify electrolyte balance or
mobilization, in particular those affecting Mg?*, Ca?* and
K", may profoundly influence neuromuscular transmis-
sion.

Magnesium ions

Magnesium ions prevent Ca?* entry into the presynaptic
nerve terminal, thus decreasing acetylcholine release and
reducing the amplitude of the endplate potential. Con-
sequently, non-depolarizing blockade is augmented and
depolarization blockade may be antagonized.

Calcium ions and calcium channel-blocking
agents
Calcium ions play an important part in the presynaptic
release of acetylcholine and in subsequent muscle con-
traction (i.e. in excitation—contraction coupling). Con-
sequently Ca*" salts and drugs that raise Ca*" concen-
trations (e.g. parathormone) may increase acetylcholine
release and enhance excitation—contraction coupling.
Conversely, drugs that decrease Ca** concentrations
or interfere with Ca*" transport and intracellular mobi-
lization may decrease acetylcholine release and prolong
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neuromuscular blockade. In the presence of Ca** channel
blockers, prolonged effects of vecuronium and atracurium
have been reported. The problem is likely to be enhanced
by volatile anaesthetic agents, particularly by isoflurane.

Potassium ions

Drugs that increase plasma K™ (e.g. spironolactone, tri-
amterene) decrease the resting membrane potential of
muscleand mayaugment depolarization blockade. In con-
trast, drugs that induce hypokalaemia (corticosteroids, 3-
adrenoceptor agonists, insulin) increase the resting po-
tential and may enhance the effects of non-depolarizing
agents. Changes in plasma K* may also modify transmit-
ter release. In the presence of hypokalaemia the dosage of
non-depolarizing agents should usually be reduced. Con-
versely, the dose of suxamethonium may need to be in-
creased.

Disturbances in electrolyte balance, particularly KT,
may also be a factor in possible interactions between corti-
costeroids and muscle relaxants. In these conditions, both
potentiation and antagonism have been described.

Drugs that modify acid-base balance
Neuromuscular blockade can be modified by changes in
acid-base balance. In particular, both respiratory acido-
sis and metabolic alkalosis appear to enhance and pro-
long non-depolarizing blockade. Any drug which induces
respiratory acidosis (e.g. opioid analgesics, barbiturates)
or metabolic alkalosis (e.g. thiazide diuretics, antacids)
may therefore enhance the response to non-depolarizing
agents. The effect of other alterations in acid—base balance
on neuromuscular blockade is less clear.

Any increased response to muscle relaxants in the pres-
ence of respiratory acidosis and metabolic alkalosis is
probably due to changes in intracellular pH and K* bal-
ance. During hypokalaemia, the resting membrane po-
tential of excitable tissues is increased, resulting in an en-
hanced response to non-depolarizing agents.

In vitro studies suggest that changes in acid—base bal-
ance may also affect the ionization of certain muscle re-
laxants in in vivo conditions (e.g. vecuronium, rocuro-
nium). In addition, both cisatracurium and atracurium
have pH-dependent physicochemical properties, and ex-
treme changes in acid-base balance in the physiological
range may affect their duration of action.

Antibiotics

Some antibiotics can induce neuromuscular blockade and
may enhance the effects of non-depolarizing agents. Occa-
sionally, suxamethonium blockade is also enhanced. This

phenomenon was first observed when antibiotic sprays
containing streptomycin or neomycin were applied to the
peritoneum after abdominal surgery. In these conditions,
hypoventilation may supervene postoperatively due to the
local effects of the antibiotic on neurotransmission in the
diaphragm. Similar interactions after the systemic admin-
istration of antibiotics are relatively rare, and usually in-
volve the aminoglycosides, colistin, clindamycin or tetra-
cyclines. In these circumstances, neuromuscular block is
probably dependent on several factors that may vary with
different antibiotics.

Neuromuscular blockade induced or complicated by
aminoglycosides is variably affected by anticholinesterase
drugs and is more commonly antagonized by calcium salts
(e.g. calcium gluconate 2-3 mg kg~! min~! for 5 min).
The neuromuscular blockade induced by such antibiotics
may be due to competition for calcium-binding sites in
the nerve terminal or the pre-junctional membrane. In
the case of tetracyclines, localized chelation of Ca’* may
be involved. By contrast, neuromuscular blockade which
is induced by colistin or clindamycin is usually unaffected
by anticholinesterases and calcium salts. These interac-
tions are usually managed by controlled ventilation un-
til normal neuromuscular function is restored, although
the experimental agent 4-aminopyridine is sometimes ef-
fective. Enhancement of neuromuscular blockade usually
occurs when non-depolarizing agents are administered to
patients on antibiotics, although similar effects may be in-
duced when antibacterial drugs are given to patients with
myasthenia gravis.

Cholinesterase inhibitors
Many drugs inhibit or compete for plasma cholinesterase
and may thus affect the enzymatic hydrolysis of suxam-
ethonium and mivacurium, including:
* Edrophonium, neostigmine and pyridostigmine
* Organophosphorus insecticides (e.g. malathion)
* Tetrahydroaminacrine and hexafluorenium
¢ Local anaesthetic esters (cocaine, procaine and tetra-
caine)
¢ Other agents
Clinically significant interactions are particularly likely
in heterozygous subjects with inherited variants in
cholinesterase (Chapter 6).

Edrophonium, neostigmine and

pyridostigmine

These quaternary amines primarily inhibit acetyl-
cholinesterase and are used to antagonize non-
depolarizing blockade. They also inhibit plasma
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cholinesterase and can therefore decrease the metabolism
and prolong the duration of action of suxamethonium
and mivacurium.

Tetrahydroaminacrine and hexafluorenium

In the past, tetrahydraminacrine and hexafluorenium
were deliberately used to inhibit plasma cholinesterase and
prolong the action of suxamethonium. Similar drugs that
are used in the symptomatic treatment of Alzheimer’s dis-
ease (e.g. donepezil, galantamine, rivastigmine) also in-
hibit acetylcholinesterase and cholinesterase.

Local anaesthetic esters

Although local anaesthetic esters decrease the metabolism
of suxamethonium and mivacurium, clinically significant
interactions are extremely rare.

Other agents

Pancuronium is a moderately potent inhibitor of plasma
cholinesterase and may prolong the action of drugs that
are normally metabolized by the enzyme.

Bambuterol is an inactive carbamate ester which
is converted to an active [3;-agonist (terbutaline) by
cholinesterase, and the residual carbamate groups can se-
lectively inhibit the enzyme.

Metoclopramide, aprotinin and cimetidine are weak in-
hibitors of plasma cholinesterase.

Cyclophosphamide, and possibly thiotepa, may inhibit
the synthesis of cholinesterase and prolong the duration
of action of suxamethonium.

Certain immunosuppressants (e.g. azathioprine, ci-
closporin) can antagonize the effects of some non-
depolarizing agents. The mechanisms are obscure but in
the case of the ciclosporin—pancuronium interaction, the
Cremophor used as a vehicle for ciclosporin has been
implicated. There are occasional reports of prolonga-
tion of neuromuscular blockade with the concurrent use
of a number of other drugs, including benzodiazepines,
lithium carbonate, H,-antagonists and chloroquine.

Interactions with opioid analgesics

Opioid analgesics are extensively used in anaesthesia, and
drug interactions with other agents are of particular con-
cern to the anaesthetist. In current practice, fentanyl,
alfentanil and remifentanil are most frequently used to
provide intraoperative analgesia, while morphine is most
commonly used postoperatively. In most cases drug in-

teractions with opioids are readily predictable from the
pharmacological effects of these agents. Drug interactions
may occur with:

* Other central depressants

* Opioid antagonists and partial agonists

* Drugs that affect cytochrome P450

* Drugs given orally

* Monoamine oxidase inhibitors

Other central depressants

General anaesthetics

Effective analgesic doses of opioids tend to cause sedation
and invariably produce some respiratory depression. Their
depressant effects may be enhanced by both intravenous
and inhalational anaesthetic agents. Respiratory depres-
sion induced by opioids can decrease the rate of removal
of general anaesthetics given by inhalational techniques
and thus prolong their effects.

Phenothiazines

Many phenothiazines augment the analgesic, sedative, res-
piratory depressant and hypotensive effects of opioids. The
mechanisms associated with this interaction are complex
and may involve summation or synergism at receptor sites.
Other factors, including the pharmacological effects of
drug metabolites and changes in hepatic blood flow, may
also be important.

Benzodiazepines and tricyclic antidepressants
Benzodiazepines can enhance the sedative effects of opi-
oid analgesics, and this combination maylead to problems
in elderly patients or those with respiratory disease. Tri-
cyclic antidepressants may also enhance the effects of opi-
oid analgesics, possibly due to both the increased bioavail-
ability of morphine and an intrinsic analgesic effect of the
antidepressant agent.

Opioid antagonists and partial agonists

The effects of opioid analgesics can be modified by drugs
that compete for opioid receptors in the CNS. Both nalox-
one and naltrexone are pure antagonists with no agonist
activity, and competitively antagonize the effects of opi-
oid analgesics. By contrast, other antagonists (e.g. pen-
tazocine) also possess some agonist activity. These drugs
(partial agonists) antagonize some of the effects of other
opioid analgesics, but also produce central effects (e.g.
dysphoria, analgesia, respiratory depression) due to their
intrinsic activity at different opioid receptors. Interactions
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between pure and partial agonists are complex and dose
related and may depend upon the timing of drug admin-
istration. They may present clinically as:
(i) Enhancement of respiratory depression if the two
drugs are given simultaneously;
(ii) Decreased analgesic efficacy of the pure agonist after
prior administration of the partial agonist;
(iii) The development of opioid withdrawal symptoms
if the partial agonist is administered subsequently.
Analgesia and respiratory depression induced by
buprenorphine, a partial agonist with no antagonistic ac-
tivity, is not usually reversed by naloxone. This may re-
flect the slow dissociation of buprenorphine from opioid
receptors.

Drugs that affect cytochrome P450

Enzyme induction

Drugs with significant enzyme-inducing properties (Table
4.1) may reduce the plasma concentration and effects of
methadone and enhance withdrawal symptoms due to an
increase in hepatic metabolism. Similarly, carbamazepine
may decrease the plasma concentration of tramadol and
reduce its analgesic efficacy. The concurrent use of oral
contraceptives significantly increases the clearance of mor-
phine, suggesting that the oestrogen component can sig-
nificantly enhance glucuronyl transferase activity.

Enzyme inhibition

Most opioid analgesics are extensively metabolized in the
liver by certain isoforms of cytochrome P450, particularly
CYP 2D6 and CYP 3A4. Inhibitors of these enzymes (Table
4.2) can increase the plasma concentration and effects of
fentanyl and alfentanil.

Drugs given orally

Most opioid analgesics delay the oral absorption of many
other drugs by decreasing gastric motility and slowing
down the rate of gastric emptying. Conversely, the rate
and extent of absorption of oral morphine can be en-
hanced by drugs that increase gastric motility (e.g. meto-
clopramide). The urinary elimination of some analgesics
(e.g. pethidine, fentanyl) is increased by drugs that in-
duce acidosis. Since these opioids are extensively metab-
olized, their enhanced elimination in acid urine is of lit-
tle value in the treatment of drug overdosage, although
it is sometimes of value in the detection of drug depen-
dence. The excretion of methadone is also increased in acid
urine.

Nausea and vomiting are common side effects of
many opioid analgesics which are modified by antiemetic
drugs (e.g. chlorpromazine, ondansetron). Antagonism
of dopamine receptors in the chemoreceptor trigger zone
in the area postrema, and of 5-HTj3 receptors at central
and peripheral sites, may be responsible for the decrease
in opioid-induced nausea and vomiting.

Monoamine oxidase inhibitors

Pethidine is an opioid analgesic of low potency and a
short duration of action, which is not commonly used
in current anaesthetic practice. Dangerous interactions
may occur between pethidine and monoamine oxidase in-
hibitors (MAOIs), which primarily interfere with the mi-
tochondrial metabolism of monoamines (e.g. tyramine,
dopamine), and have effects that can persist for 2—-3 weeks
after administration is stopped. Two types of reaction have
been reported. Excitatory signs and symptoms, includ-
ing agitation, mental confusion, headache, rigidity, hyper-
reflexia, hyperpyrexia and convulsions are probably due to
an increase in intraneuronal and intrasynaptic 5-HT (‘the
serotonin syndrome’). Inhibitory effects, including respi-
ratory depression, circulatory collapse and coma may be
due to inhibition of hepatic microsomal enzyme systems
by MAO inhibitors and accumulation of pethidine and
its metabolites in the body. The serotonin syndrome may
also occur when pethidine is given to patients on selegi-
line (a selective inhibitor of type B MAO), or moclobe-
mide (a reversible inhibitor of type A MAO). It has been
suggested that the syndrome may be due to inhibition of
serotonin reuptake by central neurons, and is best treated
with 5-HT, 4 antagonists, such as oral cyproheptadine or
intravenous chlorpromazine.

Although similar interactions have occasionally been
reported with some other opioids, they appear to be rela-
tively uncommon. Nevertheless, the use of methadone,
dextromethorphan, dextropropoxyphene and tramadol
should probably be avoided in patients on MAO in-
hibitors. Morphine, codeine, oxycodone and buprenor-
phine do not interact with MAO inhibitors to cause sero-
tonin toxicity, although dose titration may be necessary
to avoid depressant side effects. Fentanyl, alfentanil and
remifentanil also appear to be relatively safe.

Interactions with non-opioid analgesics

Non-steroidal anti-inflammatory drugs (NSAIDs) are fre-
quently used to provide postoperative analgesia and are
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one of the commonest groups of drugs involved in drug
interactions in general medical practice. Aspirin and re-
lated compounds have been particularly associated with
clinically significant drug interactions. In most instances,
these interactions have only been reported with chronic
administration of large and repeated doses of these drugs,
and the possible effect of single doses or restricted use is
difficult to evaluate. Nevertheless, important interactions
may occur with:

¢ Oral anticoagulants

* Antihypertensive drugs

* Uricosuric agents

* Paracetamol and co-proxamol

Oral anticoagulants

Aspirin and other NSAIDs can predispose to or induce
haemorrhage in patients on anticoagulants (particularly
warfarin). Although warfarin is strongly bound to plasma
albumin (98-99%), this drug interaction is not related
to the displacement from plasma protein binding. As-
pirin and similar drugs may cause bleeding due to gas-
tric mucosal damage and inhibit platelet aggregation by
acetylation of platelet COX-1 in the hepatic portal circu-
lation. In large doses, aspirin also reduces the synthesis of
prothrombin. However, NSAIDs may predispose to or in-
duce haemorrhage in patients on warfarin due to a phar-
macodynamic rather than pharmacokinetic interaction.
The use of standard doses of aspirin should be avoided in
patients receiving warfarin, although low-dose aspirin (up
to 75 mg daily) appears to be relatively safe. The parenteral
use of diclofenac and ketorolac is also contraindicated in
the presence of anticoagulants, including both warfarin
and low-dose heparin.

Antihypertensive drugs

Prostacyclin (PGI,) and possibly other vasodilator
prostaglandins (e.g. PGD,, PGE,) produce important ef-
fects on the renal circulation, causing vasodilatation, renin
release and promoting Na™t excretion by inhibiting its
reabsorption in the proximal renal tubule. Synthesis of
prostacyclin (PGI,) is mainly dependent on COX-2, and
NSAIDs that inhibit this enzyme (e.g. indometacin, pirox-
icam, diclofenac) inhibit the renal excretion of Na™, caus-
ing salt and water retention and increasing blood pressure.
They may also impair or antagonize the effects of other
drugs used in the treatment of hypertension and heart fail-
ure (e.g. diuretics, ACE inhibitors, 3-adrenoceptor antag-
onists). Aspirin and most other related drugs have been

less commonly implicated. Nevertheless, refractory hyper-
tension or oedema may develop during treatment with
NSAIDs and appropriate adjustment of the dosage of an-
tihypertensive drugs may be necessary. This interaction
may be implicated in some cases of postoperative hyper-
tension.

Uricosuric drugs

Aspirin and other salicylates produce dose-dependent ef-
fects on tubular secretion in the kidney. Aspirin can de-
crease the urinary elimination of urates and may antag-
onize the effects of uricosuric agents (e.g. probenecid,
sulfinpyrazone), which are concurrently administered.
Salicylates may also interfere with the removal of other
drugs that rely on active transport processes in the prox-
imal tubule (e.g. methotrexate) and can potentiate their
effects.

Paracetamol and co-proxamol

Drug interactions involving paracetamol appear to be
extremely uncommon, although its absorption may be
modified by colestyramine and its metabolism may
be increased in the presence of anticonvulsants and oral
contraceptives. However, a number of compound prepa-
rations containing paracetamol may also include codeine
(co-codamol), dihydrocodeine (co-dydramol) or dextro-
propoxyphene (co-proxamol). Dextropropoxyphene poi-
soning is not infrequently associated with excessive con-
sumption of alcohol and may be complicated by respi-
ratory depression and heart failure. Dextropropoxyphene
may also prolong and enhance the effects of oral antico-
agulants, and interactions with the antimuscarinic com-
pound orphenadrine have also been reported.

Interactions with drugs used for
premedication and sedation

Drugs which induce sleep (hypnotics) or which relieve
anxiety (tranquillisers) are closely related and are fre-
quently prescribed in general medical practice. Benzo-
diazepines are commonly administered in the preoper-
ative period. Diazepam is often used for premedication
to allay anxiety prior to surgery, and temazepam may be
prescribed as a hypnotic on the night before operation.
In addition, intravenous benzodiazepines (e.g. diazepam,
midazolam) are used to induce sedation during en-
doscopy and minor surgical procedures. Other drugs with
sedative or antimuscarinic properties (e.g. antihistamine



84

compounds, atropine) may also be used for premedica-
tion. Significant drug interactions can occur with:

* Other central depressants

* Drugs that affect cytochrome P450

* Phenothiazines and butyrophenones

* Other drugs

Other central depressants

Doses of tranquillisers or sedatives that relieve anxiety and
tension may induce drowsiness and cause loss of concen-
tration in susceptible subjects. These drugs should not be
given to ambulant patients without warning them of the
possible hazards of their administration, particularlyin re-
lation to driving. Furthermore, all tranquillisers and seda-
tives may interact with other agents that have depressant
effects on the CNS. Their effects may also be enhanced
during the concurrent administration of antidepressant
drugs, although authentic reports of this interaction are
rare. The effects of drugs that induce respiratory depres-
sion may also be magnified. In contrast, aminophylline
and caffeine can antagonize the CNS effects induced by
benzodiazepines.

Drugs that affect cytochrome P450

Enzyme induction

Some drugs that induce hepatic enzymes (Table 4.1) can
increase the rate of metabolism of most benzodiazepines,
including diazepam and midazolam, and reduce the mag-
nitude and duration of their effects. Conversely, both di-
azepam and chlordiazepoxide may inhibit the metabolism
of phenytoin and increase its toxicity.

Enzyme inhibition

Drugs that inhibit cytochrome P450 (Table 4.2) can retard
and decrease the metabolism of benzodiazepines. For ex-
ample, the H,-receptor antagonist cimetidine and other
imidazoles (e.g. ketoconazole, omeprazole) bind to some
isoforms of cytochrome P450, inhibit the metabolism of
diazepam and related compounds, and may increase their
sedative effects. Similarly, in patients on erythromycin the
plasma concentration of midazolam is markedly increased
and prolonged hypnosis and amnesia may occur due to
inhibitory effects on the isoform CYP 3A4. Diltiazem and
verapamil may have similar effects on the disposition of
midazolam, since they are also competitive substrates for
the isoform CYP 3A4. The sedative effects of diazepam
may also be increased by other drugs that reduce its clear-
ance (e.g. isoniazid, probenecid).

Phenothiazines and butyrophenones
Phenothiazines and butyrophenones are sometimes used
during anaesthesia, mainly for their antiemetic effects.
These drugs have central antidopaminergic properties
which may be inhibited in patients on levodopa. On
the other hand, the mutual antagonism between these
drugs and levodopa may result in the exacerbation of
extrapyramidal disorders. Metoclopramide is an antago-
nist at dopamine receptors at both peripheral and central
sites. It may also increase the bioavailability of levodopa
by its effects on gut motility and the resultant interaction
is therefore unpredictable.

Phenothiazines potentiate the sedative and analgesic
properties of drugs used in anaesthesia by their effects
on central pathways, augment hypotensive responses to
inhalational and neuromuscular blocking agents by o -
adrenoceptor antagonism, and produce summation with
anticholinergic drugs at muscarinic sites. When phenoth-
iazines are given with a-adrenoceptor antagonists or tri-
cyclic antidepressants, concentrations of both drugs are
increased, with a resultant enhancement of their clinical
effects. Mechanisms involving enzyme inhibition and/or
effects on liver blood flow may be involved.

Other drug interactions

Drugs with significant antimuscarinic properties that are
used for premedication (e.g. atropine, hyoscine) have a
marked antisialagogue effect and may decrease the ef-
fect of other drugs which are given sublingually (e.g.
glyceryl trinitrate, buprenorphine). Antimuscarinic drugs
may also antagonize the effects of certain antiemetic agents
(e.g. domperidone, metoclopramide) on the gut by op-
posing mechanisms on gastric emptying. When patients
receive premedication with atropine, the risk of emergence
delirium associated with ketamine is increased.

The prevention of adverse drug
interactions

Although adverse druginteractions cannot be entirely pre-
vented, their incidence may be minimized by an appreci-
ation of their causation. In the first place, many inter-
actions occur with prescribed or self-administered oral
therapy and it is therefore important to take a drug his-
tory before the administration of any other agent. Second,
the possibility of adverse interactions rises exponentially
as the number of drugs administered is increased. Third,
drug interactions are more likely when drug elimination
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is prolonged, as in hepatic or renal disease or in elderly
patients. Finally, adverse interactions are more common
with agents which have a relatively steep dose—response
curve, or when there is little difference between the toxic
and therapeutic doses of the drugs involved.
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Variability in Drug Response

There is a wide variability in the response of different pa-
tients to identical doses of the same drug. Drugs do not
always produce the same effect in all subjects and may
not even produce identical responses when given to the
same patient on different occasions. Consequently, dose—
response curves obtained in man may only be directly
applicable to individual subjects. Nevertheless, they are
often used to illustrate the results obtained in a large sam-
ple derived from a relatively homogeneous population of
subjects. In these conditions, a sigmoid log dose—response
curve can be used to express the results, although it of-
ten disguises the high degree of interindividual variability
(Fig. 5.1).
Variability in the response to drugs can be considered
as part of the general phenomenon of inherent or intrin-
sic biological variability. Both physiological responses and
pharmacological phenomena are subject to considerable
interindividual variability. Although this variability can be
expressed by the enumeration of individual results, this is
usually unnecessary and impractical, since a large num-
ber of observations may be involved. More commonly,
the distribution and variability of individual measure-
ments (variables) is expressed in terms of two ‘descriptive
statistics™:
These two statistics reflect
(1) The central tendency or midpoint of the data, ex-
pressed by the
* Mode (the most commonly occurring value)
* Median (the central or middle value that divides
the results into two equal groups)

* Mean (the arithmetic average)

(2) The variability or scatter of individual values, ex-
pressed by the
* Frequency (how often each observation occurs)
* Interquartile range (the middle 50% of values)
+ Standard deviation (the root mean square deviate)
The choice of the parameter or statistic that is used
to express the central tendency and the scatter of a
series of individual results depends on the ‘level of
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measurement’ of the data. In general, there are three
‘levels of measurement’ of biological data:

* Nominal

* Ordinal

* Continuous

Nominal measurements

Nominal or categorical measurements depend on the clas-
sification of data or subjects into groups that are solely de-
pendent on their names or characteristics. Thus, patients
can be classified as male or female, premedicated or un-
premedicated, conscious or unconscious etc. In general,
quantal (‘all-or-none’) measurements are also nominal.
All measurements within a group are equivalent to each
other, and there are no quantitative differences between
individual members.

The central tendency of nominal measurements is usu-
ally expressed as the most frequently occurring value, or
the mode; thus, in the numerical series, 1, 2, 3, 3, 5, 5,
5,6, 7,9, 9, the mode is 5. The distribution of nominal
measurements is expressed by the frequency of their oc-
currence (Table 5.1).

Nominal measurements can be considered as the lowest
level of description of data and are only used when mea-
surements are obtained by unsophisticated techniques.

Ordinal measurements

Ordinal measurements (ranked data) depend on the rank-
ing of the underlying data into a sequence or order that de-
pends on their magnitude or relationship to each other. In-
dividual data can usually be graded as lower (<) or greater
(>) than other members of the series, although they cannot
be given a precise quantitative value. At their best, ordinal
or ranked data can be regarded as semi-quantitative. For
instance, pain scores on a visual analogue scale (Fig. 5.2)

T.N. Calvey and N.E. Williams
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Fig. 5.1 Log dose-response curve showing the variability in
dosage required to produce the same response (<>), and the
variability in response produced by a single dose ($) in a
population of subjects.

Worst pain
imaginable

No pain

Fig. 5.2 A commonly used visual analogue scale for pain. The
scale is a horizontal line which is 10 cm long. The origin of the
line represents a score of 0 (i.e., no pain), while the end of the
line corresponds to a score of 10 (the worst pain imaginable).
The patient is asked to indicate the point on the line that
corresponds best to their pain.

and Apgar scores are ordinal measurements, since they
can be placed in an order in which their relationship to
each other is defined (although their quantitative value is
imprecise).

The central tendency of ordinal measurements is ex-
pressed as the median, or the middle value in a range
of numbers (Table 5.1). Thus, in 11 patients with post-
operative pain scores of 1, 2, 3, 3, 5, 5, 5, 6, 7, 9, 9, the

Table 5.1 Descriptive statistics used to describe the central
tendency and variability of nominal, ordinal and continuous
data.

Descriptive statistic

Level of Central

measurement tendency Variability
Nominal Mode Frequency

Ordinal Median Interquartile range
Continuous Mean Standard deviation

median score is 5. The median is sometimes defined as
the 50th percentile, since it divides the numerical obser-
vations or results into two equal halves, i.e. 50% of the
observations are below the median while 50% are above.
The distribution or variability of ordinal measurements
can be expressed as the range (1-9), or more correctly as
the interquartile range (3-7), which corresponds to the
25th-75th percentiles of the ranked values.

Pain scores are notaccurate quantitative data, since their
magnitude merely implies that a higher value represents
more intense pain than alower one. Itis therefore incorrect
to express pain scores as a mean and standard deviation
(or standard error), since this implies that the scores have
a defined numerical value. Ordinal measurements can be
considered as an intermediate level of measurement for
the expression and description of data.

Continuous measurements

Continuously variable measurements are quantitative
data, and thereisa precisely defined and measurable differ-
ence between the individual observations or values. Mea-
surements of drug concentrations and responses, heart
rate and blood pressure are continuously variable data,
since they have a defined numerical value, and equal dif-
ferences between individual values are comparable to each
other. Continuously variable measurements are the high-
est level of description that can be used for biological and
clinical data.

The central tendency of continuous measurements is
expressed as the arithmetic mean or average (x):

¥ x (the sum of their individual values)

mean (X) =

n (the number of results or observations)

The scatter of the individual observations about the
mean (i.e. their distribution or variability) is usually de-
scribed by the standard deviation (Table 5.1).

Standard deviation

The standard deviation (‘root mean square deviate’) is a
commonly used indicator of scatter that is used for con-
tinuously variable data and is derived from the sum of the
squares of the numerical differences (‘deviate’) between
each individual value and the mean (i.e. £[x; — x]> +
[% — X]? + [x3 — %]? etc.). The ‘mean deviate’ from the
mean is given by

2 (x—%)

n

mean deviate =
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However, the numerator of this equation (X(x — X))
will clearly be zero when the (4) and (—) signs of individ-
ual results are taken into account, since the mean is defined
as the value at which the summated positive and negative
deviations are equal. This problem can be eliminated by
squaring the deviations about the mean before their sum-
mation, and subsequently finding their mean value: this
results in an expression for the mean square deviate (more
commonly known as the variance):

S (x —%)?

n

variance =

The original units for the deviation about the mean can
be restored by taking the square root of the variance, re-
sulting in an expression for the root mean square deviate
or standard deviation:

standard deviation = (
n

> (x— §)2>

This expression can be used to estimate the standard
deviation when # is >30. However, the standard devia-
tion in continuously variable data is more usually based
on a relatively small sample (i.e. < 30 values), which is
only a small part of a much larger, unsampled population
of results. In these conditions, it can be shown that a slight
modification (Bessel’s correction) gives a rather better es-
timate of the population standard deviation, using the
expression:
standard deviation = (M)

n—1

In practice, it is unnecessary to calculate each deviation
fromthemean (i.e. [x; — x|, [x, — %], [x3 — X] etc.),and
to square and summate them, since it can be shown that
S(x — %) = Tx? — (£x)*/n. Consequently, the stan-
dard deviation of samples when #n < 30 can be defined as

sz—(Zx)z/n)

n—1

standard deviation = (

Most electronic calculators that are designed for sta-
tistical use can automatically calculate the mean and the
standard deviation, after the individual data values have
been entered.

Variance
The variance (‘mean square deviate’) is the square of the
standard deviation. It is defined (when #n < 30) by the
expression:

n—1

variance = <w>

The denominator of the variance (n — 1) defines the
number of ‘degrees of freedom’. It is one less than the
number of observations or results, because only (n — 1)
results are independent from each other, and the value
of the nth result is determined by the values of the
remainder.

Coefficient of variation

The variability or scatter of different observations can-
not be compared by their standard deviations when the
means are very dissimilar, or when they are calculated in
different units. For example, in SI units, the weight of a
group of 36 patients was 68.0 £ 20.4 kg (mean + SD).
When expressed in Imperial units, their weight was 150
4 45 Ib. The variability of the measurements must be
identical, although their standard deviations are differ-
ent. Clearly, the standard deviations of different groups
cannot be compared unless their units of measurement
are identical. This problem can be avoided by the use of
the coefficient of variation, which expresses the standard
deviation as a percentage of the mean:

standard deviation

coefficient of variation (%) = ——— x 100
mean

Since the standard deviation and the mean are measured in
the same units, the coefficient of variation is independent
of the units of measurement. In the above example, the
coefficient of variation of body weight was 30%, whether
measured in kg or Ib.

Standard error of the mean

The mean (%) and standard deviation (SD) of a small sam-
ple (e.g. n < 30) from a large population (e.g. n > 1000)
are often used to provide an estimate of the population
mean () and the population standard deviation (o).
Clearly, different samples of the population may provide
different estimates of p and o. The accuracy of the sam-
ple mean (X) in comparison with the population mean
(W) can be estimated by the standard error of the mean
(SEM):

SD
standard error of the mean = —.

NG
Clearly, the larger the size of the sample, the more accurate
is the sample mean as an estimate of the population mean,
and the smaller is the calculated value for the SEM.
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Confidence limits
The SEM can also be used to predict the range within
which the population mean will lie.

When n > 30, there is a 95% chance that the true pop-
ulation mean p lies within 2 standard errors of the sample
mean x. In the example previously discussed, a group of
36 patients had a body weight of 68.0 = 20.4 kg (mean +
SD); consequently:

20.4
mean £ SEM =68.0+ — kg =68.0£3.4kg
V36

There is a probability of 95% that the true mean of the
population lies within the range: mean £ 2 SEM (in the
example above, this range is 61.2-74.8 kg). Approximately
95% of the sample means obtained by repeated sampling
of the entire population will also lie within this range.
Thus, the range from [mean — (2 x SEM)] to [mean +
(2 x SEM)] represents the interval within which the true
population mean islikely to lie, and is called the 95% confi-
dence limits of the mean. By these methods, a small sample
can be used to make inferences and predictions about the
parent population from which the sample was obtained.

The SEM is sometimes incorrectly used to indicate the
variability of individual values in the sample (possibly be-
cause it is always less than the standard deviation from
which it is derived). However, the variability or scatter of
individual values in a population sample should always be
described by the standard deviation.

Frequency distribution curves

The variability of individual observations in a popula-
tion sample can also be expressed as a histogram or a
frequency distribution curve. For example, the variabil-
ity in the dosage of a drug required to produce a specific
pharmacological effect in 100 subjects can be expressed
in this way (Fig. 5.3). Each shaded rectangle represents
the additional number of patients responding to each 10
mg increment in dosage (e.g. 50-60 mg, 60—70 mg, 70—
80 mg etc.). A frequency distribution curve can then be
superimposed on the histogram and used to determine
the probability of obtaining a response to a given dose in
one subject. The data can also be plotted as a cumulative
frequency distribution curve (Ogive) by calculating the
proportion of patients that respond to a given dose, or to
a dose below it (Fig. 5.4).

The normal distribution
The frequency distribution curve, shown in Fig. 5.3, is
roughly symmetrical and bell-shaped and is an example
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Fig. 5.3 Histogram showing the variability in dosage required
to produce a specific effect. Each rectangle represents the
number of patients that respond to each 10 mg increment in
dosage. A frequency distribution curve ( ) has been
imposed on the histogram, showing that the data approximately
corresponds to a normal or Gaussian distribution.
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Fig. 5.4 A cumulative frequency distribution curve ( ) or

Ogive representing the summated results of Fig. 5.3.

of a common type of frequency distribution known as a
normal or Gaussian' distribution. In many instances, the
central tendency and variability of biological or clinical
data is consistent with a normal distribution. The central
tendency of a normal distribution is equal to the mean
value, while the variability is expressed by the standard
deviation (Fig. 5.5). Clearly, the shape and form of the
Gaussian curve are not critical but are determined by the
variability of the underlying data in relation to the mean.
The curve is high and narrow when the coefficient of

!Johann Karl Friedrich Gauss (1777-1855).
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Number of observations (%)

Fig. 5.5 A symmetrical frequency distribution curve in a large
population which is consistent with a normal distribution. The
mean, the median and the mode are all identical, and the
variability is expressed by the standard deviation (SD). The
mean = 1 SD includes 67% of the results, the mean = 2 SD
includes 95% of the results and the mean £ 3 SD includes 99%
of the results.

variation is low, but small and wide when the coefficient
of variation is high.

In a normal distribution, the mean (average value), the
median (the central value that divides the sample into two
equally sized groups) and the mode (the most commonly
occurring value) are identical (Fig. 5.5). In addition, 67%
of the values are within one standard deviation of the
mean (i.e. mean £ 1 SD); 95% of the values are within
two standard deviations of the mean (i.e. mean =+ 2 SD);
and 99% of the values are within three standard deviations
of the mean (i.e. mean = 3 SD). These statistics will also
apply to a sample from a normally distributed population,
as long as the sample size is sufficiently large (n > 30).

Skewed distributions

Biological or clinical observations may be positively or
negatively skewed (Fig. 5.6). In a skewed distribution, the
mean, median and mode are all different, and the me-
dian may be a better indication of the central tendency
of the results. Similarly, the standard deviation may not
be a reliable estimate of the variability of the underlying
population.
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Fig. 5.6 A positively skewed frequency distribution curve

showing the retirement age of a male population. In a positively

skewed distribution, the mean is usually greater than the

median or the mode.

Positively skewed data can usually be manipulated to
conform to a normal distribution by a logarithmic trans-
formation. In these conditions, parametric statistical tests
designed for normally distributed data can be used on the
transformed observations.

Tests of statistical significance

In general, tests of statistical significance are of two main
types:

* Parametric tests

* Non-parametric tests

Parametric statistical tests

Most parametric statistical tests rely on the assumption
that the variability of the two or more groups of results
thatare analysed are consistent with anormal distribution.
Many of these tests are quite ‘robust’ and can be used
for continuously variable data whose distribution is not
grossly abnormal. They should not be used with ordinal or
ranked data. Parametric statistical tests usually depend on
the comparison of the mean values of two or more samples
in relation to their variability. The most commonly used
parametric tests (Table 5.2) are

* Student’s t test (for paired and unpaired data)

* Analysis of variance (ANOVA, for paired and unpaired
data)
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Table 5.2 Commonly used tests of statistical significance.

Parametric tests Non-parametric tests

Student’s t test*
Analysis of variance (ANOVA)*

Mann—Whitney test
Wilcoxon signed rank test
Wilcoxon ranked sum test
Kruskal-Wallis test
Friedman test

*These tests can be used for both paired and unpaired data.

Non-parametric statistical tests

Non-parametric tests (rank tests) do not make any as-

sumptions about the distribution of the data or the popu-

lation from which it is derived. They are most commonly

used for comparing ordinal or ranked data (e.g. Apgar

scores, pain scores), in which individual results or obser-

vations can be assigned a rank and arranged in order in

relation to each other. Although they can also be used with

parametric data, quantitative differences between their

numerical values will be largely ignored or obscured.
Non-parametric tests of statistical significance include

(Table 5.2):

* Mann—Whitney test

* Wilcoxon signed rank test

* Wilcoxon rank sum test

* Kruskal-Wallis test

* Friedman test

Hypothesis testing
Tests of statistical significance are widely used in hypothe-
sis testing, in order to predict whether there are real differ-
ences between different groups or treatments, or whether
these differences could have occurred by chance.

In general, there are three main steps in hypothesis test-
ing:
(1) Form a null hypothesis, which assumes that there are
no real differences observed between the groups or treat-
ments, i.e. any differences observed are due to random
variability.
(2) Calculatethe probability that any differences observed
are due to chance by the use of an appropriate statistical
test.
(3) If the probability is more than 5% (P > 0.05) accept
the null hypothesis and conclude that any differences be-
tween the groups are due to chance variations. On the
other hand, if the probability is less than 5% (P < 0.05)

reject the null hypothesis and conclude that the differences
between the groups are unlikely to be due to chance. In
a small proportion of cases, the conclusions reached by
hypothesis testing may be incorrect, resulting in Type I or
Type Il errors. Ina Typelerror, P is < 0.05,although there
is no real difference between the populations or groups.
In a Type II error, P is > 0.05, despite the presence of a
real difference between the groups.

Physiological and social factors that
affect the response to drugs

A number of physiological and social factors may affect
the response to drugs (Table 5.3), including:

* Age

* Pregnancy

* Tobacco

* Alcohol

Childhood

Drug absorption

In the neonatal period, absorption of drugs is slower than
in children or adults due to a longer gastric emptying
time and an increase in intestinal transit time. Neverthe-
less, oral drugs may be more extensively absorbed due
to their greater contact time with the intestinal mucosa.
The gastric contents are less acidic, and some drugs such
as benzylpenicillin and ampicillin will have greater overall
oral absorption. Vasomotor instability observed in neona-
tal life may result in the unreliable absorption from tissue
sites after subcutaneous or intramuscular administration.

Table 5.3 The principal causes of variability in drug
responses.

Physiological

and social Pathological conditions ~ Other causes

Age Liver disease Idiosyncrasy

Pregnancy Renal disease Hypersensitivity

Tobacco Respiratory diseases Supersensitivity

Ethyl alcohol ~ Cardiac diseases Tachyphylaxis
Neurological diseases Tolerance

Endocrine diseases
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Drug distribution

The distribution of drugs is influenced by several factors
including tissue mass, fat content, blood flow, membrane
permeability and protein binding. Total body water as a
percentage of body weight falls from 87% in the preterm
baby to 73% at 3 months, and subsequently decreases
to 55% in adult patients. Consequently, doses of water-
soluble drugs that are calculated by scaling down adult
doses in proportion to body weight can result in lower
tissue concentrations in infants and neonates. However,
drug distribution is also affected by the lower body fat
content and by the increased permeability of the blood—
brain barrier in the neonate, and lipid-soluble drugs may
be relatively concentrated in the CNS. In addition, the
decrease in plasma protein levels in the neonate leads to
the increased availability of unbound drug, resulting in
enhanced pharmacological activity and drug metabolism.
Any change in plasma pH during neonatal life may in-
fluence the degree of drug ionization and thus affect
the membrane permeability of both acidic and basic
drugs.

Drug metabolism and renal elimination

The rate of drug metabolism depends on both the size of
the liver and the activity of microsomal enzyme systems.
In neonatal life, hepatic enzyme activity, particularly glu-
curonide conjugation, is initially immature and may not
assume the adult pattern for several months. In older chil-
dren, enzyme activity is similar to adults, although most
drugs are metabolized at faster rates due to the relatively
greater liver volume.

In the neonatal period, glomerular filtration rates are
20-40% of those in adults, and drugs removed from the
body by this means (e.g. digoxin, aminoglycoside antibi-
otics) are eliminated relatively slowly. Glomerular filtra-
tion rates comparable to those in adults occur at about 4
months of age.

Practical implications

These physiological and kinetic differences have signifi-
cant practical implications. In the neonate, dose regimes
for water-soluble drugs should be related to surface area
rather than body weight, in order to produce similar blood
levels to those in adults. However, the increased volume
of distribution and the decreased renal clearance results
in a longer elimination half-life, and dose intervals should
therefore be prolonged. In addition, the effects of drugs on
the neonatal CNS may be enhanced after administration in
labour (e.g. morphine, diazepam). This phenomenon may

be due to the increased fraction of non-protein-bound
drug, delayed hepatic metabolism, the presence of active
metabolites or greater permeability of the CNS due to im-
maturity of the blood-brain barrier.

For many years, it was considered that neonates were
relatively resistant to suxamethonium but highly sensitive
to non-depolarizing agents, particularly during the first
10 days of life. More recent studies with atracurium in-
fusions indicate that dose requirements in the neonate in
proportion to body weight do not differ greatly from those
at other ages. Any variations in dose requirement may be
related to lower body temperatures in the newborn, and
the subsequent effect on drug distribution.

In older children, protein binding, hepatic microsomal
enzyme activity, renal function and the permeability of
the blood-brain barrier are similar to adults, and so dif-
ferences in drug disposition are less likely. Nevertheless,
drug dosage is best expressed in terms of surface area due
to the proportional increase in body water during child-
hood. More frequent rates of administration, especially of
less polar compounds, may be necessary due to the relative
increase in liver blood flow. Differences in pharmacody-
namic activity between children and adults may also be
present, but are not easy to assess.

Maturity and old age

Elderly patients often respond differently to standard adult
doses of drugs and are more likely to react adversely to
drugs prescribed in hospital. Compliance with drug ther-
apy may be unreliable due to failing memory, confusion
and poor eyesight.

Pharmacokinetic changes

In contrast to the neonate, there is a reduction in the pro-
portion of total body water and a relative increase in body
fat. Although drugabsorptionis notappreciably modified,
the volume of distribution of polar drugs is reduced and
their plasma and tissue concentrations are effectively in-
creased. Since plasma albumin levels tend to fall with age,
the unbound fraction of certain drugs (e.g. phenytoin,
tolbutamide) increases, thus enhancing their availability
to cells and tissues.

At the age of 65, hepatic blood flow may be 45% less
than normal values in younger adults, and experimental
evidence suggests that the activity of microsomal enzyme
systems declines to a similar extent. Consequently, the sys-
temicbioavailability of drugs that are subject tolow or high
hepatic clearance is increased, with enhancement of their
pharmacological effects. Similarly, glomerular filtration



93

and tubular secretion decline with age, and the elderly pa-
tient is therefore at risk from drugs with a low therapeutic
index (e.g. digoxin, gentamicin, lithium).

Anaesthetic implications

Enhanced effects of drugs used in anaesthesia should be
anticipated in the elderly. Dose-response studies have
shown that the requirements of thiopental diminish with
increasing age. Pharmacokinetic factors, including plasma
protein binding, lowered volume of distribution and in-
creased accumulation in fat, as well as pharmacodynamic
factors play their part in this phenomenon. Similarly, the
unbound fraction of pethidine is four times higher than
in the young, indicating that the dose of the drug should
be reduced in the elderly.

Changes in receptor numbers or sensitivity may ac-
count for some alterations in drug responses, such as the
increased analgesia in elderly patients who are given opi-
oid analgesics for postoperative pain. Altered sensitivity to
drug concentrations at receptor sites may also occur with
nitrazepam, warfarin and some -adrenoceptor antago-
nists.

The minimum alveolar concentration (MAC values) of
all inhalation anaesthetics in steady-state conditions pro-
gressively declines with advancing age, and anaesthetic re-
quirements are significantly depressed. Comparative data
for intravenous induction agents can be superimposed on
these results (Fig. 5.7). The decline in anaesthetic require-
ment may be due to pharmacodynamic factors that are
based upon underlying anatomical, biochemical or func-
tional changes associated with ageing.

Pregnancy

Physiological changes

Plasma volume and cardiac output are both increased dur-
ing pregnancy (by 50% and 30% respectively), with maxi-
mum values achieved at 30—34 weeks gestation. The clear-
ance of many drugs (e.g. phenytoin) may be enhanced
in pregnancy due to increased cardiac output, and the
subsequent increase in hepatic and renal blood flow. The
increase in cardiac output, associated with the modest hy-
perventilation that normally occurs during pregnancy, en-
hances the rate of uptake and elimination of inhalational
anaesthetic agents.

Pharmacokinetics in pregnancy
The absorption, distribution and elimination of drugs al-
ter during pregnancy. Slower gastric emptying results in
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Fig. 5.7 The relative anaesthetic requirement expressed as a
multiple of the minimum alveolar concentration (MAC) or
median effective dose (EDsq) for various inhalational and
intravenous anaesthetic agents. Requirements normalized for
established values in young healthy adults. H, halothane, I,
isoflurane, T, thiopental.

the increased uptake of drugs absorbed in the stomach
(e.g. alcohol) and the delayed absorption of those that are
principally absorbed in the upper gastrointestinal tract
(e.g. aspirin, paracetamol). Drug absorption may be fur-
ther delayed by the concurrent use of opioids. Distur-
bances of gut motility during pregnancy have been re-
lated to changes in the relative amounts of gastric acid
and mucus secretion, and increased progesterone levels
during pregnancy may cause relaxation of smooth muscle
in many organs.

Changes in plasma protein binding also occur during
pregnancy. The binding of many drugs (e.g. diazepam,
propranolol, theophylline) to albumin and globulinsis de-
creased, particularly during the last trimester. It has been
suggested that exogenous substances in plasma may inter-
fere with protein binding. Decreased plasma protein bind-
ing increases the volume of distribution of theophylline
and prolongs its terminal half-life.

The pharmacokinetics of thiopental is modified in preg-
nant patients during Caesarean section. The volume of
distribution is increased, although plasma protein bind-
ing and clearance are not markedly altered. Consequently,
the elimination half-life of the drug is prolonged.



924

Enzymatic changes during pregnancy

Decreased sensitivity to insulin occurs in pregnancy and
may be due to the placental lactogen insulinase that de-
grades the hormone. Other enzymes whose activity is in-
creased in pregnancy include alkaline phosphatase and
B-glucuronidase, which is secreted by the intestinal mu-
cosa and hydrolyses glucuronide conjugates eliminated in
bile. Consequently, the effects of some drugs may be po-
tentiated in pregnancy due to their increased enterohep-
atic recirculation (e.g. analgesics, antibiotics). In addition,
the placenta contains a wide range of enzymes that are
concerned with the metabolism of neurotransmitters and
other endogenous compounds.

Tobacco smoking

Tobacco smoking results in the induction of some iso-
forms of cytochrome P450 (particularly CYP 1A2). The
rates of elimination of drugs that are metabolized by this
enzymatic pathway are generally greater in smokers, al-
though there is a considerable overlap. The metabolism of
theophylline, imipramine and pentazocine is increased,
although the breakdown of diazepam, pethidine and war-
farin is not significantly affected.

Clinical studies suggest that smokers require more opi-
oids to obtain relief from pain, are less sedated by benzodi-
azepines and may obtain reduced benefit from B-blockers
and nifedipine in angina. Not all these differences arise
from alterations in the rate of drug metabolism, although
the exact mechanism is often unclear.

Ethyl alcohol (ethanol)
Chronic consumption of ethyl alcohol increases the
metabolic capacity of the liver and induces some isoforms
of cytochrome P450 (e.g. CYP 2E1). Pharmacodynamic
tolerance also occurs, and higher blood concentrations are
required to produce intoxication in alcohol-tolerant sub-
jects than in normal individuals. Cross-resistance occurs
between many sedative drugs (e.g. benzodiazepines) and
alcohol due to both pharmacodynamic (CNS) tolerance
and more rapid metabolism. The resistance to thiopental
frequently encountered in chronic alcoholic patients is un-
doubtedly due to tolerance at a cellular level, as the dura-
tion ofaction of thiopental is determined by redistribution
rather than by metabolism. Changes in GABA availability,
as well as changes in the number and nature of GABA,
receptors, may also play a part in this phenomenon.
Similar concepts may apply to the reported tolerance of
chronic alcoholics to inhalational agents, although these
do not take into account the state of agitation of patients

who may be on the edge of withdrawal symptoms. Never-
theless, they are only relevant after prolonged prior expo-
sure to alcohol has occurred. After the acute ingestion of
alcohol, the administration of other CNS depressants may
lead to supra-additive effects. The half-life of barbiturates
may also be increased presumably due to competition with
alcohol for microsomal enzymes.

Pathological conditions that affect the
response to drugs

* Liver disease

* Renal disease

* Respiratory diseases
* Cardiac diseases

* Neurological diseases
* Endocrine diseases

Liver disease

Pharmacokinetic changes

Hepatic drug clearance may be affected by liver disease
in several different ways. For instance, there may be alter-
ations in hepatic blood flow, affecting both total flow and
the degree of intrahepatic shunting, plasma protein bind-
ing and intrinsic clearance. The effects of liver disease on
drug disposition are complex and vary according to the
type and duration of liver pathology. They may also be
associated with a reduction in renal blood flow.

Muscle relaxants

These changes can be illustrated by studies with pancuro-
nium in different types of liver disease. Obstructive dis-
orders lead to decreased clearance, presumably due to the
decreased elimination of pancuronium and its metabo-
lites in the bile, and a slower recovery from neuromuscu-
lar blockade. In contrast, in hepatic cirrhosis the increased
volume of distribution, associated with changes in plasma
protein binding, results in lower plasma concentrations
and decreased uptake at receptor sites. The apparent
‘resistance’ to the effects of the drug is consistent with
original observations on the response of patients with liver
disease to tubocurarine.

Severe liver disease may also impair the production of
cholinesterase. The metabolism of suxamethonium, mi-
vacurium and local anaesthetic esters may be delayed, par-
ticularly if there is an associated genetic abnormality of the
enzyme.
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General anaesthetics

In chronic hepatic dysfunction the dose requirements of
thiopental are decreased and its duration of action is pro-
longed. These effects are consistent with decreased plasma
protein binding, resulting in an increase in the unbound
fraction that crosses the blood-brain barrier, and a pro-
longed distribution half-life.

General anaesthesia also affects the hepatic clearance
of other drugs due to alterations in cardiac output and
redistribution of regional blood flow. Splanchnic perfu-
sion is invariably decreased and the elimination of drugs
with a high hepatic clearance (e.g. opioid analgesics, lo-
cal anaesthetics, B-adrenoceptor antagonists) is reduced.
The problem may be accentuated in the presence of pre-
existing liver disease.

Renal disease

Pharmacokinetic changes

In renal failure, responses to many drugs are enhanced
and prolonged, with increased toxicity due to the reten-
tion of metabolites. In addition, the accumulation of or-
ganic acids may lead to metabolic acidosis, with signifi-
cant effects on drug disposition and competition for active
tubular transport.

Changes in protein binding also occur in renal fail-
ure. The plasma protein binding of acidic drugs is usually
decreased in uraemic patients. Basic drugs show a more
variable response, although there is an increase in the free
fraction of some drugs (e.g. diazepam, morphine). En-
dogenous binding inhibitors can accumulate in renal fail-
ure and thus increase the unbound concentration of drugs
in plasma.

Thiopental

The dosage requirements of thiopental are often reduced
in renal failure. These changes may be due to an increase
in the free fraction of the drug, altered permeability of the
blood-brain barrier or abnormal cerebral metabolism.

Opioid analgesics

Renal clearance is partly responsible for the removal of
opioid analgesics and their metabolites. Dose require-
ments are reduced in renal failure, and active metabo-
lites (e.g. morphine-6-glucuronide, norpethidine) may
accumulate. Fentanyl, alfentanil and remifentanil undergo
rapid and extensive metabolism and their metabolites have
little or no activity or toxicity. Consequently, in renal fail-

ure they may have considerable advantages compared with
other opioid analgesics.

Muscle relaxants

Renal impairment may affect the elimination of some
muscle relaxants (e.g. pancuronium) which is partly elim-
inated unchanged. Occasionally, resistance to the onset of
neuromuscular blockade is observed clinically and may
be related to altered drug distribution and changes in
plasma protein binding. The elimination of atracurium
and cisatracurium is unaffected by renal failure, since
they are spontaneously degraded by Hofmann elimina-
tion. Similarly, vecuronium is unaffected by renal failure,
since it is predominantly eliminated in bile. Variability
in the response to suxamethonium in renal disease only
occurs when there is associated hyperkalaemia.

Local anaesthetics

The duration oflocal anaesthetic blockade may be reduced
in renal failure, possibly because drug removal from the
site of action is facilitated by an associated increase in
cardiac output.

Diazepam

The terminal half-life of diazepam is reduced in chronic
renal failure from approximately 97 to 37 hours. In ad-
dition, the elimination of active metabolites is decreased
and their sedative effects are prolonged. Protein binding is
lower and the volume of distribution of the unbound drug
is decreased. The clinical significance of these changes is
unclear.

Respiratory disease

A variable response to several drugs used in anaesthe-
sia (and in other situations) may occur in patients with
chronic respiratory disorders.

Chronic obstructive airways disease

In chronic obstructive pulmonary disease (COPD), the
respiratory centre may become insensitive to CO, and only
respond to the hypoxic drive. Consequently, the respira-
tory depressant effects of opioid analgesics and induction
agents may be exaggerated, and the administration of ben-
zodiazepines in doses used for endoscopy may cause CO,
narcosis. Similarly, the response to some muscle relaxants
may be variable due to acid—base changes and electrolyte
imbalance. The co-existence of bronchospasm may lead to
further problems when drugs that release histamine (e.g.
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morphine, atracurium) or constrict bronchial muscle (e.g.
propranolol, neostigmine) are used.

Inhalational anaesthesia

Ventilation—perfusion abnormalities occur during inhala-
tional anaesthesia and may be enhanced by pre-existing
respiratory disease. The rate of induction of anaesthesia
with poorly soluble agents (e.g. nitrous oxide, desflurane)
may well be delayed, butisless affected when more soluble
agents are used. When surgical anaesthesia is achieved, hy-
poventilation can be a problem if spontaneous ventilation
is maintained. Exaggerated effects on respiratory func-
tion may occur, and the activity of the accessory mus-
cles appears to be abolished at relatively light planes of
anaesthesia.

Cardiac disease

Systemic disorders often present with one or more differ-
ent clinicopathological patterns, such as congestive car-
diac failure, fixed-output cardiac dysfunction, ischaemic
heart disease, conduction defects and associated dysrhyth-
mias and arterial hypertension. Consequently, there may
be considerable differences in the response to drugs in
patients with pre-existing cardiovascular disease.

General anaesthetics

Most general anaesthetic agents can induce depressant
effects on different cardiovascular parameters, includ-
ing myocardial contractility, systemic vascular resistance,
coronary blood flow, baroreceptor reflex activity and cir-
culating catecholamine levels, and these effects are un-
doubtedly enhanced when patients have a diminished
cardiac reserve. The resultant clinical features may be
extremely complex. In some cases anaesthetics may be
extremely hazardous, for instance, in patients with con-
strictive pericarditis the myocardial depressant effects of
thiopental can induce profound hypotension and pul-
monary oedema. Similarly, isoflurane is a potent coro-
nary vasodilator, but may induce maldistribution of my-
ocardial blood flow in the presence of ischaemic heart dis-
ease (the ‘steal’ effect). Alternatively, beneficial effects may
be achieved, as demonstrated by the reduction in cardiac
work and systemic afterload which occurs when moderate
concentrations of halothane are administered to patients
with congestive cardiac failure.

Hypertension
In hypertensive patients, exaggerated changes in blood
pressure may occur after the induction of anaesthesia. Al-

though these effects are usually more pronounced when
hypertension is untreated, no specific anaesthetic agent
hasbeen incriminated and the mechanism of this response
remains unclear.

Arrhythmias

Pre-existing arrhythmias may be enhanced by drugs with
significant cardiac muscarinic effects (e.g. suxametho-
nium), which can alter the autonomic balance in the my-
ocardium.

Neurological disease

Myasthenia gravis

Patients with myasthenia gravis are extremely sensitive
to non-depolarizing blockade, but are usually resistant to
depolarizing agents. Both phenomena have been used as
diagnostic tests in myasthenic patients. The differential ef-
fects of depolarizing and non-depolarizing drugs in myas-
thenia are due to the occupation and destruction of acetyl-
choline receptors at the motor endplate by immunoglob-
ulin antibodies. In these conditions, the endplate potential
induced by acetylcholine release is decreased, so that the
effects of non-depolarizing agents are enhanced.

In myasthenia gravis, many different muscle groups
may be affected to a variable extent, and the reaction
to muscle relaxants is usually unpredictable. In general,
neuromuscular blocking agents should be avoided in
myasthenic patients undergoing major surgery including
thymectomy, since they may induce prolonged postopera-
tive paralysis. Nevertheless, low doses of vecuronium and
atracurium have been successfully used to produce neu-
romuscular blockade in patients with myasthenia gravis
who are undergoing surgical procedures. Suxamethonium
has also been used, although large doses may be required
to produce muscle relaxation, and elimination of the
drug may be retarded by concurrent anticholinesterase
therapy.

Eaton-Lambert syndrome

In the Eaton-Lambert (myasthenic) syndrome, there is
a defect in the release of acetylcholine from the mo-
tor nerve terminal. Voluntary muscle weakness improves
with exercise, and an increase in twitch amplitude is usu-
ally observed during tetanic stimulation. The condition
may accompany various malignant diseases, particularly
bronchial carcinoma. In general, there is a marked sensi-
tivity to all muscle relaxants, with resistance to the effects
of anticholinesterases.
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Dystrophia myotonica

Dystrophia myotonica is an inherited disorder in which
the primary defect is in the muscle fibre itself. The signs
and symptoms include mental disturbances, cataracts, tes-
ticular atrophy, premature baldness and various endocrine
disturbances. The underlying muscle dysfunction results
in generalized muscular weakness, including those in-
volved in respiration and deglutition, associated with pro-
longed contracture after stimulation. The latter is partic-
ularly noticeable by difficulty in releasing the grip after
shaking hands. There is a high incidence of cardiomy-
opathy with abnormalities of cardiac conduction that are
linked to the disorder, and these may reflect the under-
lying muscle pathology. After administration of suxam-
ethonium, excessive quantities of K may be released from
abnormal muscle, producing prolonged and generalized
myotonia and enhancing any existing dysrhythmia. In
dystrophia myotonica, suxamethonium is absolutely con-
traindicated and the response to non-depolarizing neu-
romuscular blocking agents is unpredictable. Their du-
ration of action may be normal or prolonged, and re-
duced doses should be used. Undue sensitivity to the ef-
fect of respiratory depressants (e.g. general anaesthetic
agents, opioid analgesics) may also be anticipated, and the
administration of volatile agents may induce cardiotoxic
effects.

Other neurological disorders

In neurological diseases in which muscle wasting is a pre-
dominant feature, in particular motor neuron disease,
long-standing spinal injuries, and the advanced stage of
multiple sclerosis, there is often increased sensitivity to
the effects of suxamethonium. Degeneration of the motor
endplate is followed by receptor up-regulation outside its
immediate vicinity, and the entire sarcolemma responds
to acetylcholine and other agonists. The efflux of K is
greatly increased, and there is a possibility of dysrhyth-
mias or cardiac arrest.

In some other neurological diseases such as mus-
cular dystrophies, Friedreich’s ataxia and Huntington’s
chorea, unpredictable responses to both depolarizing and
non-depolarizing agents may occur. In Duchenne pro-
gressive muscular dystrophy, hazards associated with in-
duction and recovery have been reported, which are
likely to be due to the associated cardiomyopathy. The
use of suxamethonium may lead to the development of
hyperpyrexia.

In neurological disorders associated with autonomic
disturbances, typified by diabetic autonomic neuropathy,

acute polyneuritis and Shy-Drager syndrome, enhanced
falls in arterial pressure may occur after the administration
of most general anaesthetic agents or other drugs with
significant cardiovascular effects due to the inadequacy of
compensatory baroreceptor mechanisms.

Endocrine disease

Myxoedema

In myxoedematous patients, there may be an increased
response to drugs acting on the CNS, including opioid
analgesics and various general anaesthetic agents. Various
factors, including a decreased efficiency of microsomal en-
zyme systems, alterations in drug distribution due to asso-
ciated bradycardia or congestive cardiac failure, prolonged
gastrointestinal transit and changes in body temperature
may be involved.

Thyrotoxicosis

Thyrotoxicosis affects drug metabolism, and specific phar-
macokinetic studies have shown some enhancement of
microsomal drug oxidation. In hyperthyroidism, binding
of both acidic and basic drugs to plasma proteins is de-
creased, and there may be evidence of sympathetic over-
activity. A varying response to a number of drugs used
during anaesthesia may therefore be anticipated.

Adrenal disease

Adrenocorticosteroids exert permissive effects on cate-
cholamines. An exaggerated response to drugs that reduce
systemic blood pressure may occur in patients with inad-
equate adrenal function, and replacement therapy should
always be provided (Chapter 17).

In patients with a phaeochromocytoma, drugs that re-
lease histamine or induce dysrhythmias may induce ex-
aggerated hypertensive responses or disorders of cardiac
conduction. Similarly, patients with carcinoid tumours
are also at risk of developing tachyarrhythmias and hy-
pertension when drugs with histamine releasing activity
are administered.

Pharmacological causes of variable
responses to drugs

Other causes of differences or variability in drug responses
include:

* Idiosyncrasy

* Hypersensitivity
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* Supersensitivity
¢ Tachyphylaxis
* Tolerance
Both idiosyncrasy and hypersensitivity are considered
in Chapter 6.

Drug supersensitivity

Receptor down-regulation

Receptors play an important part in the regulation of phys-
iological and biochemical functions and are subject to
regulatory and homeostatic control. The continual stim-
ulation of receptors by agonists leads to a reduction in
their numbers, density and activity (‘down-regulation’).
This is exemplified by the refractory response that may
follow the administration of B-adrenoceptor agonists in
the treatment of bronchial asthma and is associated with a
reduction in the number of functioning 3-adrenoceptors
in bronchial smooth muscle. The phenomenon is partly
due to the sequestration (‘internalization’) of receptors
within cells, although receptor affinity may also be mod-
ified. Adrenergic receptor density is also modified in a
number of other pathological conditions (e.g. congestive
cardiac failure, thyrotoxicosis).

Receptor up-regulation

By contrast, any decrease in catecholamine production,
either following drug therapy or sympathetic denerva-
tion, increases the synthesis and numbers of adrenocep-
tors (‘up-regulation’) and may also diminish the neuronal
uptake of catecholamines. Similar changes in receptor
density are probably produced by most neurotransmit-
ters that act at synapses and neuroeffector junctions. In
these conditions, there may be hyperreactivity or super-
sensitivity to the effects of drugs that act on these receptors.
The phenomenon of ‘up-regulation’ may explain the re-
bound effects which result from the sudden withdrawal of
certain antihypertensive drugs (e.g. B-adrenoceptor ago-
nists, clonidine) following their long-term administration
and may account for the production of tardive dyskinesia
by phenothiazines and its potentiation by dopamine pre-
cursors. The increase in receptor numbers also plays an
important part in the exaggerated response to vasopres-
sor drugs in those patients receiving adrenergic neuron-
blocking agents.

Up-regulation of receptors may be responsible for the
significant hyperkalaemia occurring after administration
of suxamethonium to patients with severe burns or spinal
cord injuries. In these conditions, extrajunctional recep-
tors develop on the surface of the muscle fibre outside the

motor endplate, and the total number of acetylcholine re-
ceptors may increase 100 times. Consequently, the ionic
changesassociated with the depolarization of skeletal mus-
cle by suxamethonium may produce significant hyper-
kalaemia, and in extreme cases, serum K™ levels may be
doubled.

Tachyphylaxis

Tachyphylaxis can be defined as a rapid decrease or a re-
duction in the response to identical doses of an agonist
within a short period of time. It is sometimes used to refer
to the phenomenon of acute receptor desensitization, or
to the occurrence of rapid drug tolerance.

Suxamethonium

Tachyphylaxis sometimes develops after the repeated ad-
ministration of suxamethonium and may precede the de-
velopment of phase II (‘dual’) blockade. This may be re-
lated to the slow dissociation of suxamethonium from the
cholinergic receptor, so that receptor occupancy remains
high when a second dose of the drug is given.

Sympathomimetic amines

Tachyphylaxis is more commonly applied to the effects
of drugs that act by releasing endogenous transmitters
from cells or nerve endings. In these conditions, the re-
sponse to repeated doses of the drug rapidly declines
presumably due to transmitter exhaustion. Tachyphylaxis
is classically observed after the administration of indi-
rectly acting sympathomimetic amines (e.g. ephedrine,
xylometazoline) but may also occur with drugs that re-
lease dopamine (e.g.amantidine, tetrabenazine). In anaes-
thetic practice, a form of tachyphylaxis commonly oc-
curred when ganglion-blocking agents were infused to
produce controlled hypotension during surgery.

Tolerance

Drug tolerance refers to the gradual decrease in the activity
of drugs, which usually occurs over a period of days or
weeks.

Opioid analgesics

Tolerance classically occurs with opioid analgesics and
may be related to the down-regulation of opioid recep-
tors. Experimental studies suggest that some tolerance
to opioids can develop within several hours of their
administration. A physiological negative feedback system
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may result in modification of the synthesis or release of
enkephalins or endorphins, resulting in altered respon-
siveness of cells in the CNS. Alternatively, opioid tolerance
may be related to up-regulation of glutamate transmission
via NMDA receptors and increased production of nitric
oxide in the CNS.

Organic nitrates

Tolerance to nitrates was first observed in munition work-
ers exposed to nitroglycerine during the manufacture of
gelignite. Similarly, tolerance may also develop to the
haemodynamic and vasodilator effects of organic nitrates
and sodium nitroprusside during their continuous ad-
ministration. The use of intermittent regimes of drug ther-
apy may avoid the gradual attenuation of their therapeu-
tic effects, although it may also expose the patient to the
further risk of anginal episodes during the nitrate-free
period.

Organic nitrates readily penetrate vascular smooth
muscle cells and are metabolized intracellularly to NO,
which combines with sulphydryl groups (SH™) to form
active S-nitrosothiols. Tolerance may be due to the deple-
tion of sulphydryl groups from vascular smooth muscle,
thus preventing the formation of S-nitrosothiols. In some
studies, the administration of sulphydryl donors such as
N-acetylcysteine has been shown to delay or prevent tol-
erance to nitrates.

Barbiturates

Tolerance may also occur to the effects of barbiturates
and possibly other centrally acting drugs. Increased drug
metabolism due to the autoinduction of the CYP 1A2 iso-
form of cytochrome P450 may be partly responsible.
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Adverse Drug Reactions

Adverse drug reactions are believed to be responsible for
3-5% of all admissions to hospital and occur in 10-20% of
inpatients. They can present clinically in many different
ways, ranging in severity from mild skin rashes to the
production of malignant and teratogenic changes. In the
UK, the Commission on Human Medicines is responsible
for collecting reports of suspected or definitive adverse
reactions to drugs through the Yellow Card scheme.

Classification

Adverse drug reactions can be classified into two groups:
¢ Type A (‘augmented’) reactions
* Type B (‘bizarre’) reactions

Type A reactions

Type A reactions are relatively common and are often
related to the main pharmacological effects of drugs
(Table 6.1). They are particularly likely to occur in drug
toxicity, in the elderly or in patients with renal or hepatic
impairment. They can be divided into two types:

(1) Primary reactions, which are due to an exaggeration
of a normal or intended clinical response (e.g. insulin-
induced hypoglycaemia).

(2) Secondary reactions (‘side effects’), which are not di-
rectly related to the desired clinical effects of drugs (e.g.
hypotension produced by subarachnoid anaesthesia).
Type A reactions are responsible for 80-90% of all ad-
verse reactions to drugs. They usually have a prevalence
of more than 1 in 1000 (0.1%) and are readily identified
in preclinical and clinical trials. Individual patients often
vary in their susceptibility to Type A reactions, which can
be produced by varying doses of a given drug in different
individuals. Nevertheless, almost all Type A reactions can
occur in every patient who is given high doses of the drug.
For example, many of the Type A reactions produced by
morphine are invariably present with high dose regimes.
In some instances (e.g. respiratory depression), individual
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variation in patient response corresponds to a character-
istic S-shaped (sigmoid) curve (Fig. 6.1).

Type B reactions

Type Breactionsare usually unrelated to the main pharma-
cological effects of drugs and are often dose-independent,
relatively uncommon and unpredictable. In general, their
prevalence is less than 1 in 1000 (0.1%) and they may not
be identified in clinical trials involving less than 10,000
patients. Although they are much less common than Type
A reactions, they are a significant cause of serious adverse
responses to drugs. In many patients, the aetiology of Type
B reactions is obscure. In other instances, they are clearly
related to two main factors:

* Genetic predisposition (idiosyncrasy)

* Drug hypersensitivity

Adverse reactions due to genetic
predisposition

In anaesthetic practice, at least three important adverse
reactions are idiosyncratic and directly related to genetic
predisposition:

* Suxamethonium apnoea

* Malignant hyperthermia

* Hepatic porphyria

Other examples of idiosyncratic reactions are:

* Hereditary methaemoglobinaemia

 Hereditary resistance to warfarin

* Haemolytic anaemia (antimalarial drugs)

* Toxic reactions to certain drugs (isoniazid, hydralazine
and phenelzine)

* Hypotensive responses (debrisoquine)

* Alcohol-induced facial flushing (chlorpropamide)

Suxamethonium apnoea
Suxamethonium normally has a short duration of ac-
tion due to its rapid hydrolysis by plasma cholinesterase.

T.N. Calvey and N.E. Williams
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Table 6.1 Some common Type A adverse reactions to drugs.

Drug Adverse reaction
Aspirin Tinnitus
Chlorphenamine Sedation
Digoxin Heart block
Insulin Hypoglycaemia
Morphine Respiratory depression
Phenytoin Ataxia
Salbutamol Muscle tremor
Amitriptyline Xerostomia
Warfarin Haemorrhage
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Fig. 6.1 Interindividual variation in response to intravenous
morphine.

Certain genetic variants of the enzyme may decrease the
rate of hydrolysis of suxamethonium and extend its du-
ration of action, resulting in prolonged apnoea. Delayed
metabolism may also predispose to tachyphylaxis and dual
block.

Genetic variants

Genetic variants in plasma cholinesterase were originally
investigated by enzymatic analysis and interpreted in
terms of four allelomorphic genes identified at a single
locus on chromosome 3q. These genes (U, A, F and S)
encode the normal or usual enzyme (U), the atypical en-
zyme (A), the fluoride-resistant enzyme (F) and the absent
or silent enzyme (S).

The atypical enzyme is the commonest genetic vari-
ant and was originally distinguished from the normal or
wild-type enzyme by its resistance to inhibition by the lo-
cal anaesthetic dibucaine (cinchocaine). The ‘dibucaine
number’ was defined as the enzyme inhibition (%) pro-
duced by dibucaine (107> mol L), using benzoylcholine
as the substrate. Normal homozygotes (UU) have dibu-
caine numbers of 80, heterozygotes for the atypical enzyme
(UA) have dibucaine numbers of 60, while homozygotes
for the atypical enzyme (AA) have dibucaine numbers of
20. The four allelomorphic genes are consistent with 10
genotypes, and three of these genotypes (AA, AS and SS)
are commonly associated with a prolonged response to
conventional doses of suxamethonium (Table 6.2). Their
total prevalence in Caucasian populations is about 1 in
1000 (0.1%).

DNA analysis

In recent years, this simple conceptual framework has
been extended and rationalized by DNA analysis, and
the complete amino acid sequence of human plasma
cholinesterase and its main variants has been established
by molecular genetic techniques. The atypical enzyme
(AA) hasasingle point mutation at nucleotide 209 (GAT to
GGT), which changes codon 70 from aspartate to glycine.
At least 40 other naturally occurring mutations have been
described. Some of these mutations only cause quanti-
tative changes in enzyme activity (usually reductions),
although their kinetic properties are relatively normal
(variants H, J, K and S). They may be difficult to de-
tect by standard activity and inhibition tests, since they
are qualitatively similar to the normal enzyme. The silent
cholinesterase phenotype (SS) is associated with at least
20 different structural alterations in DNA.

Other anaesthetic drugs

The duration of action of atracurium and mivacurium,
but not esmolol and remifentanil, may also be prolonged
by genetic variants in plasma cholinesterase. Although
this often occurs with mivacurium, particularly when ho-
mozygotes (AA) or heterozygotes (UA) for the atypical
enzyme are involved, it does not appear to be of clinical
significance with other drugs.

Other genetic variants

A separate distinct chromosomal locus is associated with
two further genetic variants (Ecynthiana and Cs ), which may
be responsible for increased cholinesterase activity.
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Table 6.2 The classical genetic variants of human plasma cholinesterase.

Approximate prevalence

Prolonged response

Genotype per 1000 population Dibucaine number to suxamethonium
Uuu 950 80 No

UA 40 60 Occasionally
UF 4 75 Occasionally
UsS 6 80 Occasionally
AA <1 20 Yes

AF <1 50 Occasionally
AS <1 20 Yes

FE <1 65 Occasionally
ES <1 65 Occasionally
SS <1 Yes

Malignant hyperthermia

Genetic basis

Malignant hyperthermia (malignant hyperpyrexia) is a
rare but potentially fatal complication of anaesthesia and
is usually inherited by autosomal dominant transmission.
In about 60% of cases, the condition is linked to a muta-
tion in the ryanodine gene (RYRI) on chromosome 19q
(thelongarm of chromosome 19). In some instances, mu-
tations at other autosomal loci, particularly chromosomes
1q,3q, 5qand 7q, are involved. RYRI normally encodes the
ryanodine receptor in the sarcoplasmic reticulum, which
is activated in response to depolarization of the T-tubules
(and dihydropyridine receptors) in skeletal muscle. Ryan-
odine receptor activation results in Ca’" release from the
sarcoplasmic reticulum and initiates myosin—actin inter-
action and muscle contraction (Fig. 6.2).

Clinical effects

In malignanthyperthermia, exposure to ‘triggering agents’
(i.e. suxamethonium or fluorinated anaesthetics) results
in excessive Ca*" release from the sarcoplasmic reticu-
lum, producing muscle rigidity and damage with release
of K*, myoglobin and creatine kinase into the circula-
tion. Metabolic stimulation results in hypercapnia, hypox-
aemia, tachycardia, metabolic and respiratory acidosis and
hyperthermia.

Mortality

At one time, the mortality of malignant hyperthermia was
relatively high (about 70%). In recent years, it has de-
clined to 1-5%, mainly due to earlier recognition of the

Muscle action

Ryanodine gene potential
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Fig. 6.2 Excitation—contraction coupling in skeletal muscle
and the role of the ryanodine receptor (RYR1).

condition, improvements in monitoring and the use of
dantrolene sodium (which uncouples ryanodine receptor
activation from Ca’* release).

Familial susceptibility

The familial susceptibility to malignant hyperthermia can
be confirmed by muscle biopsy and in vitro contracture
testing with various agents. In these conditions, there is
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an abnormal contractile response to halothane and caf-
feine, with a greater increase in tension than in normal
muscle. Similar effects are produced by ryanodine and
chlorocresol. After the diagnosis has been established, ge-
netic counselling and family screening by DNA analysis
are essential.

Hepatic porphyria

Clinical presentation

In acute intermittent porphyria and variegate porphyria,
acute attacks can be precipitated by certain drugs, partic-
ularly those that induce and increase the synthesis of hep-
atic cytochrome P450. Exacerbations of acute intermittent
porphyria, with the increased synthesis of porphobilino-
gen and other porphyrins, are often associated with neuro-
muscular weakness and paralysis, progressive demyelina-
tion and neuropathy, neuropsychiatric disturbances and
abdominal pain. The urine usually contains porphobilino-
gen and uroporphyrin and may turn red when allowed to
stand in daylight for several hours. Similar phenomena,
as well as cutaneous manifestations, usually occur in var-
iegate porphyria. Nevertheless, other types of porphyria,
such as erythropoietic porphyria and porphyria cutanea
tarda, are not adversely affected by thiopental. Even in
acute intermittent porphyria, barbiturates do not always
induce an attack.

Porphyrin synthesis

In humans, the porphyrin derivative haem has an es-
sential role as the prosthetic group of various haemo-
proteins, including haemoglobin, myoglobin, cytochrome
oxidase and cytochrome P450. Its formation de-
pends on the enzyme 8-aminolaevulinic acid synthetase
(ALA synthetase), which catalyses the synthesis of &-
aminolaevulinic acid (ALA) and porphobilinogen from
succinate and glycine (Fig. 6.3). Porphobilinogen is sub-
sequently converted to hydroxymethylbiline, protopor-
phyrinogen, protoporphyrin and haem in the liver and
in bone marrow. In physiological conditions, free haem
causes feedback inhibition of the activity of ALA syn-
thetase and thus normally controls porphyrin synthesis. In
theacute porphyrias, notably acute intermittent porphyria
and variegate porphyria, there is reduced activity of one or
more synthetic enzymes in this pathway. Although haem
synthesis may be decreased, and precursor porphyrins
such as porphobilinogen and protoporphyrinogen can ac-
cumulate in tissues, many patients remain asymptomatic
for prolonged periods.

Succinate + glycine
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acid synthetase
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Fig. 6.3 The hepatic synthesis of haem and the cytochrome
enzymes.

Enzyme induction

Drugs that induce cytochrome P450 (as well as some other
drugs that are metabolized by the enzyme) increase the
incorporation of haem into cytochrome P450. In these
conditions, free haem is decreased, resulting in enhanced
activation of ALA synthetase. The synthesis of porphyrin
precursors is greatly increased and may cause acute attacks
of the disease. Although all drugs that induce, affect or are
metabolized by cytochrome P450 should be avoided, acute
porphyria is particularly associated with certain agents
(Table 6.3). The use of these drugs may lead to widespread
demyelination of peripheral and central pathways, result-
ing in sensory changes and motor paralysis. Some haem
derivatives (haematin, haem arginate) suppress the en-
hanced activity of ALA synthetase and have an important
role in the treatment of acute attacks.

Hereditary methaemoglobinaemia

The local anaesthetic prilocaine often causes dose-related
methaemoglobinaemia and cyanosis due to its oxida-
tive metabolite o-toluidine. A number of other drugs
(e.g. some nitrites and sulphonamides) can also oxidize
haemoglobin (Fe*™) to methaemoglobin (Fe**). In nor-
mal conditions, haemoglobin is readily regenerated from
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Table 6.3 Drugs that are most commonly involved in acute
porphyric reactions.

* Barbiturates

* Phenytoin

* Carbamazepine
* Rifampicin

¢ Ethyl alcohol

* Cephalosporins
* Benzodiazepines
* Sulphonamides
* Sulphonylureas
* Oral contraceptives
* Steroids

Many other agents are sometimes suspected or implicated.

methaemoglobin by the enzyme methaemoglobin reduc-
tase. When this enzyme is deficient or absent, persistent
and long-lasting methaemoglobinaemia can be produced
by these drugs. Haemoglobin can be readily regener-
ated by suitable reducing agents (ascorbic acid, methylene
blue).

Hereditary resistance to warfarin

Hereditary resistance to warfarin and other oral antico-
agulants can occur as an autosomal dominant trait in
both man and in experimental animals. The most proba-
ble cause of the condition is an inherited abnormality in
the hepaticenzyme diaphorase (epoxide reductase), which
reduces its sensitivity to warfarin (and other coumarins).
Diaphorase normally reduces inactive vitamin K epox-
ide to active vitamin K and is inhibited by warfarin and
other coumarin anticoagulants. In addition, patients with
a genetic deficiency in antithrombin III may be extremely
resistant to warfarin.

Haemolytic anaemia with antimalarial and
other drugs

In patients with an inherited deficiency in erythrocyte
glucose-6-phosphate dehydrogenase (G6PD), haemoly-
sis, haemolytic anaemia and jaundice may occur after
exposure to certain drugs (e.g. dapsone, doxorubicin).
This reaction may also occur after eating or inhaling the
pollen of the bean Vicia fava (favism). Absence or de-
ficiency of G6PD prevents the regeneration of NADPH,
which normally maintains reduced glutathione in red
cells and protects them from the effects of oxidative
drugs.

Toxic reactions to some drugs in slow
acetylators

The hepatic enzyme system that mediates acetylation
reactions (N-acetyltransferase) shows genetic polymor-
phism. Consequently, there is a bimodal distribution
in the plasma concentration of certain drugs that are
metabolized by acetylation (e.g. isoniazid, hydralazine)
and the toxic effects of these agents predominantly oc-
cur in patients who are slow acetylators of the parent
drugs.

Miscellaneous idiosyncratic reactions

Other idiosyncratic or genetically determined disorders

associated with drug administration include:

* Defective drug oxidation affecting CYP 2D6, caus-
ing excessive hypotension after normal oral dosage of
debrisoquine.

¢ Increased intraocular pressure, which may occur after
the chronic use of steroid eye drops.

* Intense facial vasodilatation induced by alcohol in pa-
tients on chlorpropamide.

Toxic reactions to gold, levamisole and procainamide
have been related to specific HLA (human lymphocyte
antigen) subtypes. Similarly, digoxin toxicity and throm-
boembolism induced by oral contraceptives have been as-
sociated with differences in ABO blood groups. Racial dif-
ferences in drug responses may also occur, although they
are not usually classified as idiosyncratic reactions.

Adverse reactions due to drug
hypersensitivity

Hypersensitivity or allergic responses are abnormal re-
actions to drugs that are dependent on immunological
factors and usually involve the formation of antibod-
ies. Approximately 10% of adverse reactions to drugs are
caused by drug hypersensitivity and its associated hu-
moral responses. Most drugs are low molecular weight
compounds, and many of them can act as haptens which
can conjugate with tissue proteins to form relatively stable
complexes. Hypersensitivity reactions to drugs can be di-
vided into four main types, depending on the mechanism
involved:

¢ Type I (immediate-type hypersensitivity)

* Type II (cytolytic reactions)

* Type III (immune complex-mediated responses)

* Type IV (delayed, cell-mediated responses)
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Table 6.4 Pharmacological mediators commonly released
during Type I hypersensitivity.

* Histamine

* Heparin

* Platelet-activating factor (PAF)
* Prostaglandins and leukotrienes
* Interleukins and cytokines

Type | hypersensitivity (immediate-type
hypersensitivity)

Type I hypersensitivity is believed to be responsible for
many of the severe adverse reactions associated with drugs,
and other types of hypersensitivity are of lesser impor-
tance.

Immunological mechanism

In Type I hypersensitivity, drugs or their metabolites act
as haptens which combine covalently with endogenous
plasma or tissue proteins to form an antigenic drug—
protein complex. Alternatively, foreign enzymes or pro-
teins can act as antigens. The resultant antigen or antigenic
complex induces the formation of IgE antibodies (by B
lymphocytes and plasma cells), which become attached to
mast cells in various tissues of the body, particularly the
skin, bronchial and intestinal mucosa, vascular capillaries
and basophil leucocytes. On subsequent exposure to the
antigen, adjacent IgE molecules on mast cell membranes
are bound by the hapten or antigen. Subsequently, Ca**
enters mast cells, resulting in their degranulation and the
release of pharmacological mediators (Table 6.4). Since
adjacent IgE molecules are linked by the antigen or hap-
ten (Fig. 6.4), Type I hypersensitivity is only commonly
seen with drugs that form multivalent protein complexes,
or are inherently divalent due to the presence of symmet-
rical molecular features (e.g. most muscle relaxants).

Sensitizing agents

Type I hypersensitivity reactions are not uncommon after
administration of certain drugs or other agents. In gen-
eral medical practice, Type L hypersensitivity responses are
most frequently seen in atopic patients who are given peni-
cillins or cephalosporins. These groups of antibiotics are
structurally related and may show cross-sensitivity reac-
tions in approximately 15% of patients. Their metabolites
or degradation products (particularly penicillinoyl deriva-
tives) are believed to be the main antigenic determinants.
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Fig. 6.4 The mechanism of Type I hypersensitivity. (a) Drugs
combine covalently with proteins and induce the formation of
IgE antibodies, which become attached to mast cells; (b) On
subsequent exposure to the drug or drug—protein complex,
cross-linking and Ca®* entry occurs resulting in mast cell
degranulation and the release of pharmacological mediators.

Other agents thatare less commonly implicated include:

* Aspirin and NSAIDS

* Radiological contrast media

* Foreign proteins (streptokinase, asparaginase, hep-
arin, vaccines, blood products)

* Desensitization regimes

* Latex rubber

* Insect stings, reptile venom and snake venom

* Certain foods (fish, eggs, cow’s milk, peanuts, tree nuts,
sesame and pulses)

In anaesthetic practice, hypersensitivity responses are

most frequently associated with

* Muscle relaxants

* Antibiotics

* Thiopental

* Latex rubber

* Chlorhexidine

As many as 60% of cases involve reactions with muscle re-

laxants, which appear to be commonest with suxametho-

nium, atracurium and rocuronium. At least 50% of these

cases show cross-reactivity or cross-sensitivity with other
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neuromuscular blocking agents. A further 30% involve re-
actions to latex or chlorhexidine. Reactions to chlorhexi-
dine occur when it is used to sterilize the skin, or during
the insertion of central venous or epidural catheters.

Clinical features

The clinical features often depend on the provoking stim-
ulus. Systemic allergens (e.g. drugs, insect stings and
venom) usually cause hypotension, cardiovascular shock
or bronchospasm. Ingestion of foods often results in fa-
cial, labial and laryngeal oedema, while skin contact causes
urticaria.

Anaphylaxis

The term anaphylaxis is often used to describe hyper-
sensitivity reactions that are associated with extreme hy-
potension and respiratory difficulty due to bronchospasm
and/or laryngeal oedema.

Bronchospasm is often a feature of anaphylaxis, al-
though it may occur independently. It is mainly due to the
local formation and release of leukotrienes Cy4, D4, and E4
(‘cysteinyl-leukotrienes’) from mast cells in the bronchial
mucosa.

Anaphylactoid reactions

Histamine and similar vasoactive factors may be directly
released from mast cells and basophils by many drugs and
other agents. These non-immunological effects are often
referred to as anaphylactoid reactions, since they may be
difficult or impossible to distinguish clinically from the
anaphylactic responses associated with Type I hypersensi-
tivity.

Causative agents

Many agents can produce local or generalized histamine

release from mast cells, including:

* Basic drugs (morphine, atracurium, suxamethonium,
vancomycin)

* Solubilizing agents (Cremophor EL)

* Radiocontrast media (fluorescein, iopamidol, ioversol
and iohexol)

* Intravenous dyes (methylene blue and isosulphan
blue)

* Colloidal plasma expanders (dextrans, hydroxyethyl
starch and gelatin)

* Polypeptides (polymyxin B, bradykinin, substance P
and anaphylatoxins)

Local anaphylactoid reactions
Localized and transient anaphylactoid reactions are not
uncommon in anaesthetic practice, particularly when
high concentrations of drugs are rapidly injected into
small blood vessels. They may occur more frequently when
several different drugs are administered through small in-
fusion needles. In these conditions physicochemical com-
bination may result in the production of colloid aggre-
gates, resulting in histamine release. Local anaphylactoid
reactions are usually due to the disruption and degranula-
tion of mast cells in the walls of blood vessels, and present
clinically as vasodilation, local oedema or skin reactions.
The anaphylactoid responses induced by the solubi-
lizing agent Cremophor EL and by large polysaccharide
molecules (large molecular weight dextrans, hydroxyethyl
starch, gelatin and possibly heparin) may depend on acti-
vation of the alternate complement pathway and the con-
version of complement C3 to the anaphylatoxins C3a and
C5a. These agents subsequently combine with receptors
in mast cells causing the release of histamine and other
vasoactive peptides.

Systemic anaphylactoid reactions

Severe systemic anaphylactoid reactions occasionally
cause circulatory collapse or bronchospasm, and their
treatment is identical to anaphylaxis. It may be difficult
to detect patients who are susceptible to systemic anaphy-
lactoid reactions, although individuals with a history of
atopy (asthma, hay fever or eczema), or with a previous
or family history of adverse responses are particularly vul-
nerable. Although some drugs appear to be relatively safe,
at least two intravenous agents (propanidid and althesin)
have been withdrawn because of their association with
severe anaphylactoid reactions. Preoperative prophylaxis
with both H;- and H,-receptor antagonists may confer
some degree of protection in susceptible patients.

Plasma tryptase

Both anaphylactic and anaphylactoid reactions result in
increases in plasma histamine and tryptase (a neutral pro-
tease released from the secretory granules in mast cells).
Almost all the tryptase in the body is localized in mast cell
granules, and the half-life of the enzyme in the circula-
tion after mast cell degranulation is about 3 hours. Basal
concentrations of tryptase range from 0.8 to 1.5 ng mL ™1,
andincrease to 10-15ng mL ™! after anaphylactoid or mild
anaphylactic reactions. Higher concentrations (20-25 ng
mL~1) usually occur in severe anaphylactic reactions. Af-
ter mast cell degranulation, maximal concentrations of
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tryptase are usually present in plasma within 1 hour. If
possible, samples of serum (about 5 mL) should be ob-
tained for enzyme analysis as soon as possible, and at 1
hour and 6-24 hours after the reaction. Patients should
subsequently be fully investigated and referred to an aller-
gist for skin testing in order to identify the causative agent.
The presence of antigen-specific IgE antibodies in serum
can usually be identified and measured by a radioaller-
gosorbent test (RAST).

After anaphylactic reactions, the basophil granule pro-
tein CD63 and the transmembrane protein CD203c are
rapidly and specifically expressed by the plasma mem-
brane. It is possible to test for these markers in vitro, using
flow cytometry.

All suspected or proven anaphylactic reactions should
be reported to the CSM on a ‘Yellow Card’ and patients
should be advised to carry an anaesthetic hazard card or
Medic-Alert bracelet.

Other adverse effects
Occasionally, other adverse effects of drugs resemble ana-
phylactic and anaphylactoid reactions.

For instance, salicylates and other NSAIDs may increase
the conversion of arachidonic acid to various leukotrienes
(particularly LTC, and LTDy, ), which are important medi-
ators of bronchoconstriction secondary to inflammation
of the airways. Consequently, bronchospasm induced by
aspirin or other NSAIDs may be related to the increased
synthesis of leukotrienes, rather than to anaphylaxis or
anaphylactoid reactions.

Type Il hypersensitivity (cytolytic reactions)

In Type II hypersensitivity, drugs typically combine with

proteins in erythrocyte, granulocyte or platelet cell mem-

branes. The resultant antigenic complex induces the syn-

thesis of IgG or IgM antibodies, which subsequently cross-

react with antigenic sites in blood cell membranes (and

complement), causing cellular lysis or agglutination.
Type IT hypersensitivity reactions include

* Haemolytic anaemia (sulphonamides, methyldopa)

* Leucopenia or agranulocytosis (phenothiazines, car-
bimazole, clozapine)

* Thrombocytopenia (heparin, thiazides)

* Pancytopenia

Halothane hepatitis is probably a Type II hypersensitivity

reaction. An oxidative metabolite of halothane (trifluo-

roacetyl chloride) is covalently bound by lysine residues

in hepatic cell membrane proteins. In susceptible patients,

the alkylated membrane protein acts as an antigen, result-
ing in the synthesis of antibodies, which cross-react with
hepatocyte proteins, causing acute liver necrosis.

Type Il hypersensitivity (immune
complex-mediated responses)

In type IIT hypersensitivity, soluble antigens (e.g. bacterial
toxins) react with circulating antibodies (IgG) forming
precipitin complexes, which cause the fixation of com-
plement. In normal conditions, precipitins are removed
by the reticuloendothelial system, but when excess anti-
gen is present, immune complexes are deposited in the
vascular endothelium. Type III hypersensitivity reactions
are responsible for serum sickness, a systemic generalized
response that may ensue 7—14 days after drug administra-
tion. They may also be the basis for some of the patho-
logical changes in acute glomerulonephritis, polyarteritis
nodosa and rheumatoid arthritis.

Type IV hypersensitivity (delayed,
cell-mediated responses)

In delayed hypersensitivity, antibody formation is not in-
volved and the reaction solely results from the combina-
tion of antigens or haptens with T lymphocytes. The anti-
gen or haptenisintroduced by contact or injection, formsa
complex with macrophages and then combines covalently
with receptors on the lymphocyte membrane. This pro-
cess results in lymphocyte mitosis and the local release of
lymphokines (e.g. tumour necrosis factor o, interferon-y ).
A local inflammatory reaction usually occurs within 24—
48 hours, resulting in erythema, induration, blistering and
exfoliation, due to the accumulation of macrophages and
lymphocytes at the site of injection.

Delayed hypersensitivity is responsible for the positive
response to the Mantoux reaction and occurs in most
forms of contact dermatitis, whether produced by metals
or drugs. It is also a factor in many drug rashes, erythema
multiforme (the Stevens—Johnson syndrome) and in the
morbilliform rashes that are sometimes induced by ampi-
cillin and amoxicillin in patients with glandular fever or
chronic lymphatic leukaemia.

Hypersensitivity responses associated
with anaesthesia

Hypersensitivity responses to anaesthetic drugs are notin-
frequent and can occasionally be life-threatening. In many
instances, commonly used drugs such as thiopental or
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suxamethonium are involved, and colloid infusions may
have been administered. It may be particularly difficult to
detect patients who are at risk from such responses, al-
though those with a history of atopy (asthma, hay fever
or eczema) or with a previous or family history of ad-
verse reactions must be considered as vulnerable. It has
been suggested that some drugs are relatively safe (eto-
midate, vecuronium, fentanyl, local anaesthetic amides).
Pretreatment with both H1- and H2-receptor antagonists
(e.g. chlorphenamine and ranitidine) may confer some
protection in susceptible patients.

Although ‘halothane hepatitis’ is an extremely rare hy-
persensitivity response, it is usually unpredictable and can
only be prevented by avoiding the clinical use of the drug.

Not all the adverse responses to drugs in ‘normal’ in-
dividuals can be related to immunological mechanisms
or to underlying genetic disorders. In some cases, adverse
responses can be considered as an extension of the phar-
macological effects of the agent, or may reflect intrinsic
toxicity that is primarily dependent on the chemical prop-
erties of the drug or its metabolites. These Type A adverse
effects are usually dose-dependent and can usually be re-
produced in animals. Adverse responses of this type have
become less frequent because of increased understand-
ing of the structural features of drugs that contribute to
their intrinsic toxicity. In addition, these toxic effects are
frequently disclosed in preclinical and clinical trials.

Adverse reactions to drugs during foetal life

Drugs that are administered during pregnancy may cross
the placental barrier and adversely affect the foetus. The
placenta consists of a vascular syncytial membrane, with
the functional properties of a typical lipid barrier. Lipid-
soluble, low molecular weight drugs are readily transferred
across the placental membrane, and their rate of removal
from maternal blood is predominantly affected by

* Placental blood flow

* Diffusional area

* Concentration gradient

In practice, all lipid-soluble drugs that cross the blood—
brain barrier also cross the placenta, and their elimination
by foetal tissues may be prolonged. In contrast, polar (ion-
ized) or large molecular weight compounds do not readily
cross the placenta.

Anaesthetic agents
Inhalational anaesthetics, thiopental, propofol and most
opioid analgesics can diffuse from maternal plasma to the

foetus, and when used in labour may produce respira-
tory depression in the newborn. Similar effects may be
produced by some sedative and hypnotic drugs. When
diazepam is used in late pregnancy in pre-eclampsia and
eclampsia, it readily crosses the placenta, but is only slowly
metabolized by the foetus. Its active metabolites desme-
thyldiazepam and oxazepam accumulate in foetal tissues
and can cause neonatal hypotonia and hypothermia.

Other drugs

Lipid-soluble B-adrenoceptor antagonists (propranolol,
oxprenolol) can cross the placenta and may cause foetal
bradycardia. In addition, foetal hypoglycaemia may be
induced by insulin, oral hypoglycaemic agents or some
B-adrenoceptor antagonists.

Teratogenic effects

More serious effects are produced by drugs taken dur-
ing pregnancy that produce foetal damage or malforma-
tion (teratogenic changes). In early pregnancy (0-18 days),
drugs that affect cell division (cytotoxic agents, folate an-
tagonists) may affect formation of the blastocyst and cause
foetal death. Nevertheless, foetal abnormalities are more
commonly produced by drugs that are administered dur-
ing organogenesis (2 weeks—2 months), including pheny-
toin and antithyroid drugs (Table 1.4). In some instances,
the effects of drugs may be delayed for many years. When
stilboestrol was used in late pregnancy, alteration in the
maternal hormonal environment produced vaginal dys-
plasia and malignancy in female offspring after a latent
period of 10-20 years.
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Intravenous Anaesthetic Agents

History

Intravenous anaesthetic agents are usually defined as drugs
that induce loss of consciousness in one arm-brain cir-
culation time (normally 10-20 s), when given in an ap-
propriate dosage. In the late nineteenth and early twenti-
eth century many drugs were administered intravenously
in an attempt to produce rapid unconsciousness. These
included several opiates, chloral hydrate, bromethol, in-
fusions of chloroform and ether, and various prepara-
tions of the available barbiturate derivatives. Unfortu-
nately, problems with delayed onset, prolonged duration
ofanaesthesia and the toxic effects of individual drugs were
common.

Barbiturates

A milestone in anaesthetic practice was achieved with the
advent of the barbiturates, which had a rapid onset of
hypnotic activity and an extremely short duration of ac-
tion. Hexobarbital was first used in Germany in 1932 by
Weese and Scharpff, and its rapid onset of action was re-
sponsible for its acceptance as an induction agent. It was
soon superseded by thiopental, which was independently
studied by Lundy and Waters in the USA. The potential
hazards of thiopental (particularly when used alone in
large doses) were not fully appreciated until the disaster at
Pear] Harbour in 1941. In subsequent years, thiopental be-
came widely accepted as an intravenous induction agent.
However, many thiobarbiturates have essentially similar
properties, and in some respects it is remarkable that the
drug has stood the test of time.

Methohexital (an oxybarbiturate) was introduced in the
UK in 1959, and until recently it was sometimes used
as an induction agent. Although induction and recov-
ery from anaesthesia and its elimination from the body
were rapid, it had a number of significant disadvan-
tages, including localized pain on injection, the occur-
rence of excitatory side effects and a tendency to induce
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tachycardia. Nevertheless, the drug was widely used in
dental anaesthesia and in day-case surgery. Because of pro-
duction difficulties, it is no longer generally available in
the UK.

Steroids

In 1941, Hans Selye reported on the ability of certain
steroids to produce reversible sleep in animals. The de-
velopment of many of these drugs was precluded because
of their hormonal effects, although several steroids have
been used as anaesthetic agents. In the late 1950s, hydrox-
ydione was introduced into anaesthetic practice; it had a
marked hypnotic potency, but no hormonal activity. Be-
cause of the poor solubility of the drug, administration was
dependent on its continuous infusion in a large volume of
saline, and the onset of action was delayed. A polymerized
and more concentrated preparation was subsequently pro-
duced, but unfortunately led to the frequent occurrence
of thrombophlebitis and the use of hydroxydione was dis-
continued.

Althesin, a combination of the steroids alphaxolone
and alphadolone, became available in 1972. Despite its
many advantages, the occurrence of anaphylactic or ana-
phylactoid phenomena, particularly bronchospasm and
severe hypotension, led to the withdrawal of the drug
in 1984. These phenomena were probably related to the
polyethoxylated castor oil (Cremophor EL), which was
used with Althesin to increase the solubility of the steroid.

Minaxolone, a water-soluble steroid, was studied in
clinical trials in 1979. Its use was associated with a sig-
nificant incidence of excitatory effects. In addition, it was
shown to induce neoplasia in experimental animals and
development was subsequently discontinued.

Eltanolone (5B-pregnanolone) is a water-insoluble
steroid which was reformulated as an emulsion and eval-
uated in clinical studies. Although induction was rapid
and reliable and haemodynamic changes were minimal, it
occasionally induced convulsions and had no advantages
when compared with other induction agents.

T.N. Calvey and N.E. Williams
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Eugenol derivatives

Eugenol is chemically related to phenoxyacetic acid and is
one of the main constituents of oil of cloves. The eugenol
derivative propanidid was used as an occasional induction
agent for approximately 20 years, but was withdrawn in
1983. Propanidid is an ester that is poorly soluble in water,
and preparations of the drug also contained Cremophor
EL, which occasionally produced bronchospasm and pro-
found hypotension. In addition, propanidid caused vari-
ous excitatory side effects.

Other agents in current clinical use
Phencyclidine was used in the 1950s as an induction agent,
butwassoon discarded because of severe psychotomimetic
reactions. The related compound ketamine was intro-
duced in 1970. Although it does not produce loss of con-
sciousness in one arm-brain circulation time, it is usually
classified as an induction agent. In spite of several disad-
vantages, the drug has a definite (though limited) role in
anaesthetic practice.

Etomidate was introduced into clinical practice in 1974
and is an imidazole ester with hypnotic activity but little or
no analgesic effects. Although the drug has a high margin
of safety, it has several disadvantages that have restricted
its use as an anaesthetic agent.

Propofol is a chemically inert phenolic derivative with
anaesthetic properties. Its clinical use in a Cremophor
EL formulation was first described in 1977. It was sub-
sequently reformulated as an aqueous emulsion in 1985.
Propofol has a rapid onset and symptom-free recov-
ery and few adverse effects, which have undoubtedly
contributed to its current popularity. It is widely used
as an induction agent, particularly in day-case proce-
dures, and for the maintenance of anaesthesia by infusion
techniques.

Intravenous induction agents

All intravenous induction agents must be administered
in aqueous solution, or as an oil or an emulsion that
is readily miscible with plasma. In addition, they must
be partially or entirely non-ionized and lipid-soluble in
plasma at pH 7.4, in order to cross the blood-brain barrier
and produce rapid loss of consciousness. These conflict-
ing physicochemical requirements are resolved in various
ways, either by the use of alkaline solutions, or by the
administration of lipid-soluble drugs in water-miscible
oils and emulsions. Consequently, bases, buffers or

solubilizing agents are frequently added to solutions of
anaesthetic agents.

In the UK, the following drugs are currently used as
intravenous induction agents:
* Thiopental
* Propofol
+ Etomidate
* Ketamine
Although benzodiazepines, opioids and neuroleptic
agents are sometimes used to induce anaesthesia, they do
not produce rapid loss of consciousness in therapeutic
doses and are not usually considered to be intravenous
induction agents.
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Thiopental is 5-ethyl-5'-(1-methylbutyl)-2-thiobarbi-
turic acid and is the sulphur analogue of pentobarbital.
The sodium salt is a pale yellowish-white powder with a
bitter taste and an alliaceous (garlic-like) odour. It read-
ily dissolves in deionized water producing an alkaline so-
lution due to its ionized sulphur atom (S™), which has
strongly basic properties and attracts H*. In plasma the
drug is predominantly present in an undissociated form
(thiopental acid), which rapidly undergoes tautomerism
(dynamic isomerism) into a structural isomer with high
lipid-solubility (Fig. 7.1). Immediately after intravenous
injection, crystal formation in plasma may occur due to
the alteration in pH (from 10.5 to 7.4). However, this is
of little importance since thiopental is rapidly diluted by
the collateral venous return. The drug used clinically is
a racemic mixture of two stereoisomers due to the pres-
ence of a single chiral carbon atom in the methylbutyl side
chain.

Solutions of thiopental sodium (2.5%, w/v; pH 10.5) are
commonly used to induce intravenous anaesthesia. Com-
mercial preparations of the drug usually contain 6 parts
of sodium carbonate to 100 parts of thiopental sodium
by weight in nitrogen-filled ampoules. Sodium carbonate
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Fig. 7.1 The ionization and tautomerism of thiopental sodium.
(a) Thiopental sodium is soluble in water forming an alkaline
solution due to its ionized sulphur atom (S™) which has strong
basic properties and attracts H"; (b) In plasma (pH 7.4), the
drug is initially present as undissociated, water-insoluble
thiopental acid, which rapidly undergoes tautomerism
(dynamic isomerism) into a highly lipid-soluble isomer.

produces free hydroxyl ions (OH™) in solution and is
added to prevent the precipitation of the insoluble free
thiopental acid by H derived from atmospheric CO,and
carbonic acid. Solutions of thiopental sodium may re-
main stable at room temperature for up to 2 weeks (and
for longer at 4°C), but should be immediately discarded
if they become cloudy. They are not normally used more
than 48 hours after preparation.

Because of their alkaline pH, 2.5% solutions of thiopen-
tal are usually bacteriostatic, but are incompatible with
many basic drugs. In general, thiopental should not
be mixed with oxidizing agents, acidic solutions, or
drugs normally administered as sulphates, chlorides or
hydrochlorides.

Mode of action

Although thiopental and other barbiturates may affect
many receptors, it is generally accepted that their pri-
mary action is on GABA4 receptors, which are widely dis-
tributed in the CNS. GABA 4 receptors are transmembrane
proteins with five distinct subunits (usually 2a:2B:17y),
surrounding an intrinsic ion pore that is selectively per-
meable to chloride ions (Fig. 7.2). Since the subunits may
be present in 36 different isoforms, GABA 4 receptors are
a heterogenous group of related receptors rather than a
single entity. Both the a- and B-subunits are believed to
contribute to the GABA-binding site, which is closely re-
lated to the chloride channel. GABA receptors are present
as a macromolecular complex that includes specific bind-
ing sites for benzodiazepines, barbiturates and steroids, as
well as some pro-convulsive drugs (e.g. picrotoxin).

GABA is the main inhibitory neurotransmitter in the
brain and probably mediates presynaptic and postsynap-
tic inhibition at more than 50% of all synapses. It is nor-
mally synthesized from glutamate by the enzyme gluta-
mate decarboxylase and is rapidly broken down by GABA
transaminase (Fig. 7.3). In the presence of GABA, the ion
channelin GABA4 receptors allows chloride ions to diffuse
into the neuron, resulting in hyperpolarization, decreased
neuronal excitability and postsynaptic inhibition.

Thiopental and other barbiturates mainly act by in-
creasing the duration of GABA-dependent chloride chan-
nel opening. This effect is partly mediated by the GABA-
binding site, and partly by a distinct barbiturate binding
site associated with the B-subunits and closely related to
the ion channel (Fig. 7.2). Benzodiazepines affect GABA
receptors in a rather different manner, since they have a
greater affinity for a- and y-subunits of the GABA recep-
tor, and increase the frequency of channel opening.

Most barbiturates appear to have little effect on anion-
selective glycine channels that mediate neuronal inhibi-
tion, particularly in the spinal cord. In common with
most other general anaesthetic agents, they may have
some effect on transmitter-gated channels mediating neu-
ronal activity and may modulate the effects of various ex-
citatory neurotransmitters, including glutamate, acetyl-
choline, adenosine and 5-HT. Nevertheless, these effects
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do notappear to be germane to their mechanism of anaes-
thetic action.

Effects on the central nervous system

The effects of thiopental on the CNS are closely related
to the dose and the rate of administration of the drug.
After a normal induction dose (3—5 mg kg™!), the rapid
loss of consciousness is principally due to two factors. In
the first place, brain tissue is extremely vascular and nor-
mally receives about 25% of the cardiac output. Secondly,
thiopental is highly lipid-soluble at pH 7.4 due to its tau-
tomerism (oil: water solubility coefficient = 500-700) and
more than 90% of the drug in the cerebral capillaries im-
mediately crosses the blood—brain barrier.

Consequently, the initial loss of consciousness during
the induction of anaesthesia is usually smooth and rapid,
and excitatory effects are rare (Table 7.1). The onset of
sleep is often preceded by one or more deep breaths and
may be associated with rapid eye movements and asso-

Interior

Exterior

GABA binding site

Fig. 7.2 The GABA, receptor contains
an intrinsic ion channel that is selectively
permeable to chloride ions. Thiopental,
propofol and etomidate are believed to
affect one or more modulatory sites that
are distinct from the GABA binding site
but closely related to the chloride
channel.

ciated EEG changes. Characteristically, the EEG shows a
variable amplitude and high frequency pattern (predom-
inantly at 20-30 Hz), which is usually replaced by slow
wave activity as anaesthesia deepens. The high frequency
response may be due to the selective depression of in-
hibitory neurons in the reticular formation, and proba-
bly accounts for the enhanced reflex response to surgical
stimulation, increased vagal activity and laryngospasm,
and hyperalgesia. These effects may be shown to occur
when small doses of thiopental are administered, or are
observed clinically during recovery from anaesthesia.

As anaesthesia deepens due to the increased cerebral
uptake of thiopental, cortical responsiveness declines and
EEG wave forms of low voltage become predominant. As
the dose is increased, effects on the brainstem are pro-
duced. Respiratory depression is due to a direct action on
the respiratory centre and its pontine connections, and the
sensitivity to CO; is decreased in proportion to the depth
of anaesthesia. Consequently, PaCO, increases, pH falls
and apnoea may occur. In deep barbiturate anaesthesia,
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Fig. 7.3 The synthesis of GABA from glutamate in the CNS.
After its release from presynaptic nerve endings, the
neurotransmitter is rapidly broken down to succinic
semialdehyde by the enzyme GABA transaminase.

hypoxic drive mediated by aortic and carotid chemore-
ceptors may play an important part in the maintenance
of respiration. In clinical practice, the respiratory effects of
thiopental may be considerably modified by the degree of
surgical stimulation and by the concomitant use of other
central depressant drugs.

Thiopental and other barbiturates also decrease cere-
bral metabolism and reduce oxygen consumption. Cere-
bral blood flow, cerebral blood volume and CSF pressure
fall during barbiturate anaesthesia due to the decreased
production of CO,. Consequently, thiopental has been
used for cerebral resuscitation or to reduce raised in-
tracranial pressure. These effects may be modified by any
changes in systemic PaCO, produced by respiratory de-
pression, which will tend to increase intracranial pressure.

Effects on the cardiovascular system

Normal induction doses cause a variable degree of hy-
potension in fit patients. Particular problems may oc-
cur in hypovolaemic states, patients with cardiovascular

disease or those who are concurrently receiving drugs that
affect the sympathetic nervous system. In these condi-
tions, the ability of the cardiovascular system to compen-
sate for the haemodynamic effects of thiopental is im-
paired and dose requirements are reduced. The reduction
in blood pressure is primarily due to decreased stroke vol-
ume and cardiac output, although there maybe a compen-
satory reflex increase in systemic vascular resistance. High
doses of thiopental directly depress cardiac contractility
due to its local anaesthetic (membrane stabilizing) effects,
and are hazardous in patients with a fixed cardiac output
(Table 7.1).

During thiopental anaesthesia, thereisa fall in glomeru-
lar filtration rate, renal plasma flowand electrolyte and wa-
ter excretion. There may also be an increase in the release
of ADH. These effects may be partly due to a reduction
in renal blood flow, and urine output during thiopental
anaesthesia is approximately 0.1 mL min~! (about 10% of
normal).

Distribution

High concentrations of thiopental are present in the brain
and other well-perfused tissues within 1 minute of intra-
venous administration. The rapid emergence from sleep
after a single dose is due to redistribution from the brain
into less vascular regions, particularly skeletal muscle
and skin. These tissues become saturated with thiopental
within 15-30 minutes. Consequently, the plasma concen-
tration rapidly falls, drug diffuses out of the brain and
consciousness returns. In contrast, the fat depots, which
have a poor blood supply, may require several hours to take
up significant amounts and reach saturation. The concen-
tration in blood, skeletal muscle and fat at various times
after its administration is consistent with a classical phys-
iological model with a central blood pool and six tissue
compartments (Chapter 2).

Metabolism

Thiopental is extensively metabolized by the liver, and only
trace amounts are eliminated in urine (normally <1% of
the dose). Drug metabolism is relatively slow (10-15%
of the amount remaining in the body is metabolized per
hour) and is mainly due to w-oxidation of thiopental to the
inactive metabolite thiopental carboxylic acid (Table 7.2).
Thiopental is also metabolized by (w — 1) oxidation to
hydroxythiopental, and by desulphuration to its oxybarbi-
turate analogue pentobarbital, which has a longer half-life
than thiopental. When large doses of thiopental are used
in cerebral resuscitation, metabolism becomes non-linear
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Table 7.1 Pharmacological properties of induction agents.

Onset of Cardiovascular
action Recovery effects Other effects
Thiopental Rapid Relatively rapid BP | Extravascular complications
Complete recovery delayed CO | Arterial thrombosis
Laryngospasm and bronchospasm
Enzyme induction
+ICP
Propofol Rapid Rapid BP | Pain on injection
COo | Enzyme inhibition
Delayed recovery after prolonged
administration
Etomidate Rapid Moderately rapid Minimal Pain on injection
Thrombophlebitis
Excitatory effects
Adrenocortical suppression
Ketamine Slow Slow BP 1 Analgesia
Cco 1t ICP 1 CBF 4
HR 1 Psychotomimetic effects

BP, blood pressure; CO, cardiac output; HR, heart rate; ICP, intracranial pressure; CBE, cerebral blood flow.

(zero-order) due to saturation of hepatic enzyme systems,
leading to delayed recovery.

Pharmacokinetics

After intravenous administration, there is a triexponential
decline in the plasma concentration of thiopental. The ini-
tial rapid disposition phase (half-life = 2—4 min) reflects
the distribution of the drug to well-perfused organs such as
the brain and liver and is followed by a slower disposition

phase (half-life = 45-60 min) due to uptake by muscle and
skin. Finally, the elimination of the drug from the body
is reflected by the terminal decline in plasma concentra-
tion (half-life = 5-10 h). The volume of distribution of
thiopental at steady state is slightly greater than total body
water (1-4 L kg™!), whilst its clearance is approximately
20% of liver blood flow (i.e. 1-5 mL min~! kg~!) (Table
7.2). Clearance is greater in infants and children than in
adults, but is significantly decreased in obese patients and
elderly subjects.

Table 7.2 Pharmacokinetic properties of intravenous anaesthetic agents.

Terminal half- Clearance Apparent volume of
life (min) (mL min~! kg~!) distribution (L kg™!) Metabolites
Thiopental 300-600 1.4-5.7 1.0-4.0 thiopental carboxylic acid
hydroxy-thiopental
pentobarbital
Propofol 300-700 21.4-28.6 3.3-5.7 2,6-diiso-propylphenol glucuronide
2,6-diiso-propylquinol glucuronide
Etomidate 60-90 10.0-24.3 2.2-4.3 1-(a-methyl-benzyl)- imidazole-5-
carboxylic acid
ethyl alcohol
Ketamine 150-200 17.1-20.0 2.9-3.1 norketamine

hydroxy-norketamine
hydroxy-ketamine glucuronide
hydroxy-norketamine glucuronide
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Unwanted effects

Thiopental is undoubtedly a safe and reliable induction
agent as long as certain precautions are observed. Facil-
ities for artificial ventilation and oxygenation must al-
ways be available. Deep levels of anaesthesia induced by
thiopental can reduce smooth muscle tone in the gut and
depress reflex laryngeal activity, and the risk of the aspi-
ration of gastric contents must always be recognized. In
particular, the usual recommended dose (4-5 mg kg™ !)
may need to be considerably reduced in elderly, debilitated
and hypovolaemic patients. The relatively slow elimina-
tion of thiopental (terminal half-life = 5-10 h) requires
care and supervision during the prolonged recovery. Pa-
tients should be advised not to drive or operate machinery
for atleast 24 hours after anaesthesia, and to avoid alcohol
and sedative drugs.

Extravascular administration

Although thiopental injection is usually painless, inadver-
tent extravascular administration can cause complications
ranging from slight pain to extensive tissue necrosis. These
effects are probably due to local tissue irritation produced
by precipitation of insoluble thiopental at pH 7.4. Disper-
sal of thiopental by local injection of hyaluronidase and
topically applied demulcents may be useful in the treat-
ment of local complications.

Intra-arterial administration

Inadvertent intra-arterial injection of thiopental causes
immediate and severe shooting pain usually followed by
signs of arterial spasm, with blanching of the limb, in-
creasing cyanosis and disappearance of the pulse, and the
onset of unconsciousness may be delayed. These effects
are due to the precipitation of thiopental crystals at pH
7.4, which are then transported in a progressively narrow-
ing vascular bed and aggregate in small arterioles. Initial
vascular spasm is followed by an intense chemical endar-
teritis, which rapidly involves the endothelial tissues. In
addition, blood vessels may be occluded by crystals of
thiopental and by erythrocyte and platelet aggregation,
resulting in arterial thrombosis and gangrene. After intra-
arterial injection of thiopental, immediate treatment is es-
sential. If the needle is still in situ in the artery, injection of
a vasodilator (either papaverine or procaine, 80-120 mg)
is required. Temporary sympathetic blockade by continu-
ous axillary block or repeated stellate ganglion block will
open up the collateral circulation, and heparin is often
useful.

Porphyria

In subjects with acute intermittent porphyria and por-
phyria variegata, thiopental and other barbiturates in-
duce hepatic synthesis of cytochrome P450, and thus
increase porphyrin synthesis by the liver (Chapter 6).
Although barbiturates do not always precipitate acute por-
phyria in susceptible patients, an acute attack may be fa-
tal, and all barbiturates must be avoided in all forms of
porphyria.

Anaphylactoid and anaphylactic reactions

Thiopental may induce transient urticarial or erythema-
tous rashes, which are usually due to histamine release
from mast cells and may be related to the dose and rate of
injection. True hypersensitivity or anaphylactic responses
are extremely rare, with a prevalence between 1 in 14,000
and 1 in 20,000. They usually present as bronchospasm,
hypotension, generalized oedema or peripheral vascular
collapse, and may be fatal.

Clinical use

Thiopentalisstill widely used asan induction agent and for
the maintenance of anaesthesia (either by intermittent ad-
ministration or by infusion). In addition, thiopental may
be the drug of choice for the treatment of status epilepti-
cus that does not respond to conventional anticonvulsant
therapy, particularly when controlled ventilation is prac-
ticable. It has a more rapid onset of action than diazepam,
which may be a considerable advantage.

Thiopental and other barbiturates have also been used
to protect the brain from the effects of hypoxia after stroke
and head injury. Although the haemodynamic effects of
thiopental tend to reduce cerebral blood flow, the depres-
sion of cerebral metabolism reduces brain oedema and
intracranial pressure, so that cerebral perfusion actually
improves. Meticulous care of the airway and the monitor-
ing of cardiovascular parameters and intracranial pressure
are mandatory. In the UK, the use of barbiturates for cere-
bral resuscitation is controversial.

Propofol

OH

(CH;),:CH CH-(CHj),
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Chemistry

Propofol (2,6-di-isopropyl phenol) is a chemically inert
phenolic derivative with anaesthetic properties. Although
propofol is almost insoluble in water at pH 7.0, forming a
colourless or pale straw-coloured liquid, it is highly lipid
soluble. The original preparation contained the solubiliz-
ing agent Cremophor EL (polyethoxylated castor oil), but
was discarded due to the anaphylactoid potential of this
agent. Since 1985, propofol has been normally adminis-
teredasa 1% (10 mg mL~!) isotonic emulsion, which con-
tains 10% soya oil (aslong chain triglycerides), sodium hy-
droxide, purified egg phosphatide and water. A 2% prepa-
ration of propofol, which is primarily used in continuous
infusion techniques, is also available. Both preparations
support bacterial growth, and outbreaks of postopera-
tive infection have been related to the use of propofol
in unsterile conditions and to the repeated use of single
dose ampoules. Syringes containing propofol should be
used immediately after their preparation, and any unused
drug should be discarded. In addition, previously opened
ampoules of the drug should not be allowed to stand at
ambient temperatures. Attempts have been made to sup-
plement formulations with EDTA (ethylene diamine tetra-
acetic acid) or sodium metabisulphite, although the latter
may affect the stability of the emulsion. Prolonged infu-
sion of the bisulphite preparation has been associated with
a single fatal case of cardiovascular collapse.

In some patients, conventional preparations of propo-
fol may increase plasma triglyceride concentrations. A for-
mulation with long and medium chain triglycerides is now
available in the UK (Propofol-Lipuro), and may modify
the rise in plasma triglycerides as well as decreasing the
prevalence of pain on injection. Preparations containing
5% soya oil have also been used in an attempt to modify
the rise in lipid concentration.

Propofol is chemically unique when compared with
other induction agents, since it is an achiral compound.

Mode of action

Propofol produces general anaesthesia by selective mod-
ulation of the activity of the GABA, receptor (Fig. 7.2).
It mainly affects amino acid residues in the ,- or ;-
subunits of the receptor adjacent to the chloride chan-
nel. Its site of action appears to be relatively insensitive to
GABA itself and is quite distinct from the modulatory site
for barbiturates and benzodiazepines. None of the effects
of propofol are modified by the benzodiazepine antago-
nist flumazenil. In addition, propofol may affect two other
receptor types in the CNS:

* Glycine receptors

* Nicotinic acetylcholine receptors

There is some evidence that propofol enhances the activity
of strychnine-sensitive glycine receptors in the CNS. In
addition, it may inhibit the activity of excitatory nicotinic
acetylcholine receptors, although its effects may be limited
to receptors that contain B-subunits. Effects at both these
sites require higher concentrations than those required to
produce anaesthesia. There is no evidence that propofol
affects other ligand-gated ion channels, or voltage-gated
channels.

Effects on the central nervous system

The normal induction dose of propofol (1.5-2.5 mgkg~!)
produces rapid loss of consciousness due to the immedi-
ate uptake of the lipid-soluble drug by the CNS. In gen-
eral, closure of the eyes is slower than with thiopental,
and the loss of verbal contact may be a more precise end-
point for loss of consciousness. Induction of anaesthesia
produces an initial reduction in EEG frequency with an
increase in amplitude. As the level of anaesthesia deepens,
- and d-waves predominate. Spontaneous movements
that may occur during induction appear to be associ-
ated with the 8-waves. Propofol also causes a reduction
in cerebral blood flow and a decrease in cerebral oxygen
consumption. Although there is a significant increase in
cerebrovascular resistance, there is an overall reduction in
intracranial pressure and cerebral perfusion pressure. Af-
ter intravenous administration, the plasma concentration
of propofol rapidly decreases due to the distribution of the
drug throughout the body and its uptake by peripheral tis-
sues. As the plasma concentration falls, propofol diffuses
from the CNS to the systemic circulation. When bolus
doses of the drug are used to induce anaesthesia there is a
rapid recovery of full consciousness and awareness due to
the rapid redistribution of the drug.

Effects on respiration

Propofol induces dose-related respiratory depression,
with a decrease in both tidal and minute respiratory vol-
umes, and apnoea may be observed. Although this is usu-
ally transient, it may be prolonged when doses at the higher
end of the recommended range are used, or when other
respiratory depressants are used concomitantly.

Nausea and vomiting
Postoperative nausea and vomiting appear to be extremely
uncommon, particularly when propofol is used as the sole
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anaesthetic agent. The replacement of a standard inhala-
tional anaesthetic by propofol reduces postoperative nau-
sea and vomiting by approximately the same extent as a
single dose of an antiemetic. These advantageous proper-
ties have undoubtedly contributed to its current popular-
ity asan induction agent for short procedures and day-case
surgery.

Effects on the cardiovascular system

Propofol frequently causes a significant reduction in sys-
temic blood pressure, particularly in hypovolaemic pa-
tients, which may fall to 70-80% of the preoperative level.
Hypotension is related to the dose and rate of injection and
is usually maximal within 5-10 minutes. The fall in blood
pressure is principally due to a decrease in systemic vas-
cular resistance and is not usually accompanied by reflex
tachycardia (Table 7.1). It has been suggested that propo-
fol causes resetting of the baroreceptors in the aortic arch
and carotid body, so that slower heart rates are associated
with a given reduction in blood pressure. Alternatively,
propofol may act as a calcium channel-blocking agent, or
promote the release of nitric oxide from the endothelium.
Cardiac output also falls and recent studies indicate that
propofol may depress cardiac output in a similar manner
to thiopental.

Distribution

After intravenous administration, propofol is rapidly and
widely distributed in the body due to its high lipid sol-
ubility, and its volume 06 of distribution is 20-80 times
greater than total body water (Chapter 2). As the plasma
concentration falls due to extensive tissue uptake and rapid
hepatic metabolism, propofol is progressively removed
from the brain and dose-dependent recovery usually oc-
curs within 10-20 minutes. Propofol is highly (96-97%)
bound to albumin, so that its total plasma concentration
may be significantly greater than the level of the unbound
drug.

Metabolism

Propofol is rapidly eliminated by the liver mainly as a
glucuronide conjugate, which is subsequently eliminated
in urine. The remainder is metabolized by cytochrome
P450 isoforms, particularly CYP 2B6 and CYP 2C9, to 2,6-
diisopropylquinol and subsequently eliminated in urine as
glucuronide and sulphate conjugates (Table 7.2). The pres-
ence of quinolic metabolites is responsible for the green-
coloured urine that is occasionally seen after prolonged
infusions. Additional trace metabolites can also be de-

tected in urine and less than 1% of the drug is excreted
unchanged.

The elimination of propofol is sensitive to changes in
liver blood flow, but is unaffected by alterations in pro-
tein binding or enzyme activity. The clearance of propofol
is greater than liver blood flow, and there is some evi-
dence that extrahepatic metabolism of the drug occurs.
Propofol hydroxylation can occur in the lungs, and glu-
curonide conjugation may take place in the enteric cir-
culation. Furthermore, significant amounts of propofol
glucuronide have been recovered from urine during the
anhepatic phase of liver transplantation.

Propofol also inhibits drug metabolism by various iso-
forms of cytochrome P450, particularly CYP 1A1, CYP
2A1 and CYP 2B1. It decreases the clearance and may pro-
long the duration of action of fentanyl, alfentanil and pro-
pranolol, possibly due to inhibition of drug metabolism.

Propofol does not induce enzymes involved in por-
phyrin synthesis and its use is not contraindicated in this
disease. However, experimental studies suggest that, in
common with many inhalation anaesthetic agents, it can
depress the chemotactic activity of leukocytes.

Pharmacokinetics

After an intravenous bolus dose (1-4 mg kg~!) the de-
cline in the plasma concentration of propofol is usually
consistent with a triexponential decline. The plasma con-
centration rapidly decreases during the first 10 minutes
(half-life = 1-3 min) and is followed by a slower decline
for 3—4 hours (half-life = 20-30 min). Both these phases
reflect the almostimmediate distribution of propofol from
plasma and its uptake by tissues. They are followed by
a slower decline in plasma concentration due to hepatic
metabolism, which is constrained by the slow return of
the drug from the periphery. In pharmacokinetic mod-
els, the decline in the plasma concentration of propofol is
usually interpreted by an open three-compartment model
(Chapter 2).

Estimated values for the derived pharmacokinetic con-
stants are extremely variable. Some initial studies sug-
gested that the terminal half-life of propofol was 1-5
hours, and that its total apparent volume of distribution
was approximately 10 times greater than total body wa-
ter. More recent studies suggest that the terminal half-life
may be extremely long (40-50 h), and that the drug can
be detected in plasma for up to 3 days after its administra-
tion. The clearance of propofol is about 20% greater than
liver blood flow, probably due to significant extrahepatic
metabolism.
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Unwanted effects

Unwanted effects of propofol include
* Pain on injection

* Excitatory effects

* Bradycardia and hypotension

* Allergic reactions

Pain on injection

Pain on injection commonly occurs when propofol is in-
jected into small veins on the dorsum of the hand or wrist.
Pain may present at more proximal sites (upper arm and
shoulder) during injection. The pain is transitory and
thrombophlebitic sequelae are extremely rare. The inci-
dence of pain is lessened if large veins in the antecubital
fossa are used for administration, or if a small dose of lig-
nocaine (10-20 mg) is given immediately before or added
to propofol. Other drugs have also been used to alleviate or
modify the pain on injection, including fentanyl, alfentanil
and tramadol. Preparations of propofol containing long-
and medium-chain triglycerides (e.g. Propofol-Lipuro) or
the addition of long-chain triglycerides to generic propo-
fol may reduce the prevalence of pain on injection, pre-
sumably due to a reduction in the concentration of the
drug in the aqueous phase.

Excitatory effects

Excitatory side effects, including myoclonus, opisthotonos
and convulsions, are sometimes associated with the ad-
ministration of propofol and may occur during the re-
covery period. There is a risk of convulsions occurring if
propofol is used in epileptic patients, and their onset is
sometimes delayed.

Bradycardia and hypotension

Profound bradycardia occasionally occurs after adminis-
tration of propofol and may require treatment with an
antimuscarinic agent (e.g. atropine). Unexpected deaths
have occurred in children during long-term sedation with
propofol in an intensive care unit. The presenting clinical
features were increasing metabolic acidosis, bradycardia
and progressive myocardial failure. Although the cause is
obscure, both the drug and the lipid content of the solvent
have been implicated.

Allergic reactions

The initial use of propofol with Cremophor EL resulted
in a number of hypersensitivity responses, which were at-
tributed to the solubilizing agent. The present formulation
in soya oil has been associated with more than 30 cases in-

volving allergic or anaphylactoid phenomena. However,
there has not been any direct immunological evidence to
incriminate propofol per se, and the concomitant use of
other drugs, particularly neuromuscular blocking agents,
has been implicated in some of these reactions.

The safety margin of propofol is generally considered to
be lower than that of etomidate but greater than thiopen-
tal, both in relation to undesirable side effects and to hy-
persensitivity responses.

Clinical use

Propofol is widely used to induce and maintain anaesthe-
sia, to supplement anaesthetic techniques during diagnos-
tic procedures and to provide prolonged sedation in adults
during intensive care. It is also used in adults to maintain
anaesthesia by means of target-controlled computer sys-
tems. Induction of anaesthesia usually requires doses of
1.5-2.5 mg kg™, administered at a rate of 2040 mg ev-
ery 10 seconds. The dose should be reduced in patients
aged 55 or over. In intensive care situations, doses of 0.5-1
mg kg ! are initially used to induce sedation, followed by
an infusion of 0.5-4 mg kg~! h™!, although larger doses
may be needed in agitated patients. Propofol should not
be used to produce sedation in patients under the age of
17 years. The use of propofol is usually precluded in ob-
stetric anaesthesia, due to its high placental transfer and
the associated neonatal depression, although views on its
use in this context are changing.

The main advantage of propofol in clinical practice is
that rapid recovery of consciousness and full awareness
occurs when bolus doses are used to induce anaesthe-
sia, and that significant cumulation does not occur af-
ter repeated administration or infusion of the drug. Con-
sequently, propofol is widely used in day-case anaesthe-
sia. Respiratory side effects (e.g. cough, laryngospasm) are
rarely encountered during induction and propofol is usu-
ally the agent of choice for the insertion of the laryngeal
mask airway (LMA). Nevertheless, a number of studies
suggest that the drug has a relatively long half-life, and
prolonged infusions and multiple doses should be used
with caution, particularly in younger patients.

Propofol should be used with caution in patients with
disorders of lipid metabolism, since prolonged infusions
may cause increases in plasma lipid concentrations.

Target-controlled infusion systems

Computer-controlled programmed infusion devices have
been widely used in the UK to produce constant, re-
producible plasma concentrations of propofol, and to
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maintain them within the therapeutic range (usually 2—4
pg mL™1). The procedure is based on the use of the bolus,
elimination and transfer method and an appropriate com-
partmental pharmacokinetic model (Chapter 2). A bolus
of drug sufficient to fill the central compartment to the re-
quired concentration is administered, followed by a con-
tinuous infusion at an exponentially declining rate to com-
pensate for the disappearance of the drug from the central
compartment and its transfer to one or more peripheral
compartments. The parameters of a three-compartment
model are normally used as the input for a pharmacoki-
netic simulation program that controls a conventional in-
travenous infusion system, and a variety of different al-
gorithms are now available to regulate the infusion rate.
These systems rapidly achieve and maintain steady-state
plasma concentrations, which can then be modified in a
controlled manner according to the individual pharma-
codynamic response. In more recent developments, the
effect-site concentration can be predicted or targeted, and
used to determine the onset of anaesthesia.

Pharmacokinetic data obtained during paediatric
anaesthesia has also been used to derive a different model
for the target-controlled infusion of propofol in children,
with alarger central compartmental volume. A closed loop
system, using a derivative of the EEG to assess hypnotic
activity and provide feedback control of the infusion rate,
has been used to maintain a constant level of sedation and
anaesthesia.
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Etomidate (R-(+)-1-(c-methylbenzyl)-imidazole-5-ethyl-
carboxylate sulphate) is an ethylcarboxylate ester with an
imidazole nucleus. The drug is usually prepared and used
as a 0.2% solution (2 mg mL™"). Although etomidate is
highly water-soluble, forming a slightly alkaline solution,
the commonest proprietary preparation contains propy-
lene glycol (35% v/v). This alcoholic excipient improves
the stability of the solution and reduces its local irri-

tant effects, but can produce adverse effects if its elim-
ination is impaired, and may interact with some other
drugs (e.g. disulfiram, metronidazole). Etomidate has re-
cently been prepared as an emulsion with medium- and
long-chain triglycerides (‘Etomidate-Lipuro’), thusreduc-
ing the prevalence of some of the adverse effects of the drug
(Table 7.1).

Etomidate has a chiral centre in its methylbenzyl side
chain. Unlike other induction agents, it is prepared and
used as a single R(+)-isomer, which is about 10 times
more potent than its S-enantiomer.

Mode of action

Recent evidence suggests that etomidate produces anaes-
thesia by direct and relatively specific effects on the GABA 5
receptor. Etomidate modifies the activity of a small num-
ber of amino acids in the B-subunits of the receptor, prob-
ably by regulating an allosteric site within the chloride
channel (Fig. 7.2). Similar selective effects can be demon-
strated for the structurally related compound lorecrezole,
which opposes the proconvulsant effects of picrotoxin.

Effects on the central nervous system

Normal induction doses of etomidate (0.3 mg kg™!) pro-
duce immediate loss of consciousness. The duration of
action is dose-dependent and the drug shows little or no
tendency to cumulate even with repeated dosage. Changes
in the EEG pattern during the onset of anaesthesia mimic
those of the intravenous barbiturates and involuntary
muscle movement is not associated with abnormal EEG
activity. The most significant advantage of etomidate is its
relatively high safety margin. There is a 30-fold difference
between the anaesthetic dose and the lethal dose, which
compares favourably with the 4- to 5-fold difference for
thiopental and propofol.

Effects on the cardiovascular system

Etomidate has little effect on the cardiovascular system
(Table 7.1). It usually causes a slight fall in peripheral re-
sistance and blood pressure. In most organs, blood flow is
unchanged or slightly increased and myocardial contrac-
tility, oxygen consumption and coronary blood flow are
usually unaffected. Etomidate reduces cerebral blood flow
and intracranial pressure, and hypnotic doses cause respi-
ratory depression, as assessed by the changes in ventilation
produced by alterations in inspired PaCO,.
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Metabolism

Etomidate is almost entirely eliminated from the body
by metabolism, and only trace amounts of the un-
changed drug (about 1-2% of the dose) are detected in
urine and bile. It is primarily hydrolysed by non-specific
hepatic esterases to a carboxylic acid metabolite (1-(a-
methylbenzyl)-imidazole-5-carboxylic acid) and ethyl al-
cohol (Table 7.2). Etomidate may also be metabolized by
cholinesterases and can inhibit plasma cholinesterase by
competing with other substrates (e.g. suxamethonium,
mivacurium) for the enzyme.

Pharmacokinetics

After intravenous injection of a bolus dose, there is usu-
ally a biexponential decline in the plasma concentration of
etomidate. The initial fall in plasma concentration (half-
life = 2—5 min) reflects the distribution of the drug to
well-perfused tissues, and the subsequent slower decline
is due to the elimination of the drug from the body
(terminal half-life = 68-75 min). The apparent volume
of distribution is slightly greater than total body water,
and its clearance is about 50-80% of hepatic blood flow
(Table 7.2). The relatively high extraction ratio is con-
sistent with flow-limited hepatic clearance. Etomidate is
bound to plasma albumin to a significant extent (70—
80%), and the effects of the drug may be enhanced in
the elderly and in low albumin states.

Unwanted effects

In spite of its advantages, the use of etomidate as an in-
duction agent is restricted by several undesirable effects:
* Pain on injection

» Thrombophlebitis

* Involuntary muscle movements

* Postoperative nausea and vomiting

* Suppression of adrenocortical function

Pain on injection

Pain on injection occurs in 30—60% of patients. Although
its precise cause is obscure, it is probably related to the use
of propylene glycol as a solvent, since it is less common
when etomidate is given with other solvents (triglycerides
or cyclodextrins). It is often relieved by the concurrent use
of opioid analgesics or lidocaine.

Thrombophlebitis
Thrombophlebitis occurs in up to 30% of patients within
2-3 days, particularly if etomidate is injected into small

veins on the back of the hand. Some haemolysis may also
occur, although this is often clinically insignificant. Both
these effects are believed to be related to the solvent propy-
lene glycol, since they are less common when etomidate is
injected as a triglyceride emulsion.

Involuntary muscle movements

Etomidate commonly causes excitatory side effects, such
as restlessness, spontaneous involuntary movements, hy-
pertonicity of voluntary muscle and cough or hiccups.
These phenomena can be modified by premedication with
short-acting benzodiazepines or by opioid analgesics. The
occurrence of convulsions has been occasionally reported
in unpremedicated patients.

Postoperative nausea and vomiting

Postoperative nausea and vomiting occur in 25-30% of
patients and is more commonly associated with etomidate
than with other induction agents.

Suppression of adrenocortical function

Prolonged administration of etomidate by intravenous
infusion may suppress adrenocortical function. Etomi-
date, like most other imidazole drugs, inhibits ferric haem
enzymes and thus impairs the activity of mitochondrial
cytochrome P450 isoforms in the adrenal cortex (par-
ticularly 11B-hydroxylase and 17a-hydroxylase), which
are involved in the formation of corticosteroids. Conse-
quently, the synthesis of both hydrocortisone (cortisol)
and aldosterone may be suppressed. Etomidate may also
inhibit cytochrome P450 isoforms in the liver, and thus
affect the metabolism of other drugs. Consequently, the
drug should not be given by continuous infusion, or used
for the maintenance of anaesthesia.

Porphyria

In experimental conditions, continuous infusion of eto-
midate increases the activity of 8-amino-laevulinic acid
synthetase, which is involved in porphyrin synthesis. It
has also been implicated in attacks of acute intermittent
porphyria, and its use is therefore contraindicated in all
patients with porphyria.

Anaphylactic and anaphylactoid reactions

Both anaphylactic and anaphylactoid reactions are un-
common. Occasionally, histamine release from mast cells
causes skin rashes during the induction of anaesthesia.
Although severe reactions such as generalized erythema,
hypotension and bronchospasm have occurred when eto-
midate was used with suxamethonium and alcuronium,
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the muscle relaxants were usually implicated as the causal
factor. Indeed, some authorities consider that etomidate is
the safest induction agent in susceptible patients and may
be the drug of choice when a hypersensitivity response is
anticipated.

Clinical use

Etomidate is usually prepared and used as a 0.2% solu-
tion (2 mg mL™!), either as a solution in propylene gly-
col (35%) or as a medium-chain/long-chain triglyceride
emulsion. The usual dose is 0.3 mg kg~!, which should be
reduced in elderly subjects. In spite of its disadvantages,
the drug is sometimes used to induce anaesthesia in pa-
tients with cardiovascular impairment or hypovolaemia,
since it has no adverse effects on the systemic or cerebral
circulation. It may still be the drug of choice in atopic
patients with a history of drug hypersensitivity, and its
margin of safety is probably greater than any other drug
in current use. It should not be used by continuous in-
fusion or prolonged administration due to the danger of
adrenal suppression. Similarly, its use should be avoided
in patients with adrenal insufficiency.
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Ketamine ((2-chlorophenyl)2-(methylamino)-cyclohe-

xanone hydrochloride) is chemically related to cyclo-
hexamine and phencyclidine. The hydrochloride salt
is freely soluble in water, forming an acidic solution
(pH 3.5-5.5). Ketamine is a chiral drug and contains a
single asymmetric carbon atom in its chemical structure.
In the UK, it is currently used clinically as a racemic
mixture.

Mode of action

Ketamine and other phencyclidine analogues are antago-
nists of the excitatory neurotransmitter glutamate at N-
methyl-p-aspartate (NMDA) receptor sites in the CNS.
Antagonism of NMDA receptors by ketamine is non-

competitive, and its effects are probably due to ion chan-
nel blockade (Fig. 7.4). The inhibitory effects of ketamine
on NMDA receptors probably accounts for ‘dissociative
anaesthesia’ and the analgesic effects of the drug. There
is some evidence that both nitrous oxide and xenon have
similar effects on NMDA receptors.

Onset and duration of action

Ketamine has a relatively slow onset of action when com-
pared with other induction agents, and its maximal effect
does not occur within one arm-brain circulation time.
There is commonly a latent period of 2 minutes or more
after injection before any CNS effect is observed. This delay
can be as much as 8 minutes after intramuscular adminis-
tration. It can be difficult to determine the precise time of
the onset of action, and patients may gaze into the distance
for several minutes without closing their eyes.

The duration of action of ketamine is dependent on the
dose of the drug. Normal intravenous doses (2-3 mgkg™")
act for 10-20 minutes, although this may be difficult to
determine accurately.

Effects on the central nervous system

Ketamine differs from other intravenous induction agents
in several important respects. It is almost devoid of hyp-
notic properties, but produces a state of ‘dissociative
anaesthesia’ characterized by sedation, immobility, an-
terograde amnesia, profound analgesia and dissociation
from the environment. Ketamine also causes an increase
in cerebral blood flow, oxygen consumption and intracra-
nial pressure.

The effects on the CNS are associated with characteristic
changes in the EEG, and the o rhythm is usually depressed
and replaced by 6 and & wave activity. These changes may
persist for the duration of analgesia.

Effects on the cardiovascular system

In contrast to most other anaesthetic agents, ketamine
invariably produces tachycardia, increases cardiac output
and raises plasma noradrenaline concentrations. Both sys-
tolic and diastolic pressures as well as pulmonary vas-
cular resistance are usually increased by 20-40% (Table
7.1). These changes often occur within 5 minutes and
last for 10-20 minutes and may be partly due to a di-
rect action on neuronal pathways in the CNS. However,
experimental evidence suggests that the positive inotropic
effects of ketamine are mediated by activation of cardiac
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B-adrenoceptors and that ketamine appears to have a de-
pressant effect on denervated cardiac muscle.

Effects on the respiratory system

Respiratory activity is little affected, although the respi-
ratory rate may slightly increase, and there is a normal
response to alterations in PaCO,. Coughing and laryn-
gospasm are extremely rare, and experimental studies sug-
gest that ketamine antagonizes the effects of histamine,
acetylcholine and 5-HT on bronchial smooth muscle. The
drug can be used safely in asthmatic patients. Although
most reflex responses are not affected by ketamine, some
depression of laryngeal reflexes may occur, which pre-
cludes its use for operations on the upper airway.

Effects on voluntary muscle
Hypertonus and spontaneous involuntary muscle move-
ments, including tonic—clonic activity of the limbs, may

Interior

Exterior

Glutamate binding site

Fig. 7.4 The site of action of ketamine.
NMDA receptors contain an intrinsic
ion channel that is permeable to Na™
and Ca?*. Receptor activation depends
on two agonists (glutamate and glycine),
which are bound by different receptor
subunits. The intrinsic ion channel is
blocked by Mg?*, ketamine and other
phencyclidines, resulting in
non-competitive blockade of the NMDA
receptor.

occur during induction. Muscular relaxation is often poor,
and the tone of the jaw muscles may be increased, causing
obstruction of the airway.

Metabolism

Ketamine is primarily metabolized by cytochrome P450
(mainly by CYP 3A4) in the hepatic smooth endoplas-
mic reticulum. Its main demethylated metabolite (norke-
tamine) has some hypnotic activity but is about 30% less
potent than ketamine. Both ketamine and norketamine
may be further metabolized to hydroxylated derivatives
(hydroxyketamine and hydroxynorketamine), which are
subsequently conjugated and eliminated in urine as glu-
curonides (Table 7.2). Only 2-3% of the drug is eliminated
unchanged.

Pharmacokinetics
Ketamine is approximately 45% non-ionized at pH 7.4.
After intravenous administration, the drug is rapidly
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distributed in tissues and readily crosses the blood—brain
barrier and the placenta. Plasma concentrations usually
decrease in a biexponential manner, and the initial rapid
fall in plasma concentration (half-life = 10-20 min) is
followed by a slower decline (half-life = 150-200 min),
which is due to the elimination of ketamine by hepatic
metabolism. The apparent volume of distribution is 2-3
times greater than body water, and the clearance is ap-
proximately equal to liver blood flow. The relatively high
extraction ratio is consistent with flow-limited hepatic
clearance, and drugs that reduce liver blood flow can de-
crease the clearance of ketamine and prolong its terminal
half-life. After intramuscular administration, ketamine is
rapidly absorbed and maximum plasma concentrations
are invariably present within 30 minutes.

Unwanted effects

Emergence phenomena

During recovery from ketamine anaesthesia there is a
significant possibility of emergence phenomena, ranging
from vivid dreams and visual images to hallucinations
and delirium, which occur in about 30% of patients and
may continue for 24 hours after administration. These
psychotomimetic sequelae may be extremely unpleasant,
and it has been suggested that they are related to the mis-
perception or misinterpretation of sensory information,
particularly visual or auditory stimuli. Emergence phe-
nomena may be considerably modified by the use of ap-
propriate premedication with opiates or benzodiazepines.
Such problems tend to be commoner in women but are
believed to be rare in children, particularly when their
postoperative recovery is undisturbed. Nausea and vom-
iting are not infrequent during the postoperative period.

Cardiovascular effects

Ketamine increases heart rate, cardiac output, systolic and
diastolic blood pressure, as well as intracranial pressure,
cerebral blood flow and intraocular pressure (Table 7.1).
Consequently, it is contraindicated in patients with raised
intracranial and intraocular pressure. It should also be
avoided in patients with tachycardia, hypertension or is-
chaemic heart disease.

Enantiomers of ketamine

Ketamine is a chiral drug, containing a single asymmet-
ric carbon atom in its cyclohexanone ring. In the UK,
ketamine is currently used as a racemic mixture of the
S(+) and R(—) enantiomers, although in most European

countries the drug is used as a single isomer preparation
(S(+)-ketamine). There are important pharmacological
differences between the two enantiomers, and the S(+)
isomer has stereoselective effects on NMDA receptors in
vitro.In clinical use, the S(+) enantiomer is approximately
three times as potent as its R(—) antipode and is associ-
ated with significantly less psychotic emergence phenom-
ena, agitated behaviour and postoperative pain, and supe-
rior intraoperative amnesia. The S(+) isomer has a larger
volume of distribution and clearance, and a greater rate
and extent of biotransformation than its enantiomer. In
addition, the metabolism of S(+)-ketamine is inhibited
by the R(—) isomer. These differences between the enan-
tiomers probably reflect their different affinities for chiral
receptors and enzymes, which are composed of L-amino
acids with specific stereochemical requirements, so that
one isomer has a better fit than the other. It is now gen-
erally accepted that ketamine has significant advantages
when it is used as an S(+) isomer rather than as a racemic
mixture.

Clinical use

In the UK, three different concentrations of ketamine hy-
drochloride (10, 50 and 100 mg mL~!) are available for
intravenous injection (1-4.5 mg kg™!) or intramuscular
administration (6.5-13 mg kg™!). Ketamine has only a
limited place in current anaesthetic practice due to its un-
desirable effects on the CNS and the cardiovascular system.
It is usually avoided for patients with cardiac impairment,
trauma or a history of psychotic illness. Nevertheless, the
drug has a definite role in certain situations.

Paediatric practice

Ketamine is predominantly used in paediatric practice,
when venepuncture is difficult or poorly tolerated, or
when repeated anaesthesia is necessary. Its oral and rectal
administration for sedation and premedication in small
children has also been described. In these situations, ke-
tamine appears to have a low bioavailability and to un-
dergo significant first-pass metabolism.

Other indications

In adults, the indications for its use are more controversial
and less well defined. It has been used to provide anaes-
thesia for cardiac catheterization, repeated burns dress-
ings and other minor procedures (e.g. radiotherapy, bone
marrow biopsy), and in the poor risk elderly patient. It is
also useful in certain emergency situations when venous
or airway access is impossible, particularly following road
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traffic or underground accidents. Ketamine has also been
administered by intrathecal and extradural routes in the
treatment of postoperative or neuropathic pain.

Adverse reactions to intravenous
anaesthetic agents

Historical background

Since the first conclusive case of an adverse reaction as-
sociated with the use of thiopental was reported in 1952,
there hasbeen a progressive increase in the apparent preva-
lence of hypersensitivity reactions to intravenous anaes-
thetic agents. This coincided with the introduction and
use of a number of non-barbiturate induction agents, and
two of these agents (propanidid and althesin) have now
been withdrawn because of their association with such ad-
verse effects. Both these drugs contained the solubilizing
agent Cremophor EL (polyethoxylated castor oil), which
is a mixture of fatty acids with a molecular weight of ap-
proximately 3200, and was also present in some vitamin
preparations and antifungal drugs. Although early studies
suggested that Cremophor EL had no immunogenic or
anaphylactoid potential, subsequent evidence indicated
that it played an important role in the occurrence of ad-
verse reactions to intravenous anaesthetic agents. Alter-
natively, its surfactant properties may have enhanced the
immunogenic potential of propanidid and alphaxolone
(the active steroid in althesin).

Prevalence

The current prevalence of anaphylactoid and hypersensi-
tivity responses to anaesthetic agents has been estimated
as 1 in 6000, and neuromuscular blocking agents appear
to have been involved in at least 80% of the cases. The
reported prevalence of responses associated with indi-
vidual induction agents ranges from 1 in 14,000 to 1 in
450,000 (Table 7.3). The severity of hypersensitivity re-
sponses is difficult to assess and, although adverse reac-
tions to thiopental appear to be relatively uncommon, ap-
proximately 10 deaths have been recorded. On the other
hand, it is probable that many incidents are not reported,
particularly those in which serious sequelae do not occur.
The prevalence of reactions to propofol when used as an
emulsion in soya bean oil and egg phosphatide is between
1 in 80,000 and 1 in 100,000, and many of them appear
to be related to histamine release. In contrast, reactions to
etomidate are extremely rare, and reactions to ketamine
are almost unknown (Table 7.3).

Table 7.3 Prevalence of hypersensitivity responses
associated with current induction agents.

Induction agent Prevalence of reactions

Thiopental 1 in 14,000-1 in 20,000

Propofol 1 in 80,000—1 in 100,000
Etomidate 1 in 50,000-1 in 450,000
Ketamine Extremely rare (2 cases)

In a number of instances, some undesirable effects (e.g.
hypotension) may be due to the direct actions of the anaes-
thetic agent on the myocardium or on vascular smooth
muscle, or an enhanced vasovagal response to venepunc-
ture. In addition, mechanical problems with the airway,
related to misplaced endotracheal tubes, may present as
apparent bronchospasm. Anaesthetic techniques invari-
ably involve some polypharmacy and the role of other
drugs (e.g. muscle relaxants, colloid infusions) may be
difficult to determine. Furthermore, the outcome of a hy-
persensitivity response can obviously depend on the early
recognition of the problem and the ability to institute im-
mediate therapeutic measures.

Clinical features

The clinical features of anaphylactoid and hypersensitivity
reactions to induction agents may include bronchospasm,
hypotension, peripheral vascular collapse, erythema, ur-
ticaria, oedema and abdominal pain. The clinical course
of the reaction is variable, and in extreme cases bron-
chospasm occurs within seconds of injection, rapidly fol-
lowed by cyanosis. The pulse may be impalpable and the
blood pressure unrecordable, although the ECG may show
an increase in heart rate. Localized or generalized oedema
may subsequently develop. Occasionally, reactions to in-
travenous anaesthetics have a slower onset (over 10-90
min), their clinical features are often relatively benign and
their cause may not be recognized.

Many of the presenting symptoms resemble the phar-
macological effects of histamine in humans, or may
be produced by other mediators, including bradykinin,
5-hydroxytryptamine, leukotrienes, prostaglandins and
heparin.

Mechanism of adverse reactions
The mechanisms involved may be of several types
(Chapter 6):
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(1) Type I immediate hypersensitivity reactions, which
depend upon previous exposure and sensitization to the
drug, and the formation of IgE antibodies.

(2) Type II (cytotoxic) hypersensitivity responses have
also been reported. In this mechanism, IgG or IgM an-
tibodies bind to an antigen on the cell surface and activate
the classical complement pathway.

(3) Ananaphylactoid response due to the direct action of
the drug on circulating basophils and mast cells, resulting
in histamine release which appears to be related to the
dose and speed of injection. Occasionally, it may involve
the alternate complement pathway. Previous exposure to
the drug is not a feature and systemic manifestations are
usually mild.

Treatment

The diagnosis should be firmly established and airway
obstruction must be excluded. Bronchospasm is usually
the most life-threatening of the symptoms and treatment
must primarily be aimed at preventing severe hypoxia.
Endotracheal intubation and positive-pressure ventila-
tion with 100% oxygen are often required. Intravenous
adrenaline (1 in 10,000, i.e. 100 wg mL™!) is the first-
line drug of choice. In addition to its bronchodilator ef-
fect, adrenaline may prevent further release of histamine
and improve peripheral vascular tone. In the most se-
vere clinical circumstances, and with full cardiovascular
monitoring facilities available, adrenaline may be admin-
istered by slow intravenous injection in aliquots of 3-5 mL
(300-500 g) and repeated at 5 minutes intervals until
a satisfactory therapeutic response is achieved. If bron-
chospasm isless profound, smaller doses of adrenaline (i.e.
50-100 pg) may be effective. The development of glottic
or subglottic oedema due to extravasation of fluid into the
pharyngeal and laryngeal tissues may further compromise
the airway. An H; -receptor antagonist should be adminis-
tered for the prophylaxis and treatment of this complica-
tion, and to inhibit the development of urticaria. Chlor-
phenamine (10 mg intravenously) is the drug of choice in
this context.

Hydrocortisone hemisuccinate (up to 200 mg intra-
venously) should also be given. However, the maximum
response may not occur for 1-6 hours and bronchospasm
and hypotension may persist. The use of intravenous
aminophylline or nebulized salbutamol may also be con-
sidered in cases of refractory bronchospasm. Crystal-
loid or colloid infusions should be used as plasma ex-

panders, since 1-2 L of the circulating volume may have
extravasated into the tissues.

Prevention of reactions

(1) The rate of injection and the dose of the induction
agent should be carefully considered. The severity of many
reactions is reduced by the slow administration of mod-
erate doses of intravenous agents.

(2) Patients with a history ofallergy or atopy (asthma, hay
fever, eczema) may be especially sensitive to Type 1 hyper-
sensitivity responses, particularly when there is evidence
of increased IgE concentrations. The repeated exposure of
these patients to induction agents known to produce such
reactions is particularly hazardous. Alternative drugs or
techniques involving local or regional anaesthesia should
be considered.

(3) When general anaesthesia is required in such pa-
tients, premedication with an H; antagonist (e.g. chlor-
phenamine), an H, antagonist (e.g. ranitidine) and a cor-
ticosteroid is indicated. H; and H, antagonists may have
complementary beneficial effects on the cardiovascular
actions of histamine.

(4) It can be extremely important, for both therapeutic
and medicolegal purposes, to distinguish between true
hypersensitivity reactions and similar clinical manifesta-
tions. The latter may be associated with the enhanced
pharmacological effects of the drugs involved, pharma-
codynamic interactions or mechanical problems involv-
ing the airway. Plasma histamine levels can be measured
by radioimmunoassay on blood samples taken after the
event. Plasma levels of tryptase, a neutral proteolytic en-
zyme released from mast cell granules following activation
and degranulation, may be elevated for approximately 6
hours after a hypersensitivity response (Chapter 6). En-
hanced levels of the main metabolite of histamine, N-
methylhistamine, may be detected in urinary samples and
also aid in diagnosis. More specific investigations at a later
stage may be useful to identify the responsible drug, in-
cluding intradermal skin testing, estimations of IgE anti-
bodies and possibly radioallergosorbent tests (RAST) for
specific antibodies.

Total intravenous anaesthesia
Total intravenous anaesthesia (TIVA) is usually applied

to techniques in which all anaesthetic agents are given
intravenously during major surgical procedures. Thus,
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anaesthetics are used to induce hypnosis, opioids are given
to prevent intraoperative pain and neuromuscular block-
ade is induced during controlled ventilation with oxygen-
enriched air. In recent years, there has been considerable
interest in TIVA due to environmental considerations and
the introduction of drugs with suitable pharmacokinetic
properties (e.g. propofol, alfentanil, atracurium). The use
of continuous infusion techniques has considerable prac-
tical advantages, including minimal cardiovascular de-
pression, rapid recovery and the avoidance of hazards of
exposure to inhalational agents. Unfortunately, they are
relatively expensive, since they usually depend on the ac-
curate and controlled infusion of drugs with a short dura-
tion of action and a rapid recovery. In addition, they usu-
ally require precise pharmacokinetic data that have been
previously collated from a defined patient population, as
well as the determination and assessment of the various
factors that are liable to influence the behaviour of drugs
in the body. Thus, the concurrent administration of other
drugs, as well as cardiovascular, renal and hepatic impair-
ment, may affect the disposition and the activity of many
intravenous agents. Present evidence suggests that there is
considerable interindividual variability in the metabolism
and elimination of anaesthetic drugs, at least some of
which may be determined by genetic factors. Awareness
and intraoperative dreaming are also problems of concern
with TIVA. In spite of the obvious ecological advantages
of this technique, a greater knowledge of potential drug
interactions and more accurate methods of assessment
of cerebral function are required before TIVA becomes a
generally accepted practice. Recent studies on computer-
controlled infusions of propofol has resulted in the de-
velopment of target-controlled infusion systems, that can
maintain appropriate plasma concentrations of propofol
duringsurgery, and vary dose requirements to the required
depth of anaesthesia. This technique has also been applied
to other anaesthetic agents (e.g. remifentanil).
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Inhalational Anaesthetic Agents

History

Although the introduction of inhalational anaesthetics
revolutionized operative surgery, their general acceptance
by the medical profession was relatively slow. The effects
of nitrous oxide on sensation and voluntary power were
described by Joseph Priestley as early as 1772. Although
the gas was first used clinically by Horace Wells in 1844, its
value was only slowly acknowledged, and it was not gen-
erally used as an analgesic or an inhalational anaesthetic
until the 1870s. Diethyl ether and chloroform were also
introduced in the 1840s, but were more rapidly accepted.
There were few further significant advances until 1934,
when trichlorethylene and cyclopropane were introduced.
Both these drugs possessed significant disadvantages and
are now only of historical interest (Table 8.1). Some
20 years later, halothane was synthesized by Charles Suck-
ling and studied by James Raventés and Michael John-
stone. Its introduction was a notable advance in inhala-
tional anaesthesia, and for many years (1958-1985) it was
the standard inhalational anaesthetic of choice. Its clinical
use in the UK has markedly declined during the past two
decades, mainly due to the extremely rare complication of
‘halothane hepatitis’.

The introduction of halothane was followed by the in-
troduction and clinical use of other fluorinated agents.
Methoxyflurane was introduced by Artusio in 1959, but
had significant disadvantages, such as a slow induction
and recovery and its extensive metabolism and related
nephrotoxicity. Enflurane was synthesized by R.C. Terrill
in 1963, and was widely used for several decades, but has
recently been superseded by other fluorinated agents. The
only inhalational agents that are used in current practice
are
* Nitrous oxide
* Halothane
* Isoflurane
* Sevoflurane
* Desflurane

Principles and Practice of Pharmacology for Anaesthetists, Fifth Edition
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The latter three drugs are all fluorinated ethers and
were developed after halothane (a fluorinated hydrocar-
bon) was introduced into anaesthetic practice. Although
halothane is still considered as the classical standard with
which all other fluorinated agents are compared, it is now
seldom used in the UK.

Mode of action

All inhalational anaesthetics have a relatively rapid on-
set of action, and their effects are readily reversible. It
therefore seems improbable that their action depends on
the formation of stable, covalent chemical bonds in the
CNS. Inhalational anaesthesia is more likely to be related
to the physical properties of individual agents, or to the
formation of rapidly reversible, low energy, intermolecu-
lar forces, including Van der Waals forces, dipole—dipole
interactions and ionic and hydrogen bonds.

Physicochemical properties

Most inhalational anaesthetics have certain physicochem-
ical and biological properties in common. They are either
gases or simple aliphatic hydrocarbons or ethers with 1-4
carbon atoms and have boiling pointsless than 90°C. They
have varying anaesthetic potencies, which are closely re-
lated to their lipid solubility in organic solvents (Fig. 8.1).
In addition, their anaesthetic potencies are additive, and
their effects are usually modified or reversed by the ap-
plication of pressure. Many simple and relatively inert
chemical agents can behave as inhalational anaesthetics in
appropriate circumstances, including some gases, hydro-
carbons, ethers and organic solvents. Most of these agents
cannot be used clinically due to their side effects or toxic-
ity. Some compounds only produce anaesthetic effects at
high partial pressures, as demonstrated by nitrogen, which
requires a pressure of approximately 30 atmospheres. Con-
sequently, the anaesthetic effects of nitrogen gas are only
evident during scuba diving or similar activities.

T.N. Calvey and N.E. Williams 129
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Table 8.1 Inhalational anaesthetic agents of historical interest.

Agent

Introduction

Advantages

Disadvantages

Nitrous oxide

Diethyl ether

Chloroform

Trichlorethylene

Cyclopropane

Halothane

Methoxyflurane

Enflurane

Horace Wells (1844)

William Morton (1846)

James Young Simpson
(1847)

Jackson (1933)

Langton Hewer (1941)

Waters and Schmidt
(1934)

Johnstone (1958)

Artusio (1959)

Terrill (1963)

Rapid induction and recovery

No effect on cardiovascular
system

Not metabolized

Cardiovascular stability

Increased sympathetic tone

Relaxation of voluntary
muscle

High potency

Non-irritant vapour

Non-inflammable and
non-explosive

Cardiovascular stability
Non-irritant vapour
Non-inflammable and

non-explosive
Potent analgesic

Rapid induction and recovery
Non-irritant vapour
Increased sympathetic tone

Rapid induction and recovery
Potent anaesthetic
Non-inflammable and
non-explosive
Cardiovascular stability
Non-irritant vapour
Potent analgesic
Non-inflammable and
non-explosive
Rapid induction and recovery
Potent anaesthetic
Non-inflammable and
non-explosive

Low potency
Inactivation of vitamin B,
Neutropenia

Slow induction and recovery

Irritant vapour (4 respiratory
secretions)

Postoperative nausea and vomiting

Inflammable and explosive

Cardiac arrhythmias (ventricular
extrasystoles and cardiac arrest
during induction)

Delayed hepatic necrosis (24—48 h
after administration)

Slow induction and recovery

Cardiac arrhythmias during
induction

Extensively metabolized

Unstable in light and air — carbon
monoxide and phosgene

Reacts with soda lime —
dichloracetylene

Cardiac arrhythmias (ventricular
extrasystoles and ventricular
tachycardia during induction)

Inflammable and explosive

Halothane hepatitis (Type II
hypersensitivity reaction)

Cardiac arrhythmias

Poor analgesic

Slow induction and recovery

Extensively metabolized (65%)

Nephrotoxicity (metabolism to
inorganic fluoride)

EEG effects
Nephrotoxicity

Effects on synaptic transmission

Although their precise site or sites of action is uncertain,
it has been recognized for many years that inhalational
anaesthetics primarily affect synaptic transmission in the
brain and the spinal cord. They have little or no effect
on neuronal threshold potentials or axonal propagation,
and many are believed to act by enhancing inhibitory

postsynaptic transmission. At most synaptic junctions in
the CNS, postsynaptic cell membranes are approximately
10 nm in diameter and consist of a bimolecular layer
of phospholipid with intercalated molecules of protein
(Fig. 1.1). Some protein molecules are receptors or ion
channels that traverse the membrane, and their opening
results in ionic changes that affect neuronal activity. The
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phospholipids immediately surrounding the ion channels
(boundary lipids) are believed to modify their activity
and may influence the transference of ions across the
membrane.

Consequently, if inhalational agents produce anaesthe-
sia by acting on postsynaptic membranes, they may af-
fect either the phospholipid or the protein component of
the membrane. Until 1980, it was widely believed that in-
halational anaesthesia was due to biophysical changes in
membrane phospholipids, although it is now considered
that it is produced by effects on various protein targets in
the CNS.

Phospholipid theories of anaesthesia

In 1899-1901, Meyer and Overton independently showed
that the potency of many anaesthetics and hypnotics was
closely related to their solubility in olive oil, relative to
their aqueous solubility. Since this time, many hypothe-
ses have been based on the correlation between anaesthetic
potency and lipid-solubility, as assessed by the oil-gas par-
tition coefficient at 37°C (Fig. 8.1). Most early theories of
anaesthesia suggested that inhalational agents mainly pro-
duced their effects by acting on phospholipids in neuronal
membranes. Inhalational anaesthetics were believed to
initially dissolve in membrane phospholipids and change

® Cyclopropane

@ Desflurane

Sevoflurane @ o Enflurane

o\ Isoflurane

o Halothane

Minimum alveolar concentration (% v/v)

Methoxyflurane @
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Oil—gas partition coefficient at 37°C

Fig. 8.1 Relation between the oil-gas partition coefficient at
37°C and the minimum alveolar concentration (% v/v) of
different anaesthetic agents.

their physical properties, such as fluidity, volume, surface
tension or lateral surface pressure, and thus modify the
degree of order or disorder within the membrane. Alter-
ations in the physical properties of boundary lipids were
considered to have secondary effects on membrane pro-
teins, resulting in conformational changes, which mod-
ified their activity. These changes reduced or prevented
the release of neurotransmitters, or increased the volume
and width of neuronal membranes, so that ion channels
did not function effectively. According to these concepts,
phospholipids were considered to be the primary targets
of anaesthetic action, and modification of their physical
properties then produced secondary effects on enzymes,
receptors and ion channels. Nevertheless, it was difficult
to understand how alterations in the physical properties of
membrane phospholipids were primarily responsible for
anaesthesia, since clinically relevant concentrations had
little or no effect on pure lipid bilayers. Significant effects
on lipid membranes are only produced by much higher
concentrations of inhalational agents.

Pressure reversal of anaesthesia

Arelated hypothesis suggested thatinhalational anaesthet-
ics affected phospholipids in an inert manner, and physi-
cally modified the relationship between pressure and vol-
ume in the neuronal membrane. This theory was based
on the ‘pressure reversal’ of anaesthesia, since numer-
ous studies with luminous bacteria, tadpoles and mice
showed that anaesthesia was reversed when external envi-
ronmental pressures are increased. The pressure reversal
of anaesthesia was explained by the ‘critical volume hy-
pothesis’, which proposed that anaesthetics and pressure
act at the same site, and by means of a common mech-
anism. It was considered that anaesthesia occurred when
the volume of non-polar constituents expanded beyond a
certain critical amount, and that when this volume was re-
stored by changes in temperature or pressure, anaesthesia
is reversed. Subsequent modifications of this hypothesis
were proposed, e.g. the ‘mean excess volume hypothesis’
and the ‘multi-site expansion hypothesis’, which suggested
that anaesthesia (and the pressure reversal of anaesthesia)
were produced by actions at more than one type of molec-
ular site and varied with different agents. Consequently,
each anaesthetic agent produces its own pattern of CNS
depression and activation.

These hypotheses are not now generally accepted. Re-
cent experimental evidence suggests that pressure rever-
sal is highly specific and selective, and may be due to ef-
fects on pressure-sensitive glycine channels, which play an
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important role in mediating inhibitory tone in the CNS.
It therefore seems unlikely that anaesthesia and pressure
act by means of a common mechanism. The pressure re-
versal of anaesthesia may be related to the high pressure
neurological syndrome, which is characterized by tremor,
convulsions and periods of microsleep. This condition
occurs in many animals and humans at pressures above
30 atmospheres.

Protein theories of anaesthesia

Until 1980, membrane proteins were not considered to be
a primary target of inhalational agents, since their well-
constrained structure seemed unlikely to be modified in
an identical manner by different anaesthetic molecules.
Nevertheless, recent evidence suggests that inhalational
agents may primarily interact with receptor proteins, pro-
ducing conformational changes in their molecular struc-
ture, which affect the function of ion channels or enzymes.

In recent years, preparations of purified and soluble
proteins have been used to study the effects of inhalational
anaesthetics on receptors and enzymes in a lipid-free en-
vironment. Many soluble proteins and enzyme systems,
including glycolytic enzymes and most voltage-gated ion
channels, are unresponsive or resistant to clinical concen-
trations of inhalational anaesthetics. The phosphatidyl—
inositol system, cyclic nucleotides and regulatory G pro-
teins are also relatively resistant to inhalational agents.
Some proteins such as haemoglobin and albumin bind
to inhalational agents, and appear to undergo reversible
conformational changes without any alteration in their
physiological roles.

In contrast, the functional properties of other proteins,
including GABA,, glycine, glutamate and nicotinic recep-
tors can be selectively modified by clinical concentrations
of inhalational agents. Recent evidence suggests that fluo-
rinated ethers and anaesthetic gases affect different recep-
tors in the CNS. Consequently, these two groups of drugs
may not produce anaesthesia in an identical manner.

Fluorinated anaesthetics

Fluorinated anaesthetics are believed to produce their ef-
fects by enhancing inhibitory transmission at postsynaptic
GABA, and glycine receptors. It has been suggested that
the drugs are bound by a specific binding pocket with a
fixed molecular volume within these inhibitory receptor
proteins. The anaesthetic binding site is formed within
the second and third transmembrane domains (TM2 and
TM3) of GABA, and glycine receptor subunits, approx-

imately 3 nm from the extracellular space, i.e. one third
of the distance across the membrane. Two amino acids
that are in adjacent positions in TM2 and TM3 (serine 19’
and alanine 40') are believed to be specifically involved
in the binding pocket, and studies with mutant receptors
are consistent with their role in mediating the effects of
inhalational anaesthetics.

Fluorinated agents also produce neuronal hyperpolar-
ization in the CNS by activation of a specific background
K* channel in the axonal membrane, thus affecting the
resting membrane potential. There is an approximate cor-
relation between neuronal hyperpolarization and anaes-
thetic potency, and although the net effect of fluorinated
agents is small, it is sufficient to impair the initiation of
postsynaptic action potentials in many neurons. For in-
stance, isoflurane produces activation of K™ channels in
thalamocortical projection neurons, causing hyperpolar-
ization and inhibition of tonic action potentials.

Thus, at present the balance of evidence suggests
that fluorinated anaesthetics primarily affect inhibitory
GABA, and glycine receptors, as well as a subgroup of
potassium channels, resulting in the postsynaptic inhibi-
tion of neuronal activity and thus inducing anaesthesia.

Anaesthetic gases

The anaesthetic gases have little or no direct effect on
GABA, or glycine receptors, and thus may produce anaes-
thesia in a fundamentally different manner. Most of the
evidence suggests that they act by antagonism of gluta-
mate at NMDA receptors (Fig. 7.4), but have little or no
effect on kainate or AMPA! receptors, or on metabotropic
glutamate receptors.

Consequently, anaesthetic gases, unlike fluorinated
agents, appear to interfere with the excitatory postsynap-
tic neuronal currents that are normally mediated by glu-
tamate at NMDA receptors.

Analgesia induced by nitrous oxide may increase inhi-
bition by descending pathways from the periaqueductal
gray matter to adrenergic op- and GABA,-dependent in-
terneurons in the spinal cord, thus inhibiting the primary
nociceptive pathway.

Clinical studies
Clinical studies have also attempted to define the possi-
ble role of receptor or ion channel proteins in the pro-

! AMPA = a-amino-3-hydroxy-5-methyl-4-isoxazole proprionic
acid.
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Table8.2 Some factors that affect the minimum alveolar con-
centration (MAC) of inhalational anaesthetics.

Effect on MAC

Physiological and metabolic factors
Age
Infancy and childhood
Maturity and old age
Hyperthermia (>40°C)
Hyperthyroidism
Hypothermia (<30°C)
Hypotension
Hypothyroidism
Pregnancy
Postpartum period
Epinephrine and norepinephrine
Increased
Decreased

P A = R
<«

«— >

Pharmacological factors
Opioid analgesics
Acute dosage
Chronic dosage
o, -Adrenoceptor agonists
Sedatives and tranquillisers
Ethyl alcohol
Acute dosage
Chronic dosage
Lithium
Amphetamines
Acute dosage M
Chronic dosage N5

— — >«

« > «

4 or |, 0-30% change; 11 or ||, 30-60% change; 111, >60%
change.

duction of inhalational anaesthesia. In these studies, the
effects of receptor agonists or antagonists on anaesthetic
potency have been assessed, as measured by changes in
the minimum alveolar concentration (MAC) values of in-
dividual anaesthetics. Alterations in the MAC values of
inhalational agents suggest (but do not prove) that the
receptor or ion channel protein may play a part in the
production of anaesthesia. For example, a,-adrenoceptor
agonists such as clonidine, azepexole and dexmedetomi-
dine reduce the MAC values of most inhalational agents
(Table 8.2) and can be used to partially replace them. These
effects can be reversed or prevented by o,-adrenoceptor
antagonists (e.g. tolazoline, yohimbine), suggesting that
these receptors may play an important role in the induc-
tion of anaesthesia.

Limitations of protein theories of anaesthesia
Althoughitisnowwidelyaccepted thatinhalational anaes-
thetics produce their effects by interacting with protein
targets in the CNS, the limitations of this approach should
be recognized. It is not entirely clear how these theories
account for the relationship between anaesthetic potency
and lipid solubility, or the additive effects of inhalational
anaesthetics that appear to have different mechanisms
of action. Most drugs that act on enzymes or receptors
are relatively potent, specific and stereoselective, and can
be competitively or non-competitively inhibited by other
drugs. Inhalational agents have none of these properties.
Although there are differences in the experimental and
clinical potencies of the enantiomers of isoflurane, these
are much less than those usually observed with other
stereoselective drugs that act on enzymes or receptor sys-
tems. In addition, it is very difficult to understand how
inert or relatively inert gases such as nitrous oxide and
xenon produce anaesthesia by interacting with proteins or
receptors.

Site of action

Analysis of evoked cortical responses during anaesthesia
shows that inhalational agents affect neuronal excitabil-
ity and the conduction of impulses at many sites between
the peripheral nervous system and the cerebral cortex. Al-
though high anaesthetic concentrations can produce re-
versible electrical silence in the CNS, specific neuronal
circuits show marked variability in their sensitivity. Ex-
citability and synaptic transmission in the primary affer-
ent pathway is modified, but there are also variable effects
on the reticular activating system, the thalamus and basal
ganglia, the hippocampus, the cerebellum, medullary cen-
tres and motor pathways in the spinal cord. Consequently,
the neurological manifestations of anaesthesia appear to
be due to multiple actions at different synaptic sites in the
CNS.

It is generally accepted that analgesia and inhibition of
responses to noxious stimuli is mainly due to selective de-
pression of the primary afferent pathway at a spinal level,
and fluorinated anaesthetics are known to directly inhibit
the excitability of spinal motor neurons. In contrast, am-
nesia may be due to the effects of anaesthetics on the hip-
pocampus and the limbic system, while unconsciousness
may reflect effects on the thalamus and its efferent path-
ways, since many halogenated agents are known to depress
the excitability of thalamocortical neurons.
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Potency

MAC values

Inhalational anaesthetics vary greatly in potency, i.e. the
alveolar concentration that is required to produce a given
anaesthetic effect. Nitrous oxide is a relatively non-potent
anaesthetic, and even concentrations of 80% in oxygen are
usually insufficient to maintain anaesthesia. By contrast,
concentrations of 15% cyclopropane, 5-10% diethyl ether
or desflurane, or 1-4% of halothane, isoflurane or sevoflu-
rane will produce general anaesthesia. These differences
between inhalational anaesthetics are primarily related to
their lipid-solubility. The potency of inhalational anaes-
thetics is traditionally expressed in terms of their MAG, i.e.
the minimum steady-state concentration in oxygen that
produces no reaction to a standard surgical stimulus (skin
incision) in 50% of subjects at atmospheric pressure.

MAC values and lipid solubility

When the MAC (% v/v) of different inhalational agents is
plotted against their lipid solubility (as expressed by their
oil-gas partition coefficients at 37°C), a linear relation-
ship is obtained (Fig. 8.1). Although this relationship was
first established with olive oil, it is now known that the
solubility of inhalational anaesthetics in purified solvents
of rather greater polarity such as octanol or lecithin pro-
vides a better correlation with their potency, as expressed
by their MAC values, and may be more representative of
the presumptive site of action of inhalational anaesthetics.
The Meyer—Overton correlation (page 131) suggests that
ideal anaesthetic agents are amphipathic, and have both
hydrophobic (non-polar) and hydrophilic (polar) prop-
erties.

Additive MAC values

When two different inhalational anaesthetics are admin-
istered simultaneously, their activities expressed as MAC
values are additive (Fig. 8.2). Thus, 0.5 MAC of nitrous
oxide (52%, v/v) and 0.5 MAC of halothane (0.37%, v/v)
have an equal effect to 1.0 MAC of either, or of any other
inhalational agent. The additive potencies of combina-
tions of inhalational agents have been used to determine
the MAC of nitrous oxide (104% v/v) and suggest that all
anaesthetics may act in a similar manner (although this
is clearly inconsistent with other evidence). In practice,
there may be slight deviations from exact additivity, as
with combinations of nitrous oxide and isoflurane. These
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Fig. 8.2 A graph (or isobole) showing equi-effective
concentrations of halothane and nitrous oxide. Each axis on the
graph corresponds to the alveolar concentration of halothane or
nitrous oxide. The MAC values of each agent are plotted on the
coordinates of the graph and are joined by a straight line
between the axes. Equi-effective combinations of the two agents
(with an effect of 1 MAC) correspond to points on this line.
Consequently, the potency of individual inhalational agents is
additive (when expressed as MAC values).

deviations are generally considered to reflect patient vari-
ability.

The concept of MAC values has been recently extended
to cover other responses to various clinical and anaesthetic
endpoints. The MAC,yke is the MAC of the anaesthetic
at which response to verbal commands is lost in 50% of
patients and appears to correspond to the anaesthetic con-
centration that produces amnesia and loss of awareness.
It is invariably less than the MAC required to prevent
movement in response to skin incision. In contrast, the
MACintubation 18 the MAC required to inhibit any response
to tracheal intubation in 50% of patients and is invariably
greater than the MACqin incision- The MACgag is the MAC
that prevents the autonomic response to skin incision.

The MACqin incisionOf inhalational anaesthetic agents is
affected by many physiological and pharmacological fac-
tors (Table 8.2). MAC values are highest during childhood
(less than 3 years of age) and progressively decline with in-
creasing age, at the rate of approximately 0.5% per year
(Fig. 8.3). They are increased in hyperthermia and hy-
perthyroidism, but are decreased in hypothermia by 50%
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Fig. 8.3 The effect of age on the MAC value of some
inhalational anaesthetics. In all instances, there is a progressive
decline in MAC values with advancing age.

or more, due to the increasing solubility of inhalational
anaesthetics at reduced temperatures. They are also de-
creased in hypotension, hypothyroidism, pregnancy and
for several weeks after childbirth. Many drugs decrease the
MAC values of inhalational anaesthetics, including opioid
analgesics, ap-adrenergic agonists, sedatives and tranquil-
lisers, ethyl alcohol and lithium (Table 8.2).

Onset of action

General anaesthesia occurs when the concentration of the

inhalational agentin the brain, which is reflected by its par-

tial pressure or tension, is sufficiently great to induce loss

of consciousness. The uptake and elimination of volatile

anaesthetics can be considered as a series of exponen-

tial processes. During the induction of anaesthesia by the

inhalation of a constant concentration of an anaesthetic

agent, a series of diffusion gradients are established. These

diffusion gradients occur

* between the concentration of inspired gas or vapour
and its tension in pulmonary alveoli

* between the alveolar tension and the pulmonary cap-
illary blood tension

* between the pulmonary capillary blood tension and
the cerebral blood tension

* between the cerebral blood tension and the tension of
the anaesthetic in the brain.

In practice, the main factor that determines the rapidity
of action is the rate at which the alveolar tension ( F,) in-
creases and approaches the inspired gas or vapour tension
(Fy) (Fig. 8.4). A rapid increase in F4 produces a large
diffusion gradient between the alveoli and the pulmonary
capillary blood, so that its tension also rises rapidly and
drives the other diffusion gradients. When equilibrium
is achieved, the partial pressure of the anaesthetic in the
alveoli is approximately equal to its tension in the brain.

These changes are reversed during recovery from in-
halational anaesthesia. The inspired gas tension falls to
zero and a series of diffusion gradients are established be-
tween the partial pressure of anaesthetic in the CNS and
the exhaled vapour. The speed of recovery is mainly de-
pendent on the rapidity with which the alveolar tension
decreases, and thus produces a large diffusion gradient
between pulmonary capillary blood and the alveoli. Con-
sequently, factors that affect the onset of action of inhala-
tional agents also affect recovery to an equal and opposite
extent.

The main factors that determine the rate at which alve-
olar tension (F,) increases and approaches the inspired
gas or vapour tension (Fy) are
* Blood—gas partition coefficient

1. Nitrous oxide

Desflurane

Sevoflurane

Isoflurane

0.6

a TSR Halothane

Alveolar concentration (F'5)
Inspired vapour concentration (£7)

0.4

0 5 10 15 20
Duration of anaesthesia (min)

Fig. 8.4 Relation between the duration of anaesthesia and the

rate of approach of alveolar concentration (F 5 ) to the inspired

gas or vapour concentration ( Fp). Inhalation anaesthetics that

are less soluble in blood show a rapid rise in alveolar

concentration, so that the ration F 5/ Fy approaches unity.
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* Pulmonary ventilation
* Inspired anaesthetic concentration
* Miscellaneous factors.

Blood-gas partition coefficient

The potency of inhalational anaesthetic agents, when ex-
pressed as their MAGCs, is closely related to their lipid sol-
ubility, as reflected by their oil-gas partition coefficients
(Fig. 8.1). In contrast, the rate of onset of action is mainly
determined by a different physical property, i.e. their solu-
bility in blood. This is expressed numerically as the blood—
gas partition coefficient at 37°C, and defined as the ratio
of the amount of anaesthetic in blood and gas when the
two phases are of equal volume and in equilibrium (i.e. at
equal partial pressures). The blood—gas partition coeffi-
cient ranges from 0.20 (xenon) to 12.0 (diethyl ether and
methoxyflurane), and is numerically equal to the Ostwald
solubility coefficient (\) in blood at 37°C.

Inhalational anaesthetics with alowblood—gas partition
coefficient are poorly soluble in blood and have a rapid
onset of action. During the induction of anaesthesia their
alveolar concentration rapidly increases and approaches
the inspired gas or vapour concentration (Fig. 8.4), and
diffusion into pulmonary capillaries causes a rapid rise
in their partial pressure in blood. Consequently, diffusion
into the CNS occurs quickly and the onset of anaesthesia is
rapid. In contrast, agents with a high blood—gas partition
coefficient are more soluble in blood and have a slower on-
set of action. Although they are extensively removed from
the alveoli due to solution in pulmonary capillary blood,
their partial pressure in the alveoli and the vascular system
remains relatively low. The onset of anaesthesia is there-
fore slower, since the diffusion gradient between cerebral
blood and the CNS is relatively small. Changes in albu-
min and haemoglobin levels may also affect the blood—gas
partition coefficient. All inhalational anaesthetics in cur-
rent use in the UK have a low blood—gas partition coeffi-
cient, are poorly soluble in blood and have a rapid onset of
action.

Pulmonary ventilation

In non-rebreathing systems, hyperventilation increases
therate of risein alveolar tension of inhalational anaesthet-
ics, resulting in the more rapid onset of anaesthesia by en-
hancing the diffusion gradient between cerebral blood and
the CNS. Conversely, any reduction in pulmonary venti-
lation decreases the rate of rise in alveolar tension during
inhalation of the anaesthetic. The effects of changes in

ventilation are most obvious when anaesthesia is induced
with a soluble agent, i.e. an agent with a high blood—gas
partition coefficient, and all the anaesthetic that enters the
lung is taken up by pulmonary capillary blood. In these
conditions, doubling alveolar ventilation doubles anaes-
thetic uptake.

The functional residual capacity (FRC) of the lung also
affects the alveolar tension of inhalational anaesthetics,
since it acts as a buffer between the inspired concentra-
tion of a gas or vapour and its alveolar concentration. A
reduction in the FRC enhances the rate at which the alve-
olar concentration rises, while an increase in FRC signifi-
cantly slows the rate of rise in alveolar tension. Abnormal
ventilation—perfusion ratios may also alter alveolar partial
pressure and anaesthetic uptake, either by increasing end-
tidal anaesthetic concentrations (dead-space effect), or by
reducing arterial transfer (shunting effect).

Inspired anaesthetic concentration

Any increase in the inspired gas or vapour tension raises
alveolar partial pressures and produces more rapid onset
of anaesthesia. During induction, higher initial concen-
trations and higher gas flow rates than those required for
the maintenance of anaesthesia are commonly used to ac-
celerate its onset (‘overpressurization’), and patients can
be rapidly anaesthetized by any of the modern inhalational
agents by means of this technique. It should be recognized
that overpressurization in patients with a low cardiac out-
put may result in extremely high alveolar concentrations
of anaesthetic agents, which may have consequential side
effects.

Miscellaneous factors

Other factors also affect the speed of induction of isoflu-
rane and desflurane anaesthesia. For example, both drugs
have a pungent, ethereal smell and may cause irritation of
the upper airway, which can delay the onset of anaesthesia.

Concentration effect

The concentration effect is only observed with nitrous
oxide, since this is the only agent in current use that is ad-
ministered in sufficiently high volumes. When high con-
centrations of nitrous oxide are inhaled, the rate of rise of
its arterial tension is more rapid than with lower concen-
trations. In an adult subject breathing an inspired concen-
tration of 60% nitrous oxide, the uptake in the first few
minutes is usually more than 1 L min~!. The cause of this
phenomenon is obscure.
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Second gas effect
When two inhalational anaesthetics are given simultane-
ously, the uptake of large volumes of one agent may in-
crease the alveolar tension of the other, thus accelerating
theinduction ofanaesthesia. During the onset of anaesthe-
sia, nitrous oxide is absorbed from the alveoli more rapidly
than nitrogen diffuses from blood, and this phenomenon
may increase the alveolar partial pressure of other anaes-
thetic agents. For example, when a constant concentration
of halothane is inspired, the rise in its alveolar concentra-
tion is accelerated by the concurrent administration and
uptake of nitrous oxide. The second gas effect lasts for ap-
proximately 10 minutes and terminates when the body is
saturated with nitrous oxide.

Both the concentration effect and the second gas ef-
fect may have minor effects in accelerating the onset of
anaesthesia during the first few minutes of inhalation.

Cardiac output

Changes in cardiac output may affect pulmonary capil-
lary transit time during the induction of anaesthesia. Al-
though a low cardiac output reduces anaesthetic uptake,
it accelerates the rise in alveolar tension and the onset of
anaesthesia.

These effects are only important when anaesthetic
agents with a high blood—gas partition coefficient are
used. When complete equilibration occurs, i.e. when the
tension in the alveoli and pulmonary capillary blood are
equal, diffusion ceases and no anaesthetic uptake occurs.
In practice, complete equilibration is unlikely to occur
since most anaesthetics are partly removed from the body
by metabolism and excretion. Consequently, inhalational
anaesthesia can be regarded as a state of partial equilib-
rium.

Anaesthetic circuit
Theinspired gas or vapour tension, and the alveolar partial
pressure, may be altered by the absorption of inhalational
agents by various components of the anaesthetic circuit.
All halogenated anaesthetics are partly soluble in rubber,
and some may react with soda lime. Consequently, the
concentration leaving the vaporizer and the inspired con-
centration may be different. In the past, the release of in-
halational agents from rubber has influenced the course of
subsequent anaesthesia. Since the introduction of single-
use plastic breathing tubes, this problem no longer arises.
In circle breathing systems, some halogenated anaes-
thetics may also be taken up or react with soda lime or
baralyme, especially when the absorbent is dry and warm.

In these conditions, the use of halogenated anaesthetics
containing the difluoromethyl (-CHF,) group (e.g. isoflu-
rane, desflurane) may result in the formation of carbon
monoxide, and the conversion of haemoglobin to carboxy-
haemoglobin. This reaction does not occur in the presence
of moisture, or if the soda lime (or baralyme) is normally
(6-19%) hydrated.

The effect of ventilation on the uptake of inhala-
tional agents is also influenced by anaesthetic systems. In
non-rebreathing systems, anaesthetic uptake is primarily
dependent upon ventilation, since the inspired concen-
tration is set by the vaporizer. By contrast, in a circle sys-
tem the inspired concentration depends upon the expired
concentration, as well as the anaesthetic in the fresh gas
supply. When anaesthetic uptake is low due to hypoven-
tilation, higher concentrations are expired. Nevertheless,
more anaesthetic is still added to the system, thus increas-
ing the inspiratory concentration, the alveolar—arterial
gradient and anaesthetic uptake. This will tend to com-
pensate for any reduction in alveolar ventilation. In con-
trast, the effect of changes in cardiac output on alveolar
concentration is greater in circle systems, since the uptake
of anaesthetics by the blood has a greater effect on the
residual concentration in the circuit.

Effects of chronic exposure to
inhalational anaesthetics

In recent decades, there has been considerable interest
in the effects of chronic occupational exposure to small
concentrations of inhalational anaesthetics. Hospital staff
working in operating theatres may be continually exposed
to trace amounts of inhalational anaesthetics, and small
concentrations of volatile agents or their metabolites can
be detected in plasma, urine and exhaled air for several
days after exposure. The hazards of chronic occupational
exposure are poorly defined, although a number of epi-
demiological studies have attempted to assess the possible
risks in female anaesthetists. It was concluded that there is
no significant evidence that exposure to or administration
of inhalational anaesthetics during pregnancy increases
the risk of miscarriages or fetal malformations.

In other studies, abnormal liver function tests have
been observed in anaesthetists chronically exposed to low
concentrations of halogenated anaesthetics. In some in-
stances, this was associated with hepatitis which resolved
when exposure to inhalational agents ceased. The suba-
cute and chronic effects of nitrous oxide have also been of
particular concern (pages 142-143).
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Although the hazards of trace concentrations of in-
halational anaesthetics appear to be extremely small, large
numbers of hospital staff may be chronically exposed to
these agents. Consequently, efficient monitoring and scav-
enging systems are now widely used in operating theatres
in most developed countries. Despite their high cost, these
systems minimize the hazards of exposure to inhalational
anaesthetics in the operating theatre. Similarly, the use of
low-flow anaesthesia tends to reduce occupational expo-
sure to inhalational agents.

In the UK, a series of Occupational Exposure Standards
were adopted in 1996. During an 8-hour reference pe-
riod the maximum average exposure to anaesthetic agents
should be: nitrous oxide, 100 ppm; isoflurane, 50 ppm;
halothane 10 ppm. These concentrations are about 20%
of the levels known to have no effects in experimental
animals.

Metabolism of inhalational anaesthetics

Since the 1960s, it has been generally recognized that
most inhalational anaesthetics are metabolized to a vari-
able extent. Metabolism mainly occurs in the liver and
is dependent on the chemical structure of the individual
agents. All of the halogenated anaesthetics in current use
contain more than one carbon-halogen bond (C-F, C-
Cl, or C-Br), which differ in their susceptibility to drug
metabolism. In general, C-F bonds are highly stable, so
the trifluoromethyl group (CF;) in halothane, isoflurane,
desflurane and sevoflurane is not significantly metabo-
lized. In contrast, the C—Cl and C-Br bonds in halothane
are less stable, and are extensively metabolized.

Because of these considerations, the metabolism of in-
dividual fluorinated agents declines in the order halothane
(20%) > sevoflurane (3%) > isoflurane (0.2%) > des-
flurane (0.02%). The carbon—halogen bonds are broken
down by oxidative enzymes, resulting in the release of re-
active metabolites and halogen ions (F~, Br~ or CI7).

Inhalational anaesthetics are mainly metabolized by the
cytochrome P450 enzyme system in the liver. One of the
isoforms of this enzyme system (CYP 2El) is responsi-
ble for the defluorination of most common inhalational
anaesthetics. Enzyme induction with ethanol or isoniazid
(but not barbiturates or phenytoin) increases the rate of
defluorination, and CYP 2E1 may also be induced by fast-
ing, obesity and diabetic ketosis. Halothane is metabolized
by this enzyme system, although it is not significantly de-
fluorinated, except in hypoxic conditions.

