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This book is designed to help students review pharmacology
and to prepare for both regular course examinations and
board examinations. The tenth edition has been exten-
sively reviewed to make such preparation as active and
efficient as possible. As with earlier editions, rigorous
standards of accuracy and currency have been maintained
in keeping with the book’s status as the companion to
the Basic & Clinical Pharmacology textbook. This review
book divides pharmacology into the topics used in most
courses and textbooks. Major introductory chapters (eg,
autonomic pharmacology and CNS pharmacology) are
included for integration with relevant physiology and
biochemistry. The chapter-based approach facilitates use of
this book in conjunction with course notes or a larger text.
We recommend several strategies to make reviewing more
effective.

First, each chapter has a short discussion of the major
concepts that underlie its basic principles or the specific drug
group, accompanied by explanatory figures and tables. The
figures are in full color and many are new to this edition.
Students are advised to read the text thoroughly before they
attempt to answer the study questions at the end of each
chapter. If a concept is found to be difficult or confusing, the
student is advised to consult a regular textbook such as Basic
& Clinical Pharmacology, 12" edition.

Second, each drug-oriented chapter opens with an
“Overview” that organizes the group of drugs visually in
diagrammatic form. We recommend that students practice
reproducing the overview diagram from memory.

Third, a list of High Yield Terms to Learn and their defi-
nitions is near the front of most chapters. Make sure that you
are able to define those terms.

Fourth, many chapters include a “Skill Keeper” question
that prompts the student to review previous material and to
see links between related topics. We suggest that students
try to answer Skill Keeper questions on their own before
checking the answers that are provided at the end of the
chapter.

Fifth, each of the sixty-one chapters contains upto ten
sample questions followed by a set of answers with explana-
tions. For most effective learning, you should take each set of
sample questions as if it were a real examination. After you
have answered every question, work through the answers.
When you are analyzing the answers, make sure that you
understand why each choice is either correct or incorrect.

Sixth, each chapter includes a Checklist of focused tasks that
you should be able to do once you have finished the chapter.

Seventh, each chapter ends with a Summary Table that
lists the most important drugs and includes key information
concerning their mechanisms of action, effects, clinical uses,
pharmacokinetics, drug interactions, and toxicities.

Eighth, when preparing for a comprehensive examination
you should review the list of drugs in Appendix I: Key Words
for Key Drugs. Students are also advised to check this appendix
at the same time that they work through the chapters so they
can begin to identify drugs out of the context of a chapter that
reviews a restricted set of drugs.

Ninth, after you have worked your way through most or
all of the chapters and have a good grasp of the Key Drugs,
you should take the comprehensive examinations, each of
100 questions, presented in Appendices II and III. These
examinations are followed by a list of answers each with a
short explanation or rationale underlying the correct choice
and the numbers of the chapters in which more information
can be found if needed. We recommend that you take an
entire examination or a block of questions as if it were a real
examination: commit to answers for the whole set before you
check the answers. As you work through the answers, make
sure that you understand why each distractor is either correct
or incorrect. If you need to, return to the relevant chapters(s)
to review the text that covers key concepts and facts that form
the basis for the question.

Tenth, you can use the strategies in Appendix IV for
improving your test performance. General advice for study-
ing and approaching examinations includes strategies for
several types of questions that follow specific formats.

We recommend that this book be used with a regular text.
Basic & Clinical Pharmacology, 12th edition (McGraw-Hill,
2012), follows the chapter sequence used here. However,
this review book is designed to complement any standard
medical pharmacology text. The student who completes and
understands Pharmacology: Examination & Board Review
will greatly improve his or her performance and will have an
excellent command of pharmacology.

Because it was developed in parallel with the textbook
Basic & Clinical Pharmacology, this review book represents
the authors’ interpretations of chapters written by contribu-
tors to that text. We are grateful to those contributors, to our
other faculty colleagues, and to our students, who have taught
us most of what we know about teaching.
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PART I BASIC PRINCIPLES

Introduction

Pharmacology is the body of knowledge concerned with the
action of chemicals on biologic systems. Medical pharmacology
is the area of pharmacology concerned with the use of chemi-
cals in the prevention, diagnosis, and treatment of disease,
especially in humans. Toxicology is the area of pharmacology
concerned with the undesirable effects of chemicals on biologic

Introduction

C HA P T E R

systems. Pharmacokinetics describes the effects of the body
on drugs, eg, absorption, excretion, etc. Pharmacodynamics
denotes the actions of the drug on the body, such as mechanism
of action and therapeutic and toxic effects. This chapter intro-
duces the basic principles of pharmacokinetics and pharmaco-
dynamics that will be applied in subsequent chapters.

Definitions

Pharmacodynamics

Nature of drugs

Receptors,
receptor sites

Inert binding sites

THE NATURE OF DRUGS

Drugs in common use include inorganic ions, nonpeptide organic
molecules, small peptides and proteins, nucleic acids, lipids, and
carbohydrates. Some are found in plants or animals, but many

Pharmacokinetics

Permeability
Henderson-
Hasselbalch
Distribution
Elimination

are partially or completely synthetic. Many biologically important
endogenous molecules and exogenous drugs are optically active;
that is, they contain one or more asymmetric centers and can exist
as enantiomers. The enantiomers of optically active drugs usually
differ, sometimes more than 1000-fold, in their affinity for their

1



2 PART I Basic Principles

biologic receptor sites. Furthermore, such enantiomers may be
metabolized at different rates in the body, with important clinical
consequences.

A. Size and Molecular Weight

Drugs vary in size from molecular weight (MW) 7 (lithium) to
over MW 50,000 (thrombolytic enzymes, other proteins). Most
drugs, however, have molecular weights between 100 and 1000.
Drugs smaller than MW 100 are rarely sufficiently selective in

Il PHARMACODYNAMIC PRINCIPLES

A. Receptors and Receptor Sites

Drug actions are mediated through the effects of drug molecules
on drug receptors in the body. Most receptors are large regulatory
molecules that influence important biochemical processes (eg,
enzymes involved in glucose metabolism) or physiologic processes
(eg, neurotransmitter receptors, neurotransmitter reuptake trans-
porters, and ion transporters).

If drug-receptor binding results in activation of the receptor,
the drug is termed an agonist; if inhibition results, the drug is
considered an antagonist. Some drugs mimic agonist molecules
by inhibiting metabolic enzymes, eg, acetylcholinesterase inhibi-
tors. As suggested in Figure 1-1, a receptor molecule may have
several binding sites. Quantitation of the effects of drug-receptor
binding as a function of dose yiclds dose-response curves that
provide information about the nature of the drug-receptor inter-
action. Dose-response phenomena are discussed in more detail in
Chapter 2. A few drugs are enzymes themselves (eg, thrombolytic
enzymes that dissolve blood clots; pegloticase, which metabolizes

their actions, whereas drugs much larger than MW 1000 are often
poorly absorbed and poorly distributed in the body.

B. Drug-Receptor Bonds

Drugs bind to receptors with a variety of chemical bonds. These
include very strong covalent bonds (which usually result in
irreversible action), somewhat weaker electrostatic bonds (eg,
between a cation and an anion), and much weaker interactions

(eg, hydrogen, van der Waals, and hydrophobic bonds).

uric acid). These drugs do not act on endogenous receptors but on
endogenous substrate molecules.

B. Inert Binding Sites

Because most drug molecules are much smaller than their receptor
molecules (discussed in the text that follows), specific regions of
receptor molecules often can be identified that provide the local
areas for drug binding. Such areas are termed receptor sites. In
addition, drugs bind to other nonregulatory molecules in the
body without producing a discernible effect. Such binding sites
are termed inert binding sites. In some compartments of the
body (eg, the plasma), inert binding sites play an important role
in buffering the concentration of a drug because bound drug does
not contribute directly to the concentration gradient that drives
diffusion. Albumin and orosomucoid (0;-acid glycoprotein)
are two important plasma proteins with significant drug-binding

capacity.

High-Yield Terms to Learn

Drugs

Drug receptors
Distribution phase
Elimination phase

Endocytosis, exocytosis

Substances that act on biologic systems at the chemical (molecular) level and alter their functions
The molecular components of the body with which drugs interact to bring about their effects
The phase of drug movement from the site of administration into the tissues

The phase of drug inactivation or removal from the body by metabolism or excretion

Endocytosis: Absorption of material across a cell membrane by enclosing it in cell membrane

material and pulling it into the cell, where it can be released. Exocytosis: Expulsion of material
from vesicles in the cell into the extracellular space

Permeation

Pharmacodynamics

Movement of a molecule (eg, drug) through the biologic medium

The actions of a drug on the body, including receptor interactions, dose-response phenomena,

and mechanisms of therapeutic and toxic actions

Pharmacokinetics

The actions of the body on the drug, including absorption, distribution, metabolism, and

elimination. Elimination of a drug may be achieved by metabolism or by excretion. Biodisposition
is a term sometimes used to describe the processes of metabolism and excretion

Transporter

A specialized molecule, usually a protein, that carries a drug, transmitter, or other molecule across

a membrane in which it is not permeable, eg, Na*/K* ATPase, serotonin reuptake transporter, etc



Drug > Receptor
) . = : .
Agonist N
B
B
Competitive
inhibitor
C
Allosteric
activator
D

Allosteric inhibitor

CHAPTER 1 Introduction 3

> Effects

A+C A alone

Response

/

Log Dose

FIGURE 1-1 Potential mechanisms of drug interaction with a receptor. Possible effects resulting from these interactions are diagrammed
in the dose-response curves at the right. The traditional agonist (drug A)-receptor binding process results in the dose-response curve denoted
“A alone.” B is a pharmacologic antagonist drug that competes with the agonist for binding to the receptor site. The dose-response curve
produced by increasing doses of A in the presence of a fixed concentration of B is indicated by the curve “A+B.” Drugs C and D act at different
sites on the receptor molecule; they are allosteric activators or inhibitors. Note that allosteric inhibitors do not compete with the agonist drug
for binding to the receptor, and they may bind reversibly or irreversibly. (Reproduced, with permission, from Katzung BG, editor: Basic & Clinical

Pharmacology, 12th ed. McGraw-Hill, 2012: Fig. 1-3.)

PHARMACOKINETIC PRINCIPLES

To produce useful therapeutic effects, most drugs must be
absorbed, distributed, and eliminated. Pharmacokinetic principles
make rational dosing possible by quantifying these processes.

THE MOVEMENT OF DRUGS IN THE BODY

To reach its receptors and bring about a biologic effect, a drug
molecule (eg, a benzodiazepine sedative) must travel from the
site of administration (eg, the gastrointestinal tract) to the site of
action (eg, the brain).

A. Permeation

Permeation is the movement of drug molecules into and within
the biologic environment. It involves several processes, the most
important of which are discussed next.

1. Aqueous diffusion—Aquecous diffusion is the movement of
molecules through the watery extracellular and intracellular spaces.
The membranes of most capillaries have small water-filled pores
that permit the aqueous diffusion of molecules up to the size of
small proteins between the blood and the extravascular space.
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This is a passive process governed by Fick’s law (see later discus-
sion). The capillaries in the brain, testes, and some other organs
lack aqueous pores, and these tissues are less exposed to some
drugs.

2. Lipid diffusion—Lipid diffusion is the passive movement
of molecules through membranes and other lipid structures. Like
aqueous diffusion, this process is governed by Fick’s law (see later
discussion).

3. Transport by special carriers—Drugs that do not readily
diffuse through membranes may be transported across barriers
by mechanisms that carry similar endogenous substances. A very
large number of such transporter molecules have been identified,
and many of these are important in the movement of drugs or
as targets of drug action. Unlike aqueous and lipid diffusion,
carrier transport is not governed by Fick’s law and is capacity-
limited. Important examples are transporters for ions (eg, Na'/
K" ATPase), for neurotransmitters (eg, transporters for serotonin,
norepinephrine), for metabolites (eg, glucose, amino acids), and
for foreign molecules (xenobiotics) such as anticancer drugs.
Selective inhibitors for these carriers may have clinical value;
for example, several antidepressants act by inhibiting the trans-
port of amine neurotransmitters back into the nerve endings from
which they have been released. After release, such amine neurotrans-
mitters (dopamine, norepinephrine, and serotonin) and some
other transmitters are recycled into nerve endings by transport
molecules. Probenecid, which inhibits transport of uric acid,
penicillin, and other weak acids in the nephron, is used to increase
the excretion of uric acid in gout. The family of P-glycoprotein
transport molecules, previously identified in malignant cells as one
cause of cancer drug resistance, has been identified in the epithe-
lium of the gastrointestinal tract and in the blood-brain barrier.

4. Endocytosis, pinocytosis—Endocytosis occurs through
binding of the transported molecule to specialized components
(receptors) on cell membranes, with subsequent internalization
by infolding of that area of the membrane. The contents of the
resulting intracellular vesicle are subsequently released into the
cytoplasm of the cell. Endocytosis permits very large or very
lipid-insoluble chemicals to enter cells. For example, large mol-
ecules such as proteins may cross cell membranes by endocytosis.
Smaller, polar substances such as vitamin B, and iron combine
with special proteins (B, with intrinsic factor and iron with
transferrin), and the complexes enter cells by this mechanism.
Because the substance to be transported must combine with a
membrane receptor, endocytotic transport can be quite selective.
Exocytosis is the reverse process, that is, the expulsion of material
that is membrane-encapsulated inside the cell from the cell. Most
neurotransmitters are released by exocytosis.

B. Fick’s Law of Diffusion

Fick’s law predicts the rate of movement of molecules across a
barrier. The concentration gradient (C; — C,) and permeability

coefficient for the drug and the area and thickness of the barrier
membrane are used to compute the rate as follows:

Permeability coefficient

Rate=(C, - C)x Thickness

X Area (1

Thus, drug absorption is faster from organs with large surface
areas, such as the small intestine, than from organs with smaller
absorbing areas (the stomach). Furthermore, drug absorption is
faster from organs with thin membrane barriers (eg, the lung)
than from those with thick barriers (eg, the skin).

C. Water and Lipid Solubility of Drugs

1. Solubility—The aqueous solubility of a drug is often a func-
tion of the electrostatic charge (degree of ionization, polarity) of
the molecule, because water molecules behave as dipoles and are
attracted to charged drug molecules, forming an aqueous shell
around them. Conversely, the lipid solubility of a molecule is
inversely proportional to its charge.

Many drugs are weak bases or weak acids. For such molecules,
the pH of the medium determines the fraction of molecules
charged (ionized) versus uncharged (nonionized). If the pK, of
the drug and the pH of the medium are known, the fraction of
molecules in the ionized state can be predicted by means of the
Henderson-Hasselbalch equation:

Protonated f
( rotonated form ): _pH 2

Unprotonated form

“Protonated” means associated with a proton (a hydrogen ion); this
form of the equation applies to both acids and bases.

2. lonization of weak acids and bases—Wecak bases are ion-
ized—and therefore more polar and more water-soluble—when
they are protonated. Weak acids are not ionized—and so are less
water-soluble—when they are protonated.

The following equations summarize these points:

RNH,* RNH, + H*
protonated weak unprotonated weak proton
base (charged, base (uncharged,

more water-soluble)  more lipid-soluble) 3)
RCOOH RCOO~ + Hf
protonated weak  unprotonated weak proton

acid (uncharged, acid (charged,

more lipid-soluble) more water-soluble) (4)

The Henderson-Hasselbalch relationship is clinically impor-
tant when it is necessary to estimate or alter the partition of drugs
between compartments of differing pH. For example, most drugs
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pH 7.4 _/\ pH 6.0
1.0 uM Lipid 1.0 uM
H diffusion H
| |
R-N-H R-N-H
H+\i | H*
H H
| |
R-N"—H R—N*-H
I I
H > 4 H
0.4 uM 10.0 uM
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FIGURE 1-2 The Henderson-Hasselbalch principle applied to
drug excretion in the urine. Because the nonionized form diffuses
readily across the lipid barriers of the nephron, this form may reach
equal concentrations in the blood and urine; in contrast, the ionized
form does not diffuse as readily. Protonation occurs within the blood
and the urine according to the Henderson-Hasselbalch equation.
Pyrimethamine, a weak base of pK, 7.0, is used in this example. At
blood pH, only 0.4 umol of the protonated species will be present for
each 1.0 umol of the unprotonated form. The total concentration in the
blood will thus be 1.4 umol/L if the concentration of the
unprotonated form is 1.0 umol/L. In the urine at pH 6.0, 10 pmol of
the nondiffusible ionized form will be present for each 1.0 umol of
the unprotonated, diffusible, form. Therefore, the total urine
concentration (11 umol/L) may be almost 8 times higher than the
blood concentration.

are freely filtered at the glomerulus, but lipid-soluble drugs can
be rapidly reabsorbed from the tubular urine. If a patient takes an
overdose of a weak acid drug, for example, aspirin, the excretion
of this drug is faster in alkaline urine. This is because a drug that
is a weak acid dissociates to its charged, polar form in alkaline
solution, and this form cannot readily diffuse from the renal
tubule back into the blood; that is, the drug is trapped in the
tubule. Conversely, excretion of a weak base (eg, pyrimethamine,
amphetamine) is faster in acidic urine (Figure 1-2).

ABSORPTION OF DRUGS

A. Routes of Administration

Drugs usually enter the body at sites remote from the target tissue
or organ and thus require transport by the circulation to the
intended site of action. To enter the bloodstream, a drug must
be absorbed from its site of administration (unless the drug has
been injected directly into the vascular compartment). The rate

CHAPTER 1 Introduction 5

TABLE 1-1 Common routes of drug administration.

Oral (swallowed)  Offers maximal convenience; absorption is often
slower. Subject to the first-pass effect, in which a
significant amount of the agent is metabolized in
the gut wall, portal circulation, and liver before it

reaches the systemic circulation

Buccal and Direct absorption into the systemic venous
sublingual (not circulation, bypassing the hepatic portal circuit
swallowed) and first-pass metabolism

Intravenous Instantaneous and complete absorption (by

definition, bioavailability is 100%). Potentially
more dangerous

Intramuscular Often faster and more complete (higher
bioavailability) than with oral administration.
Large volumes may be given if the drug is not too

irritating. First-pass metabolism is avoided

Subcutaneous Slower absorption than the intramuscular route.

First-pass metabolism is avoided.

Rectal
(suppository)

The rectal route offers partial avoidance of the
first-pass effect. Larger amounts of drug and
drugs with unpleasant tastes are better
administered rectally than by the buccal or
sublingual routes

Inhalation Route offers delivery closest to respiratory tissues

(eg, for asthma). Usually very rapid absorption
(eg, for anesthetic gases)

Topical The topical route includes application to the skin

or to the mucous membrane of the eye, ear, nose,
throat, airway, or vagina for local effect

Transdermal The transdermal route involves application to the

skin for systemic effect. Absorption usually occurs
very slowly (because of the thickness of the skin),
but the first-pass effect is avoided

and efficiency of absorption differ depending on a drug’s route
of administration. In fact, for some drugs, the amount absorbed
may be only a small fraction of the dose administered when given
by certain routes. The amount absorbed into the systemic circula-
tion divided by the amount of drug administered constitutes its
bioavailability by that route. Common routes of administration
and some of their features are listed in Table 1-1.

B. Blood Flow

Blood flow influences absorption from intramuscular and subcu-
taneous sites and, in shock, from the gastrointestinal tract as well.
High blood flow maintains a high drug depot-to-blood concentra-
tion gradient and thus facilitates absorption.

C. Concentration

The concentration of drug at the site of administration is impor-
tant in determining the concentration gradient relative to the blood
as noted previously. As indicated by Fick’s law (Equation 1),
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the concentration gradient is a major determinant of the rate
of absorption. Drug concentration in the vehicle is particularly
important in the absorption of drugs applied topically.

DISTRIBUTION OF DRUGS

A. Determinants of Distribution

The distribution of drugs to the tissues depends on the following:

1. Size of the organ—The size of the organ determines the
concentration gradient between blood and the organ. For exam-
ple, skeletal muscle can take up a large amount of drug because the
concentration in the muscle tissue remains low (and the blood-
tissue gradient high) even after relatively large amounts of drug
have been transferred; this occurs because skeletal muscle is a very
large organ. In contrast, because the brain is smaller, distribution
of a smaller amount of drug into it will raise the tissue concentra-
tion and reduce to zero the blood-tissue concentration gradient,
preventing further uptake of drug.

2. Blood flow—Blood flow to the tissue is an important deter-
minant of the rate of uptake of drug, although blood flow may not
affect the amount of drug in the tissue at equilibrium. As a resul,
well-perfused tissues (eg, brain, heart, kidneys, and splanchnic
organs) usually achieve high tissue concentrations sooner than
poorly perfused tissues (eg, fat, bone).

3. Solubility—The solubility of a drug in tissue influences the
concentration of the drug in the extracellular fluid surrounding
the blood vessels. If the drug is very soluble in the cells, the con-
centration in the perivascular extracellular space will be lower and
diffusion from the vessel into the extravascular tissue space will be
facilitated. For example, some organs (such as the brain) have a
high lipid content and thus dissolve a high concentration of lipid-
soluble agents rapidly.

4. Binding—Binding of a drug to macromolecules in the blood
or a tissue compartment tends to increase the drug’s concentration
in that compartment. For example, warfarin is strongly bound to
plasma albumin, which restricts warfarin’s diffusion out of the
vascular compartment. Conversely, chloroquine is strongly bound
to extravascular tissue proteins, which results in a marked reduc-
tion in the plasma concentration of chloroquine.

B. Apparent Volume of Distribution
and Physical Volumes

The apparent volume of distribution (V) is an important phar-
macokinetic parameter that reflects the above determinants of
the distribution of a drug in the body. Vj relates the amount of
drug in the body to the concentration in the plasma (Chapter 3).
In contrast, the physical volumes of various body compartments
are less important in pharmacokinetics (Table 1-2). However,

TABLE 1-2 Average values for some physical
volumes within the adult human body.

Compartment Volume (L/kg body weight)
Plasma 0.04

Blood 0.08

Extracellular water 0.2

Total body water 0.6

Fat 0.2-0.35

obesity alters the ratios of total body water to body weight and
fat to total body weight, and this may be important when using
highly lipid-soluble drugs. A simple approximate rule for the
aqueous compartments of the normal body is as follows: 40%
of the body weight is intracellular water and 20% is extracel-
lular water; thus, water constitutes approximately 60% of body
weight.

METABOLISM OF DRUGS

Drug disposition is sometimes used to refer to metabolism and
elimination of drugs. Some authorities use disposition to denote
distribution as well as metabolism and elimination. Metabolism of
a drug sometimes terminates its action, but other effects of drug
metabolism are also important. Some drugs when given orally are
metabolized before they enter the systemic circulation. This first-
pass metabolism was referred to in Table 1-1 as one cause of low
bioavailability. Drug metabolism occurs primarily in the liver and
is discussed in greater detail in Chapter 4.

A. Drug Metabolism as a Mechanism
of Termination of Drug Action

The action of many drugs (eg, sympathomimetics, phenothiazines)
is terminated before they are excreted because they are metabolized
to biologically inactive derivatives. Conversion to a metabolite is a
form of elimination.

B. Drug Metabolism as a Mechanism

of Drug Activation
Prodrugs (eg, levodopa, minoxidil) are inactive as administered
and must be metabolized in the body to become active. Many drugs

are active as administered and have active metabolites as well (eg,
morphine, some benzodiazepines).

C. Drug Elimination Without Metabolism

Some drugs (eg, lithium, many others) are not modified by the
body; they continue to act until they are excreted.



ELIMINATION OF DRUGS

Along with the dosage, the rate of elimination following the last
dose (disappearance of the active molecules from the site of action,
the bloodstream, and the body) determines the duration of action
for most drugs. Therefore, knowledge of the time course of con-
centration in plasma is important in predicting the intensity and
duration of effect for most drugs. Note: Drug elimination is not
the same as drug excretion: A drug may be eliminated by metabo-
lism long before the modified molecules are excreted from the
body. For most drugs and their metabolites, excretion is primarily
by way of the kidney. Anesthetic gases, a major exception, are
excreted primarily by the lungs. For drugs with active metabolites
(eg, diazepam), elimination of the parent molecule by metabolism
is not synonymous with termination of action. For drugs that are
not metabolized, excretion is the mode of elimination. A small
number of drugs combine irreversibly with their receptors, so
that disappearance from the bloodstream is not equivalent to cessa-
tion of drug action: These drugs may have a very prolonged action.
For example, phenoxybenzamine, an irreversible inhibitor of
o adrenoceptors, is eliminated from the bloodstream in less than
1 h after administration. The drug’s action, however, lasts for 48 h,
the time required for turnover of the receptors.

A. First-Order Elimination

The term first-order elimination implies that the rate of elimination
is proportional to the concentration (ie, the higher the concentra-
tion, the greater the amount of drug eliminated per unit time). The
result is that the drug’s concentration in plasma decreases exponen-
tially with time (Figure 1-3, left). Drugs with first-order elimina-
tion have a characteristic half-life of elimination that is constant
regardless of the amount of drug in the body. The concentration of
such a drug in the blood will decrease by 50% for every half-life.

Most drugs in clinical use demonstrate first-order kinetics.

First-order elimination

5 units/h
ellmlnation
— rate

2.5 unlts/h

1.25
units/h

Plasma concentration

Time (h)

Plasma concentration
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B. Zero-Order Elimination

The term zero-order elimination implies that the rate of elimina-
tion is constant regardless of concentration (Figure 1-3, right).
This occurs with drugs that saturate their elimination mechanisms
at concentrations of clinical interest. As a result, the concentra-
tions of these drugs in plasma decrease in a linear fashion over
time. This is typical of ethanol (over most of its plasma concentra-
tion range) and of phenytoin and aspirin at high therapeutic or
toxic concentrations.

PHARMACOKINETIC MODELS

A. Multicompartment Distribution

After absorption into the circulation, many drugs undergo an
early distribution phase followed by a slower elimination phase.
Mathematically, this behavior can be simulated by means of a
“two-compartment model” as shown in Figure 1-4. The two
compartments consist of the blood and the extravascular tis-
sues. (Note that each phase is associated with a characteristic
half-life: #),, for the first phase, #;,,3 for the second phase.
Note also that when concentration is plotted on a logarithmic
axis, the elimination phase for a first-order drug is a straight
line.)

B. Other Distribution Models

A few drugs behave as if they were distributed to only 1 compart-
ment (eg, if they are restricted to the vascular compartment).
Others have more complex distributions that require more than
2 compartments for construction of accurate mathematical
models.

Zero-order elimination

2.5 units/h
elimination rate

/

{ 2.5 units/h

/

{ 2.5 units/h

/

Time (h)

FIGURE 1-3 Comparison of first-order and zero-order elimination. For drugs with first-order kinetics (left), rate of elimination (units per
hour) is proportional to concentration; this is the more common process. In the case of zero-order elimination (right), the rate is constant and

independent of concentration.
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QUESTIONS

1. A 3-year-old is brought to the emergency department hav-

ing just ingested a large overdose of diphenhydramine, an

antihistaminic drug. Diphenhydramine is a weak base with

a pK, of 8.8. It is capable of entering most tissues, including

the brain. On physical examination, the heart rate is 100/min,

blood pressure 90/50 mm Hg, and respiratory rate 20/min.

Which of the following statements about this case of diphen-

hydramine overdose is most correct?

(A) Urinary excretion would be accelerated by administration
of NH,Cl, an acidifying agent

(B) Urinary excretion would be accelerated by giving
NaHCO;, an alkalinizing agent

(C) More of the drug would be ionized at blood pH than at
stomach pH

(D) Absorption of the drug would be faster from the stomach
than from the small intestine

(E) Hemodialysis is the only effective therapy

FIGURE 1-4 Serum concentration-time curve after administration of chlordiazepoxide as an intravenous bolus. The experimental data are
plotted on a semilogarithmic scale as filled circles. This drug follows first-order kinetics and appears to occupy two compartments. The initial
curvilinear portion of the data represents the distribution phase, with drug equilibrating between the blood compartment and the tissue
compartment. The linear portion of the curve represents drug elimination. The elimination half-life (t;,5) can be extracted graphically as shown
by measuring the time between any two plasma concentration points on the elimination phase that differ by twofold. (See Chapter 3 for
additional details.) (Modified and reproduced, with permission, from Greenblatt DJ, Koch-Weser J: Drug therapy: Clinical pharmacokinetics.

N Engl J Med 1975;293:702. Copyright © 1975 Massachusetts Medical Society. All rights reserved.)

2. Botulinum toxin is a large protein molecule. Its action on

cholinergic transmission depends on an intracellular action
within nerve endings. Which one of the following processes
is best suited for permeation of very large protein molecules
into cells?

(A) Aqueous diffusion

(B) Aqueous hydrolysis

(C) Endocytosis

(D) Lipid diffusion

(E) Special carrier transport

A 60-year-old patient with severe cancer pain is given 10 mg
of morphine by mouth. The plasma concentration is found to
be only 30% of that found after intravenous administration
of the same dose. Which of the following terms describes the
process by which the amount of active drug in the body is
reduced after administration but before entering the systemic
circulation?

(A) Excretion

(B) First-order elimination

(C) First-pass effect

(D) Metabolism

(E) Pharmacokinetics



4. A 12-year-old child has bacterial pharyngitis and is to receive

an oral antibiotic. Ampicillin is a weak organic acid with a
pK, of 2.5. What percentage of a given dose will be in the
lipid-soluble form in the duodenum at a pH of 4.5?

(A) About 1%

(B) About 10%

(C) About 50%

(D) About 90%

(E) About 99%

5. Ampicillin is eliminated by first-order kinetics. Which of the

following statements best describes the process by which the

plasma concentration of this drug declines?

(A) There is only 1 metabolic path for drug elimination

(B) The half-life is the same regardless of the plasma
concentration

(C) The drug is largely metabolized in the liver after oral
administration and has low bioavailability

(D) The rate of elimination is proportional to the rate of
administration at all times

(E) The drug is distributed to only 1 compartment outside
the vascular system

. Which of the following statements is most correct regarding

the termination of drug action?

(A) Drugs must be excreted from the body to terminate their
action

(B) Metabolism of drugs always increases their water
solubility

(C) Metabolism of drugs always abolishes their pharmaco-
logic activity

(D) Hepatic metabolism and renal excretion are the two most
important mechanisms involved

(E) Distribution of a drug out of the bloodstream terminates
the drug’s effects

7. Which statement about the distribution of drugs to specific

tissues is most correct?

(A) Distribution to an organ is independent of blood flow

(B) Distribution is independent of the solubility of the drug
in that tissue

(C) Distribution depends on the unbound drug concentra-
tion gradient between blood and the tissue

(D) Distribution is increased for drugs that are strongly
bound to plasma proteins

(E) Distribution has no effect on the half-life of the drug

8. The pharmacokinetic process that distinguishes the elimina-

tion of ethanol and high doses of phenytoin and aspirin from
the elimination of most other drugs is called

(A) Distribution

(B) Excretion

(C) First-pass effect

(D) First-order elimination

(E) Zero-order elimination

9. The set of properties that characterize the effects of a drug on

the body is called

(A) Distribution

(B) Permeation

(C) Pharmacodynamics
(D) Pharmacokinetics
(E) Protonation

CHAPTER 1 Introduction 9

10. A new drug was administered intravenously, and its plasma

levels were measured for several hours. A graph was prepared
as shown below, with the plasma levels plotted on a logarith-
mic ordinate and time on a linear abscissa. It was concluded
that the drug has first-order kinetics. From this graph, what
is the best estimate of the half-life?

32

Plasma concentration

(A) 0.5 h
B) 1h
(©) 3h
(D) 4 h
(E) 7h

ANSWERS
1. Questions that deal with acid-base (Henderson-Hasselbalch)

manipulations are common on examinations. Since absorp-
tion involves permeation across lipid membranes, we can
in theory treat an overdose by decreasing absorption from
the gut and reabsorption from the tubular urine by making
the drug less lipid-soluble. lonization attracts water molecules
and decreases lipid solubility. Diphenhydramine is a weak
base, which means that it is more ionized when proton-
ated, ie, at acid pH. Choice C suggests that the drug would
be more ionized at pH 7.4 than at pH 2.0, which is clearly
wrong. Choice D says (in effect) that the more ionized form
is absorbed faster, which is incorrect. A and B are opposites
because NH,Cl is an acidifying salt and sodium bicarbonate
an alkalinizing one. (From the point of view of test strategy,
opposites in a list of answers always deserve careful attention.)
E is a distracter. Because an acid environment favors ioniza-
tion of a weak base, we should give NH,Cl. The answer is A.
Note that clinical management of overdose involves many
other considerations in addition to trapping the drug in urine;
manipulation of urine pH may be contraindicated for other
reasons.

. Endocytosis is an important mechanism for transport of

very large molecules across membranes. Aqueous diffusion
is not involved in transport across the lipid barrier of cell
membranes. Lipid diffusion and special carrier transport are
common for smaller molecules. Hydrolysis has nothing to do
with the mechanisms of permeation; rather, hydrolysis is one
mechanism of drug metabolism. The answer is C.
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U.S. Medical Licensing Examination (USMLE)-type ques-
tions often contain a lengthy clinical description in the stem.
One can often determine the relevance of the clinical data by
scanning the list of answers, see Appendix IV. In this ques-
tion, the emphasis is clearly on pharmacokinetic principles.
“First-pass effect” is the term given to elimination of a drug
before it enters the systemic circulation (ie, on its first pass
through the portal circulation and liver). The first-pass effect
is usually, but not always, due to metabolism in the gut, the
portal blood, or the liver. The answer is C.

4. Ampicillin is an acid, so it is more ionized at alkaline pH and

less ionized at acidic pH. The Henderson-Hasselbalch equa-
tion predicts that the ratio changes from 50/50 at the pH
equal to the pK, to 1/10 (protonated/unprotonated) at 1 pH
unit more alkaline than the pK, and 1/100 at 2 pH units
more alkaline. For acids, the protonated form is the nonion-
ized, more lipid-soluble form. The answer is A.

. “First-order” means that the elimination rate is proportional

to the concentration perfusing the organ of elimination. The
half-life is a constant. The rate of elimination is proportional
to the rate of administration only at steady state. The order of

10.

elimination is independent of the number of compartments
into which a drug distributes. The answer is B.

. Note the “trigger” words (“must,” “always”) in choices A, B, and

C, see Appendix IV. The answer is D.

. This is a straightforward question of pharmacokinetic dis-

tribution concepts. From the list of determinants of drug
distribution given on page 6, choice C is correct.

. The excretion of most drugs follows first-order kinetics.

However, ethanol and, in higher doses, aspirin and phenytoin
follow zero-order kinetics; that is, their elimination rates are
constant regardless of blood concentration. The answer is E.

. Definitions. Pharmacodynamics is the term given to drug

actions on the body. The answer is C.

Drugs with first-order kinetics have constant half-lives, and
when the log of the concentration in a body compartment
is plotted versus time, a straight line results. The half-life is
defined as the time required for the concentration to decrease
by 50%. As shown in the graph, the concentration decreased
from 16 units at 1 h to 8 units at 4 h and 4 units at 7 h; there-
fore, the half-life is 4 h minus 1 h or 3 h. The answer is C.

CHECKLIST

When you complete this chapter, you should be able to:

U Define and describe the terms receptor and receptor site.

0 Distinguish between a competitive inhibitor and an allosteric inhibitor.

0 Predict the relative ease of permeation of a weak acid or base from a knowledge
of its pK,, the pH of the medium, and the Henderson-Hasselbalch equation.

0 List and discuss the common routes of drug administration and excretion.

0 Draw graphs of the blood level versus time for drugs subject to zero-order
elimination and for drugs subject to first-order elimination. Label the axes

appropriately.
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CHAPTER 1 Summary Table

Major Concept Description

Nature of drugs Drugs are chemicals that modify body functions. They may be ions, carbohydrates, lipids, or proteins. They vary in size
from lithium (MW 7) to proteins (MW > 50,000)

Drug permeation Most drugs are administered at a site distant from their target tissue. To reach the target, they must permeate
through both lipid and aqueous pathways. Movement of drugs occurs by means of aqueous diffusion, lipid diffusion,
transport by special carriers, or by exocytosis and endocytosis

Rate of diffusion Aqueous diffusion and lipid diffusion are predicted by Fick's law and are directly proportional to the concentration
gradient, area, and permeability coefficient and inversely proportional to the length or thickness of the diffusion path

Drug trapping Because the permeability coefficient of a weak base or weak acid varies with the pH according to the Henderson-
Hasselbalch equation, drugs may be trapped in a cellular compartment in which the pH is such as to reduce their
solubility in the barriers surrounding the compartment

Routes of administration Drugs are usually administered by one of the following routes of administration: oral, buccal, sublingual, topical,
transdermal, intravenous, subcutaneous, intramuscular, or rectal, or by inhalation

Drug distribution After absorption, drugs are distributed to different parts of the body depending on concentration gradient, blood
flow, solubility, and binding in the tissue

Drug elimination Drugs are eliminated by reducing their concentration or amount in the body. This occurs when the drug is inactivated
by metabolism or excreted from the body

Elimination kinetics The rate of elimination of drugs may be zero order (ie, constant regardless of concentration) or first order (ie,
proportional to the concentration)
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Pharmacodynamics

Pharmacodynamics deals with the effects of drugs on biologic
systems, whereas pharmacokinetics (Chapter 3) deals with

C HA P T E R

pharmacodynamics apply to all biologic systems, from isolated
receptors in the test tube to patients with specific diseases.

actions of the biologic system on the drug. The principles of

Pharmacodynamics

|
| | | | |
Receptors, Dose-response Agonists, Signalling Receptor
effectors curves partial agonists, mechanisms regulation
antagonists,
inverse agonists

RECEPTORS

Receptors are the specific molecules in a biologic system with
which drugs interact to produce changes in the function of the
system. Receptors must be selective in their ligand-binding char-
acteristics (so as to respond to the proper chemical signal and not
to meaningless ones). Receptors must also be modifiable when
they bind a drug molecule (so as to bring about the functional
change). Many receptors have been identified, purified, chemi-
cally characterized, and cloned. Most are proteins; a few are other
macromolecules such as DNA. Some authorities consider enzymes
as a separate category; for the purposes of this book, enzymes that
are affected by drugs are considered receptors. The receptor site
(also known as the recognition site) for a drug is the specific
binding region of the receptor macromolecule and has a relatively
high and selective affinity for the drug molecule. The interaction
of a drug with its receptor is the fundamental event that initiates
the action of the drug, and many drugs are classified on the basis
of their primary receptor affinity.

EFFECTORS

in that a single molecule may incorporate both the drug-binding site
and the effector mechanism. For example, a tyrosine kinase effector
is part of the insulin receptor molecule, and a sodium-potassium
channel is the effector part of the nicotinic acetylcholine receptor.

GRADED DOSE-RESPONSE
RELATIONSHIPS

When the response of a particular receptor-effector system is
measured against increasing concentrations of a drug, the graph
of the response versus the drug concentration or dose is called a
graded dose-response curve (Figure 2—1A). Plotting the same data on
a semilogarithmic concentration axis usually results in a sigmoid
curve, which simplifies the mathematical manipulation of the dose-
response data (Figure 2—1B). The efficacy (E,,,,) and potency (ECs,
or EDsq) parameters are derived from these data. The smaller the
ECs (or EDsy), the greater the potency of the drug.

GRADED DOSE-BINDING RELATIONSHIP
& BINDING AFFINITY

Effectors are molecules that translate the drug-receptor interaction
into a change in cellular activity. The best examples of effectors are
enzymes such as adenylyl cyclase. Some receptors are also effectors

It is possible to measure the percentage of receptors bound by a drug,
and by plotting this percentage against the log of the concentra-
tion of the drug, a dose-binding graph similar to the dose-response

13
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High-Yield Terms to Learn

Receptor A molecule to which a drug binds to bring about a change in function of the biologic system
Inert binding molecule or site A molecule to which a drug may bind without changing any function
Receptor site Specific region of the receptor molecule to which the drug binds
Spare receptor Receptor that does not bind drug when the drug concentration is sufficient to produce
maximal effect; present when Ky > ECs,
Effector Component of a system that accomplishes the biologic effect after the receptor is activated
by an agonist; often a channel or enzyme molecule, may be part of the receptor molecule
Agonist A drug that activates its receptor upon binding
Pharmacologic antagonist A drug that binds without activating its receptor and thereby prevents activation
by an agonist
Competitive antagonist A pharmacologic antagonist that can be overcome by increasing the concentration
of agonist
Irreversible antagonist A pharmacologic antagonist that cannot be overcome by increasing agonist concentration
Physiologic antagonist A drug that counters the effects of another by binding to a different receptor and causing

opposing effects
Chemical antagonist A drug that counters the effects of another by binding the agonist drug (not the receptor)

Allosteric agonist, antagonist A drug that binds to a receptor molecule without interfering with normal agonist binding
but alters the response to the normal agonist

Partial agonist A drug that binds to its receptor but produces a smaller effect at full dosage
than a full agonist

Inverse agonist A drug that binds to the inactive state of receptor molecules and decreases constitutive
activity (see text)

Graded dose-response curve A graph of increasing response to increasing drug concentration or dose

Quantal dose-response curve A graph of the fraction of a population that shows a specified response at progressively
increasing doses

EC;o, ED5q, TD5,, etc In graded dose-response curves, the concentration or dose that causes 50% of the maximal
effect or toxicity. In quantal dose-response curves, the concentration or dose that causes a
specified response in 50% of the population under study

Ky The concentration of drug that binds 50% of the receptors in the system
Efficacy, maximal efficacy The maximal effect that can be achieved with a particular drug, regardless of dose
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FIGURE 2-1 Graded dose-response and dose-binding graphs. (In isolated tissue preparations, concentration is usually used as the measure
of dose.) A. Relation between drug dose or concentration (abscissa) and drug effect (ordinate). When the dose axis is linear, a hyperbolic curve
is commonly obtained. B. Same data, logarithmic dose axis. The dose or concentration at which effect is half-maximal is denoted ECs,, whereas
the maximal effect is E,,,,. C. If the percentage of receptors that bind drug is plotted against drug concentration, a similar curve is obtained, and
the concentration at which 50% of the receptors are bound is denoted K, and the maximal number of receptors bound is termed B,,,,,.



curve is obtained (Figure 2-1C). The concentration of drug
required to bind 50% of the receptor sites is denoted Ky and is a
useful measure of the affinity of a drug molecule for its binding
site on the receptor molecule. The smaller the Ky, the greater the
affinity of the drug for its receptor. If the number of binding sites
on each receptor molecule is known, it is possible to determine the
total number of receptors in the system from the B,,,.

QUANTAL DOSE-RESPONSE
RELATIONSHIPS

When the minimum dose required to produce a specified response
is determined in each member of a population, the quantal dose-
response relationship is defined (Figure 2-2). For example, a blood
pressure-lowering drug might be studied by measuring the dose
required to lower the mean arterial pressure by 20 mm Hg in
100 hypertensive patients. When plotted as the percentage of
the population that shows this response at each dose versus the
log of the dose administered, a cumulative quantal dose-response
curve, usually sigmoid in shape, is obtained. The median effec-
tive (EDsy), median toxic (TDsg), and (in animals) median
lethal (LDs,) doses are derived from experiments carried out in
this manner. Because the magnitude of the specified effect is arbi-
trarily determined, the ED5, determined by quantal dose-response
measurements has no direct relation to the EDs, determined from
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FIGURE 2-2 Quantal dose-response plots from a study of the
therapeutic and lethal effects of a new drug in mice. Shaded boxes
(and the accompanying bell-shaped curves) indicate the frequency
distribution of doses of drug required to produce a specified effect,
that is, the percentage of animals that required a particular dose to
exhibit the effect. The open boxes (and corresponding sigmoidal
curves) indicate the cumulative frequency distribution of responses,
which are lognormally distributed. (Modified and reproduced, with
permission, from Katzung BG, editor: Basic & Clinical Pharmacology,
12th ed. McGraw-Hill, 2012: Fig. 2-2.)
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graded dose-response curves. Unlike the graded dose-response
determination, no attempt is made to determine the maximal
effect of the drug. Quantal dose-response data provide informa-
tion about the variation in sensitivity to the drug in a given popu-
lation, and if the variation is small, the curve is steep.

EFFICACY

Efficacy—often called maximal efficacy—is the greatest effect
(E
tolerated level. Efficacy is determined mainly by the nature of the

ma) a0 agonist can produce if the dose is taken to the highest
drug and the receptor and its associated effector system. It can be
measured with a graded dose-response curve (Figure 2-1) but not
with a quantal dose-response curve. By definition, partial agonists
have lower maximal efficacy than full agonists (see later discussion).

POTENCY

Potency denotes the amount of drug needed to produce a given
effect. In graded dose-response measurements, the effect usually
chosen is 50% of the maximal effect and the concentration or dose
causing this effect is called the ECsq or EDs (Figure 2-1A and B).
Potency is determined mainly by the affinity of the receptor for
the drug and the number of receptors available. In quantal dose-
response measurements, EDsg, TDsg, and LDs are also potency
variables (median effective, toxic, and lethal doses, respectively, in
50% of the population studied). Thus, potency can be determined
from either graded or quantal dose-response curves (eg, Figures 2—1
and 2-2, respectively), but the numbers obtained are not identical.

SPARE RECEPTORS

Spare receptors are said to exist if the maximal drug response
(E
(B In practice, the determination is usually made by compar-
ing the concentration for 50% of maximal effect (ECs,) with the
concentration for 50% of maximal binding (Ky). If the ECsj is less
than the Ky, spare receptors are said to exist (Figure 2-3). This
might result from 1 of 2 mechanisms. First, the duration of the
activation of the effector may be much greater than the duration

) is obtained at less than 100% occupation of the receptors

'max.

of the drug-receptor interaction. Second, the actual number of
receptors may exceed the number of effector molecules available.
The presence of spare receptors increases sensitivity to the agonist
because the likelihood of a drug-receptor interaction increases in
proportion to the number of receptors available. (For contrast,
the system depicted in Figure 2—1, panels B and C, does not have
spare receptors, since the ECsj and the K are equal.)

AGONISTS, PARTIAL AGONISTS,
& INVERSE AGONISTS

Modern concepts of drug-receptor interactions consider the
receptor to have at least 2 states—active and inactive. In the
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FIGURE 2-3 In a system with spare receptors, the ECy, is lower
than the K, indicating that to achieve 50% of maximal effect, less
than 50% of the receptors must be activated. Explanations for this
phenomenon are discussed in the text.

absence of ligand, a receptor might be fully active or completely
inactive; alternatively, an equilibrium state might exist with some
receptors in the activated state and with most in the inactive state
(R, + R;; Figure 2-4). Many receptor systems exhibit some activ-
ity in the absence of ligand, suggesting that some fraction of the
receptors are always in the activated state. Activity in the absence
of ligand is called constitutive activity. A full agonist is a drug
capable of fully activating the effector system when it binds to
the receptor. In the model system illustrated in Figure 2—4, a full
agonist has high affinity for the activated receptor conformation,
and sufficiently high concentrations result in all the receptors
achieving the activated state (R,— D,). A partial agonist produces
less than the full effect, even when it has saturated the receptors
(R-Dy, + R-D,,), presumably by combining with both receptor
conformations, but favoring the active state. In the presence of a
full agonist, a partial agonist acts as an inhibitor. In this model,
neutral antagonists bind with equal affinity to the R; and R,
states, preventing binding by an agonist and preventing any devia-
tion from the level of constitutive activity. In contrast, inverse
agonists have a much higher affinity for the inactive R; state than
for R, and decrease or abolish any constitutive activity.

ANTAGONISTS

A. Competitive and Irreversible
Pharmacologic Antagonists

Competitive antagonists are drugs that bind to, or very close to,
the agonist receptor site in a reversible way without activating the
effector system for that receptor. Neutral antagonists bind the recep-
tor without shifting the R, versus R; equilibrium (Figure 2—4). In
the presence of a competitive antagonist, the log dose-response
curve for an agonist is shifted to higher doses (ie, horizontally to

100% R, + D,
Full agonist

g R+ Dpa
g Partial agonist

< R, + R; s

/ Ra+ Dant+ Ri+ Dant

Constitutive Antagonist
activity R +D
0 e Inverse agonist
Log Dose

FIGURE 2-4 upper: One model of drug-receptor interactions.
The receptor is able to assume 2 conformations, R; and R,. In the

R, state, it is inactive and produces no effect, even when combined
with a drug (D) molecule. In the R, state, it activates its effectors and
an effect is recorded, even in the absence of ligand. In the absence
of drug, the equilibrium between R; and R, determines the degree
of constitutive activity. Lower: A full agonist drug (D,) has a much
higher affinity for the R, than for the R, receptor conformation, and a
maximal effect is produced at sufficiently high drug concentration.
A partial agonist drug (D,,) has somewhat greater affinity for the

R, than for the R; conformation and produces less effect, even at
saturating concentrations. A neutral antagonist (D,,,) binds with
equal affinity to both receptor conformations and prevents binding
of agonist. An inverse agonist (D;) binds much more avidly to the

R; receptor conformation, prevents conversion to the R, state, and
reduces constitutive activity. (Modified and reproduced, with
permission, from Katzung BG, editor: Basic & Clinical Pharmacology,
12th ed. McGraw-Hill, 2012: Fig. 1-4.)

the right on the dose axis), but the same maximal effect is reached
(Figure 2-5A). The agonist, if given in a high enough concentra-
tion, can displace the antagonist and fully activate the receptors. In
contrast, an irreversible antagonist causes a downward shift of the
maximum, with no shift of the curve on the dose axis unless spare
receptors are present (Figure 2-5B). Unlike the effects of a com-
petitive antagonist, the effects of an irreversible antagonist cannot
be overcome by adding more agonist. Competitive antagonists
increase the EDs; irreversible antagonists do not (unless spare
receptors are present). A noncompetitive antagonist that acts at an
allosteric site of the receptor (see Figure 1-1) may bind reversibly
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FIGURE 2-5 Agonist dose-response curves in the presence of competitive and irreversible antagonists. Note the use of a logarithmic scale
for drug concentration. A. A competitive antagonist has an effect illustrated by the shift of the agonist curve to the right. B. An irreversible (or

noncompetitive) antagonist shifts the agonist curve downward.

or irreversibly; a noncompetitive antagonist that acts at the recep-
tor site binds irreversibly.

B. Physiologic Antagonists

A physiologic antagonist binds to a different receptor molecule,
producing an effect opposite to that produced by the drug it
antagonizes. Thus, it differs from a pharmacologic antagonist,
which interacts with the same receptor as the drug it inhibits.
Familiar examples of physiologic antagonists are the antagonism
of the bronchoconstrictor action of histamine by epinephrine’s
bronchodilator action and glucagon’s antagonism of the cardiac
effects of propranolol.

C. Chemical Antagonists

A chemical antagonist interacts directly with the drug being
antagonized to remove it or to prevent it from binding to its
target. A chemical antagonist does not depend on interaction
with the agonist’s receptor (although such interaction may occur).
Common examples of chemical antagonists are dimercaprol, a
chelator of lead and some other toxic metals, and pralidoxime,
which combines avidly with the phosphorus in organophosphate
cholinesterase inhibitors.

SKILL KEEPER: ALLOSTERIC ANTAGONISTS

(SEE CHAPTER 1)

Describe the difference between a pharmacologic antagonist
and an allosteric inhibitor. How could you differentiate these
two experimentally?

THERAPEUTIC INDEX & THERAPEUTIC
WINDOW

The therapeutic index is the ratio of the TDs; (or LDsg) to the
EDs, determined from quantal dose-response curves. The thera-
peutic index represents an estimate of the safety of a drug, because
a very safe drug might be expected to have a very large toxic dose
and a much smaller effective dose. For example, in Figure 2-2,
the EDs is approximately 3 mg, and the LDy is approximately
150 mg. The therapeutic index is therefore approximately 150/3,
or 50, in mice. Obviously, a full range of toxic doses cannot be
ethically studied in humans. Furthermore, factors such as the
varying slopes of dose-response curves make this estimate a poor
safety index even in animals.

The therapeutic window, a more clinically useful index of
safety, describes the dosage range between the minimum effec-
tive therapeutic concentration or dose, and the minimum toxic
concentration or dose. For example, if the average minimum
therapeutic plasma concentration of theophylline is 8 mg/L and
toxic effects are observed at 18 mg/L, the therapeutic window is
8-18 mg/L. Both the therapeutic index and the therapeutic win-
dow depend on the specific toxic effect used in the determination.

SIGNALING MECHANISMS

Once an agonist drug has bound to its receptor, some effector
mechanism is activated. The receptor-effector system may be an
enzyme in the intracellular space (eg, cyclooxygenase, a target of
nonsteroidal anti-inflammatory drugs) or in the membrane or
extracellular space (eg, acetylcholinesterase). Neurotransmitter
reuptake transporters (eg, the norepinephrine transporter, NET,
and the dopamine transporter, DAT, are receptors for many
drugs, eg, antidepressants and cocaine. Most antiarrhythmic
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FIGURE 2-6 Ssignaling mechanisms for drug effects. Five major signaling mechanisms are recognized: (1) transmembrane diffusion of the
drug to bind to an intracellular receptor; (2) transmembrane enzyme receptors, whose outer domain provides the receptor function and inner
domain provides the effector mechanism converting A to B; (3) transmembrane receptors that, after activation by an appropriate ligand,
activate separate cytoplasmic tyrosine kinase molecules (JAKs), which phosphorylate STAT molecules that regulate transcription (Y, tyrosine;

P, phosphate); (4) transmembrane channels that are gated open or closed by the binding of a drug to the receptor site; and (5) G protein-coupled
receptors, which use a coupling protein to activate a separate effector molecule. (Modified and reproduced, with permission, from Katzung BG,
editor: Basic & Clinical Pharmacology, 12th ed. McGraw-Hill, 2012: Fig. 2-5.)

drugs target voltage-activated ion channels in the membrane for

RECEPTOR REGULATION

sodium, potassium, or calcium. For the largest group of drug-

receptor interactions, the drug is present in the extracellular space, Receptors are dynamically regulated in number, location, and

whereas the effector mechanism resides inside the cell and modi-
fies some intracellular process. These classic drug-receptor inter-
actions involve signaling across the membrane. Five major types
of transmembrane-signaling mechanisms for receptor-effector
systems have been defined (Figure 2—6, Table 2-1).

sensitivity. Changes can occur over short times (minutes) and
longer periods (days).

Frequent or continuous exposure to agonists often results in short-
term diminution of the receptor response, sometimes called tachy-
phylaxis. Several mechanisms are responsible for this phenomenon.

TABLE 2-1 Types of transmembrane signaling receptors.

Receptor Type Description

Steroid-like Steroids, vitamin D, nitric oxide, and a few other highly membrane-permeable agents cross the membrane and

activate intracellular receptors. The effector molecule may be part of the receptor or separate

Insulin, epidermal growth factor, and similar agents bind to the extracellular domain of molecules that incorporate
tyrosine kinase enzyme activity in their intracellular domains. Most of these receptors dimerize upon activation

Membrane-spanning
receptor-effector enzymes

Many cytokines activate receptor molecules that bind intracellular tyrosine kinase enzymes (Janus kinases, JAKs) that
activate transcription regulators (signal transducers and activators of transcription, STATs) that migrate to the nucleus
to bring about the final effect

Membrane receptors that
bind intracellular tyrosine
kinase enzymes

Certain Na*/K" channels are activated by drugs: acetylcholine activates nicotinic Na“/K* channels, serotonin activates
5-HT; Na‘/K* channels. Benzodiazepines and several other sedative hypnotics allosterically modulate GABA-activated
ClI” channels

Ligand-activated or
modulated membrane
ion channels

GPCRs consist of 7 transmembrane (7-TM) domains and when activated by extracellular ligands, bind trimeric

G proteins and cause the release of activated G, and Gg, units. These activated units, in turn, modulate cytoplasmic
effectors. The effectors commonly synthesize or release second messengers such as cCAMP, IP;, and DAG. GPCRs are
the most common type of receptors in the body

G-protein-coupled receptors
(GPCRs)

cAMP, cyclic adenosine monophosphate; IP;, inositol trisphosphate; DAG, diacylglycerol.



First, intracellular molecules may block access of a G protein to the
activated receptor molecule. For example, the molecule B-arrestin has
been shown to bind to an intracellular loop of the B adrenoceptor
when the receptor is continuously activated. Beta-arrestin prevents
access of the Gy-coupling protein and thus desensitizes the tissue to
further B-agonist activation within minutes. Removal of the B agonist
results in removal of B-arrestin and restoration of the full response
after a few minutes or hours.

Second, agonist-bound receptors may be internalized by
endocytosis, removing them from further exposure to extracel-
lular molecules. The internalized receptor molecule may then be
either reinserted into the membrane (eg, morphine receptors) or
degraded (eg, B adrenoceptors, epidermal growth factor receptors).
In some cases, the internalization-reinsertion process may actu-
ally be necessary for normal functioning of the receptor-effector
system.

Third, continuous activation of the receptor-effector system
may lead to depletion of some essential substrate required for
downstream effects. For example, depletion of thiol cofactors may
be responsible for tolerance to nitroglycerin. In some cases, reple-
tion of the missing substrate (eg, by administration of glutathione)
can reverse the tolerance.

Long-term reductions in receptor number (downregulation)
may occur in response to continuous exposure to agonists. The
opposite change (upregulation) occurs when receptor activation
is blocked for prolonged periods (usually several days) by pharma-
cologic antagonists or by denervation.

QUESTIONS

1. A 55-year-old woman with hypertension is to be treated with
a vasodilator drug. Drugs X and Y have the same mechanism
of action. Drug X in a dose of 5 mg produces the same
decrease in blood pressure as 500 mg of drug Y. Which of the
following statements best describes these results?

(A) Drug is less efficacious than drug X

(B) Drug X is about 100 times more potent than drug Y

(C) Toxicity of drug X is less than that of drug Y

(D) Drug X has a wider therapeutic window than drug Y

(E) Drug X will have a shorter duration of action than drug
Y because less of drug X is present over the time course
of drug action

2. Graded and quantal dose-response curves are being used for
evaluation of a new antiasthmatic drug in the animal labora-
tory and in clinical trials. Which of the following statements
best describes quantal dose-response curves?

(A) More precisely quantitated than graded dose-response
curves

(B) Obtainable from the study of intact subjects but not
from isolated tissue preparations

(C) Used to determine the maximal efficacy of the drug

(D) Used to determine the statistical variation (standard
deviation) of the maximal response to the drug

(E) Used to determine the variation in sensitivity of subjects
to the drug
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3. Prior to clinical trials in patients with heart failure, an animal
study was carried out to compare two new positive inotropic
drugs (A and B) to a current standard agent (C). The results
of cardiac output measurements are shown in the graph
below.

Increase in cardiac output
>

Log dose

Which of the following statements is correct?

(A) Drug A is most effective

(B) Drug B is least potent

(C) Drug C is most potent

(D) Drug B is more potent than drug C and more effective
than drug A

(E) Drug A is more potent than drug B and more effective
than drug C

4. A study was carried out in isolated, perfused animal hearts.
In the absence of other drugs, pindolol, a B-adrenoceptor
ligand, caused an increase in heart rate. In the presence of
highly effective B stimulants, however, pindolol caused a
dose-dependent, reversible decrease in heart rate. Which of
the following expressions best describes pindolol?

(A) A chemical antagonist
(B) An irreversible antagonist
(C) A partial agonist

(D) A physiologic antagonist
(E) A spare receptor agonist

5. Beta adrenoceptors in the heart regulate cardiac rate and
contractile strength. Several studies have indicated that in
humans and experimental animals, about 90% of § adreno-
ceptors in the heart are spare receptors. Which of the follow-
ing statements about spare receptors is most correct?

(A) Spare receptors, in the absence of drug, are sequestered in
the cytoplasm

(B) Spare receptors may be detected by finding that the drug-
receptor interaction lasts longer than the intracellular
effect

(C) Spare receptors influence the maximal efficacy of the
drug-receptor system

(D) Spare receptors activate the effector machinery of the cell
without the need for a drug

(E) Spare receptors may be detected by the finding that the
ECsy is smaller than the Kj for the agonist
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Two cholesterol-lowering drugs, X and Y, were studied in
a large group of patients, and the percentages of the group
showing a specific therapeutic effect (35% reduction in low-
density lipoprotein [LDL] cholesterol) were determined. The
results are shown in the following table.

Percent Percent
Drug Dose Responding to Responding to
(mg) Drug X DrugY
5 1 10
10 5 20
20 10 50
50 50 70
100 70 90
200 90 100

Which of the following statements about these results is correct?
(A) Drug X is safer than drug Y

(B) DrugY is more effective than drug X

(C) The 2 drugs act on the same receptors

(D) Drug X is less potent than drug Y

(E) The therapeutic index of drug Y is 10

Sugammadex is a new drug that reverses the action of
rocuronium and certain other skeletal muscle-relaxing agents.
It appears to interact directly with the rocuronium molecule
and not at all with the rocuronium receptor. Which of the
following terms best describes sugammadex?

(A) Chemical antagonist

(B) Noncompetitive antagonist

(C) Partial agonist

(D) Pharmacologic antagonist

(E) Physiologic antagonist

DIRECTIONS: 8-10. Each of the curves in the graph
below may be considered a concentration-effect curve or a
concentration-binding curve.

Curve 1

100

50

Percent of maximum

Logdose —MMMM8M™

Which of the curves in the graph describes the percentage of
binding of a large dose of full agonist to its receptors as the
concentration of a partial agonist is increased from low to very
high levels?

(A) Curve 1

(B) Curve 2

(C) Curve 3

(D) Curve 4

(E) Curve 5

9. Which of the curves in the graph describes the percentage

effect observed when a large dose of full agonist is present
throughout the experiment and the concentration of a partial
agonist is increased from low to very high levels?

(A) Curve 1

(B) Curve 2

(C) Curve 3

(D) Curve 4

(E) Curve 5

10. Which of the curves in the graph describes the percentage of

binding of the partial agonist whose effect is shown by Curve 4 if
the system has many spare receptors?

(A) Curvel

(B) Curve 2

(C) Curve 3

(D) Curve 4

(E) Curve 5

ANSWERS

1. No information is given regarding the maximal antihyperten-

sive response to either drug. Similarly, no information about
toxicity is provided. The fact that a given response is achieved
with a smaller dose of drug X indicates that X is more potent
than Y in the ratio of 500:5. The answer is B.

. Graded (not quantal) dose-response curves must be used to

determine maximal efficacy (maximal response). Quantal
dose-response curves show only the frequency of occurrence
of a specified response, which may be therapeutically effective
(ED) or toxic (TD). The answer is E.

. Drug A produces 50% of its maximal effect at a lower dose

than either B or C and thus is the most potent; drug C is the
least potent. However, drug A, a partial agonist, is less effica-
cious than drugs B and C. The answer is D.

. Choices involving chemical or physiologic antagonism are

incorrect because pindolol is said to act at B receptors and to
block B stimulants. The drug effect is reversible, so choice B
is incorrect. “Spare receptor agonist” is a nonsense distracter.
The answer is C.

. There is no difference in location between “spare” and other

receptors. Spare receptors may be defined as those that are not
needed for binding drug to achieve the maximal effect. Spare
receptors influence the sensitivity of the system to an agonist
because the statistical probability of a drug-receptor interac-
tion increases with the total number of receptors. They do
not alter the maximal efficacy. If they do not bind an agonist
molecule, spare receptors do not activate an effector molecule.
ECs less than K is an indication of the presence of spare
receptors. The answer is E.

. No information is presented regarding the safety of these

drugs. Similarly, no information on efficacy (maximal effect)
is presented; this requires graded dose-response curves.
Although both drugs are said to be producing a therapeutic
effect, no information on their receptor mechanisms is given.
Since no data on toxicity are available, the therapeutic index
cannot be determined. The answer is D because the EDs of

drug Y (20 mg/d) is less than that of drug X (50 mg/d).

. Sugammadex interacts directly with rocuronium and not with

the rocuronium receptor; therefore, it is a chemical antagonist.
The answer is A.
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10.

. The binding of a full agonist decreases as the concentration of
a partial agonist is increased to very high levels. As the partial
agonist displaces more and more of the full agonist, the per-
centage of receptors that bind the full agonist drops to zero,
that is, Curve 5. The answer is E.

. Curve 1 describes the response of the system when a full
agonist is displaced by increasing concentrations of partial
agonist. This is because the increasing percentage of receptors
binding the partial agonist finally produce the maximal effect
typical of the partial agonist. The answer is A.

Partial agonists, like full agonists, bind 100% of their recep-
tors when present in a high enough concentration. Therefore,
the binding curve (but not the effect curve) will go to 100%.
If the effect curve is Curve 4 and many spare receptors are
present, the binding Curve must be displaced to the right of
Curve 4 (Ky > ECyp). Therefore, Curve 3 fits the description
better than Curve 2. The answer is C.

When you complete this chapter, you should be able to:
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SKILL KEEPER ANSWER: ALLOSTERIC

ANTAGONISTS

Allosteric antagonists do not bind to the agonist receptor site;
they bind to some other region of the receptor molecule that
results in inhibition of the response to agonists (see Figure 1-1).
They do not prevent binding of the agonist. In contrast,
pharmacologic antagonists bind to the agonist site and
prevent access of the agonist. The difference can be detected
experimentally by evaluating competition between the
binding of radioisotopically labeled antagonist and the
agonist. High concentrations of agonist displace or prevent
the binding of a pharmacologic antagonist but not an
allosteric antagonist.

CHECKLIST

) Compare the efficacy and the potency of 2 drugs on the basis of their graded

dose-response curves.

[ Predict the effect of a partial agonist in a patient in the presence and in the absence of

a full agonist.

1 Name the types of antagonists used in therapeutics.

O

Describe the difference between an inverse agonist and a pharmacologic antagonist.

1 Specify whether a pharmacologic antagonist is competitive or irreversible based on
its effects on the dose-response curve and the dose-binding curve of an agonist in the

presence of the antagonist.

0 Give examples of competitive and irreversible pharmacologic antagonists and of

physiologic and chemical antagonists.

1 Name 5 transmembrane signaling methods by which drug-receptor interactions

exert their effects.

[ Describe 2 mechanisms of receptor regulation.
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CHAPTER 2 Summary Table

Description

Major Concept

Graded vs quantal
responses

Responses are graded when they increment gradually (eg, heart rate change) as the dose of drug increases; they are
quantal when they switch from no effect to a specified effect at a certain dose (eg, from arrhythmia to normal
sinus rhythm)

Graded vs quantal dose
response curves

Graded dose response curves plot the increment in physiologic or biochemical response as dose or concentration
is increased. Quantal dose response curves plot the increment in the percent of the population under study that
responds as the dose is increased

Efficacy vs potency

Efficacy represents the maximal ability of a drug to accomplish a particular type of effect, whereas potency reflects
the amount of drug (the dose) required to cause a specific amount of effect. A drug may have high efficacy but low
potency or vice versa

Agonism and antagonism

The ability to activate (agonism) or inhibit (antagonism) a biologic system or effect. Different drugs may have very
different effects on a receptor. The effect may be to activate, partially activate, or inhibit the receptor’s function. In
addition, the binding of a drug may be at the site that an endogenous ligand binds that receptor, or at a

different site

Transmembrane signaling

Many drugs act on intracellular functions but reach their targets in the extracellular space. On reaching the target,
some drugs diffuse through the cell membrane and act on intracellular receptors. Most act on receptors on the
extracellular face of the cell membrane and modify the intracellular function of those receptors by transmembrane
signaling

Receptor regulation

Receptors are in dynamic equilibrium, being synthesized in the interior of the cell, inserted into the cell membranes,
sequestered out of the membranes, and degraded at various rates. These changes are noted as upregulation or
downregulation of the receptor numbers.
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Pharmacokinetics

Pharmacokinetics denotes the effects of biologic systems on  application of pharmacokinetic data and a few simple formulas

drugs. The major processes involved in pharmacokinetics ~ makes it possible to calculate loading and maintenance doses.
are absorption, distribution, and elimination. Appropriate

Pharmacokinetics
L

[
Volume Clearance  Bioavailability Dosing

of distribution ‘
Maintenance
Half-life First pass

e Loading

High-Yield Terms to Learn

Volume of distribution (apparent)
Clearance

Half-life

Bioavailability

Area under the curve (AUC)

Peak and trough concentrations

Minimum effective concentration
(MEC)

First-pass effect, presystemic

elimination

Steady state

Biodisposition

The ratio of the amount of drug in the body to the drug concentration in the plasma
or blood

The ratio of the rate of elimination of a drug to the concentration of the drug in the
plasma or blood

The time required for the amount of drug in the body or blood to fall by 50%.
For drugs eliminated by first-order kinetics, this number is a constant regardless of the
concentration

The fraction (or percentage) of the administered dose of drug that reaches the systemic
circulation

The graphic area under a plot of drug concentration versus time after a single dose or
during a single dosing interval

The maximum and minimum drug concentrations achieved during repeated dosing
cycles

The plasma drug concentration below which a patient’s response is too small for
clinical benefit

The elimination of drug that occurs after administration but before it enters the
systemic circulation (eg, during passage through the gut wall, portal circulation,
or liver for an orally administered drug)

In pharmacokinetics, the condition in which the average total amount of drug in the
body does not change over multiple dosing cycles (ie, the condition in which the rate
of drug elimination equals the rate of administration)

Often used as a synonym for pharmacokinetics; the processes of drug absorption,
distribution, and elimination. Sometimes used more narrowly to describe elimination

23
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EFFECTIVE DRUG CONCENTRATION

VOLUME OF DISTRIBUTION

The effective drug concentration is the concentration of a
drug at the receptor site. In patients, drug concentrations are
more readily measured in the blood. Except for topically
applied agents, the concentration at the receptor site is usu-
ally proportional to the drug’s concentration in the plasma or
whole blood at equilibrium. The plasma concentration is a
function of the rate of input of the drug (by absorption) into
the plasma, the rate of distribution, and the rate of elimina-
tion. If the rate of input is known, the remaining processes are
well described by 2 primary parameters: apparent volume of
distribution (Vy) and clearance (CL). These parameters are
unique for a particular drug and a particular patient but have
average values in large populations that can be used to predict
drug concentrations.

The volume of distribution (V) relates the amount of drug in
the body to the plasma concentration according to the following
equation:

_ Amount of drug in the body
" Plasma drug concentration

d

(Units = Volume)

The calculated parameter for the V4 has no direct physical equiv-
aleng; therefore, it is usually denoted as the apparent V4. A drug that
is completely retained in the plasma compartment (Figure 3—1) will
have a Vg equal to the plasma volume (about 4% of body weight).
The V4 of drugs that are normally bound to plasma proteins such

_ Amount of drug in the body
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FIGURE 3-1 Effect of drug binding on volume of distribution. Drug A diffuses freely between the 2 compartments and does not bind to
macromolecules (heavy wavy lines) in the vascular or the extravascular compartments of the hypothetical organism in the diagram. With

20 units of the drug in the body, the steady-state distribution leaves a blood concentration of 2 units. Drug B, on the other hand, binds avidly to
proteins in the blood. At equilibrium, only 2 units of the total are present in the extravascular volume, leaving 18 units still in the blood. In each
case, the total amount of drug in the body is the same (20 units), but the apparent volumes of distribution are very different. Drug C is avidly
bound to molecules in peripheral tissues, so that a larger total dose (200 units) is required to achieve measurable plasma concentrations. At
equilibrium, 198 units are found in the peripheral tissues and only 2 units in the plasma, so that the calculated volume of distribution is

greater than the physical volume of the system.



as albumin can be altered by liver disease (through reduced protein
synthesis) and kidney disease (through urinary protein loss). On the
other hand, if a drug is avidly bound in peripheral tissues, the drug’s
concentration in plasma may drop to very low values even though
the total amount in the body is large. As a result, the V4 may greatly
exceed the total physical volume of the body. For example, 50,000
liters is the average Vy for the drug quinacrine in persons whose
average physical body volume is 70 liters.

CLEARANCE

Clearance (CL) relates the rate of elimination to the plasma
concentration:

_ Rate of elimination of drug
Plasma drug concentration

()
(Units = Volume per unit time)

For a drug eliminated with first-order kinetics, clearance is a con-
stang; that is, the ratio of rate of elimination to plasma concentra-
tion is the same regardless of plasma concentration (Figure 3-2).
The magnitudes of clearance for different drugs range from a small
percentage of the blood flow to a maximum of the total blood
flow to the organs of elimination. Clearance depends on the drug,
blood flow, and the condition of the organs of elimination in the
patient. The clearance of a particular drug by an individual organ
is equivalent to the extraction capability of that organ for that drug
times the rate of delivery of drug to the organ. Thus, the clearance
of a drug that is very effectively extracted by an organ (ie, the blood
is completely cleared of the drug as it passes through the organ) is

Rate of elimination
Clearance (CL) =

Plasma concentration (Cp)

Rate of elimination = CL x Cp

{ 5 units/h
— elimination

{ 2.5 units/h

/

\‘ 1.25 units/h

/

Plasma concentration (Cp)

Time (h)

FIGURE 3-2 The clearance of the great majority of drugs is
relatively constant over a broad range of plasma concentrations.
Since elimination rate is equal to clearance times plasma
concentration, the elimination rate will be rapid at first and slow as
the concentration decreases.
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often flow-limited. For such a drug, the total clearance from the
body is a function of blood flow through the eliminating organ
and is limited by the blood flow to that organ. In this situation,
other conditions—cardiac disease, or other drugs that change blood
flow—may have more dramatic effects on clearance than disease
of the organ of elimination. Note that for drugs eliminated with
zero-order kinetics (see Figure 1-3, right), clearance is 7oz constant.

SKILL KEEPER 1: ZERO-ORDER ELIMINATION

(SEE CHAPTER 1)

Most drugs in clinical use obey the first-order kinetics rule
described in the text. Can you name 3 important drugs that
do not? The Skill Keeper Answer appears at the end of the
chapter.

HALF-LIFE

Half-life (#,/,) is a derived parameter, completely determined by
Vg4 and CL. Like clearance, half-life is a constant for drugs that
follow first-order kinetics. Half-life can be determined graphically
from a plot of the blood level versus time (eg, Figure 1-4) or from
the following relationship:

A 0.693 x V,
1/2 - A
a 3)
(Units = Time)

One must know both primary variables (V4 and CL) to predict
changes in half-life. Disease, age, and other variables usually alter
the clearance of a drug much more than they alter its V. The
half-life determines the rate at which blood concentration rises
during a constant infusion and falls after administration is stopped
(Figure 3-3). The effect of a drug at 87-90% of its steady-state
concentration is clinically indistinguishable from the steady-state
effect; thus, 3—4 half-lives of dosing at a constant rate are consid-
ered adequate to produce the effect to be expected at steady state
with a specified rate of chronic dosing,.

BIOAVAILABILITY

The bioavailability of a drug is the fraction (F) of the administered
dose that reaches the systemic circulation. Bioavailability is defined
as unity (or 100%) in the case of intravenous administration. After
administration by other routes, bioavailability is generally reduced
by incomplete absorption (and in the intestine, expulsion of drug
by intestinal transporters), first-pass metabolism, and any distribu-
tion into other tissues that occurs before the drug enters the systemic
circulation. Even for drugs with equal bioavailabilities, entry into the
systemic circulation occurs over varying periods of time, depending
on the drug formulation and other factors. To account for such fac-
tors, the concentration appearing in the plasma is integrated over time
to obtain an integrated total area under the plasma concentration

curve (AUC, Figure 3-4).
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FIGURE 3-3 Plasma concentration (plotted as percentage of maximum) of a drug given by constant intravenous infusion for 8 half-lives

and then stopped. The concentration rises smoothly with time and always reaches 50% of steady state after 1 half-life, 75% after 2 half-lives,

87.5% after 3 half-lives, and so on. The decline in concentration after stopping drug administration follows the same type of curve: 50% is left

is characteristic of drugs that have first-order kinetics.
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after 1 half-life, 25% after 2 half-lives, and so on. The asymptotic approach to steady state on both increasing and decreasing limbs of the curve

Multiple doses

5 AUC

_5 20 -

s

5 1

Q

2

s 10

o

®©

E =

(%]

®

o oo

o 1 1 1 1 1 1
0 5 10 15
Time (h)

FIGURE 3—-4 The area under the curve (AUQC) is used to calculate the bioavailability of a drug. The AUC can be derived from either
single-dose studies (left) or multiple-dose measurements (right). Bioavailability is calculated from AUC o)/ AUC .

EXTRACTION

Removal of a drug by an organ can be specified as the extraction
ratio, that is, the fraction or percentage of the drug removed
from the perfusing blood during its passage through the organ
(Figure 3-5). After steady-state concentration in plasma has been

achieved, the extraction ratio is one measure of the elimination of

the drug by that organ.

Drugs that have a high hepatic extraction ratio have a large
first-pass effect; the bioavailability of these drugs after oral admin-

istration is low.

SKILL KEEPER 2: FIRST-PASS EFFECT

(SEE CHAPTER 1)

The oral route of administration is the most likely to have a

large first-pass effect and therefore low bioavailability. What

tissues contribute to this effect? The Skill Keeper Answer
appears at the end of the chapter.

Portal
circulation:

Systemic
circulation

Intravenous

Oral T

dose

Remainder

§ [
of the body

Clother l l Clienal

FIGURE 3-5 The principles of organ extraction and first-pass
effect are illustrated. Part of the administered oral dose (blue) is lost

to metabolism in the gut and the liver before it enters the systemic
circulation: This is the first-pass effect. The extraction of drug from

the circulation by the liver is equal to blood flow times the difference
between entering and leaving drug concentration, ie, Q x (G, - C,). CL,
clearance. (Modified and reproduced, with permission, from Katzung
BG, editor: Basic & Clinical Pharmacology, 8th ed. McGraw-Hill, 2001.)



DOSAGE REGIMENS

A dosage regimen is a plan for drug administration over a period
of time. An optimal dosage regimen results in the achievement of
therapeutic levels of the drug in the blood without exceeding the
minimum toxic concentration. T'o maintain the plasma concen-
tration within a specified range over long periods of therapy, a
schedule of maintenance doses is used. If it is necessary to achieve
the target plasma level rapidly, a loading dose is used to “load” the
V4 with the drug. Ideally, the dosing plan is based on knowledge
of both the minimum therapeutic and minimum toxic concentra-
tions for the drug, as well as its clearance and V.

A. Maintenance Dosage

Because the maintenance rate of drug administration is equal to
the rate of elimination at steady state (this is the definition of
steady state), the maintenance dosage is a function of clearance
(from Equation 2).

CL x Desired plasma concentration
Bioavailability

Dosing rate =

Note that V is not involved in the calculation of maintenance
dosing rate. The dosing rate computed for maintenance dosage
is the average dose per unit time. When performing such calcula-
tions, make certain that the units are in agreement throughout.
For example, if clearance is given in mL/min, the resulting dosing
rate is a per minute rate. Because convenience of administration is
desirable for chronic therapy, doses should be given orally if pos-
sible and only once or a few times per day. The size of the daily
dose (dose per minute X 60 min/h x 24 h/d) is a simple extension
of the preceding information. The number of doses to be given
per day is usually determined by the half-life of the drug and the
difference between the minimum therapeutic and toxic concentra-
tions (see Therapeutic Window, next).

If it is important to maintain a concentration above the mini-
mum therapeutic level at all times, either a larger dose is given at
long intervals or smaller doses at more frequent intervals. If the
difference between the toxic and therapeutic concentrations is
small, then smaller and more frequent doses must be administered
to prevent toxicity.

B. Loading Dosage

If the therapeutic concentration must be achieved rapidly and
the V4 is large, a large loading dose may be needed at the onset
of therapy. This can be calculated from the following equation:

V, x Desired plasma concentration
Bioavailability

Loading dose =

Note that clearance does not enter into this computation. If
the loading dose is large (V4 much larger than blood volume), the
dose should be given slowly to prevent toxicity due to excessively
high plasma levels during the distribution phase.
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FIGURE 3-6 The therapeutic window for theophylline in a

typical patient. The minimum effective concentration in this patient
was found to be 8 mg/L; the minimum toxic concentration was found
to be 16 mg/L. The therapeutic window is indicated by the blue area.
To maintain the plasma concentration (Cp) within the window, this
drug must be given at least once every half-life (7.5 h in this patient)
because the minimum effective concentration is half the minimum
toxic concentration and Cp will decay by 50% in 1 half-life. (Note: This
concept applies to drugs given in the ordinary, prompt-release form.
Slow-release formulations can often be given at longer intervals.)

THERAPEUTIC WINDOW

The therapeutic window is the safe range between the minimum
therapeutic concentration and the minimum toxic concentration
of a drug. The concept is used to determine the acceptable range
of plasma levels when designing a dosing regimen. Thus, the
minimum effective concentration usually determines the desired
trough levels of a drug given intermittently, whereas the mini-
mum toxic concentration determines the permissible peak plasma
concentration. For example, the drug theophylline has a therapeu-
tic concentration range of 8-20 mg/L but may be toxic at con-
centrations of more than 15 mg/L. The therapeutic window for
a patient might thus be 8-16 mg/L (Figure 3-6). Unfortunately,
for some drugs the therapeutic and toxic concentrations vary so
greatly among patients that it is impossible to predict the thera-
peutic window in a given patient. Such drugs must be titrated
individually in each patient.

ADJUSTMENT OF DOSAGE WHEN
ELIMINATION IS ALTERED BY DISEASE

Renal disease or reduced cardiac output often reduces the clear-
ance of drugs that depend on renal function. Alteration of
clearance by liver disease is less common but may also occur.
Impairment of hepatic clearance occurs (for high extraction drugs)
when liver blood flow is reduced, as in heart failure, and in severe
cirrhosis and other forms of liver failure. The dosage in a patient
with renal impairment may be corrected by multiplying the aver-
age dosage for a normal person times the ratio of the patient’s
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altered creatinine clearance (CL_,) to normal creatinine clearance
(approximately 100 mL/min, or 6 L/h).

Patient's CL
Corrected dosage = Average dosage X 100 mL/min

This simplified approach ignores nonrenal routes of clearance
that may be significant. If a drug is cleared partly by the kidney
and partly by other routes, Equation 6 should be applied to the
part of the dose that is eliminated by the kidney. For example, if
a drug is 50% cleared by the kidney and 50% by the liver and
the normal dosage is 200 mg/d, the hepatic and renal elimination
rates are each 100 mg/d. Therefore, the corrected dosage in a
patient with a creatinine clearance of 20 mL/min will be:

Dosage = 100 mg/d (liver)+ 100 mg/d

« 20 mL/min
100 mL/min

Dosage = 100 mg/d + 20 mg/d = 120 mg/d

(kidney) (7)

Renal function is altered by many diseases and is often decreased
in older patients. Because it is important in the elimination of
drugs, assessing renal function is important in estimating dosage in
patients. The most important renal variable in drug elimination is
glomerular filtration rate (GFR), and creatinine clearance (CL,,) is a
convenient approximation of GFR. CL,, can be measured directly,
but this requires careful measurement of both serum creatinine con-
centration and a timed total urine creatinine. A common shortcut
that requires only the serum (or plasma) creatinine measurement
(S.,) is the use of an equation. One such equation in common use
is the Cockeroft-Gault equation:

(140 — Age) x body weight (kg)
72 XS,

CL, (mL/min) =

The result is multiplied by 0.85 for females. A similar equation
for GFR is the MDRD equation:
GFR (mL/min/1.73 m? body surface area)

_ 175 x(0.742 if female)x(1.212 if African American) (9)
51;154 ><Age°‘2°3

QUESTIONS

Questions 1-2. Mr Jones is admitted to the hospital with cough,
shortness of breath, and fever. History, physical examination, and
culture of the sputum lead to a diagnosis of pneumonia due to
gram-negative bacteria. The antibiotic tobramycin is ordered. The
clearance and V of tobramycin in Mr Jones are 80 mL/min and
40 L, respectively.

1. What maintenance dose should be administered intrave-
nously every 6 h to eventually obtain average steady-state
plasma concentrations of 4 mg/L?

(A) 0.32 mg
(B) 19.2 mg
(C) 115 mg
(D) 160 mg
(E) 230 mg

2. If you wish to give Mr Jones an intravenous loading dose
to achieve the therapeutic plasma concentration of 4 mg/L
rapidly, how much should be given?

(A) 0.1 mg

(B) 10 mg

(C) 115.2 mg

(D) 160 mg

(E) None of the above

3. Verapamil and phenytoin are both eliminated from the
body by metabolism in the liver. Verapamil has a clear-
ance of 1.5 L/min, approximately equal to liver blood flow,
whereas phenytoin has a clearance of 0.1 L/min. When these
compounds are administered along with rifampin, a drug
that markedly increases hepatic drug-metabolizing enzymes,
which of the following is most likely?

(A) The half-lives of both verapamil and phenytoin will be
markedly increased

(B) The clearance of both verapamil and phenytoin will be
markedly decreased

(C) The clearance of verapamil will be unchanged, whereas
the clearance of phenytoin will be increased

(D) The half-life of phenytoin will be unchanged, whereas
the half-life of verapamil will be increased

(E) The clearance of both drugs will be unchanged



4. A 50-year-old woman with metastatic breast cancer has

elected to participate in the trial of a new chemotherapeutic
agent. It is given by constant intravenous infusion of 8 mg/h.
Plasma concentrations (Cp) are measured with the results
shown in the following table.

Time After Start Plasma Concentration
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7. Your patient has been receiving lidocaine for 8 h, and the

arthythmia is suppressed. However, there are some signs of
toxicity. You decide to obtain a plasma concentration mea-
surement. When the results come back, the plasma level is
exactly twice what you expected. How should the infusion
rate be modified?

(A) Changed to 0.48 mg/min

of Infusion (h) (mg/L) (B) Changed to 0.96 mg/mln
(C) Halted for 1.4 h and then restarted at 0.96 mg/min
1 0.8 (D) Halted for 1.4 h and then restarted at 1.92 mg/min
5 '3 (E) No change but the plasma level should be measured again
8. A 63-year-old woman in the intensive care unit requires an
4 22 infusion of procainamide. Its half-life is 2 h. The infusion is
8 30 begun at 9 AM. At 1 PM on the same day, a blood sample is
taken; the drug concentration is found to be 3 mg/L. What
10 36 is the probable steady-state drug concentration, for example,
after 12 or more hours of infusion?
16 3.7 (A) 3 mg/L
(B) 4 mg/L
20 3.84 © 6 mi/L
25 3.95 (D) 9.9 mg/L
(E) 15 mg/L
30 4.0
9. A 30-year-old man is brought to the emergency department
40 40 in a deep coma. Respiration is severely depressed and he has

What conclusion can be drawn from these data?
(A) Volume of distribution is 30 L
(B) Clearance is 2 L/h

pinpoint pupils. His friends state that he self-administered a
large dose of morphine 6 h earlier. An immediate blood analy-
sis shows a morphine blood level of 0.25 mg/L. Assuming that
the V4 of morphine in this patient is 200 L and the half-life is
3 h, how much morphine did the patient inject 6 h earlier?

(C) Elimination follows zero-order kinetics (A) 25 mg

(D) Half-life is 8 h (B) 50 mg

(E) Doubling the rate of infusion would result in a plasma (C) 100 mg
concentration of 16 mg/L at 40 h (D) 200 mg

. You are the only physician in a clinic that is cut off from the
outside world by violent storms and flooding. A 19-year-old
woman is brought to the clinic with severe asthmatic wheez-
ing. Because of the lack of other drugs, you decide to use
intravenous theophylline for treatment. The pharmacokinetics
of theophylline include the following average parameters: V4
35 L; CL 48 mL/min; half-life 8 h. If an intravenous infu-
sion of theophylline is started at a rate of 0.48 mg/min, how
long would it take to reach 93.75% of the final steady-state
concentration?

(A) Approximately 48 min

(B) Approximately 7.4 h

(C) Approximately 8 h

(D) Approximately 24 h

(E) Approximately 32 h

10.

(E) Not enough data to predict

Gentamicin, an aminoglycoside antibiotic, is sometimes given
in intermittent intravenous bolus doses of 100 mg 3 times a day
to achieve target peak plasma concentrations of about 5 mg/L.
Gentamicin’s clearance (normally 5.4 L/h/70 kg) is almost
entirely by glomerular filtradon. Your patient, however, is
found to have a creatinine clearance one third of normal. What
should your modified dosage regimen for this patient be?

(A) 20 mg 3 times a day

(B) 33 mg 3 times a day

(C) 72 mg 3 times a day

(D) 100 mg 2 times a day

(E) 150 mg 2 times a day

ANSWERS

1. Maintenance dosage is a function of the target steady-state
plasma level, bioavailability, and clearance only:

6-7. A 74-year-old retired mechanic is admitted with a myocar-
dial infarction and a severe acute cardiac arrhythmia. You decide
to give lidocaine to correct the arrhythmia.

6. A continuous intravenous infusion of lidocaine, 1.92 mg/min,
is started at 8 AM. The average pharmacokinetic parameters of
lidocaine are: V4 77 L; clearance 640 mL/min; half-life 1.4 h.

Rate in = Rate out at steady state

Plasma IevelSS x Clearance

What is the expected steady-state plasma concentration? Dosage = - ——
(A) 40 mg/L Bioavailability
(B) 3.0 mg/L )
(C) 0.025 mg/L _ 4 mg/L x 0.08 L/min
(D) 7.2 mg/L 1.0

(E) 3.46 mg/L

0.32 mg/min
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The arithmetic is correct to this point, so you might put down
“A” as the answer. Do not fall into this trap! Note that the
drug is to be given at 6-h intervals:

= 0.32 mg/min X 60 min/h x 6 h

=115.2 mg/dose every 6 h

The answer is C.

. Loading dose is a function of V4 and target plasma concentration:

V, x Target concentration
Loading dose = —¢ 9

Bioavailability
Loading dose = w =160 mg

The answer is D.

Verapamil is metabolized so readily that only the rate of
delivery to the liver regulates its disappearance; that is, its
elimination is blood flow-limited, not metabolism-limited.
Therefore, further increases in liver enzymes could not
increase its elimination. However, the rate of elimination of
phenytoin is limited by its rate of metabolism since clearance
is much less than hepatic blood flow. Therefore, the clearance
of phenytoin can rise if some other agent causes an increase in
liver enzymes. The answer is C.

By inspection of the data in the table, it is clear that the
steady-state plasma concentration is approximately 4 mg/L.
According to the table, 50% of this concentration was
reached after 4 h of infusion. According to the constant infu-
sion principle (Figure 3-3), 1 half-life is required to reach
one-half of the final concentration; therefore, the half-life of
the drug is 4 h. Rearranging the equation for maintenance
dosing (dosing rate = CL x Cp), it can be determined that the
clearance (CL) = dosing rate/plasma concentration (Cp), or
2 L/h. The volume of distribution (V) can be calculated from
the half-life equation (#, = 0.693 X V4/CL) and is equal to
11.5 L. This drug follows first-order kinetics, as indicated by
the progressive approach to the steady-state plasma concentra-
tion. The answer is B.

The approach of the drug plasma concentration to steady-
state concentration during continuous infusion follows a
stereotypical curve (Figure 3-3) that rises rapidly at first and
gradually reaches a plateau. It reaches 50% of steady state at
1 half-life, 75% at 2 half-lives, 87.5% at 3, 93.75% at 4, and
progressively halves the difference between its current level
and 100% of steady state with each half-life. The answer is E,
32 h, or 4 half-lives.

The drug is being administered continuously and the steady-
state concentration (Cp,) for a continuously administered
drug is given by the equation in question 1. Thus,

Dosage = Plasma level . x Clearance

1.92 mg/min = Cp_ x CL

10.

Rearranging:
1.92 mg/min
. =g
_1.92 mg/min
Py = 640 mL/min
Cp,, = 0.003 mg/mL or3 mg/L

The answer is B.

. If the half-life is 1.4 h, the plasma concentration should

approach steady state after 8 h (more than 4 half-lives). As
indicated in question 9, the steady-state concentration is a
function of dosage and clearance, not V. If the plasma level
is twice that predicted, the clearance in this patient must be
half the average value. To reduce the risk of toxicity, the infu-
sion should be halted until the concentration diminishes (1
half-life) and then restarted at half of the previous rate. The

answer is C.

. According to the curve that relates plasma concentration to

infusion time (Figure 3-3), a drug reaches 50% of its final
steady-state concentration in 1 half-life, 75% in 2 half-lives,
etc. From 9 AM to 1 PM is 4 h, or 2 half-lives. Therefore, the
measured concentration at 1 PM is 75% of the steady-state
value (0.75 X Cp,). The steady-state concentration is 3 mg/L
divided by 0.75, or 4 mg/L. The answer is B.

. According to the curve that relates the decline of plasma con-

centration to time as the drug is eliminated (Figure 3-3), the
plasma concentration of morphine was 4 times higher imme-
diately after administration than at the time of the measure-
ment, which occurred 6 h, or 2 half-lives, later. Therefore, the
initial plasma concentration was 1 mg/L. Since the amount in
the body at any time is equal to V4 X plasma concentration
(text Equation 1), the amount injected was 200 L X 1 mg/L,
or 200 mg. The answer is D.

If the drug is cleared almost entirely by the kidney and creati-
nine clearance is reduced to one third of normal, the total daily
dose should also be reduced to one third. The answer is B.

SKILL KEEPER 1 ANSWER: ZERO-ORDER

ELIMINATION (SEE CHAPTER 1)

The 3 important drugs that follow zero-order rather than
first-order kinetics are ethanol, aspirin, and phenytoin.

SKILL KEEPER 2 ANSWER: FIRST-PASS

EFFECT (SEE CHAPTER 1)

The oral route of administration entails passage of the drug
through the gastric and intestinal contents, the epithelium and
other tissues of the intestinal wall, the portal blood, and the
liver before it enters the systemic circulation for distribution to
the body. Metabolism by enzymes in any of these tissues,
expulsion by drug transporters, and excretion into the bile all
may contribute to the first-pass effect of oral administration.
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CHECKLIST

When you complete this chapter, you should be able to:

1 Estimate clearance and volume of distribution from a table or graph of plasma
concentrations of a drug over time following a single known dose.

0 Estimate the half-life of a drug based on its clearance and volume of distribution or
from a graph of its plasma concentration over time.

0 Calculate loading and maintenance dosage regimens for oral or intravenous
administration of a drug when given the following information: minimum therapeutic
concentration, oral bioavailability, clearance, and volume of distribution.

0 Calculate the dosage adjustment required for a patient with impaired renal function.

CHAPTER 3 Summary Table

Major Concept Description

Loading dose The dose required to achieve a specific plasma drug concentration level (Cp) with a single administration.
Because this requires filling the volume of distribution (Vy), the calculation uses the volume of distribution (V)
equation as:

Loading dose = C,(target) x V; has units of mg

Maintenance dose The dose required for regular administration to maintain a target plasma level. Because this requires restoring
the amount of drug lost to elimination (clearance, CL), the calculation uses the clearance equation as:

Maintenance dose = C(target) x CL; has units of mg per time

Half-life The half-life concept is useful in predicting the time course of falling drug levels after administration is stopped,
and in predicting the time course of increase in drug level when repeated administration is
begun—see Figure 3-3

Therapeutic window The therapeutic window is much more useful as a clinical measure of drug safety and as a guide to dosage than
the older therapeutic index. The classic therapeutic index, T, determined from animal measures of
therapeutically effective dosage and lethal dosage, is inapplicable to human therapeutics, whereas the
minimum therapeutic dosage and the minimum toxic dosage is readily determined in clinical trials
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Drug Metabolism

All organisms are exposed to foreign chemical compounds
(xenobiotics) in the air, water, and food. To ensure elimina-
tion of pharmacologically active xenobiotics as well as to

C HA P T E R

terminate the action of many endogenous substances, evolution
has provided metabolic pathways that alter their activity and
their susceptibility to excretion.

Drug Metabolism

I |
Inhibition

Phase | Phase Il Genetic Induction
reactions reactions factors of drug of drug
metabolism metabolism

THE NEED FOR DRUG METABOLISM

Many cells that act as portals for entry of external molecules
into the body (eg, pulmonary epithelium, intestinal epithelium)
contain transporter molecules (MDR family [P-glycoproteins],
MRP family, others) that expel unwanted molecules immediately
after absorption. However, some foreign molecules evade these
gatekeepers and are absorbed. Therefore, all higher organisms,
especially terrestrial animals, require mechanisms for ridding them-
selves of toxic foreign molecules after they are absorbed, as well as

mechanisms for excreting undesirable substances produced within
the body. Biotransformation of drugs is one such process. It is an
important mechanism by which the body terminates the action
of many drugs. In some cases, it serves to activate prodrugs. Most
drugs are relatively lipid soluble as given, a characteristic needed
for absorption across membranes. The same property would result
in very slow removal from the body because the unchanged
molecule would also be readily reabsorbed from the urine in the
renal tubule. The body hastens excretion by transforming many
drugs to less lipid-soluble, less readily reabsorbed forms.

High-Yield Terms to Learn

Phase | reactions Reactions that convert the parent drug to a more polar (water-soluble) or more reactive

product by unmasking or inserting a polar functional group such as —OH, —SH, or —NH,

Phase Il reactions Reactions that increase water solubility by conjugation of the drug molecule with a polar

moiety such as glucuronate, acetate, or sulfate

CYP isozymes Cytochrome P450 enzyme species (eg, CYP2D and CYP3A4) that are responsible for much of

drug metabolism. Many isoforms of CYP have been recognized

Enzyme induction Stimulation of drug-metabolizing capacity; usually manifested in the liver by increased synthe-

sis of smooth endoplasmic reticulum (which contains high concentrations of phase | enzymes)

P-glycoprotein, MDR-1 An ATP-dependent transport molecule found in many epithelial and cancer cells. The
transporter expels drug molecules from the cytoplasm into the extracellular space.

In epithelial cells, expulsion is via the external or luminal face

33
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TABLE 4-1 Examples of phase | drug-metabolizing reactions.

Reaction Type

Typical Drug Substrates

Oxidations, P450 dependent
Hydroxylation
N-dealkylation
O-dealkylation
N-oxidation
S-oxidation
Deamination

Oxidations, P450 independent
Amine oxidation
Dehydrogenation

Reductions

Hydrolyses
Esters

Amides

TYPES OF METABOLIC REACTIONS

A. Phase |l Reactions

Phase I reactions include oxidation (especially by the cyto-
chrome P450 group of enzymes, also called mixed-function
oxidases), reduction, deamination, and hydrolysis. Examples are
listed in Table 4-1. These enzymes are found in high concentra-
tions in the smooth endoplasmic reticulum of the liver. They
are not highly selective in their substrates, so a relatively small
number of P450 isoforms are able to metabolize thousands of
drugs. Of the drugs metabolized by phase I cytochrome P450s,
approximately 75% are metabolized by just two: CYP3A4 or
CYP2D6. Nevertheless, some selectivity can be detected, and

Codeine

Amphetamines, barbiturates, phenytoin, warfarin

Caffeine, morphine, theophylline

Acetaminophen, nicotine
Chlorpromazine, cimetidine, thioridazine

Amphetamine, diazepam

Epinephrine
Chloral hydrate, ethanol

Chloramphenicol, clonazepam, dantrolene, naloxone

Aspirin, clofibrate, procaine, succinylcholine

Indomethacin, lidocaine, procainamide

optical enantiomers, in particular, are often metabolized at dif-
ferent rates.

B. Phase Il Reactions

Phase II reactions are synthetic reactions that involve addition
(conjugation) of subgroups to —OH, —NH,, and —SH functions
on the drug molecule. The subgroups that are added include gluc-
uronate, acetate, glutathione, glycine, sulfate, and methyl groups.
Most of these groups are relatively polar and make the product less
lipid-soluble than the original drug molecule. Examples of phase II
reactions are listed in Table 4-2. Like phase I enzymes, phase II
enzymes are not very selective. Drugs that are metabolized by both
routes may undergo phase II metabolism before or after phase I.

TABLE 4-2 Examples of phase Il drug-metabolizing reactions.

Reaction Type

Typical Drug Substrates

Glucuronidation
Acetylation

Glutathione conjugation
Glycine conjugation
Sulfation

Methylation

Acetaminophen, diazepam, digoxin, morphine, sulfamethiazole
Clonazepam, dapsone, isoniazid, mescaline, sulfonamides
Ethacrynic acid, reactive phase | metabolite of acetaminophen
Deoxycholic acid, nicotinic acid (niacin), salicylic acid
Acetaminophen, methyldopa

Dopamine, epinephrine, histamine, norepinephrine, thiouracil

Adapted, with permission, from Katzung BG, editor: Basic & Clinical Pharmacology, 12th ed. McGraw-Hill, 2012.



SITES OF DRUG METABOLISM

The most important organ for drug metabolism is the liver. The
kidneys play an important role in the metabolism of some drugs. A
few drugs (eg, esters) are metabolized in many tissues (eg, liver, blood,
intestinal wall) because of the wide distribution of their enzymes.

DETERMINANTS OF
BIOTRANSFORMATION RATE

The rate of biotransformation of a drug may vary markedly among
different individuals. This variation is most often due to genetic or
drug-induced differences. For a few drugs, age or disease-related
differences in drug metabolism are significant. In humans, gender
is important for only a few drugs. (First-pass metabolism of ethanol
is greater in men than in women.) On the other hand, a variety of
drugs may induce or inhibit drug-metabolizing enzymes to a very
significant extent. Smoking is a common cause of enzyme induc-
tion in the liver and lung and may increase the metabolism of some
drugs. Because the rate of biotransformation is often the primary
determinant of clearance, variations in drug metabolism must be
considered carefully when designing or modifying a dosage regimen.

A. Genetic Factors

Because recent advances in genomic techniques are making it
possible to screen for a huge variety of polymorphisms, it is
expected that pharmacogenomics will become an important part
of patient evaluation in the future, influencing both drug choice
and drug dosing. Several drug-metabolizing systems have already
been shown to differ among families or populations in genetically
determined ways. However, screening for these variants has not
yet become common.

1. Hydrolysis of esters—Succinylcholine is an ester that
is metabolized in a phase I reaction by plasma cholinesterase
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(“pseudocholinesterase” or butyrylcholinesterase). In most per-
sons, this process occurs very rapidly, and a single dose of this
neuromuscular-blocking drug has a duration of action of about
5 min. Approximately 1 person in 2500 has an abnormal form
of this enzyme that metabolizes succinylcholine and similar esters
much more slowly. In such persons, the neuromuscular paralysis
produced by a single dose of succinylcholine may last many hours.

2. Acetylation of amines—Isoniazid and some other amines
such as hydralazine and procainamide are metabolized in a
phase II reaction by N-acetylation. People who are deficient in
acetylation capacity, termed slow acetylators, may have prolonged
or toxic responses to normal doses of these drugs. Slow acetylators
constitute about 50% of white and African American persons in
the United States and a much smaller percentage of Asian and
Inuit (Eskimo) populations. The slow acetylation trait is inherited
as an autosomal recessive gene.

3. Oxidation—The rate of phase I oxidation of debrisoquin,
sparteine, phenformin, dextromethorphan, certain beta blockers,
and some tricyclic antidepressants by certain P450 isozymes has
been shown to be genetically determined.

B. Effects of Other Drugs

Coadministration of certain agents may alter the disposition of
many drugs. Mechanisms include the following:

1. Enzyme induction—Induction (increased rate and extent
of metabolism) usually results from increased synthesis of cyto-
chrome P450-dependent drug-oxidizing enzymes in the liver as
well as the cofactor, heme. Several cytoplasmic drug receptors
have been identified that result in activation of the genes for P450
isoforms. Many isozymes of the P450 family exist, and inducers
selectively increase subgroups of isozymes. Common inducers of a
few of these isozymes and the drugs whose metabolism is increased
are listed in Table 4-3. Several days are usually required to reach

TABLE 4-3 A partial list of drugs that significantly induce P450-mediated drug metabolism in humans.

CYP Family

Induced Important Inducers Drugs Whose Metabolism Is Induced

1A2 Benzo[a]pyrene (from tobacco smoke), carbamazepine, Acetaminophen, clozapine, haloperidol, theophylline, tricyclic
phenobarbital, rifampin, omeprazole antidepressants, (R)-warfarin

2C9 Barbiturates, especially phenobarbital, phenytoin, Barbiturates, celecoxib, chloramphenicol, doxorubicin, ibuprofen,
primidone, rifampin phenytoin, chlorpromazine, steroids, tolbutamide, (S)-warfarin

2C19 Carbamazepine, phenobarbital, phenytoin, rifampin Diazepam, phenytoin, topiramate, tricyclic antidepressants, (R)-warfarin

2E1 Ethanol, isoniazid Acetaminophen, enflurane, ethanol (minor), halothane

3A4 Barbiturates, carbamazepine, corticosteroids, Antiarrhythmics, antidepressants, azole antifungals, benzodiazepines,

efavirenz, phenytoin, rifampin, pioglitazone,
St. John's wort

SSRIs, selective serotonin reuptake inhibitors.

calcium channel blockers, cyclosporine, delavirdine, doxorubicin, efavirenz,
erythromycin, estrogens, HIV protease inhibitors, nefazodone, paclitaxel,
proton pump inhibitors, HMG-CoA reductase inhibitors, rifabutin, rifampin,
sildenafil, SSRIs, tamoxifen, trazodone, vinca alkaloids
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TABLE 4-4 A partial list of drugs that significantly inhibit P450-mediated drug metabolism in humans.

CYP Family

Inhibited Inhibitors Drugs Whose Metabolism Is Inhibited

1A2 Cimetidine, fluoroquinolones, grapefruit juice, Acetaminophen, clozapine, haloperidol, theophylline, tricyclic
macrolides, isoniazid, zileuton antidepressants, (R)-warfarin

2C9 Amiodarone, chloramphenicol, cimetidine, isoniazid, Barbiturates, celecoxib, chloramphenicol, doxorubicin, ibuprofen, phenytoin,
metronidazole, SSRIs, zafirlukast chlorpromazine, steroids, tolbutamide, (S)-warfarin

2C19 Fluconazole, omeprazole, SSRIs Diazepam, phenytoin, topiramate, (R)-warfarin

2D6 Amiodarone, cimetidine, quinidine, SSRIs Antiarrhythmics, antidepressants, beta-blockers, clozapine, flecainide,

lidocaine, mexiletine, opioids
3A4 Amiodarone, azole antifungals, cimetidine, Antiarrhythmics, antidepressants, azole antifungals, benzodiazepines,

clarithromycin, cyclosporine, diltiazem,
erythromycin, fluoroquinolones, grapefruit juice,
HIV protease inhibitors, metronidazole, quinine,
SSRIs, tacrolimus

SSRIs, selective serotonin reuptake inhibitors.

maximum induction; a similar amount of time is required to
regress after withdrawal of the inducer. The most common strong
inducers of drug metabolism are carbamazepine, phenobarbital,
phenytoin, and rifampin.

2. Enzyme inhibition—A few common inhibitors and the
drugs whose metabolism is diminished are listed in Table 4—4.
The inhibitors of drug metabolism most likely to be involved
in serious drug interactions are amiodarone, cimetidine, fura-
nocoumarins present in grapefruit juice, azole antifungals,
and the HIV protease inhibitor ritonavir. Suicide inhibitors
are drugs that are metabolized to products that irreversibly
inhibit the metabolizing enzyme. Such agents include ethinyl
estradiol, norethindrone, spironolactone, secobarbital, allopu-
rinol, fluroxene, and propylthiouracil. Metabolism may also be
decreased by pharmacodynamic factors such as a reduction in
blood flow to the metabolizing organ (eg, propranolol reduces

hepatic blood flow).

3. Inhibitors of intestinal P-glycoprotein—MDR-1, also
known as P-glycoprotein (P-gp), is an important modulator of
intestinal drug transport and usually functions to expel drugs
from the intestinal mucosa into the lumen, thus contributing
to presystemic elimination. (P-gp and other members of the
MDR family are also found in the blood-brain barrier and in
drug-resistant cancer cells.) Drugs that inhibit intestinal P-gp
mimic drug metabolism inhibitors by increasing bioavailability;
coadministration of P-gp inhibitors may result in toxic plasma
concentrations of drugs given at normally nontoxic dosage. P-gp
inhibitors include verapamil, mibefradil (a calcium channel
blocker no longer on the market), and furanocoumarin com-
ponents of grapefruit juice. Important drugs that are normally
expelled by P-gp (and are therefore potentially more toxic when
given with a P-gp inhibitor) include digoxin, cyclosporine, and
saquinavir.

calcium channel blockers, cyclosporine, delavirdine, doxorubicin, efavirenz,
erythromycin, estrogens, HIV protease inhibitors, nefazodone, paclitaxel,
proton pump inhibitors, HMG-CoA reductase inhibitors, rifabutin, rifampin,
sildenafil, SSRIs, tamoxifen, trazodone, vinca alkaloids

TOXIC METABOLISM

Drug metabolism is not synonymous with drug inactivation. Some
drugs are converted to active products by metabolism. If these
products are toxic, severe injury may result under some circum-
stances. An important example is acetaminophen when taken in large
overdoses (Figure 4—1). Acetaminophen is conjugated to harmless
glucuronide and sulfate metabolites when it is taken in recom-
mended doses by patients with normal liver function. If a large

(Phase I1)
Ac-glucuronide - Ac

(Phase I1)
> Ac-sulfate

Cytochrome P450

P450
. D
induction (Phase |)

Reactive electrophilic
compound
(Ac¥)
- GSH Cell macromolecules
et R (protein)

Gs-Ac*  Ac*-protein

{ \

Ac-mercapturate  Hepatic cell death

FIGURE 4-1 Metabolism of acetaminophen (Ac) to harmless
conjugates or to toxic metabolites. Acetaminophen glucuronide,
acetaminophen sulfate, and the mercapturate conjugate of
acetaminophen all are nontoxic phase Il conjugates. Ac” is the

toxic, reactive phase | metabolite. Transformation to the reactive
metabolite occurs when hepatic stores of sulfate, glucuronide, and
glutathione (GSH, Gs) are depleted or overwhelmed or when phase |
enzymes have been induced.



overdose is taken, however, the phase IT metabolic pathways are
overwhelmed, and a P450-dependent system converts some of the
drug to a reactive intermediate (NV-acetyl-p-benzoquinoneimine).
This intermediate is conjugated with glutathione to a third harm-
less product if glutathione stores are adequate. If glutathione
stores are exhausted, however, the reactive intermediate combines
with sulfhydryl groups on essential hepatic cell proteins, resulting
in cell death. Prompt administration of other sulthydryl donors
(eg, acetylcysteine) may be life-saving after an overdose. In severe
liver disease, stores of glucuronide, sulfate, and glutathione may
be depleted, making the patient more susceptible to hepatic toxic-
ity with near-normal doses of acetaminophen. Enzyme inducers
(eg, ethanol) may increase acetaminophen toxicity because they
increase phase I metabolism more than phase II metabolism, thus
resulting in increased production of the reactive metabolite.

QUESTIONS

1-2. You are planning to treat asthma in a 19-year-old patient
with recurrent, episodic attacks of bronchospasm with wheezing.
You are concerned about drug interactions caused by changes in
drug metabolism in this patient.

1. Drug metabolism in humans usually results in a product that is
(A) Less lipid soluble than the original drug
(B) More likely to distribute intracellularly
(C) More likely to be reabsorbed by kidney tubules
(D) More lipid soluble than the original drug
(E) Less water soluble than the original drug

2. If therapy with multiple drugs causes induction of drug
metabolism in your asthma patient, it will
(A) Be associated with increased smooth endoplasmic reticulum
(B) Be associated with increased rough endoplasmic reticulum
(C) Be associated with decreased enzymes in the soluble cyto-

plasmic fraction

(D) Require 3—4 months to reach completion
(E) Be irreversible

3. Which of the following factors is likely to increase the duration
of action of a drug that is metabolized by CYP3A4 in the
liver?

(A) Chronic administration of phenobarbital before and
during therapy with the drug in question

(B) Chronic therapy with cimetidine

(C) Displacement from tissue-binding sites by another drug

(D) Increased cardiac output

(E) Chronic administration of rifampin

4. Reports of cardiac arrhythmias caused by unusually high
blood levels of 2 antihistamines, terfenadine and astemizole,
led to their removal from the market. Which of the following
best explains these effects?

(A) Concomitant treatment with phenobarbital

(B) Use of these drugs by smokers

(C) A genetic predisposition to metabolize succinylcholine
slowly

(D) Treatment of these patients with ketoconazole, an azole
antifungal agent
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5. Which of the following drugs is genetically associated with
slower metabolism in European Americans and African
Americans than in most Asians?

(A) Cimetidine
(B) Hydralazine
(C) Propranolol
(D) Rifampin

(E) Succinylcholine

6. Which of the following drugs may inhibit the hepatic micro-
somal P450 responsible for warfarin metabolism?
(A) Amiodarone
(B) Ethanol
(C) Phenobarbital
(D) Procainamide

(E) Rifampin

7. Which of the following drugs, if used chronically, is most
likely to increase the toxicity of acetaminophen?
(A) Cimetidine
(B) Ethanol
(C) Ketoconazole
(D) Procainamide
(E) Quinidine
(F) Ritonavir
(G) Succinylcholine
(H) Verapamil

8. Which of the following drugs has higher first-pass metabolism
in men than in women?
(A) Cimetidine
(B) Ethanol
(C) Ketoconazole
(D) Procainamide
(E) Quinidine
(F) Ritonavir
(G) Succinylcholine
(H) Verapamil

9. Which of the following drugs is an established inhibitor of
P-glycoprotein (P-gp) drug transporters?
(A) Cimetidine
(B) Ethanol
(C) Ketoconazole
(D) Procainamide
(E) Quinidine
(F) Ritonavir
(G) Succinylcholine
(H) Verapamil

10. Which of the following agents, when used in combination
with other anti-HIV drugs, permits dose reductions?
(A) Cimetidine
(B) Efavirenz
(C) Ketoconazole
(D) Procainamide
(E) Quinidine
(F) Ritonavir
(G) Succinylcholine
(H) Verapamil



38

PART I Basic Principles

ANSWERS

1.

Biotransformation usually results in a product that is lss lipid-
soluble. This facilitates elimination of drugs that would other-
wise be reabsorbed from the renal tubule. The answer is A.

. The smooth endoplasmic reticulum, which contains the

mixed-function oxidase drug-metabolizing enzymes, is selec-
tively increased by inducers. The answer is A.

. Phenobarbital and rifampin can induce drug-metabolizing

enzymes and thereby may reduce the duration of drug action.
Displacement of drug from tissue may transiently increase the
intensity of the effect but decreases the volume of distribu-
tion. Cimetidine is recognized as an inhibitor of P450 and
may also decrease hepatic blood flow under some circum-
stances. The answer is B.

. Treatment with phenobarbital and smoking are associated with

increased drug metabolism and lower, not higher, blood levels.
Ketoconazole, itraconazole, erythromycin, and some substances
in grapefruit juice slow the metabolism of certain older non-
sedating antihistamines (Chapter 16). The answer is D.

. Hydralazine, like procainamide and isoniazid, is metabolized

by N-acetylation, an enzymatic process that is slow in about
20% of Asians and in about 50% of European Americans and
African Americans. The answer is B.

10.

. Amiodarone is an important antiarrhythmic drug and has a

well-documented ability to inhibit the hepatic metabolism of
many drugs. The answer is A.

. Acetaminophen is normally eliminated by phase II conjugation

reactions. The drug’s toxicity is caused by an oxidized reac-
tive metabolite produced by phase I oxidizing P450 enzymes.
Ethanol (and certain other drugs) induces P450 enzymes and
thus reduces the hepatotoxic dose. Alcoholic cirrhosis reduces
the hepatotoxic dose even more. The answer is B.

. Ethanol is subject to metabolism in the stomach as well as

in the liver. Independent of body weight and other factors,
men have greater gastric ethanol metabolism and thus a lower
ethanol bioavailability than women. The answer is B.

. Verapamil is an inhibitor of P-glycoprotein drug transporters

and has been used to enhance the cytotoxic actions of metho-
trexate in cancer chemotherapy. The answer is H.

Ritonavir inhibits hepatic drug metabolism, and its use at low
doses in combination regimens has permitted dose reductions
of other HIV protease inhibitors (eg, indinavir). The answer
is F.

CHECKLIST

When you complete this chapter, you should be able to:

0 List the major phase | and phase Il metabolic reactions.

U Describe the mechanism of hepatic enzyme induction and list 3 drugs that are known

to cause it.
0 List 3 drugs that inhibit the metabolism of other drugs.

0 List 3 drugs for which there are well-defined, genetically determined differences in

metabolism.

[ Describe some of the effects of smoking, liver disease, and kidney disease on drug

elimination.

0 Describe the pathways by which acetaminophen is metabolized (1) to harmless
products if normal doses are taken and (2) to hepatotoxic products if an overdose

is taken.
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CHAPTER 4 Summary Table

Major Concept Description
Drug metabolism vs drug Termination of drug action requires either removal of the drug from the body (excretion) or modification of
elimination the drug molecule (metabolism) so that it no longer has an effect. Both methods constitute drug

elimination, and both are very important in the clinical use of drugs. Almost all drugs (or their metabolites)
are eventually excreted, but for many, excretion occurs only some time after they have been metabolized
to inactive products

Induction and inhibition of A large number of drugs alter their own metabolism and the metabolism of other drugs either by

drug metabolism inducing the synthesis of larger amounts of the metabolizing enzymes (usually P450 enzymes in the liver)
or by inhibiting those enzymes. Some drugs both inhibit (acutely) and induce (with chronic administration)
drug metabolism

Pharmacogenomic variation in Genetic variations in drug metabolism undoubtedly occur for many drugs. Specific differences have been
drug metabolism defined for (1) succinylcholine and similar esters, (2) procainamide and similar amines, and (3) a
miscellaneous group that includes [ blockers, antidepressants, and others

Toxic metabolism Some substances are metabolized to toxic molecules by drug-metabolizing enzymes. Important examples
include methyl alcohol, ethylene glycol, and, at high doses or in the presence of liver disease,
acetaminophen. See Figure 4-1 and Chapter 23
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Drug Evaluation
& Regulation

The sale and use of drugs are regulated in almost all countries by
governmental agencies. In the United States, regulation is by the
Food and Drug Administration (FDA). New drugs are devel-
oped in industrial or academic laboratories. Before a new drug
can be approved for regular therapeutic use in humans, a series
of animal and experimental human studies must be carried out.

New drugs may emerge from a variety of sources. Some
are the result of identification of a new target for a disease.

C HA P T E R

Rational molecular design or screening is then used to find
a molecule that selectively alters the function of the target.
New drugs may result from the screening of hundreds of com-
pounds against model diseases in animals. In contrast, many
(so-called “me-too” drugs) are the result of simple chemical
alteration of the pharmacokinetic properties of the original,
prototype agent.

Drug Evaluation and Regulation

I I

Safety, Animal
efficacy testing

SAFETY & EFFICACY

Clinical Patents,
trials generics,
legislation,
orphan
drugs

ANIMAL TESTING

Because society expects prescription drugs to be safe and effec-
tive, governments regulate the development and marketing of
new drugs. Current regulations require evidence of relative safety
(derived from acute and subacute toxicity testing in animals) and
probable therapeutic action (from the pharmacologic profile in
animals) before human testing is permitted. Some information
about the pharmacokinetics of a compound is also required before
clinical evaluation is begun. Chronic toxicity test results are gener-
ally not required, but testing must be underway before human
studies are started. The development of a new drug and its path-
way through various levels of testing and regulation are illustrated
in Figure 5-1. The cost of development of a new drug, includ-
ing false starts and discarded molecules, is often several hundred
million dollars.

The animal testing that is required before human studies can
begin is a function of the proposed use and the urgency of the
application. Thus, a drug proposed for occasional nonsystemic
use requires less extensive testing than one destined for chronic
systemic administration.

Because of the urgent need for new agents, anticancer drugs and
anti-HIV drugs require less evidence of safety than do drugs used
in treatment of less threatening diseases. Urgently needed drugs are
often investigated and approved on an accelerated schedule.

A. Acute Toxicity

Acute toxicity studies are required for all new drugs. These studies
involve administration of incrementing doses of the agent up to
the lethal level in at least 2 species (eg, 1 rodent and 1 nonrodent).
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High-Yield Terms to Learn

Mutagenic

Carcinogenic
Teratogenic

Placebo

Single-blind study

Double-blind study

IND

NDA

Phases 1, 2, and 3 of
clinical trials

Positive control

Orphan drugs

An effect on the inheritable characteristics of a cell or organism—a mutation in the DNA; usually
tested in microorganisms with the Ames test

An effect of inducing malignant characteristics

An effect on the in utero development of an organism resulting in abnormal structure or function;
not generally heritable

An inactive “dummy” medication made up to resemble the active investigational formulation as
much as possible but lacking therapeutic effect

A clinical trial in which the investigators—but not the subjects—know which subjects are receiving
active drug and which are receiving placebos

A clinical trial in which neither the subjects nor the investigators know which subjects are receiving
placebos; the code is held by a third party

Investigational New Drug Exemption; an application for FDA approval to carry out new drug trials
in humans; requires animal data

New Drug Application; seeks FDA approval to market a new drug for ordinary clinical use. Requires
data from clinical trials as well as preclinical (animal) data

Three parts of a clinical trial that are usually carried out before submitting an NDA to the FDA

A known standard therapy, to be used along with placebo, to evaluate the superiority or inferiority
of a new drug in relation to the others available

Drugs developed for diseases in which the expected number of patients is small. Some
countries bestow certain commercial advantages on companies that develop drugs for
uncommon diseases

In vitro Animal P . .
studies testing Clinical testing Marketing
(Is it safe, .
Biologi Phase 1 bharmacokinetics?) (genencs
products 20-100 ; eq:)n;le
subjects (Does it available
Phase2  Workin
patients?)
Efficacy 100-200
Lead compound  selectivity patients Phase 3
mechanism (Does it work,
double blind?) Phase 4
1000-6000 (Postmarketing
! atients .
Chemical P surveillance)
synthesis
Drug metabolism, safety assessment
T I I T I
0 2 4 8-9 20
Years (average) IND NDA (Patent expires
(Investigational (New Drug 20 years after filing
New Drug) Application) of application)

FIGURE 5-1 The development and testing process required to bring a new drug to market in the United States. Some requirements may
be different for drugs used in life-threatening diseases. (Reproduced, with permission, from Katzung BG, editor: Basic & Clinical Pharmacology,
12th ed. McGraw-Hill, 2012: Fig. 5-1.)



B. Subacute and Chronic Toxicity

Subacute and chronic toxicity testing are required for most agents,
especially those intended for chronic use. Tests are usually con-
ducted for 2—4 weeks (subacute) and 6-24 months (chronic), in
at least 2 species.

TYPES OF ANIMAL TESTS

Tests done with animals usually include general screening tests
for pharmacologic effects, hepatic and renal function monitoring,
blood and urine tests, gross and histopathologic examination of
tissues, and tests of reproductive effects and carcinogenicity.

A. Pharmacologic Profile

The pharmacologic profile is a description of all the pharma-
cologic effects of a drug (eg, effects on cardiovascular function,
gastrointestinal activity, respiration, renal function, endocrine
function, CNS). Both graded and quantal dose-response data are
gathered.

B. Reproductive Toxicity

Reproductive toxicity testing involves the study of the fertility
effects of the candidate drug and its teratogenic and mutagenic
toxicity. The FDA uses a 5-level descriptive scale to summarize
information regarding the safety of drugs in pregnancy (Table 5-1).
Teratogenesis can be defined as the induction of developmental
defects in the somatic tissues of the fetus (eg, by exposure of
the fetus to a chemical, infection, or radiation). Teratogenesis
is studied by treating pregnant female animals of at least 2 spe-
cies at selected times during early pregnancy when organogenesis
is known to take place and by later examining the fetuses or

TABLE 5-1 FDA ratings of drug safety in pregnancy.
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neonates for abnormalities. Examples of drugs known to have
teratogenic effects include thalidomide, isotretinoin, valproic
acid, ethanol, glucocorticoids, warfarin, lithium, and androgens.
Mutagenesis is induction of changes in the genetic material of
animals of any age and therefore induction of heritable abnormali-
ties. The Ames test, the standard in vitro test for mutagenicity,
uses a special strain of salmonella bacteria that naturally depends
on specific nutrients in the culture medium. Loss of this depen-
dence as a result of exposure to the test drug signals a mutation.
Many carcinogens (eg, aflatoxin, cancer chemotherapeutic drugs,
and other agents that bind to DNA) have mutagenic effects and
test positive in the Ames test. The dominant lethal test is an
in vivo mutagenicity test carried out in mice. Male animals are
exposed to the test substance before mating. Abnormalities in
the results of subsequent mating (eg, loss of embryos, deformed
fetuses) signal a mutation in the male’s germ cells.

C. Carcinogenesis

Carcinogenesis is the induction of malignant characteristics in
cells. Carcinogenicity is difficult and expensive to study, and
the Ames test is often used to screen chemicals because there is
a moderately high degree of correlation between mutagenicity in
the Ames test and carcinogenicity in some animal tests, as previ-
ously noted. Agents with known carcinogenic effects include coal
tar, aflatoxin, dimethylnitrosamine and other nitrosamines, ure-
thane, vinyl chloride, and the polycyclic aromatic hydrocarbons in
tobacco smoke (eg, benzo[a]pyrene) and other tobacco products.

CLINICAL TRIALS

Human testing of new drugs in the United States requires
approval by institutional committees that monitor the ethical

Category Description

A Controlled studies in women fail to demonstrate a risk to the fetus in the first trimester (and there is no evidence of a risk in
later trimesters), and the possibility of fetal harm appears remote

B Either animal reproduction studies have not demonstrated a fetal risk but there are no controlled studies in pregnant women,
or animal reproduction studies have shown an adverse effect (other than a decrease in fertility) that was not confirmed in
controlled studies in women in the first trimester (and there is no evidence of a risk in later trimesters)

C Either studies in animals have revealed adverse effects on the fetus (teratogenic or embryocidal or other) and there are no
controlled studies in women, or studies in women and animals are not available. Drugs should be given only when the
potential benefit justifies the potential risk to the fetus

D There is positive evidence of human fetal risk, but the benefits from use in pregnant women may be acceptable despite the
risk (eg, if the drug is needed in a life-threatening situation or for a serious disease for which safer drugs cannot be used or
are ineffective)

X Studies in animals or human beings have demonstrated fetal abnormalities or there is evidence of fetal risk based on human

experience or both, and the risk of the use of the drug in pregnant women clearly outweighs any possible benefit. The drug is
contraindicated in women who are or may become pregnant
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(informed consent, patient safety) and scientific aspects (study
design, statistical power) of the proposed tests. Such testing also
requires the prior approval by the FDA of an Investigational
New Drug Exemption application (IND), which is submitted
by the manufacturer to the FDA (Figure 5-1). The IND includes
all the preclinical data collected up to the time of submission and
the detailed proposal for clinical trials. The major clinical testing
process is usually divided into 3 phases that are carried out to
provide information for a New Drug Application (NDA). The
NDA includes all the results of preclinical and clinical testing and
constitutes the request for FDA approval of general marketing of
the new agent for prescription use. A fourth phase of study (the
surveillance phase) follows NDA approval.

A. Phase 1

A phase 1 trial consists of careful evaluation of the dose-response
relationship and the pharmacokinetics of the new drug in a small
number of normal human volunteers (eg, 20-100). An excep-
tion is the phase 1 trials of cancer chemotherapeutic agents and
other highly toxic drugs; these are carried out by administering
the agents to volunteer patients with the target disease. In phase
1 studies, the acute effects of the agent are studied over a broad
range of dosages, starting with one that produces no detectable
effect and progressing to one that produces either a significant
physiologic response or a very minor toxic effect.

B. Phase 2

A phase 2 trial involves evaluation of a drug in a moderate number
of patients (eg, 100-200) with the target disease. A placebo or
positive control drug is included in a single-blind or double-blind
design. The study is carried out under very carefully controlled
conditions, and patients are closely monitored, often in a hospital
research ward. The goal is to determine whether the agent has
the desired efficacy (ie, produces adequate therapeutic response)
at doses that are tolerated by sick patients. Detailed data are col-
lected regarding the pharmacokinetics and pharmacodynamics of
the drug in this patient population.

C. Phase 3

A phase 3 trial usually involves many patients (eg, 1000-5000
or more, in many centers) and many clinicians who are using
the drug in the manner proposed for its ultimate general use (eg,
in outpatients). Such studies usually include placebo and posi-
tive controls in a double-blind crossover design. The goals are to
explore further, under the conditions of the proposed clinical use,
the spectrum of beneficial actions of the new drug, to compare it
with older therapies, and to discover toxicities, if any, that occur
so infrequently as to be undetectable in phase 2 studies. Very
large amounts of data are collected and these studies are usually
very expensive.

If the drug successfully completes phase 3, an NDA is submitted
to the FDA. If the NDA is approved, the drug can be marketed
and phase 4 begins.

D. Phase 4

Phase 4 represents the postmarketing surveillance phase of
evaluation, in which it is hoped that toxicities that occur very
infrequently will be detected and reported early enough to pre-
vent major therapeutic disasters. Manufacturers are required to
inform the FDA at regular intervals of all reported untoward drug
reactions. Unlike the first 3 phases, phase 4 has not been rigidly
regulated by the FDA in the past. Because so many drugs have
been found to be unacceptably toxic only after they have been
marketed, there is considerable current interest in making phase 4
surveillance more consistent, effective, and informative.

DRUG PATENTS & GENERIC DRUGS

A patent application is usually submitted around the time that
a new drug enters animal testing. In the United States, approval
of the patent and completion of the NDA approval process give
the originator the right to market the drug without competition
from other firms for a period of 20 years from the patent approval
date. After expiration of the patent, any company may apply to
the FDA for permission to market a generic version of the same
drug if they demonstrate that their generic drug molecule is bio-
equivalent (ie, meets certain requirements for content, purity,
and bioavailability) to the original product.

SKILL KEEPER: GRADED AND QUANTAL

DOSE-RESPONSE CURVES (SEE CHAPTER 2)

What type of dose-response curve is appropriate for the
determination of the therapeutic index of a new drug in mice?
What type of dose-response determination is needed for the
determination of the minimum effective dose and the
maximal efficacy of the drug in humans?

DRUG LEGISLATION

In the United States, many laws regulating drugs were passed
during the 20th century. Refer to Table 5-2 for a partial list of
this legislation.

ORPHAN DRUGS

An orphan drug is a drug for a rare disease (one affecting fewer
than 200,000 people in the United States). The study of such
agents has often been neglected because the sales of an effective
agent for an uncommon ailment might not pay the costs of devel-
opment. In the United States, current legislation provides for tax
relief and other incentives designed to encourage the development
of orphan drugs.
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TABLE 5-2 sSelected legislation pertaining to drugs in the United States.

Law Purpose and Effect

Pure Food and Drug Act of 1906 Prohibited mislabeling and adulteration of foods and drugs (but no requirement for efficacy or safety)
Harrison Narcotics Act of 1914 Established regulations for the use of opium, opioids, and cocaine (marijuana added in 1937)

Food, Drug, and Cosmetics Act of 1938 Required that new drugs be tested for safety as well as purity

Kefauver-Harris Amendment (1962) Required proof of efficacy as well as safety for new drugs

Dietary Supplement and Health Education Amended the Food, Drug, and Cosmetics act of 1938 to establish standards for dietary supplements but
Act (1994) prohibited the FDA from applying drug efficacy and safety standards to supplements

QUESTIONS

1. Which of the following statements is ost correct regarding

clinical trials of new drugs?

(A) Phase 1 involves the study of a small number of normal
volunteers by highly trained clinical pharmacologists

(B) Phase 2 involves the use of the new drug in a large number
of patients (1000-5000) who have the disease to be treated
under conditions of proposed use (eg, outpatients)

(C) Phase 3 involves the determination of the drug’s thera-
peutic index by the cautious induction of toxicity

(D) Phase 4 involves the detailed study of toxic effects that
have been discovered in phase 3

(E) Phase 2 requires the use of a positive control (a known
effective drug) and a placebo

2. Which of the following statements about animal testing of

potential new therapeutic agents is ost correct?

(A) Extends at least 3 years to discover late toxicities

(B) Requires at least 1 primate species (eg, rhesus monkey)

(C) Requires the submission of histopathologic slides and speci-
mens to the FDA for evaluation by government scientists

(D) Has good predictability for drug allergy-type reactions

(E) May be abbreviated in the case of some very toxic agents
used in cancer

3. The “dominant lethal” test involves the treatment of a male
adult animal with a chemical before mating; the pregnant
female is later examined for fetal death and abnormalities.
The dominant lethal test therefore is a test of
(A) Teratogenicity
(B) Mutagenicity
(C) Carcinogenicity
(D) Sperm viability

4. Which of the following would probably 7oz be included in an

optimal phase 3 clinical trial of a new analgesic drug for mild

ain?

I()A) A negative control (placebo)

(B) A positive control (current standard therapy)

(C) Double-blind protocol (in which neither the patient nor
immediate observers of the patient know which agent is
active)

(D) A group of 1000-5000 subjects with a clinical condition
requiring analgesia

(E) Prior submission of an NDA (new drug application) to
the FDA

. Which of the following statements about the testing of new

compounds for potential therapeutic use in the treatment of

hypertension is most correct?

(A) Animal tests cannot be used to predict the types of clini-
cal toxicities that may occur because there is no correla-
tion with human toxicity

(B) Human studies in normal individuals will be done before
the drug is used in individuals with hypertension

(C) The degree of risk must be assessed in at least 3 species of
animals, including 1 primate species

(D) The animal therapeutic index must be known before trial
of the agents in humans

. The Ames test is a method that detects

(A) Carcinogenesis in primates

(B) Carcinogenesis in rodents

(C) Mutagenesis in bacteria

(D) Teratogenesis in any mammalian species
(E) Teratogenesis in primates

. Which of the following statements about new drug develop-

ment is 7205t correct?

(A) The original manufacturer is protected from generic
competition for 20 years after patent approval

(B) Food supplements and herbal (botanical) remedies are
subject to the same FDA regulation as ordinary drugs

(C) All new drugs must be studied in at least 1 primate spe-
cies before NDA submission

(D) Orphan drugs are drugs that are no longer produced by
the original manufacturer

(E) Phase 4 (surveillance) is the most rigidly regulated phase
of clinical drug trials

ANSWERS

1. Except for known toxic drugs (eg, cancer chemotherapy

drugs), phase 1 is carried out in 25-50 normal volunteers.
Phase 2 is carried out in several hundred closely monitored
patients with the disease. The therapeutic index is rarely
determined in any clinical trial. Phase 4 is the general sur-
veillance phase that follows marketing of the new drug. It is
not targeted at specific effects. Positive controls and placebos
are not a rigid requirement of any phase of clinical trials,
although they are often used in phase 2 and phase 3 studies.
The answer is A.
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. Drugs proposed for short-term use may not require long-

term chronic testing. For some drugs, no primates are used;
for other agents, only 1 species is used. The data from the
tests, not the evidence itself, must be submitted to the FDA.
Prediction of human drug allergy from animal testing is useful
but not definitive (see answer 5). The answer is E.

. The description of the test indicates that a chromosomal

change (passed from father to fetus) is the toxicity detected.
This is a mutation. The answer is B.

. The first 4 items (A-D) are correct; they would be included.

An NDA cannot be acted upon until the first 3 phases of clin-
ical trials have been completed. (The IND must be approved

before clinical trials can be conducted.) The answer is E.

. Animal tests in a single species do not always predict human

toxicities. However, when these tests are carried out in several
species, most acute toxicities that occur in humans also appear
in at least 1 animal species. According to current FDA rules,
the “degree of risk” must be determined in at least 2 species.
Use of primates is not always required. The therapeutic index
is not required. Except for cancer chemotherapeutic agents
and antivirals used in AIDS, phase 1 clinical trials are carried
out in normal subjects. The answer is B.

. The Ames test is carried out in Salmonella and detects muta-

tions in the bacterial DNA. Because mutagenic potential is
associated with carcinogenic risk for many chemicals, a posi-
tive Ames test is often used to claim that a particular agent

CHECKLIST

When you complete this chapter, you should be able to:

may be a carcinogen. However, the test itself only detects
mutations. The answer is C.

. Food supplements and botanicals are much more loosely

regulated than conventional drugs. Primates are not required
in any phase of new drug testing, although they are some-
times used. Orphan drugs are those for which the anticipated
patient population is smaller than 200,000 patients in the
United States. Phase 4 surveillance is the most loosely regu-
lated phase of clinical trials. The answer is A.

SKILL KEEPER ANSWER: GRADED AND

QUANTAL DOSE-RESPONSE CURVES
(CHAPTER 2)

The therapeutic index is the ratio of the median toxic dose,
(TDsy) or median lethal dose (LDs,) to the effective dose in half
the population (EDs,), determined in a population of subjects.
Thus, quantal dose-response experiments are needed to
ascertain the therapeutic index. The minimum effective dose
and the maximal efficacy of a drug are determined by
gradually increasing the dose and noting the responses
produced. Graded dose-response experiments are needed for
these measurements.

0 Describe the major animal and clinical studies carried out in drug development.

[ Describe the purpose of the Investigational New Drug (IND) Exemption and the

New Drug Application (NDA).

0 Define carcinogenesis, mutagenesis, and teratogenesis.

[ Describe the difference between the FDA regulations for ordinary drugs and those

for botanical remedies

CHAPTER 5 Summary Table

Major Concept

Drug safety and efficacy

Description

Standards of safety and efficacy for drugs developed slowly during the 20th century and are still incomplete. Because

of heavy lobbying by manufacturers, these standards are still not applied to nutritional supplements and many
so-called alternative medications. A few of the relevant US laws are listed in Table 5-2.

Preclinical drug testing

All new drugs undergo extensive preclinical testing in broken tissue preparations and cell cultures, isolated animal

organ preparations, and intact animals. Efforts are made to determine the full range of toxic and therapeutic effects.

See Figure 5-1

Clinical drug trials

All new drugs proposed for use in humans must undergo a series of tests in humans. These tests are regulated by the

FDA and may be accelerated or retarded depending on the perceived clinical need and possible toxicities. The trials
are often divided into 3 phases before marketing is allowed. See Figure 5-1
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C HA P T E R

Introduction to Autonomic

Pharmacology

The autonomic nervous system (ANS) is the major involuntary,
unconscious, automatic portion of the nervous system and con-
trasts in several ways with the somatic (voluntary) nervous system.
The anatomy, neurotransmitter chemistry, receptor characteristics,

and functional integration of the ANS are discussed in this
chapter. Major autonomic drug groups are discussed in Chapters 7
through 10. Drugs in many other groups have significant auto-
nomic effects, many of which are undesirable.

Autonomic Introduction
|

ANS Transmitter types:  Transmitter Receptor types ANS
anatomy acetylcholine, synthesis, effects,
norepinephrine, storage, M,N |o, B, D regulation
peptides, release,
purines termination NANC

ANATOMIC ASPECTS OF THE ANS

The motor (efferent) portion of the ANS is the major pathway for
information transmission from the central nervous system (CNS)
to the involuntary effector tissues (smooth muscle, cardiac muscle,
and exocrine glands; Figure 6-1). Its 2 major subdivisions are
the parasympathetic ANS (PANS) and the sympathetic ANS
(SANS). The enteric nervous system (ENS) is a semiautono-
mous part of the ANS located in the gastrointestinal tract, with

specific functions for the control of this organ system. The ENS
consists of the myenteric plexus (plexus of Auerbach) and the sub-
mucous plexus (plexus of Meissner); these neurons send sensory
input to the parasympathetic and sympathetic nervous systems
and receive motor output from them.

There are many sensory (afferent) fibers in autonomic nerves.
These are of considerable importance for the physiologic control
of the involuntary organs but are directly influenced by only a
few drugs.

47



48

PART II Autonomic Drugs

High-Yield Terms to Learn

Adrenergic
Adrenoceptor, adrenergic receptor

Baroreceptor reflex

Cholinergic

Cholinoceptor, cholinergic receptor
Dopaminergic

Homeostatic reflex

Nonadrenergic, noncholinergic
(NANC) system

Parasympathetic

Postsynaptic receptor

Presynaptic receptor

Sympathetic

A nerve ending that releases norepinephrine as the primary transmitter; also, a
synapse in which norepinephrine is the primary transmitter

A receptor that binds, and is activated by, one of the catecholamine transmitters or
hormones (norepinephrine, epinephrine, dopamine) and related drugs

The neuronal homeostatic mechanism that maintains a constant arterial blood
pressure; the sensory limb originates in the baroreceptors of the carotid sinus and
aortic arch; efferent pathways run in parasympathetic and sympathetic nerves

A nerve ending that releases acetylcholine; also, a synapse in which the primary
transmitter is acetylcholine

A receptor that binds, and is activated by, acetylcholine and related drugs

A nerve ending that releases dopamine as the primary transmitter; also a synapse in
which dopamine is the primary transmitter

A compensatory mechanism for maintaining a body function at a predetermined
level, for example, the baroreceptor reflex for blood pressure

Nerve fibers associated with autonomic nerves that release purines or peptides, not
norepinephrine or acetylcholine

The part of the autonomic nervous system that originates in the cranial nerves and
sacral part of the spinal cord; the craniosacral autonomic system

A receptor located on the distal side of a synapse, for example, on a postganglionic
neuron or an autonomic effector cell

A receptor located on the nerve ending from which the transmitter is released into
the synapse; modulates the release of transmitter

The part of the autonomic nervous system that originates in the thoracic and lumbar

parts of the spinal cord

The parasympathetic preganglionic motor fibers originate in
cranial nerve nuclei III, VII, IX, and X and in sacral segments
(usually S2-S4) of the spinal cord. The sympathetic preganglionic
fibers originate in the thoracic (T1-T12) and lumbar (L1-L5)
segments of the cord.

Most of the sympathetic ganglia are located in 2 paravertebral
chains that lie along the spinal column. A few (the prevertebral
ganglia) are located on the anterior aspect of the abdominal aorta.
Most of the parasympathetic ganglia are located in the organs
innervated and more distant from the spinal cord. Because of the
locations of the ganglia, the preganglionic sympathetic fibers are
short and the postganglionic fibers are long. The opposite is true
for the parasympathetic system: preganglionic fibers are longer
and postganglionic fibers are short.

Some receptors that respond to autonomic transmitters and
drugs receive no innervation. These include muscarinic receptors
on the endothelium of blood vessels, some presynaptic receptors,
and, in some species, the adrenoceptors on apocrine sweat glands
and o, and P adrenoceptors in blood vessels.

NEUROTRANSMITTER ASPECTS
OF THE ANS

The synthesis, storage, release, receptor interactions, and termina-
tion of action of the neurotransmitters all contribute to the action
of autonomic drugs (Figure 6-2).

A. Cholinergic Transmission

Acetylcholine (ACh) is the primary transmitter in all autonomic
ganglia and at the synapses between parasympathetic postgangli-
onic neurons and their effector cells. It is the transmitter at post-
ganglionic sympathetic neurons to the thermoregulatory sweat
glands. It is also the primary transmitter at the somatic (voluntary)
skeletal muscle neuromuscular junction (Figure 6-1).

1. Synthesis and storage—Acetylcholine is synthesized
in the nerve terminal by the enzyme choline acetyltransferase
(ChAT) from acetyl-CoA (produced in mitochondria) and
choline (transported across the cell membrane) (Figure 6-2). The
rate-limiting step is probably the transport of choline into the
nerve terminal. This transport can be inhibited by the research
drug hemicholinium. Acetylcholine is actively transported into its
vesicles for storage by the vesicle-associated transporter, VAT. This
process can be inhibited by another research drug, vesamicol.

2. Release of acetylcholine—Release of transmitter stores
from vesicles in the nerve ending requires the entry of calcium
through calcium channels and triggering of an interaction
between SNARE (soluble N-ethylmaleimide-sensitive-factor
attachment protein receptor) proteins. SNARE proteins include
v-SNARES associated with the vesicles (VAMPs, vesicle-
associated membrane proteins: synaptobrevin, synaptotag-
min) and -SNARE proteins associated with the nerve termi-
nal membrane (SNAPs, synaptosome-associated proteins:
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Parasympathetic
Cardiac and smooth muscle,
gland cells, nerve terminals

Sympathetic
Sweat glands

Sympathetic

. ACh %J
| Adrenal

| | medulla

Voluntary motor nerve

Epi, NE

Cardiac and smooth muscle,
gland cells, nerve terminals

Sympathetic
Renal vascular smooth muscle

Somatic
Skeletal muscle

FIGURE 6-1 Schematic diagram comparing some features of the parasympathetic and sympathetic divisions of the autonomic nervous
system with the somatic motor system. Parasympathetic ganglia are not shown as discrete structures because most of them are diffusely
distributed in the walls of the organs innervated. Only 3 of the more than 20 sympathetic ganglia are shown. oc and 3, alpha and beta
adrenoceptors; ACh, acetylcholine; D, dopamine; D,, dopamine, receptors; Epi, epinephrine; M, muscarinic; N, nicotinic; NE, norepinephrine.
(Modified and reproduced, with permission, from Katzung BG, editor: Basic & Clinical Pharmacology, 12th ed. McGraw-Hill, 2012: Fig. 6-1.)

SNAP25, syntaxin, and others). This interaction results in
docking of the vesicle to the terminal membrane and, with
influx of calcium, fusion of the membranes of the vesicles with
the nerve-ending membranes, the opening of a pore to the
extracellular space, and the release of the stored transmitter. The
several types of botulinum toxins enzymatically alter synapto-
brevin or one of the other docking or fusion proteins to prevent
the release process.

3. Termination of action of acetylcholine—The action of
acetylcholine in the synapse is normally terminated by metabo-
lism to acetate and choline by the enzyme acetylcholinesterase
in the synaptic cleft. The products are not excreted but are recy-
cled in the body. Inhibition of acetylcholinesterase is an impor-
tant therapeutic (and potentially toxic) effect of several drugs.

4. Drug effects on synthesis, storage, release, and
termination of action of acetylcholine—Drugs that block

the synthesis of acetylcholine (eg, hemicholinium), its storage
(eg, vesamicol), or its release (eg, botulinum toxin) are not
very useful for systemic therapy because their effects are not
sufficiently selective (ie, PANS and SANS ganglia and somatic
neuromuscular junctions all may be blocked). However, because
botulinum toxin is a very large molecule and diffuses very slowly,
it can be used by injection for relatively selective local effects.

SKILL KEEPER: DRUG PERMEATION

(SEE CHAPTER 1)

Botulinum toxin is a very large protein molecule and does

not diffuse readily when injected into tissue. In spite of this
property, it is able to enter cholinergic nerve endings from the
extracellular space and block the release of acetylcholine. How
might it cross the lipid membrane barrier? The Skill Keeper
Answer appears at the end of the chapter.
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FIGURE 6-2 Characteristics of transmitter synthesis, storage, release, and termination of action at cholinergic and noradrenergic nerve ter-
minals are shown from the top downward. Circles represent transporters; ACh, acetylcholine; AChE, acetylcholinesterase; ChAT, choline
acetyltransferase; DOPA, dihydroxyphenylalanine; NE, norepinephrine; NET, norepinephrine transporter; TCA, tricyclic antidepressant;

TH, tyrosine hydroxylase.

B. Adrenergic Transmission

Norepinephrine (NE) is the primary transmitter at the sympa-
thetic postganglionic neuron-effector cell synapses in most tissues.
Important exceptions include sympathetic fibers to thermoregula-
tory (eccrine) sweat glands and probably vasodilator sympathetic
fibers in skeletal muscle, which release acetylcholine. Dopamine
may be a vasodilator transmitter in renal blood vessels, but norepi-
nephrine is a vasoconstrictor of these vessels.

1. Synthesis and storage—The synthesis of dopamine
and norepinephrine requires several steps (Figure 6-2). After
transport across the cell membrane, tyrosine is hydroxylated
by tyrosine hydroxylase (the rate-limiting step) to DOPA
(dihydroxyphenylalanine), decarboxylated to dopamine, and
(inside the vesicle) hydroxylated to norepinephrine. Tyrosine
hydroxylase can be inhibited by metyrosine. Norepinephrine
and dopamine are transported into vesicles by the vesicu-
lar monoamine transporter (VMAT) and are stored there.
Monoamine oxidase (MAO) is present on mitochondria in the
adrenergic nerve ending and inactivates a portion of the dopa-
mine and norepinephrine in the cytoplasm. Therefore, MAO
inhibitors may increase the stores of these transmitters and other

amines in the nerve endings (Chapter 30). VMAT can be inhib-
ited by reserpine, resulting in depletion of transmitter stores.

2. Release and termination of action—Dopamine and
norepinephrine are released from their nerve endings by the same
calcium-dependent mechanism responsible for acetylcholine
release (see prior discussion). Termination of action, however,
is quite different. Metabolism is not responsible for termination
of action of the catecholamine transmitters, norepinephrine
and dopamine. Rather, diffusion and reuptake (especially
uptake-1, Figure 6-2, by the norepinephrine transporter, NET,
or the dopamine transporter, DAT) reduce their concentration
in the synaptic cleft and stop their action. Outside the cleft,
these transmitters can be metabolized—by MAO and catechol-
O-methyltransferase (COMT)—and the products of these
enzymatic reactions are excreted. Determination of the 24-h
excretion of metanephrine, normetanephrine, 3-methoxy-4-
hydroxymandelic acid (VMA), and other metabolites provides
a measure of the total body production of catecholamines,
a determination useful in diagnosing conditions such as
pheochromocytoma. Inhibition of MAO increases stores of
catecholamines and has both therapeutic and toxic potential.



Inhibition of COMT in the brain is useful in Parkinson’s
disease (Chapter 28).

3. Drug effects on adrenergic transmission—Drugs that
block norepinephrine synthesis (eg, metyrosine) or catechol-
amine storage (eg, reserpine) or release (eg, guanethidine) were
used in treatment of several diseases (eg, hypertension) because
they block sympathetic but not parasympathetic functions.
Other drugs promote catecholamine release (eg, the amphet-
amine-like agents) and predictably cause sympathomimetic
effects.

C. Cotransmitters

Many (probably all) autonomic nerves have transmitter vesicles
that contain other transmitter molecules in addition to the primary
agents (acetylcholine or norepinephrine) previously described.
These cotransmitters may be localized in the same vesicles as
the primary transmitter or in a separate population of vesicles.
Substances recognized to date as cotransmitters include ATP
(adenosine triphosphate), enkephalins, vasoactive intestinal
peptide, neuropeptide Y, substance P, neurotensin, somatosta-
tin, and others. Their main role in autonomic function appears to
involve modulation of synaptic transmission. The same substances
function as primary transmitters in other synapses.

RECEPTOR CHARACTERISTICS

The major receptor systems in the ANS include cholinoceptors,
adrenoceptors, and dopamine receptors, which have been studied
in some detail. The numerous receptors for cotransmitter sub-
stances have not been as fully defined.

A. Cholinoceptors

Also referred to as cholinergic receptors, these molecules respond
to acetylcholine and its analogs. Cholinoceptors are subdivided as

follows (Table 6-1):

1. Muscarinic receptors—As their name suggests, these
receptors respond to muscarine (an alkaloid) as well as to
acetylcholine. The effects of activation of these receptors resemble
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those of postganglionic parasympathetic nerve stimulation.
Muscarinic receptors are located primarily on autonomic effec-
tor cells (including heart, vascular endothelium, smooth muscle,
presynaptic nerve terminals, and exocrine glands). Evidence
(including their genes) has been found for 5 subtypes, of which
3 appear to be important in peripheral autonomic transmission.
All 5 are G-protein-coupled receptors (see Chapter 2).

2. Nicotinic receptors—These receptors are located on
Na'-K" ion channels and respond to acetylcholine and nicotine,
another acetylcholine mimic (but not to muscarine) by open-
ing the channel. The 2 major nicotinic subtypes are located in
ganglia and in skeletal muscle end plates. The nicotinic recep-
tors are the primary receptors for transmission at these sites.

B. Adrenoceptors

Also referred to as adrenergic receptors, adrenoceptors are divided
into several subtypes (Table 6-2).

1. Alpha receptors—These are located on vascular smooth
muscle, presynaptic nerve terminals, blood platelets, fat cells
(lipocytes), and neurons in the brain. Alpha receptors are further
divided into 2 major types, 0, and 0. These 2 subtypes con-
stitute different families and use different G-coupling proteins.

2. Beta receptors—These receptors are located on most types
of smooth muscle, cardiac muscle, some presynaptic nerve
terminals, and lipocytes. Beta receptors are divided into 3 major
subtypes, B, B,, and B;. These subtypes are rather similar and
use the same G-coupling protein.

C. Dopamine Receptors

Dopamine (D, DA) receptors are a subclass of adrenoceptors
but with rather different distribution and function. Dopamine
receptors are especially important in the renal and splanchnic
vessels and in the brain. Although at least 5 subtypes exist, the
D, subtype appears to be the most important dopamine receptor
on peripheral effector cells. D, receptors are found on presynaptic
nerve terminals. Dy, D,, and other types of dopamine receptors
also occur in the CNS.

TABLE 6-1 Characteristics of the most important cholinoceptors in the peripheral nervous system.

Receptor Location Mechanism Major Functions

M, Nerve endings G,-coupled T IP,, DAG cascade

M, Heart, some nerve endings Gi-coupled J cAMP, activates K" channels

M; Effector cells: smooth muscle, glands, endothelium Gg-coupled T IP;, DAG cascade

Ny ANS ganglia Na‘-K" ion channel Depolarizes, evokes action potential
Nu Neuromuscular end plate Na‘-K" ion channel Depolarizes, evokes action potential
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TABLE 6-2 Characteristics of some important adrenoceptors in the ANS.

Receptor Location G Protein Second Messenger Major Functions

Alpha, (o) Effector tissues: smooth muscle, glands G, T IP;, DAG T Ca**, causes contraction, secretion

Alpha, (o) Nerve endings, some smooth muscle G; 1 cAMP 1 Transmitter release (nerves), causes
contraction (muscle)

Beta;, (B,) Cardiac muscle, juxtaglomerular G, T cAMP T Heart rate, T force; T renin release

apparatus

Beta, (j3,) Smooth muscle, liver, heart G, T cAMP Relax smooth muscle; T glycogenolysis;
T heart rate, force

Beta; (B) Adipose cells G, T cAMP T Lipolysis

Dopamine; (D) Smooth muscle G, T cAMP Relax renal vascular smooth muscle

ANS, autonomic nervous system.

EFFECTS OF ACTIVATING
AUTONOMIC NERVES

Each division of the ANS has specific effects on organ systems.
These effects, summarized in Table 6-3, should be memorized.

Dually innervated organs such as the iris of the eye and the
sinoatrial node of the heart receive both sympathetic and parasym-
pathetic innervation. The pupil has a natural, intrinsic diameter
to which it returns when both divisions of the ANS are blocked.
Pharmacologic ganglionic blockade, therefore, causes it to move
to its intrinsic size. Similarly, the cardiac sinus node pacemaker
rate has an intrinsic value (about 100—110/min) in the absence
of both ANS inputs. How will these variables change (increase
or decrease) if the ganglia are blocked? The answer is predict-
able if one knows which system is dominant. For example, both
the pupil and, at rest, the sinoatrial node are dominated by the
parasympathetic system. Thus, blockade of both systems, with
removal of the dominant PANS and nondominant SANS effects,
result in mydriasis and tachycardia.

NONADRENERGIC, NONCHOLINERGIC
(NANC) TRANSMISSION

Some nerve fibers in autonomic effector tissues do not show the
histochemical characteristics of either cholinergic or adrenergic
fibers. Some of these are motor fibers that cause the release of ATP
and other purines related to it. Purine-evoked responses have been
identified in the bronchi, gastrointestinal tract, and urinary tract.
Other motor fibers are peptidergic, that is, they release peptides as
the primary transmitters (see list in earlier Cotransmitters section).

Other nonadrenergic, noncholinergic fibers have the anatomic
characteristics of sensory fibers and contain peptides, such as sub-
stance P, that are stored in and released from the fiber terminals.
These fibers have been termed “sensory-efferent” or “sensory-local
effector” fibers because, when activated by a sensory input, they are
capable of releasing transmitter peptides from the sensory ending
itself, from local axon branches, and from collaterals that terminate

in the autonomic ganglia. In addition to their neurotransmitter
roles, these peptides are potent agonists in many autonomic effec-
tor tissues, especially smooth muscle (see Chapter 17).

SITES OF AUTONOMIC DRUG ACTION

Because of the number of steps in the transmission of autonomic
commands from the CNS to the effector cells, there are many sites
at which autonomic drugs may act. These sites include the CNS
centers; the ganglia; the postganglionic nerve terminals; the effector
cell receptors; and the mechanisms responsible for transmitter syn-
thesis, storage, release, and termination of action. The most selec-
tive effect is achieved by drugs acting at receptors that mediate very
selective actions (Table 6-4). Many natural and synthetic toxins
have significant effects on autonomic and somatic nerve function.

INTEGRATION OF AUTONOMIC
FUNCTION

Functional integration in the ANS is provided mainly through
the mechanism of negative feedback and is extremely important
in determining the overall response to endogenous and exogenous
ANS transmitters and their analogs. This process uses modulatory
pre- and postsynaptic receptors at the local level and homeostatic
reflexes at the system level.

A. Local Integration

Local feedback control has been found at the level of the nerve
endings in all systems investigated. The best documented of these
is the negative feedback of norepinephrine upon its own release
from adrenergic nerve terminals. This effect is mediated by o,
receptors located on the presynaptic nerve membrane (Figure 6-3).

Presynaptic receptors that bind the primary transmitter sub-
stance and thereby regulate its release are called autoreceprors.
Transmitter release is also modulated by other presynaptic recep-
tors (heteroreceptors); in the case of adrenergic nerve terminals,
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TABLE 6-3 Direct effects of autonomic nerve activity on some organ systems.

53

Effect of
Sympathetic Parasympathetic
Organ Action® Receptor® Action® Receptor®
Eye
Iris
Radial muscle Contracts o,
Circular muscle Contracts M,
Ciliary muscle [Relaxes] B Contracts M;
Heart
Sinoatrial node Accelerates B+, B> Decelerates M,
Ectopic pacemakers Accelerates B, B>
Contractility Increases B+, B> Decreases (atria) [M,]
Blood vessels
Skin, splanchnic vessels Contracts o
Skeletal muscle vessels Relaxes B
Contracts o
[Relaxes] M9
Bronchiolar smooth muscle Relaxes B Contracts M;
Gastrointestinal tract
Smooth muscle
Walls Relaxes ocz,d B, Contracts M3
Sphincters Contracts o, Relaxes M;
Secretion Inhibits o, Increases M3
Myenteric plexus Activates M,
Genitourinary smooth muscle
Bladder wall Relaxes B, Contracts M,
Sphincter Contracts o, Relaxes M;
Uterus, pregnant Relaxes B,
Contracts o Contracts M;
Penis, seminal vesicles Ejaculation o Erection M
Skin
Pilomotor smooth muscle Contracts o
Sweat glands
Thermoregulatory Increases M
Apocrine (stress) Increases o
Metabolic functions
Liver Gluconeogenesis By o
Liver Glycogenolysis B o
Fat cells Lipolysis Bs
Kidney Renin release B,
Autonomic nerve endings
Sympathetic Decreases NE release M®

Parasympathetic

®Less important actions are shown in brackets.

Decreases ACh release

bSpecific receptor type: o, alpha; B, beta; M, muscarinic.

“Vascular smooth muscle in skeletal muscle has sympathetic cholinergic dilator fibers.

dProbably through presynaptic inhibition of parasympathetic activity.

Probably M,, but M, may participate in some locations.

ACh, acetylcholine; NE, norepinephrine.

Modified and reproduced, with permission, from Katzung BG, editor: Basic & Clinical Pharmacology, 12th ed. McGraw-Hill, 2012.

receptors for acetylcholine, histamine, serotonin, prostaglandins,
peptides, and other substances have been found. Presynaptic
regulation by a variety of endogenous chemicals probably occurs

in all nerve fibers.

Postsynaptic modulatory receptors, including M; and
M, muscarinic receptors and at least 1 type of peptidergic recep-
tor, have been found in ganglionic synapses, where nicotinic
transmission is primary. These receptors may facilitate or inhibit
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TABLE 6-4 Steps in autonomic transmission: effects of drugs.

Process

Drug Example

Site

Action

Action potential
propagation

Transmitter synthesis

Transmitter storage

Transmitter release

Transmitter uptake
after release

Receptor activation or
blockade

Enzymatic inactivation
of transmitter

Local anesthetics,
q q . b
tetrodotoxin,” saxitoxin

Hemicholinium

Alpha-Methyltyrosine
(metyrosine)

Vesamicol
Reserpine

Many*
w-Conotoxin GVIA®
Botulinum toxin
Alpha-latrotoxin®

Tyramine, amphetamine

Cocaine, tricyclic
antidepressants

6-Hydroxydopamine
Norepinephrine
Phentolamine
Isoproterenol
Propranolol

Nicotine

Hexamethonium
Tubocurarine

Bethanechol

Atropine

Neostigmine

Tranylcypromine

“Toxin of puffer fish, California newt.

®Toxin of Gonyaulax (red tide organism).

Nerve axons

Cholinergic nerve terminals: membrane

Adrenergic nerve terminals and adrenal
medulla: cytoplasm

Cholinergic terminals: vesicles

Adrenergic terminals: vesicles

Nerve terminal membrane receptors
Nerve terminal calcium channels
Cholinergic vesicles

Cholinergic and adrenergic vesicles

Adrenergic nerve terminals

Adrenergic nerve terminals

Adrenergic nerve terminals

Receptors at adrenergic junctions
Receptors at adrenergic junctions
Receptors at adrenergic junctions
Receptors at adrenergic junctions

Receptors at nicotinic cholinergic junc-
tions (autonomic ganglia, neuromuscular
end plates)

Ganglionic nicotinic receptors
Neuromuscular end plates

Parasympathetic effector cells (smooth
muscle, glands)

Parasympathetic effector cells

Cholinergic synapses
(acetylcholinesterase)

Adrenergic nerve terminals (monoamine
oxidase)

“Norepinephrine, dopamine, acetylcholine, angiotensin Il various prostaglandins, etc.

“Toxin of marine snails of the genus Conus.

Block sodium channels; block
conduction

Blocks uptake of choline and slows
synthesis of acetylcholine

Slows synthesis of norepinephrine

Prevents storage, depletes

Prevents storage, depletes

Modulate release
Reduces release
Prevents release

Causes explosive release

Promote release

Inhibit uptake; increase transmitter effect on
postsynaptic receptors

Destroys the terminals

Binds o receptors; causes activation

Binds o receptors; prevents activation

Binds [ receptors; activates adenylyl cyclase
Binds [ receptors; prevents activation

Binds nicotinic receptors; opens ion channel in
post-synaptic membrane

Prevents activation of Ny receptors
Prevents activation of Ny, receptors

Binds and activates muscarinic
receptors

Binds muscarinic receptors; prevents activation

Inhibits enzyme; prolongs and
intensifies transmitter action

Inhibits enzyme; increases stored
transmitter pool

“Black widow spider venom.

Modified and reproduced, with permission, from Katzung BG, editor: Basic & Clinical Pharmacology, 12th ed. McGraw-Hill, 2012.

transmission by evoking slow excitatory or inhibitory postsynaptic
potentials (EPSPs or IPSPs).

B. Systemic Reflexes

System reflexes regulate blood pressure, gastrointestinal motil-
ity, bladder tone, airway smooth muscle, and other processes.

The control of blood pressure—by the baroreceptor neural reflex
and the renin-angiotensin-aldosterone hormonal response—is
especially important (Figure 6-4). These homeostatic mechanisms
have evolved to maintain mean arterial blood pressure at a level
determined by the vasomotor center and renal sensors. Any devia-
tion from this blood pressure “set point” causes a change in ANS
activity and renin-angiotensin-aldosterone levels. For example, a
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Noradrenergic nerve terminal
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Negative FIGURE 6-3 Local control of autonomic nervous system function via modu-

NE feedback lation of transmitter release. In the example shown, release of norepinephrine
@ (NE) from a sympathetic nerve ending is modulated by norepinephrine itself,
B Adrenoceptor acting on presynaptic o, autoreceptors, and by acetylcholine and angiotensin II,
ﬁ% acting on heteroreceptors. Many other modulators (see text) influence
Cardiac muscle cell the release process. AT;, angiotensin Il receptor; M, muscarinic receptor;

(sinoatrial node) NET, norepinephrine transporter.
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FIGURE 6—4 Autonomic and hormonal control of cardiovascular function. Note that 2 feedback loops are present: the autonomic nervous
system loop and the hormonal loop. Each major loop has several components. In the neuronal loop, sensory input to the vasomotor center is
via afferent fibers in the ninth and tenth cranial (PANS) nerves. On the efferent side, the sympathetic nervous system directly influences 4 major
variables: peripheral vascular resistance, heart rate, contractile force, and venous tone. The parasympathetic nervous system directly influences
heart rate. In addition, angiotensin Il directly increases peripheral vascular resistance (not shown), and sympathetic nervous system discharge
directly increases renin secretion (not shown). Because these control mechanisms have evolved to maintain normal blood pressure, the net
feedback effect of each loop is negative; feedback tends to compensate for the change in arterial blood pressure that evoked the response.
Thus, decreased blood pressure due to blood loss would be compensated by increased sympathetic outflow and renin release. Conversely,
elevated pressure due to the administration of a vasoconstrictor drug would cause reduced sympathetic outflow, decreased renin release, and
increased parasympathetic (vagal) outflow. (Modified and reproduced, with permission, from Katzung BG, editor: Basic & Clinical Pharmacology,
12th ed. McGraw-Hill, 2012: Fig. 6-7.)
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Canal of Schlemm y

Trabecular meshwork
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FIGURE 6-5 Some pharmacologic targets in the eye. The diagram illustrates clinically important structures and their receptors. The heavy
arrow (blue) illustrates the flow of aqueous humor from its secretion by the ciliary epithelium to its drainage through the canal of Schlemm. M,
muscarinic receptor; o, alpha receptor; 3, beta receptor. (Modified and reproduced, with permission, from Katzung BG, editor: Basic & Clinical

Pharmacology, 12th ed. McGraw-Hill, 2012: Fig. 6-9.)

decrease in blood pressure caused by hemorrhage causes increased
SANS discharge and renin release. As a result, peripheral vascular
resistance, venous tone, heart rate, and cardiac force are increased
by norepinephrine released from sympathetic nerves. This ANS
response can be blocked with ganglion-blocking drugs such as
hexamethonium. Blood volume is replenished by retention of
salt and water in the kidney under the influence of increased
levels of aldosterone. These compensatory responses may be large
enough to overcome some of the actions of drugs. For example,
the chronic treatment of hypertension with a vasodilator such as
hydralazine will be unsuccessful when the compensatory tachycar-
dia (via the baroreceptor reflex) and the salt and water retention
(via the renin system response) are not prevented through the use

of additional drugs.

C. Complex Organ Control: The Eye

The eye contains multiple tissues, several of them under auto-
nomic control (Figure 6-5). The pupil, discussed previously, is
under reciprocal control by the SANS (via o receptors on the
pupillary dilator muscle) and the PANS (via muscarinic receptors
on the pupillary constrictor). The ciliary muscle, which controls

accommodation, is under primary control of muscarinic receptors
innervated by the PANS, with insignificant contributions from
the SANS. The ciliary epithelium, on the other hand, has impor-
tant B receptors that have a permissive effect on aqueous humor
secretion. Each of these receptors is an important target of drugs
that are discussed in the following chapters.

QUESTIONS

1. A 3-year-old child has swallowed the contents of 2 bottles of
a nasal decongestant whose primary ingredient is a potent,
selective Oi-adrenoceptor agonist drug. Which of the follow-
ing is a sign of O.-receptor activation that may occur in this
patient?

(A) Bronchodilation

(B) Cardiac acceleration (tachycardia)
(C) Pupillary dilation (mydriasis)

(D) Renin release from the kidneys

(E) Vasodilation of the splanchnic vessels



2. Ms Green is a 60-year-old woman with poorly controlled
hypertension of 170/110 mm Hg. She is to receive minoxidil.
The active metabolite of minoxidil is a powerful arteriolar
vasodilator that does not act on autonomic receptors. Which
of the following effects will be observed if no other drugs are
used?

(A) Tachycardia and increased cardiac contractility

(B) Tachycardia and decreased cardiac output

(C) Decreased mean arterial pressure and decreased cardiac
contractility

(D) Decreased mean arterial pressure and increased salt and
water excretion by the kidney

(E) No change in mean arterial pressure and decreased
cardiac contractility

3. Full activation of the sympathetic nervous system, as in the
fight-or-flight reaction, may occur during maximal exercise.
Which of the following effects is likely to occur?

(A) Bronchoconstriction

(B) Increased intestinal motility

(C) Decreased renal blood flow

(D) Miosis

(E) Decreased heart rate (bradycardia)

Questions 4-5. For these questions, use the accompanying
diagram. Assume that the diagram can represent cither the sympa-
thetic or the parasympathetic system.

Enzyme

@l

- @@ ®
@

Spinal
C%I:La Effector
cell

4. Norepinephrine acts at which of the following sites in the
diagram?
(A) Sites 1 and 2
(B) Sites 3 and 4
(C) Sites 5 and 6

5. If the effector cell in the diagram is a thermoregulatory sweat
gland, which of the following transmitters is released from
structure 5?

(A) Acetylcholine
(B) Dopamine

(C) Epinephrine
(D) Norepinephrine

6. Nicotinic receptor sites do zor include which one of the
following sites?
(A) Bronchial smooth muscle
(B) Adrenal medullary cells
(C) Parasympathetic ganglia
(D) Skeletal muscle end plates
(E) Sympathetic ganglia
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7. Several children at a summer camp were hospitalized with
symptoms thought to be due to ingestion of food containing
botulinum toxin. Which one of the following signs or symp-
toms is consistent with the diagnosis of botulinum poisoning?
(A) Bronchospasm
(B) Cycloplegia
(C) Diarrhea
(D) Skeletal muscle spasms
(E) Hyperventilation

8. Which one of the following is the neurotransmitter agent nor-
mally released in the sinoatrial node of the heart in response
to a blood pressure increase?

(A) Acetylcholine
(B) Dopamine

(C) Epinephrine
(D) Glutamate

(E) Norepinephrine

Questions 9-10. Assume that the diagram below represents a
sympathetic postganglionic nerve ending.

2

[
1 3\/

Terminal

4 44— 4

1

9. Which of the following blocks the carrier represented by “y”
in the diagram?
(A) Amphetamine
(B) Botulinum toxin
(C) Cocaine
(D) Hemicholinium
(E) Reserpine

10. Which of the following inhibits the carrier denoted “z” in the
diagram?
(A) Cocaine
(B) Dopamine
(C) Hemicholinium
(D) Reserpine
(E) Vesamicol

ANSWERS

1. Mydriasis can be caused by contraction of the radial fibers of
the iris; these smooth muscle cells have o receptors. All the
other responses are mediated by 3 adrenoceptors (Table 6-4).
The answer is C.

2. Because of the compensatory responses, a drug that directly
decreases blood pressure through a decrease in peripheral
vascular resistance will cause a reflex increase in sympathetic
outflow, an increase in renin release, and a decrease in para-
sympathetic outflow. As a result, heart rate and cardiac force
will increase. In addition, salt and water retention will occur.
The answer is A.
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3. Sympathetic discharge causes constriction of the renal resis-
tance vessels and a fall in renal blood flow. This is the typical
response in severe exercise or hypotension. The other effects
are parasympathomimetic actions. The answer is C.

4. Norepinephrine acts at presynaptic 0, regulatory receptors
(site 5) and postsynaptic o, adrenoceptors (site 6). It may be
metabolized by enzymes outside the synapse or transported
back into the nerve terminal. The answer is C.

5. The nerves innervating the thermoregulatory (eccrine) sweat
glands are sympathetic cholinergic nerves. The answer is A.

6. Both types of ganglia and the skeletal muscle neuromuscular
junction have nicotinic cholinoceptors, as does the adrenal
medulla (a2 modified form of sympathetic postganglionic
neuron tissue). Bronchial smooth muscle contains muscarinic
cholinoceptors and noncholinergic receptors. The answer is A.

7. Botulinum toxin impairs all types of cholinergic transmission,
including transmission at ganglionic synapses and somatic
motor nerve endings. Botulinum toxin prevents discharge of
vesicular transmitter content from cholinergic nerve endings.
All of the signs listed except cycloplegia indicate increased
muscle contraction; cycloplegia (paralysis of accommodation)
results in blurred near vision. The answer is B.

8.

10.

Acetylcholine is the transmitter at parasympathetic nerve end-
ings innervating the sinus node (nerve endings of the vagus
nerve). When blood pressure increases, the parasympathetic
system is activated and heart rate slows. The answer is A.

. The vesicular carrier in the diagram transports dopamine and

norepinephrine into the vesicles for storage. It can be blocked
by reserpine. The answer is E.

The reuptake carrier in sympathetic postganglionic nerve
endings can be blocked by cocaine or tricyclic antidepressants.
Hemicholiniums and vesamicol block transporters in cholin-
ergic nerves. The answer is A.

SKILL KEEPER ANSWER: DRUG PERMEATION

(SEE CHAPTER 1)

Botulinum toxin is too large to cross membranes by means of
lipid or aqueous diffusion. It must bind to membrane receptors
and enter by endocytosis. Botulinum-binding receptors for
endocytosis are present on cholinergic neurons but not
adrenergic neurons.

CHECKLIST

When you complete this chapter, you should be able to:

0 Describe the steps in the synthesis, storage, release, and termination of action of

the major autonomic transmitters.

) Name 2 cotransmitter substances.

0 Name the major types of autonomic receptors and the tissues in which they are

found.

0 Describe the organ system effects of stimulation of the parasympathetic and

sympathetic systems.

00 Name examples of inhibitors of acetylcholine and norepinephrine synthesis,
storage, and release. Predict the effects of these inhibitors on the function of the

major organ systems.

0 List the determinants of blood pressure and describe the baroreceptor reflex
response for the following perturbations: (1) blood loss, (2) administration of a
vasodilator, (3) a vasoconstrictor, (4) a cardiac stimulant, (5) a cardiac depressant.

0 Describe the results of transplantation of the heart (with interruption of its

autonomic nerves) on cardiac function.

) Describe the actions of several toxins that affect nerve function: tetrodotoxin,

saxitoxin, botulinum toxins, and latrotoxin.
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SUMMARY TABLE: Introductory Autonomic Drugs

Acetylcholine Primary transmitter at cholinergic nerve endings (preganglionic ANS, postganglionic parasympathetic,
postganglionic sympathetic to thermoregulatory sweat glands, and somatic neuromuscular end plates)

Amphetamine Sympathomimetic drug that facilitates the release of catecholamines from adrenergic nerve endings
Botulinum toxin Bacterial toxin that enzymatically disables release of acetylcholine from cholinergic nerve endings
Cocaine Sympathomimetic drug that impairs reuptake of catecholamine transmitters (norepinephrine, dopamine) by

adrenergic nerve endings; also local anesthetic

Dopamine Important central nervous system (CNS) transmitter with some peripheral effects (renal vasodilation, cardiac
stimulation)

Epinephrine Hormone released from adrenal medulla, neurotransmitter in CNS

Hemicholiniums Drugs that inhibit transport of choline into cholinergic nerve endings

Hexamethonium Research drug that blocks all ANS ganglia and prevents autonomic compensatory reflexes

Metanephrine Product of epinephrine and norepinephrine metabolism

Metyrosine Inhibitor of tyrosine hydroxylase, the rate-limiting enzyme in norepinephrine synthesis

Norepinephrine Primary transmitter at most sympathetic postganglionic nerve endings; important CNS transmitter

Reserpine Drug that inhibits VMAT, transporter of dopamine and norepinephrine into transmitter vesicles of adrenergic
nerves

Tetrodotoxin, saxitoxin Toxins that block sodium channels and thereby limit transmission in all nerve fibers

Vesamicol Drug that inhibits VAT, transporter of acetylcholine into its transmitter vesicles
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C HA P T E R

Cholinoceptor-Activating
& Cholinesterase-Inhibiting

Drugs

Drugs with acetylcholine-like effects (cholinomimetics) con-
sist of 2 major subgroups on the basis of their mode of action
(ie, whether they act directly at the acetylcholine receptor or
indirectly through inhibition of cholinesterase). Drugs in the
direct-acting subgroup are further subdivided on the basis of

their spectrum of action (ie, whether they act on muscarinic or
nicotinic cholinoceptors).

Acetylcholine may be considered the prototype that acts
directly at both muscarinic and nicotinic receptors. Neostigmine
is a prototype for the indirect-acting cholinesterase inhibitors.

Cholinomimetic (cholinergic) drugs

Direct-acting

Muscarinic Nicotinic

Choline esters Alkaloids

DIRECT-ACTING CHOLINOMIMETIC
AGONISTS

This class comprises a group of choline esters (acetylcholine,
methacholine, carbachol, and bethanechol) and a second
group of naturally occurring alkaloids (muscarine, pilocarpine,
nicotine, lobeline). Newer drugs are occasionally introduced
for special applications. The members differ in their spectrum of
action (amount of muscarinic versus nicotinic stimulation) and in
their pharmacokinetics (Table 7-1). Both factors influence their
clinical use.

l
Indirect-acting

Organophosphates
(very long acting)

Carbamates
(intermediate to long acting)

Edrophonium (short acting)

A. Classification

Muscarinic agonists are parasympathomimetic; that is, they mimic
the actions of parasympathetic nerve stimulation in addition to
other effects. Five subgroups of muscarinic receptors have been
identified (Table 7-2), but the muscarinic agonists available for
clinical use activate them nonselectively. Nicotinic agonists are
rarely classified on the basis of whether ganglionic or neuromus-
cular stimulation predominates; agonist selectivity is limited. On
the other hand, relatively selective antagonists are available for the
two nicotinic receptor types (Chapter 8).
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High-Yield Terms to Learn

Choline ester
Cholinergic crisis
Cholinomimetic alkaloid

Cyclospasm
Direct-acting cholinomimetic

Endothelium-derived

relaxing factor (EDRF)
Indirect-acting cholinomimetic
Muscarinic agonist
Myasthenic crisis

Nicotinic agonist

Organophosphate
Organophosphate aging

Parasympathomimetic

A cholinomimetic drug consisting of choline (an alcohol) esterified with an acidic
substance, (eg, acetic or carbamic acid); usually poorly lipid-soluble

The clinical condition of excessive activation of cholinoceptors; it may include skeletal
muscle weakness as well as parasympathetic signs

A drug with weakly basic properties (usually of plant origin) whose effects resemble those
of acetylcholine; usually lipid-soluble

Marked contraction of the ciliary muscle; maximum accommodation for close vision

A drug that binds and activates cholinoceptors; the effects mimic those of
acetylcholine

A potent vasodilator substance, largely nitric oxide (NO), that is released from vascular
endothelial cells

A drug that amplifies the effects of endogenous acetylcholine by inhibiting
acetylcholinesterase

A cholinomimetic drug that binds muscarinic receptors and has primarily muscarine-like
actions

In patients with myasthenia, an acute worsening of symptoms; usually relieved by
increasing cholinomimetic treatment

A cholinomimetic drug that binds nicotinic receptors and has primarily nicotine-like
actions

An ester of phosphoric acid and an alcohol that inhibits cholinesterase

A process whereby the organophosphate, after binding to cholinesterase, is chemically
modified and becomes more firmly bound to the enzyme

A drug whose effects resemble those of stimulating the parasympathetic nerves

TABLE 7-1 Some cholinomimetics: spectrum of action and pharmacokinetics.

Spectrum of
Drug Action®

Pharmacokinetic Features

Direct-acting
Acetylcholine

Bethanechol
Carbachol
Pilocarpine

Nicotine

Z Z2 Z w Z w

Varenicline

Indirect-acting
Edrophonium

Neostigmine
Physostigmine
Pyridostigmine

Echothiophate

W W W W W W

Parathion

?B, both M and N; M, muscarinic; N, nicotinic.

Rapidly hydrolyzed by cholinesterase (ChE); duration of action 5-30 s; poor lipid solubility
Resistant to ChE; orally active, poor lipid solubility; duration of action 30 min to 2 h

Like bethanechol

Not an ester, good lipid solubility; duration of action 30 min to 2 h

Like pilocarpine; duration of action 1-6 h; high lipid solubility

Partial agonist at N receptors, high lipid solubility; duration 12-24 h

Alcohol, quaternary amine, poor lipid solubility, not orally active; duration of action 5-15 min
Carbamate, quaternary amine, poor lipid solubility, orally active; duration of action 30 min to 2 h or more
Carbamate, tertiary amine, good lipid solubility, orally active; duration of action 30 min to 2 h
Carbamate, like neostigmine, but longer duration of action (4-8 h)

Organophosphate, moderate lipid solubility; duration of action 2-7 days

Organophosphate, high lipid solubility; duration of action 7-30 days
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TABLE 7-2 Cholinoceptor types and their
postreceptor mechanisms.

Receptor Type G Protein Postreceptor Mechanisms
M, G, T IP;, DAG cascade

M, G; J cAMP synthesis

M, Gq T IP;, DAG cascade

M, G; J cAMP synthesis

Ms G, T IP;, DAG cascade

N None Na*/K* depolarizing current
Ny None Na*/K* depolarizing current

cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; IP; inositol-1,4,5-
trisphosphate.

SKILL KEEPER: DRUG METABOLISM

(SEE CHAPTER 4)

Acetylcholine is metabolized in the body by hydrolysis of the
ester bond. Is this a phase | or phase Il metabolic reaction? The
Skill Keeper Answer appears at the end of the chapter.

B. Molecular Mechanisms of Action

1. Muscarinic mechanism—Muscarinic receptors are G
protein-coupled receptors (GPCRs) (Table 7-2). G, protein
coupling of M; and M; muscarinic receptors to phospholipase
C, a membrane-bound enzyme, leads to the release of the
second messengers, diacylglycerol (DAG) and inositol-1,4,5-
trisphosphate (IP;). DAG modulates the action of protein
kinase C, an enzyme important in secretion, whereas IP;
evokes the release of calcium from intracellular storage sites,
which results in contraction in smooth muscle. M, muscarinic
receptors couple to adenylyl cyclase through the inhibitory
G;-coupling protein. A third mechanism couples the same M,
receptors via the By subunit of the G protein to potassium chan-
nels in the heart and elsewhere; muscarinic agonists facilitate
opening of these channels. M4 and M5 receptors may be impor-
tant in the central nervous system (CNS) but have not been
shown to play major roles in peripheral organs.

2. Nicotinic mechanism—The mechanism of nicotinic action
has been clearly defined. The nicotinic acetylcholine ACh recep-
tor is located on a channel protein that is selective for sodium
and potassium. When the receptor is activated, the channel
opens and depolarization of the cell occurs as a direct result of
the influx of sodium, causing an excitatory postsynaptic poten-
tial (EPSP). If large enough, the EPSP evokes a propagated

action potential in the surrounding membrane. The nicotinic

receptors on sympathetic and parasympathetic ganglion cells
(Ny, also denoted Ny;) differ slightly from those on neuromus-
cular end plates (Ny).

C. Tissue and Organ Effects

The tissue and organ system effects of cholinomimetics are sum-
marized in Table 7-3. Note that vasodilation (and decreased
blood pressure) is not a parasympathomimetic response (ie, it
is not evoked by parasympathetic nerve discharge, even though
directly acting cholinomimetics cause vasodilation). This vaso-
dilation results from the release of endothelium-derived relaxing
factor (EDREF; nitric oxide and possibly other substances) in the
vessels, mediated by uninnervated muscarinic receptors on the
endothelial cells. Note also that decreased blood pressure evokes
the baroreceptor reflex, resulting in strong compensatory sym-
pathetic discharge to the heart. As a result, injections of small to
moderate amounts of direct-acting muscarinic cholinomimetics
often cause achycardia, whereas parasympathetic (vagal) nerve
discharge to the heart causes bradycardia. Another effect seen
with cholinomimetic drugs but not with parasympathetic nerve
stimulation is thermoregulatory sweating; this is a sympathetic
cholinergic effect (see Chapter 6).

The tissue and organ level effects of nicotinic ganglionic
stimulation depend on the autonomic innervation of the organ
involved. The blood vessels are dominated by sympathetic inner-
vation; therefore, nicotinic receptor activation results in vasocon-
striction mediated by sympathetic postganglionic nerve discharge.
The gut is dominated by parasympathetic control; nicotinic drugs
increase motility and secretion because of increased parasympa-
thetic postganglionic neuron discharge. Nicotinic neuromuscular
end plate activation by direct-acting drugs results in fasciculations
and spasm of the muscles involved. Prolonged activation results in
paralysis (see Chapter 27), which is an important hazard of expo-
sure to nicotine-containing and organophosphate insecticides.

D. Clinical Use

Several clinical conditions benefit from an increase in cholinergic
activity, including glaucoma, Sjogren’s syndrome, and loss of
normal PANS activity in the bowel and bladder. Direct-acting
nicotinic agonists are used in smoking cessation and to produce
skeletal muscle paralysis (succinylcholine, Chapter 27). Indirect-
acting agents are used when increased nicotinic activation is
needed at the neuromuscular junction (see discussion of myasthe-
nia gravis). Nicotine is still used as an insecticide. Varenicline is a
newer nicotinic agonist with partial agonist properties. It appears
to reduce craving in persons addicted to nicotine.

E. Toxicity
The signs and symptoms of overdosage are readily predicted from

the general pharmacology of acetylcholine.

1. Muscarinic toxicity— These effects include CNS stimulation
(uncommon with choline esters and pilocarpine), miosis, spasm
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TABLE 7-3 Effects of cholinomimetics on major organ systems.

Organ Response®

CNS Complex stimulatory effects. Nicotine: elevation of mood, alerting, addiction; physostigmine: convulsions; excessive
concentrations may cause coma

Eye

Sphincter muscle of iris Contraction (miosis)

Ciliary muscle

Heart
Sinoatrial node

Contraction (accommodation for near vision), cyclospasm

Decrease in rate (negative chronotropy), but note important reflex response in intact subject (see text)

Atria Decrease in contractile force (negative inotropy); decrease in refractory period

Atrioventricular node

Ventricles Small decrease in contractile force
Blood vessels
Bronchi Contraction (bronchoconstriction)

Gastrointestinal tract

Decrease in conduction velocity (negative dromotropy), increase in refractory period

Dilation via release of EDRF from endothelium

Motility Increase in smooth muscle contraction, peristalsis

Sphincters Decrease in tone, relaxation. (Exception: gastroesophageal sphincter contracts)
Urinary bladder

Detrusor Increase in contraction

Trigone and sphincter Relaxation; voiding
Skeletal muscle

Glands (exocrine)

Activation of neuromuscular end plates, contraction

Increased secretion (thermoregulatory sweating, lacrimation, salivation, bronchial secretion, gastrointestinal glands)

Only the direct effects are indicated; homeostatic responses to these direct actions may be important (see text).

EDRF, endothelium-derived relaxing factor (primarily nitric oxide).

of accommodation, bronchoconstriction, excessive gastroin-
testinal and genitourinary smooth muscle activity, increased
secretory activity (sweat glands, airway, gastrointestinal tract,
lacrimal glands), and vasodilation. Transient bradycardia occurs,
followed by reflex tachycardia if the drug is administered as
an intravenous bolus; reflex tachycardia occurs otherwise.
Muscarine and similar alkaloids are found in certain mushrooms
(Inocybe species and Amanita muscaria) and are responsible for
the short-acting form of mushroom poisoning, which is char-
acterized by nausea, vomiting, and diarrhea. (The much more
dangerous and potentially lethal form of mushroom poisoning
from Amanita phalloides and related species involves initial vom-
iting and diarrhea but is followed by hepatic and renal necrosis.
It is not caused by muscarinic agonists but by amanitin and
phalloidin, RNA polymerase inhibitors.)

2. Nicotinic toxicity—Toxic effects include ganglionic stimu-
lation and block and neuromuscular end plate depolarization
leading to fasciculations and then paralysis. CNS toxicity
includes stimulation (including convulsions) followed by depres-
sion. Nicotine in small doses is strongly addicting.

INDIRECT-ACTING AGONISTS

A. Classification and Prototypes

Hundreds of indirect-acting cholinomimetic drugs have been
synthesized in 2 major chemical classes: carbamic acid esters
(carbamates) and phosphoric acid esters (organophosphates).
Neostigmine is a prototypic carbamate, whereas parathion, an
important insecticide, is a prototypic organophosphate. A third
class has only one clinically useful member: edrophonium is an
alcohol (not an ester) with a very short duration of action.

B. Mechanism of Action

Both carbamate and organophosphate inhibitors bind to cholin-
esterase and undergo prompt hydrolysis. The alcohol portion of
the molecule is then released. The acidic portion (carbamate ion
or phosphate ion) is released much more slowly, preventing the
binding and hydrolysis of endogenous acetylcholine. As a result,
these drugs amplify acetylcholine effects wherever the transmit-
ter is released. Edrophonium, though not an ester, has sufficient
affinity for the enzyme active site to similarly prevent access of
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acetylcholine for 5-15 min. After hydrolysis, carbamates are re-
leased by cholinesterase over a period of 2-8 h. Organophosphates
are long-acting drugs; they form an extremely stable phosphate
complex with the enzyme. After initial hydrolysis, the phosphoric
acid residue is released over periods of days to weeks. Recovery is
due in part to synthesis of new enzyme.

C. Effects

By inhibiting cholinesterase, these agents cause an increase in the
concentration, half-life, and actions of acetylcholine in synapses
where acetylcholine is released physiologically. Therefore, the
indirect agents have muscarinic or nicotinic effects depending on
which organ system is under consideration. Cholinesterase inhibi-
tors do not have significant actions at uninnervated sites where
acetylcholine is not normally released (eg, vascular endothelial

cells).

D. Clinical Use

The clinical applications of the indirect-acting cholinomimet-
ics are predictable from a consideration of the organs and the
diseases that benefit from an amplification of cholinergic activ-
ity. These applications are summarized in the Drug Summary
Table. Carbamates, which include neostigmine, physostigmine,
pyridostigmine, and ambenonium, are used far more com-
monly in therapeutics than are organophosphates. The treatment
of myasthenia is especially important. (Because myasthenia is an
autoimmune disorder, treatment may also include thymectomy
and immunosuppressant drugs.) Rivastigmine, a carbamate,
and several other cholinesterase inhibitors are used exclusively
in Alzheimer’s disease. A portion of their action may be due to
other, unknown mechanisms. Although their effects are modest
and temporary, these drugs are frequently used in this devastating
condition. Some carbamates (eg, carbaryl) are used in agricul-
ture as insecticides. Two organophosphates used in medicine are
malathion (a scabicide) and metrifonate (an antihelminthic
agent).

Edrophonium is used for the rapid reversal of nondepolarizing
neuromuscular blockade (Chapter 27), in the diagnosis of myas-
thenia, and in differentiating myasthenic crisis from cholinergic
crisis in patients with this disease. Because cholinergic crisis can
result in muscle weakness like that of myasthenic crisis, distin-
guishing the 2 conditions may be difficult. Administration of a
short-acting cholinomimetic, such as edrophonium, will improve
muscle strength in myasthenic crisis but weaken it in cholinergic
crisis.

E. Toxicity

In addition to their therapeutic uses, some indirect-acting agents
(especially organophosphates) have clinical importance because
of accidental exposures to toxic amounts of pesticides. The most
toxic of these drugs (eg, parathion) can be rapidly fatal if exposure
is not immediately recognized and treated. After standard protec-
tion of vital signs (see Chapter 58), the antidote of first choice

is the antimuscarinic agent atropine, but this drug has no effect
on the nicotinic signs of toxicity. Nicotinic toxicity is treated by
regenerating active cholinesterase. Immediately after binding to
cholinesterase, most organophosphate inhibitors can be removed
from the enzyme by the use of regenerator compounds such as
pralidoxime (see Chapter 8), and this may reverse both nicotinic
and muscarinic signs. If the enzyme-phosphate binding is allowed
to persist, however, aging (a further chemical change) occurs and
regenerator drugs can no longer remove the inhibitor. Treatment
is described in more detail in Chapter 8.

Because of their toxicity and short persistence in the environ-
ment, organophosphates are used extensively in agriculture as
insecticides and antihelminthic agents; examples are malathion
and parathion. Some of these agents (eg, malathion, dichlorvos)
are relatively safe in humans because they are metabolized rapidly
to inactive products in mammals (and birds) but not in insects.
Some are prodrugs (eg, malathion, parathion) and must be meta-
bolized to the active product (malaoxon from malathion, para-
oxon from parathion). The signs and symptoms of poisoning are
the same as those described for the direct-acting agents, with the
following exceptions: vasodilation is a late and uncommon effect;
bradycardia is more common than tachycardia; CNS stimulation
is common with organophosphate and physostigmine overdosage
and includes convulsions, followed by respiratory and cardiovas-
cular depression. The spectrum of toxicity can be remembered
with the aid of the mnemonic DUMBBELSS (diarrhea, urination,
miosis, bronchoconstriction, bradycardia, excitation [of skeletal
muscle and CNS], lacrimation, and salivation and sweating).

QUESTIONS

1. A 30-year-old woman undergoes abdominal surgery. In spite
of minimal tissue damage, complete ileus (absence of bowel
motility) follows, and she complains of severe bloating. She
also finds it difficult to urinate. Mild cholinomimetic stimu-
lation with bethanechol or neostigmine is often effective in
relieving these complications of surgery. Neostigmine and
bethanechol in moderate doses have significanty different
effects on which one of the following?

(A) Gastric secretion

(B) Neuromuscular end plate
(C) Salivary glands

(D) Sweat glands

(E) Ureteral tone

2. Parathion has which one of the following characteristics?
(A) It is inactivated by conversion to paraoxon
(B) It is less toxic to humans than malathion
(C) It is more persistent in the environment than DDT
(D) It is poorly absorbed through skin and lungs
(E) If treated early, its toxicity may be partly reversed by
pralidoxime
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PART II Autonomic Drugs

. Ms Brown has been treated for myasthenia gravis for several

years. She reports to the emergency department complain-
ing of recent onset of weakness of her hands, diplopia, and
difficulty swallowing. She may be suffering from a change in
response to her myasthenia therapy, that is, a cholinergic or
a myasthenic crisis. Which of the following is the best drug
for distinguishing between myasthenic crisis (insufficient
therapy) and cholinergic crisis (excessive therapy)?

(A) Atropine

(B) Edrophonium

(C) Physostigmine

(D) Pralidoxime

(E) Pyridostigmine

. A crop duster pilot has been accidentally exposed to a high

concentration of a highly toxic agricultural organophosphate
insecticide. If untreated, the cause of death from such expo-
sure would probably be

(A) Cardiac arrhythmia

(B) Gastrointestinal bleeding

(C) Heart failure

(D) Hypotension

(E) Respiratory failure

. Mr Green has just been diagnosed with dysautonomia

(chronic idiopathic autonomic insufficiency). You are consid-
ering different therapies for his disease. Pyridostigmine and
neostigmine may cause which one of the following?

(A) Bronchodilation

(B) Cycloplegia

(C) Diarrhea

(D) Irreversible inhibition of acetylcholinesterase

(E) Reduced gastric acid secretion

Parasympathetic nerve stimulation and a slow infusion of
bethanechol will each:

(A) Cause ganglion cell depolarization

(B) Cause skeletal muscle end plate depolarization

(C) Cause vasodilation

(D) Increase bladder tone

(E) Increase heart rate

Actions and clinical uses of muscarinic cholinoceptor agonists

include which one of the following?

(A) Bronchodilation (asthma)

(B) Improved aqueous humor drainage (glaucoma)

(C) Decreased gastrointestinal motility (diarrhea)

(D) Decreased neuromuscular transmission and relaxation of
skeletal muscle (during surgical anesthesia)

(E) Increased sweating (fever)

Which of the following is a direct-acting cholinomimetic that
is lipid-soluble and is used to facilitate smoking cessation?
(A) Acetylcholine

(B) Bethanechol

(C) Neostigmine

(D) Physostigmine

(E) Varenicline

9. A 3-year-old child is admitted after taking a drug from her

parents’ medicine cabinet. The signs suggest that the drug
is an indirect-acting cholinomimetic with little or no CNS
effect and a duration of action of about 2—4 h. Which of the
following is the most likely cause of these effects?

(A) Acetylcholine

(B) Bethanechol

(C) Neostigmine

(D) Physostigmine

(E) Pilocarpine

10. Which of the following is the primary second-messenger pro-

cess in the contraction of the ciliary muscle when focusing on
near objects?

(A) cAMP (cyclic adenosine monophosphate)

(B) DAG (diacylglycerol)

(C) Depolarizing influx of sodium ions via a channel

(D) IP; (inositol 1,4,5-trisphosphate)

(E) NO (nitric oxide)

ANSWERS

1.

Because neostigmine acts on the enzyme cholinesterase, which
is present at all cholinergic synapses, this drug increases ace-
tylcholine effects at nicotinic junctions as well as muscarinic
ones. Bethanechol, on the other hand, is a direct-acting agent
that is selective for muscarinic receptors and has no effect on
nicotinic junctions such as the skeletal muscle end plate. The
answer is B.

The “-thion” organophosphates (those containing the P—S
bond) are activated, not inactivated, by conversion to “-oxon”
(P=0) derivatives. They are less stable than halogenated
hydrocarbon insecticides of the DDT type; therefore, they
are less persistent in the environment. Parathion is more toxic
than malathion. It is very lipid-soluble and rapidly absorbed
through the lungs and skin. Pralidoxime has very high affin-
ity for the phosphorus atom and is a chemical antagonist of
organophosphates. The answer is E.

Any of the cholinesterase inhibitors (choices B, C, or E)
would effectively correct myasthenic crisis. However, because
cholinergic crisis (if that is what is causing the symptoms)
would be worsened by a cholinomimetic, we choose the
shortest-acting cholinesterase inhibitor, edrophonium. The
answer is B.

Respiratory failure, from neuromuscular paralysis or CNS
depression, is the most important cause of acute deaths in
cholinesterase inhibitor toxicity. The answer is E.

Cholinesterase inhibition is typically associated with increased
(never decreased) bowel activity. (Fortunately, many patients
become tolerant to this effect.) The answer is C.

Choice (E) is not correct because the vagus slows the heart.
Parasympathetic nerve stimulation does not cause vasodila-
tion (most vessels do not receive parasympathetic innerva-
tion), so choice (C) is incorrect. Ganglion cells and the end
plate contain nicotinic receptors, which are not affected by
bethanechol, a direct-acting muscarinic agonist. The answer
is D.

Muscarinic agonists cause accommodation and cyclospasm,
the opposite of paralysis of accommodation (cycloplegia).
In open-angle glaucoma, this results in increased outflow
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of aqueous and decreased intraocular pressure. These agents
may cause bronchospasm but have no effect on neuromuscular
transmission. They may cause diarrhea and are not used in its
treatment. Muscarinic agonists may also cause sweating, but
drug-induced sweating is of no value in the treatment of fever.
The answer is B.

. Varenicline is a lipid-soluble partial agonist at nicotinic recep-
tors and is used to reduce craving for tobacco in smokers. The
answer is E.

. Neostigmine is the prototypical indirect-acting cholinomi-
metic; it is a quaternary (charged) substance with poor lipid
solubility; its duration of action is about 2—4 h. Physostigmine
is similar but has good lipid solubility and significant CNS
effects. The answer is C.

10. Cholinomimetics cause smooth muscle contraction mainly

through the release of intracellular calcium. This release is
triggered by an increase in IP; acting on receptors in the
endoplasmic reticulum. The answer is D.

SKILL KEEPER ANSWER: DRUG METABOLISM

(SEE CHAPTER 4)

The esters acetylcholine and methacholine are hydrolyzed by
acetylcholinesterase. Hydrolytic drug metabolism reactions are
classified as phase I.

CHECKLIST

When you complete this chapter, you should be able to:

0 List the locations and types of acetylcholine receptors in the major organ systems
(CNS, autonomic ganglia, eye, heart, vessels, bronchi, gut, genitourinary tract,

skeletal muscle, exocrine glands).

0 Describe the second messengers involved and the effects of acetylcholine on the

major organs.

0 List the major clinical uses of cholinomimetic agonists.

0 Describe the pharmacodynamic differences between direct-acting and indirect-

acting cholinomimetic agents.

0 List the major pharmaco