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Pharmacokinetics

Venkata Yellepeddi

. OVERVIEW

Pharmacokinetics refers to what the body does to a drug, whereas phar-
macodynamics (see Chapter 2) describes what the drug does to the
body. Four pharmacokinetic properties determine the onset, intensity,
and the duration of drug action (Figure 1.1):

* Absorption: First, absorption from the site of administration permits
entry of the drug (either directly or indirectly) into plasma.

* Distribution: Second, the drug may then reversibly leave the blood-
stream and distribute into the interstitial and intracellular fluids.

* Metabolism: Third, the drug may be biotransformed by metabolism by
the liver or other tissues.

 Elimination: Finally, the drug and its metabolites are eliminated from
the body in urine, bile, or feces.

Using knowledge of pharmacokinetic parameters, clinicians can design
optimal drug regimens, including the route of administration, the dose,
the frequency, and the duration of treatment.

Il. ROUTES OF DRUG ADMINISTRATION

The route of administration is determined by the properties of the drug
(for example, water or lipid solubility, ionization) and by the therapeutic
objectives (for example, the desirability of a rapid onset, the need for
long-term treatment, or restriction of delivery to a local site). Major routes
of drug administration include enteral, parenteral, and topical, among
others (Figure 1.2).

Figure 1.1

Schematic representation of drug absorption, distribution, metabolism, and
elimination.

Drug at site of
administration
'l Absorption
(input)
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:\\a Distribution
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i tissues l
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la Metabolism

Metabolite(s)
in tissues
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(output)
Y l

Drug and/or metabolite(s) in
urine, bile, tears, breast milk,
saliva, sweat, or feces
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Otic

Ocular Parenteral:

1V, IM, SC
Inhalation

Sublingual
Buccal

Transdermal
patch

Epidural —

Figure 1.2

Commonly used routes of drug
administration. IV = intravenous; IM =
intramuscular; SC = subcutaneous.

A. Enteral

Enteral administration (administering a drug by mouth) is the saf-
est and most common, convenient, and economical method of drug
administration. The drug may be swallowed, allowing oral delivery, or
it may be placed under the tongue (sublingual), or between the gums
and cheek (buccal), facilitating direct absorption into the bloodstream.

1. Oral: Oral administration provides many advantages. Oral drugs
are easily self-administered, and toxicities and/or overdose of oral
drugs may be overcome with antidotes, such as activated char-
coal. However, the pathways involved in oral drug absorption are
the most complicated, and the low gastric pH inactivates some
drugs. A wide range of oral preparations is available including
enteric-coated and extended-release preparations.

a. Enteric-coated preparations: An enteric coating is a chemi-
cal envelope that protects the drug from stomach acid, deliv-
ering it instead to the less acidic intestine, where the coating
dissolves and releases the drug. Enteric coating is useful for
certain drugs (for example, omeprazole) that are acid unstable.
Drugs that are irritating to the stomach, such as aspirin, can
be formulated with an enteric coating that only dissolves in the
small intestine, thereby protecting the stomach.

b. Extended-release preparations: Extended-release (abbrevi-
ated ER or XR) medications have special coatings or ingredi-
ents that control the drug release, thereby allowing for slower
absorption and a prolonged duration of action. ER formulations
can be dosed less frequently and may improve patient com-
pliance. Additionally, ER formulations may maintain concentra-
tions within the therapeutic range over a longer period of time,
as opposed to immediate-release dosage forms, which may
result in larger peaks and troughs in plasma concentration. ER
formulations are advantageous for drugs with short half-lives.
For example, the half-life of oral morphine is 2 to 4 hours, and it
must be administered six times daily to provide continuous pain
relief. However, only two doses are needed when extended-
release tablets are used. Unfortunately, many ER formulations
have been developed solely for a marketing advantage over
immediate-release products, rather than a documented clinical
advantage.

2. Sublingual/buccal: Placement under the tongue allows a drug
to diffuse into the capillary network and enter the systemic circu-
lation directly. Sublingual administration has several advantages,
including ease of administration, rapid absorption, bypass of the
harsh gastrointestinal (Gl) environment, and avoidance of first-
pass metabolism (see discussion of first-pass metabolism below).
The buccal route (between the cheek and gum) is similar to the
sublingual route.

B. Parenteral

The parenteral route introduces drugs directly into the systemic cir-
culation. Parenteral administration is used for drugs that are poorly



II. Routes of Drug Administration

absorbed from the Gl tract (for example, heparin) or unstable in

the Gl tract (for example, insulin). Parenteral administration is also ﬂ Intramuscular
used if a patient is unable to take oral medications (unconscious injection
patients) and in circumstances that require a rapid onset of action. ?n‘}';g‘izan“eo“s !

In addition, parenteral routes have the highest bioavailability and
are not subject to first-pass metabolism or the harsh Gl environ-
ment. Parenteral administration provides the most control over the Dermis
actual dose of drug delivered to the body. However, these routes
of administration are irreversible and may cause pain, fear, local
tissue damage, and infections. The three major parenteral routes
are intravascular (intravenous or intra-arterial), intramuscular, and
subcutaneous (Figure 1.3).

Epidermis

1. Intravenous (IV): IV injection is the most common parenteral
route. It is useful for drugs that are not absorbed orally, such as
the neuromuscular blocker rocuronium. 1V delivery permits a
rapid effect and a maximum degree of control over the amount
of drug delivered. When injected as a bolus, the full amount of Muscle tsi‘s'?::"a“““s
drug is delivered to the systemic circulation almost immediately. If
administered as an IV infusion, the drug is infused over a longer
period of time, resulting in lower peak plasma concentrations and
an increased duration of circulating drug levels. IV administration
is advantageous for drugs that cause irritation when administered
via other routes, because the substance is rapidly diluted by the 200,
blood. Unlike drugs given orally, those that are injected cannot be
recalled by strategies such as binding to activated charcoal. IV
injection may inadvertently introduce infections through contami-
nation at the site of injection. It may also precipitate blood con-
stituents, induce hemolysis, or cause other adverse reactions if
the medication is delivered too rapidly and high concentrations are
reached too quickly. Therefore, patients must be carefully moni-
tored for drug reactions, and the rate of infusion must be carefully 0 30 60 90
controlled. Time (minutes)

5 mg intravenous midazolam

100+

Plasma concentration
(ng/mL)

5 mg intramuscular midazolam

2. Intramuscular (IM): Drugs administered IM can be in aque-
ous solutions, which are absorbed rapidly, or in specialized Figure 1.3
depot preparations, which are absorbed slowly. Depot prepara- A. Schematic representation of
tions often consist of a suspension of the drug in a nonaqueous isnligg:i‘ct)?]”%Oupslssnnﬂ;”égan”;gﬁfr:'ﬁéns
vehicle such as polyethylene glycol. As the vehicle diffuses out of midazolam after intravenous and

of the muscle, the drug precipitates at the site of injection. The intramuscular injection.

drug then dissolves slowly, providing a sustained dose over an

extended period of time. Examples of sustained-release drugs

are haloperidol (see Chapter 11) and depot medroxyprogester-

one (see Chapter 26).

3. Subcutaneous (SC): Like IM injection, SC injection provides
absorption via simple diffusion and is slower than the IV route. SC
injection minimizes the risks of hemolysis or thrombosis associ-
ated with IV injection and may provide constant, slow, and sus-
tained effects. This route should not be used with drugs that cause
tissue irritation, because severe pain and necrosis may occur.
Drugs commonly administered via the subcutaneous route include
insulin and heparin.
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a Clear backing

Drug reservoir
Skin

Drug-release
membrane

Contact
adhesive

Y

Drug diffusing from reservoir
into subcutaneous tissue

Figure 1.4

A. Schematic representation of a
transdermal patch. B. Transdermal
nicotine patch applied to the arm.

C. Other

1. Oral inhalation: Inhalation routes, both oral and nasal (see
discussion of nasal inhalation), provide rapid delivery of a drug
across the large surface area of the mucous membranes of the
respiratory tract and pulmonary epithelium. Drug effects are
almost as rapid as those with IV bolus. Drugs that are gases (for
example, some anesthetics) and those that can be dispersed in
an aerosol are administered via inhalation. This route is effective
and convenient for patients with respiratory disorders (such as
asthma or chronic obstructive pulmonary disease), because the
drug is delivered directly to the site of action, thereby minimizing
systemic side effects. Examples of drugs administered via inha-
lation include bronchodilators, such as albuterol, and corticoste-
roids, such as fluticasone.

2. Nasal inhalation: This route involves administration of drugs
directly into the nose. Examples of agents include nasal decon-
gestants, such as oxymetazoline, and corticosteroids, such as
mometasone furoate. Desmopressin is administered intranasally
in the treatment of diabetes insipidus.

3. Intrathecal/intraventricular: The blood-brain barrier typically
delays or prevents the absorption of drugs into the central nervous
system (CNS). When local, rapid effects are needed, it is neces-
sary to introduce drugs directly into the cerebrospinal fluid. For
example, intrathecal amphotericin B is used in treating cryptococ-
cal meningitis (see Chapter 42).

4. Topical: Topical application is used when a local effect of the drug
is desired. For example, clotrimazole is a cream applied directly to
the skin for the treatment of fungal infections.

5. Transdermal: This route of administration achieves systemic
effects by application of drugs to the skin, usually via a transder-
mal patch (Figure 1.4). The rate of absorption can vary markedly,
depending on the physical characteristics of the skin at the site
of application, as well as the lipid solubility of the drug. This route
is most often used for the sustained delivery of drugs, such as
the antianginal drug nitroglycerin, the antiemetic scopolamine, and
nicotine transdermal patches, which are used to facilitate smoking
cessation.

6. Rectal: Because 50% of the drainage of the rectal region
bypasses the portal circulation, the biotransformation of drugs by
the liver is minimized with rectal administration. The rectal route
has the additional advantage of preventing destruction of the drug
in the Gl environment. This route is also useful if the drug induces
vomiting when given orally, if the patient is already vomiting, or if
the patient is unconscious. [Note: The rectal route is commonly
used to administer antiemetic agents.] Rectal absorption is often
erratic and incomplete, and many drugs irritate the rectal mucosa.
Figure 1.5 summarizes the characteristics of the common routes
of administration.



[I. Routes of Drug Administration

ROUTE OF

ABSORPTION

ADVANTAGES

DISADVANTAGES

ADMINISTRATION
Oral

Intravenous

Subcutaneous

Intramuscular

PATTERN

@ Variable; affected by many
factors

o Absorption not required

@ Depends on drug diluents:
Aqueous solution: prompt

Depot preparations:
slow and sustained

eDepends on drug diluents:

Aqueous solution:
prompt

Depot preparations:
slow and sustained

o Safest and most common,
convenient, and economical
route of administration

o Can have immediate effects
o Ideal if dosed in large volumes

o Suitable for irritating substances
and complex mixtures

o Valuable in emergency situations
o Dosage titration permissible

o Ideal for high molecular weight
proteins and peptide drugs

o Suitable for slow-release drugs

o Ideal for some poorly soluble
suspensions

o Suitable if drug volume is moderate

o Suitable for oily vehicles and certain
irritating substances

o Preferable to intravenous if patient
must self-administer

o Limited absorption of some drugs
o Food may affect absorption
o Patient compliance is necessary

©® Drugs may be metabolized before
systemic absorption

@ Unsuitable for oily substances

@ Bolus injection may result in adverse
effects

@ Most substances must be slowly
injected
@ Strict aseptic techniques needed

@ Pain or necrosis if drug is irritating

@ Unsuitable for drugs administered in
large volumes

o Affects certain lab tests (creatine
kinase)

@ Can be painful

e Can cause intramuscular
hemorrhage (precluded during
anticoagulation therapy)

Transdermal @ Slow and sustained
(patch) ® Bypasses the first-pass effect @ Some patients are allergic to
o Convenient and painless patches, which can cause irritation
o Ideal for drugs that are lipophilic and | ® Prug mustbe highly lipophilic
have poor oral bioavailability ® May cause delayed delivery of_drug
o Ideal for drugs that are quickly to pharmacological site of action
eliminated from the body o Limited to drugs that can be
taken in small daily doses
Rectal o Erratic and variable o Partially bypasses first-pass effect @ Drugs may irritate the rectal
@ Bypasses destruction by stomach acid mucosa
o Ideal if drug causes vomiting o Not a well-accepted route
o Ideal in patients who are vomiting, or
comatose
. . . Absorption is rapid; can have ‘e
Inhalation @ Systemic absorption ma e : ! @ Most addictive route (drug can
o)c’cur; this is noI: always y immediate effects enter the brain quickly)
desirable ® Ideal for gases @ Patient may have difficulty
o Effective for patients with respiratory regulating dose
problems @ Some patients may have
o Dose can be titrated difficulty using inhalers
o Localized effect to target lungs: lower
doses used compared to that with
oral or parenteral administration
o Fewer systemic side effects
Subli I © Depends on the drua: ® Bypasses first-pass effect @ Limited to certain types of drugs
ublingua P 9: ® Bypasses destruction by stomach Limited to d h b
Few drugs (for example, acid O tl::(:: ingm;llllgds:s:: CaniLe
nitroglycerin) have rapid, P s
direct systemic absorption ® tli:rugljtafbllllt.y malln:'alnled bectaulse ® May lose part of the drug dose if
Most drugs erratically or epro s? va re.a fvely neutra . swallowed
incompletely absorbed ® May cause immediate pharmacologi-
cal effects
Figure 1.5

The absorption pattern, advantages, and disadvantages of the most common routes of administration.
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Figure 1.6

Schematic representation of
drugs crossing a cell membrane.
ATP = adenosine triphosphate;
ADP = adenosine diphosphate.

lll. ABSORPTION OF DRUGS

Absorption is the transfer of a drug from the site of administration to the
bloodstream. The rate and extent of absorption depend on the environ-
ment where the drug is absorbed, chemical characteristics of the drug,
and the route of administration (which influences bioavailability). Routes
of administration other than intravenous may result in partial absorption
and lower bioavailability.

A. Mechanisms of absorption of drugs from the Gl tract

Depending on their chemical properties, drugs may be absorbed from
the Gl tract by passive diffusion, facilitated diffusion, active transport,
or endocytosis (Figure 1.6).

1. Passive diffusion: The driving force for passive absorption of
a drug is the concentration gradient across a membrane sepa-
rating two body compartments. In other words, the drug moves
from a region of high concentration to one of lower concentra-
tion. Passive diffusion does not involve a carrier, is not saturable,
and shows a low structural specificity. The vast majority of drugs
are absorbed by this mechanism. Water-soluble drugs pene-
trate the cell membrane through aqueous channels or pores,
whereas lipid-soluble drugs readily move across most biologic
membranes due to their solubility in the membrane lipid bilayers.

2. Facilitated diffusion: Other agents can enter the cell through spe-
cialized transmembrane carrier proteins that facilitate the passage
of large molecules. These carrier proteins undergo conformational
changes, allowing the passage of drugs or endogenous molecules
into the interior of cells and moving them from an area of high con-
centration to an area of low concentration. This process is known
as facilitated diffusion. It does not require energy, can be saturated,
and may be inhibited by compounds that compete for the carrier.

3. Active transport: This mode of drug entry also involves spe-
cific carrier proteins that span the membrane. A few drugs that
closely resemble the structure of naturally occurring metabolites
are actively transported across cell membranes using specific
carrier proteins. Energy-dependent active transport is driven by
the hydrolysis of adenosine triphosphate. It is capable of moving
drugs against a concentration gradient, from a region of low drug
concentration to one of higher drug concentration. The process is
saturable. Active transport systems are selective and may be com-
petitively inhibited by other cotransported substances.

4. Endocytosis and exocytosis: This type of absorption is used
to transport drugs of exceptionally large size across the cell
membrane. Endocytosis involves engulfment of a drug by the cell
membrane and transport into the cell by pinching off the drug-
filled vesicle. Exocytosis is the reverse of endocytosis. Many
cells use exocytosis to secrete substances out of the cell through
a similar process of vesicle formation. Vitamin B, is transported
across the gut wall by endocytosis, whereas certain neurotrans-
mitters (for example, norepinephrine) are stored in intracellular
vesicles in the nerve terminal and released by exocytosis.
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B. Factors influencing absorption

1. Effect of pH on drug absorption: Most drugs are either weak
acids or weak bases. Acidic drugs (HA) release a proton (H*),
causing a charged anion (A-) to form:

HA S H + A

Weak bases (BH* can also release an H*. However, the proton-
ated form of basic drugs is usually charged, and loss of a proton
produces the uncharged base (B):

BH =B +H'

A drug passes through membranes more readily if it is uncharged
(Figure 1.7). Thus, for a weak acid, the uncharged, proton-
ated HA can permeate through membranes, and A- cannot. For
a weak base, the uncharged form B penetrates through the cell
membrane, but the protonated form BH* does not. Therefore, the
effective concentration of the permeable form of each drug at its
absorption site is determined by the relative concentrations of the
charged and uncharged forms. The ratio between the two forms
is, in turn, determined by the pH at the site of absorption and by
the strength of the weak acid or base, which is represented by
the ionization constant, pK, (Figure 1.8). [Note: The pK_ is a mea-
sure of the strength of the interaction of a compound with a proton.
The lower the pK, of a drug, the more acidic it is. Conversely, the
higher the pK_, the more basic is the drug.] Distribution equilibrium
is achieved when the permeable form of a drug achieves an equal
concentration in all body water spaces.

2. Blood flow to the absorption site: The intestines receive much
more blood flow than the stomach, so absorption from the intestine
is favored over the stomach. [Note: Shock severely reduces blood

flow to cutaneous tissues, thereby minimizing absorption from SC
administration.]

3. Total surface area available for absorption: With a surface rich
in brush borders containing microvilli, the intestine has a surface
area about 1000-fold that of the stomach, making absorption of the
drug across the intestine more efficient.
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A. Diffusion of the nonionized
form of a weak acid through a lipid
membrane. B. Diffusion of the
nonionized form of a weak base
through a lipid membrane.

When pH is less than pKj,,
the protonated forms
HA and BH* predominate.

When pH = pK,,
[HA]=[A-] and
[BH*]=[B]

When pH is greater than pKj,,
the deprotonated forms
A- and B predominate.

Figure 1.8

The distribution of a drug between its ionized and nonionized forms depends on the ambient pH and pK of the drug. For

illustrative purposes, the drug has been assigned a pK, of 6.5.
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The six membrane-spanning loops
of the P-glycoprotein form a central
channel for the ATP-dependent
pumping of drugs from the cell.
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Determination of the bioavailability
of a drug. AUC = area under curve;
IV = intravenous

4. Contact time at the absorption surface: If a drug moves
through the Gl tract very quickly, as can happen with severe diar-
rhea, it is not well absorbed. Conversely, anything that delays the
transport of the drug from the stomach to the intestine delays
the rate of absorption of the drug. [Note: The presence of food
in the stomach both dilutes the drug and slows gastric emptying.
Therefore, a drug taken with a meal is generally absorbed more
slowly.]

5. Expression of P-glycoprotein: P-glycoprotein is a transmem-
brane transporter protein responsible for transporting various
molecules, including drugs, across cell membranes (Figure 1.9).
It is expressed in tissues throughout the body, including the
liver, kidneys, placenta, intestines, and brain capillaries, and is
involved in transportation of drugs from tissues to blood. That is, it
“pumps” drugs out of the cells. Thus, in areas of high expression,
P-glycoprotein reduces drug absorption. In addition to transport-
ing many drugs out of cells, it is also associated with multidrug
resistance.

C. Bioavailability

Bioavailability is the rate and extent to which an administered drug
reaches the systemic circulation. For example, if 100 mg of a drug
is administered orally and 70 mg is absorbed unchanged, the bio-
availability is 0.7 or 70%. Determining bioavailability is important for
calculating drug dosages for nonintravenous routes of administration.

1. Determination of bioavailability: Bioavailability is determined
by comparing plasma levels of a drug after a particular route
of administration (for example, oral administration) with levels
achieved by IV administration. After IV administration, 100% of the
drug rapidly enters the circulation. When the drug is given orally,
only part of the administered dose appears in the plasma. By
plotting plasma concentrations of the drug versus time, the area
under the curve (AUC) can be measured. The total AUC reflects
the extent of absorption of the drug. Bioavailability of a drug given
orally is the ratio of the AUC following oral administration to the
AUC following IV administration (assuming IV and oral doses are
equivalent; Figure 1.10).

2. Factors that influence bioavailability: In contrast to IV admin-
istration, which confers 100% bioavailability, orally administered
drugs often undergo first-pass metabolism. This biotransformation,
in addition to the chemical and physical characteristics of the drug,
determines the rate and extent to which the agent reaches the
systemic circulation.

a. First-pass hepatic metabolism: When a drug is absorbed
from the Gl tract, it enters the portal circulation before enter-
ing the systemic circulation (Figure 1.11). If the drug is rap-
idly metabolized in the liver or gut wall during this initial
passage, the amount of unchanged drug entering the sys-
temic circulation is decreased. This is referred to as first-pass
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metabolism. [Note: First-pass metabolism by the intestine

or liver limits the efficacy of many oral medications. For Drugs administered orally

o i in i ; are first exposed to the
gxample, more thgn 90% of n/tlrog/ycelr/n is cleareq _durlng liver and may be extensively
first-pass metabolism. Hence, it is primarily administered metabolized before
via the sublingual or transdermal route.] Drugs with high reaching the rest of body.
first-pass metabolism should be given in doses sufficient to
ensure that enough active drug reaches the desired site of Drugs administered IV
action enter directly into the

systemic circulation and
have direct access to the

b. Solubility of the drug: Very hydrophilic drugs are poorly rest of the body.
absorbed because of their inability to cross lipid-rich cell mem-
branes. Paradoxically, drugs that are extremely lipophilic are
also poorly absorbed, because they are totally insoluble in
aqueous body fluids and, therefore, cannot gain access to the
surface of cells. For a drug to be readily absorbed, it must be
largely lipophilic, yet have some solubility in aqueous solutions.
This is one reason why many drugs are either weak acids or
weak bases.

c. Chemical instability: Some drugs, such as penicillin G, are
unstable in the pH of the gastric contents. Others, such as
insulin, are destroyed in the Gl tract by degradative enzymes.

d. Nature of the drug formulation: Drug absorption may be
altered by factors unrelated to the chemistry of the drug. For
example, particle size, salt form, crystal polymorphism, enteric
coatings, and the presence of excipients (such as binders and
dispersing agents) can influence the ease of dissolution and,
therefore, alter the rate of absorption.

D. Bioequivalence

Two drug formulations are bioequivalent if they show comparable bio-
availability and similar times to achieve peak blood concentrations. Systemic
circulation

E. Therapeutic equivalence

Two drug formulations are therapeutically equivalent if they are F.|gure1.11 )
First-pass metabolism can occur

pharmaceutically equivalent (that is, they have the same dosage with orally administered drugs.
form, contain the same active ingredient, and use the same route of IV = intravenous.
administration) with similar clinical and safety profiles. [Note: Clinical

effectiveness often depends on both the maximum serum drug con-

centration and the time required (after administration) to reach peak

concentration. Therefore, two drugs that are bioequivalent may not

be therapeutically equivalent.]

IV. DRUG DISTRIBUTION

Drug distribution is the process by which a drug reversibly leaves the
bloodstream and enters the interstitium (extracellular fluid) and the tis-
sues. For drugs administered |V, absorption is not a factor, and the ini-
tial phase (from immediately after administration through the rapid fall in
concentration) represents the distribution phase, during which the drug
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Drug concentrations in serum after
a single injection of drug. Assume
that the drug distributes and is
subsequently eliminated.

rapidly leaves the circulation and enters the tissues (Figure 1.12). The
distribution of a drug from the plasma to the interstitium depends on car-
diac output and local blood flow, capillary permeability, the tissue volume,
the degree of binding of the drug to plasma and tissue proteins, and the
relative lipophilicity of the drug.

A. Blood flow

The rate of blood flow to the tissue capillaries varies widely. For
instance, blood flow to the “vessel-rich organs” (brain, liver, and kid-
ney) is greater than that to the skeletal muscles. Adipose tissue, skin,
and viscera have still lower rates of blood flow. Variation in blood
flow partly explains the short duration of hypnosis produced by an
IV bolus of propofol (see Chapter 13). High blood flow, together with
high lipophilicity of propofol, permits rapid distribution into the CNS
and produces anesthesia. A subsequent slower distribution to skel-
etal muscle and adipose tissue lowers the plasma concentration so
that the drug diffuses out of the CNS, down the concentration gradi-
ent, and consciousness is regained.

B. Capillary permeability

Capillary permeability is determined by capillary structure and by
the chemical nature of the drug. Capillary structure varies in terms
of the fraction of the basement membrane exposed by slit junc-
tions between endothelial cells. In the liver and spleen, a signifi-
cant portion of the basement membrane is exposed due to large,
discontinuous capillaries through which large plasma proteins can
pass (Figure 1.13A). In the brain, the capillary structure is con-
tinuous, and there are no slit junctions (Figure 1.13B). To enter
the brain, drugs must pass through the endothelial cells of the
CNS capillaries or be actively transported. For example, a specific
transporter carries levodopa into the brain. By contrast, lipid-solu-
ble drugs readily penetrate the CNS because they dissolve in the
endothelial cell membrane. lonized or polar drugs generally fail to
enter the CNS because they cannot pass through the endothelial
cells that have no slit junctions (Figure 1.13C). These closely jux-
taposed cells form tight junctions that constitute the blood-brain
barrier.

C. Binding of drugs to plasma proteins and tissues

1. Binding to plasma proteins: Reversible binding to plasma
proteins sequesters drugs in a nondiffusible form and slows
their transfer out of the vascular compartment. Albumin is the
major drug-binding protein and may act as a drug reservoir (as
the concentration of free drug decreases due to elimination, the
bound drug dissociates from the protein). This maintains the free-
drug concentration as a constant fraction of the total drug in the
plasma.

2. Binding to tissue proteins: Many drugs accumulate in tissues,
leading to higher concentrations in tissues than in the extracel-
lular fluid and blood. Drugs may accumulate as a result of binding
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to lipids, proteins, or nucleic acids. Drugs may also be actively .
transported into tissues. Tissue reservoirs may serve as a major m St"{d“re of liver
source of the drug and prolong its actions or cause local drug capillary

toxicity. (For example, acrolein, the metabolite of cyclophospha-
mide, can cause hemorrhagic cystitis because it accumulates in
the bladder.)

Large fenestrations allow drugs to
move between blood and interstitium
in the liver.

D. Lipophilicity

The chemical nature of a drug strongly influences its ability to cross
cell membranes. Lipophilic drugs readily move across most biologic
membranes. These drugs dissolve in the lipid membranes and pen-
etrate the entire cell surface. The major factor influencing the distribu-
tion of lipophilic drugs is blood flow to the area. In contrast, hydrophilic
drugs do not readily penetrate cell membranes and must pass through

Drug
Endothelial
cell

[- Slit junctions

slit junctions. :‘aesr:;mrea:te
E. Volume of distribution Structure of a brain

The apparent volume of distribution, V_, is defined as the fluid volume capillary
that is required to contain the entire drug in the body at the same
concentration measured in the plasma. It is calculated by dividing the
dose that ultimately gets into the systemic circulation by the plasma
concentration at time zero (C).

Astrocyte foot processes

Basement membrane

_ Amount of drug in the body

V .
d C, engt::ll:;lial -~
) cell
Although V, has no physiologic or physical basis, it can be useful to |
compare the distribution of a drug with the volumes of the water com- At tight junctions, two
partments in the body. adjoining cells merge

so that the cells are
1. Distribution into the water compartments in the body: Once a fhys'ca"”‘."“ed and

. . - . ‘orm a continuous wall
drug enters the body, it has the potential to distribute into any one that prevents many
of the three functionally distinct compartments of body water or to substances from

become sequestered in a cellular site. entering the brain.

A

Tight junction

a. Plasma compartment: If a drug has a high molecular weight Permeability of a
oris extensively protein bound, it is too large to pass through the brain capillary
slit junctions of the capillaries and, thus, is effectively trapped
within the plasma (vascular) compartment. As a result, it has a
low V, that approximates the plasma volume or about 4 L in a Chargedi)
70-kg individual. Heparin (see Chapter 22) shows this type of drug
distribution. Lipid-soluble ;

drugs

b. Extracellular fluid: If a drug has a low molecular weight but Carvier-mediated
is hydrophilic, it can pass through the endothelial slit junctions transport ’
of the capillaries into the interstitial fluid. However, hydrophilic
drugs cannot move across the lipid membranes of cells to
enter the intracellular fluid. Therefore, these drugs distribute

into a volume that is the sum of the plasma volume and the

interstitial fluid, which together constitute the extracellular Figure 1.13
fluid (about 20% of body weight or 14 L in a 70-kg individual). Cross section of liver and brain
Aminoglycoside antibiotics (see Chapter 39) show this type of capillaries.

distribution.
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The half-life (the time it takes to
reduce the plasma drug concentration
by half) is equal to 0.693 V4/CL.

Figure 1.14

Drug concentrations in plasma after

a single injection of drug at time = 0.
A. Concentration data are plotted on a
linear scale. B. Concentration data are
plotted on a log scale.

c. Total body water: If a drug has a low molecular weight and
is lipophilic, it can move into the interstitium through the slit
junctions and also pass through the cell membranes into the
intracellular fluid. These drugs distribute into a volume of about
60% of body weight or about 42 L in a 70-kg individual. Ethanol
exhibits this apparent V..

2. Apparent volume of distribution: A drug rarely associates
exclusively with only one of the water compartments of the body.
Instead, the vast majority of drugs distribute into several compart-
ments, often avidly binding cellular components, such as lipids
(abundant in adipocytes and cell membranes), proteins (abundant
in plasma and cells), and nucleic acids (abundant in cell nuclei).
Therefore, the volume into which drugs distribute is called the
apparent volume of distribution (V). V, is a useful pharmacokinetic
parameter for calculating the loading dose of a drug.

3. Determination of V: The fact that drug clearance is usually a
first-order process allows calculation of V . First order means that
a constant fraction of the drug is eliminated per unit of time. This
process can be most easily analyzed by plotting the log of the
plasma drug concentration (Cp) versus time (Figure 1.14). The
concentration of drug in the plasma can be extrapolated back to
time zero (the time of IV bolus) on the Y axis to determine C,,
which is the concentration of drug that would have been achieved
if the distribution phase had occurred instantly. This allows calcu-
lation of V as

Dose
V, = C
0

Forexample, if 10 mg of drugis injected into a patient and the plasma
concentration is extrapolated back to time zero, and C, = 1 mg/L
(from the graph in Figure 1.14B), then V, =10 mg/1 mg/L = 10 L.

4. Effect of V, on drug half-life: V, has an important influence on
the half-life of a drug, because drug elimination depends on the
amount of drug delivered to the liver or kidney (or other organs
where metabolism occurs) per unit of time. Delivery of drug to the
organs of elimination depends not only on blood flow but also on
the fraction of the drug in the plasma. If a drug has a large V,
most of the drug is in the extraplasmic space and is unavailable to
the excretory organs. Therefore, any factor that increases V, can
increase the half-life and extend the duration of action of the drug.
[Note: An exceptionally large V indicates considerable sequestra-
tion of the drug in some tissues or compartments.]

V. DRUG CLEARANCE THROUGH METABOLISM

Once a drug enters the body, the process of elimination begins. The three
major routes of elimination are hepatic metabolism, biliary elimination,
and urinary elimination. Together, these elimination processes decrease
the plasma concentration exponentially. That is, a constant fraction of the
drug present is eliminated in a given unit of time (Figure 1.14A). Most
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drugs are eliminated according to first-order kinetics, although some,
such as aspirin in high doses, are eliminated according to zero-order
or nonlinear kinetics. Metabolism leads to production of products with
increased polarity, which allows the drug to be eliminated. Clearance
(CL) estimates the amount of drug cleared from the body per unit of time.
Total CL is a composite estimate reflecting all mechanisms of drug elimi-
nation and is calculated as follows:

CL=0.693xV,/t,,

where t, , is the elimination half-life, V  is the apparent volume of distribu-
tion, and 0.693 is the natural log constant. Drug half-life is often used as
a measure of drug CL, because, for many drugs, V, is a constant.

A. Kinetics of metabolism

1. First-order kinetics: The metabolic transformation of drugs is
catalyzed by enzymes, and most of the reactions obey Michaelis-
Menten kinetics.

Vmax [C]

v = Rate of drug metabolism = ——~=
K, +[C]

In most clinical situations, the concentration of the drug, [C], is
much less than the Michaelis constant, K , and the Michaelis-
Menten equation reduces to

v = Rate of drug metabolism =

Vmax [C]
K

m

That is, the rate of drug metabolism and elimination is directly pro-
portional to the concentration of free drug, and first-order kinetics
is observed (Figure 1.15). This means that a constant fraction of
drug is metabolized per unit of time (that is, with each half-life,
the concentration decreases by 50%). First-order kinetics is also
referred to as linear kinetics.

2. Zero-order kinetics: With a few drugs, such as aspirin, ethanol,
and phenytoin, the doses are very large. Therefore, [C] is much
greater than K _, and the velocity equation becomes

Ve [C]

v = Rate of drug metabolism = W =V

The enzyme is saturated by a high free drug concentration,
and the rate of metabolism remains constant over time. This is
called zero-order kinetics (also called nonlinear kinetics). A con-
stant amount of drug is metabolized per unit of time. The rate
of elimination is constant and does not depend on the drug
concentration.

B. Reactions of drug metabolism

The kidney cannot efficiently eliminate lipophilic drugs that readily
cross cell membranes and are reabsorbed in the distal convoluted
tubules. Therefore, lipid-soluble agents are first metabolized into more

With a few drugs, such as aspirin,
ethanol, and phenytoin, the doses are
very large. Therefore, the plasma drug
concentration is much greater than Ky,
and drug metabolism is zero order, that
is, constant and independent of the

drug dose.

100

50

Rate of drug metabolism

With most drugs the plasma drug
concentration is less than K;,,, and
drug elimination is first order, that
is, proportional to the drug dose.

Figure 1.15

Effect of drug dose on the rate of
metabolism.
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Figure 1.16
The biotransformation of drugs.
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Relative contribution of cytochrome
P450 (CYP) isoforms to drug
biotransformation.

polar (hydrophilic) substances in the liver via two general sets of reac-

tions, called phase | and phase Il (Figure 1.16).

1. Phase I: Phase | reactions convert lipophilic drugs into more polar
molecules by introducing or unmasking a polar functional group,
such as —~OH or —NH,. Phase | reactions usually involve reduc-
tion, oxidation, or hydrolysis. Phase | metabolism may increase,
decrease, or have no effect on pharmacologic activity.

a. Phase | reactions utilizing the P450 system: The phase |
reactions most frequently involved in drug metabolism are cata-
lyzed by the cytochrome P450 system (also called microsomal
mixed-function oxidases). The P450 system is important for the
metabolism of many endogenous compounds (such as ste-
roids, lipids) and for the biotransformation of exogenous sub-
stances (xenobiotics). Cytochrome P450, designated as CYP,
is a superfamily of heme-containing isozymes that are located
in most cells, but primarily in the liver and Gl tract.

[1] Nomenclature: The family name is indicated by the Arabic
number that follows CYP, and the capital letter designates
the subfamily, for example, CYP3A (Figure 1.17). A second
number indicates the specific isozyme, as in CYP3A4.

[2] Specificity: Because there are many different genes that
encode multiple enzymes, there are many different P450
isoforms. These enzymes have the capacity to modify a
large number of structurally diverse substrates. In addi-
tion, an individual drug may be a substrate for more than
one isozyme. Four isozymes are responsible for the vast
majority of P450-catalyzed reactions. They are CYP3A4/5,
CYP2D6, CYP2C8/9, and CYP1A2 (Figure 1.17).
Considerable amounts of CYP3A4 are found in intestinal
mucosa, accounting for first-pass metabolism of drugs such
as chlorpromazine and clonazepam.

[3] Genetic variability: P450 enzymes exhibit considerable
genetic variability among individuals and racial groups.
Variations in P450 activity may alter drug efficacy and the
risk of adverse events. CYP2D6, in particular, has been
shown to exhibit genetic polymorphism. CYP2D6 mutations
result in very low capacities to metabolize substrates. Some
individuals, for example, obtain no benefit from the opioid
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[4]

[5]

analgesic codeine, because they lack the CYP2D6 enzyme
that activates the drug. Similar polymorphisms have been
characterized for the CYP2C subfamily of isozymes. For
instance, clopidogrel carries a warning that patients who
are poor CYP2C19 metabolizers have a higher incidence
of cardiovascular events (for example, stroke or myocar-
dial infarction) when taking this drug. Clopidogrel is a pro-
drug, and CYP2C19 activity is required to convert it to the
active metabolite. Although CYP3A4 exhibits a greater than
10-fold variability between individuals, no polymorphisms
have been identified so far for this P450 isozyme.

Inducers: The CYP450-dependent enzymes are an
important target for pharmacokinetic drug interactions. One
such interaction is the induction of selected CYP isozymes.
Xenobiotics (chemicals not normally produced or expected
to be present in the body, for example, drugs or environ-
mental pollutants) may induce the activity of these enzymes.
Certain drugs (for example, phenobarbital, rifampin, and
carbamazepine) are capable of increasing the synthesis
of one or more CYP isozymes. This results in increased
biotransformation of drugs and can lead to significant
decreases in plasma concentrations of drugs metabolized
by these CYP isozymes, with concurrent loss of pharma-
cologic effect. For example, rifampin, an antituberculosis
drug (see Chapter 41), significantly decreases the plasma
concentrations of human immunodeficiency virus (HIV) pro-
tease inhibitors, thereby diminishing their ability to suppress
HIV replication. St. John’s wortis a widely used herbal prod-
uct and is a potent CYP3A4 inducer. Many drug interactions
have been reported with concomitant use of St. John’s wort.
Figure 1.18 lists some of the more important inducers for
representative CYP isozymes. Consequences of increased
drug metabolism include 1) decreased plasma drug con-
centrations, 2) decreased drug activity if the metabolite is
inactive, 3) increased drug activity if the metabolite is active,
and 4) decreased therapeutic drug effect.

Inhibitors: Inhibition of CYP isozyme activity is an impor-
tant source of drug interactions that lead to serious adverse
events. The most common form of inhibition is through com-
petition for the same isozyme. Some drugs, however, are
capable of inhibiting reactions for which they are not sub-
strates (for example, ketoconazole), leading to drug inter-
actions. Numerous drugs have been shown to inhibit one
or more of the CYP-dependent biotransformation pathways
of warfarin. For example, omeprazole is a potent inhibi-
tor of three of the CYP isozymes responsible for warfarin
metabolism. If the two drugs are taken together, plasma
concentrations of warfarin increase, which leads to greater
anticoagulant effect and increased risk of bleeding.
[Note: The more important CYP inhibitors are erythromycin,
ketoconazole, and ritonavir, because they each inhibit several
CYP isozymes.] Natural substances may also inhibit drug
metabolism. For instance, grapefruit juice inhibits CYP3A4

Isozyme: CYP2C9/10

COMMON SUBSTRATES | INDUCERS
Warfarin .
Phenytoin Pl'renob.arbltal
Ibuprofen Rifampin
Tolbutamide

Isozyme: CYP2D6

COMMON SUBSTRATES | INDUCERS
Desipramine e
Imipramine
Haloperidol
Propranolol

Isozyme: CYP3A4/5

COMMON SUBSTRATES | INDUCERS
Carbamazepine Carbamazepine
Cyclosporine Dexamethasone
Erythromycin Phenobarbital
Nifedipine Phenytoin
Verapamil Rifampin
Figure 1.18

Some representative cytochrome
P450 isozymes. CYP = cytochrome P.
*Unlike most other CYP450 enzymes,
CYP2D6 is not very susceptible to
enzyme induction.
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Figure 1.19
Drug elimination by the kidney.

and leads to higher levels and/or greater potential for toxic
effects with drugs, such as nifedipine, clarithromycin, and
simvastatin, that are metabolized by this system.

b. Phase | reactions not involving the P450 system: These
include amine oxidation (for example, oxidation of catechol-
amines or histamine), alcohol dehydrogenation (for example,
ethanol oxidation), esterases (for example, metabolism of
aspirin in the liver), and hydrolysis (for example, of procaine).

2. Phase II: This phase consists of conjugation reactions. If the
metabolite from phase | metabolism is sufficiently polar, it can be
excreted by the kidneys. However, many phase | metabolites are
still too lipophilic to be excreted. A subsequent conjugation reac-
tion with an endogenous substrate, such as glucuronic acid, sulfu-
ric acid, acetic acid, or an amino acid, results in polar, usually more
water-soluble compounds that are often therapeutically inactive. A
notable exception is morphine-6-glucuronide, which is more potent
than morphine. Glucuronidation is the most common and the most
important conjugation reaction. [Note: Drugs already possessing
an —OH, -NH,, or -COOH group may enter phase Il directly and
become conjugated without prior phase | metabolism.] The highly
polar drug conjugates are then excreted by the kidney or in bile.

VIi. DRUG CLEARANCE BY THE KIDNEY

Drugs must be sulfficiently polar to be eliminated from the body. Removal
of drugs from the body occurs via a number of routes, the most important
being elimination through the kidney into the urine. Patients with renal
dysfunction may be unable to excrete drugs and are at risk for drug accu-
mulation and adverse effects.

A. Renal elimination of a drug

Elimination of drugs via the kidneys into urine involves the processes
of glomerular filtration, active tubular secretion, and passive tubular
reabsorption.

1. Glomerular filtration: Drugs enter the kidney through renal arter-
ies, which divide to form a glomerular capillary plexus. Free drug
(not bound to albumin) flows through the capillary slits into the
Bowman space as part of the glomerular filtrate (Figure 1.19). The
glomerular filtration rate (GFR) is normally about 125 mL/min but
may diminish significantly in renal disease. Lipid solubility and pH
do not influence the passage of drugs into the glomerular filtrate.
However, variations in GFR and protein binding of drugs do affect
this process.

2. Proximal tubular secretion: Drugs that were not transferred into
the glomerular filtrate leave the glomeruli through efferent arterioles,
which divide to form a capillary plexus surrounding the nephric lumen
in the proximal tubule. Secretion primarily occurs in the proximal
tubules by two energy-requiring active transport systems: one for
anions (for example, deprotonated forms of weak acids) and one for
cations (for example, protonated forms of weak bases). Each of these
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transport systems shows low specificity and can transport many
compounds. Thus, competition between drugs for these carriers can
occur within each transport system. [Note: Premature infants and
neonates have an incompletely developed tubular secretory mecha-
nism and, thus, may retain certain drugs in the glomerular filtrate.]

3. Distal tubular reabsorption: As a drug moves toward the dis-
tal convoluted tubule, its concentration increases and exceeds
that of the perivascular space. The drug, if uncharged, may dif-
fuse out of the nephric lumen, back into the systemic circulation.
Manipulating the urine pH to increase the fraction of ionized drug
in the lumen may be done to minimize the amount of back diffusion
and increase the clearance of an undesirable drug. As a general
rule, weak acids can be eliminated by alkalinization of the urine,
whereas elimination of weak bases may be increased by acidifica-
tion of the urine. This process is called “ion trapping.” For example,
a patient presenting with phenobarbital (weak acid) overdose can
be given bicarbonate, which alkalinizes the urine and keeps the
drug ionized, thereby decreasing its reabsorption.

4. Role of drug metabolism: Most drugs are lipid soluble and, without
chemical modification, would diffuse out of the tubular lumen when
the drug concentration in the filtrate becomes greater than that in the
perivascular space. To minimize this reabsorption, drugs are modi-
fied primarily in the liver into more polar substances via phase | and
phase Il reactions (described above). The polar or ionized conjugates
are unable to back diffuse out of the kidney lumen (Figure 1.20).

VIl. CLEARANCE BY OTHER ROUTES

Drug clearance may also occur via the intestines, bile, lungs, and breast
milk, among others. Drugs that are not absorbed after oral administration
or drugs that are secreted directly into the intestines or into bile are elimi-
nated in the feces. The lungs are primarily involved in the elimination of
anesthetic gases (for example, isoflurane). Elimination of drugs in breast
milk may expose the breast-feeding infant to medications and/or metabo-
lites being taken by the mother and is a potential source of undesirable
side effects to the infant. Excretion of most drugs into sweat, saliva, tears,
hair, and skin occurs only to a small extent. Total body clearance and
drug half-life are important measures of drug clearance that are used to
optimize drug therapy and minimize toxicity.

A. Total body clearance

The total body (systemic) clearance, CL,_, is the sum of all clear-
ances from the drug-metabolizing and drug-eliminating organs. The
kidney is often the major organ of elimination. The liver also contrib-
utes to drug clearance through metabolism and/or excretion into the
bile. Total clearance is calculated using the following equation:

CL, ., =CL +CL__ +CL +CL

total hepatic renal pulmonary other

where CL + CL

hepatic renal

are typically the most important.

Drug
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Figure 1.20

Effect of drug metabolism on
reabsorption in the distal tubule.
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Note: A faster rate of
infusion does not change
the time needed to achieve
steady state. Only the
steady-state concentration
changes.
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Figure 1.21

Effect of infusion rate on the steady-
state concentration of drug in the
plasma. R, = rate of drug infusion;
C,, = steady-state concentration.

B. Clinical situations resulting in changes in drug half-life

When a patient has an abnormality that alters the half-life of a drug,
adjustment in dosage is required. Patients who may have an increase
in drug half-life include those with 1) diminished renal or hepatic blood
flow, for example, in cardiogenic shock, heart failure, or hemorrhage;
2) decreased ability to extract drug from plasma, for example, in renal
disease; and 3) decreased metabolism, for example, when a con-
comitant drug inhibits metabolism or in hepatic insufficiency, as with
cirrhosis. These patients may require a decrease in dosage or less
frequent dosing intervals. In contrast, the half-life of a drug may be
decreased by increased hepatic blood flow, decreased protein bind-
ing, or increased metabolism. This may necessitate higher doses or
more frequent dosing intervals.

Viil. DESIGN AND OPTIMIZATION
OF DOSAGE REGIMEN

To initiate drug therapy, the clinician must select the appropriate route
of administration, dosage, and dosing interval. Selection of a regimen
depends on various patient and drug factors, including how rapidly thera-
peutic levels of a drug must be achieved. The regimen is then further
refined, or optimized, to maximize benefit and minimize adverse effects.

A. Continuous infusion regimens

Therapy may consist of a single dose of a drug, for example, a sleep-
inducing agent, such as zolpidem. More commonly, drugs are con-
tinually administered, either as an IV infusion or in oral fixed-dose/
fixed-time interval regimens (for example, “one tablet every 4 hours”).
Continuous or repeated administration results in accumulation of the
drug until a steady state occurs. Steady-state concentration is reached
when the rate of drug elimination is equal to the rate of drug administra-
tion, such that the plasma and tissue levels remain relatively constant.

1. Plasma concentration of a drug following IV infusion: With
continuous IV infusion, the rate of drug entry into the body is con-
stant. Most drugs exhibit first-order elimination, that is, a constant
fraction of the drug is cleared per unit of time. Therefore, the rate of
drug elimination increases proportionately as the plasma concen-
tration increases. Following initiation of a continuous IV infusion,
the plasma concentration of a drug rises until a steady state (rate of
drug elimination equals rate of drug administration) is reached, at
which point the plasma concentration of the drug remains constant.

a. Influence of the rate of infusion on steady-state concen-
tration: The steady-state plasma concentration (C_) is directly
proportional to the infusion rate. For example, if the infusion
rate is doubled, the C__ is doubled (Figure 1.21). Furthermore,
the C__ is inversely proportional to the clearance of the drug.
Thus, any factor that decreases clearance, such as liver or kid-
ney disease, increases the C_ of an infused drug (assuming
V, remains constant). Factors that increase clearance, such as

increased metabolism, decrease the C__.
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Rate of attainment of steady-state concentration of a drug in the plasma after intravenous infusion.

b. Time required to reach the steady-state drug concentra-
tion: The concentration of a drug rises from zero at the start of
the infusion to its ultimate steady-state level, C_ (Figure 1.21).
The rate constant for attainment of steady state is the rate con-
stant for total body elimination of the drug. Thus, 50% of C_ of a
drug is observed after the time elapsed, since the infusion, t, is
equaltot,,, wheret, , (or half-life) is the time required for the drug

concentration to change by 50%. After another half-life, the drug

concentration approaches 75% of C__ (Figure 1.22). The drug con-
centration is 87.5% of C__ at 3 half-lives and 90% at 3.3 half-lives.

Thus, a drug reaches steady state in about four to five half-lives.

The sole determinant of the rate that a drug achieves steady
state is the half-life (t,,) of the drug, and this rate is influenced
only by factors that affect the half-life. The rate of approach to
steady state is not affected by the rate of drug infusion. When the
infusion is stopped, the plasma concentration of a drug declines
(washes out) to zero with the same time course observed in
approaching the steady state (Figure 1.22).

B. Fixed-dose/fixed-time regimens

Administration of a drug by fixed doses rather than by continuous
infusion is often more convenient. However, fixed doses of 1V or oral
medications given at fixed intervals result in time-dependent fluctua-
tions in the circulating level of drug, which contrasts with the smooth
ascent of drug concentration observed with continuous infusion.

1. Multiple IV injections: When a drug is given repeatedly at regular
intervals, the plasma concentration increases until a steady state
is reached (Figure 1.23). Because most drugs are given at inter-
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Figure 1.23

Predicted plasma concentrations of a
drug given by infusion (A), twice-daily
injection (B), or once-daily injection
(C). Model assumes rapid mixing in a
single body compartment and a half-
life of 12 hours.
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Predicted plasma concentrations
of a drug given by repeated oral
administrations.

vals shorter than five half-lives and are eliminated exponentially with
time, some drug from the first dose remains in the body when the
second dose is administered, some from the second dose remains
when the third dose is given, and so forth. Therefore, the drug accu-
mulates until, within the dosing interval, the rate of drug elimination
equals the rate of drug administration and a steady state is achieved.

a. Effect of dosing frequency: With repeated administration at
regular intervals, the plasma concentration of a drug oscillates
about a mean. Using smaller doses at shorter intervals reduces
the amplitude of fluctuations in drug concentration. However,
the C_, is affected by neither the dosing frequency (assuming
the same total daily dose is administered) nor the rate at which
the steady state is approached.

b. Example of achievement of steady state using different
dosage regimens: Curve B of Figure 1.23 shows the amount
of drug in the body when 1 unit of a drug is administered IV and
repeated at a dosing interval that corresponds to the half-life
of the drug. At the end of the first dosing interval, 0.50 units
of drug remain from the first dose when the second dose is
administered. At the end of the second dosing interval, 0.75
units are present when the third dose is given. The minimal
amount of drug remaining during the dosing interval progres-
sively approaches a value of 1.00 unit, whereas the maximal
value immediately following drug administration progressively
approaches 2.00 units. Therefore, at the steady state, 1.00
unit of drug is lost during the dosing interval, which is exactly
matched by the rate of administration. That is, the “rate in”
equals the “rate out” As in the case for IV infusion, 90% of the
steady-state value is achieved in 3.3 half-lives.

2. Multiple oral administrations: Most drugs that are administered
on an outpatient basis are oral medications taken at a specific
dose one, two, or three times daily. In contrast to IV injection, orally
administered drugs may be absorbed slowly, and the plasma con-
centration of the drug is influenced by both the rate of absorption
and the rate of elimination (Figure 1.24).

. Optimization of dose

The goal of drug therapy is to achieve and maintain concentrations
within a therapeutic response window while minimizing toxicity and/
or side effects. With careful titration, most drugs can achieve this goal.
If the therapeutic window (see Chapter 2) of the drug is small (for
example, digoxin, warfarin, and cyclosporine), extra caution should
be taken in selecting a dosage regimen, and monitoring of drug levels
may help ensure attainment of the therapeutic range. Drug regimens
are administered as a maintenance dose and may require a loading
dose if rapid effects are warranted. For drugs with a defined therapeu-
tic range, drug concentrations are subsequently measured, and the
dosage and frequency are then adjusted to obtain the desired levels.

1. Maintenance dose: Drugs are generally administered to main-
tain a C_ within the therapeutic window. It takes four to five
half-lives for a drug to achieve C_. To achieve a given concentra-



VIII. Design and Optimization of Dosage Regimen 21

tion, the rate of administration and the rate of elimination of the

drug are important. The dosing rate can be determined by know- With loading dose

ing the target concentration in plasma (Cp), clearance (CL) of the

drug from the systemic circulation, and the fraction (F) absorbed

(bioavailability):

(Target Cplasma)(
F

CL)

Dosing rate =

2. Loading dose: Sometimes rapid obtainment of desired plasma Without loading dose

levels is needed (for example, in serious infections or arrhythmias).
Therefore, a “loading dose” of drug is administered to achieve the
desired plasma level rapidly, followed by a maintenance dose to
maintain the steady state (Figure 1.25). In general, the loading
dose can be calculated as Dosing started

Drug concentration in plasma

Time
Elimination t; ,

Loadingdose = (V) x (desired steady-state plasma concentration)/F
Figure 1.25
For IV infusion, the bioavailability is 100%, and the equation Ac?:umulation of drug administered

becomes orally without a loading dose and
with a single oral loading dose

Loading dose = (V) x (desired steady-state plasma concentration) administered at t = 0.

Loading doses can be given as a single dose or a series of doses.
Disadvantages of loading doses include increased risk of drug tox-
icity and a longer time for the plasma concentration to fall if excess
levels occur. A loading dose is most useful for drugs that have a
relatively long half-life. Without an initial loading dose, these drugs
would take a long time to reach a therapeutic value that corre-
sponds to the steady-state level.

3. Dose adjustment: The amount of a drug administered for a
given condition is estimated based on an “average patient” This
approach overlooks interpatient variability in pharmacokinetic
parameters such as clearance and V, which are quite significant
in some cases. Knowledge of pharmacokinetic principles is use-
ful in adjusting dosages to optimize therapy for a given patient.
Monitoring drug therapy and correlating it with clinical benefits pro-
vides another tool to individualize therapy.

When determining a dosage adjustment, V  can be used to cal-
culate the amount of drug needed to achieve a desired plasma
concentration. For example, assume a heart failure patient is
not well controlled due to inadequate plasma levels of digoxin.
Suppose the concentration of digoxin in the plasma is C, and
the desired target concentration is C, a higher concentration.
The following calculation can be used to determine how much
additional digoxin should be administered to bring the level from
C, to C,.

(V(C,) = Amount of drug initially in the body

(V)(C,) = Amount of drug in the body needed to achieve the
desired plasma concentration

The difference between the two values is the additional dosage
needed, which equals V, (C, - C,).

Figure 1.26 shows the time course of drug concentration when
treatment is started or dosing is changed.
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Study Questions

Choose the ONE best answer.

1.1 An 18-year-old female patient is brought to the
emergency department due to drug overdose. Which
of the following routes of administration is the most
desirable for administering the antidote for the drug
overdose?

A. Intramuscular.
B. Subcutaneous.
C. Transdermal.
D. Oral.

E. Intravenous.

1.2 Chlorothiazide is a weakly acidic drug with a pK, of 6.5.
If administered orally, at which of the following sites of
absorption will the drug be able to readily pass through
the membrane?

A. Mouth (pH approximately 7.0).

B. Stomach (pH of 2.5).

C. Duodenum (pH approximately 6.1).
D. Jejunum (pH approximately 8.0).
E. lleum (pH approximately 7.0).

Correct answer = E. The intravenous route of administration
is the most desirable because it results in achievement of
therapeutic plasma levels of the antidote rapidly.

Correct answer = B. Because chlorothiazide is a weakly
acidic drug (pKa = 6.5), it will be predominantly in non-
ionized form in the stomach (pH of 2.5). For weak acids,
the nonionized form will permeate through cell membrane
readily.
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1.3

1.4

1.5

1.6

1.7

Which of the following types of drugs will have maximum
oral bioavailability?

A. Drugs with high first-pass metabolism.

B. Highly hydrophilic drugs.

C. Largely hydrophobic, yet soluble in aqueous
solutions.

D. Chemically unstable drugs.

E. Drugs that are P-glycoprotein substrates.

Which of the following is frue about the blood—brain
barrier?

A. Endothelial cells of the blood—brain barrier have slit
junctions.

B. lonized or polar drugs can cross the blood—brain
barrier easily.

C. Drugs cannot cross the blood—brain barrier through
specific transporters.

D. Lipid-soluble drugs readily cross the blood—brain
barrier.

E. The capillary structure of the blood—brain barrier is
similar to that of the liver and spleen.

A 40-year-old male patient (70 kg) was recently
diagnosed with infection involving methicillin-resistant
S. aureus. He received 2000 mg of vancomycin as an
IV loading dose. The peak plasma concentration of
vancomycin was reported to be 28.5 mg/L. The apparent
volume of distribution is:

A. 1 L/kg.
B. 10 L/kg.
C. 7 L/kg.
D. 70 L/kg.
E. 14 L/kg.

A 65-year-old female patient (60 kg) with a history of
ischemic stroke was prescribed clopidogrel for stroke
prevention. She was hospitalized again after 6 months
due to recurrent ischemic stroke. Which of the following
is a likely reason she did not respond to clopidogrel
therapy? She is a:

. Poor CYP2D6 metabolizer.
Fast CYP1A2 metabolizer.
. Poor CYP2E1 metabolizer.
Fast CYP3A4 metabolizer.
. Poor CYP2C19 metabolizer.

moow>

Which of the following phase Il metabolic reactions
makes phase | metabolites readily excretable in urine?

A. Oxidation.

B. Reduction.

C. Glucuronidation.

D. Hydrolysis.

E. Alcohol dehydrogenation.

( Correct answer = C. Highly hydrophilic drugs have poor oral )
bioavailability, because they are poorly absorbed due to their
inability to cross the lipid-rich cell membranes. Highly lipo-
philic (hydrophobic) drugs also have poor oral bioavailability,
because they are poorly absorbed due their insolubility in
aqueous stomach fluids and therefore cannot gain access to
the surface of cells. Therefore, drugs that are largely hydro-
phobic, yet have agueous solubility have greater oral bio-

availability because they are readily absorbed.
A\

Correct answer = D. Lipid-soluble drugs readily cross the
blood-brain barrier because they can dissolve easily in the
membrane of endothelial cells. lonized or polar drugs gen-
erally fail to cross the blood—brain barrier because they are
unable to pass through the endothelial cells, which do not
have slit junctions.

Correct answer = A. V, = dose/C = 2000 mg/28.5 mg/L =
70.1 L. Because the patient is 70 kg, the apparent vol-
ume of distribution in L/kg will be approximately 1 L/kg
(70.1 L/70 kg).

Correct answer = E. Clopidogrel is a prodrug, and it is acti-
vated by CYP2C19, which is a cytochrome P450 (CYP450)
enzyme. Thus, patients who are poor CYP2C19 metabo-
lizers have a higher incidence of cardiovascular events
(for example, stroke or myocardial infarction) when taking
clopidogrel.

Correct answer = C. Many phase | metabolites are too lipo-
philic to be retained in the kidney tubules. A subsequent
phase Il conjugation reaction with an endogenous sub-
strate, such as glucuronic acid, results in more water-
soluble conjugates that excrete readily in urine.
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1.8

1.9

Alkalization of urine by giving bicarbonate is used to
treat patients presenting with phenobarbital (weak acid)
overdose. Which of the following best describes the
rationale for alkalization of urine in this setting?

A. To reduce tubular reabsorption of phenobarbital.
B. To decrease ionization of phenobarbital.

C. To increase glomerular filtration of phenobarbital.
D. To decrease proximal tubular secretion.

E. To increase tubular reabsorption of phenobarbital.

A drug with a half-life of 10 hours is administered by
continuous intravenous infusion. Which of the following
best approximates the time for the drug to reach steady
state?

A. 10 hours.
B. 20 hours.
C. 33 hours.
D. 40 hours.
E. 60 hours.

A 55-year-old male patient (70 kg) is going to be treated
with an experimental drug, Drug X, for an irregular
heart rhythm. If the V is 1 L/kg and the desired steady-
state plasma concentration is 2.5 mg/L, which of the
following is the most appropriate intravenous loading
dose for Drug X?

A. 175 mg.
B. 70 mg.
C. 28 mg.
D. 10 mg.
E. 1 mg.

Correct answer = A. As a general rule, weak acid drugs
such as phenobarbital can be eliminated faster by alkali-
zation of the urine. Bicarbonate alkalizes urine and keeps
phenobarbital ionized, thus decreasing its reabsorption.

Correct answer = D. A drug will reach steady state in about
four to five half-lives. Thus, for this drug with a half-life of
10 hours, the approximate time to reach steady state will
be 40 hours.

Correct answer = A. For IV infusion, Loading dose =
(V,) x (desired steady-state plasma concentration). The V,
in this case corrected to the patient’s weight is 70 L. Thus,
Loading dose = 70 L x 2.5 mg/L = 175 mg.
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. OVERVIEW

Pharmacodynamics describes the actions of a drug on the body and the
influence of drug concentrations on the magnitude of the response. Most
drugs exert their effects, both beneficial and harmful, by interacting with
receptors (that is, specialized target macromolecules) present on the cell
surface or within the cell. The drug—receptor complex initiates alterations
in biochemical and/or molecular activity of a cell by a process called sig-
nal transduction (Figure 2.1).

Il. SIGNAL TRANSDUCTION

Drugs act as signals, and their receptors act as signal detectors. Receptors
transduce their recognition of a bound agonist by initiating a series of
reactions that ultimately result in a specific intracellular response. [Note:
The term “agonist” refers to a naturally occurring small molecule or a
drug that binds to a site on a receptor protein and activates it.] “Second
messenger” or effector molecules are part of the cascade of events that
translates agonist binding into a cellular response.

A. The drug-receptor complex

Cells have many different types of receptors, each of which is specific
for a particular agonist and produces a unique response. Cardiac cell
membranes, for example, contain p receptors that bind and respond to
epinephrine or norepinephrine, as well as muscarinic receptors spe-
cific for acetylcholine. These different receptor populations dynami-
cally interact to control the heart’s vital functions.

The magnitude of the response is proportional to the number of drug—
receptor complexes. This concept is closely related to the formation of
complexes between enzyme and substrate or antigen and antibody.
These interactions have many common features, perhaps the most note-
worthy being specificity of the receptor for a given agonist. Most receptors
are named for the type of agonist that interacts best with it. For example,
the receptor for histamine is called a histamine receptor. Although much

Unoccupied receptor does not
influence intracellular processes.

Receptor with bound agonist is

a activated. It has altered physical
and chemical properties, which
leads to interaction with cellular
molecules to cause a biologic
response.

Biologic
response

Signal
transduction

Figure 2.1

The recognition of a drug by a
receptor triggers a biologic response.
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of this chapter centers on the interaction of drugs with specific receptors,
it is important to know that not all drugs exert their effects by interacting
with a receptor. Antacids, for instance, chemically neutralize excess gas-
tric acid, thereby reducing the symptoms of “heartburn.”’

B. Receptor states

Receptors exist in at least two states, inactive (R) and active (R*),
that are in reversible equilibrium with one another, usually favoring the
inactive state. Binding of agonists causes the equilibrium to shift from
R to R* to produce a biologic effect. Antagonists occupy the receptor
but do not increase the fraction of R* and may stabilize the receptor in
the inactive state. Some drugs (partial agonists) cause similar shifts in
equilibrium from R to R*, but the fraction of R* is less than that caused
by an agonist (but still more than that caused by an antagonist). The
magnitude of biological effect is directly related to the fraction of R*.
Agonists, antagonists, and partial agonists are examples of ligands,
or molecules that bind to the activation site on the receptor.

C. Major receptor families

Pharmacology defines a receptor as any biologic molecule to which
a drug binds and produces a measurable response. Thus, enzymes,
nucleic acids, and structural proteins can act as receptors for drugs or
endogenous agonists. However, the richest sources of therapeutically
relevant pharmacologic receptors are proteins that transduce extra-
cellular signals into intracellular responses. These receptors may be
divided into four families: 1) ligand-gated ion channels, 2) G protein—
coupled receptors, 3) enzyme-linked receptors, and 4) intracellular
receptors (Figure 2.2). The type of receptor a ligand interacts with

Ligand-gated ion G protein-coupled C Enzyme-linked Intracellular
channels receptors receptors receptors
Example: Example: Example: Example:
Cholinergic nicotinic a and B adrenoceptors Insulin receptors Steroid receptors
receptors
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Figure 2.2

Transmembrane signaling mechanisms. A. Ligand binds to the extracellular domain of a ligand-gated channel. B. Ligand
binds to a domain of a transmembrane receptor, which is coupled to a G protein. C. Ligand binds to the extracellular
domain of a receptor that activates a kinase enzyme. D. Lipid-soluble ligand diffuses across the membrane to interact with
its intracellular receptor. R = inactive protein.
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depends on the chemical nature of the ligand. Hydrophilic ligands
interact with receptors that are found on the cell surface (Figures
2.2A, B, C). In contrast, hydrophobic ligands enter cells through the
lipid bilayers of the cell membrane to interact with receptors found
inside cells (Figure 2.2D).

1. Transmembrane ligand-gated ion channels: The extracellular
portion of ligand-gated ion channels usually contains the ligand-
binding site. This site regulates the shape of the pore through which
ions can flow across cell membranes (Figure 2.2A). The channel is
usually closed until the receptor is activated by an agonist, which
opens the channel briefly for a few milliseconds. Depending on
the ion conducted through these channels, these receptors medi-
ate diverse functions, including neurotransmission, and cardiac
or muscle contraction. For example, stimulation of the nicotinic
receptor by acetylcholine results in sodium influx and potassium
outflux, generating an action potential in a neuron or contraction
in skeletal muscle. On the other hand, agonist stimulation of the
y-aminobutyric acid (GABA) receptor increases chloride influx
and hyperpolarization of neurons. Voltage-gated ion channels
may also possess ligand-binding sites that can regulate channel
function. For example, local anesthetics bind to the voltage-gated
sodium channel, inhibiting sodium influx and decreasing neuronal
conduction.

2. Transmembrane G protein—coupled receptors: The extracel-
lular domain of this receptor contains the ligand-binding area, and
the intracellular domain interacts (when activated) with a G pro-
tein or effector molecule. There are many kinds of G proteins (for
example, G_, G, and Gq), but they all are composed of three pro-
tein subunits. The a subunit binds guanosine triphosphate (GTP),
and the p and y subunits anchor the G protein in the cell mem-
brane (Figure 2.3). Binding of an agonist to the receptor increases
GTP binding to the a subunit, causing dissociation of the a-GTP
complex from the By complex. These two complexes can then
interact with other cellular effectors, usually an enzyme, a protein,
or an ion channel, that are responsible for further actions within
the cell. These responses usually last several seconds to minutes.
Sometimes, the activated effectors produce second messengers
that further activate other effectors in the cell, causing a signal
cascade effect.

A common effector, activated by G_ and inhibited by G, is adenylyl
cyclase, which produces the second messenger cyclic adenosine
monophosphate (CAMP). Gq activates phospholipase C, gener-
ating two other second messengers: inositol 1,4,5-trisphosphate
(IP,) and diacylglycerol (DAG). DAG and cAMP activate different
protein kinases within the cell, leading to a myriad of physiological
effects. IP, regulates intracellular free calcium concentrations, as
well as some protein kinases.

3. Enzyme-linked receptors: This family of receptors consists of
a protein that may form dimers or multisubunit complexes. When
activated, these receptors undergo conformational changes
resulting in increased cytosolic enzyme activity, depending on
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their structure and function (Figure 2.4). This response lasts
on the order of minutes to hours. The most common enzyme-
linked receptors (epidermal growth factor, platelet-derived
growth factor, atrial natriuretic peptide, insulin, and others) pos-
sess tyrosine kinase activity as part of their structure. The acti-
vated receptor phosphorylates tyrosine residues on itself and
then other specific proteins (Figure 2.4). Phosphorylation can
substantially modify the structure of the target protein, thereby
acting as a molecular switch. For example, when the peptide
hormone insulin binds to two of its receptor subunits, their
intrinsic tyrosine kinase activity causes autophosphorylation of
the receptor itself. In turn, the phosphorylated receptor phos-
phorylates other peptides or proteins that subsequently activate
other important cellular signals. This cascade of activations
results in a multiplication of the initial signal, much like that with
G protein—coupled receptors.

4. Intracellular receptors: The fourth family of receptors dif-
fers considerably from the other three in that the receptor is
entirely intracellular, and, therefore, the ligand must diffuse into
the cell to interact with the receptor (Figure 2.5). In order to
move across the target cell membrane, the ligand must have
sufficient lipid solubility. The primary targets of these ligand—
receptor complexes are transcription factors in the cell nucleus.
Binding of the ligand with its receptor generally activates the
receptor via dissociation from a variety of binding proteins.
The activated ligand—receptor complex then translocates to the
nucleus, where it often dimerizes before binding to transcription
factors that regulate gene expression. The activation or inactiva-
tion of these factors causes the transcription of DNA into RNA
and translation of RNA into an array of proteins. The time course
of activation and response of these receptors is on the order
of hours to days. For example, steroid hormones exert their
action on target cells via intracellular receptors. Other targets
of intracellular ligands are structural proteins, enzymes, RNA,
and ribosomes. For example, tubulin is the target of antineo-
plastic agents such as paclitaxel (see Chapter 46), the enzyme
dihydrofolate reductase is the target of antimicrobials such as
trimethoprim (see Chapter 40), and the 50S subunit of the bac-
terial ribosome is the target of macrolide antibiotics such as
erythromycin (see Chapter 39).

D. Some characteristics of signal transduction

Signal transduction has two important features: 1) the ability to amplify
small signals and 2) mechanisms to protect the cell from excessive
stimulation.

1. Signal amplification: A characteristic of G protein—linked and
enzyme-linked receptors is their ability to amplify signal inten-
sity and duration. For example, a single agonist—receptor com-
plex can interact with many G proteins, thereby multiplying the
original signal manyfold. Additionally, activated G proteins per-
sist for a longer duration than does the original agonist-receptor
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complex. The binding of albuterol, for example, may only exist
for a few milliseconds, but the subsequent activated G proteins
may last for hundreds of milliseconds. Further prolongation and
amplification of the initial signal are mediated by the interaction
between G proteins and their respective intracellular targets.
Because of this amplification, only a fraction of the total recep-
tors for a specific ligand may need to be occupied to elicit a
maximal response. Systems that exhibit this behavior are said
to have spare receptors. Spare receptors are exhibited by insu-
lin receptors, where it is estimated that 99% of receptors are
“spare.” This constitutes an immense functional reserve that
ensures that adequate amounts of glucose enter the cell. On
the other hand, in the human heart, only about 5% to 10% of
the total p-adrenoceptors are spare. An important implication of
this observation is that little functional reserve exists in the fail-
ing heart, because most receptors must be occupied to obtain
maximum contractility.

A lipid-soluble drug diffuses across
the cell membrane and moves to the
nucleus of the cell.

TARGET
CELL

2. Desensitization and down-regulation of receptors: Repeated Inactive
or continuous administration of an agonist (or an antagonist) may EeCEpLok
lead to changes in the responsiveness of the receptor. To prevent Ej:\)v\)v

potential damage to the cell (for example, high concentrations of
calcium, initiating cell death), several mechanisms have evolved
to protect a cell from excessive stimulation. When a receptor is
exposed to repeated administration of an agonist, the recep-
tor becomes desensitized (Figure 2.6) resulting in a diminished
effect. This phenomenon, called tachyphylaxis, is due to either
phosphorylation or a similar chemical event that renders recep-
tors on the cell surface unresponsive to the ligand. In addition,
receptors may be down-regulated such that they are internalized
and sequestered within the cell, unavailable for further agonist
interaction. These receptors may be recycled to the cell surface,
restoring sensitivity, or, alternatively, may be further processed
and degraded, decreasing the total number of receptors available.
Some receptors, particularly ion channels, require a finite time fol-
lowing stimulation before they can be activated again. During this
recovery phase, unresponsive receptors are said to be “refractory.”
Similarly, repeated exposure of a receptor to an antagonist may
result in up-regulation of receptors, in which receptor reserves
are inserted into the membrane, increasing the total number of the transcription
receptors available. Up-regulation of receptors can make the cells of specific genes.
more sensitive to agonists and/or more resistant to the effect of @

the antagonist. Specific proteins
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Agonist drugs mimic the action of the original endogenous ligand for the Figure 2.5
receptor (for example, isoproterenol mimics norepinephrine on f, recep- . .

. ! Mechanism of intracellular receptors.
tors of the heart). The magnitude of the drug effect depends on the drug mMRNA = messenger RNA.
concentration at the receptor site, which, in turn, is determined by both
the dose of drug administered and by the drug’s pharmacokinetic profile,
such as rate of absorption, distribution, metabolism, and elimination.



30

2. Drug—Receptor Interactions and Pharmacodynamics
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Figure 2.6
Desensitization of receptors.

A. Graded dose-response relations

agonist (such as epinephrine) As the concentration of a drug increases, its pharmacologic effect also
gradually increases until all the receptors are occupied (the maximum
effect). Plotting the magnitude of response against increasing doses of
a drug produces a graded dose—response curve that has the general
shape depicted in Figure 2.7A. The curve can be described as a rect-
angular hyperbola, which is a familiar curve in biology because it can
be applied to diverse biological events, such as enzymatic activity, and
responses to pharmacologic agents. Two important properties of drugs,

% potency and efficacy, can be determined by graded dose-response
& curves.
e

1. Potency: Potency is a measure of the amount of drug neces-

sary to produce an effect of a given magnitude. The concen-
tration of drug producing 50% of the maximum effect (EC,)) is
usually used to determine potency. In Figure 2.7, the EC,, for
Drugs A and B indicate that Drug A is more potent than Drug B,
because a lesser amount of Drug A is needed when compared
to Drug B to obtain 50-percent effect. Therapeutic preparations
of drugs reflect their potency. For example, candesartan and
irbesartan are angiotensin receptor blockers that are used to
treat hypertension. The therapeutic dose range for candesartan
is 4 to 32 mg, as compared to 75 to 300 mg for irbesartan.
Therefore, candesartan is more potent than is irbesartan (it has
a lower EC,, value, similar to Drug A in Figure 2.7). Since the
range of drug concentrations (from 1% to 99% of the maximal
response) usually spans several orders of magnitude, semiloga-
rithmic plots are used so that the complete range of doses can
be graphed. As shown in Figure 2.7B, the curves become sig-
moidal in shape, which simplifies the interpretation of the dose—
response curve.
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| The potency of drugs can be compared
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Figure 2.7

The effect of dose on the magnitude of pharmacologic response. Panel A is a linear graph. Panel B is a semilogarithmic
plot of the same data. EC, = drug dose causing 50% of maximal response.
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2. Efficacy: Efficacy is the magnitude of response a drug causes when
it interacts with a receptor. Efficacy is dependent on the number of
drug-receptor complexes formed and the intrinsic activity of the drug
(its ability to activate the receptor and cause a cellular response).
Maximal efficacy of a drug (E_,) assumes that all receptors are
occupied by the drug, and no increase in response is observed if
a higher concentration of drug is obtained. Therefore, the maximal
response differs between full and partial agonists, even when 100%
of the receptors are occupied by the drug. Similarly, even though an
antagonist occupies 100% of the receptor sites, no receptor activation
results and E__ is zero. Efficacy is a more clinically useful character-
istic than is drug potency, since a drug with greater efficacy is more
therapeutically beneficial than is one that is more potent. Figure 2.8
shows the response to drugs of differing potency and efficacy.

B. Effect of drug concentration on receptor binding

The quantitative relationship between drug concentration and recep-
tor occupancy applies the law of mass action to the kinetics of the
binding of drug and receptor molecules:

Drug + Receptor = Drug—receptor complex — Biologiceffect

By making the assumption that the binding of one drug molecule does not
alter the binding of subsequent molecules and applying the law of mass
action, we can mathematically express the relationship between the per-
centage (or fraction) of bound receptors and the drug concentration:

[DR] _ [D]
[R] ~ K.+[D] M

where [D] = the concentration of free drug, [DR] = the concentration of
bound drug, [R] = the total concentration of receptors and is equal to the
sum of the concentrations of unbound (free) receptors and bound recep-
tors, and K, = the equilibrium dissociation constant for the drug from the
receptor. The value of K, can be used to determine the affinity of a drug
for its receptor. Affinity describes the strength of the interaction (binding)
between a ligand and its receptor. The higher the K, value, the weaker the
interaction and the lower the affinity, and vice versa. Equation (1) defines
a curve that has the shape of a rectangular hyperbola (Figure 2.9A). As
the concentration of free drug increases, the ratio of the concentrations
of bound receptors to total receptors approaches unity. The binding of
the drug to its receptor initiates events that ultimately lead to a measur-
able biologic response. Thus, it is not surprising that the curves shown in
Figure 2.9 and those representing the relationship between dose and
effect (Figure 2.7) are similar.

. Relationship of drug binding to pharmacologic effect

The mathematical model that describes drug concentration and recep-
tor binding can be applied to dose (drug concentration) and response (or
effect), providing the following assumptions are met: 1) The magnitude
of the response is proportional to the amount of receptors bound or
occupied, 2) the E__ _occurs when all receptors are bound, and 3) bind-
ing of the drug to the receptor exhibits no cooperativity. In this case,
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where [E] = the effect of the drug at concentration [D] and [E__ ] =the
maximal effect of the drug.
Thus, it follows that if a specific population of receptors is vital for
mediating a physiological effect, the affinity of an agonist for binding
to those receptors should be related to the potency of that drug for
causing that physiological effect. It should be remembered that many
drugs and most neurotransmitters can bind to more than one type of
receptor, thereby causing both desired therapeutic effects and unde-
sired side effects. In order to establish a relationship between drug
occupation of a particular receptor subtype and the corresponding
biological response, correlation curves of receptor affinity and drug
potency are often constructed (Figure 2.10).
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Correlation of drug affinity for receptor binding and potency for causing a physiological effect. A positive correlation should
exist between the affinity (K, value) of a drug for binding to a specific receptor subtype and the potency (EC, value) of
that drug to cause physiological responses mediated by that receptor population. For example, many drugs have affinity
for both «, and p, adrenergic receptors. The circled letters in the figure represent agonists with varying affinities for «, and
B, receptors. However, from the data provided, it becomes clear that o, receptors only mediate changes in blood pressure,

while B, receptors only mediate changes in bronchodilation.
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IV. INTRINSIC ACTIVITY

As mentioned above, an agonist binds to a receptor and produces a bio-
logic response based on the concentration of the agonist and the fraction
of activated receptors. The intrinsic activity of a drug determines its abil-
ity to fully or partially activate the receptors. Drugs may be categorized
according to their intrinsic activity and resulting E__ values.

A. Full agonists

If a drug binds to a receptor and produces a maximal biologic response
that mimics the response to the endogenous ligand, it is a full agonist
(Figure 2.11). Full agonists bind to a receptor, stabilizing the receptor
in its active state and are said to have an intrinsic activity of one. All full
agonists for a receptor population should produce the same E__ . For
example, phenylephrine is a full agonist at «,-adrenoceptors, because
it produces the same E___as does the endogenous ligand, norepineph-
rine. Upon binding to o -adrenoceptors on vascular smooth muscle,
phenylephrine stabilizes the receptor in its active state. This leads to
the mobilization of intracellular Ca?*, causing interaction of actin and
myosin filaments and shortening of the muscle cells. The diameter of
the arteriole decreases, causing an increase in resistance to blood
flow through the vessel and an increase in blood pressure. As this brief
description illustrates, an agonist may have many measurable effects,
including actions on intracellular molecules, cells, tissues, and intact
organisms. All of these actions are attributable to interaction of the drug
with the receptor. For full agonists, the dose—response curves for recep-
tor binding and each of the biological responses should be comparable.

B. Partial agonists

Partial agonists have intrinsic activities greater than zero but less
than one (Figure 2.11). Even if all the receptors are occupied, partial
agonists cannot produce the same E__ as a full agonist. However, a
partial agonist may have an affinity that is greater than, less than, or
equivalent to that of a full agonist. When a receptor is exposed to both
a partial agonist and a full agonist, the partial agonist may act as an
antagonist of the full agonist. Consider what would happen to the E__
of a receptor saturated with an agonist in the presence of increas-
ing concentrations of a partial agonist (Figure 2.12). As the num-
ber of receptors occupied by the partial agonist increases, the E__
would decrease until it reached the E__ of the partial agonist. This
potential of partial agonists to act as both an agonist and antagonist
may be therapeutically utilized. For example, aripiprazole, an atypi-
cal antipsychotic, is a partial agonist at selected dopamine receptors.
Dopaminergic pathways that are overactive tend to be inhibited by
aripiprazole, whereas pathways that are underactive are stimulated.
This might explain the ability of aripiprazole to improve symptoms of
schizophrenia, with a small risk of causing extrapyramidal adverse
effects (see Chapter 11).

C. Inverse agonists

Typically, unbound receptors are inactive and require interaction
with an agonist to assume an active conformation. However, some
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Effects of partial agonists.

receptors show a spontaneous conversion from R to R* in the absence
of an agonist. Inverse agonists, unlike full agonists, stabilize the inac-
tive R form and cause R* to convert to R. This decreases the number
of activated receptors to below that observed in the absence of drug
(Figure 2.11). Thus, inverse agonists have an intrinsic activity less
than zero, reverse the activity of receptors, and exert the opposite
pharmacological effect of agonists.

. Antagonists

Antagonists bind to a receptor with high affinity but possess zero intrin-
sic activity. An antagonist has no effect in the absence of an agonist
but can decrease the effect of an agonist when present. Antagonism
may occur either by blocking the drug’s ability to bind to the receptor
or by blocking its ability to activate the receptor.

1. Competitive antagonists: If both the antagonist and the agonist
bind to the same site on the receptor in a reversible manner, they are
said to be “competitive.” The competitive antagonist prevents an ago-
nist from binding to its receptor and maintains the receptor in its inac-
tive state. For example, the antihypertensive drug terazosin competes
with the endogenous ligand norepinephrine at o, -adrenoceptors,
thus decreasing vascular smooth muscle tone and reducing blood
pressure. However, this inhibition can be overcome by increasing
the concentration of agonist relative to antagonist. Thus, competitive
antagonists characteristically shift the agonist dose—response curve
to the right (increased EC, ) without affecting E__ (Figure 2.13).

max

2. Irreversible antagonists: Irreversible antagonists bind covalently

to the active site of the receptor, thereby reducing the number of
receptors available to the agonist. An irreversible antagonist causes
a downward shift of the E__ , with no shift of EC, values (unless
spare receptors are present). In contrast to competitive antagonists,
the effect of irreversible antagonists cannot be overcome by adding
more agonist (Figure 2.13). Thus, irreversible antagonists and allo-
steric antagonists (see below) are both considered noncompetitive
antagonists. A fundamental difference between competitive and
noncompetitive antagonists is that competitive agonists reduce
agonist potency (increase EC,)) and noncompetitive antagonists
reduce agonist efficacy (decrease E__ ).

max:

3. Allosteric antagonists: An allosteric antagonist also causes a

downward shift of the E__, with no change in the EC_, value of
an agonist. This type of antagonist binds to a site (“allosteric site”)
other than the agonist-binding site and prevents the receptor from
being activated by the agonist. An example of an allosteric ago-
nist is picrotoxin, which binds to the inside of the GABA-controlled
chloride channel. When picrotoxin is bound inside the channel, no
chloride can pass through the channel, even when the receptor is
fully activated by GABA.

4. Functional antagonism: An antagonist may act at a completely

separate receptor, initiating effects that are functionally opposite
those of the agonist.(A classic example is the functional antagonism
by epinephrine to histamine-induced bronchoconstriction. Histamine
binds to H, histamine receptors on bronchial smooth muscle, causing
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bronchoconstriction of the bronchial tree.(Epinephrine is an agonist
at p,-adrenoceptors on bronchial smooth muscle, which causes the Drug with non- Drug with
: - . . “ i competitive competitive
muscles to relax. This functional antagonism is also known as “physi it antagonist

ologic antagonism.”

V. QUANTAL DOSE-RESPONSE RELATIONSHIPS

Another important dose—response relationship is that between the dose
of the drug and the proportion of a population that responds to it. These
responses are known as quantal responses, because, for any individual,
the effect either occurs or it does not. Graded responses can be trans-
formed to quantal responses by designating a predetermined level of
the graded response as the point at which a response occurs or not. For
example, a quantal dose—response relationship can be determined in a
population for the antihypertensive drug atenolol. A positive response is
defined as a fall of at least 5 mm Hg in diastolic blood pressure. Quantal
dose—response curves are useful for determining doses to which most of
the population responds. They have similar shapes as log dose—response
curves, and the ED, is the drug dose that causes a therapeutic response
in half of the population.

A. Therapeutic index

The therapeutic index (TI) of a drug is the ratio of the dose that pro-
duces toxicity in half the population (TD, ) to the dose that produces
a clinically desired or effective response (ED, ) in half the population:

TI=TD,, /ED,,

The Tl is a measure of a drug’s safety, because a larger value indi-
cates a wide margin between doses that are effective and doses that
are toxic.

B. Clinical usefulness of the therapeutic index

The Tl of a drug is determined using drug trials and accumulated
clinical experience. These usually reveal a range of effective doses
and a different (sometimes overlapping) range of toxic doses.
Although high TI values are required for most drugs, some drugs
with low therapeutic indices are routinely used to treat serious dis-
eases. In these cases, the risk of experiencing side effects is not
as great as the risk of leaving the disease untreated. Figure 2.14
shows the responses to warfarin, an oral anticoagulant with a low
therapeutic index, and penicillin, an antimicrobial drug with a large
therapeutic index.

1. Warfarin (example of a drug with a small therapeutic index): As
the dose of warfarin is increased, a greater fraction of the patients
respond (for this drug, the desired response is a two- to threefold
increase in the international normalized ratio [INR]) until, eventu-
ally, all patients respond (Figure 2.14A). However, at higher doses
of warfarin, anticoagulation resulting in hemorrhage occurs in a
small percent of patients. Agents with a low Tl (that is, drugs for
which dose is critically important) are those drugs for which bio-
availability critically alters the therapeutic effects (see Chapter 1).
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2. Penicillin (example of a drug with a large therapeutic index): For
drugs such as penicillin (Figure 2.14B), it is safe and common to
give doses in excess of that which is minimally required to achieve
a desired response without the risk of adverse side effects. In
this case, bioavailability does not critically alter the therapeutic or
clinical effects.

Study Questions

Choose the ONE best answer.

21

2.2

2.3

2.4

Isoproterenol produces maximal contraction of cardiac
muscle in a manner similar to epinephrine. Which of the
following best describes isoproterenol?

A. Full agonist.

B. Partial agonist.

C. Competitive antagonist.
D. Irreversible antagonist.
E. Inverse agonist.

If 10 mg of naproxen produces the same analgesic
response as 100 mg of ibuprofen, which of the following
statements is correct?

A. Naproxen is more efficacious than is ibuprofen.

B. Naproxen is more potent than ibuprofen.

C. Naproxen is a full agonist, and ibuprofen is a partial
agonist.

D. Naproxen is a competitive antagonist.

E. Naproxen is a better drug to take for pain relief than
is ibuprofen.

If 10 mg of morphine produces a greater analgesic
response than can be achieved by ibuprofen at any dose,
which of the following statements is correct?

A. Morphine is less efficacious than is ibuprofen.

B. Morphine is less potent than is ibuprofen.

C. Morphine is a full agonist, and ibuprofen is a partial
agonist.

D. Ibuprofen is a competitive antagonist.

E. Morphine is a better drug to take for pain relief than
is ibuprofen.

In the presence of naloxone, a higher concentration of
morphine is required to elicit full pain relief. Naloxone
by itself has no effect. Which of the following is correct
regarding these medications?

A. Naloxone is a competitive antagonist.

B. Morphine is a full agonist, and naloxone is a partial
agonist.

C. Morphine is less efficacious than is naloxone.

D. Morphine is less potent than is naloxone.

E. Naloxone is a noncompetitive antagonist.

Correct answer = A. A full agonist has an E___similar to the
endogenous ligand. A partial agonist would only produce
a partial effect. An antagonist would block the effects of
an endogenous agonist. An inverse agonist would reverse
the constitutive activity of receptors and exert the opposite
pharmacological effect.

Correct answer = B. Without information about the maximal
effect of these drugs, no conclusions can be made about
efficacy or intrinsic activity. E is false because the maximal
response obtained is often more important than the amount
of drug needed to achieve it.

Correct answer = E. Based on the information presented
here, since morphine is more efficacious than is ibupro-
fen, it is going to provide more pain relief. As long as the
situation warrants the necessity of such efficacious pain
relief and without any information about differences in side
effects caused by the two drugs, morphine is the better
choice. Choice C would only be true if both drugs bound to
the same receptor population, and that is not the case. The
other choices are incorrect statements.

Correct answer = A. Since naloxone has no effect by itself,
B and C are incorrect. Since it decreases the effect of an
agonist but this inhibition can be overcome by giving a
higher dose of morphine, naloxone must be a competitive
antagonist. No information is given about potency of either
drug.
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In the presence of pentazocine, a higher concentration of
morphine is required to elicit full pain relief. Pentazocine by
itself has a smaller analgesic effect than does morphine,
even at the highest dose. Which of the following is correct
regarding these medications?

A. Pentazocine is a competitive antagonist.

B. Morphine is a full agonist, and pentazocine is a
partial agonist.

C. Morphine is less efficacious than is pentazocine.

D. Morphine is less potent than is pentazocine.

E. Pentazocine is a noncompetitive antagonist.

In the presence of picrotoxin, diazepam is less efficacious
at causing sedation, regardless of the dose. Picrotoxin
by itself has no sedative effect even at the highest dose.
Which of the following is correct?

A. Picrotoxin is a competitive antagonist.

B. Diazepam is a full agonist, and picrotoxin is a partial
agonist.

C. Diazepam is less efficacious than is picrotoxin.

D. Diazepam is less potent than is picrotoxin.

E. Picrotoxin is a noncompetitive antagonist.

Which of the following statements most accurately
describes a system having spare receptors?

A. The number of spare receptors determines the
maximum effect.

B. Spare receptors are sequestered in the cytosol.

C. A single drug—receptor interaction results in many
cellular response elements being activated.

D. Spare receptors are active even in the absence of an
agonist.

E. Agonist affinity for spare receptors is less than their
affinity for “non-spare” receptors.

Which of the following would up-regulate postsynaptic f,

adrenergic receptors?

A. Daily use of amphetamine that causes

norepinephrine to be released.

B. A disease that causes an increase in the activity of
norepinephrine neurons.

. Daily use of isoproterenol, a p, receptor agonist.

. Daily use of formoterol, a f, receptor agonist.

. Daily use of propranolol, a p, receptor antagonist.

moo

Correct answer = B. Pentazocine has a lower E__ value
than does morphine but still has some efficacy. Thus, pen-
tazocine is a partial agonist. Even though pentazocine
blocks some of the actions of morphine, since it has some
efficacy, it cannot be an antagonist. No information is given
about the potency of either drug.

Correct answer = E. Picrotoxin has no efficacy alone, so B
and C are false. Since it decreases the maximal effect of
diazepam, it is a noncompetitive antagonist. No information
is given about potency of either drug.

Correct answer = C. One explanation for the existence of
spare receptors is that any one agonist-receptor bind-
ing event can lead to the activation of many more cellular
response elements. Thus, only a small fraction of the total
receptors need to be bound to elicit a maximum cellular
response. The other choices do not accurately describe
spare receptor systems.

Correct answer = E. Up-regulation of receptors occurs
when receptor activation is lower than normal, such as
when the receptor is continuously exposed to an antago-
nist for that receptor. Down-regulation of receptor number
occurs when receptor activation is greater than normal
because of continuous exposure to an agonist.







UNIT II

Drugs Affecting the
onomic Nervous System

The Autonomic
Nervous System

Rajan Radhakrishnan

. OVERVIEW

The autonomic nervous system (ANS), along with the endocrine sys-
tem, coordinates the regulation and integration of bodily functions. The
endocrine system sends signals to target tissues by varying the levels of
blood-borne hormones. In contrast, the nervous system exerts its influ-
ence by the rapid transmission of electrical impulses over nerve fibers
that terminate at effector cells, which specifically respond to the release
of neuromediator substances. Drugs that produce their primary thera-
peutic effect by mimicking or altering the functions of the ANS are called
autonomic drugs and are discussed in the following four chapters. These
autonomic agents act either by stimulating portions of the ANS or by
blocking the action of the autonomic nerves. This chapter outlines the
fundamental physiology of the ANS and describes the role of neurotrans-
mitters in the communication between extracellular events and chemical
changes within the cell.

Il. INTRODUCTION TO THE NERVOUS SYSTEM

The nervous system is divided into two anatomical divisions: the central
nervous system (CNS), which is composed of the brain and spinal cord,
and the peripheral nervous system, which includes neurons located out-
side the brain and spinal cord—that is, any nerves that enter or leave the
CNS (Figure 3.1). The peripheral nervous system is subdivided into the
efferent and afferent divisions. The efferent neurons carry signals away
from the brain and spinal cord to the peripheral tissues, and the afferent
neurons bring information from the periphery to the CNS. Afferent neu-
rons provide sensory input to modulate the function of the efferent divi-
sion through reflex arcs or neural pathways that mediate a reflex action.

Nervous System

Peripheral Central
nervous nervous
System System
Efferent Afferent
division division
]
Autonomic Somatic
system system
— Enteric
— Parasympathetic
— Sympathetic
Figure 3.1

Organization of the nervous system.
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A. Functional divisions within the nervous system

BrainSfemgr The efferent portion of the peripheral nervous system is further

L divided into two major functional subdivisions: the somatic and the

Cell body ANS (Figure 3.1). The somatic efferent neurons are involved in the
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Figure 3.2

Efferent neurons of the autonomic
nervous system.

voluntary control of functions such as contraction of the skeletal
muscles essential for locomotion. The ANS, conversely, regulates the
everyday requirements of vital bodily functions without the conscious
participation of the mind. Because of the involuntary nature of the
ANS as well as its functions, it is also known as the visceral, vegeta-
tive, or involuntary nervous system. It is composed of efferent neu-
rons that innervate smooth muscle of the viscera, cardiac muscle,
vasculature, and the exocrine glands, thereby controlling digestion,
cardiac output, blood flow, and glandular secretions.

B. Anatomy of the ANS

1. Efferent neurons: The ANS carries nerve impulses from the CNS
to the effector organs by way of two types of efferent neurons: the
preganglionic neurons and the postganglionic neurons (Figure 3.2).
The cell body of the first nerve cell, the preganglionic neuron,
is located within the CNS. The preganglionic neurons emerge
from the brainstem or spinal cord and make a synaptic connec-
tion in ganglia (an aggregation of nerve cell bodies located in the
peripheral nervous system). The ganglia function as relay stations
between the preganglionic neuron and the second nerve cell, the
postganglionic neuron. The cell body of the postganglionic neuron
originates in the ganglion. It is generally nonmyelinated and termi-
nates on effector organs, such as smooth muscles of the viscera,
cardiac muscle, and the exocrine glands.

2. Afferent neurons: The afferent neurons (fibers) of the ANS are
important in the reflex regulation of this system (for example, by
sensing pressure in the carotid sinus and aortic arch) and in sig-
naling the CNS to influence the efferent branch of the system to
respond.

3. Sympathetic neurons: The efferent ANS is divided into the
sympathetic and the parasympathetic nervous systems, as well
as the enteric nervous system (Figure 3.1). Anatomically, the
sympathetic and the parasympathetic neurons originate in the
CNS and emerge from two different spinal cord regions. The pre-
ganglionic neurons of the sympathetic system come from the
thoracic and lumbar regions (T1 to L2) of the spinal cord, and
they synapse in two cord-like chains of ganglia that run close to
and in parallel on each side of the spinal cord. The pregangli-
onic neurons are short in comparison to the postganglionic ones.
Axons of the postganglionic neuron extend from these ganglia to
the tissues that they innervate and regulate (see Chapter 6). In
most cases, the preganglionic nerve endings of the sympathetic
nervous system are highly branched, enabling one pregangli-
onic neuron to interact with many postganglionic neurons. This
arrangement enables this division to activate numerous effector
organs at the same time. [Note: The adrenal medulla, like the
sympathetic ganglia, receives preganglionic fibers from the sym-
pathetic system. The adrenal medulla, in response to stimulation
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by the ganglionic neurotransmitter acetylcholine, secretes epi-
nephrine (adrenaline), and lesser amounts of norepinephrine,
directly into the blood.]

4. Parasympathetic neurons: The parasympathetic pregangli-
onic fibers arise from cranial nerves lll (oculomotor), VII (facial),
IX (glossopharyngeal), and X (vagus), as well as from the sacral
region (S2 to S4) of the spinal cord and synapse in ganglia near or
on the effector organs. [Note: The vagus nerve accounts for 90%
of preganglionic parasympathetic fibers in the body. Postganglionic
neurons from this nerve innervate most of the organs in the tho-
racic and abdominal cavity.] Thus, in contrast to the sympathetic
system, the preganglionic fibers are long, and the postgangli-
onic ones are short, with the ganglia close to or within the organ
innervated. In most instances, there is a one-to-one connection
between the preganglionic and postganglionic neurons, enabling
discrete response of this system.

5. Enteric neurons: The enteric nervous system is the third division
of the ANS. It is a collection of nerve fibers that innervate the gas-
trointestinal (Gl) tract, pancreas, and gallbladder, and it constitutes
the “brain of the gut” This system functions independently of the
CNS and controls the motility, exocrine and endocrine secretions,
and microcirculation of the Gl tract. It is modulated by both the
sympathetic and parasympathetic nervous systems.

C. Functions of the sympathetic nervous system

Although continually active to some degree (for example, in maintain-
ing the tone of vascular beds), the sympathetic division has the prop-
erty of adjusting in response to stressful situations, such as trauma,
fear, hypoglycemia, cold, and exercise (Figure 3.3).

1. Effects of stimulation of the sympathetic division: The effect
of sympathetic output is to increase heart rate and blood pressure,
to mobilize energy stores of the body, and to increase blood flow
to skeletal muscles and the heart while diverting flow from the skin
and internal organs. Sympathetic stimulation results in dilation of
the pupils and the bronchioles (Figure 3.3). It also affects Gl motil-
ity and the function of the bladder and sexual organs.

2. Fight-or-flight response: The changes experienced by the body
during emergencies are referred to as the “fight or flight” response
(Figure 3.4). These reactions are triggered both by direct sympa-
thetic activation of the effector organs and by stimulation of the
adrenal medulla to release epinephrine and lesser amounts of nor-
epinephrine. Hormones released by the adrenal medulla directly
enter the bloodstream and promote responses in effector organs
that contain adrenergic receptors (see Chapter 6). The sympathetic
nervous system tends to function as a unit and often discharges as
a complete system, for example, during severe exercise or in reac-
tions to fear (Figure 3.4). This system, with its diffuse distribution
of postganglionic fibers, is involved in a wide array of physiologic
activities. Although it is not essential for survival, it is nevertheless
an important system that prepares the body to handle uncertain
situations and unexpected stimuli.
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Actions of sympathetic and parasympathetic nervous systems on effector organs.

D. Functions of the parasympathetic nervous system

The parasympathetic division is involved with maintaining homeosta-
sis within the body. It is required for life, since it maintains essen-
tial bodily functions, such as digestion and elimination of wastes.
The parasympathetic division usually acts to oppose or balance the
actions of the sympathetic division and generally predominates the
sympathetic system in “rest-and-digest” situations. Unlike the sym-
pathetic system, the parasympathetic system never discharges as a
complete system. If it did, it would produce massive, undesirable, and
unpleasant symptoms, such as involuntary urination and defecation.
Instead, parasympathetic fibers innervating specific organs such as
the gut, heart, or eye are activated separately, and the system func-
tions to affect these organs individually.

. Role of the CNS in the control of autonomic functions

Although the ANS is a motor system, it does require sensory input from
peripheral structures to provide information on the current state of the
body. This feedback is provided by streams of afferent impulses, origi-
nating in the viscera and other autonomically innervated structures
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that travel to integrating centers in the CNS, such as the hypothala-
mus, medulla oblongata, and spinal cord. These centers respond to
the stimuli by sending out efferent reflex impulses via the ANS.

1. Reflex arcs: Most of the afferent impulses are involuntarily trans-
lated into reflex responses. For example, a fall in blood pres-
sure causes pressure-sensitive neurons (baroreceptors in the
heart, vena cava, aortic arch, and carotid sinuses) to send fewer
impulses to cardiovascular centers in the brain. This prompts a
reflex response of increased sympathetic output to the heart and
vasculature and decreased parasympathetic output to the heart,
which results in a compensatory rise in blood pressure and tachy-
cardia (Figure 3.5). [Note: In each case, the reflex arcs of the ANS
comprise a sensory (or afferent) arm and a motor (or efferent or
effector) arm.]

2. Emotions and the ANS: Stimuli that evoke strong feelings, such
as rage, fear, and pleasure, can modify the activities of the ANS.

. Innervation by the ANS

1. Dual innervation: Most organs in the body are innervated by both
divisions of the ANS. Thus, vagal parasympathetic innervation
slows the heart rate, and sympathetic innervation increases the
heart rate. Despite this dual innervation, one system usually pre-
dominates in controlling the activity of a given organ. For example,
in the heart, the vagus nerve is the predominant factor for control-
ling rate. This type of antagonism is considered to be dynamic and
is fine tuned continually to control homeostatic organ functions.

2. Organs receiving only sympathetic innervation: Although most
tissues receive dual innervation, some effector organs, such as
the adrenal medulla, kidney, pilomotor muscles, and sweat glands,
receive innervation only from the sympathetic system.

. Somatic nervous system

The efferent somatic nervous system differs from the ANS in that a
single myelinated motor neuron, originating in the CNS, travels directly
to skeletal muscle without the mediation of ganglia. As noted earlier,
the somatic nervous system is under voluntary control, whereas the
ANS is involuntary. Responses in the somatic division are generally
faster than those in the ANS.

. Summary of differences between sympathetic,
parasympathetic, and motor nerves

Major differences in the anatomical arrangement of neurons lead to
variations of the functions in each division (Figure 3.6).The sympa-
thetic nervous system is widely distributed, innervating practically all
effector systems in the body. In contrast, the distribution of the para-
sympathetic division is more limited. The sympathetic preganglionic
fibers have a much broader influence than the parasympathetic fibers
and synapse with a larger number of postganglionic fibers. This type
of organization permits a diffuse discharge of the sympathetic ner-
vous system. The parasympathetic division is more circumscribed,

"Fight-or-flight"
stimulus

Sympathetic output
(diffuse because postganglionic
neurons may innervate
more than one organ)

"Rest-and-digest"
stimulus

Parasympathetic output
(discrete because postganglionic
neurons are not branched, but
are directed to a specific organ)

Sympathetic and para-
sympathetic actions
often oppose each other

Figure 3.4

Sympathetic and parasympathetic
actions are elicited by different stimuli.
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with mostly one-to-one interactions, and the ganglia are also close to,
or within, organs they innervate. This limits the amount of branching
that can be done by this division. [A notable exception to this arrange-
ment is found in the myenteric plexus, where one preganglionic neu-
ron has been shown to interact with 8000 or more postganglionic
fibers.] The anatomical arrangement of the parasympathetic system
results in the distinct functions of this division. The somatic nervous
system innervates skeletal muscles. One somatic motor neuron axon
is highly branched, and each branch innervates a single muscle fiber.
Thus, one somatic motor neuron may innervate 100 muscle fibers.
This arrangement leads to the formation of a motor unit. The lack
of ganglia and the myelination of the motor nerves enable a fast
response by the somatic nervous system.

lll. CHEMICAL SIGNALING BETWEEN CELLS

Sites of origin

Length of fibers

Location of ganglia
Preganglionic fiber branching

Distribution

Type of response

Figure 3.5

Baroreceptor reflex arc responds to a

decrease in blood pressure.

Neurotransmission in the ANS is an example of the more general pro-
cess of chemical signaling between cells. In addition to neurotransmis-
sion, other types of chemical signaling include the secretion of hormones
and the release of local mediators (Figure 3.7).

A.

Hormones

Specialized endocrine cells secrete hormones into the bloodstream,
where they travel throughout the body, exerting effects on broadly
distributed target cells (see Chapters 24 through 27.)

. Local mediators

Most cells in the body secrete chemicals that act locally on cells in
the immediate environment. Because these chemical signals are rap-
idly destroyed or removed, they do not enter the blood and are not
distributed throughout the body. Histamine (see Chapter 30) and the
prostaglandins are examples of local mediators.

. Neurotransmitters

Communication between nerve cells, and between nerve cells and

effector organs, occurs through the release of specific chemical

SYMPATHETIC

Thoracic and lumbar region of the
spinal cord (thoracolumbar)
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PARASYMPATHETIC +

Brain and sacral area of the spinal cord
(craniosacral)

Long preganglionic
Short postganglionic

Within or near effector organs
Minimal
Limited

Discrete

Figure 3.6

Characteristics of the sympathetic and parasympathetic nervous systems.




IV. Signal Transduction in the Effector Cell

signals (neurotransmitters) from the nerve terminals. This release is
triggered by the arrival of the action potential at the nerve ending,
leading to depolarization. An increase in intracellular Ca®* initiates
fusion of the synaptic vesicles with the presynaptic membrane and
release of their contents. The neurotransmitters rapidly diffuse across
the synaptic cleft, or space (synapse), between neurons and combine
with specific receptors on the postsynaptic (target) cell.

1.

Membrane receptors: All neurotransmitters, and most hormones
and local mediators, are too hydrophilic to penetrate the lipid bilay-
ers of target cell plasma membranes. Instead, their signal is medi-
ated by binding to specific receptors on the cell surface of target
organs. [Note: A receptor is defined as a recognition site for a sub-
stance. It has a binding specificity and is coupled to processes
that eventually evoke a response. Most receptors are proteins (see
Chapter 2).]

. Types of neurotransmitters: Although over 50 signal molecules in

the nervous system have been identified, norepinephrine (and the
closely related epinephrine), acetylcholine, dopamine, serotonin,
histamine, glutamate, and y-aminobutyric acid are most commonly
involved in the actions of therapeutically useful drugs. Each of these
chemical signals binds to a specific family of receptors. Acetylcholine
and norepinephrine are the primary chemical signals in the ANS,
whereas a wide variety of neurotransmitters function in the CNS.

a. Acetylcholine: The autonomic nerve fibers can be divided into
two groups based on the type of neurotransmitter released. If
transmission is mediated by acetylcholine, the neuron is termed
cholinergic (Figure 3.8 and Chapters 4 and 5). Acetylcholine
mediates the transmission of nerve impulses across autonomic
ganglia in both the sympathetic and parasympathetic nervous
systems. It is the neurotransmitter at the adrenal medulla.
Transmission from the autonomic postganglionic nerves to
the effector organs in the parasympathetic system, and a few
sympathetic system organs, also involves the release of ace-
tylcholine. In the somatic nervous system, transmission at the
neuromuscular junction (the junction of nerve fibers and volun-
tary muscles) is also cholinergic (Figure 3.8).

b. Norepinephrine and epinephrine: When norepinephrine
and epinephrine are the neurotransmitters, the fiber is termed
adrenergic (Figure 3.8 and Chapters 6 and 7). In the sympa-
thetic system, norepinephrine mediates the transmission of
nerve impulses from autonomic postganglionic nerves to effec-
tor organs. [Note: A few sympathetic fibers, such as those
involved in sweating, are cholinergic, and, for simplicity, they
are not shown in Figure 3.8.]

IV. SIGNAL TRANSDUCTION IN THE EFFECTOR CELL

The binding of chemical signals to receptors activates enzymatic pro-
cesses within the cell membrane that ultimately results in a cellu-
lar response, such as the phosphorylation of intracellular proteins or

Endocrine signaling
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Some commonly used mechanisms
for transmission of regulatory signals
between cells.
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Summary of the neurotransmitters released, types of receptors, and types of neurons within the autonomic and somatic nervous
systems. Cholinergic neurons are shown in red and adrenergic neurons in blue. [Note: This schematic diagram does not show
that the parasympathetic ganglia are close to or on the surface of the effector organs and that the postganglionic fibers are
usually shorter than the preganglionic fibers. By contrast, the ganglia of the sympathetic nervous system are close to the spinal
cord. The postganglionic fibers are long, allowing extensive branching to innervate more than one organ system. This allows the
sympathetic nervous system to discharge as a unit.] “Epinephrine 80% and norepinephrine 20% released from adrenal medulla.

changes in the conductivity of ion channels. A neurotransmitter can be
thought of as a signal and a receptor as a signal detector and transducer.
Second messenger molecules produced in response to a neurotransmit-
ter binding to a receptor translate the extracellular signal into a response
that may be further propagated or amplified within the cell. Each compo-
nent serves as a link in the communication between extracellular events
and chemical changes within the cell (see Chapter 2).

A. Membrane receptors affecting ion permeability (ionotropic
receptors)

Neurotransmitter receptors are membrane proteins that provide a bind-
ing site that recognizes and responds to neurotransmitter molecules.
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Some receptors, such as the postsynaptic nicotinic receptors in the
skeletal muscle cells, are directly linked to membrane ion channels.
Therefore, binding of the neurotransmitter occurs rapidly (within frac-
tions of a millisecond) and directly affects ion permeability (Figure 3.9A).
These types of receptors are known as ionotropic receptors.

. Membrane receptors coupled to second messengers
(metabotropic receptors)

Many receptors are not directly coupled to ion channels. Rather, the
receptor signals its recognition of a bound neurotransmitter by initiat-
ing a series of reactions that ultimately result in a specific intracel-
lular response. Second messenger molecules, so named because
they intervene between the original message (the neurotransmitter
or hormone) and the ultimate effect on the cell, are part of the cas-
cade of events that translate neurotransmitter binding into a cellular
response, usually through the intervention of a G protein. The two
most widely recognized second messengers are the adenylyl cyclase
system and the calcium/phosphatidylinositol system (Figure 3.9B, C).
The receptors coupled to the second messenger system are known
as metabotropic receptors. Muscarinic and adrenergic receptors are
examples of metabotropic receptors.
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Study Questions

Choose the ONE best answer.

3.1

3.2

Which of the following is correct regarding the autonomic
nervous system (ANS)?

A. Afferent neurons carry signals from the CNS to the
effector organs.

B. The neurotransmitter at the parasympathetic
ganglion is norepinephrine (NE).

C. The neurotransmitter at the sympathetic ganglion is
acetylcholine (ACh).

D. Sympathetic neurons release ACh in the effector
organs.

E. Parasympathetic neurons release NE in the effector
organs.

Which of the following is correct regarding somatic motor
neurons?

A. The neurotransmitter at the somatic motor neuron
ganglion is acetylcholine.

B. The neurotransmitter at the somatic motor neuron
ganglion is norepinephrine.

C. Somatic motor neurons innervate smooth
muscles.

D. Somatic motor neurons do not have ganglia.

E. Responses in the somatic motor neurons are
generally slower than in the autonomic nervous
system.

3.3 Which of the following physiological changes could

3.4

3.5

happen when a person is attacked by a grizzly
bear?

A. Increase in heart rate.

B. Increase in lacrimation (tears).
C. Constriction of the pupil (miosis).
D. Increase in gastric motility.

Which of the following changes could theoretically
happen in a person when the parasympathetic system is
inhibited using a pharmacological agent?

A. Reduction in heart rate.

B. Constriction of the pupil (miosis).

C. Increase in gastric motility.

D. Dry mouth (xerostomia).

E. Contraction of detrusor muscle in the bladder.

Which of the following statements is correct regarding
the sympathetic and parasympathetic systems?

A. Acetylcholine activates muscarinic receptors.

B. Acetylcholine activates adrenergic receptors.

C. Norepinephrine activates muscarinic receptors.

D. Activation of the sympathetic system causes a drop
in blood pressure.

Correct answer = C. The neurotransmitter at the sympathetic
and parasympathetic ganglia is acetylcholine. Sympathetic
neurons release NE and parasympathetic neurons release
ACh in the effector cells. Afferent neurons carry signals
from the periphery to the CNS.

Correct answer = D. Somatic motor neurons innervate skel-
etal muscles (not smooth muscle) and have no ganglia.
Answers A and B are incorrect, since there are no ganglia.
Also, the responses in the somatic motor nervous system
are faster compared to the responses in the autonomic
nervous system due to the lack of ganglia in the former.

Correct answer = A. When a person is in the “fight-or-flight” )
mode, as in the case of a bear attack, the sympathetic
system will be activated. Activation of the sympathetic sys-
tem causes an increase in heart rate and blood pressure
and a decrease (not increase) in gastric motility. It also
causes dilation (not constriction) of the pupil and inhibition
of lacrimation.

Correct answer = D. Activation of the parasympathetic )
system causes a reduction in heart rate, constriction of
the pupil, an increase in gastric motility and salivation, and
contraction of the bladder muscle. Therefore, inhibition of
the parasympathetic system causes an increase in heart
rate, dilation of the pupil, a decrease in gastric motility, dry
mouth, and relaxation of detrusor muscles.

Correct answer = A. Acetylcholine is the neurotransmitter in )
the cholinergic system, and it activates both muscarinic and
nicotinic cholinergic receptors, not adrenergic receptors.
Norepinephrine activates adrenergic receptors, not musca-
rinic receptors. Activation of the sympathetic system causes
an increase in blood pressure (not a drop in blood pressure)
due to vasoconstriction and stimulation of the heart.
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3.6 Which of the.followmg statemgnts concerning the Correct answer = C. The parasympathetic nervous sys- h
parasympathetic nervous system is correct? tem maintains essential bodily functions, such as vision,
A. The parasympathetic system uses norepinephrine movement of food, and urination. It uses acetylcholine, not
as a neurotransmitter. norepinephrine, as a neurotransmitter, and it discharges
B. The parasympathetic system often discharges as a as dls_crgte _flbers that are activated sgparately. The post-
. . ganglionic fibers of the parasympathetic system are short
single, functional system. compared to those of the sympathetic division. The adrenal
C. The parasympathetic division is involved in medulla is under the control of the sympathetic system.
accommodation of near vision, movement of food, Y,
and urination.
D. The postganglionic fibers of the parasympathetic
division are long compared to those of the
sympathetic nervous system.
E. The parasympathetic system controls the secretion
of the adrenal medulla.
3.7 Which of the following is correct regarding neurotrans- Correct answer = A. Neurotransmitters are released from |
mitters and neurotransmission? presynaptic neurons, triggered by the arrival of an action
A. Neurotransmitters are released from the potential in the presynaptic neuron (not in the postsynap-
presynaptic nerve terminals. tic cell). Whgn an action potential arrives in the presynaptic
B. Neurotransmitter release is triggered by the arrival neuron, Calc.'um enter's i SESIERIE MR bl 1 Gl
’ . L . cium levels increase in the neuron before the neurotrans-
of action potentials in the postsynaptic cell. mitter is released. The main neurotransmitters in the ANS
C. Intracellular calcium levels drop in the neuron are norepinephrine and acetylcholine.
before the neurotransmitter is released. J
D. Serotonin and dopamine are the primary
neurotransmitters in the ANS.
3.8 An elderly man was brought to the emergency room Correct answer = B. Activation of o, receptors causes )
after he ingested a large quantity of carvedilol tablets, mydriasis, vasoconstriction, and an increase in blood pres-
a drug that blocks «,, f,, and B, adrenergic receptors, sure. Activation of B, receptors increases heart rate, con-
which mainly mediate the cardiovascular effects of tractility of the heart, and blood pressure. Activation of f,
epinephrine and norepinephrine in the body. Which of receptors causes dilation of bronchioles and relaxation of
the following symptoms would you expect in this patient? skeletal muscle vessels. Thus, inhibition of these receptors
. will cause vasorelaxation («, blockade), reduction in heart
A. Increased heart rate (tachycardia). rate (B, blockade), reduction in contractility of the heart
B. Reduced heart rate (bradycardia). (B, blockade), reduction in blood pressure, bronchoconstric-
C. Dilation of the pupil (mydriasis). tion (B, blockade), and constriction of blood vessels supply-
D. Increased blood pressure. ing skeletal muscles (p, blockade).
J
3.9 All of the fo!lowing .statements regarding central control Correct answer = B. When there is a sudden drop in blood )
of autonomic functions are correct except: pressure, the baroreceptors send signals to the brain, and
A. Baroreceptors are pressure sensors located at the brain activates the sympathetic system (not the para-
various cardiovascular sites. sympathetic system) to restore blood pressure to normal
B. The parasympathetic system is activated by the HElEs )

CNS in response to a sudden drop in blood pressure.
C. The parasympathetic system is activated by the
CNS in response to a sudden increase in blood
pressure.
D. The sympathetic system is activated by the CNS in
response to a sudden drop in blood pressure.
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3. The Autonomic Nervous System

3.10 Which of the following is correct regarding membrane

receptors and signal transduction?

A. ANS neurotransmitters bind to membrane receptors
on the effector cells, which leads to intracellular
events.

B. Cholinergic muscarinic receptors are examples of
ionotropic receptors.

C. Cholinergic nicotinic receptors are examples of
metabotropic receptors.

D. Metabotropic receptors activate ion channels directly.

Correct answer = A. Neurotransmitters generally bind to the
membrane receptors on the postsynaptic effector cells and
cause cellular effects. Acetylcholine (ACh) binds to cholin-
ergic muscarinic receptors in the effector cells and activates
the second messenger pathway in the effector cells, which
in turn causes cellular events. These types of receptors that
are coupled to second messenger systems are known as
metabotropic receptors. Thus, metabotropic receptors do
not directly activate ion channels. ACh also binds to cholin-
ergic nicotinic receptors and activates ion channels on the
effector cells directly. These types of receptors that activate
ion channels directly are known as ionotropic receptors.




Cholinergic Agonists

Rajan Radhakrishnan

. OVERVIEW

Drugs affecting the autonomic nervous system (ANS) are divided into
two groups according to the type of neuron involved in their mechanism
of action. The cholinergic drugs, which are described in this and the
following chapter, act on receptors that are activated by acetylcholine
(ACh), whereas the adrenergic drugs (Chapters 6 and 7) act on recep-
tors stimulated by norepinephrine or epinephrine. Cholinergic and adren-
ergic drugs act by either stimulating or blocking receptors of the ANS.
Figure 4.1 summarizes the cholinergic agonists discussed in this chapter.

Il. THE CHOLINERGIC NEURON

The preganglionic fibers terminating in the adrenal medulla, the auto-
nomic ganglia (both parasympathetic and sympathetic), and the
postganglionic fibers of the parasympathetic division use ACh as a neu-
rotransmitter (Figure 4.2). The postganglionic sympathetic division of
sweat glands also uses acetylcholine. In addition, cholinergic neurons
innervate the muscles of the somatic system and also play an important
role in the central nervous system (CNS).

A. Neurotransmission at cholinergic neurons

Neurotransmission in cholinergic neurons involves six sequential
steps: 1) synthesis, 2) storage, 3) release, 4) binding of ACh to a
receptor, 5) degradation of the neurotransmitter in the synaptic cleft
(that is, the space between the nerve endings and adjacent receptors
located on nerves or effector organs), and 6) recycling of choline and
acetate (Figure 4.3).

1. Synthesis of acetylcholine: Choline is transported from the
extracellular fluid into the cytoplasm of the cholinergic neuron by
an energy-dependent carrier system that cotransports sodium and
can be inhibited by the drug hemicholinium. [Note: Choline has a
quaternary nitrogen and carries a permanent positive charge and,
thus, cannot diffuse through the membrane.] The uptake of choline
is the rate-limiting step in ACh synthesis. Choline acetyltransferase
catalyzes the reaction of choline with acetyl coenzyme A (CoA) to
form ACh (an ester) in the cytosol.

DIRECT ACTING

Acetylcholine MIOCHOL-E
Bethanechol URECHOLINE

Carbachol MIOSTAT, ISOPTO CARBACHOL
Cevimeline EVOXAC

Nicotine NICORETTE

Pilocarpine SALAGEN, ISOPTO CARPINE

INDIRECT ACTING (reversible)

Ambenonium MYTELASE
Donepezil ARICEPT
Edrophonium ENLON
Galantamine RAZADYNE
Neostigmine PROSTIGMIN
Physostigmine ANTILIRIUM
Pyridostigmine MESTINON
Rivastigmine EXELON

INDIRECT ACTING (irreversible)

Echothiophate PHOSPHOLINE IODIDE

REACTIVATION OF
ACETYLCHOLINESTERASE

Pralidoxime PROTOPAM

Figure 4.1
Summary of cholinergic agonists.

(6]
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Figure 4.2
Sites of actions of cholinergic agonists in the autonomic and somatic nervous systems.

2. Storage of acetylcholine in vesicles: ACh is packaged and
stored into presynaptic vesicles by an active transport process
coupled to the efflux of protons. The mature vesicle contains not
only ACh but also adenosine triphosphate and proteoglycan.
Cotransmission from autonomic neurons is the rule rather than the
exception. This means that most synaptic vesicles contain the pri-
mary neurotransmitter (here, ACh) as well as a cotransmitter that
increases or decreases the effect of the primary neurotransmitter.

w

. Release of acetylcholine: When an action potential propagated
by voltage-sensitive sodium channels arrives at a nerve ending,
voltage-sensitive calcium channels on the presynaptic membrane
open, causing an increase in the concentration of intracellular
calcium. Elevated calcium levels promote the fusion of synaptic
vesicles with the cell membrane and the release of their contents
into the synaptic space. This release can be blocked by botulinum
toxin. In contrast, the toxin in black widow spider venom causes all
the ACh stored in synaptic vesicles to empty into the synaptic gap.
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Figure 4.3
Synthesis and release of acetylcholine from the cholinergic neuron. AcCoA = acetyl coenzyme A.

4. Binding to the receptor: ACh released from the synaptic vesi-
cles diffuses across the synaptic space and binds to postsynaptic
receptors on the target cell, to presynaptic receptors on the mem-
brane of the neuron that released the ACh, or to other targeted
presynaptic receptors. The postsynaptic cholinergic receptors on
the surface of the effector organs are divided into two classes:
muscarinic and nicotinic (Figure 4.2). Binding to a receptor leads to
a biologic response within the cell, such as the initiation of a nerve
impulse in a postganglionic fiber or activation of specific enzymes
in effector cells, as mediated by second messenger molecules.

5. Degradation of acetylcholine: The signal at the postjunctional
effector site is rapidly terminated, because acetylcholinester-
ase (AChE) cleaves ACh to choline and acetate in the synaptic
cleft (Figure 4.3). [Note: Butyrylcholinesterase, sometimes called
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a Muscarinic receptors

Muscarine  Acetylcholine  Nicotine

B Nicotinic receptors

Muscarine Acetylcholine  Nicotine

v o @

Figure 4.4
Types of cholinergic receptors.

pseudocholinesterase, is found in the plasma, but does not play
a significant role in the termination of the effect of ACh in the
synapse.]

6. Recycling of choline: Choline may be recaptured by a sodium-
coupled, high-affinity uptake system that transports the molecule
back into the neuron. There, it is acetylated into ACh that is stored
until released by a subsequent action potential.

lll. CHOLINERGIC RECEPTORS (CHOLINOCEPTORS)

Two families of cholinoceptors, designated muscarinic and nicotinic
receptors, can be distinguished from each other on the basis of their dif-
ferent affinities for agents that mimic the action of ACh (cholinomimetic
agents).

A. Muscarinic receptors

Muscarinic receptors belong to the class of G protein—coupled recep-
tors (metabotropic receptors). These receptors, in addition to binding
ACh, also recognize muscarine, an alkaloid that is present in certain
poisonous mushrooms. In contrast, the muscarinic receptors show
only a weak affinity for nicotine (Figure 4.4A). There are five sub-
classes of muscarinic receptors. However, only M,, M,, and M, recep-
tors have been functionally characterized.

1. Locations of muscarinic receptors: These receptors are found on
ganglia of the peripheral nervous system and on the autonomic effec-
tor organs, such as the heart, smooth muscle, brain, and exocrine
glands. Although all five subtypes are found on neurons, M, recep-
tors are also found on gastric parietal cells, M, receptors on cardiac
cells and smooth muscle, and M, receptors on the bladder, exocrine
glands, and smooth muscle. [Note: Drugs with muscarinic actions pref-
erentially stimulate muscarinic receptors on these tissues, but at high
concentration, they may show some activity at nicotinic receptors.]

2. Mechanisms of acetylcholine signal transduction: A number
of different molecular mechanisms transmit the signal generated
by ACh occupation of the receptor. For example, when M, or M,
receptors are activated, the receptor undergoes a conformational
change and interacts with a G protein, designated G_, that in turn
activates phospholipase C. This ultimately leads to the production
of the second messengers inositol-1,4,5-trisphosphate (IP,) and
diacylglycerol (DAG). IP, causes an increase in intracellular Ca?*.
Calcium can then interact to stimulate or inhibit enzymes or to
cause hyperpolarization, secretion, or contraction. Diacylglycerol
activates protein kinase C, an enzyme that phosphorylates numer-
ous proteins within the cell. In contrast, activation of the M, subtype
on the cardiac muscle stimulates a G protein, designated G, that
inhibits adenylyl cyclase and increases K* conductance. The heart
responds with a decrease in rate and force of contraction.

3. Muscarinic agonists: Pilocarpineis an example of a nonselective
muscarinic agonist used in clinical practice to treat xerostomia and
glaucoma. Attempts are currently underway to develop muscarinic
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agonists and antagonists that are directed against specific recep-
tor subtypes. M, receptor agonists are being investigated for the
treatment of Alzheimer’s disease and M, receptor antagonists for
the treatment of chronic obstructive pulmonary disease. [Note: At
present, no clinically important agents interact solely with the M,
and M receptors.]

B. Nicotinic receptors

These receptors, in addition to binding ACh, also recognize nico-
tine but show only a weak affinity for muscarine (Figure 4.4B). The
nicotinic receptor is composed of five subunits, and it functions as
a ligand-gated ion channel. Binding of two ACh molecules elicits a
conformational change that allows the entry of sodium ions, resulting
in the depolarization of the effector cell. Nicotine at low concentration
stimulates the receptor, whereas nicotine at high concentration blocks
the receptor. Nicotinic receptors are located in the CNS, the adrenal
medulla, autonomic ganglia, and the neuromuscular junction (NMJ)
in skeletal muscles. Those at the NMJ are sometimes designated N, ,
and the others, N, . The nicotinic receptors of autonomic ganglia differ
from those of the NMJ. For example, ganglionic receptors are selec-
tively blocked by mecamylamine, whereas NMJ receptors are specifi-
cally blocked by atracurium.

IV. DIRECT-ACTING CHOLINERGIC AGONISTS

Cholinergic agonists mimic the effects of ACh by binding directly to cho-
linoceptors (muscarinic or nicotinic). These agents may be broadly clas-
sified into two groups: 1) endogenous choline esters, which include ACh
and synthetic esters of choline, such as carbachol and bethanechol,
and 2) naturally occurring alkaloids, such as nicotine and pilocarpine
(Figure 4.5). All of the direct-acting cholinergic drugs have a longer
duration of action than ACh. The more therapeutically useful drugs
(pilocarpine and bethanechol) preferentially bind to muscarinic receptors
and are sometimes referred to as muscarinic agents. [Note: Muscarinic
receptors are located primarily, but not exclusively, at the neuroeffector
junction of the parasympathetic nervous system.] However, as a group,
the direct-acting agonists show little specificity in their actions, which
limits their clinical usefulness.

A. Acetylcholine

Acetylcholine [ah-see-teel-KOE-leen] is a quaternary ammonium
compound that cannot penetrate membranes. Although it is the
neurotransmitter of parasympathetic and somatic nerves as well as
autonomic ganglia, it lacks therapeutic importance because of its
multiplicity of actions (leading to diffuse effects) and its rapid inactiva-
tion by the cholinesterases. ACh has both muscarinic and nicotinic
activity. Its actions include the following:

1. Decrease in heart rate and cardiac output: The actions of ACh
on the heart mimic the effects of vagal stimulation. For example,
if injected intravenously, ACh produces a brief decrease in car-
diac rate (negative chronotropy) and stroke volume as a result
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of a reduction in the rate of firing at the sinoatrial (SA) node. [Note:
Normal vagal activity regulates the heart by the release of ACh at
the SA node.]

. Decrease in blood pressure: Injection of ACh causes vaso-

dilation and lowering of blood pressure by an indirect mecha-
nism of action. ACh activates M, receptors found on endothelial
cells lining the smooth muscles of blood vessels. This results
in the production of nitric oxide from arginine. Nitric oxide then
diffuses to vascular smooth muscle cells to stimulate protein
kinase G production, leading to hyperpolarization and smooth
muscle relaxation via phosphodiesterase-3 inhibition. In the
absence of administered cholinergic agents, the vascular cho-
linergic receptors have no known function, because ACh is
never released into the blood in significant quantities. Atropine
blocks these muscarinic receptors and prevents ACh from pro-
ducing vasodilation.

. Other actions: In the gastrointestinal (Gl) tract, acetylcholine

increases salivary secretion and stimulates intestinal secretions
and motility. It also enhances bronchiolar secretions. In the genito-
urinary tract, ACh increases the tone of the detrusor muscle, caus-
ing urination. In the eye, ACh is involved in stimulation of ciliary
muscle contraction for near vision and in the constriction of the
pupillae sphincter muscle, causing miosis (marked constriction of
the pupil). ACh (1% solution) is instilled into the anterior chamber
of the eye to produce miosis during ophthalmic surgery.

. Bethanechol

Bethanechol [be-THAN-e-kole] is an unsubstituted carbamoyl
ester, structurally related to ACh (Figure 4.5). It is not hydrolyzed
by AChE due to the esterification of carbamic acid, although it is
inactivated through hydrolysis by other esterases. It lacks nicotinic
actions (due to the addition of the methyl group) but does have
strong muscarinic activity. Its major actions are on the smooth
musculature of the bladder and Gl tract. It has about a 1-hour dura-
tion of action.

1.

Actions: Bethanechol directly stimulates muscarinic receptors,
causing increased intestinal motility and tone. It also stimulates the
detrusor muscle of the bladder, whereas the trigone and sphincter
muscles are relaxed. These effects produce urination.

. Therapeutic applications: In urologic treatment, bethanechol

is used to stimulate the atonic bladder, particularly in post-
partum or postoperative, nonobstructive urinary retention.
Bethanechol may also be used to treat neurogenic atony as well
as megacolon.

. Adverse effects: Bethanechol causes the effects of generalized

cholinergic stimulation (Figure 4.6). These include sweating, sali-
vation, flushing, decreased blood pressure, nausea, abdominal
pain, diarrhea, and bronchospasm. Atropine sulfate may be admin-
istered to overcome severe cardiovascular or bronchoconstrictor
responses to this agent.
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C. Carbachol (carbamyicholine)

Carbachol [KAR-ba-kole] has both muscarinic and nicotinic actions.
Like bethanechol, carbachol is an ester of carbamic acid (Figure 4.5)
and a poor substrate for AChE. It is biotransformed by other ester-
ases, but at a much slower rate.

1.

Actions: Carbachol has profound effects on both the cardiovas-
cular and Gl systems because of its ganglion-stimulating activ-
ity, and it may first stimulate and then depress these systems.
It can cause release of epinephrine from the adrenal medulla
by its nicotinic action. Locally instilled into the eye, it mimics the
effects of ACh, causing miosis and a spasm of accommodation in
which the ciliary muscle of the eye remains in a constant state of
contraction.

. Therapeutic uses: Because of its high potency, receptor nonse-

lectivity, and relatively long duration of action, carbachol is rarely
used therapeutically except in the eye as a miotic agent to treat
glaucoma by causing pupillary contraction and a decrease in intra-
ocular pressure.

. Adverse effects: At doses used ophthalmologically, little or no side

effects occur due to lack of systemic penetration (quaternary amine).

D. Pilocarpine

The alkaloid pilocarpine [pye-loe-KAR-peen] is a tertiary amine and
is stable to hydrolysis by AChE (Figure 4.5). Compared with ACh and
its derivatives, it is far less potent but is uncharged and can penetrate
the CNS at therapeutic doses. Pilocarpine exhibits muscarinic activity
and is used primarily in ophthalmology.

1.

Actions: Applied topically to the eye, pilocarpine produces rapid
miosis and contraction of the ciliary muscle. When the eye under-
goes this miosis, it experiences a spasm of accommodation. The
vision becomes fixed at some particular distance, making it impos-
sible to focus (Figure 4.7). [Note the opposing effects of atropine,
a muscarinic blocker, on the eye.] Pilocarpine is one of the most
potent stimulators of secretions such as sweat, tears, and saliva,
but its use for producing these effects has been limited due to its
lack of selectivity. The drug is beneficial in promoting salivation in
patients with xerostomia resulting from irradiation of the head and
neck. Sjdgren syndrome, which is characterized by dry mouth and
lack of tears, is treated with oral pilocarpine tablets and cevimeline,
a cholinergic drug that also has the drawback of being nonspecific.

. Therapeutic use in glaucoma: Pilocarpine is used to treat glau-

coma and is the drug of choice for emergency lowering of intra-
ocular pressure of both open-angle and angle-closure glaucoma.
Pilocarpine is extremely effective in opening the trabecular mesh-
work around the Schlemm canal, causing an immediate drop in
intraocular pressure as a result of the increased drainage of aque-
ous humor. This action occurs within a few minutes, lasts 4 to 8
hours, and can be repeated. [Note: Topical carbonic anhydrase
inhibitors, such as dorzolamide and p-adrenergic blockers such
as timolol, are effective in treating glaucoma but are not used for
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Figure 4.7

Actions of pilocarpine and atropine on
the iris and ciliary muscle of the eye.
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Mechanisms of action of indirect
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emergency lowering of intraocular pressure.] The miotic action of
pilocarpine is also useful in reversing mydriasis due to atropine.

3. Adverse effects: Pilocarpine can cause blurred vision, night
blindness, and brow ache. Poisoning with this agent is character-
ized by exaggeration of various parasympathetic effects, includ-
ing profuse sweating (diaphoresis) and salivation. The effects are
similar to those produced by consumption of mushrooms of the
genus Inocybe. Parenteral atropine, at doses that can cross the
blood—brain barrier, is administered to counteract the toxicity of
pilocarpine.

V. INDIRECT-ACTING CHOLINERGIC AGONISTS:
ANTICHOLINESTERASE AGENTS (REVERSIBLE)

AChE is an enzyme that specifically cleaves ACh to acetate and
choline and, thus, terminates its actions. It is located both pre- and
postsynaptically in the nerve terminal where it is membrane bound.
Inhibitors of AChE (anticholinesterase agents or cholinesterase inhibi-
tors) indirectly provide a cholinergic action by preventing the degrada-
tion of ACh. This results in an accumulation of ACh in the synaptic
space (Figure 4.8). Therefore, these drugs can provoke a response
at all cholinoceptors in the body, including both muscarinic and nico-
tinic receptors of the ANS, as well as at the NMJ and in the brain. The
reversible AChE inhibitors can be broadly classified as short-acting or
intermediate-acting agents.

A. Edrophonium

Edrophonium [ed-row-FOE-nee-um] is the prototype short-acting
AChE inhibitor. Edrophonium binds reversibly to the active center of
AChE, preventing hydrolysis of ACh. It is rapidly absorbed and has a
short duration of action of 10 to 20 minutes due to rapid renal elimina-
tion. Edrophonium is a quaternary amine, and its actions are limited
to the periphery. It is used in the diagnosis of myasthenia gravis, an
autoimmune disease caused by antibodies to the nicotinic receptor at
the NMJ. This causes their degradation, making fewer receptors avail-
able for interaction with ACh. Intravenous injection of edrophonium
leads to a rapid increase in muscle strength. Care must be taken,
because excess drug may provoke a cholinergic crisis (atropine is the
antidote). Edrophonium may also be used to assess cholinesterase
inhibitor therapy, for differentiating cholinergic and myasthenic crises,
and for reversing the effects of nondepolarizing neuromuscular block-
ers after surgery. Due to the availability of other agents, edrophonium
use has become limited.

B. Physostigmine

Physostigmine [fi-zoe-STIG-meen] is a nitrogenous carbamic
acid ester found naturally in plants and is a tertiary amine. It is
a substrate for AChE, and it forms a relatively stable carbamo-
ylated intermediate with the enzyme, which then becomes revers-
ibly inactivated. The result is potentiation of cholinergic activity
throughout the body.
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1. Actions: Physostigmine has a wide range of effects as a result of
its action and stimulates not only the muscarinic and nicotinic sites
of the ANS but also the nicotinic receptors of the NMJ. Its duration
of action is about 30 minutes to 2 hours, and it is considered an
intermediate-acting agent. Physostigmine can enter and stimulate
the cholinergic sites in the CNS.

Contraction of
visceral smooth
muscle

2. Therapeutic uses: The drug increases intestinal and bladder v
motility, which serves as its therapeutic action in atony of either
organ (Figure 4.9). Physostigmine is also used in the treatment of o
overdoses of drugs with anticholinergic actions, such as atropine. (O Miosis

3. Adverse effects: The effects of physostigmine on the CNS may
lead to convulsions when high doses are used. Bradycardia and a
fall in cardiac output may also occur. Inhibition of AChE at the skel- v
etal NMJ causes the accumulation of ACh and, ultimately, results
in paralysis of skeletal muscle. However, these effects are rarely )
seen with therapeutic doses. Hypotension

C. Neostigmine

Neostigmine [nee-oh-STIG-meen] is a synthetic compound that is
also a carbamic acid ester, and it reversibly inhibits AChE in a man-

ner similar to that of physostigmine.
Bradycardia

1. Actions: Unlike physostigmine, neostigmine has a quaternary
nitrogen. Therefore, it is more polar, is absorbed poorly from the Gl
tract, and does not enter the CNS. Its effect on skeletal muscle is
greater than that of physostigmine, and it can stimulate contractility Figure 4.9
before it paralyzes. Neostigmine has an intermediate duration of Some actions of
action, usually 30 minutes to 2 hours. physostigmine.

2. Therapeutic uses: lItis used to stimulate the bladder and Gl tract and
also as an antidote for competitive neuromuscular-blocking agents.
Neostigmine is also used to manage symptoms of myasthenia gravis.

3. Adverse effects: Adverse effects of neostigmine include those
of generalized cholinergic stimulation, such as salivation, flushing,
decreased blood pressure, nausea, abdominal pain, diarrhea, and
bronchospasm. Neostigmine does not cause CNS side effects and
is not used to overcome toxicity of central-acting antimuscarinic
agents such as atropine. Neostigmine is contraindicated when
intestinal or urinary bladder obstruction is present.

D. Pyridostigmine and ambenonium

Pyridostigmine [peer-id-oh-STIG-meen] and ambenonium [am-be-
NOE-nee-um] are other cholinesterase inhibitors that are used in the
chronic management of myasthenia gravis. Their durations of action
are intermediate (3 to 6 hours and 4 to 8 hours, respectively) but
longer than that of neostigmine. Adverse effects of these agents are
similar to those of neostigmine.

E. Tacrine, donepezil, rivastigmine, and galantamine

Patients with Alzheimer’'s disease have a deficiency of choliner-
gic neurons in the CNS. This observation led to the development of
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anticholinesterases as possible remedies for the loss of cognitive

PHOSPHORYLATION function. Tacrine [TAK-reen] was the first tg become avgi!able, but' it

OF ENZYME has be_e.n replaced by qthers because .of |t§ hepato'toxmlt'y. Despite

the ability of donepezil [doe-NEP-e-zil], rivastigmine [ri-va-STIG-

® Enzymeinactivated meen], and galantamine [ga-LAN-ta-meen] to delay the progression

® Pralidoxime (2-PAM) can of Alzheimer’s disease, none can stop its progression. Gl distress is
remove the inhibitor their primary adverse effect (see Chapter 8).

8 V1. INDIRECT-ACTING CHOLINERGIC AGONISTS:
RS ANTICHOLINESTERASE AGENTS (IRREVERSIBLE)
Echothiophate

A number of synthetic organophosphate compounds have the capacity
to bind covalently to AChE. The result is a long-lasting increase in ACh at
all sites where it is released. Many of these drugs are extremely toxic and
Actlve site of were developed by the military as nerve agents. Related compounds,
acetylcholinesterase . . . . .

such as parathion and malathion, are used as insecticides.

RSH % A. Echothiophate

1. Mechanism of action: Echothiophate [ek-oe-THI-oh-fate] is an

O-H

o organophosphate that covalently binds via its phosphate group at
Csz—O/—P—O—Csz the active site of AChE (Figure 4.10). Once this occurs, the enzyme
is permanently inactivated, and restoration of AChE activity requires
the synthesis of new enzyme molecules. Following covalent modi-
Acetylcholinesterase fication of AChE, the phosphorylated enzyme slowly releases one
(inactive) of its ethyl groups. The loss of an alkyl group, which is called aging,
H.O makes it impossible for chemical reactivators, such as pralidoxime, to

2 break the bond between the remaining drug and the enzyme.

GH5~OH J-ﬁgé's‘%f alkyl

group) 4 2. Actions: Actions include generalized cholinergic stimulation,

2 paralysis of motor function (causing breathing difficulties), and
C,H5-0-P-OH convulsions. Echothiophate produces intense miosis and, thus,

4 has found therapeutic use. Intraocular pressure falls from the facili-
tation of outflow of aqueous humor. Atropine in high dosages can

Acetylcholinesterase reverse many of the peripheral and some of the central muscarinic
e s ) effects of echothiophate.
3. Therapeutic uses: A topical ophthalmic solution of the drug is
0 available for the treatment of open-angle glaucoma. However,
C,Hs-0-P-0-C,Hs echothiophate is rarely used due to its side effect profile, which
N w includes the risk of causing cataracts. Figure 4.11 summarizes the
actions of some of the cholinergic agonists.

Vil. TOXICOLOGY OF ANTICHOLINESTERASE AGENTS

Acetylcholinesterase

(active)
Irreversible AChE inhibitors (mostly organophosphate compounds) are
commonly used as agricultural insecticides in the United States, which
Figure 4.10 has led to numerous cases of accidental poisoning with these agents. In
Covalent modification of addition, they are frequently used for suicidal and homicidal purposes.

acetylcholinesterase by raanophosphate nerv h rin ar nts of warfar
echothiophate. Also shown is the O ganophosphate ne € gases such as sarin a e used as agents of warfare

reactivation of the enzyme with and chemical terrorism. Toxicity with these agents is manifested as nicotinic
pralidoxime. R = (CH,),N*~CH,~CH,~; and muscarinic signs and symptoms (cholinergic crisis). Depending on the
RSH = (CH,),N*-CH,-CH,-S-H. agent, the effects can be peripheral or can affect the whole body.
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Bethanechol
@ Used in treatment of urinary retention
@ Binds preferentially at muscarinic

Physostigmine
® Increases intestinal and bladder motility
® Reverses CNS and cardiac effects of

Rivastigmine, galantamine,
donepezil

@ Used as first-line treatments for
Alzheimer's disease, though confers

receptors ;rlcycllc a::csie;f)frestsanfts - modest benefit
°
everses etiects of atropine e Have not been shown to reduce
® Uncharged, tertiary amine that healthcare costs or delay
can penetrate the CNS institutionalization
@ Can be used with memantine
(N-methyl-D-aspartate antagonist)
with moderate to severe disease
Carbachol Neostigmine Echothiophate

© Produces miosis during ocular surgery o Prevents postoperative abdominal

@ Used topically to reduce intraocular distention and urinary retention

pressure in open-angle or narrow-angle
glaucoma, particularly in patients who

have become tolerant to pilocarpine ¢ Used as an antidote for competitive

neuromuscular blockers

o Has intermediate duration of action
(0.5 to 2 hrs)

o Used in treatment of myasthenia gravis

@ Used in treatment of open-angle
glaucoma

@ Has long duration of action (100 hours)

Pilocarpine

@ Reduces intraocular pressure in open-
angle and narrow-angle glaucoma

Edrophonium

@ Used as an antidote for competitive
@ Binds preferentially at muscarinic neuromuscular blockers

receptors

@ Uncharged, tertiary amine that
can penetrate the CNS

® Used for diagnosis of myasthenia gravis

@ Has short duration of action (10 to 20 min)

Acetylcholine

@ Used to produce miosis in ophthalmic
surgery

Figure 4.11

Summary of actions of some cholinergic agonists. CNS = central nervous system.

A. Reactivation of acetylcholinesterase

Pralidoxime [pral-i-DOX-eem] (2-PAM) can reactivate inhibited AChE.
However, it is unable to penetrate into the CNS and therefore is not
useful in treating the CNS effects of organophosphates. The pres-
ence of a charged group allows it to approach an anionic site on the
enzyme, where it essentially displaces the phosphate group of the
organophosphate and regenerates the enzyme. If given before aging
of the alkylated enzyme occurs, it can reverse both muscarinic and
nicotinic peripheral effects of organophosphates, but not the CNS
effects. With the newer nerve agents that produce aging of the enzyme
complex within seconds, pralidoxime is less effective. Pralidoxime is
a weak AChE inhibitor and, at higher doses, may cause side effects
similar to other AChE inhibitors (Figures 4.6 and 4.9). In addition, it
cannot overcome toxicity of reversible AChE inhibitors (for example,
physostigmine).

B. Other treatments

Atropine is administered to prevent muscarinic side effects of these
agents. Such effects include increased bronchial and salivary
secretion, bronchoconstriction, and bradycardia. Diazepam is also
administered to reduce the persistent convulsion caused by these
agents. General supportive measures, such as maintenance of pat-
ent airway, oxygen supply, and artificial respiration, may be neces-
sary as well.
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Study Questions

Choose the ONE best answer.

41

4.2

4.3

4.4

4.5

Botulinum toxin blocks the release of acetylcholine from
cholinergic nerve terminals. Which of the following is a
possible effect of botulinum toxin?

A. Skeletal muscle paralysis.

B. Improvement of myasthenia gravis symptoms.
C. Increased salivation.

D. Reduced heart rate.

A dentist would like to reduce salivation in a patient in
preparation for an oral surgical procedure. Which of the
following strategies will be useful in reducing salivation?

A. Activate nicotinic receptors in the salivary
glands.

B. Block nicotinic receptors in the salivary glands.

C. Activate muscarinic receptors in the salivary
glands.

D. Block muscarinic receptors in the salivary glands.

Which of the following is a systemic effect of a
muscarinic agonist?

A. Reduced heart rate (bradycardia).
B. Increased blood pressure.

C. Mydriasis (dilation of the pupil).

D. Reduced urinary frequency.

E. Constipation.

If an ophthalmologist wants to dilate the pupils for an
eye examination, which of the following drugs/classes
of drugs could be theoretically useful?

. Muscarinic receptor activator (agonist).

. Muscarinic receptor inhibitor (antagonist).

. Acetylcholine.

. Pilocarpine.

. Neostigmine.

moow>

In Alzheimer’s disease, there is a deficiency of
cholinergic neuronal function in the brain. Theoretically,
which of the following strategies will be useful in treating
the symptoms of Alzheimer’s disease?

A. Inhibiting cholinergic receptors in the brain.

B. Inhibiting the release of acetylcholine in the brain.

C. Inhibiting the acetylcholinesterase enzyme in the brain.

D. Activating the acetylcholinesterase enzyme in the
brain.

Correct answer = A. Acetylcholine released by cholinergic
neurons acts on nicotinic receptors in the skeletal muscle
cells to cause contraction. Therefore, blockade of ACh release
causes skeletal muscle paralysis. Myasthenia gravis is an
autoimmune disease where antibodies are produced against
nicotinic receptors and inactivate nicotinic receptors. A reduc-
tion in ACh release therefore worsens (not improves) the
symptoms of this condition. Reduction in ACh release by botu-
linum toxin causes reduction in secretions including saliva (not
increase in salivation) causing dry mouth and an increase (not
reduction) in heart rate due to reduced vagal activity.

Correct answer = D. Salivary glands contain muscarinic
receptors, not nicotinic receptors. Activation of muscarinic
receptors in the salivary glands causes secretion of saliva.
Blocking muscarinic receptors, using drugs such as atro-
pine, reduces salivary secretions and makes the mouth dry.

Correct answer = A. A muscarinic agonist binds to and
activates muscarinic receptors in the heart, endothelial
cells (blood vessels), the gut, and iris sphincter (eye) and
urinary bladder wall muscles, in addition to several other
tissues. Activation of muscarinic receptors by an agonist
causes a reduction in heart rate, constriction of circular
muscles in the iris sphincter leading to constriction of the
pupil (miosis), increased Gl motility (hence, diarrhea, not
constipation), and contraction of bladder muscles leading
to an increase (not decrease) in urination frequency. In the
endothelial cells of blood vessels, muscarinic activation pro-
duces release of nitric oxide that causes vasorelaxation and
a reduction (not increase) in blood pressure.

Correct answer = B. Muscarinic agonists (for example,
ACh, pilocarpine) contract the circular smooth muscles
in the iris sphincter and constrict the pupil (miosis).
Anticholinesterases (for example, neostigmine, physostig-
mine) also cause miosis by increasing the level of ACh.
Muscarinic antagonists, on the other hand, relax the circu-
lar smooth muscles in the iris sphincter and cause dilation
of the pupil (mydriasis).

Correct answer = C. Since there is already a deficiency in
brain cholinergic function in Alzheimer’s disease, inhibiting
cholinergic receptors or inhibiting the release of ACh will
worsen the condition. Activating the acetylcholinesterase
enzyme will increase the degradation of ACh, which will
again worsen the condition. However, inhibiting the acetyl-
cholinesterase enzyme will help to increase the levels of
ACh in the brain and thereby help to relieve the symptoms
of Alzheimer’s disease.
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4.6

4.7

4.8

4.9

4.10

An elderly female who lives in a farm house was brought

to the emergency room in serious condition after

ingesting a liquid from an unlabeled bottle found near

her bed, apparently in a suicide attempt. She presented

with diarrhea, frequent urination, convulsions, breathing

difficulties, constricted pupils (miosis), and excessive

salivation. Which of the following is correct regarding

this patient?

A. She most likely consumed an organophosphate
pesticide.

B. The symptoms are consistent with sympathetic
activation.

C. Her symptoms can be treated using an
anticholinesterase agent.

D. Her symptoms can be treated using a cholinergic
agonist.

Sarinis a volatile nerve agent that inhibits cholinesterase
enzymes. Which of the following symptoms would you
expect to see in a patient exposed to sarin?

A. Urinary retention.

B. Tachycardia.

C. Constriction of pupils (miosis).
D. Dilation of the pupils (mydriasis).
E. Dry mouth.

Head and neck irradiation in cancer patients can
decrease salivary secretion and cause dry mouth. All of
the following drugs or classes of drugs are theoretically
useful in improving secretion of saliva in these patients
except.

A. Muscarinic antagonists.
B. Muscarinic agonists.

C. Anticholinesterase agents.
D. Pilocarpine.

E. Neostigmine.

Which of the following drugs or classes of drugs will be
useful in treating the symptoms of myasthenia gravis?
A. Nicotinic antagonists.

B. Muscarinic agonists.

C. Muscarinic antagonists.

D. Anticholinesterase agents.

Atropa belladonna is a plant that contains atropine (a
muscarinic antagonist). Which of the following drugs or
classes of drugs will be useful in treating poisoning with
belladonna?

A. Malathion.

B. Physostigmine.

C. Muscarinic antagonists.
D. Nicotinic antagonists.

Correct answer = A. The symptoms are consistent with that
of cholinergic crisis. Since the elderly female lives on a farm
and since the symptoms are consistent with that of cho-
linergic crisis (usually caused by cholinesterase inhibitors),
it may be assumed that she has consumed an organo-
phosphate pesticide (irreversible cholinesterase inhibitor).
Assuming that the symptoms are caused by organophos-
phate poisoning, administering an anticholinesterase agent
or a cholinergic agonist will worsen the condition. The symp-
toms are not consistent with that of sympathetic activation,
as sympathetic activation will cause symptoms opposite to
that of cholinergic crisis seen in this patient.

Correct answer = C. Sarin is an organophosphate nerve gas
that inhibits cholinesterase enzymes and increases ACh
levels. Therefore, symptoms of cholinergic crisis (increased
urination, bradycardia, excessive secretions, constriction
of pupils, etc.) should be expected in patients exposed to
sarin. Urinary retention, tachycardia, mydriasis, and dry
mouth are usually seen with muscarinic antagonists.

Correct answer = A. Activation of muscarinic receptors in
the salivary glands causes secretion of saliva. This can be
achieved in theory by using a muscarinic agonist such as
pilocarpine or an anticholinesterase agent such as neo-
stigmine (increases levels of ACh). Muscarinic antagonists
(anticholinergic drugs) will reduce salivary secretion and
worsen dry mouth.

Correct answer = D. The function of nicotinic receptors in
skeletal muscles is diminished in myasthenia gravis due to
the development of antibodies to nicotinic receptors in the
patient's body (autoimmune disease). Any drug that can
increase the levels of ACh in the neuromuscular junction
can improve symptoms in myasthenia gravis. Thus, cholin-
esterase inhibitors help to improve the symptoms of myas-
thenia gravis. Muscarinic drugs have no role in myasthenia
gravis, and nicotinic antagonists will worsen the symptoms.

Correct answer = B. Atropine is a competitive muscarinic
receptor antagonist that causes anticholinergic effects.
Muscarinic agonists or any other drugs that can increase the
levels of ACh will be able to counteract the effects of atropine.
Thus, anticholinesterases such as malathion and physostig-
mine can counteract the effects of atropine in theory. However,
malathion being an irreversible inhibitor of acetylcholinester-
ase is not used for systemic treatment in patients. Muscarinic
antagonists will worsen the toxicity of atropine. Nicotinic antag-
onists could worsen the toxicity by acting on parasympathetic
ganglionic receptors and thus reducing the release of ACh.







Cholinergic
Antagonists
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. OVERVIEW

Cholinergic antagonist is a general term for agents that bind to cho-
linoceptors (muscarinic or nicotinic) and prevent the effects of ace-
tylcholine (ACh) and other cholinergic agonists. The most clinically
useful of these agents are selective blockers of muscarinic receptors.
They are commonly known as anticholinergic agents (a misnomer, as
they antagonize only muscarinic receptors), antimuscarinic agents
(more accurate terminology), or parasympatholytics. The effects of
parasympathetic innervation are, thus, interrupted, and the actions of
sympathetic stimulation are left unopposed. A second group of drugs,
the ganglionic blockers, shows a preference for the nicotinic recep-
tors of the sympathetic and parasympathetic ganglia. Clinically, they
are the least important of the cholinergic antagonists. A third family
of compounds, the neuromuscular-blocking agents (mostly nicotinic
antagonists), interfere with transmission of efferent impulses to skeletal
muscles. These agents are used as skeletal muscle relaxant adjuvants
in anesthesia during surgery, intubation, and various orthopedic proce-
dures. Figure 5.1 summarizes the cholinergic antagonists discussed in
this chapter.

Il. ANTIMUSCARINIC AGENTS

Commonly known as anticholinergic drugs, these agents (for example,
atropine and scopolamine) block muscarinic receptors (Figure 5.2), caus-
ing inhibition of muscarinic functions. In addition, these drugs block the
few exceptional sympathetic neurons that are cholinergic, such as those
innervating the salivary and sweat glands. Because they do not block nic-
otinic receptors, the anticholinergic drugs (more precisely, antimuscarinic
drugs) have little or no action at skeletal neuromuscular junctions (NMJs)
or autonomic ganglia. The anticholinergic drugs are beneficial in a variety
of clinical situations. [Note: A number of antihistamines and antidepres-
sants (mainly tricyclic antidepressants) also have antimuscarinic activity.]

A. Atropine

Atropine [A-troe-peen] is a tertiary amine belladonna alkaloid with
a high affinity for muscarinic receptors. It binds competitively and

Atropine 1SOPTO ATROPINE

Benztropine COGENTIN

Cyclopentolate AK-PENTOLATE, CYCLOGYL
Darifenacin ENABLEX

Fesoterodine TOVIAZ

Ipratropium ATROVENT

Oxybutynin DITROPAN, GELNIQUE, OXYTROL
Scopolamine ISOPTO HYOSCINE,
TRANSDERM SCOP

Solifenacin VESICARE

Tiotropium SPIRIVA HANDIHALER
Tolterodine DETROL

Trihexyphenidyl ARTANE

Tropicamide MYDRIACYL, TROPICACYL
Trospium chloride SANCTURA

GANGLIONIC BLOCKERS

Nicotine NICODERM, NICORETTE, NICOTROL
INHALER

NEUROMUSCULAR BLOCKERS

Cisatracurium NIMBEX
Pancuronium PAVULON
Rocuronium ZEMURON
Succinylcholine ANECTINE, QUELICIN
Vecuronium onvy ceneric

Figure 5.1
Summary of cholinergic antagonists.
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Figure 5.2
Sites of actions of cholinergic antagonists.

Atropine Acetylcholine

Scopolamj ‘ .
Wy i
i I i

Muscarinic
receptor

Figure 5.3

Competition of atropine and
scopolamine with acetylcholine for
the muscarinic receptor.

prevents ACh from binding to those sites (Figure 5.3). Atropine acts
both centrally and peripherally. Its general actions last about 4 hours,
except when placed topically in the eye, where the action may last for
days. Neuroeffector organs have varying sensitivity to atropine. The
greatest inhibitory effects are on bronchial tissue and the secretion of
sweat and saliva (Figure 5.4).

1. Actions:

a. Eye: Atropine blocks muscarinic activity in the eye, resulting
in mydriasis (dilation of the pupil), unresponsiveness to light,
and cycloplegia (inability to focus for near vision). In patients
with angle-closure glaucoma, intraocular pressure may rise
dangerously.

b. Gastrointestinal (Gl): Atropine (as the active isomer,
L-hyoscyamine) can be used as an antispasmodic to reduce
activity of the Gl tract. Atropine and scopolamine (discussed
below) are probably the most potent antispasmodic drugs avail-
able. Although gastric motility is reduced, hydrochloric acid
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production is not significantly affected. Thus, atropine is not
effective for the treatment of peptic ulcer. [Note: Pirenzepine,
an M, muscarinic antagonist, does reduce gastric acid secre-
tion at doses that do not antagonize other systems.] Doses
of atropine that reduce spasms also reduce saliva secretion,
ocular accommodation, and urination. These effects decrease
compliance with atropine.

Cardiovascular: Atropine produces divergent effects on the
cardiovascular system, depending on the dose (Figure 5.4). At
low doses, the predominant effect is a slight decrease in heart
rate. This effect results from blockade of the M, receptors on the
inhibitory prejunctional (or presynaptic) neurons, thus permit-
ting increased ACh release. Higher doses of atropine cause a
progressive increase in heart rate by blocking the M, receptors
on the sinoatrial node.

. Secretions: Atropine blocks muscarinic receptors in the sali-

vary glands, producing dryness of the mouth (xerostomia). The
salivary glands are exquisitely sensitive to atropine. Sweat and
lacrimal glands are similarly affected. [Note: Inhibition of secre-
tions by sweat glands can cause elevated body temperature,
which can be dangerous in children and the elderly.]

2. Therapeutic uses:

a.

Ophthalmic: Topical atropine exerts both mydriatic and cyclo-
plegic effects, and it permits the measurement of refractive
errors without interference by the accommodative capacity of
the eye. Shorter-acting antimuscarinics (cyclopentolate and
tropicamide) have largely replaced atropine due to prolonged
mydriasis observed with atropine (7 to 14 days vs. 6 to 24 hours
with other agents). [Note: Phenylephrine or similar a-adrenergic
drugs are preferred for pupillary dilation if cycloplegia is not
required.]

. Antispasmodic: Afropine is used as an antispasmodic agent

to relax the Gl tract.

Cardiovascular: The drug is used to treat bradycardia of vary-
ing etiologies.

. Antisecretory: Atropine is sometimes used as an antisecre-

tory agent to block secretions in the upper and lower respiratory
tracts prior to surgery.

. Antidote for cholinergic agonists: Afropine is used for the

treatment of organophosphate (insecticides, nerve gases) poi-
soning, of overdose of clinically used anticholinesterases such
as physostigmine, and in some types of mushroom poisoning
(certain mushrooms contain cholinergic substances that block
cholinesterases). Massive doses of atropine may be required
over a long period of time to counteract the poisons. The abil-
ity of atropine to enter the central nervous system (CNS) is
of particular importance in treating central toxic effects of
anticholinesterases.

Hallucinations and

>10.0 mg delirium; coma

Rapid heart rate;
palpitation; marked

Dose of atropine

5.0mg dryness of the mouth;
dilation of pupil; some
blurring of near vision

2.0mg
Slight cardiac slowing;

0.5 mg some dryness of the
mouth; inhibition of
sweating

Figure 5.4

Dose-dependent effects of atropine.
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Scopolamine is an effective anti—
motion sickness agent.
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Adverse effects commonly
observed with muscarinic
antagonists.

3. Pharmacokinetics: Atropine is readily absorbed, partially metab-
olized by the liver, and eliminated primarily in urine. It has a half-life
of about 4 hours.

4. Adverse effects: Depending on the dose, atropine may cause
dry mouth, blurred vision, “sandy eyes,” tachycardia, urinary
retention, and constipation. Effects on the CNS include restless-
ness, confusion, hallucinations, and delirium, which may prog-
ress to depression, collapse of the circulatory and respiratory
systems, and death. Low doses of cholinesterase inhibitors,
such as physostigmine, may be used to overcome atropine toxicity.
Atropine may also induce troublesome urinary retention. The drug
may be dangerous in children, because they are sensitive to its
effects, particularly to rapid increases in body temperature that it
may elicit.

B. Scopolamine

Scopolamine [skoe-POL-a-meen], another tertiary amine plant alka-
loid, produces peripheral effects similar to those of atropine. However,
scopolamine has greater action on the CNS (unlike atropine, CNS
effects are observed at therapeutic doses) and a longer duration of
action as compared to atropine. It has some special actions as indi-
cated below.

1. Actions: Scopolamine is one of the most effective anti-motion
sickness drugs available (Figure 5.5). It also has the unusual
effect of blocking short-term memory. In contrast to atropine,
scopolamine produces sedation, but at higher doses, it can pro-
duce excitement. Scopolamine may produce euphoria and is sus-
ceptible to abuse.

2. Therapeutic uses: The therapeutic use of scopolamine is limited
to prevention of motion sickness and postoperative nausea and
vomiting. For motion sickness, it is available as a topical patch that
provides effects for up to 3 days. [Note: As with all drugs used for
motion sickness, it is much more effective prophylactically than for
treating motion sickness once it occurs.]

3. Pharmacokinetics and adverse effects: These aspects are sim-
ilar to those of atropine.

. Ipratropium and tiotropium

Ipratropium [i-pra-TROE-pee-um] and tiotropium [ty-oh-TROPE-ee-
um] are quaternary derivatives of atropine. These agents are
approved as bronchodilators for maintenance treatment of bron-
chospasm associated with chronic obstructive pulmonary disease
(COPD). Ipratropium is also used in the acute management of
bronchospasm in asthma. Both agents are delivered via inhalation.
Because of their positive charges, these drugs do not enter the sys-
temic circulation or the CNS, isolating their effects to the pulmonary
system. Tiotropiumis administered once daily, a major advantage over
ipratropium, which requires dosing up to four times daily. Important
characteristics of the muscarinic antagonists are summarized in
Figures 5.6 and 5.7.
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D. Tropicamide and cyclopentolate

These agents are used as ophthalmic solutions for mydriasis and cyclo-
plegia. Their duration of action is shorter than that of atropine. Tropicamide
produces mydriasis for 6 hours and cyclopentolate for 24 hours.

E. Benztropine and trihexyphenidyl

Benztropine and trihexyphenidyl are useful as adjuncts with other
antiparkinsonian agents to treat Parkinson’s disease (see Chapter 8)
and other types of parkinsonian syndromes, including antipsychotic-
induced extrapyramidal symptoms.

F. Darifenacin, fesoterodine, oxybutynin, solifenacin, tolterodine,
and trospium chloride

These synthetic atropine-like drugs are used to treat overactive blad-
der. By blocking muscarinic receptors in the bladder, intravesical pres-
sure is lowered, bladder capacity is increased, and the frequency of
bladder contractions is reduced. Side effects include dry mouth, con-
stipation, and blurred vision, which limit tolerability of these agents if
used continually. Oxybutynin [0x-i-BYOO-ti-nin] is available as a trans-
dermal system (topical patch), which is better tolerated because it
causes less dry mouth than oral formulations. The overall efficacies of
these antimuscarinic drugs are similar.

lll. GANGLIONIC BLOCKERS

Ganglionic blockers specifically act on the nicotinic receptors of both para-
sympathetic and sympathetic autonomic ganglia. Some also block the
ion channels of the autonomic ganglia. These drugs show no selectivity
toward the parasympathetic or sympathetic ganglia and are not effective
as neuromuscular antagonists. Thus, these drugs block the entire output
of the autonomic nervous system at the nicotinic receptor. Except for
nicotine, the other drugs mentioned in this category are nondepolarizing,
competitive antagonists. The responses of the nondepolarizing blockers
are complex and mostly unpredictable. Therefore, ganglionic blockade
is rarely used therapeutically, but often serves as a tool in experimental
pharmacology.

A. Nicotine

A component of cigarette smoke, nicotine [NIK-oh-teen], is a poi-
son with many undesirable actions. It is without therapeutic ben-
efit and is deleterious to health. Depending on the dose, nicotine
depolarizes autonomic ganglia, resulting first in stimulation and then
in paralysis of all ganglia. The stimulatory effects are complex and
result from increased release of neurotransmitters (Figure 5.8), due
to effects on both sympathetic and parasympathetic ganglia. For
example, enhanced release of dopamine and norepinephrine may
be associated with pleasure as well as appetite suppression. The
overall response of a physiologic system is a summation of the stim-
ulatory and inhibitory effects of nicotine. These include increased
blood pressure and cardiac rate (due to release of transmitter from

Drug | Therapeutic uses

Muscarinic blockers
Trihexyphenidyl | ® Treatment of Parkinson’s
Benztropine disease
Darifenacin
Fesoterodine
Oxybutynin @ Treatment of overactive
Solifenacin urinary bladder
Tolterodine
Trospium
Cyclopentolate | @ In ophthalmology, to
Tropicamide produce mydriasis
Atropine* and cycloplegia prior

to refraction
Atropine* @ To treat spastic disorders
of the Gl tract
@ To treat organophosphate
poisoning
@ To suppress respiratory
secretions prior to surgery
@ To treat bradycardia
Scopolamine @ To prevent motion sickness
Ipratropium @ Treatment of COPD
Tiotropium

Ganglionic blockers

Nicotine @ Smoking cessation
Figure 5.7

Summary of cholinergic antagonists.
*Contraindicated in angle-closure
glaucoma. Gl = gastrointestinal; COPD =
chronic obstructive pulmonary disease.
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e

| Pleasure, appetite suppression |
> Norepinephrine

| Arousal, appetite suppression |
=>| Acetylcholine

| Arousal, cognitive enhancement |

o clutamate |

|—>| Learning, memory enhancement |

- [

Mood modulation, appetite
suppression

—>| 3-Endorphin

| Reduction of anxiety and tension |

=>| GABA
| Reduction of anxiety and tension |

Figure 5.8

Neurochemical effects of nicotine.
GABA = y-aminobutyric acid.

Rocuronium . Acetylcholine

NN
LLLALA

Nicotinic receptor at

neuromuscular junction

Figure 5.9

Mechanism of action of competitive
neuromuscular-blocking drugs.

adrenergic terminals and from the adrenal medulla) and increased
peristalsis and secretions. At higher doses, the blood pressure falls
because of ganglionic blockade, and activity in both the Gl tract and
bladder musculature ceases (see Chapter 16 for a full discussion of
nicotine).

IV. NEUROMUSCULAR-BLOCKING AGENTS

These drugs block cholinergic transmission between motor nerve end-
ings and the nicotinic receptors on the skeletal muscle (Figure 5.2). They
possess some chemical similarities to ACh, and they act either as antag-
onists (nondepolarizing type) or as agonists (depolarizing type) at the
receptors on the endplate of the NMJ. Neuromuscular blockers are clini-
cally useful during surgery to facilitate tracheal intubation and provide
complete muscle relaxation at lower anesthetic doses, allowing for more
rapid recovery from anesthesia and reducing postoperative respiratory
depression.

A. Nondepolarizing (competitive) blockers

The first drug known to block the skeletal NMJ was curare [kyoo-
RAH-ree], which native South American hunters of the Amazon
region used to paralyze prey. The development of the drug tubo-
curarine [too-boe-kyoo-AR-een] followed, but it has been replaced
by other agents with fewer adverse effects, such as cisatracurium
[cis-a-trah-CURE-ih-um], pancuronium [pan-kure-OH-nee-um],
rocuronium [roe-kyoor-OH-nee-um], and vecuronium [ve-KYOO-
roe-nee-um]. The neuromuscular-blocking agents have signifi-
cantly increased the safety of anesthesia, because less anesthetic
is required to produce muscle relaxation, allowing patients to
recover quickly and completely after surgery. Neuromuscular
blockers should not be used to substitute for inadequate depth of
anesthesia.

1. Mechanism of action:

a. At low doses: Nondepolarizing agents competitively block
ACh at the nicotinic receptors (Figure 5.9). That is, they
compete with ACh at the receptor without stimulating it.
Thus, these drugs prevent depolarization of the muscle cell
membrane and inhibit muscular contraction. Their competi-
tive action can be overcome by administration of cholines-
terase inhibitors, such as neostigmine and edrophonium,
which increase the concentration of ACh in the neuromus-
cular junction. Anesthesiologists employ this strategy to
shorten the duration of the neuromuscular blockade. In addi-
tion, at low doses the muscle will respond to direct electri-
cal stimulation from a peripheral nerve stimulator to varying
degrees, allowing for monitoring of the extent of neuromus-
cular blockade.

b. At high doses: Nondepolarizing agents can block the ion
channels of the motor endplate. This leads to further weakening
of neuromuscular transmission, thereby reducing the ability of
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cholinesterase inhibitors to reverse the actions of the nondepo-
larizing blockers. With complete blockade, the muscle does not
respond to direct electrical stimulation.

2. Actions: Not all muscles are equally sensitive to blockade by

competitive agents. Small, rapidly contracting muscles of the face
and eye are most susceptible and are paralyzed first, followed by
the fingers, limbs, neck, and trunk muscles. Next, the intercos-
tal muscles are affected and, lastly, the diaphragm. The muscles
recover in the reverse manner.

. Pharmacokinetics: All neuromuscular-blocking agents are
injected intravenously or occasionally intramuscularly since they
are not effective orally. These agents possess two or more quater-
nary amines in their bulky ring structure that prevent their absorp-
tion from the gut. They penetrate membranes very poorly and do not
enter cells or cross the blood—brain barrier. Many of the drugs are
not metabolized, and their actions are terminated by redistribution
(Figure 5.10). For example, pancuronium is excreted unchanged in
urine. Cisatracurium is degraded spontaneously in plasma and by
ester hydrolysis. [Note: Atracurium has been replaced by its isomer,
cisatracurium. Atracurium releases histamine and is metabolized
to laudanosine, which can provoke seizures. Cisatracurium, which
has the same pharmacokinetic properties as atracurium, is less
likely to have these effects.] The amino steroid drugs vecuronium
and rocuronium are deacetylated in the liver, and their clearance
may be prolonged in patients with hepatic disease. These drugs are
also excreted unchanged in bile. The choice of an agent depends
on the desired onset and duration of the muscle relaxation. The
onset, duration of action, and other characteristics of the neuro-
muscular-blocking drugs are shown in Figure 5.11.

. Adverse effects: In general, these agents are safe with minimal
side effects. The adverse effects of the specific neuromuscular
blockers are shown in Figure 5.11.

. Drug interactions:

a. Cholinesterase inhibitors: Drugs such as neostigmine,
physostigmine, pyridostigmine, and edrophonium can over-
come the action of nondepolarizing neuromuscular blockers.
However, with increased dosage, cholinesterase inhibitors can
cause a depolarizing block as a result of elevated ACh con-
centrations at the endplate membrane. If the neuromuscular
blocker has entered the ion channel, cholinesterase inhibitors
are not as effective in overcoming blockade.

b. Halogenated hydrocarbon anesthetics: Drugs such as des-
flurane act to enhance neuromuscular blockade by exerting a
stabilizing action at the NMJ. These agents sensitize the NMJ
to the effects of neuromuscular blockers.

c. Aminoglycoside antibiotics: Drugs such as gentamicin and
tobramycin inhibit ACh release from cholinergic nerves by com-
peting with calcium ions. They synergize with pancuronium and
other competitive blockers, enhancing the blockade.

( R

NMB drugs
minimally
absorbed
when given
orally

Vecuronium
and rocuroniu
and metfnbp’ljte
appear mainly |
in bile M/u\( '
Most drugs
excreted primarily

unchanged injurine
Neuromuscular-blocking

drugs

Figure 5.10

Pharmacokinetics of the
neuromuscular-blocking
drugs. IV = intravenous.
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response (min)

Time to maximal blockade (min)
Time to recover 25% of maximal

2

Atracurium 20

Cisatracurium spontaneously
degrades in plasma and is the
only nondepolarizing neuro-
muscular blocker whose dose need
not be reduced in patients with
renal failure. It is often used in
patients with multisystem organ
failure because its metabolism

is independent of hepatic or renal
function. Cisatracurium is useful in
mechanical ventilation of critically
ill patients.

. , 3
Cisatracurium F 5

Vagolytic (increased heart ratﬂ

Pancuronium

Rocuronium |
L ]

Postoperative muscle pain is
common; hyperkalemia and
increased intraocular and
intragastric pressure may
occur. Drug may trigger
malignant hyperthermia.
Rapid onset makes succinyl-
choline useful for tracheal
intubation in patients with
gastric contents.

==

Succinyl- [1.1
choline E

X 2
Vecuronium 2

Figure 5.11

Onset and duration of action of
neuromuscular-blocking drugs.

d. Calcium channel blockers: These agents may increase the
neuromuscular blockade of competitive blockers.

B. Depolarizing agents

Depolarizing blocking agents work by depolarizing the plasma mem-
brane of the muscle fiber, similar to the action of ACh. However,
these agents are more resistant to degradation by acetylcholines-
terase (AChE) and can thus more persistently depolarize the muscle
fibers. Succinylcholine [suk-sin-il-KOE-leen] is the only depolarizing
muscle relaxant in use today.

1. Mechanism of action: Succinylcholine attaches to the nicotinic
receptor and acts like ACh to depolarize the junction (Figure 5.12).
Unlike ACh, which is instantly destroyed by AChE, the depolar-
izing agent persists at high concentrations in the synaptic cleft,
remaining attached to the receptor for a relatively longer time and
providing constant stimulation of the receptor. [Note: The duration
of action of succinylcholine is dependent on diffusion from the
motor endplate and hydrolysis by plasma pseudocholinesterase.
Genetic variants in which plasma pseudocholinesterase levels
are low or absent lead to prolonged neuromuscular paralysis.]
The depolarizing agent first causes the opening of the sodium
channel associated with the nicotinic receptors, which results in
depolarization of the receptor (Phase I). This leads to a transient
twitching of the muscle (fasciculations). Continued binding of the
depolarizing agent renders the receptor incapable of transmitting
further impulses. With time, continuous depolarization gives way to
gradual repolarization as the sodium channel closes or is blocked.
This causes a resistance to depolarization (Phase Il) and flaccid
paralysis.

2. Actions: As with the competitive blockers, the respiratory mus-
cles are paralyzed last. Succinylcholine initially produces brief
muscle fasciculations that cause muscle soreness. This may be
prevented by administering a small dose of nondepolarizing neu-
romuscular blocker prior to succinylcholine. Normally, the duration
of action of succinylcholine is extremely short, due to rapid hydro-
lysis by plasma pseudocholinesterase. However, succinylcholine
that gets to the NMJ is not metabolized by AChE, allowing the
agent to bind to nicotinic receptors, and redistribution to plasma
is necessary for metabolism (therapeutic benefits last only for a
few minutes).

3. Therapeutic uses: Because of its rapid onset of action, suc-
cinylcholine is useful when rapid endotracheal intubation is
required during the induction of anesthesia (a rapid action is
essential if aspiration of gastric contents is to be avoided dur-
ing intubation). It is also used during electroconvulsive shock
treatment.

4. Pharmacokinetics: Succinyicholine is injected intravenously. Its
brief duration of action results from redistribution and rapid hydro-
lysis by plasma pseudocholinesterase. Therefore, it is sometimes
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given by continuous infusion to maintain a longer duration of effect.

Drug effects rapidly disappear upon discontinuation.
g picly cisappeartp PHASE |
5. Adverse effects: Membrane depolarizes, resulting
in an initial disgharge tljat .
a. Hyperthermia: Succinylcholine can potentially induce malig- produces transient fasciculations
.. . . followed by flaccid paralysis.
nant hyperthermia in susceptible patients (see Chapter 13).

b. Apnea: Administration of succinylcholine to a patient who is

deficient in plasma cholinesterase or who has an atypical form sc",f;;m
of the enzyme can lead to prolonged apnea due to paralysis

of the diaphragm. The rapid release of potassium may also \l
contribute to prolonged apnea in patients with electrolyte

imbalances who receive this drug. In patients with electrolyte o

imbalances who are also receiving digoxin or diuretics (such WWW \ ] ( WWW
as heart failure patients) succinylcholine should be used cau- Depolarized
tiously or not at all. 4+t + 4y
Nicotinic recep}or ag a .
c. Hyperkalemia: Succinyicholine increases potassium release s e

from intracellular stores. This may be particularly dangerous in
burn patients and patients with massive tissue damage in which
potassium has been rapidly lost from within cells.

PHASEII

Membrane repolarizes, but
receptor is desensitized
to the effect of acetylcholine.

Succinyl-
choline
+ 4+ + T R
\ m??%
%iﬁm N~ Repolarized

Figure 5.12

Mechanism of action of depolarizing
neuromuscular-blocking drugs.

Study Questions

Choose the ONE best answer.

5.1 During an ophthalmic surgical procedure, the surgeon s - ; )
wanted to constrict the pupil of the patient using a miotic OweEs EREET = C MLEEENITID EREI B E0En 25 A, Pl

d H h identall d ther d that carpine, and bethanechol contract the circular muscles of
rug. riowever, he accidentally used another drug tha iris sphincter and cause constriction of the pupil (miosis),

caused dilation of the pupil (mydriasis) instead. Most whereas muscarinic antagonists such as atropine and tropi-
likely, which of the following drugs did he use? camide prevent the contraction of the circular muscles of the
A. Acetylcholine. iris and cause dilation of the pupil (mydriasis). oc-_Adrenergic
B. Pilocarpine. antagonists such as phentolamine relax the radial muscles

. . of the iris and cause miosis.
C. Tropicamide. L J

D. Phentolamine.
E. Bethanechol.
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5.2 Sarlp IS a ne,rve, 'gas th?t IS an orgar)ophosphate Correct answer = C. Sarin is an organophosphate cholines- )
cholinesterase inhibitor. Which of the following could be terase inhibitor. It causes an increase in ACh levels in tissues
used as an antidote to sarin poisoning? that leads to cholinergic crisis by the activation of musca-
A. Pilocarpine. rinic as weII. as pipotinic recgptors. Most of thg symptoms

of cholinergic crisis are mediated by muscarinic receptors
B. Carbachol. S : C T
. and, therefore, the muscarinic antagonist atropine is used
C. Atroplng. _ as an antidote for sarin poisoning. Cholinergic agonists such
D. Physostigmine. as pilocarpine, carbachol, physostigmine (indirect agonists),
E. Nicotine. and nicotine will worsen the symptoms of sarin poisoning.
J

53 Atropl_ne .IS ong of the |ngred|ent§ n the_antldla_rrheal Correct answer = B. Muscarinic agonists produce an )
combination diphenoxylate/atropine available in the increase in gastrointestinal motility, salivation, and acid
United States. Which 9f the foII(?wmg gff.ects is produced secretion. Atropine is a muscarinic antagonist and therefore
by atropine that contributes to its antidiarrheal effect? causes a reduction in gastrointestinal motility that contrib-
A. Increase in gastrointestinal motility. utes to its antidiarrheal effect. )
B. Reduction in gastrointestinal motility.

C. Increase in salivation.
D. Increase in acid secretion.

5.4 A patient with chroplc obstructive pulmonary dls_ease Correct answer = D. Major receptors present in the bron- )
(COPD) was prescribed a f, agonist for the relief of chial tissues are muscarinic and adrenergic-, receptors.
bronchospasm. However, the patient did not respond to Muscarinic activation causes bronchoconstriction, and p,
this treatment. Which of the following drugs or classes receptor activation causes bronchodilation. Therefore, direct
of drugs would you suggest for this patient as the next or indirect (physostigmine) muscarinic agonists will worsen
option? bronchospasm. Ipratropium is a muscarinic antagonist that
A 8. Agonist can relax bronchial smooth muscles and relieve broncho-

- B, Ag o ) spasm in patients who are not responsive to B, agonists.
B. Muscarinic agonist. «, and B, receptors are not commonly present in bronchial
C. Physostigmine. tissues and, therefore, f, agonists or a antagonists (phentol-
D. Ipratropium. amine) do not have any significant effects on bronchospasm.
E. Phentolamine. g

55 Wh.ICh of.the fpl:(owmg drugsf would be the rl’nost. effective Correct answer = C. All muscarinic antagonists (anticho- )
antl—motllon sickness drug for a person planning to go linergic drugs) listed above are theoretically useful as
on a cruise? anti-motion sickness drugs; however, scopolamine is the
A. Atropine. most effective in preventing motion sickness in practice.
B. Tropicamide. Tropicamide rpostly hgs ophthalmic uses, a'nd tlot'ro.plum is

) used for respiratory disorders (COPD). Darifenacin is used
C. Scopolamine. for overactive bladder.
D. Darifenacin. J
E. Tiotropium.
5.6 Which of the following is correct regarding ganglion- h

blocking drugs?

A. Blockade of sympathetic ganglia could result in
reduced blood pressure.

B. Blockade of parasympathetic ganglia could result in
reduced heart rate.

C. Nicotine is a nondepolarizing ganglion blocker.

D. Atropine is a nondepolarizing ganglion blocker.

Correct answer = A. Selective blockade (in theory) of the
sympathetic ganglion causes reduction in norepinephrine
release and therefore reduction in heart rate and blood pres-
sure. Selective blockade (in theory) of the parasympathetic
ganglion causes reduction in ACh release and therefore an
increase in heart rate. Receptors at both sympathetic and
parasympathetic ganglia are of the nicotinic type. Nicotine is
an agonist at nicotinic receptors and produces a depolarizing
block in the ganglia. Atropine is a muscarinic antagonist and
has no effect on the nicotinic receptors found in the ganglia.

J
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5.7

5.8

5.9

5.10

Which of the following is correct regarding the
neuromuscular blockers (NMBs)?

A. Nondepolarizing NMBs are administered orally.

B. Cholinesterase inhibitors reduce the effects of
nondepolarizing NMBs.

C. Nondepolarizing NMBs affect diaphragm muscles
first.

D. Effects of depolarizing neuromuscular blockers can
be reversed using cholinesterase inhibitors.

Which of the following is correct regarding drug interactions
with nondepolarizing neuromuscular blockers (NMBs)?

A. Desflurane reduces the effects of nondepolarizing
NMBs.

B. Cholinesterase inhibitors increase the effects of
nondepolarizing NMBs.

C. Aminoglycosides increase the effects of
nondepolarizing NMBs.

D. Calcium channel blockers reduce the effects of
nondepolarizing NMBs.

A patient was administered a neuromuscular blocker
(NMB) prior to a surgical procedure to produce skeletal
muscle paralysis. This NMB drug affected small, rapidly
contracting muscles of the face and eyes first and
diaphragm muscles last. The effect of this drug was
easily reversed with neostigmine. Which of the following
neuromuscular blockers was most likely administered
to this patient?

A. Rocuronium.

B. Succinylcholine.
C. Diazepam.

D. Tubocurarine.

A patient was administered a neuromuscular blocker
(NMB) prior to a surgical procedure to produce skeletal
muscle paralysis. This NMB drug caused initial skeletal
muscle fasciculations before the onset of paralysis.
The effect of this drug could not be reversed with
neostigmine. Which of the following neuromuscular
blockers was most likely administered to this patient?

A. Cisatracurium.
B. Succinylcholine.
C. Diazepam.

D. Tubocurarine.

Correct answer = B. Nondepolarizing NMBs such as cisa-
tracurium and vecuronium are highly polar compounds
and are poorly absorbed from the Gl tract. Therefore, they
are administered parenterally, not orally. Nondepolarizing
NMBs are competitive antagonists at nicotinic recep-
tors. Therefore, increasing the levels of ACh at the neu-
romuscular junction reduces the effects of these agents.
Cholinesterase inhibitors increase the levels of ACh at the
neuromuscular junction and reduce the effects of nondepo-
larizing NMBs, but may enhance (not reverse) the effects
of depolarizing NMBs. Nondepolarizing NMBs first affect
rapidly contracting muscles seen in the face and eyes and
affect the diaphragm muscles last.

Correct answer = C. Halogenated hydrocarbon anesthetics
such as desflurane enhance the effects of nondepolarizing
NMBs by exerting a stabilization effect at the neuromuscular
junction (NMJ). Acetylcholinesterase inhibitors increase the
levels of ACh at the NMJ and reduce the effects of nonde-
polarizing NMBs. Aminoglycoside antibiotics increase the
effects of nondepolarizing NMBs by reducing the release of
ACh from the cholinergic neurons. Calcium channel block-
ers increase the effects of nondepolarizing NMBs, possibly
by affecting ion transport at the NMJ.

Correct answer = A. There are two types of NMBs: depo-
larizing and nondepolarizing NMBs. Depolarizing NMBs are
agonists at the nicotinic receptors, whereas nondepolarizing
NMBs are antagonists at the nicotinic receptors. Both types
of NMBs affect the rapidly contracting muscles (face, eye,
etc.) first and diaphragm muscles last. However, cholinester-
ase inhibitors such as neostigmine increase ACh levels in the
NMJ and reverse the effects of nondepolarizing NMBs, but
not those of depolarizing NMBs. Therefore, the NMB admin-
istered to this patient is most probably rocuronium, which is
a nondepolarizing NMB. Tubocurarine is also a nondepolar-
izing NMB, but it is not used in practice. Succinylcholine is a
depolarizing NMB, and diazepam is a benzodiazepine that
does not cause paralysis of skeletal muscles.

Correct answer = B. Depolarizing NMBs cause muscle
fasciculations before causing paralysis, and their effects
cannot be reversed using cholinesterase inhibitors such
as neostigmine. Nondepolarizing NMBs do not cause mus-
cle fasciculations, and their effects can be reversed using
cholinesterase inhibitors. Therefore, the NMB used in this
patient is succinylcholine, which is a depolarizing NMB.
Cisatracurium and tubocurarine are nondepolarizing NMBs,
and diazepam does not cause paralysis of skeletal muscles.

J







Adrenergic Agonists

Rajan Radhakrishnan

. OVERVIEW

The adrenergic drugs affect receptors that are stimulated by norepi-
nephrine (noradrenaline) or epinephrine (adrenaline). These receptors
are known as adrenergic receptors or adrenoceptors. Adrenergic drugs
that activate adrenergic receptors are termed sympathomimetics, and
drugs that block the activation of adrenergic receptors are termed
sympatholytics. Some sympathomimetics directly activate adrenergic
receptors (direct-acting agonists), while others act indirectly by enhanc-
ing release or blocking reuptake of norepinephrine (indirect-acting ago-
nists). This chapter describes agents that either directly or indirectly
stimulate adrenoceptors (Figure 6.1). Sympatholytic drugs are discussed
in Chapter 7.

Il. THE ADRENERGIC NEURON

Adrenergic neurons release norepinephrine as the primary neurotransmit-
ter. These neurons are found in the central nervous system (CNS) and also
in the sympathetic nervous system, where they serve as links between
ganglia and the effector organs. Adrenergic drugs act on adrenergic recep-
tors, located either presynaptically on the neuron or postsynaptically on
the effector organ (Figure 6.2).

A. Neurotransmission at adrenergic neurons

Neurotransmission in adrenergic neurons closely resembles that
described for the cholinergic neurons (see Chapter 4), except that
norepinephrine is the neurotransmitter instead of acetylcholine.
Neurotransmission involves the following steps: synthesis, storage,
release, and receptor binding of norepinephrine, followed by removal
of the neurotransmitter from the synaptic gap (Figure 6.3).

1. Synthesis of norepinephrine: Tyrosine is transported by a carrier
into the adrenergic neuron, where it is hydroxylated to dihydroxyphe-
nylalanine (DOPA) by tyrosine hydroxylase. This is the rate-limiting
step in the formation of norepinephrine. DOPA is then decarboxyl-
ated by the enzyme aromatic I-amino acid decarboxylase to form
dopamine in the presynaptic neuron.

Albuterol ACCUNEB, PROAIR HFA, VENTOLIN
HFA

Clonidine CATAPRES, DURACLON
Dobutamine* DOBUTREX

Dopamine*

Epinephrine* ADRENALIN, EPIPEN
Fenoldopam CORLOPAM

Formoterol FORADIL AEROLIZER,
PERFOROMIST

Isoproterenol* ISUPREL

Mirabegron MYRBETRIQ
Norepinephrine * LEVOPHED
Phenylephrine NEO-SYNEPHRINE, SUDAFED PE
Salmeterol SEREVENT DISKUS
Terbutaline

INDIRECT-ACTING AGENTS

Amphetamine ADDERALL
Cocaine

DIRECT AND INDIRECT ACTING
(mixed action) AGENTS
Ephedrine various
Pseudoephedrine SUDAFED

Figure 6.1

Summary of adrenergic agonists.
Agents marked with an asterisk (*)
are catecholamines.
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Nicotinic Nicotinic
receptor receptor

LN

Adrenal medulla

!

Epinephrine released Norepinephrine
into the blood

¥ L

v
Adrenergic Adrenergic
receptor receptor
Effector organs
Figure 6.2

Sites of actions of adrenergic
agonists.

2. Storage of norepinephrine in vesicles: Dopamine is then trans-
ported into synaptic vesicles by an amine transporter system. This
carrier system is blocked by reserpine (see Chapter 7). Dopamine
is next hydroxylated to form norepinephrine by the enzyme dopa-
mine p-hydroxylase.

3. Release of norepinephrine: An action potential arriving at the
nerve junction triggers an influx of calcium ions from the extracel-
lular fluid into the cytoplasm of the neuron. The increase in calcium
causes synaptic vesicles to fuse with the cell membrane and to
undergo exocytosis to expel their contents into the synapse. Drugs
such as guanethidine block this release.

4. Binding to receptors: Norepinephrine released from the syn-
aptic vesicles diffuses into the synaptic space and binds to
postsynaptic receptors on the effector organ or to presynaptic
receptors on the nerve ending. Binding of norepinephrine to
receptors triggers a cascade of events within the cell, resulting in
the formation of intracellular second messengers that act as links
(transducers) in the communication between the neurotransmit-
ter and the action generated within the effector cell. Adrenergic
receptors use both the cyclic adenosine monophosphate (CAMP)
second messenger system and the phosphatidylinositol cycle to
transduce the signal into an effect. Norepinephrine also binds
to presynaptic receptors (mainly a, subtype) that modulate the
release of the neurotransmitter.

5. Removal of norepinephrine: Norepinephrine may 1) diffuse out of
the synaptic space and enter the systemic circulation; 2) be metab-
olized to inactive metabolites by catechol-O-methyltransferase
(COMT) in the synaptic space; or 3) undergo reuptake back into
the neuron. The reuptake by the neuronal membrane involves a
sodium-chloride (Na*/Cl)-dependent norepinephrine transporter
(NET) that can be inhibited by tricyclic antidepressants (TCAs),
such as imipramine, by serotonin—norepinephrine reuptake inhibi-
tors such as duloxetine, or by cocaine (Figure 6.3). Reuptake of
norepinephrine into the presynaptic neuron is the primary mecha-
nism for termination of its effects.

6. Potential fates of recaptured norepinephrine: Once norepineph-
rine reenters the adrenergic neuron, it may be taken up into synaptic
vesicles via the amine transporter system and be sequestered for
release by another action potential, or it may persist in a protected
pool in the cytoplasm. Alternatively, norepinephrine can be oxidized
by monoamine oxidase (MAQ) present in neuronal mitochondria.

. Adrenergic receptors (adrenoceptors)

In the sympathetic nervous system, several classes of adrenoceptors
can be distinguished pharmacologically. Two main families of recep-
tors, designated a and §, are classified on the basis of their responses
to the adrenergic agonists epinephrine, norepinephrine, and isopro-
terenol. Each of these main receptor types has a number of specific
receptor subtypes that have been identified. Alterations in the primary
structure of the receptors influence their affinity for various agents.
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Figure 6.3

Synthesis and release of norepinephrine from the adrenergic neuron. MAO = monoamine oxidase, SNRI = serotonin-

norepinephrine reuptake inhibitor.

1. a-Adrenoceptors: The a-adrenoceptors show a weak response to
the synthetic agonist isoproterenol, but they are responsive to the
naturally occurring catecholamines epinephrine and norepinephrine
(Figure 6.4). For o receptors, the rank order of potency and
affinity is epinephrine > norepinephrine >> isoproterenol. The

a-adrenoceptors are subdivided into two subgroups, o, and «,,, based
on their affinities for « agonists and blocking drugs. For example,
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Figure 6.4
Types of adrenergic receptors.

the o, receptors have a higher affinity for phenylephrine than a,
receptors. Conversely, the drug clonidine selectively binds to a,
receptors and has less effect on a, receptors.

a. a, Receptors: These receptors are present on the postsynaptic
membrane of the effector organs and mediate many of the classic
effects, originally designated as a-adrenergic, involving constric-
tion of smooth muscle. Activation of «, receptors initiates a series
of reactions through the G protein activation of phospholipase C,
ultimately resulting in the generation of second messengers inosi-
tol-1,4,5-trisphosphate (IP,) and diacylglycerol (DAG). IP initiates
the release of Ca?* from the endoplasmic reticulum into the cyto-
sol, and DAG turns on other proteins within the cell (Figure 6.5).

b. a, Receptors: These receptors are located primarily on sym-
pathetic presynaptic nerve endings and control the release of
norepinephrine. When a sympathetic adrenergic nerve is stimu-
lated, a portion of the released norepinephrine “circles back”
and reacts with o, receptors on the presynaptic membrane
(Figure 6.5). Stimulation of a, receptors causes feedback inhi-
bition and inhibits further release of norepinephrine from the
stimulated adrenergic neuron. This inhibitory action serves as
a local mechanism for modulating norepinephrine output when
there is high sympathetic activity. [Note: In this instance, by
inhibiting further output of norepinephrine from the adrenergic
neuron, these receptors are acting as inhibitory autoreceptors.]
«, receptors are also found on presynaptic parasympathetic

neurons. Norepinephrine released from a presynaptic sympa-

thetic neuron can diffuse to and interact with these receptors,
inhibiting acetylcholine release. [Note: In these instances, these
receptors are behaving as inhibitory heteroreceptors.] This is
another mechanism to modulate autonomic activity in a given
area. In contrast to a, receptors, the effects of binding at «,
receptors are mediated by inhibition of adenylyl cyclase and by
a fall in the levels of intracellular cAMP.

c. Further subdivisions: The o, and «, receptors are further
divided into a,, a5, o, and a,, and into a,,, o,., and a,.. This
extended classification is necessary for understanding the
selectivity of some drugs. For example, tamsulosin is a selec-
tive o, antagonist that is used to treat benign prostatic hyper-
plasia. The drug has fewer cardiovascular side effects because
it targets o, subtype receptors found primarily in the urinary
tract and prostate gland and does not affect the o, subtype
found in the blood vessels.

2. p-Adrenoceptors: Responses of (§ receptors differ from those of

a receptors and are characterized by a strong response to isopro-
terenol, with less sensitivity to epinephrine and norepinephrine
(Figure 6.4). For p receptors, the rank order of potency is iso-
proterenol > epinephrine > norepinephrine. The p-adrenoceptors
can be subdivided into three major subgroups, B,, #,, and .,
based on their affinities for adrenergic agonists and antagonists.
B, receptors have approximately equal affinities for epinephrine
and norepinephrine, whereas f, receptors have a higher affin-
ity for epinephrine than for norepinephrine. Thus, tissues with a
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predominance of B, receptors (such as the vasculature of skeletal
muscle) are particularly responsive to the effects of circulating
epinephrine released by the adrenal medulla. B, receptors are
involved in lipolysis and also have effects on the detrusor muscle
of the bladder. Binding of a neurotransmitter at any of the three
types of p receptors results in activation of adenylyl cyclase and
increased concentrations of cAMP within the cell.

3. Distribution of receptors: Adrenergically innervated organs and
tissues usually have a predominant type of receptor. For example,
tissues such as the vasculature of skeletal muscle have both «,
and B, receptors, but the f, receptors predominate. Other tissues
may have one type of receptor almost exclusively. For example, the
heart contains predominantly 8, receptors.

4. Characteristic responses mediated by adrenoceptors: It is
useful to organize the physiologic responses to adrenergic stimula-
tion according to receptor type, because many drugs preferentially
stimulate or block one type of receptor. Figure 6.6 summarizes the
most prominent effects mediated by the adrenoceptors. As a gen-
eralization, stimulation of a, receptors characteristically produces
vasoconstriction (particularly in skin and abdominal viscera) and
an increase in total peripheral resistance and blood pressure.
Stimulation of B, receptors characteristically causes cardiac stimu-
lation (increase in heart rate and contractility), whereas stimulation
of B, receptors produces vasodilation (in skeletal muscle vascular

beds) and smooth muscle relaxation.

5. Desensitization of receptors: Prolonged exposure to the cat-
echolamines reduces the responsiveness of these receptors, a
phenomenon known as desensitization. Three mechanisms have
been suggested to explain this phenomenon: 1) sequestration of
the receptors so that they are unavailable for interaction with the
ligand; 2) down-regulation, that is, a disappearance of the recep-
tors either by destruction or by decreased synthesis; and 3) an
inability to couple to G protein, because the receptor has been

phosphorylated on the cytoplasmic side.
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Second messengers mediate
the effects of a receptors. DAG =
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trisphosphate; ATP = adenosine
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Major effects mediated by a- and B-adrenoceptors.
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lll. CHARACTERISTICS OF ADRENERGIC AGONISTS

Most of the adrenergic drugs are derivatives of p-phenylethylamine
(Figure 6.7). Substitutions on the benzene ring or on the ethylamine side
chains produce a variety of compounds with varying abilities to differenti-
ate between o and f receptors and to penetrate the CNS. Two important
structural features of these drugs are 1) the number and location of OH
substitutions on the benzene ring and 2) the nature of the substituent on
the amino nitrogen.

A. Catecholamines

Sympathomimetic amines that contain the 3,4-dihydroxybenzene group
(such as epinephrine, norepinephrine, isoproterenol, and dopamine)
are called catecholamines. These compounds share the following
properties:

1. High potency: Catecholamines (with —OH groups in the 3 and
4 positions on the benzene ring) show the highest potency in directly
activating o or p receptors.

2. Rapid inactivation: Catecholamines are metabolized by COMT
postsynaptically and by MAO intraneuronally, as well as by COMT
and MAO in the gut wall, and by MAO in the liver. Thus, catechol-
amines have only a brief period of action when given parenterally,
and they are inactivated (ineffective) when administered orally.

3. Poor penetration into the CNS: Catecholamines are polar and,
therefore, do not readily penetrate into the CNS. Nevertheless,
most catecholamines have some clinical effects (anxiety, tremor,
and headaches) that are attributable to action on the CNS.

B. Noncatecholamines

Compounds lacking the catechol hydroxyl groups have longer half-
lives, because they are not inactivated by COMT. These include phen-
ylephrine, ephedrine, and amphetamine (Figure 6.7). These agents
are poor substrates for MAO (an important route of metabolism) and,
thus, show a prolonged duration of action. Increased lipid solubility of
many of the noncatecholamines (due to lack of polar hydroxyl groups)
permits greater access to the CNS.

C. Substitutions on the amine nitrogen

The nature of the substituent on the amine nitrogen is important in
determining p selectivity of the adrenergic agonist. For example,
epinephrine, with a —CH, substituent on the amine nitrogen, is more
potent at p receptors than norepinephrine, which has an unsubsti-
tuted amine. Similarly, isoproterenol, which has an isopropyl sub-
stituent —-CH (CH,), on the amine nitrogen (Figure 6.7), is a strong
B agonist with little o activity (Figure 6.4).

D. Mechanism of action of adrenergic agonists

1. Direct-acting agonists: These drugs act directly on a or p recep-
tors, producing effects similar to those that occur following stimula-
tion of sympathetic nerves or release of epinephrine from the adrenal
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medulla (Figure 6.8). Examples of direct-acting agonists include
epinephrine, norepinephrine, isoproterenol, and phenylephrine.

2. Indirect-acting agonists: These agents may block the reuptake
of norepinephrine or cause the release of norepinephrine from the
cytoplasmic pools or vesicles of the adrenergic neuron (Figure 6.8).
The norepinephrine then traverses the synapse and binds to «
or B receptors. Examples of reuptake inhibitors and agents that
cause norepinephrine release include cocaine and amphetamines,
respectively.

3. Mixed-action agonists: Ephedrine and its stereoisomer, pseudo-
ephedrine, both stimulate adrenoceptors directly and release nor-
epinephrine from the adrenergic neuron (Figure 6.8).

IV. DIRECT-ACTING ADRENERGIC AGONISTS

Direct-acting agonists bind to adrenergic receptors on effector organs
without interacting with the presynaptic neuron. As a group, these agents
are widely used clinically.

A. Epinephrine

Epinephrine [ep-i-NEF-rin] is one of the four catecholamines (epineph-
rine, norepinephrine, dopamine, and dobutamine) commonly used in
therapy. The first three are naturally occurring neurotransmitters, and
the latter is a synthetic compound. In the adrenal medulla, norepineph-
rine is methylated to yield epinephrine, which is stored in chromaffin
cells along with norepinephrine. On stimulation, the adrenal medulla
releases about 80% epinephrine and 20% norepinephrine directly into
the circulation. Epinephrine interacts with both « and  receptors. At low
doses, p effects (vasodilation) on the vascular system predominate,
whereas at high doses, « effects (vasoconstriction) are the strongest.

1. Actions:

a. Cardiovascular: The major actions of epinephrine are on the
cardiovascular system. Epinephrine strengthens the contractility
of the myocardium (positive inotrope: f, action) and increases its
rate of contraction (positive chronotrope: f, action). Therefore,
cardiac output increases. These effects increase oxygen
demands on the myocardium. Epinephrine activates B, recep-
tors on the kidney to cause renin release. Renin is an enzyme
involved in the production of angiotensin Il, a potent vasocon-
strictor. Epinephrine constricts arterioles in the skin, mucous
membranes, and viscera (a effects), and it dilates vessels going
to the liver and skeletal muscle (p, effects). Renal blood flow is
decreased. Therefore, the cumulative effect is an increase in
systolic blood pressure, coupled with a slight decrease in dia-
stolic pressure due to f, receptor-mediated vasodilation in the
skeletal muscle vascular bed (Figure 6.9).

b. Respiratory: Epinephrine causes powerful bronchodilation by
acting directly on bronchial smooth muscle (B, action). It also
inhibits the release of allergy mediators such as histamines
from mast cells.

INDIRECT ACTION

Drug enhances release
of norepinephrine from
vesicles.

NEURON

MIXED
ACTION

Drug acts both
directly and
indirectly.

POSTSYNAPTIC
TARGET CELL

DIRECT ACTION MEMBRANE

Drug directly
activates receptor.

Figure 6.8

Sites of action of direct-, indirect-, and
mixed-acting adrenergic agonists.



84 6. Adrenergic Agonists
c. Hyperglycemia: Epinephrine has a significant hyperglycemic
Epinephrine increases effect because of increased glycogenolysis in the liver (B, effect),
the rate and force of . 2
cardiac contraction. increased release of glucagon (B, effect), and a decreased
Infusion of release of insulin (a, effect).
epinephrine . . . L . . . .
—_— d. Lipolysis: Epinephrineinitiates lipolysis through agonist activity
P on the p receptors of adipose tissue. Increased levels of cAMP
=E 100 \ o . .
°E _/_\_ stimulate a hormone-sensitive lipase, which hydrolyzes triglyc-
é 2 ol 3 3 erides to free fatty acids and glycerol.
~ 1 1 2. Therapeutic uses:
g 1 1 . o , .
25 180 - | | a. Bronchospasm: Epinephrine is the primary drug used in the
4 B / AN emergency treatment of respiratory conditions when broncho-
3 £ 120 constriction has resulted in diminished respiratory function.
= B Thus, in treatment of acute asthma and anaphylactic shock,
60 epinephrine is the drug of choice and can be life saving in this
High [ setting. Within a few minutes after subcutaneous administra-
tion, respiratory function greatly improves. However, selective f,
5 agonists, such as albuterol, are favored in the chronic treatment
25 of asthma because of a longer duration of action and minimal
§§ cardiac stimulatory effects.
[V
b. Anaphylactic shock: Epinephrine is the drug of choice for the

Time (min)

Epinephrine Systolic pressure

decreases is increased, and

the peripheral diastolic pressure

resistance. is decreased.
Figure 6.9

Cardiovascular effects of intravenous
infusion of low doses of epinephrine.
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Pharmacokinetics of epinephrine.
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treatment of type | hypersensitivity reactions (including anaphy-
laxis) in response to allergens.

c. Cardiac arrest: Epinephrine may be used to restore cardiac
rhythm in patients with cardiac arrest.

d. Anesthetics: Local anesthetic solutions may contain low
concentrations (for example, 1:100,000 parts) of epinephrine.
Epinephrine greatly increases the duration of local anesthe-
sia by producing vasoconstriction at the site of injection. This
allows the local anesthetic to persist at the injection site before
being absorbed into the systemic circulation. Very weak solu-
tions of epinephrine can also be applied topically to vasocon-
strict mucous membranes and control oozing of capillary blood.

3. Pharmacokinetics: Epinephrine has a rapid onset but a brief

duration of action (due to rapid degradation). The preferred route
is intramuscular (anterior thigh) due to rapid absorption. In emer-
gency situations, epinephrine is given intravenously (IV) for the
most rapid onset of action. It may also be given subcutaneously,
by endotracheal tube, and by inhalation (Figure 6.10). It is rapidly
metabolized by MAO and COMT, and the metabolites metaneph-
rine and vanillyimandelic acid are excreted in urine.

. Adverse effects: Epinephrine can produce adverse CNS effects

that include anxiety, fear, tension, headache, and tremor. It can
trigger cardiac arrhythmias, particularly if the patient is receiv-
ing digoxin. Epinephrine can also induce pulmonary edema.
Epinephrine may have enhanced cardiovascular actions in patients
with hyperthyroidism, and the dose must be reduced in these indi-
viduals. Patients with hyperthyroidism may have an increased
production of adrenergic receptors in the vasculature, leading to
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a hypersensitive response. Inhalation anesthetics also sensitize
the heart tp the gffepts of epinephrine, which may lead to tachy- Norepinephrine induces
cardia. Epinephrine increases the release of endogenous stores reflex bradycardia.
of glucose. In diabetic patients, dosages of insulin may have to
be increased. Nonselective p-blockers prevent vasodilatory effects
of epinephrine on P, receptors, leaving a receptor stimulation Infusion of

. K . . norepinephrine
unopposed. This may lead to increased peripheral resistance and
increased blood pressure.
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B. Norepinephrine

Because norepinephrine [nor-ep-ih-NEF-rin] is the neurotransmit- ‘ ‘
ter of adrenergic nerves, it should, theoretically, stimulate all types ! !
of adrenergic receptors. However, when administered in therapeutic _ ! !

doses, the a-adrenergic receptor is most affected. ¢ 180 L
=
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1. Cardiovascular actions: $x
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a. Vasoconstriction: Norepinephrine causes a rise in peripheral 8= -
[-4]

resistance due to intense vasoconstriction of most vascular 60 F
beds, including the kidney («, effect). Both systolic and diastolic
blood pressures increase (Figure 6.11).

High [

Peripheral
resistance

he weak B, activity
of norepinephrine also explains why it is not useful in the treat-
ment of asthma or anaphylaxis.]

b. Baroreceptor reflex: Norepinephrine increases blood pres- Low
sure, and this stimulates the baroreceptors, inducing a rise
in vagal activity. The increased vagal activity produces a
reflex bradycardia, which is sufficient to counteract the local
actions of norepinephrine on the heart, although the reflex
compensation does not affect the positive inotropic effects
of the drug (Figure 6.11). When atropine, which blocks the
transmission of vagal effects, is given before norepineph-
rine, stimulation of the heart by norepinephrine is evident as
tachycardia.

Time (min)

Norepinephrine causes
increased systolic and
diastolic pressure.

blood vessels, causing

Norepinephrine constricts all
increased peripheral resistance.

2. Therapeutic uses: Norepinephrine is used to treat shock, because
it increases vascular resistance and, therefore, increases blood
pressure. It has no other clinically significant uses. Figure 6.11

R . L . Cardiovascular effects of intravenous
3. Pharmacokinetics: Norepinephrine is given IV for rapid onset of infusion of norepinephrine.

action. The duration of action is 1 to 2 minutes, following the end
of the infusion. It is rapidly metabolized by MAO and COMT, and
inactive metabolites are excreted in the urine.

4. Adverse effects: These are similar to epinephrine. In addition,
norepinephrine is a potent vasoconstrictor and may cause blanch-
ing and sloughing of skin along an injected vein. If extravasation
(leakage of drug from the vessel into tissues surrounding the injec-
tion site) occurs, it can cause tissue necrosis. It should not be
administered in peripheral veins, if possible. Impaired circulation
from norepinephrine may be treated with the o receptor antagonist
phentolamine.
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Cardiovascular effects of intravenous
infusion of isoproterenol.

C. Isoproterenol

Isoproterenol [eye-soe-proe-TER-e-nole] is a direct-acting synthetic
catecholamine that stimulates both p,- and p,-adrenergic receptors.
Its nonselectivity is one of its drawbacks and the reason why it is
rarely used therapeutically. Its action on « receptors is insignificant.
Isoproterenol produces intense stimulation of the heart, increasing
heart rate, contractility, and cardiac output (Figure 6.12). It is as active
as epinephrine in this action. Isoproterenol also dilates the arteri-
oles of skeletal muscle (p, effect), resulting in decreased peripheral
resistance. Because of its cardiac stimulatory action, it may increase
systolic blood pressure slightly, but it greatly reduces mean arterial
and diastolic blood pressures (Figure 6.12). Isoproterenol is a potent
bronchodilator (B, effect). The use of isoproterenol has largely been
replaced with other drugs, but it may be useful in atrioventricular (AV)
block. The adverse effects of isoproterenol are similar to those of
epinephrine.

. Dopamine

Dopamine [DOE-pa-meen], the immediate metabolic precursor of
norepinephrine, occurs naturally in the CNS in the basal ganglia,
where it functions as a neurotransmitter, as well as in the adrenal
medulla. Dopamine can activate a- and p-adrenergic receptors. For
example, at higher doses, it causes vasoconstriction by activating
«, receptors, whereas at lower doses, it stimulates f, cardiac recep-
tors. In addition, D, and D, dopaminergic receptors, distinct from
the a- and B-adrenergic receptors, occur in the peripheral mesen-
teric and renal vascular beds, where binding of dopamine produces
vasodilation. D, receptors are also found on presynaptic adrener-
gic neurons, where their activation interferes with norepinephrine
release.

1. Actions:

a. Cardiovascular: Dopamine exerts a stimulatory effect on the £,
receptors of the heart, having both positive inotropic and chrono-
tropic effects (Figure 6.13). At very high doses, dopamine activates
a, receptors on the vasculature, resulting in vasoconstriction.

b. Renal and visceral: Dopamine dilates renal and splanchnic
arterioles by activating dopaminergic receptors, thereby increas-
ing blood flow to the kidneys and other viscera (Figure 6.13).
These receptors are not affected by o- or f-blocking drugs.
Therefore, dopamine is clinically useful in the treatment of shock,
in which significant increases in sympathetic activity might com-
promise renal function.

2. Therapeutic uses: Dopamine is the drug of choice for cardio-
genic and septic shock and is given by continuous infusion. It
raises blood pressure by stimulating the p, receptors on the heart
to increase cardiac output and o, receptors on blood vessels to
increase total peripheral resistance. In addition, it enhances per-
fusion to the kidney and splanchnic areas, as described above.
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Increased blood flow to the kidney enhances the glomerular
filtration rate and causes diuresis. In this regard, dopamine is far
superior to norepinephrine, which diminishes blood supply to the
kidney and may cause renal shutdown. It is also used to treat
hypotension and severe heart failure, primarily in patients with
low or normal peripheral vascular resistance and in patients who
have oliguria.

3. Adverse effects: An overdose of dopamine produces the same
effects as sympathetic stimulation. Dopamine is rapidly metabo-
lized by MAO or COMT, and its adverse effects (nausea, hyperten-
sion, and arrhythmias) are, therefore, short-lived.

. Fenoldopam

Fenoldopam [fen-OL-de-pam] is an agonist of peripheral dopamine
D, receptors. It is used as a rapid-acting vasodilator to treat severe
hypertension in hospitalized patients, acting on coronary arteries,
kidney arterioles, and mesenteric arteries. Fenoldopam is a race-
mic mixture, and the R-isomer is the active component. It undergoes
extensive first-pass metabolism and has a 10-minute elimination
half-life after IV infusion. Headache, flushing, dizziness, nausea,
vomiting, and tachycardia (due to vasodilation) may be observed with
this agent.

. Dobutamine

Dobutamine [doe-BYOO-ta-meen] is a synthetic, direct-acting cat-
echolamine that is a B, receptor agonist. It increases cardiac rate
and output with few vascular effects. Dobutamine is used to increase
cardiac output in acute heart failure (see Chapter 19), as well as for
inotropic support after cardiac surgery. The drug increases cardiac
output and does not significantly elevate oxygen demands of the
myocardium, a major advantage over other sympathomimetic drugs.
Dobutamine should be used with caution in atrial fibrillation, because
it increases AV conduction. Other adverse effects are similar to epi-
nephrine. Tolerance may develop with prolonged use.

. Oxymetazoline

Oxymetazoline [OX-ee-mee-TAZ-ih-leen] is a direct-acting synthetic
adrenergic agonist that stimulates both .- and o,-adrenergic recep-
tors. Oxymetazoline is found in many over-the-counter short-term
nasal spray decongestants, as well as in ophthalmic drops for the
relief of redness of the eyes associated with swimming, colds, and
contact lenses. Oxymetazoline directly stimulates o receptors on
blood vessels supplying the nasal mucosa and conjunctiva, thereby
producing vasoconstriction and decreasing congestion. Itis absorbed
in the systemic circulation regardless of the route of administration
and may produce nervousness, headaches, and trouble sleeping.
Local irritation and sneezing may occur with intranasal adminis-
tration. Rebound congestion and dependence are observed with
long-term use.
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Clinically important actions of
isoproterenol and dopamine.
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Onset and duration of bronchodilation
effects of inhaled adrenergic agonists.

. Phenylephrine

Phenylephrine [fen-ill-EF-reen] is a direct-acting, synthetic adrenergic
drug that binds primarily to «, receptors. Phenylephrine is a vasocon-
strictor that raises both systolic and diastolic blood pressures. It has
no effect on the heart itself but, rather, induces reflex bradycardia
when given parenterally. The drug is used to treat hypotension in hos-
pitalized or surgical patients (especially those with a rapid heart rate).
Large doses can cause hypertensive headache and cardiac irregular-
ities. Phenylephrine acts as a nasal decongestant when applied topi-
cally or taken orally. Phenylephrine has replaced pseudoephedrine in
many oral decongestants, since pseudoephedrine has been misused
to make methamphetamine. Phenylephrine is also used in ophthalmic
solutions for mydriasis.

Clonidine

Clonidine [KLOE-ni-deen] is an «, agonist that is used for the treat-
ment of hypertension. It can also be used to minimize the symptoms
that accompany withdrawal from opiates, tobacco smoking, and ben-
zodiazepines. Clonidine acts centrally on presynaptic o, receptors
to produce inhibition of sympathetic vasomotor centers, decreasing
sympathetic outflow to the periphery. The most common side effects
of clonidine are lethargy, sedation, constipation, and xerostomia.
Abrupt discontinuance must be avoided to prevent rebound hyper-
tension. Clonidine and another a, agonist methyldopa are discussed
along with antihypertensives in Chapter 17.

. Albuterol and terbutaline

Albuterol [al-BYOO-ter-ole] and terbutaline [ter-BYOO-te-leen] are
short-acting p, agonists used primarily as bronchodilators and admin-
istered by a metered-dose inhaler (Figure 6.14). Albuterol is the
short-acting p, agonist of choice for the management of acute asthma
symptoms. Inhaled terbutaline is no longer available in the United
States, but is still used in other countries. Terbutaline is also used
off-label as a uterine relaxant to suppress premature labor. One of
the most common side effects of these agents is tremor, but patients
tend to develop tolerance to this effect. Other side effects include rest-
lessness, apprehension, and anxiety. When these drugs are admin-
istered orally, they may cause tachycardia or arrhythmia (due to B,
receptor activation), especially in patients with underlying cardiac
disease. Monoamine oxidase inhibitors (MAOIs) also increase the
risk of adverse cardiovascular effects, and concomitant use should
be avoided.

. Salmeterol and formoterol

Salmeterol [sal-ME-ter-ole] and formoterol [for-MOH-ter-ole] are long-
acting p agonists (LABAs) that are p, selective. A single dose by a
metered-dose inhalation device, such as a dry powder inhaler, pro-
vides sustained bronchodilation over 12 hours, compared with less
than 3 hours for albuterol. Unlike formoterol, however, salmeterol
has a somewhat delayed onset of action (Figure 6.14). These agents
are not recommended as monotherapy, but are highly efficacious
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when combined with a corticosteroid. Salmeterol and formoterol are
the agents of choice for treating nocturnal asthma in symptomatic
patients taking other asthma medications. LABAs have been shown
to increase the risk of asthma-related deaths.

L. Mirabegron

Mirabegron [mir-a-BEG-ron] is a §, agonist that relaxes the detrusor
smooth muscle and increases bladder capacity. It is used for patients
with overactive bladder. Mirabegron may increase blood pressure
and should not be used in patients with uncontrolled hypertension.
It increases levels of digoxin and also inhibits the CYP2D6 isozyme,
which may enhance the effects of other medications metabolized by
this pathway (for example, metoprolol).

V. INDIRECT-ACTING ADRENERGIC AGONISTS

Indirect-acting adrenergic agonists cause the release, inhibit the reuptake,
or inhibit the degradation of epinephrine or norepinephrine (Figure 6.8).
They potentiate the effects of epinephrine or norepinephrine produced
endogenously, but do not directly affect postsynaptic receptors.

A. Amphetamine

The marked central stimulatory action of amphetamine [am-FET-a-
meen] is often mistaken by drug abusers as its only action. However,
the drug can also increase blood pressure significantly by o, agonist
action on the vasculature, as well as f,-stimulatory effects on the heart.
Its actions are mediated primarily through an increase in nonvesicular
release of catecholamines such as dopamine and norepinephrine from
nerve terminals. Thus, amphetamine is an indirect-acting adrenergic
drug. The actions and therapeutic uses of amphetamine and its deriva-
tives are discussed under stimulants of the CNS (see Chapter 16).

B. Tyramine

Tyramine [TIE-ra-meen] is not a clinically useful drug, but it is impor-
tant because it is found in fermented foods, such as aged cheese
and Chianti wine. It is a normal by-product of tyrosine metabolism.
Normally, it is oxidized by MAO in the gastrointestinal tract, but, if
the patient is taking MAOIs, it can precipitate serious vasopressor
episodes. Like amphetamines, tyramine can enter the nerve termi-
nal and displace stored norepinephrine. The released catecholamine
then acts on adrenoceptors.

C. Cocaine

Cocaine [koe-KANE] is unique among local anesthetics in having the
ability to block the sodium-chloride (Na*/Cl)-dependent norepineph-
rine transporter required for cellular uptake of norepinephrine into the
adrenergic neuron. Consequently, norepinephrine accumulates in the
synaptic space, resulting in enhanced sympathetic activity and poten-
tiation of the actions of epinephrine and norepinephrine. Therefore,
small doses of the catecholamines produce greatly magnified effects
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Arrhythmias

Headache

Hyperactivity

Insomnia

Nausea

Tremors

Figure 6.15

Some adverse effects observed with
adrenergic agonists.

in an individual taking cocaine. In addition, the duration of action of
epinephrine and norepinephrine is increased. Like amphetamines, it
can increase blood pressure by o, agonist actions and f stimulatory
effects. [Note: Cocaine as a drug of abuse is discussed in Chapter 15.]

VI. MIXED-ACTION ADRENERGIC AGONISTS

Ephedrine [eh-FED-rin] and pseudoephedrine [soo-doe-eh-FED-rin]
are mixed-action adrenergic agents. They not only release stored
norepinephrine from nerve endings (Figure 6.8) but also directly stim-
ulate both o and p receptors. Thus, a wide variety of adrenergic actions
ensue that are similar to those of epinephrine, although less potent.
Ephedrine and pseudoephedrine are not catechols and are poor
substrates for COMT and MAO. Therefore, these drugs have a long
duration of action. Ephedrine and pseudoephedrine have excellent
absorption orally and penetrate into the CNS, but pseudoephedrine
has fewer CNS effects. Ephedrine is eliminated largely unchanged in
urine, and pseudoephedrine undergoes incomplete hepatic metabo-
lism before elimination in urine. Ephedrine raises systolic and diastolic
blood pressures by vasoconstriction and cardiac stimulation and can
be used to treat hypotension. Ephedrine produces bronchodilation, but
it is less potent and slower acting than epinephrine or isoproterenol. It
was previously used to prevent asthma attacks but has been replaced
by more effective medications. Ephedrine produces a mild stimulation
of the CNS. This increases alertness, decreases fatigue, and prevents
sleep. It also improves athletic performance. [Note: The clinical use
of ephedrine is declining because of the availability of better, more
potent agents that cause fewer adverse effects. Ephedrine-containing
herbal supplements (mainly ephedra-containing products) have been
banned by the U.S. Food and Drug Administration because of life-
threatening cardiovascular reactions.] Pseudoephedrine is primarily
used orally to treat nasal and sinus congestion. Pseudoephedrine
has been illegally used to produce methamphetamine. Therefore,
products containing pseudoephedrine have certain restrictions
and must be kept behind the sales counter in the United States.
Important characteristics of the adrenergic agonists are summarizedin
Figures 6.15-6.17.
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TISSUE RECEPTOR ACTION OPPOSING
TYPE ACTIONS
Heart
® Sinus and AV Ba T Automaticity Cholinergic receptors
® Conduction pathway Ba T Conduction velocity, automaticity Cholinergic receptors
©® Myofibrils Ba T Contractility, automaticity
Vascular smooth muscle B2 Vasodilation o-Adrenergic receptors
Bronchial smooth muscle B2 Bronchodilation Cholinergic receptors
Kidneys Ba T Renin release a1-Adrenergic receptors
Liver B2, 01 T Glycogenolysis and gluconeogenesis —
Adipose tissue B3 T Lipolysis o2-Adrenergic receptors
Increased contractility
Skeletal muscle B2 T Potassium uptake; glycogenolysis _
Dilates arteries to skeletal muscle
Tremor
Eye-ciliary muscle B2 Relaxation Cholinergic receptors
Gl tract B2 ¢ Motility Cholinergic receptors
Gall bladder B2 Relaxation Cholinergic receptors
Urinary bladder detrusor muscle B2 Relaxation Cholinergic receptors
Uterus B2 Relaxation Oxytocin
Figure 6.16

Summary of B-adrenergic receptors. AV = atrioventricular; Gl = gastrointestinal.
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RECEPTOR THERAPEUTIC USES

SPECIFICITY

CATECHOLAMINES

® Rapid onset of action

@ Brief duration of action

® Not administered orally

@ Do not penetrate the blood-

brain barrier

NONCATECHOL-
AMINES

Compared to catecholamines:

® Longer duration of action

® All can be administered
orally or via inhalation

Epinephrine

Norepinephrine

Isoproterenol

Dopamine

Dobutamine

Oxymetazoline

Phenylephrine

Clonidine

Albuterol
Terbutaline

Salmeterol
Formoterol

Amphetamine

Ephedrine
Pseudoephedrine

o, 0y
B, B2

0y, Oz
1

Bla BZ
Dopaminergic

0, B1

B1

0

o

£7]

B2

B2

a, B, CNS

a, B, CNS

Acute asthma
Anaphylactic shock

In local anesthetics to
increase duration of action

Treatment of shock

As a cardiac stimulant

Treatment of shock

Treatment of congestive
heart failure

Raise blood pressure

Treatment of acute
heart failure

As a nasal decongestant

As a nasal decongestant
Raise blood pressure

Treatment of paroxysmal
supraventricular tachycardia

Treatment of hypertension

Treatment of bronchospasm
(short acting)

Treatment of bronchospasm
(long acting)

As a CNS stimulant in treatment
of children with attention
deficit syndrome, narcolepsy,
and for appetite control

As a nasal decongestant

Raise blood pressure

Figure 6.17

Summary of the therapeutic uses of adrenergic agonists. CNS = central nervous system.
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Study Questions

Choose the ONE best answer.

6.1

6.2

6.3

6.4

6.5

Which of the following is correct regarding adrenergic
neurotransmission?

A. Epinephrine is the major neurotransmitter released
from sympathetic nerve terminals.

B. Norepinephrine is mainly released from the adrenal
glands.

C. Tricyclic antidepressants and cocaine prevent
reuptake of norepinephrine into the nerve terminals.

D. Monoamine oxidase (MAO) converts dopamine to
norepinephrine in the nerve terminal.

All of the following are correct regarding adrenergic
receptors, except:

A. «, Receptors are primarily located on the
postsynaptic membrane in the effector organs.

B. o, Receptors are primarily located on the
presynaptic sympathetic nerve terminals.

C. B, Receptors are found mainly in the heart.

D. p, Receptors are found mainly in adipose tissue.

A hypertensive patient was accidentally given an «,
agonist instead of an «, blocker. Which of the following
is correct in this situation?

A. a, Agonists can increase the release of
norepinephrine from sympathetic nerve terminals.

B. «, Agonists can reduce blood pressure in this
patient.

C. o, Agonists can increase blood pressure in this
patient.

D. a, Agonists will not affect blood pressure in this
patient.

Which of the following is correct regarding responses
mediated by adrenergic receptors?

A. Stimulation of «, receptors increases blood
pressure.

B. Stimulation of o, receptors reduces blood pressure.

C. Stimulation of sympathetic presynaptic a, receptors
increases norepinephrine release.

D. Stimulation of p, receptors increases heart rate
(tachycardia).

E. Stimulation of f, receptors causes
bronchoconstriction.

An asthma patient was given a nonselective p agonist
to relieve bronchoconstriction. Which of the following
adverse effects would you expect to see in this patient?

A. Bradycardia.

B. Tachycardia.

C. Hypotension (reduction in blood pressure).
D. Worsening bronchoconstriction.

Correct answer = C. Tricyclic antidepressants (TCAs) and
cocaine inhibit the transporter protein that prevents the
reuptake of norepinephrine into the sympathetic nerve ter-
minals. Norepinephrine, not epinephrine, is the major neu-
rotransmitter released from sympathetic nerve terminals.
Epinephrine, not norepinephrine, is mainly released from
the adrenal glands. Dopamine is converted to norepineph-
rine by dopamine p-hydroxylase, not by MAO.

Correct answer = D. a, Receptors are located on the post-
synaptic membrane in the effector organs such as blood
vessels. o, Receptors are mainly found on the presynaptic
sympathetic nerve terminals, where they inhibit the release
of norepinephrine when activated. §, Receptors are found
in the heart, in addition to some other tissues, and cause
increase in heart rate and contractility when activated. §,
receptors are found in the lungs, in addition to some other
tissues, and cause relaxation of bronchial smooth muscles
when activated. p, Receptors are found in adipose tissue
and are involved in lipolysis.

Correct answer = B. o, Agonists activate o, receptors
located in the presynaptic terminal of sympathetic neurons
and cause a reduction in the release of norepinephrine from
sympathetic nerve terminals. This leads to a reduction in
blood pressure. o, Agonists such as clonidine and methyl-
dopa are therefore used as antihypertensive agents.

Correct answer = A. Stimulation of «, receptors, mostly
found in the blood vessels, causes vasoconstriction and
increase in blood pressure. Stimulation of a, receptors on
the sympathetic presynaptic terminal reduces the release
of norepinephrine. f, receptors are not found in the heart,
so activation of B, receptors does not affect heart rate.
Stimulation of B, receptors found in the bronchial tissues
causes bronchodilation, not bronchoconstriction.

Correct answer = B. A nonselective  agonist activates both
B, as well as B, receptors. B, activation causes an increase
in heart rate (tachycardia), contractility, and subsequent
increase in blood pressure. It relieves bronchoconstriction
because of the B, receptor activation.
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6.6

6.7

6.8

6.9

6.10

Which of the following adrenergic agonists is most
likely to cause CNS side effects when administered
systemically?

A. Epinephrine.

B. Norepinephrine.

C. Isoproterenol.

D. Dopamine.

E. Ephedrine.

A 12-year-old boy who is allergic to peanuts was brought
to the emergency room after accidentally consuming
peanuts contained in fast food. He is in anaphylactic
shock. Which of the following drugs would be most
appropriate to treat this patient?

A. Norepinephrine.
B. Phenylephrine.
C. Dobutamine.
D. Epinephrine.

A 70-year-old patient was brought to the emergency
room with a blood pressure of 76/60 mm Hg,
tachycardia, and low cardiac output. He was diagnosed
with acute heart failure. Which of the following drugs
would be the most appropriate to improve his cardiac
function?

A. Epinephrine.
B. Fenoldopam.
C. Dobutamine.
D. Isoproterenol.

Which of the following adrenergic agonists is commonly
present in nasal sprays available over-the-counter
(OTC) to treat nasal congestion?

A. Clonidine.

B. Albuterol.

C. Oxymetazoline.
D. Dobutamine.

E. Norepinephrine.

One of your patients who is hypertensive and gets mild
asthma attacks occasionally bought an herbal remedy
online to help with his asthma. He is not on any asthma
medications currently but is receiving a p,-selective
blocker for his hypertension. The herbal remedy seems
to relieve his asthma attacks, but his blood pressure
seems to increase despite the f-blocker therapy. Which
of the following drugs is most likely present in the herbal
remedy he is taking?

A. Phenylephrine.
B. Norepinephrine.
C. Dobutamine.

D. Ephedrine.

E. Salmeterol.

Correct answer = E. Ephedrine is more lipophilic compared
to the other drugs listed and therefore is more likely to
cross the blood-brain barrier when administered systemi-
cally. Therefore, ephedrine is more likely to cause CNS side
effects compared to other listed drugs.

Correct answer = D. Norepinephrine has more o agonis-
tic effects and activates mainly o,, o, and f, receptors.
Epinephrine has more B agonistic effects and activates
mainly o,, o, B, and B, receptors. Phenylephrine has pre-
dominantly « effects and activates mainly o, receptors.
Dobutamine mainly activates f, receptors and has no signif-
icant effects on p, receptors. Thus, epinephrine is the drug
of choice in anaphylactic shock that can both stimulate the
heart (B, activation) and dilate bronchioles (8, activation).

Correct answer = C. Among the choices, the ideal drug to
increase contractility of the heart in acute heart failure is
dobutamine, since it is a selective p,-adrenergic agonist.
Fenoldopam is a dopamine agonist used to treat severe
hypertension. Other drugs are nonselective adrenergic
agonists that could cause unwanted side effects.

Correct answer = C. Drugs with selective o, agonistic activ-
ity are commonly used as nasal decongestants because of
their ability to cause vasoconstriction in the nasal vessels.
Oxymetazoline is an «, agonist and therefore the preferred
drug among the choices as a nasal decongestant. Clonidine
is an a, agonist, albuterol is a §, agonist, dobutamine is a
B, agonist, and norepinephrine is a nonselective adrenergic
agonist.

Correct answer = D. Two drugs among the choices that
could relieve asthma are ephedrine and salmeterol, as they
activate f, receptors in the bronchioles and cause broncho-
dilation. However, salmeterol is a selective p, agonist and
should not cause an increase in blood pressure. Ephedrine
on the other hand stimulates the release of norepinephrine
and acts as a direct agonist at a- and p-adrenergic receptors,
thus causing an increase in blood pressure. Phenylephrine
(a nonselective a agonist) does not cause bronchodilation.
Norepinephrine is a nonselective adrenergic agonist that
does not have any stimulatory effects on p, receptors. Also,
norepinephrine is not active when given orally.




Adrenergic Antagonists

Rajan Radhakrishnan

. OVERVIEW

The adrenergic antagonists (also called adrenergic blockers or
sympatholytics) bind to adrenoceptors but do not trigger the usual
receptor-mediated intracellular effects. These drugs act by either
reversibly or irreversibly attaching to the adrenoceptors, thus preventing
activation by endogenous catecholamines. Like the agonists, the
adrenergic antagonists are classified according to their relative affini-
ties for a or p receptors in the sympathetic nervous system. Numerous
adrenergic antagonists have important roles in clinical medicine, pri-
marily to treat diseases associated with the cardiovascular system.
[Note: Antagonists that block dopamine receptors are most important
in the central nervous system (CNS) and are, therefore, considered in
that section.] The adrenergic antagonists discussed in this chapter are
summarized in Figure 7.1.

Il. x-ADRENERGIC BLOCKING AGENTS

Drugs that block a adrenoceptors profoundly affect blood pressure.
Because normal sympathetic control of the vasculature occurs in large
part through agonist actions on «-adrenergic receptors, blockade of
these receptors reduces the sympathetic tone of the blood vessels,
resulting in decreased peripheral vascular resistance. This induces
a reflex tachycardia resulting from the lowered blood pressure. The
magnitude of the response depends on the sympathetic tone of
the individual when the agent is given. [Note: p receptors, including
p, adrenoceptors on the heart, are not affected by o blockade.] The
a-adrenergic blocking agents, phenoxybenzamine and phentolamine,
have limited clinical applications.

A. Phenoxybenzamine

Phenoxybenzamine [fen-ox-ee-BEN-za-meen] is nonselective, link-
ing covalently to both o, and a, receptors (Figure 7.2). The block is
irreversible and noncompetitive, and the only way the body can over-
come the block is to synthesize new adrenoceptors, which requires a
day or longer. Therefore, the actions of phenoxybenzamine last about
24 hours. After the drug is injected, a delay of a few hours occurs
before a blockade develops.

0. BLOCKERS

Alfuzosin UROXATRAL

Doxazosin CARDURA
Phenoxybenzamine DIBENZYLINE
Phentolamine REGITINE

Prazosin MINIPRESS

Tamsulosin FLOMAX

Terazosin HYTRIN

Yohimbine YOCON

Acebutolol SECTRAL

Atenolol TENORMIN

Betaxolol BETOPTIC-S, KERLONE
Bisoprolol ZEBETA

Carteolol CARTROL

Carvedilol COREG, COREG CR
Esmolol BREVIBLOC

Labetalol TRANDATE

Metoprolol LOPRESSOR, TOPROL-XL
Nadolol CORGARD

Nebivolol BYsTOLIC

Penbutolol LEVATOL

Pindolol vISKEN

Propranolol INDERAL LA, INNOPRAN XL
Timolol BETIMOL, ISTALOL, TIMOPTIC

A N RO
RAN R I’i“ OR R |

Reserpine SERPASIL

Figure 7.1

Summary of blocking agents and
drugs affecting neurotransmitter
uptake or release.
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Phenoxybenzamine

Covalent

Effector cell
membrane

Covalently inactivated
0.4 -adrenoceptor

Figure 7.2

Covalent inactivation of «,
adrenoceptor by phenoxybenzamine.

o-Adrenergic blockers
have no effect on the
actions of isoproterenol,
which is a pure [ agonist.

Pre- Pre-
treatment treatment

Untreated\ \with an o- | with a 3-

Catecholamine control blocker blocker
2001
Isoproterenol |- _“Ns—
oo He) oL AV Ve
2001 ,\
Epinephrine r j\’ v,\
2001
Norepinephrine A M} '/\
ok

o-Adrenergic blockers
reverse the vaso-
constrictive action

of epinephrine.

Figure 7.3

Summary of effects of adrenergic
blockers on the changes in blood
pressure induced by isoproterenol,
epinephrine, and norepinephrine.

1. Actions:

a. Cardiovascular effects: By blocking o receptors, phenoxyben-
zamine prevents vasoconstriction of peripheral blood vessels by
endogenous catecholamines. The decreased peripheral resis-
tance provokes a reflex tachycardia. Furthermore, the ability to
block presynaptic inhibitory a, receptors in the heart can contrib-
ute to an increased cardiac output. [Note: Blocking these recep-
tors results in more norepinephrine release, which stimulates f3,
receptors on the heart, increasing cardiac output.] Thus, the drug
has been unsuccessful in maintaining lowered blood pressure in
hypertension, and it is no longer used for this purpose.

b. Epinephrine reversal: All a-adrenergic blockers reverse the o
agonist actions of epinephrine. For example, the vasoconstrictive
action of epinephrine is interrupted, but vasodilation of other vas-
cular beds caused by stimulation of B, receptors is not blocked.
Therefore, in the presence of phenoxybenzamine, the systemic
blood pressure decreases in response to epinephrine (Figure 7.3).
[Note: The actions of norepinephrine are not reversed but are
diminished because norepinephrine lacks significant § agonist
action on the vasculature.] Phenoxybenzamine has no effect on
the actions of isoproterenol, which is a pure {3 agonist (Figure 7.3).

2. Therapeutic uses: Phenoxybenzamine is used in the treatment of
pheochromocytoma, a catecholamine-secreting tumor of cells derived
from the adrenal medulla. It may be used prior to surgical removal of
the tumor to prevent a hypertensive crisis, and it is also useful in the
chronic management of inoperable tumors. Phenoxybenzamine is
sometimes effective in treating Raynaud disease and frostbite.

3. Adverse effects: Phenoxybenzamine can cause postural hypoten-
sion, nasal stuffiness, nausea, and vomiting. It may inhibit ejacula-
tion. It may also induce reflex tachycardia, which is mediated by the
baroreceptor reflex. Phenoxybenzamine should be used with caution
in patients with cerebrovascular or cardiovascular disease.

. Phentolamine

In contrast to phenoxybenzamine, phentolamine [fen-TOLE-a-meen]
produces a competitive block of a, and a, receptors that lasts for
approximately 4 hours after a single injection. Like phenoxybenzamine,
it produces postural hypotension and causes epinephrine reversal.
Phentolamine-induced reflex cardiac stimulation and tachycardia are
mediated by the baroreceptor reflex and by blocking the «, recep-
tors of the cardiac sympathetic nerves. The drug can also trigger
arrhythmias and anginal pain, and phentolamine is contraindicated in
patients with coronary artery disease. Phentolamine is used for the
short-term management of pheochromocytoma. It is also used locally
to prevent dermal necrosis following extravasation of norepinephrine.
Phentolamine is useful to treat hypertensive crisis due to abrupt with-
drawal of clonidine and from ingesting tyramine-containing foods in
patients taking monoamine oxidase inhibitors.

. Prazosin, terazosin, doxazosin, tamsulosin, and alfuzosin

Prazosin [PRAY-zoe-sin], terazosin [ter-AY-zoe-sin], and doxazosin
[dox-AY-zoe-sin] are selective competitive blockers of the a, receptor.
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in the treatment of hypertension. Tamsulosin [tam-SUE-loh-sin]
and alfuzosin [al-FYOO-zoe-sin] are examples of other selective a,
antagonists indicated for the treatment of benign prostatic hyperplasia
(BPH). Metabolism leads to inactive products that are excreted in
urine except for those of doxazosin, which appear in feces. Doxazosin
is the longest acting of these drugs.

In contrast to phenoxybenzamine and phentolamine, they are useful v

/8

)

1. Mechanism of action: All of these agents decrease peripheral
vascular resistance and lower blood pressure by causing relaxation
of both arterial and venous smooth muscle. These drugs, unlike
phenoxybenzamine and phentolamine, cause minimal changes
in cardiac output, renal blood flow, and glomerular filtration rate. Figure 7.4
Tamsulosin has the least effect on blood pressure because it is First dose of «, receptor blocker may
less selective for a,, receptors found in the blood vessels and more produce an orthostatic hypotensive
selective for a,, receptors in the prostate and bladder. Blockade of response that can result in syncope
the «,, receptors decreases tone in the smooth muscle of the blad- ~ (fainting).
der neck and prostate and improves urine flow.

2. Therapeutic uses: Individuals with elevated blood pressure treated
with one of these drugs do not become tolerant to its action. However,
the first dose of these drugs may produce an exaggerated orthostatic
hypotensive response (Figure 7.4) that can result in syncope (faint-
ing). This action, termed a “first-dose” effect, may be minimized by
adjusting the first dose to one-third or one-fourth of the normal dose
and by giving the drug at bedtime. These drugs may cause modest
improvement in lipid profiles and glucose metabolism in hypertensive
patients. Because of inferior cardiovascular outcomes as compared v P .
to other antihypertensives, «, antagonists are not used as mono- Q% Orthostatic
therapy for the treatment of hypertension (see Chapter 17). The N hypotension
a, receptor antagonists have been used as an alternative to surgery i’ﬁ{h
in patients with symptomatic BPH (see Chapter 32). \

3. Adverse effects: o -Blockers such as prazosin and doxazosin
may cause dizziness, a lack of energy, nasal congestion, head-
ache, drowsiness, and orthostatic hypotension (although to a lesser
degree than that observed with phenoxybenzamine and phentol-
amine). An additive antinypertensive effect occurs when o, antago-
nists are given with vasodilators such as nitrates or PDE-5 inhibitors
(for example, sildenafil), thereby necessitating cautious dose titration
and use at the lowest possible doses. By blocking o receptors in the
ejaculatory ducts and impairing smooth muscle contraction, o, antag-
onists may cause inhibition of ejaculation and retrograde ejaculation.
These agents may cause “floppy iris syndrome,” a condition in which

Tachycardia

Dizziness and

headache
the iris billows in response to intraoperative eye surgery. Figure 7.5
summarizes some adverse effects observed with a-blockers.
D. Yohimbine
Sexual

Yohimbine [yo-HIM-bean] is a selective competitive a-blocker. It is
found as a component of the bark of the yohimbe tree and has been
used as a sexual stimulant and in the treatment of erectile dysfunction.
Its use in the treatment of these disorders is not recommended, due
to lack of demonstrated efficacy. Yohimbine works at the level of the Figure 7.5

CNS to increase sympathetic outflow to the periphery. It is contrain- Some adverse effects commonly
dicated in cardiovascular disease, psychiatric conditions, and renal observed with nonselective a-adrenergic
dysfunction because it may worsen these conditions. blocking agents.

dysfunction
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Esmolol I 10 min
Acebutolol - 3-4h
pindolol [l 3-an

Metoprolol - 3-4h

Propranolol - 4-6h
Timolol [l 4-6 n
Labetalol - 4-6h
carvedilo! [JI 7-10n
adoto! IZEZTT]
Nebivoro! T =TI

Figure 7.6

Elimination half-lives for some
B-blockers.

lll. B-ADRENERGIC BLOCKING AGENTS

All of the clinically available p-blockers are competitive antagonists.
Nonselective p-blockers act at both B, and p, receptors, whereas cardi-
oselective § antagonists primarily block B, receptors. [Note: There are no
clinically useful B, antagonists.] These drugs also differ in intrinsic sym-
pathomimetic activity, CNS effects, blockade of sympathetic receptors,
vasodilation, and pharmacokinetics (Figure 7.6). Although all $-blockers
lower blood pressure, they do not induce postural hypotension, because
the o adrenoceptors remain functional. Therefore, normal sympathetic
control of the vasculature is maintained. -Blockers are effective in treat-
ing hypertension, angina, cardiac arrhythmias, myocardial infarction,
heart failure, hyperthyroidism, and glaucoma. They are also used for the
prophylaxis of migraine headaches. [Note: The names of all p-blockers
end in “-olol” except for labetalol and carvedilol.]

A. Propranolol: A nonselective p antagonist

Propranolol [proe-PRAN-oh-lole] is the prototype p-adrenergic antag-
onist and blocks both . and f, receptors with equal affinity. Sustained-
release preparations for once-a-day dosing are available.

1. Actions:

a. Cardiovascular: Propranolo/diminishes cardiac output, having
both negative inotropic and chronotropic effects (Figure 7.7). It
directly depresses sinoatrial and atrioventricular nodal activity.
The resulting bradycardia usually limits the dose of the drug.
During exercise or stress, when the sympathetic nervous sys-
tem is activated, p-blockers attenuate the expected increase in
heart rate. Cardiac output, workload, and oxygen consumption
are decreased by blockade of B, receptors, and these effects
are useful in the treatment of angina (see Chapter 21). The
B-blockers are effective in attenuating supraventricular cardiac
arrhythmias, but generally are not effective against ventricular
arrhythmias (except those induced by exercise).

b. Peripheral vasoconstriction: Nonselective blockade of
p receptors prevents p,-mediated vasodilation in skeletal mus-
cles, increasing peripheral vascular resistance (Figure 7.7). The
reduction in cardiac output produced by all -blockers leads to
decreased blood pressure, which triggers a reflex peripheral
vasoconstriction that is reflected in reduced blood flow to the
periphery. In patients with hypertension, total peripheral resis-
tance returns to normal or decreases with long term use of
propranolol. There is a gradual reduction of both systolic and
diastolic blood pressures in hypertensive patients.

c¢. Bronchoconstriction: Blocking p, receptors in the lungs of sus-
ceptible patients causes contraction of the bronchiolar smooth
muscle (Figure 7.7). This can precipitate an exacerbation in
patients with chronic obstructive pulmonary disease (COPD) or
asthma. Therefore, p-blockers, particularly, nonselective ones, are
contraindicated in patients with COPD or asthma.

d. Disturbances in glucose metabolism: p blockade leads to
decreased glycogenolysis and decreased glucagon secretion.
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Therefore, if propranolol is given to a diabetic patient receiving
insulin, careful monitoring of blood glucose is essential, because
pronounced hypoglycemia may occur after insulin injection.
B-blockers also attenuate the normal physiologic response to
hypoglycemia.

Blocked action of isoproterenol: Nonselective p-blockers,
including propranolol, have the ability to block the actions of
isoproterenol (,, B, agonist) on the cardiovascular system. Thus,
in the presence of a p-blocker, isoproterenol does not produce
cardiac stimulation (8, mediated) or reductions in mean arte-
rial pressure and diastolic pressure (p, mediated; Figure 7.3).
[Note: In the presence of a nonselective $-blocker, epinephrine
no longer lowers diastolic blood pressure or stimulates the
heart, but its vasoconstrictive action (mediated by o receptors)
remains unimpaired. The actions of norepinephrine on the car-
diovascular system are mediated primarily by o receptors and
are, therefore, unaffected.]

2. Therapeutic uses:

a.

Hypertension: Propranolol does not reduce blood pressure in
people with normal blood pressure. Propranolol lowers blood
pressure in hypertension by several different mechanisms of
action. Decreased cardiac output is the primary mechanism,
but inhibition of renin release from the kidney, decrease in total
peripheral resistance with long-term use, and decreased sym-
pathetic outflow from the CNS also contribute to the antihyper-
tensive effects (see Chapter 17).

. Angina pectoris: Propranolol decreases the oxygen require-

ment of heart muscle and, therefore, is effective in reducing
chest pain on exertion that is common in angina. Propranolol is,
thus, useful in the chronic management of stable angina.

Myocardial infarction: Propranolol and other p-blockers have
a protective effect on the myocardium. Thus, patients who have
had one myocardial infarction appear to be protected against
a second heart attack by prophylactic use of p-blockers. In
addition, administration of a p-blocker immediately following a
myocardial infarction reduces infarct size and hastens recov-
ery. The mechanism for these effects may be a blocking of the
actions of circulating catecholamines, which would increase
the oxygen demand in an already ischemic heart muscle.
Propranolol also reduces the incidence of sudden arrhythmic
death after myocardial infarction.

. Migraine: Propranolol is effective in reducing migraine epi-

sodes when used prophylactically (see Chapter 36). It is one of
the more useful p-blockers for this indication, due to its lipophilic
nature that allows it to penetrate the CNS. [Note: For the acute
management of migraine, serotonin agonists such as sumatrip-
tan are used, as well as other drugs.]

Hyperthyroidism: Propranolol and other p-blockers are effec-
tive in blunting the widespread sympathetic stimulation that
occurs in hyperthyroidism. In acute hyperthyroidism (thyroid storm),
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Actions of propranolol and other
B-blockers.
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Figure 7.8

Adverse effects commonly observed in
individuals treated with propranolol.

B-blockers may be lifesaving in protecting against serious
cardiac arrhythmias.

3. Pharmacokinetics: After oral administration, propranolol is
almost completely absorbed. It is subject to first-pass effect, and
only about 25% of an administered dose reaches the circulation.
The volume of distribution of propranolol is quite large (4 L/kg),
and the drug readily crosses the blood—brain barrier due to its
high lipophilicity. Propranolol is extensively metabolized, and most
metabolites are excreted in the urine.

4. Adverse effects:

a.

Bronchoconstriction: Propranolol has the potential to cause
significant bronchoconstriction due to blockade of f, recep-
tors (Figure 7.8). Death by asphyxiation has been reported for
patients with asthma whom were inadvertently administered
the drug. Therefore, propranolol is contraindicated in patients
with COPD or asthma.

. Arrhythmias: Treatment with p-blockers must never be stopped

abruptly because of the risk of precipitating cardiac arrhyth-
mias, which may be severe. The p-blockers must be tapered
off gradually over a period of at least a few weeks. Long-term
treatment with a p antagonist leads to up-regulation of the
{3 receptor. On suspension of therapy, the increased receptors
can worsen angina or hypertension.

Sexual impairment: Because ejaculation in the male is medi-
ated through o-adrenergic activation, p-blockers do not affect
ejaculation or internal bladder sphincter function. On the other
hand, some men do complain of impaired sexual activity. The
reasons for this are not clear and may be independent of
p receptor blockade.

. Metabolic disturbances: p Blockade leads to decreased

glycogenolysis and decreased glucagon secretion. Fasting
hypoglycemia may occur. In addition, p-blockers can prevent
the counterregulatory effects of catecholamines during hypo-
glycemia. Thus, the perception of symptoms of hypoglycemia
such as tremor, tachycardia, and nervousness are blunted by
B-blockers. A major role of p receptors is to mobilize energy
molecules such as free fatty acids. [Note: Lipases in fat cells
are activated mainly by §, and f, receptor stimulation, leading
to the metabolism of triglycerides into free fatty acids.] Patients
administered nonselective p-blockers have increased low-
density lipoprotein (“bad” cholesterol), increased triglycerides,
and reduced high-density lipoprotein (“good” cholesterol). These
effects on the serum lipid profile may be less pronounced with
the use of f,-selective antagonists such as metoprolol.

CNS effects: Propranolo/l has numerous CNS-mediated
effects, including depression, dizziness, lethargy, fatigue, weak-
ness, visual disturbances, hallucinations, short-term memory
loss, emotional lability, vivid dreams (including nightmares),
and depression. Fewer CNS effects may be seen with more
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hydrophilic -blockers (for example, atenolol), since they do not
cross the blood—brain barrier as readily.

f. Drug interactions: Drugs that interfere with, or inhibit, the
metabolism of propranolol, such as cimetidine, fluoxetine,
paroxetine, and ritonavir, may potentiate its antihypertensive
effects. Conversely, those that stimulate or induce its metab-
olism, such as barbiturates, phenytoin, and rifampin, can
decrease its effects.

B. Nadolol and timolol: Nonselective f§ antagonists

Nadolol [NAH-doh-lole] and timolol [TIM-o-lole] also block p.- and
p,-adrenoceptors and are more potent than propranolol. Nadolol has
a very long duration of action (Figure 7.6). Timolol reduces the pro-
duction of aqueous humor in the eye. It is used topically in the treat-
ment of chronic open-angle glaucoma and, occasionally, for systemic
treatment of hypertension.

1. Treatment of glaucoma: p-blockers, such as topically applied
timolol, betaxolol, or carteolol, are effective in diminishing intraocu-
lar pressure in glaucoma. This occurs by decreasing the secretion
of aqueous humor by the ciliary body. Unlike the cholinergic drugs,
these agents neither affect the ability of the eye to focus for near
vision nor change pupil size. When administered intraocularly, the
onset is about 30 minutes, and the effects last for 12 to 24 hours.
The B-blockers are only used for chronic management of glaucoma.
In an acute attack of glaucoma, pilocarpine is still the drug of choice
for emergency lowering of intraocular pressure. Other agents used in
the treatment of glaucoma are summarized in Figure 7.9.

CLASS OF DRUG

DRUG NAMES

MECHANISM OF ACTION

SIDE EFFECTS

B-Adrenergic antagonists
(topical)

o-Adrenergic agonists
(topical)

Cholinergic agonists
(topical)

Prostaglandin-like
analogues (topical)

Carbonic anhydrase
inhibitors
(topical and systemic)

Betaxolol, carteolol, levobunolol,
metipranolol, timolol

Apraclonidine, brimonidine

Pilocarpine, carbachol

Latanoprost, travoprost,
bimatoprost

Dorzolamide and brinzolamide
(topical), acetazolamide, and
methazolamide (oral)

Decrease of aqueous humor
production

Decrease of aqueous humor
production and increase of
aqueous outflow

Increase of aqueous outflow

Increase of aqueous humor
outflow

Decrease of aqueous humor
production

Ocular irritation; contraindicated in patients
with asthma, obstructive airway disease,
bradycardia, and congestive heart failure.

Red eye and ocular irritation, allergic
reactions, malaise, and headache.

Eye or brow pain, increased myopia, and
decreased vision.

Red eye and ocular irritation,
increased iris pigmentation, and
excessive hair growth of eye lashes.

Transient myopia, nausea, diarrhea, loss of
appetite and taste, and renal stones (oral
drugs).

Figure 7.9

Classes of drugs used to treat glaucoma.
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m Agonists

(for example, epinephrine)

f3; and B, receptor

f3; and B, receptors activated

\

CELLULAR EFFECTS

B Antagonists

(for example, propranolol)

.v Epinephrine

B, and B, receptors blocked
but not activated

Partial agonists

(for example, pindolol
and acebutolol)

B, and B, receptors partially activated
but unable to respond to more potent

catecholamines

DECREASED
CELLULAR EFFECTS

Figure 7.10

Comparison of agonists,
antagonists, and partial agonists of
 adrenoceptors.

C. Acebutolol, atenolol, betaxolol, bisoprolol, esmolol, metoprolol,

and nebivolol: Selective p, antagonists

Drugs that preferentially block the f, receptors minimize the unwanted
bronchoconstriction (B, effect) seen with propranolol use in asthma
patients. Cardioselective p-blockers, such as acebutolol [a-se-BYOO-
toe-lole], atenolol[a-TEN-oh-lole], and metoprolol [me-TOE-proe-lole],
antagonize B, receptors at doses 50- to 100-fold less than those
required to block f, receptors. This cardioselectivity is most pro-
nounced at low doses and is lost at high doses. [Note: Since p, selec-
tivity of these agents is lost at high doses, they may antagonize
B, receptors.]

1. Actions: These drugs lower blood pressure in hypertension
and increase exercise tolerance in angina (Figure 7.7). Esmolol
[EZ-moe-lole] has a very short half-life (Figure 7.6) due to
metabolism of an ester linkage. It is only available intravenously
and is used to control blood pressure or heart rhythm during
surgery or diagnostic procedures. In contrast to propranolol,
the cardioselective B-blockers have fewer effects on pulmonary
function, peripheral resistance, and carbohydrate metabolism.
Nevertheless, asthma patients treated with these agents must
be carefully monitored to make certain that respiratory activity
is not compromised. In addition to its cardioselective p blockade,
nebivolol releases nitric oxide from endothelial cells and causes
vasodilation.

2. Therapeutic uses: The cardioselective p-blockers are use-
ful in hypertensive patients with impaired pulmonary function.
These agents are also first-line therapy for chronic stable angina.
Bisoprolol and the extended-release formulation of metoprolol are
indicated for the management of chronic heart failure. Because
these drugs have less effect on peripheral vascular , receptors,
coldness of extremities (Raynaud phenomenon), a common side
effect of B-blockers, is less frequent.

D. Acebutolol and pindolol: Antagonists with partial agonist

activity
1. Actions:

a. Cardiovascular: Acebutolol (p,-selective antagonist) and
pindolol (nonselective p-blocker) [PIN-doe-lole] are not pure
antagonists. These drugs also have the ability to weakly stimu-
late both B, and p, receptors (Figure 7.10) and are said to have
intrinsic sympathomimetic activity (ISA). These partial agonists
stimulate the p receptor to which they are bound, yet they inhibit
stimulation by the more potent endogenous catecholamines,
epinephrine and norepinephrine. The result of these opposing
actions is a diminished effect on cardiac rate and cardiac output
compared to that of p-blockers without ISA.

b. Decreased metabolic effects: f-blockers with ISA minimize
the disturbances of lipid and carbohydrate metabolism that are
seen with other p-blockers. For example, these agents do not
decrease plasma HDL levels.
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2. Therapeutic use in hypertension: p-blockers with ISA are
effective in hypertensive patients with moderate bradycardia,
because a further decrease in heart rate is less pronounced
with these drugs. [Note: B-blockers with ISA are not used for
stable angina or arrhythmias due to their partial agonist effect.]
Figure 7.11 summarizes some of the indications for g-blockers.

E. Labetalol and carvedilol: Antagonists of both « and
adrenoceptors

1. Actions: Labetalol [lah-BET-a-lole] and carvedilol [CAR-ve-dil-ol]
are nonselective p-blockers with concurrent a,-blocking actions that
produce peripheral vasodilation, thereby reducing blood pressure.
They contrast with the other p-blockers that produce initial peripheral
vasoconstriction, and these agents are, therefore, useful in treating
hypertensive patients for whom increased peripheral vascular resis-
tance is undesirable. Carvedilol also decreases lipid peroxidation
and vascular wall thickening, effects that have benefit in heart failure.

2. Therapeutic use in hypertension and heart failure: Labetalol is
employed as an alternative to methyldopa in the treatment of preg-
nancy-induced hypertension. Intravenous labetalol is also used to
treat hypertensive emergencies, because it can rapidly lower blood
pressure (see Chapter 17). p-blockers should not be given to patients
with an acute exacerbation of heart failure, as they can worsen the
condition. However, carvedilol as well as metoprolol and bisoprolol are
beneficial in patients with stable chronic heart failure. These agents
work by blocking the effects of sympathetic stimulation on the heart,
which causes worsening heart failure over time (see Chapter 19).

3. Adverse effects: Orthostatic hypotension and dizziness are
associated with o, blockade. Figure 7.12 summarizes the receptor
specificities and uses of the p-adrenergic antagonists.

IV. DRUGS AFFECTING NEUROTRANSMITTER
RELEASE OR UPTAKE

Some agents act on the adrenergic neuron, either to interfere with neu-
rotransmitter release from storage vesicles or to alter the uptake of the
neurotransmitter into the adrenergic neuron. However, due to the advent
of newer and more effective agents with fewer side effects, these agents
are seldom used therapeutically. Reserpine [re-SER-peen] is one of the
remaining agents in this category.

Reserpine, a plant alkaloid, blocks the Mg?*/adenosine triphosphate—
dependent transport of biogenic amines (norepinephrine, dopamine, and
serotonin) from the cytoplasm into storage vesicles in the adrenergic
nerve terminals in all body tissues. This causes the ultimate depletion of
biogenic amines. Sympathetic function, in general, is impaired because
of decreased release of norepinephrine. Reserpine has a slow onset,
a long duration of action, and effects that persist for many days after
discontinuation. It has been used for the management of hypertension
but has largely been replaced with newer agents with better side effect
profiles and fewer drug interactions.

Hypertension

Propranolol, metoprolol, and
other B-blockers reduce cardiac
output and renin secretion.

Glaucoma

Timolol and other B-blockers
reduce secretion of aqueous
humor.

Migraine
Propranolol provides
a prophylactic effect.

Thyrotoxicosis
Propranolol reduces
cardiac rate and
potential for
arrhythmias.

Arrhythmia prophylaxis after
myocardial infarction

Propranolol and metoprolol reduce
cardiac output and renin secretion.

Supraventricular tachycardias

Propranolol and esmolol
slow AV conduction velocity.

Angina pectoris

Propranolol, nadolol, and other
B-blockers reduce cardiac
rate and force.

-—

Figure 7.11

Some clinical applications of p-blockers.
AV = atrioventricular.
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RECEPTOR THERAPEUTIC USES
SPECIFICITY

Propranolol B1, B2 Hypertension
Migraine
Hyperthyroidism
Angina pectoris
Myocardial infarction

Nadolol B.. B . tensi

) rtension

Pindolol bR PSR

Timolol B1, B2 Glaucoma, hypertension

Atenolol .

BisoproloP ; Hyp.ertenswn

Esmolol ! Gl . .

Metoprolol2 Myocardial infarction

Acebutolol Bi Hypertension

Nebivolol B, NO f Hypertension

Carvedilol? .

Labetalol oy, B1, B2 Hypertension

Figure 7.12

Summary of B-adrenergic antagonists. NO = nitric oxide. 'Acebutolol and pindolol are partial agonists, as well. 2Bisoprolol,
metoprolol, and carvedilol are also used for the treatment of heart failure.

Study Questions

Choose the ONE best answer.

71 A §0-year-olq female. pgtlent started on a new Correct answer = C. a-Blockers (prazosin) are more likely
antihypertensive medication recently. Her blood to cause orthostatic hypotension compared to p-blockers
pressure seems to be under control, but she complains (metoprolol, propranolol) and «, agonists (clonidine).
of fatigue, drowsiness, and fainting when she gets up
from the bed (orthostatic hypotension). Which of the
following drugs is she most likely taking?

A. Metoprolol.
B. Propranolol.
C. Prazosin.
D. Clonidine.
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7.2

7.3

7.4

7.5

A 30-year-old male patient was brought to the ER with
amphetamine overdose. He presented with high blood
pressure and arrhythmia. Which of the following is
correct regarding this patient?

A. Amphetamine can activate all types of adrenergic
receptors.

B. p-Blockers are the ideal antidotes for amphetamine
poisoning.

C. a-Blockers can normalize the blood pressure in this
patient.

D. Miosis could be a possible symptom of
amphetamine poisoning.

A new antihypertensive drug was tested in an animal
model of hypertension. The drug when given alone
reduces blood pressure in the animal. Norepinephrine
when given in the presence of this drug did not cause
any significant change in blood pressure or heart
rate in the animal. The new drug is similar to which
of the following drugs in terms of its pharmacological
mechanism of action?

A. Prazosin.
B. Clonidine.
C. Propranolol.
D. Metoprolol.
E. Carvedilol.

A p-blocker was prescribed for hypertension in a female
asthma patient. After about a week of treatment, the
asthma attacks got worse, and the patient was asked
to stop taking the p-blocker. Which of the following
f-blockers would you suggest as an alternative in this
patient that is less likely to worsen her asthma?

A. Propranolol.
B. Metoprolol.
C. Labetalol.
D. Carvedilol.

A 70-year-old male needs to be treated with an
a-blocker for overflow incontinence due to his enlarged
prostate. Which of the following drugs would you
suggest in this patent that will not affect his blood
pressure significantly?

A. Prazosin.

B. Doxazosin.
C. Phentolamine.
D. Tamsulosin.
E. Terazosin.

Correct answer = A. Amphetamine is an indirect adrenergic
agonist that mainly enhances the release of norepinephrine
from peripheral sympathetic neurons. Therefore, it activates
all types of adrenergic receptors (that is, a and {3 receptors)
and causes an increase in blood pressure. Since both o
and f receptors are activated by amphetamine, a-blockers
or p-blockers alone cannot relieve the symptoms of amphet-
amine poisoning. Since amphetamine causes sympathetic
activation, it causes mydriasis, not miosis.

Correct answer = E. Norepinephrine activates both «,
and p, receptors and causes an increase in heart rate
and blood pressure. A drug that prevents the increase in
blood pressure caused by norepinephrine should be simi-
lar to carvedilol that antagonizes both o, and f, receptors.
Prazosin is an o, antagonist, clonidine is an «, agonist, and
propranolol and metoprolol are p antagonists, and these
drugs cannot completely prevent the cardiovascular effects
of norepinephrine.

Correct answer = B. The patient was most likely given a
nonselective p-blocker (antagonizes both p, and p, recep-
tors) that made her asthma worse due to §, antagonism.
An alternative is to prescribe a cardioselective (antagonizes
only ,) B-blocker that does not antagonize p, receptors in
the bronchioles. Metoprolol is a cardioselective p-blocker.
Propranolol, labetalol, and carvedilol are nonselective
fB-blockers and could worsen the asthma.

Correct answer = D. Tamsulosin is an «, antagonist that is
more selective to the o, receptor subtype («,,) present in
the prostate and less selective to the «, receptor subtype
(x,5) present in the blood vessels. Therefore, tamsulosin
does not affect blood pressure significantly. Prazosin, doxa-
zosin, terazosin, and phentolamine antagonize both these
subtypes and cause significant hypotension as a side effect.
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7.6 A 50-year-old male was brought to the emergency room
after being stung by a hornet. The patient was found to
be in anaphylactic shock, and the medical team tried
to reverse the bronchoconstriction and hypotension
using epinephrine. However, the patient did not fully
respond to the epinephrine treatment. The patient’s wife
mentioned that he is taking a prescription medication
for his blood pressure, the name of which she does not
remember. Which of the following medications is he
most likely taking that could have prevented the effects
of epinephrine?

A. Doxazosin.
B. Propranolol.
C. Metoprolol.
D. Acebutolol.

7.7 Which of the following is correct regarding a-adrenergic
blockers?

A. a-Adrenergic blockers are used in the treatment of
hypotension in anaphylactic shock.

B. a-Adrenergic blockers are used in the treatment of
benign prostatic hyperplasia (BPH).

C. a-Adrenergic blockers may cause bradycardia.

D. a-Adrenergic blockers are used in the treatment of
asthma.

E. a-Adrenergic blockers reduce the frequency of
urination.

7.8 Which of the following is correct regarding p-blockers?
A. Treatment with p-blockers should not be stopped

abruptly.

. Propranolol is a cardioselective p-blocker.

. p-Blockers may cause orthostatic hypotension.

. Cardioselective p-blockers worsen asthma.

. B-Blockers decrease peripheral resistance by
causing vasorelaxation.

moom

7.9 Which of the following drugs is commonly used topically
in the treatment of glaucoma?

A. Atropine.
B. Timolol.
C. Tropicamide.
D. Scopolamine.

7.10 Which of the following is correct regarding carvedilol?

A. Carvedilol is a cardioselective p-blocker.
B. Carvedilol is safe for use in asthma patients.
C. Carvedilol has a,-blocking activity.

D. Carvedilol is contraindicated in the treatment of
stable chronic heart failure.

Correct answer = B. Epinephrine reverses hypotension by
activating f, receptors and relieves bronchoconstriction by
activating p, receptors in anaphylaxis. Since epinephrine
was not effective in reversing hypotension or bronchocon-
striction in this patient, it could be assumed that the patient
was on a nonselective p-blocker (propranolol). Doxazosin
(a,-blocker), metoprolol, or acebutolol (both B,-selective
blockers) would not have completely prevented the effects
of epinephrine.

Correct answer = B. a-Adrenergic blockers are used in
the treatment of BPH because of their relaxant effect on
prostate smooth muscles. Being antihypertensive agents,
they are not useful in treating hypotension in anaphylaxis.
a-Adrenergic blockers generally cause reflex tachycardia
(not bradycardia) due to the significant drop in blood pres-
sure caused by them. a-Adrenergic blockers have no sig-
nificant effects on bronchial tissues and are not useful in
treating asthma. They increase (not reduce) the frequency
of urination by relaxing the internal sphincter of the urinary
bladder, which is controlled by «, receptors.

Correct answer = A. If p-blocker therapy is stopped abruptly,
that could cause angina and rebound hypertension. This
could be due to the up-regulation of f§ receptors in the body.
B-Blockers do not cause direct vasorelaxation. Therefore,
they do not decrease peripheral resistance and are less
likely to cause orthostatic hypotension. Propranolol is a
nonselective B-blocker (not cardioselective). Cardioselective
p-blockers antagonize only B, receptors and do not worsen
asthma as they do not antagonize f, receptors.

Correct answer = B. B-Blockers reduce the formation of
aqueous humor in the eye and therefore reduce intraocular
pressure, thus relieving glaucoma. Timolol is a nonselective
B-blocker that is commonly used topically to treat glaucoma.
Atropine, tropicamide, and scopolamine are anticholinergic
drugs that might worsen glaucoma.

Correct answer = C. Carvedilol is a nonselective p-blocker
with o, -blocking activity. Since it also blocks f, receptors in
the lungs, carvedilol could exacerbate asthma. Carvedilol is
not used in patients with acute exacerbation of heart failure
but is used in the treatment of stable, chronic heart failure.




UNIT III

Affecting the Central
Nervous System

Drugs for
Neurodegenerative
Diseases

Jose A. Rey

. OVERVIEW

Most drugs that affect the central nervous system (CNS) act by altering
some step in the neurotransmission process. Drugs affecting the CNS may
act presynaptically by influencing the production, storage, release, or ter-
mination of action of neurotransmitters. Other agents may activate or block
postsynaptic receptors. This chapter provides an overview of the CNS, with
a focus on those neurotransmitters that are involved in the actions of the
clinically useful CNS drugs. These concepts are useful in understanding the
etiology and treatment strategies for the neurodegenerative disorders that
respond to drug therapy: Parkinson’s disease, Alzheimer’s disease, mul-
tiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS) (Figure 8.1).

IIl. NEUROTRANSMISSION INTHE CNS

In many ways, the basic functioning of neurons in the CNS is similar to
that of the autonomic nervous system (ANS) described in Chapter 3.
For example, transmission of information in both the CNS and in the
periphery involves the release of neurotransmitters that diffuse across
the synaptic space to bind to specific receptors on the postsynaptic neu-
ron. In both systems, the recognition of the neurotransmitter by the mem-
brane receptor of the postsynaptic neuron triggers intracellular changes.
However, several major differences exist between neurons in the periph-
eral ANS and those in the CNS. The circuitry of the CNS is much more
complex than that of the ANS, and the number of synapses in the CNS
is far greater. The CNS, unlike the peripheral ANS, contains powerful
networks of inhibitory neurons that are constantly active in modulating
the rate of neuronal transmission. In addition, the CNS communicates

ANTI-PARKINSON DRUGS

Amantadine SYMMETREL
Apomorphine APOKYN
Benztropine COGENTIN

Biperiden AKINETON
Bromocriptine PARLODEL
Carbidopa LODOSYN

Entacapone COMTAN

Levodopa (w/Carbidopa) SINEMET,
PARCOPA

Pramipexole MIRAPEX
Procyclidine KEMADRIN

Rasagiline AzILECT

Ropinirole REQUIP

Rotigotine NEUPRO

Selegiline (Deprenyl) ELDEPRYL, ZELAPAR
Tolcapone TASMAR
Trihexyphenidyl ARTANE

Donepezil ARICEPT
Galantamine RAZADYNE
Memantine NAMENDA
Rivastigmine EXELON

Figure 8.1

Summary of agents used in the
treatment of Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis,
and amyotrophic lateral sclerosis.
(Figure continues on next page.)

107



108

8. Drugs for Neurodegenerative Diseases

ANTI-MULTIPLE SCLEROSIS DRUGS

Azathioprine AZASAN, IMURAN
Cyclophosphamide CYTOXAN
Dalfampridine AMPYRA
Dexamethasone BAYCADRON, DECADRON
Dimethyl fumarate TECFIDERA
Fingolimod GILENYA

Glatiramer COPAXONE

Interferon 31a AVONEX, REBIF
Interferon [31b BETASERON, EXTAVIA
Mitoxantrone NOVANTRONE
Natalizumab TYSABRI

Prednisone DELTASONE
Teriflunomide AUBAGIO

ANTI-ALS DRUGS

Riluzole RILUTEK

Figure 8.1 (continued)
Summary of agents used in the
treatment of Parkinson’s disease,
Alzheimer’s disease, multiple
sclerosis, and amyotrophic lateral
sclerosis (ALS).

' m Receptor empty
(no agonists)

Empty receptor is inactive, and the
coupled sodium channel is closed.

POSTSYNAPTIC +
Na
NEURON MEMBRANE

+++ Ly F++

o i

— — — Acetylcholine A- - =
receptor Sodium channel
(closed)

B Receptor binding
of excitatory
neurotransmitter

Binding of acetylcholine causes
the sodium ion channel to open.

Acetylcholine Nat

Acetylcholine
receptor

Na* Na'*

Entry of Na* depolarizes the cell
and increases neural excitability.

Figure 8.2

Binding of the excitatory
neurotransmitter, acetylcholine,
causes depolarization of the neuron.

through the use of multiple neurotransmitters, whereas the ANS uses
only two primary neurotransmitters, acetylcholine and norepinephrine.

lll. SYNAPTIC POTENTIALS

In the CNS, receptors at most synapses are coupled to ion channels.
Binding of the neurotransmitter to the postsynaptic membrane receptors
results in a rapid but transient opening of ion channels. Open channels
allow specific ions inside and outside the cell membrane to flow down
their concentration gradients. The resulting change in the ionic composi-
tion across the membrane of the neuron alters the postsynaptic potential,
producing either depolarization or hyperpolarization of the postsynap-
tic membrane, depending on the specific ions and the direction of their
movement.

A. Excitatory pathways

Neurotransmitters can be classified as either excitatory or inhibitory,
depending on the nature of the action they elicit. Stimulation of excit-
atory neurons causes a movement of ions that results in a depolar-
ization of the postsynaptic membrane. These excitatory postsynaptic
potentials (EPSP) are generated by the following: 1) Stimulation of
an excitatory neuron causes the release of neurotransmitter mole-
cules, such as glutamate or acetylcholine, which bind to receptors on
the postsynaptic cell membrane. This causes a transient increase in
the permeability of sodium (Na*) ions. 2) The influx of Na* causes a
weak depolarization, or EPSP, that moves the postsynaptic potential
toward its firing threshold. 3) If the number of stimulated excitatory
neurons increases, more excitatory neurotransmitter is released. This
ultimately causes the EPSP depolarization of the postsynaptic cell to
pass a threshold, thereby generating an all-or-none action potential.
[Note: The generation of a nerve impulse typically reflects the activa-
tion of synaptic receptors by thousands of excitatory neurotransmitter
molecules released from many nerve fibers.] Figure 8.2 shows an
example of an excitatory pathway.

B. Inhibitory pathways

Stimulation of inhibitory neurons causes movement of ions that
results in a hyperpolarization of the postsynaptic membrane. These
inhibitory postsynaptic potentials (IPSP) are generated by the fol-
lowing: 1) Stimulation of inhibitory neurons releases neurotrans-
mitter molecules, such as y-aminobutyric acid (GABA) or glycine,
which bind to receptors on the postsynaptic cell membrane. This
causes a transient increase in the permeability of specific ions, such
as potassium (K+*) and chloride (CI-). 2) The influx of CI- and efflux
of K+ cause a weak hyperpolarization, or IPSP, that moves the post-
synaptic potential away from its firing threshold. This diminishes the
generation of action potentials. Figure 8.3 shows an example of an
inhibitory pathway.

C. Combined effects of the EPSP and IPSP

Most neurons in the CNS receive both EPSP and IPSP input. Thus,
several different types of neurotransmitters may act on the same
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neuron, but each binds to its own specific receptor. The overall action
is the summation of the individual actions of the various neurotrans-
mitters on the neuron. The neurotransmitters are not uniformly dis-
tributed in the CNS but are localized in specific clusters of neurons,
the axons of which may synapse with specific regions of the brain.
Many neuronal tracts, thus, seem to be chemically coded, and this
may offer greater opportunity for selective modulation of certain neu-
ronal pathways.

IV. NEURODEGENERATIVE DISEASES

Neurodegenerative diseases of the CNS include Parkinson’s disease,
Alzheimer’s disease, MS, and ALS. These devastating illnesses are char-
acterized by the progressive loss of selected neurons in discrete brain
areas, resulting in characteristic disorders of movement, cognition, or
both.

V. OVERVIEW OF PARKINSON’S DISEASE

Parkinsonism is a progressive neurological disorder of muscle move-
ment, characterized by tremors, muscular rigidity, bradykinesia (slow-
ness in initiating and carrying out voluntary movements), and postural
and gait abnormalities. Most cases involve people over the age of 65,
among whom the incidence is about 1 in 100 individuals.

A. Etiology

The cause of Parkinson’s disease is unknown for most patients. The
disease is correlated with destruction of dopaminergic neurons in the
substantia nigra with a consequent reduction of dopamine actions
in the corpus striatum, parts of the basal ganglia system that are
involved in motor control.

1. Substantia nigra: The substantia nigra, part of the extrapyrami-
dal system, is the source of dopaminergic neurons (shown in red
in Figure 8.4) that terminate in the neostriatum. Each dopaminer-
gic neuron makes thousands of synaptic contacts within the neo-
striatum and, therefore, modulates the activity of a large number
of cells. These dopaminergic projections from the substantia nigra
fire tonically rather than in response to specific muscular move-
ments or sensory input. Thus, the dopaminergic system appears to
serve as a tonic, sustaining influence on motor activity, rather than
participating in specific movements.

2. Neostriatum: Normally, the neostriatum is connected to the
substantia nigra by neurons (shown in orange in Figure 8.4) that
secrete the inhibitory transmitter GABA at their termini. In turn,
cells of the substantia nigra send neurons back to the neostria-
tum, secreting the inhibitory transmitter dopamine at their ter-
mini. This mutual inhibitory pathway normally maintains a degree
of inhibition of both areas. In Parkinson’s disease, destruction of
cells in the substantia nigra results in the degeneration of the
nerve terminals that secrete dopamine in the neostriatum. Thus,
the normal inhibitory influence of dopamine on cholinergic neurons
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Figure 8.3

Binding of the inhibitory
neurotransmitter, y-aminobutyric acid
(GABA), causes hyperpolarization of
the neuron.
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Loss of the inhibitory effect
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to impaired mobility.
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Role of substantia nigra in
Parkinson’s disease. DA = dopamine;
GABA = y-aminobutyric acid;

ACh = acetylcholine.

in the neostriatum is significantly diminished, resulting in over-
production or a relative overactivity of acetylcholine by the stim-
ulatory neurons (shown in green in Figure 8.4). This triggers a
chain of abnormal signaling, resulting in loss of the control of
muscle movements.

3. Secondary parkinsonism: Drugs such as the phenothiazines
and haloperidol, whose major pharmacologic action is blockade of
dopamine receptors in the brain, may produce parkinsonian symp-
toms (also called pseudoparkinsonism). These drugs should be
used with caution in patients with Parkinson’s disease.

B. Strategy of treatment

In addition to an abundance of inhibitory dopaminergic neurons,
the neostriatum is also rich in excitatory cholinergic neurons that
oppose the action of dopamine (Figure 8.4). Many of the symptoms
of parkinsonism reflect an imbalance between the excitatory cho-
linergic neurons and the greatly diminished number of inhibitory
dopaminergic neurons. Therapy is aimed at restoring dopamine in
the basal ganglia and antagonizing the excitatory effect of choliner-
gic neurons, thus reestablishing the correct dopamine/acetylcholine
balance.

VI. DRUGS USED IN PARKINSON’S DISEASE

Many currently available drugs aim to maintain CNS dopamine levels
as constant as possible. These agents offer temporary relief from the
symptoms of the disorder, but they do not arrest or reverse the neuronal
degeneration caused by the disease.

A. Levodopa and carbidopa

Levodopa [lee-voe-DOE-pa] is a metabolic precursor of dopamine
(Figure 8.5). It restores dopaminergic neurotransmission in the
neostriatum by enhancing the synthesis of dopamine in the surviv-
ing neurons of the substantia nigra. In early disease, the number of
residual dopaminergic neurons in the substantia nigra (typically about
20% of normal) is adequate for conversion of levodopa to dopamine.
Thus, in new patients, the therapeutic response to levodopa is consis-
tent, and the patient rarely complains that the drug effects “wear off.”
Unfortunately, with time, the number of neurons decreases, and fewer
cells are capable of converting exogenously administered /evodopa
to dopamine. Consequently, motor control fluctuation develops. Relief
provided by levodopa is only symptomatic, and it lasts only while the
drug is present in the body. The effects of levodopa on the CNS can
be greatly enhanced by coadministering carbidopa [kar-bi-DOE-pa], a
dopamine decarboxylase inhibitor that does not cross the blood-brain
barrier.

1. Mechanism of action:

a. Levodopa: Dopamine does not cross the blood—brain barrier,
but its immediate precursor, levodopa, is actively transported
into the CNS and converted to dopamine (Figure 8.5). Levodopa
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Synthesis of dopamine from levodopa in the absence and presence of carbidopa, an inhibitor of dopamine decarboxylase in
the peripheral tissues. Gl = gastrointestinal.

must be administered with carbidopa. Without carbidopa, much
ofthe drug is decarboxylated to dopamine in the periphery, result-
ing in nausea, vomiting, cardiac arrhythmias, and hypotension.

b. Carbidopa: Carbidopa, a dopamine decarboxylase inhibitor,
diminishes the metabolism of levodopa in the periphery, thereby
increasing the availability of levodopa to the CNS. The addition
of carbidopa lowers the dose of levodopa needed by four- to
fivefold and, consequently, decreases the severity of the side
effects arising from peripherally formed dopamine.

2. Therapeutic uses: Levodopa in combination with carbidopa is an
efficacious drug regimen for the treatment of Parkinson’s disease.
It decreases rigidity, tremors, and other symptoms of parkinson-
ism. In approximately two-thirds of patients with Parkinson’s dis-
ease, levodopa—carbidopa substantially reduces the severity of
symptoms for the first few years of treatment. Patients typically
experience a decline in response during the 3rd to 5th year of ther-
apy. Withdrawal from the drug must be gradual.

3. Absorption and metabolism: The drug is absorbed rapidly
from the small intestine (when empty of food). Levodopa has an
extremely short half-life (1 to 2 hours), which causes fluctuations
in plasma concentration. This may produce fluctuations in motor
response, which generally correlate with the plasma concentration
of levodopa, or perhaps give rise to the more troublesome “on—off”
phenomenon, in which the motor fluctuations are not related to
plasma levels in a simple way. Motor fluctuations may cause the
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patient to suddenly lose normal mobility and experience tremors,
cramps, and immobility. Ingestion of meals, particularly if high in
protein, interferes with the transport of levodopa into the CNS.
Thus, levodopa should be taken on an empty stomach, typically
30 minutes before a meal.

4. Adverse effects:

a. Peripheral effects: Anorexia, nausea, and vomiting occur
because of stimulation of the chemoreceptor trigger zone
(Figure 8.6). Tachycardia and ventricular extrasystoles result
from dopaminergic action on the heart. Hypotension may
also develop. Adrenergic action on the iris causes mydriasis.
In some individuals, blood dyscrasias and a positive reaction
to the Coombs test are seen. Saliva and urine are a brownish
color because of the melanin pigment produced from catechol-
amine oxidation.

b. CNS effects: Visual and auditory hallucinations and abnormal
involuntary movements (dyskinesias) may occur. These effects
are the opposite of parkinsonian symptoms and reflect over-
activity of dopamine in the basal ganglia. Levodopa can also
cause mood changes, depression, psychosis, and anxiety.

5. Interactions: The vitamin pyridoxine (B,) increases the peripheral
breakdown of levodopa and diminishes its effectiveness (Figure 8.7).
Concomitant administration of /evodopa and non-selective mono-
amine oxidase inhibitors (MAQIs), such as phenelzine, can pro-
duce a hypertensive crisis caused by enhanced catecholamine
production. Therefore, concomitant administration of these agents
is contraindicated. In many psychotic patients, levodopa exac-
erbates symptoms, possibly through the buildup of central cat-
echolamines. Cardiac patients should be carefully monitored for
the possible development of arrhythmias. Antipsychotic drugs are
generally contraindicated in Parkinson’s disease, because they
potently block dopamine receptors and may augment parkinso-
nian symptoms. However, low doses of atypical antipsychotics are
sometimes used to treat levodopa-induced psychotic symptoms.

. Selegiline and rasagiline

Selegiline [seh-LEDGE-ah-leen], also called deprenyl [DE-pre-nill],
selectively inhibits monoamine oxidase (MAO) type B (metabolizes
dopamine) at low to moderate doses. It does not inhibit MAO type A
(metabolizes norepinephrine and serotonin) unless given above rec-
ommended doses, where it loses its selectivity. By decreasing the
metabolism of dopamine, selegiline increases dopamine levels in the
brain (Figure 8.8). When selegiline is administered with /evodopa,
it enhances the actions of levodopa and substantially reduces the
required dose. Unlike nonselective MAQOIs, selegiline at recommended
doses has little potential for causing hypertensive crises. However,
the drug loses selectivity at high doses, and there is a risk for severe
hypertension. Selegiline is metabolized to methamphetamine and
amphetamine, whose stimulating properties may produce insomnia if
the drug is administered later than mid-afternoon. Rasagiline [ra-SA-
gi-leen], an irreversible and selective inhibitor of brain MAO type B,
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has five times the potency of selegiline. Unlike selegiline, rasagiline is
not metabolized to an amphetamine-like substance.

C. Catechol-O-methyltransferase inhibitors

Normally, the methylation of levodopa by catechol-O-methyltrans-
ferase (COMT) to 3-O-methyldopa is a minor pathway for levodopa
metabolism. However, when peripheral dopamine decarboxyl-
ase activity is inhibited by carbidopa, a significant concentration of
3-O-methyldopa is formed that competes with levodopa for active
transport into the CNS (Figure 8.9). Entacapone [en-TAK-a-pone] and
tolcapone [TOLE-ka-pone] selectively and reversibly inhibit COMT.
Inhibition of COMT by these agents leads to decreased plasma con-
centrations of 3-O-methyldopa, increased central uptake of levodopa,
and greater concentrations of brain dopamine. Both of these agents
reduce the symptoms of “wearing-off” phenomena seen in patients on
levodopa—carbidopa. The two drugs differ primarily in their pharmaco-
kinetic and adverse effect profiles.

1. Pharmacokinetics: Oral absorption of both drugs occurs read-
ily and is not influenced by food. They are extensively bound to
plasma albumin, with a limited volume of distribution. Tolcapone
has a relatively long duration of action (probably due to its affinity
for the enzyme) compared to entacapone, which requires more
frequent dosing. Both drugs are extensively metabolized and elimi-
nated in feces and urine. The dosage may need to be adjusted in
patients with moderate or severe cirrhosis.

2. Adverse effects: Both drugs exhibit adverse effects that are
observed in patients taking levodopa—carbidopa, including diar-
rhea, postural hypotension, nausea, anorexia, dyskinesias, hallu-
cinations, and sleep disorders. Most seriously, fulminating hepatic
necrosis is associated with tolcapone use. Therefore, it should be
used, along with appropriate hepatic function monitoring, only in
patients in whom other modalities have failed. Entacapone does
not exhibit this toxicity and has largely replaced tolcapone.
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v 2 D. Dopamine receptor agonists
r4
A y 4 This group of antiparkinsonian compounds includes bromocriptine,
‘ | Sedation an ergot derivative, the nonergot drugs, ropinirole [roe-PIN-i-role],

pramipexole [pra-mi-PEX-ole], rotigotine [ro-TIG-oh-teen], and the
newer agent, apomorphine [A-poe-more-feen]. These agents have a
longer duration of action than that of levodopa and are effective in
patients exhibiting fluctuations in response to levodopa. Initial therapy
with these drugs is associated with less risk of developing dyskinesias
and motor fluctuations as compared to patients started on levodopa.
Bromocriptine, pramipexole, and ropinirole are effective in patients
with Parkinson’s disease complicated by motor fluctuations and dys-
kinesias. However, these drugs are ineffective in patients who have
not responded to levodopa. Apomorphine is an injectable dopamine
agonist that is used in severe and advanced stages of the disease to
supplement oral medications. Side effects severely limit the utility of
Confusion the dopamine agonists (Figure 8.10).

Hallucinations

1. Bromocriptine: The actions of the ergot derivative bromocriptine
[broe-moe-KRIP-teen] are similar to those of levodopa, except that
hallucinations, confusion, delirium, nausea, and orthostatic hypo-
tension are more common, whereas dyskinesia is less prominent.
In psychiatric illness, bromocriptine may cause the mental con-

Nausea dition to worsen. It should be used with caution in patients with
a history of myocardial infarction or peripheral vascular disease.
Because bromocriptine is an ergot derivative, it has the potential
to cause pulmonary and retroperitoneal fibrosis.

2. Apomorphine, pramipexole, ropinirole, and rotigotine: These
are nonergot dopamine agonists that are approved for the treat-
ment of Parkinson’s disease. Pramipexole and ropinirole are orally

‘ active agents. Apomorphine and rotigotine are available in inject-

able and transdermal delivery systems, respectively. Apomorphine
is used for acute management of the hypomobility “off” phenom-

Hypotension

Figure 8.10 enon in advanced Parkinson’s disease. Rotigotine is adminis-
Some adverse effects of tered as a once-daily transdermal patch that provides even drug
dopamine agonists. levels over 24 hours. These agents alleviate the motor deficits

in patients who have never taken levodopa and also in patients
with advanced Parkinson’s disease who are treated with levodopa.
Dopamine agonists may delay the need to use levodopa in early
Parkinson’s disease and may decrease the dose of levodopa in
advanced Parkinson’s disease. Unlike the ergotamine derivatives,
these agents do not exacerbate peripheral vascular disorders or
cause fibrosis. Nausea, hallucinations, insomnia, dizziness, consti-
pation, and orthostatic hypotension are among the more distress-
ing side effects of these drugs, but dyskinesias are less frequent
than with levodopa (Figure 8.11). Pramipexole is mainly excreted
unchanged in the urine, and dosage adjustments are needed
in renal dysfunction. Cimetidine inhibits renal tubular secretion
of organic bases and may significantly increase the half-life of
pramipexole. The fluoroquinolone antibiotics and other inhibitors
of the cytochrome P450 (CYP450) 1A2 isoenzyme (for example,
fluoxetine) may inhibit the metabolism of ropinirole, requiring an
adjustment in ropinirole dosage. Figure 8.12 summarizes some
properties of dopamine agonists.
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E. Amantadine

It was accidentally discovered that the antiviral drug amantadine
[a-MAN-ta-deen], used to treat influenza, has an antiparkinsonian
action. Amantadine has several effects on a number of neurotrans-
mitters implicated in parkinsonism, including increasing the release of
dopamine, blocking cholinergic receptors, and inhibiting the N-methyl-
p-aspartate (NMDA) type of glutamate receptors. Current evidence
supports action at NMDA receptors as the primary action at thera-
peutic concentrations. [Note: If dopamine release is already at a maxi-
mum, amantadine has no effect.] The drug may cause restlessness,
agitation, confusion, and hallucinations, and, at high doses, it may
induce acute toxic psychosis. Orthostatic hypotension, urinary reten-
tion, peripheral edema, and dry mouth also may occur. Amantadine is
less efficacious than levodopa, and tolerance develops more readily.
However, amantadine has fewer side effects.

F. Antimuscarinic agents

The antimuscarinic agents are much less efficacious than levodopa
and play only an adjuvant role in antiparkinsonism therapy. The actions
of benztropine [BENZ-troe-peen], trihexyphenidyl! [tri-hex-ee-FEN-
i-dill], procyclidine [pro-SYE-kli-deen], and biperiden [bi-PER-i-den]
are similar, although individual patients may respond more favorably
to one drug. Blockage of cholinergic transmission produces effects
similar to augmentation of dopaminergic transmission, since it helps
to correct the imbalance in the dopamine/acetylcholine ratio (Figure
8.4). These agents can induce mood changes and produce xerosto-
mia (dryness of the mouth), constipation, and visual problems typical
of muscarinic blockers (see Chapter 5). They interfere with gastroin-
testinal peristalsis and are contraindicated in patients with glaucoma,
prostatic hyperplasia, or pyloric stenosis.

Vil. DRUGS USED IN ALZHEIMER'’S DISEASE

Dementia of the Alzheimer type has three distinguishing features: 1)
accumulation of senile plaques (B-amyloid accumulations), 2) forma-
tion of numerous neurofibrillary tangles, and 3) loss of cortical neu-
rons, particularly cholinergic neurons. Current therapies aim to either
improve cholinergic transmission within the CNS or prevent excitotoxic
actions resulting from overstimulation of NMDA-glutamate receptors in

complications and are most
commonly initiated before
levodopa in patients who
have mild disease and a
younger age of onset because
they may delay the need to
start levodopa therapy.
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Characteristic Pramipexole Ropinirole

Rotigotine

Bioavailability >90% 55% 45%

Vq 7 L/kg 7.5L/kg 84 L/kg

Half-life 8 hours! 6 hours 7 hours3

Metabolism Negligible Extensive Extensive

Elimination Renal Renal? Renal?
Figure 8.12

Pharmacokinetic properties of dopamine agonists pramipexole, ropinirole, and rotigotine. Vd = volume of
distribution. 'Increases to 12 hours in patients older than 65 years; 2Less than 10% excreted unchanged;

SAdministered as a once-daily transdermal patch.
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selected areas of the brain. Pharmacologic intervention for Alzheimer’s
disease is only palliative and provides modest short-term benefit. None
of the available therapeutic agents alter the underlying neurodegenera-
tive process.

A. Acetylcholinesterase inhibitors

Numerous studies have linked the progressive loss of cholinergic neu-
rons and, presumably, cholinergic transmission within the cortex to
the memory loss that is a hallmark symptom of Alzheimer’s disease. It
is postulated that inhibition of acetylcholinesterase (AChE) within the
CNS will improve cholinergic transmission, at least at those neurons
that are still functioning. The reversible AChE inhibitors approved for
the treatment of mild to moderate Alzheimer’s disease include done-
pezil [doe-NE-peh-zil], galantamine [ga-LAN-ta-meen], and rivastig-
mine [ri-va-STIG-meen]. All of them have some selectivity for AChE
in the CNS, as compared to the periphery. Galantamine may also
augment the action of acetylcholine at nicotinic receptors in the CNS.
At best, these compounds provide a modest reduction in the rate of
loss of cognitive functioning in Alzheimer patients. Rivastigmine is
the only agent approved for the management of dementia associated
with Parkinson’s disease and also the only AChE inhibitor available
as a transdermal formulation. Rivastigmine is hydrolyzed by AChE to
a carbamylate metabolite and has no interactions with drugs that alter
the activity of CYP450 enzymes. The other agents are substrates for
CYP450 and have a potential for such interactions. Common adverse
effects include nausea, diarrhea, vomiting, anorexia, tremors, brady-
cardia, and muscle cramps (Figure 8.13).

B. NMDA receptor antagonist

Stimulation of glutamate receptors in the CNS appears to be criti-
cal for the formation of certain memories. However, overstimulation
of glutamate receptors, particularly of the NMDA type, may result in
excitotoxic effects on neurons and is suggested as a mechanism for
neurodegenerative or apoptotic (programmed cell death) processes.
Binding of glutamate to the NMDA receptor assists in the opening of an
ion channel that allows Ca?* to enter the neuron. Excess intracellular
Ca?* can activate a number of processes that ultimately damage neu-
rons and lead to apoptosis. Memantine [meh-MAN-teen] is an NMDA
receptor antagonist indicated for moderate to severe Alzheimer’s dis-
ease. It acts by blocking the NMDA receptor and limiting Ca?* influx
into the neuron, such that toxic intracellular levels are not achieved.
Memantine is well tolerated, with few dose-dependent adverse events.
Expected side effects, such as confusion, agitation, and restlessness,
are indistinguishable from the symptoms of Alzheimer’s disease. Given
its different mechanism of action and possible neuroprotective effects,
memantine is often given in combination with an AChE inhibitor.

Viil. DRUGS USED IN MULTIPLE SCLEROSIS

Multiple sclerosis is an autoimmune inflammatory demyelinating disease
of the CNS. The course of MS is variable. For some, MS may consist of
one or two acute neurologic episodes. In others, it is a chronic, relapsing,
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or progressive disease that may span 10 to 20 years. Historically, cor-
ticosteroids (for example, dexamethasone and prednisone) have been
used to treat acute exacerbations of the disease. Chemotherapeutic
agents, such as cyclophosphamide and azathioprine, have also been
used.

A. Disease-modifying therapies

Drugs currently approved for MS are indicated to decrease relapse
rates or in some cases to prevent accumulation of disability. The major
target of these medications is to modify the immune response through
inhibition of white blood cell-mediated inflammatory processes that
eventually lead to myelin sheath damage and decreased or inappro-
priate axonal communication between cells.

1. Interferon B., and interferon f.: The immunomodulatory
effects of interferon [in-ter-FEER-on] help to diminish the inflam-
matory responses that lead to demyelination of the axon sheaths.
Adverse effects of these medications may include depression,
local injection site reactions, hepatic enzyme increases, and flu-
like symptoms.

2. Glatiramer: Glatiramer [gluh-TEER-a-mur] is a synthetic poly-
peptide that resembles myelin protein and may act as a decoy to
T-cell attack. Some patients experience a postinjection reaction
that includes flushing, chest pain, anxiety, and itching. It is usually
self-limiting.

3. Fingolimod: Fingolimod [fin-GO-li-mod] is an oral drug that alters
lymphocyte migration, resulting in fewer lymphocytes in the CNS.
Fingolimod may cause first-dose bradycardia and is associated
with an increased risk of infection and macular edema.

4. Teriflunomide: Teriflunomide [te-ree-FLOO-no-mide] is an oral
pyrimidine synthesis inhibitor that leads to a lower concentration of
active lymphocytes in the CNS. Teriflunomide may cause elevated
liver enzymes. It should be avoided in pregnancy.

5. Dimethyl fumarate: Dimethyl fumarate [dye-METH-il FOO-ma-
rate] is an oral agent that may alter the cellular response to oxida-
tive stress to reduce disease progression. Flushing and abdominal
pain are the most common adverse events.

6. Natalizumab: Natalizumab [na-ta-LIZ-oo-mab] is a monoclonal
antibody indicated for MS in patients who have failed first-line
therapies.

7. Mitoxantrone: Mitoxantrone [my-toe-ZAN-trone] is a cytotoxic
anthracycline analog that kills T cells and may also be used for MS.

B. Symptomatic treatment

Many different classes of drugs are used to manage symptoms of
MS such as spasticity, constipation, bladder dysfunction, and depres-
sion. Dalfampridine [DAL-fam-pre-deen], an oral potassium channel
blocker, improves walking speeds in patients with MS. It is the first
drug approved for this use.
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IX. DRUGS USED IN AMYOTROPHIC LATERAL
SCLEROSIS

ALS is characterized by progressive degeneration of motor neurons,
resulting in the inability to initiate or control muscle movement. Riluzole
[RIL-ue-zole], an NMDA receptor antagonist, is currently the only drug
indicated for the management of ALS. It is believed to act by inhibiting
glutamate release and blocking sodium channels. Riluzole may improve
survival time and delay the need for ventilator support in patients suffer-
ing from ALS.

Study Questions

Choose the ONE best answer.

8.1

8.2

8.3

8.4

Which one of the following combinations of antiparkin-
sonian drugs is an appropriate treatment plan?

A. Amantadine, carbidopa, and entacapone.

B. Levodopa, carbidopa, and entacapone.

C. Pramipexole, carbidopa, and entacapone.

D. Ropinirole, selegiline, and entacapone.

E. Ropinirole, carbidopa, and selegiline.

Peripheral adverse effects of levodopa, including
nausea, hypotension, and cardiac arrhythmias, can be
diminished by including which of the following drugs in
the therapy?

A. Amantadine.
B. Ropinirole.
C. Carbidopa.
D. Tolcapone.
E. Pramipexole.

Which of the following antiparkinsonian drugs may cause
vasospasm?

A. Amantadine.

B. Bromocriptine.

C. Carbidopa.

D. Entacapone.

E. Ropinirole.

Modest improvement in the memory of patients with
Alzheimer’s disease may occur with drugs that increase
transmission at which of the following receptors?

A. Adrenergic.

B. Cholinergic.

C. Dopaminergic.

D. GABAergic.

E. Serotonergic.

Correct answer = B. To reduce the dose of levodopa and its
peripheral side effects, the peripheral decarboxylase inhibitor,
carbidopa, is coadministered. As a result of this combination,
more levodopa is available for metabolism by catechol-O-
methyltransferase (COMT) to 3-O-methyldopa, which com-
petes with levodopa for the active transport processes into
the CNS. By administering entacapone (an inhibitor of
COMT), the competing product is not formed, and more
levodopa enters the brain. The other choices are not appro-
priate, because neither peripheral decarboxylase nor COMT
nor monoamine oxidase metabolizes amantadine or the
direct-acting dopamine agonists, ropinirole and pramipexole.

Correct answer = C. Carbidopa inhibits the peripheral
decarboxylation of levodopa to dopamine, thereby dimin-
ishing the gastrointestinal and cardiovascular side effects of
levodopa. The other agents listed do not ameliorate adverse
effects of levodopa.

Correct answer = B. Bromocriptine is a dopamine receptor
agonist that may cause vasospasm. It is contraindicated in
patients with peripheral vascular disease. Ropinirole directly
stimulates dopamine receptors, but it does not cause vaso-
spasm. The other drugs do not act directly on dopamine
receptors.

Correct answer = B. AChE inhibitors, such as rivastigmine,
increase cholinergic transmission in the CNS and may
cause a modest delay in the progression of Alzheimer’s dis-
ease. Increased transmission at the other types of recep-
tors listed does not result in improved memory.
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8.5

8.6

8.7

8.8

8.9

8.10

Which medication is a glutamate receptor antagonist that
can be used in combination with an acetylcholinesterase
inhibitor to manage the symptoms of Alzheimer’s disease?

A. Rivastigmine.
B. Ropinirole.
C. Fluoxetine.
D. Memantine.
E. Donepezil.

Which of the following agents is available as a patch
for once-daily use and is likely to provide steady drug
levels to treat Alzheimer’s disease?

A. Rivastigmine.
B. Donepezil.
C. Memantine.
D. Galantamine.
E. Glatiramer.

Which of the following is the only medication that is
approved for the management of amyotrophic lateral
sclerosis?

A. Pramipexole.
B. Selegiline.
C. Galantamine.
D. Riluzole.

E. Glatiramer.

Which of the following medications reduces immune
system—mediated inflammation via inhibition of
pyrimidine synthesis to reduce the number of activated
lymphocytes in the CNS?

A. Riluzole.

B. Rotigotine.

C. Teriflunomide.

D. Dexamethasone.

Which of the following agents may cause tremors as
a side effect and, thus, should be used with caution in
patients with Parkinson’s disease, even though it is also
indicated for the treatment of dementia associated with
Parkinson’s disease?

A. Benztropine.

B. Rotigotine.

C. Rivastigmine.

D. Dimethyl fumarate.

Which of the following agents exerts its therapeutic
effect in multiple sclerosis via potassium channel
blockade?

A. Dalfampridine.
B. Donepezil.

C. Riluzole.

D. Bromocriptine.

Correct answer = D. When combined with an acetylcholin-
esterase inhibitor, memantine has modest efficacy in keep-
ing patients with Alzheimer’s disease at or above baseline
for at least 6 months and may delay disease progression.

Correct answer = A. Rivastigmine is the only agent avail-
able as a transdermal delivery system for the treatment of
Alzheimer’s disease. It may also be used for dementia asso-
ciated with Parkinson’s disease.

Correct answer = D. Riluzole continues to be the only agent
FDA approved for the debilitating and lethal illness of ALS.
Itis used to, ideally, delay the progression and need for ven-
tilator support in severe patients.

Correct answer = C. Teriflunomide is believed to exert its
disease modifying and anti-inflammatory effects by inhibit-
ing the enzyme dihydro-orotate dehydrogenase to reduce
pyrimidine synthesis.

Ve

A

Correct answer = C. Though rivastigmine is an acetyl-
cholinesterase inhibitor, which can cause tremors as an
adverse effect, its use is not contraindicated in patients with
Parkinson’s disease, as this agent is also the only medi-
cation approved for dementia associated with Parkinson’s
disease. It should be used with caution, as it may worsen
the parkinsonian-related tremors. A risk—benefit discussion
should occur with the patient and the caregiver before riv-
astigmine is used.

Ve
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Correct answer = A. Dalfampridine is a potassium channel
blocker and is the only agent that is indicated to improve
walking speed in patients with MS.







Anxiolytic and
Hypnotic Drugs

Jose A. Rey

. OVERVIEW

Disorders involving anxiety are among the most common mental disorders.
Anxiety is an unpleasant state of tension, apprehension, or uneasiness
(a fear that arises from either a known or an unknown source). The physical
symptoms of severe anxiety are similar to those of fear (such as tachy-
cardia, sweating, trembling, and palpitations) and involve sympathetic acti-
vation. Episodes of mild anxiety are common life experiences and do not
warrant treatment. However, severe, chronic, debilitating anxiety may be
treated with antianxiety drugs (sometimes called anxiolytics) and/or some
form of psychotherapy. Because many antianxiety drugs also cause some
sedation, they may be used clinically as both anxiolytic and hypnotic (sleep-
inducing) agents. Figure 9.1 summarizes the anxiolytic and hypnotic agents.
Some antidepressants are also indicated for certain anxiety disorders; how-
ever, they are discussed with other antidepressants (see Chapter 10).

Il. BENZODIAZEPINES

Benzodiazepines are widely used anxiolytic drugs. They have largely
replaced barbiturates and meprobamate in the treatment of anxiety and
insomnia, because benzodiazepines are generally considered to be safer
and more effective (Figure 9.2). Though benzodiazepines are commonly
used, they are not necessarily the best choice for anxiety or insomnia.
Certain antidepressants with anxiolytic action, such as the selective sero-
tonin reuptake inhibitors, are preferred in many cases, and nonbenzodiaz-
epine hypnotics and antihistamines may be preferable for insomnia.

A. Mechanism of action

The targets for benzodiazepine actions are the y-aminobutyric acid
(GABA,) receptors. [Note: GABA is the major inhibitory neurotrans-
mitter in the central nervous system (CNS).] The GABA, receptors
are composed of a combination of five a, , and y subunits that span
the postsynaptic membrane (Figure 9.3). For each subunit, many
subtypes exist (for example, there are six subtypes of the o subunit).
Binding of GABA to its receptor triggers an opening of the central ion
channel, allowing chloride through the pore (Figure 9.3). The influx of
chloride ions causes hyperpolarization of the neuron and decreases
neurotransmission by inhibiting the formation of action potentials.

BENZODIAZEPINES

Alprazolam XANAX
Chlordiazepoxide LIBRIUM
Clonazepam KLONOPIN
Clorazepate TRANXENE
Diazepam VALIUM, DIASTAT
Estazolam

Flurazepam DALMANE
Lorazepam ATIVAN
Midazolam VERSED
Oxazepam

Quazepam DORAL
Temazepam RESTORIL
Triazolam HALCION

BENZODIAZEPINE ANTAGONIST

Flumazenil ROMAZICON

OTHER ANXIOLYTIC DRUGS

Antidepressants various (see cHapTER 10)
Buspirone BUSPAR

BARBITURATES

Amobarbital AMYTAL
Pentobarbital NEMBUTAL
Phenobarbital LUMINAL SODIUM
Secobarbital SECONAL
Thiopental PENTOTHAL

OTHER HYPNOTIC AGENTS

Antihistamines various (st cHapTER 30)
Doxepin SILENOR

Eszopiclone LUNESTA

Ramelteon ROZEREM

Zaleplon SONATA

Zolpidem AMBIEN, INTERMEZZO,
ZOLPIMIST

Figure 9.1

Summary of anxiolytic and hypnotic
drugs.
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Benzodiazepines are relatively
safe, because the lethal dose is
over 1000-fold greater than
the typical therapeutic dose.
Morphine
Chlorpromazine
Phenobarbital L
Diazepam ? |
|
1000
Ratio = Leth‘al dose
Effective dose
Figure 9.2

Ratio of lethal dose to effective
dose for morphine (an opioid, see
Chapter 14), chlorpromazine

(an antipsychotic, see Chapter 11),
and the anxiolytic, hypnotic drugs,
phenobarbital and diazepam.

Benzodiazepines modulate GABA effects by binding to a specific,
high-affinity site (distinct from the GABA-binding site) located at the
interface of the o subunit and the y subunit on the GABA, receptor
(Figure 9.3). [Note: These binding sites are sometimes labeled “benzo-
diazepine (BZ) receptors.” Common BZ receptor subtypes in the CNS
are designated as BZ, or BZ, depending on whether the binding site
includes an o, or o, subunit, respectively.] Benzodiazepines increase
the frequency of channel openings produced by GABA. [Note: Binding
of a benzodiazepine to its receptor site increases the affinity of GABA
for the GABA-binding site (and vice versa).] The clinical effects of the
various benzodiazepines correlate well with the binding affinity of each
drug for the GABA receptor—chloride ion channel complex.

B. Actions

All benzodiazepines exhibit the following actions to some extent:

1. Reduction of anxiety: At low doses, the benzodiazepines are
anxiolytic. They are thought to reduce anxiety by selectively
enhancing GABAergic transmission in neurons having the a, sub-
unit in their GABA, receptors, thereby (inhibiting neuronal circuits in
the limbic system of the brain.

m Receptor empty
(no agonists)

Empty receptor is inactive,
and the coupled chloride
channelis closed.

B Receptor
binding GABA

Binding of GABA causes
the chloride ion channel
to open, leading to hyper-
polarization of the cell.

Receptor
binding GABA

and benzodiazepine

Benzodiazepine

Entry of CI™ hyperpolarizes the cell, making
it more difficult to depolarize, and therefore
reduces neural excitability.

cr GABA

+++

Binding of GABA is
enhanced by benzo-
diazepine, resulting in a
greater entry of chloride
ion.

Cl- cl- (o

Figure 9.3

Schematic diagram of benzodiazepine-GABA—chloride ion channel complex. GABA = y-aminobutyric acid.



Il. Benzodiazepines

123

2. Sedative/hypnotic: All benzodiazepines have sedative and calm-
ing properties, and some can produce hypnosis (artificially pro-
duced sleep) at higher doses. The hypnotic effects are mediated
by the a,-GABA, receptors.

3. Anterograde amnesia: Temporary impairment of memory with
use of the benzodiazepines is also mediated by the o-GABA,
receptors. The ability to learn and form new memories is also
impaired.

4. Anticonvulsant: Several benzodiazepines have anticonvulsant
activity. This effect is partially, although not completely, mediated
by a,-GABA, receptors.

5. Muscle relaxant: At high doses, the benzodiazepines relax the
spasticity of skeletal muscle, probably (by increasing presynaptic
inhibition in the spinal cord, where the o,-GABA, receptors are
largely located. Baclofen [BAK-loe-fen] is a muscle relaxant that is
believed to affect GABA receptors at the level of the spinal cord.

C. Therapeutic uses

The individual benzodiazepines show small differences in their rela-
tive anxiolytic, anticonvulsant, and sedative properties. However, the
duration of action varies widely among this group, and pharmacoki-
netic considerations are often important in choosing one benzodiaz-
epine over another.

1. Anxiety disorders: Benzodiazepines are effective for the treatment
of the anxiety symptoms secondary to panic disorder, generalized
anxiety disorder (GAD), social anxiety disorder, performance anxi-
ety, posttraumatic stress disorder, obsessive—compulsive disorder,
and extreme anxiety associated with phobias, such as fear of flying.
The benzodiazepines are also useful in treating anxiety related to
depression and schizophrenia. These drugs should be reserved for
severe anxiety only and not used to manage the stress of everyday
life. Because of their addiction potential, they should only be used
for short periods of time. The longer-acting agents, such as clonaze-
pam [kloe-NAZ-e-pam], lorazepam [lor-AZ-e-pam], and diazepam
[dye-AZ-e-pam], are often preferred in those patients with anxiety
that may require prolonged treatment. The antianxiety effects of the
benzodiazepines are less subject to tolerance than the sedative and
hypnotic effects. [Note: Tolerance (that is, decreased responsiveness
to repeated doses of the drug) occurs when used for more than 1 to
2 weeks. Tolerance is associated with a decrease in GABA recep-
tor density. Cross-tolerance exists between the benzodiazepines and
ethanol.] For panic disorders, alprazolam [al-PRAY-zoe-lam] is effec-
tive for short- and long-term treatment, although it may cause with-
drawal reactions in about 30% of patients.

2. Sleep disorders: A few of the benzodiazepines are useful as hyp-
notic agents. These agents decrease the latency to sleep onset
and increase stage Il of non-rapid eye movement (REM) sleep.
Both REM sleep and slow-wave sleep are decreased. In the treat-
ment of insomnia, it is important to balance the sedative effect
needed at bedtime with the residual sedation (“hangover”) upon
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DURATION OF ACTION
OF BENZODIAZEPINES

Long-acting

Clorazepate
Chlordiazepoxide
Diazepam
Flurazepam
Quazepam

Intermediate-acting

24
18 6

12

Alprazolam
Estazolam
Lorazepam
Temazepam

Short-acting

Oxazepam
Triazolam

Figure 9.4

Comparison of the durations of action
of the benzodiazepines.

awakening. Commonly prescribed benzodiazepines for sleep dis-
orders include intermediate-acting temazepam [te-MAZ-e-pam]
and short-acting triazolam [try-AY-zoe-lam]. Long-acting fluraz-
epam [flure-AZ-e-pam] is rarely used, due to its extended half-life,
which may result in excessive daytime sedation and accumulation
of the drug, especially in the elderly. Estazolam [eh-STAY-zoe-lam]
and quazepam [QUAY-ze-pam] are considered intermediate- and
long-acting agents, respectively.

a. Temazepam: This drug is useful in patients who experience
frequent wakening. However, because the peak sedative effect
occurs 1 to 3 hours after an oral dose, it should be given 1 to 2
hours before bedtime.

b. Triazolam: Whereas temazepam is useful for insomnia caused
by the inability to stay asleep, short-acting triazolam is effec-
tive in treating individuals who have difficulty in going to sleep.
Tolerance frequently develops within a few days, and withdrawal
of the drug often results in rebound insomnia. Therefore, this
drug is not a preferred agent, and it is best used intermittently.
In general, hypnotics should be given for only a limited time,
usually less than 2 to 4 weeks.

. Amnesia: The shorter-acting agents are often employed as pre-

medication for anxiety-provoking and unpleasant procedures, such
as endoscopy, dental procedures, and angioplasty. They cause a
form of conscious sedation, allowing the person to be receptive to
instructions during these procedures. Midazolam [mi-DAY-zoe-lam]
is a benzodiazepine used to facilitate amnesia while causing seda-
tion prior to anesthesia.

. Seizures: Clonazepam is occasionally used as an adjunctive ther-

apy for certain types of seizures, whereas lorazepam and diazepam
are the drugs of choice in terminating status epilepticus (see
Chapter 12). Due to cross-tolerance, chlordiazepoxide [klor-di-az-e-
POX-ide], clorazepate [klor-AZ-e-pate], diazepam, lorazepam, and
oxazepam [ox-AZ-e-pam] are useful in the acute treatment of alco-
hol withdrawal and reduce the risk of withdrawal-related seizures.

. Muscular disorders: Diazepam is useful in the treatment of skel-

etal muscle spasms, such as occur in muscle strain, and in treating
spasticity from degenerative disorders, such as multiple sclerosis
and cerebral palsy.

D. Pharmacokinetics

1. Absorption and distribution: The benzodiazepines are lipophilic.

They are rapidly and completely absorbed after oral administra-
tion, distribute throughout the body and penetrate into the CNS.

. Duration of action: The half-lives of the benzodiazepines are

important clinically, because the duration of action may deter-
mine the therapeutic usefulness. The benzodiazepines can be
roughly divided into short-, intermediate-, and long-acting groups
(Figure 9.4). The longer-acting agents form active metabolites
with long half-lives. However, with some benzodiazepines, the
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clinical duration of action does not correlate with the actual half-life
(otherwise, a dose of diazepam could conceivably be given only
every other day, given its active metabolites). This may be due to
receptor dissociation rates in the CNS and subsequent redistribu-
tion to fatty tissues and other areas.

3. Fate: Most benzodiazepines, including chlordiazepoxide and
diazepam, are metabolized by the hepatic microsomal system to
compounds that are also active. For these benzodiazepines, the
apparent half-life of the drug represents the combined actions of
the parent drug and its metabolites. Drug effects are terminated not
only by excretion but also by redistribution. The benzodiazepines
are excreted in the urine as glucuronides or oxidized metabolites.
All benzodiazepines cross the placenta and may depress the CNS
of the newborn if given before birth. The benzodiazepines are not
recommended for use during pregnancy. Nursing infants may also
be exposed to the drugs in breast milk.

E. Dependence

Psychological and physical dependence on benzodiazepines can
develop if high doses of the drugs are given for a prolonged period. All
benzodiazepines are controlled substances. Abrupt discontinuation of
the benzodiazepines results in withdrawal symptoms, including con-
fusion, anxiety, agitation, restlessness, insomnia, tension, and (rarely)
seizures. Benzodiazepines with a short elimination half-life, such as
triazolam, induce more abrupt and severe withdrawal reactions than
those seen with drugs that are slowly eliminated such as flurazepam
(Figure 9.5).

F. Adverse effects

Drowsiness and confusion are the most common side effects of the
benzodiazepines. Ataxia occurs at high doses and precludes activi-
ties that require fine motor coordination, such as driving an automo-
bile. Cognitive impairment (decreased long-term recall and retention
of new knowledge) can occur with use of benzodiazepines. Triazolam
often shows a rapid development of tolerance, early morning insom-
nia, and daytime anxiety, as well as amnesia and confusion.

Benzodiazepines should be used cautiously in patients with liver dis-
ease. These drugs should be avoided in patients with acute angle-
closure glaucoma. Alcohol and other CNS depressants enhance the
sedative—hypnotic effects of the benzodiazepines. Benzodiazepines
are, however, considerably less dangerous than the older anxiolytic
and hypnotic drugs. As a result, a drug overdose is seldom lethal unless
other central depressants, such as alcohol, are taken concurrently.

lll. BENZODIAZEPINE ANTAGONIST

Flumazenil [floo-MAZ-eh-nill] is a GABA receptor antagonist that can rap-
idly reverse the effects of benzodiazepines. The drug is available for intra-
venous (IV) administration only. Onset is rapid, but the duration is short,
with a half-life of about 1 hour. Frequent administration may be necessary

The drugs that are more
potent and rapidly eliminated
(for example, triazolam)

have more frequent and
severe withdrawal problems.

Triazolam
Alprazolam
Temazepam

Diazepam

Flurazepam

-40 0 20 40 60 80
Increase in total wake

time from baseline (%)

The less potent and more
slowly eliminated drugs
(for example, flurazepam)
continue to improve sleep
even after discontinuation.

Figure 9.5

Frequency of rebound insomnia
resulting from discontinuation of
benzodiazepine therapy.
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Figure 9.6

Treatment guideline for persistent anxiety.

Note that
buspirone shows
less interference
with motor
functions, a benefit
that is particulary
importantin
elderly patients.

Nausea

Dizziness

Headache

Decreased
concentration

10
Fatigue

- Buspirone |:| Alprazolam

Figure 9.7

Comparison of common adverse
effects of buspirone and alprazolam.
Results are expressed as the
percentage of patients showing each
symptom.

to maintain reversal of a long-acting benzodiazepine. Administration of
flumazenil may precipitate withdrawal in dependent patients or cause
seizures if a benzodiazepine is used to control seizure activity. Seizures
may also result if the patient has a mixed ingestion with tricyclic antide-
pressants or antipsychotics. Dizziness, nausea, vomiting, and agitation
are the most common side effects.

IV. OTHER ANXIOLYTIC AGENTS

A. Antidepressants

Many antidepressants are effective in the treatment of chronic
anxiety disorders and should be considered as first-line agents,
especially in patients with concerns for addiction or dependence.
Selective serotonin reuptake inhibitors (SSRIs, such as escitalo-
pram or paroxetine) or serotonin/norepinephrine reuptake inhibitors
(SNRIs), such as venlafaxine or duloxetine) may be used alone or
prescribed in combination with a low dose of a benzodiazepine dur-
ing the first weeks of treatment (Figure 9.6). After 4 to 6 weeks,
when the antidepressant begins to produce an anxiolytic effect, the
benzodiazepine dose can be tapered. SSRIs and SNRIs have a
lower potential for physical dependence than the benzodiazepines
and have become first-line treatment for GAD. While only certain
SSRIs or SNRIs have been approved for the treatment of GAD,
the efficacy of these drugs for GAD is most likely a class effect.
Thus, the choice among these antidepressants should be based
upon side effects and cost. Long-term use of antidepressants and
benzodiazepines for anxiety disorders is often required to maintain
ongoing benefit and prevent relapse.

B. Buspirone

Buspirone [byoo-SPYE-rone] is useful for the chronic treatment of
GAD and has an efficacy comparable to that of the benzodiazepines.
It has a slow onset of action and is not effective for short-term or
“as-needed” treatment of acute anxiety states. The actions of buspi-
rone appear to be mediated by serotonin (5-HT,,) receptors, although
it also displays some affinity for D, dopamine receptors and 5-HT,,
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serotonin receptors. Thus, its mode of action differs from that of the
benzodiazepines. In addition, buspirone lacks the anticonvulsant and
muscle-relaxant properties of the benzodiazepines. The frequency of
adverse effects is low, with the most common effects being headaches,
dizziness, nervousness, nausea, and light-headedness. Sedation and
psychomotor and cognitive dysfunction are minimal, and dependence
is unlikely. Buspirone does not potentiate the CNS depression of alco-
hol. Figure 9.7 compares some common adverse effects of buspirone
and the benzodiazepine alprazolam.

V. BARBITURATES

The barbiturates were formerly the mainstay of treatment to sedate
patients or to induce and maintain sleep. Today, they have been largely
replaced by the benzodiazepines, primarily because barbiturates induce
tolerance and physical dependence and are associated with very severe
withdrawal symptoms. All barbiturates are controlled substances. Certain
barbiturates, such as the very short-acting thiopental, have been used to
induce anesthesia but are infrequently used today due to the advent of
newer agents with fewer adverse effects.

A. Mechanism of action

The sedative—hypnotic action of the barbiturates is due to their interac-
tion with GABA, receptors, which enhances GABAergic transmission.
The binding site of barbiturates on the GABA receptor is distinct from
that of the benzodiazepines. Barbiturates potentiate GABA action on
chloride entry into the neuron by prolonging the duration of the chlo-
ride channel openings. In addition, barbiturates can block excitatory
glutamate receptors. Anesthetic concentrations of pentobarbital also
block high-frequency sodium channels. All of these molecular actions
lead to decreased neuronal activity.

B. Actions

Barbiturates are classified according to their duration of action
(Figure 9.8). For example, ultra—short-acting thiopental [thye-oh-
PEN-tal] acts within seconds and has a duration of action of about
30 minutes. In contrast, long-acting phenobarbital [fee-noe-BAR-bi-
tal] has a duration of action greater than a day. Pentobarbital [pen-
toe-BAR-bi-tal], secobarbital [see-koe-BAR-bi-tal], amobarbital
[am-oh-BAR-bi-tal], and butalbital [bu-TAL-bi-tal] are short-acting
barbiturates.

1. Depression of CNS: At low doses, the barbiturates produce
sedation (have a calming effect and reduce excitement). At higher
doses, the drugs cause hypnosis, followed by anesthesia (loss
of feeling or sensation), and, finally, coma and death. Thus, any
degree of depression of the CNS is possible, depending on the
dose. Barbiturates do not raise the pain threshold and have no
analgesic properties. They may even exacerbate pain. Chronic use
leads to tolerance.

DURATION OF ACTION
OF BARBITURATES

Long-acting

Phenobarbital

Short-acting

Pentobarbital
Secobarbital
Amobarbital

Ultra-short-acting

Thiopental

Figure 9.8

Barbiturates classified according to
their durations of action.
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v 2. Respiratory depression: Barbiturates suppress the hypoxic and
chemoreceptor response to CO,, and overdosage is followed by
B 2 respiratory depression and death.
! ‘\\ Potential P y P
)" for addiction

= = C. Therapeutic uses

1. Anesthesia: The ultra—short-acting barbiturates, such as thiopen-
tal, have been used intravenously to induce anesthesia but have
largely been replaced by other agents.

2. Anticonvulsant: Phenobarbital has specific anticonvulsant activ-
ity that is distinguished from the nonspecific CNS depression. It is
used in long-term management of tonic—clonic seizures. However,
phenobarbital can depress cognitive development in children and
decrease cognitive performance in adults, and it should be used
only if other therapies have failed. Similarly, phenobarbital may be
used for the treatment of refractory status epilepticus.

Drowsiness

Nausea 3. Sedative/hypnotic: Barbiturates have been used as mild seda-
tives to relieve anxiety, nervous tension, and insomnia. When used
as hypnotics, they suppress REM sleep more than other stages.
However, the use of barbiturates for insomnia is no longer generally
accepted, given their adverse effects and potential for tolerance.
Butalbital is commonly used in combination products (with acet-
aminophen and caffeine or aspirin and caffeine) as a sedative to

Vertigo assist in the management of tension-type or migraine headaches.

D. Pharmacokinetics

Barbiturates are well absorbed after oral administration and distribute
throughout the body. All barbiturates redistribute from the brain to the
splanchnic areas, to skeletal muscle, and, finally, to adipose tissue.
This movement is important in causing the short duration of action
of thiopental and similar short-acting derivatives. Barbiturates read-
ily cross the placenta and can depress the fetus. These agents are
metabolized in the liver, and inactive metabolites are excreted in urine.

Tremors

E. Adverse effects

Barbiturates cause drowsiness, impaired concentration, and mental
and physical sluggishness (Figure 9.9). The CNS depressant effects
of barbiturates synergize with those of ethanol.

Enzyme
induction

Hypnotic doses of barbiturates produce a drug “hangover” that may
lead to impaired ability to function normally for many hours after waking.
Occasionally, nausea and dizziness occur. Barbiturates induce cyto-
chrome P450 (CYP450) microsomal enzymes in the liver. Therefore,
chronic barbiturate administration diminishes the action of many
drugs that are metabolized by the CYP450 system. Barbiturates are
contraindicated in patients with acute intermittent porphyria. Abrupt
withdrawal from barbiturates may cause tremors, anxiety, weakness,
restlessness, nausea and vomiting, seizures, delirium, and cardiac
arrest. Withdrawal is much more severe than that associated with opi-
ates and can result in death. Death may also result from overdose.
Severe depression of respiration is coupled with central cardiovas-
cular depression and results in a shock-like condition with shallow,
infrequent breathing. Treatment includes supportive care and gastric
decontamination for recent ingestions.

Figure 9.9

Adverse effects of
barbiturates.
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VI. OTHER HYPNOTIC AGENTS

A. Zolpidem Zolpidem !30 minutes

The hypnotic zolpidem [ZOL-pi-dem] is not structurally related to benzo-
diazepines, but it selectively binds to the benzodiazepine receptor sub-
type BZ,. Zolpidem has no anticonvulsant or muscle-relaxing properties. Zaleplon !30 minutes
It shows few withdrawal effects, exhibits minimal rebound insomnia, and

little tolerance occurs with prolonged use. Zolpidem is rapidly absorbed
from the gastrointestinal (Gl) tract, and it has a rapid onset of action
and short elimination half-life (about 2 to 3 hours). It provides a hypnotic Eszopiclone W
effect for approximately 5 hours (Figure 9.10). [Note: A lingual spray and

an extended-release formulation are also available. A sublingual tablet
formulation may be used for middle-of-the-night awakening.] Zolpidem .
undergoes hepatic oxidation by the CYP450 system to inactive products. | Ramelteon W
Thus, drugs such as rifampin, which induce this enzyme system, shorten

the half-life of zolpidem, and drugs that inhibit the CYP3A4 isoenzyme
may increase the half-life. Adverse effects of zolpidem include night-
mares, agitation, anterograde amnesia, headache, Gl upset, dizziness, |] Onset m
and daytime drowsiness. Unlike the benzodiazepines, at usual hypnotic
doses, the nonbenzodiazepine drugs, zolpidem, zaleplon, and eszopi-
clone, do not significantly alter the various sleep stages and, hence, are Figure 9.10

often the preferred hypnotics. This may be due to their relative selectivity Onset and duration of action of the

commonly used nonbenzodiazepine
for the BZ, receptor. All three agents are controlled substances. hypnotic agents.

B. Zaleplon

Zaleplon [ZAL-e-plon] is an oral nonbenzodiazepine hypnotic similar to
zolpidem; however, zaleplon causes fewer residual effects on psychomo-
tor and cognitive function compared to zolpidem or the benzodiazepines.
This may be due to its rapid elimination, with a half-life of approximately
1 hour. The drug is metabolized by CYP3A4.

C. Eszopiclone

Eszopiclone [es-ZOE-pi-clone] is an oral nonbenzodiazepine hyp-
notic that also acts on the BZ, receptor. It has been shown to be
effective for insomnia for up to 6 months. Eszopiclone is rapidly
absorbed (time to peak, 1 hour), extensively metabolized by oxidation
and demethylation via the CYP450 system, and mainly excreted in
urine. Elimination half-life is approximately 6 hours. Adverse events
with eszopiclone include anxiety, dry mouth, headache, peripheral
edema, somnolence, and unpleasant taste.

D. Ramelteon

Ramelteon [ram-EL-tee-on] is a selective agonist at the MT, and MT,
subtypes of melatonin receptors. Melatonin is a hormone secreted by
the pineal gland that helps to maintain the circadian rhythm underly-
ing the normal sleep—wake cycle. Stimulation of MT, and MT,, recep-
tors by ramelteon is thought to induce and promote sleep. Ramelteon
is indicated for the treatment of insomnia characterized by difficulty
falling asleep (increased sleep latency). It has minimal potential for
abuse, and no evidence of dependence or withdrawal effects has
been observed. Therefore, ramelteon can be administered long term.
Common adverse effects of ramelteon include dizziness, fatigue, and
somnolence. Ramelteon may also increase prolactin levels.
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Therapeutic Disadvantages Therapeutic Advantages
Benzodiazepines
Clonazepam ® Potential use in chronic therapy for seizures.
Clorazepate
Chlordiazepoxide

X ® These less potent and more slowly eliminated
Diazepam drugs show no rebound insomnia on
discontinuation of treatment.

® The benzodiazepines may disturb Flurazepam
intellectual functioning and motor
dexterlty. Quazepam

® Agent of choice in treating panic disorders. j

@ The benzodiazepines have the potential for Alprazolam
dependence, and withdrawal seizures may
occur.
Lorazepam Do not require Phase | metabolism and,
therefore, show fewer drug interactions and
Temazepam are safer in patients with hepatic impairment.

Triazolam
® Withdrawal of drug often results in re- l)

bound insomnia. @ Useful in long-term therapy for chronic

anxiety with symptoms of irritability and
hostility.

Other agents

® Does not potentiate the CNS depression of
alcohol.

® Slower onset of action than benzo- Buspirone

diazepines. Low potential for addiction.

Eszopiclone

® No muscle relaxation nor anticonvulsant

g Effective for up to 6 months.
activity. Hydroxyzine P

Zaleplon ® Show minimal withdrawal effects.

® Have no anticonvulsant or muscle-
relaxing properties. Zolpidem

Exhibit minimal rebound insomnia.

@ Little or no tolerance occurs with pronged

Ramelteon use.
® Has only marginal effects on objective .
measures of sleep efficacy. The potential for abuse is minimal with
minimal dependence or withdrawal effects.

Barbiturates
® The drug can be administered long-term.
Phenobarbital
® The barbiturates induce
tolerance, drug-metabolizing enzymes, and Pentobarbital
physical dependence, and they show severe
withdrawal symptoms. Secobarbital
Amobarbital
® Rapid onset of action.
Thiopental
Figure 9.11

Therapeutic disadvantages and advantages of some anxiolytic and hypnotic agents. CNS = central nervous system.

E. Antihistamines

Some antihistamines with sedating properties, such as diphenhydr-
amine, hydroxyzine, and doxylamine, are effective in treating mild types
of situational insomnia. However, they have undesirable side effects
(such as anticholinergic effects) that make them less useful than the
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benzodiazepines and the nonbenzodiazepines. Some sedative anti-
histamines are marketed in numerous over-the-counter products.

Antidepressants

The use of sedating antidepressants with strong antihistamine pro-
files has been ongoing for decades. Doxepin [DOX-e-pin], an older
tricyclic agent with SNRI mechanisms of antidepressant and anxio-
lytic action, was recently approved at low doses for the management
of insomnia. Other antidepressants, such as trazodone [TRAZ-oh-
done), mirtazapine [mir-TAZ-a-pine], and other older tricyclic antide-
pressants with strong antihistamine properties are used off-label for

the treatment of insomnia (see Chapter 10).

Figure 9.11 summarizes the therapeutic disadvantages and advan-

tages of some of the anxiolytic and hypnotic drugs.

Study Questions

Choose the ONE best answer.

9.1

9.2

9.3

Which one of the following statements is correct regarding
benzodiazepines?

A. Benzodiazepines directly open chloride
channels.

B. Benzodiazepines show analgesic actions.

C. Clinical improvement of anxiety requires 2 to 4
weeks of treatment with benzodiazepines.

D. All benzodiazepines have some sedative effects.

E. Benzodiazepines, like other CNS depressants,
readily produce general anesthesia.

Which one of the following is a short-acting hypnotic?

A. Phenobarbital.

B. Diazepam.

C. Chlordiazepoxide.
D. Triazolam.

E. Flurazepam.

Which one of the following statements is correct regarding
the anxiolytic and hypnotic agents?

A. Phenobarbital shows analgesic properties.

B. Diazepam and phenobarbital induce the cytochrome
P450 enzyme system.

C. Phenobarbital is useful in the treatment of acute
intermittent porphyria.

D. Phenobarbital induces respiratory depression, which
is enhanced by the consumption of ethanol.

E. Buspirone has actions similar to those of the
benzodiazepines.

Correct answer = D. Although all benzodiazepines can
cause sedation, the drugs labeled “benzodiazepines” in
Figure 9.1 are promoted for the treatment of sleep disorder.
Benzodiazepines enhance the binding of GABA, to its recep-
tor, which increases the permeability of chloride. The benzo-
diazepines do not relieve pain but may reduce the anxiety
associated with pain. Unlike the tricyclic antidepressants and
the monoamine oxidase inhibitors, the benzodiazepines are
effective within hours of administration. Benzodiazepines do
not produce general anesthesia and, therefore, are relatively
safe drugs with a high therapeutic index.

Correct answer = D. Triazolam is a short-acting drug. It has
little daytime sedation. The other drugs listed are longer
acting.

Correct answer = D. Barbiturates and ethanol are a poten-
tially lethal combination. Phenobarbital is unable to alter the
pain threshold. Only phenobarbital strongly induces the syn-
thesis of the hepatic cytochrome P450 drug-metabolizing
system. Phenobarbital is contraindicated in the treatment of
acute intermittent porphyria. Buspirone lacks the anticonvul-
sant and muscle-relaxant properties of the benzodiazepines
and causes only minimal sedation.
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9.4 A 45-year-old man who has been injured in a car accident
is brought into the emergency room. His blood alcohol
level on admission is 275 mg/dL. Hospital records show a
prior hospitalization for alcohol-related seizures. His wife
confirms that he has been drinking heavily for 3 weeks.
What treatment should be provided to the patient if he
goes into withdrawal?

A. None.

B. Lorazepam.
C. Pentobarbital.
D. Phenytoin.

E. Buspirone.

9.5 Which one of the following is a short-acting hypnotic
and better for sleep induction compared to sleep
maintenance?

A. Temazepam.
B. Flurazepam.
C. Zaleplon.

D. Buspirone.
E. Escitalopram.

9.6 Which of the following agents has a rapid anxiolytic effect
and would be best for the acute management of anxiety?

A. Buspirone.
B. Venlafaxine.
C. Lorazepam.
D. Escitalopram.
E. Duloxetine.

9.7 Which of the following sedative—hypnotic agents utilizes
melatonin receptor agonism as the mechanism of action
to induce sleep?

A. Zolpidem.

B. Eszopiclone.

C. Estazolam.

D. Ramelteon.

E. Diphenhydramine.

9.8 All of the following agents for the management of
insomnia are controlled substances and may have a risk
for addiction or dependence except:

A. Zaleplon.

B. Flurazepam.
C. Doxepin.

D. Zolpidem.
E. Triazolam.

9.9 All of the following agents may cause cognitive
impairment, including memory problems when used at
recommended doses except:

A. Diphenhydramine.
B. Zolpidem.

C. Alprazolam.

D. Phenobarbital.

E. Ramelteon.

Correct answer = B. It is important to treat the seizures
associated with alcohol withdrawal. Benzodiazepines, such
as chlordiazepoxide, diazepam, or the shorter-acting loraz-
epam, are effective in controlling this problem. They are less
sedating than pentobarbital or phenytoin.

Correct answer = C. Zaleplon has the shortest half-life and
duration of action. Buspirone and escitalopram are not
effective hypnotic agents. Temazepam and flurazepam have
longer durations of action and will reduce nighttime awak-
enings but will have a greater risk of daytime sedation or
hangover effect compared to zaleplon.

Correct answer = C. The benzodiazepines have same-dose,
first-dose efficacy for anxiety, whereas the other agents
require 2 to 8 weeks for clinically significant improvement
in anxiety.

Correct answer = D. Ramelteon is the only melatonin recep-
tor agonist to promote sleep, especially in sleep-phase
disrupted sleep. Zolpidem, eszopiclone, and estazolam all
utilize the benzodiazepine receptor, and diphenhydramine
is a histamine receptor antagonist.

Correct answer = C. Only doxepin, a tricyclic agent with
significant antihistaminergic properties, is considered to
have no risk of addiction or dependence, whereas the other
agents listed all have DEA schedule 1V designations with
some risk for addiction or dependence, especially when
used for extended periods.

( Correct answer = E. All of the above listed agents, except
ramelteon, have been associated with cognitive impair-
ments, including memory impairment. Diphenhydramine
likely causes its cognitive problems from its anticholinergic
and antihistaminergic effects. Zolpidem, alprazolam, and
phenobarbital are well-known causes of cognitive impair-
ment, including anterograde amnesia. Ramelteon has
safety data extending to 6 months and is a noncontrolled
hypnotic agent acting as a melatonin receptor agonist. It is
not considered to have a risk for cognitive impairment as
compared to the other agents listed.

(& J
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9.10 Which agent is best used in the Emergency Room

setting for patients who are believed to have received
too much of a benzodiazepine drug or taken an
overdose of benzodiazepines?

A. Diazepam.

B. Ramelteon.

C. Flumazenil.

D. Doxepin.

E. Naloxone.

Correct answer = C. Flumazenil is only indicated to reverse
the effects of benzodiazepines via antagonizing the benzo-
diazepine receptor. It should be used with caution due to a
risk of seizures if the patient has been a long time recipi-
ent of benzodiazepines or if the overdose attempt was with
mixed drugs. Naloxone is an opioid receptor antagonist.
The other agents are not efficacious in reversing effects of
benzodiazepines.
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changes in sleep patterns and appetite, loss of energy, and suicidal
thoughts. Mania is characterized by the opposite behavior: enthusiasm,
anger, rapid thought and speech patterns, extreme self-confidence, and
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Il. MECHANISM OF ANTIDEPRESSANT DRUGS Levomilnacipran FETZIMA
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Most clinically useful antidepressant drugs (Figure 10.1) potentiate, either

directly or indirectly, the actions of norepinephrine and/or serotonin (5-HT) Bupropion WELLBUTRIN, ZYBAN

in the brain. This, along with other evidence, led to the biogenic amine Mirtazapine REMERON

theory, which proposes that depression is due to a deficiency of mono- Nefazodone

amines, such as norepinephrine and serotonin, at certain key sites in the Trazodone DESYREL

brain. Conversely, the theory proposes that mania is caused by an over- Vilazodone VIIBRYD

production of these neurotransmitters. However, the biogenic amine theory Vortioxetine BRINTELLIX

of depression and mania is overly simplistic. It fails to explain the pharma-
cological effects of any of the antidepressant and antimania drugs on neu- Amitriptyline

rotransmission, which often occur immediately; however, the time course Amoxapine

for a therapeutic response occurs over several weeks. This suggests that Clomipramine ANAFRANIL
decreased reuptake of neurotransmitters is only an initial effect of the Desipramine NORPRAMIN
drugs, which may not be directly responsible for the antidepressant effects. Doxepin SINEQUAN

Imipramine TOFRANIL
Maprotiline LuDIOMIL

lll. SELECTIVE SEROTONIN REUPTAKE INHIBITORS Nortriptyline PAMELOR
Protriptyline VIVACTIL
The selective serotonin reuptake inhibitors (SSRIs) are a group of antide- Trimipramine SURMONTIL
pressant drugs that specifically inhibit serotonin reuptake, having 300- to
3000-fold greater selectivity for the serotonin transporter, as compared (MAOIs)
to the norepinephrine transporter. This contrasts with the tricyclic anti- Isocarboxazid MARPLAN

depressants (TCAs) and serotonin/norepinephrine reuptake inhibitors ~ Phenelzine NARDIL
(SNRIs) that nonselectively inhibit the reuptake of norepinephrine and  Selegiline EMSAV
serotonin (Figure 10.2). Moreover, the SSRIs have little blocking activity Tranylcypromine PARNATE
at muscarinic, a-adrenergic, and histaminic H, receptors. Therefore, com-
mon side effects associated with TCAs, such as orthostatic hypotension, Figure 10.1

sedation, dry mouth, and blurred vision, are not commonly seen with Summary of antidepressants.
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and BIPOLAR DISORDER
Carbamazepine TEGRETOL, EQUETRO,
CARBATROL

Lamotrigine LAMICTAL

Lithium

Valproic acid DEPAKENE, DEPAKOTE

Figure 10.1 (Continued)

DRUG UPTAKE INHIBITION

Nor- .
epinephrine |  Serotonin

Selective serotonin
reuptake inhibitor

Fluoxetine Y +H+
Selective serotonin/

norepinephrine
reuptake inhibitors

Venlafaxine ++* ++++
Duloxetine F+++ -+
Tricyclic
antidepressants
Imipramine ++++ +4++
Nortriptyline ++++ ++
Figure 10.2

Relative receptor specificity of some
antidepressant drugs. *Venlafaxine
inhibits norepinephrine reuptake only
at high doses. ++++ = very strong
affinity; +++ = strong affinity; ++ =
moderate affinity; + = weak affinity;

0 = little or no affinity.

Administration
of antidepressant

Depression

2 to 12 weeks

Figure 10.3

Onset of therapeutic effects of the
major antidepressant drugs requires
several weeks.

the SSRIs. Because they have different adverse effects and are rela-
tively safe even in overdose, the SSRIs have largely replaced TCAs and
monoamine oxidase inhibitors (MAOIs) as the drugs of choice in treating
depression. The SSRis include fluoxetine [floo-OX-e-teen] (the prototypic
drug), citalopram [sye-TAL-oh-pram], escitalopram [es-sye-TAL-oh-
pram], fluvoxamine [floo-VOX-e-meen], paroxetine [pa-ROX-e-teen],
and sertraline [SER-tra-leen]. Escitalopram is the pure S-enantiomer of
citalopram.

A. Actions

The SSRIs block the reuptake of serotonin, leading to increased
concentrations of the neurotransmitter in the synaptic cleft.
Antidepressants, including SSRIs, typically take at least 2 weeks to
produce significant improvement in mood, and maximum benefit may
require up to 12 weeks or more (Figure 10.3). Patients who do not
respond to one antidepressant may respond to another, and approxi-
mately 80% or more will respond to at least one antidepressant drug.

B. Therapeutic uses

The primary indication for SSRIs is depression, for which they are as
effective as the TCAs. A number of other psychiatric disorders also
respond favorably to SSRIs, including obsessive—compulsive disor-
der, panic disorder, generalized anxiety disorder, posttraumatic stress
disorder, social anxiety disorder, premenstrual dysphoric disorder,
and bulimia nervosa (only fluoxetine is approved for bulimia).

C. Pharmacokinetics

All of the SSRIs are well absorbed after oral administration. Peak lev-
els are seen in approximately 2 to 8 hours on average. Food has little
effect on absorption (except with sertraline, for which food increases
its absorption). The majority of SSRIs have plasma half-lives that
range between 16 and 36 hours. Metabolism by cytochrome P450
(CYP450)—dependent enzymes and glucuronide or sulfate conjuga-
tion occur extensively. Fluoxetine differs from the other members of
the class by having a much longer half-life (50 hours), and the half-
life of its active metabolite S-norfluoxetine is quite long, averaging
10 days. It is available as a sustained-release preparation allowing
once-weekly dosing. Fluoxetine and paroxetine are potent inhibitors
of a CYP450 isoenzyme (CYP2D6) responsible for the elimination of
TCAs, antipsychotic drugs, and some antiarrhythmic and p-adrenergic
antagonist drugs. Other CYP450 isoenzymes (CYP2C9/19, CYP3A4,
CYP1A2) are involved with SSRI metabolism and may also be inhib-
ited to various degrees by the SSRIs. Dosages of the SSRIs should
be reduced in patients with hepatic impairment.

D. Adverse effects

Although the SSRIs are considered to have fewer and less severe
adverse effects than the TCAs and MAOIs, the SSRIs are not without
adverse effects, such as headache, sweating, anxiety and agitation,
gastrointestinal (Gl) effects (nausea, vomiting, diarrhea), weakness
and fatigue, sexual dysfunction, changes in weight, sleep disturbances
(insomnia and somnolence), and the above-mentioned potential for
drug—drug interactions (Figure 10.4). Additionally, SSRIs have been
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associated with hyponatremia, especially in the elderly and patients
who are volume depleted or taking diuretics.

1.

Sleep disturbances: Paroxetine and fluvoxamine are generally
more sedating than activating, and they may be useful in patients
who have difficulty sleeping. Conversely, patients who are fatigued
or complaining of excessive somnolence may benefit from one of
the more activating SSRIs, such as fluoxetine or sertraline.

. Sexual dysfunction: Sexual dysfunction, which may include loss

of libido, delayed ejaculation, and anorgasmia, is common with the
SSRIs. One option for managing SSRI-induced sexual dysfunc-
tion is to change the antidepressant to one with fewer sexual side
effects, such as bupropion or mirtazapine. Alternatively, the dose
of the drug may be reduced.

. Use in children and teenagers: Antidepressants should be used

cautiously in children and teenagers, because about 1 out of 50
children report suicidal ideation as a result of SSRI treatment.
Pediatric patients should be observed for worsening depression
and suicidal thinking with initiation or dosage change of any antide-
pressant. Fluoxetine, sertraline, and fluvoxamine are approved for
use in children to treat obsessive—compulsive disorder, and fluox-
etine and escitalopram are approved to treat childhood depression.

. Overdose: Overdose with SSRIs does not usually cause car-

diac arrhythmias, with the exception of citalopram, which may
cause QT prolongation. [Note: The TCAs have a significant risk
for arrhythmias in overdose.] Seizures are a possibility because
all antidepressants may lower the seizure threshold. All SSRIs
have the potential to cause serotonin syndrome, especially when
used in the presence of a MAOI or other highly serotonergic drug.
Serotonin syndrome may include the symptoms of hyperthermia,
muscle rigidity, sweating, myoclonus (clonic muscle twitching), and
changes in mental status and vital signs.

. Discontinuation syndrome: All of the SSRIs have the potential

to cause a discontinuation syndrome after their abrupt withdrawal,
particularly the agents with shorter half-lives and inactive metabo-
lites. Fluoxetine has the lowest risk of causing an SSRI discon-
tinuation syndrome due to its longer half-life and active metabolite.
Possible signs and symptoms of SSRI discontinuation syndrome
include headache, malaise, and flu-like symptoms, agitation and
irritability, nervousness, and changes in sleep pattern.

IV. SEROTONIN/NOREPINEPHRINE REUPTAKE

INHIBITORS

Venlafaxine [VEN-la-fax-een], desvenlafaxine [dez-VEN-la-fax-een],
levomilnacipran [leevo-mil-NA-si-pran], and duloxetine [doo-LOX-e-teen]
inhibit the reuptake of both serotonin and norepinephrine (Figure 10.5).
These agents, termed SNRIs, may be effective in treating depression
in patients in whom SSRIs are ineffective. Furthermore, depression is
often accompanied by chronic painful symptoms, such as backache and
muscle aches, against which SSRIs are also relatively ineffective. This

Nausea

Anxiety

Drowsiness

Insomnia

Sexual
dysfunction

\ 4

Drug '—»)(4—

interactions

Figure 10.4

Some commonly
observed adverse effects
of selective serotonin
reuptake inhibitors.
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Figure 10.5

Proposed mechanism of action of
selective serotonin/norepinephrine
reuptake inhibitor antidepressant
drugs.

pain is, in part, modulated by serotonin and norepinephrine pathways
in the central nervous system (CNS). Both SNRIs and the TCAs, with
their dual inhibition of both serotonin and norepinephrine reuptake, are
sometimes effective in relieving pain associated with diabetic peripheral
neuropathy, postherpetic neuralgia, fibromyalgia, and low back pain. The
SNRiIs, unlike the TCAs, have little activity at a-adrenergic, muscarinic,
or histamine receptors and, thus, have fewer of these receptor-mediated
adverse effects than the TCAs. The SNRIs may precipitate a discontinu-
ation syndrome if treatment is abruptly stopped.

A. Venlafaxine and desvenlafaxine

Venlafaxine is a potent inhibitor of serotonin reuptake and, at medium
to higher doses, is an inhibitor of norepinephrine reuptake. Venlafaxine
has minimal inhibition of the CYP450 isoenzymes and is a substrate of
the CYP2D6 isoenzyme. Desvenlafaxine is the active, demethylated
metabolite of venlafaxine. The most common side effects of venlafax-
ine are nausea, headache, sexual dysfunction, dizziness, insomnia,
sedation, and constipation. At high doses, there may be an increase
in blood pressure and heart rate. The clinical activity and adverse
effect profile of desvenlafaxine are similar to that of venlafaxine.

B. Duloxetine

Duloxetine inhibits serotonin and norepinephrine reuptake at all
doses. It is extensively metabolized in the liver to inactive metabo-
lites and should be avoided in patients with liver dysfunction. Gl side
effects are common with duloxetine, including nausea, dry mouth, and
constipation. Insomnia, dizziness, somnolence, sweating, and sexual
dysfunction are also seen. Duloxetine may increase blood pressure or
heart rate. Duloxetine is a moderate inhibitor of CYP2D6 isoenzymes
and may increase concentrations of drugs metabolized by this path-
way, such as antipsychotics.

C. Levomilnacipran

Levomilnacipran is an enantiomer of milnacipran (an older SNRI used
for the treatment of depression in Europe and fibromyalgia in the
United States). The adverse effect profile of levomilnacipran is simi-
lar to other SNRiIs. It is primarily metabolized by CYP3A4, and, thus,
activity may be altered by inducers or inhibitors of this enzyme system.

V. ATYPICAL ANTIDEPRESSANTS

The atypical antidepressants are a mixed group of agents that have
actions at several different sites. This group includes bupropion [byoo-
PROE-pee-on], mirtazapine [mir-TAZ-a-peen], nefazodone [ne-FAZ-
oh-done], trazodone [TRAZ-oh-done], vilazodone [vil-AZ-oh-done], and
vortioxetine [vor-TEE-ox-e-teen].

A. Bupropion

Bupropion is a weak dopamine and norepinephrine reuptake inhibi-
tor that is used to alleviate the symptoms of depression. Bupropion
is also useful for decreasing cravings and attenuating withdrawal
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symptoms of nicotine in patients trying to quit smoking. Side effects

may include dry mouth, sweating, nervousness, tremor, and a dose- v
dependent increased risk for seizures. It has a very low incidence of _ _
sexual dysfunction. Bupropion is metabolized by the CYP2B6 path- & Weight gain
way and has a relatively low risk for drug—drug interactions, given

the few agents that inhibit/induce this enzyme. However, bupropion

may inhibit CYP2D6 and, thus, increase exposure to substrates of

this isoenzyme. Use of bupropion should be avoided in patients v zZz
at risk for seizures or those who have eating disorders such as Z

bulimia. Sedation

{ )

B. Mirtazapine

Mirtazapine enhances serotonin and norepinephrine neurotrans- Figure 10.6

mission by serving as an antagonist at presynaptic «, receptors. Some commonly observed
Additionally, some of the antidepressant activity may be related to adverse effects of
antagonism at 5-HT, receptors. It is sedating because of its potent mirtazapine.
antihistaminic activity, but it does not cause the antimuscarinic side

effects of the TCAs, or interfere with sexual function like the SSRls.

Increased appetite and weight gain frequently occur (Figure 10.6).

Mirtazapine is markedly sedating, which may be an advantage in

depressed patients having difficulty sleeping.

C. Nefazodone and trazodone

These drugs are weak inhibitors of serotonin reuptake. Their thera-
peutic benefit appears to be related to their ability to block postsyn-
aptic 5-HT,, receptors. Both agents are sedating, probably because
of their potent histamine H,-blocking activity. Trazodone is com-
monly used off-label for the management of insomnia. Trazodone
has been associated with priapism, and nefazodone has been asso-
ciated with a risk for hepatotoxicity. Both agents also have mild to
moderate o, receptor antagonism, contributing to orthostasis and
dizziness.

D. Vilazodone

Vilazodone is a serotonin reuptake inhibitor and a 5-HT partial ago-
nist. Although the extent to which the 5-HT,_ receptor activity contrib-
utes to its therapeutic effects is unknown, this possible mechanism
of action renders it unique from that of the SSRIs. The adverse effect
profile of vilazodone is similar to the SSRiIs, including a risk for dis-
continuation syndrome if abruptly stopped.

E. Vortioxetine

Vortioxetine utilizes a combination of serotonin reuptake inhibition,
5-HT,, agonism, and 5-HT, and 5-HT, antagonism as its suggested
mechanisms of action to treat depression. It is unclear to what extent
the activities other than inhibition of serotonin reuptake influence the
overall effects of vortioxetine. The common adverse effects include
nausea, vomiting, and constipation, which may be expected due to its
serotonergic mechanisms.
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Some commonly
observed adverse
effects of tricyclic
antidepressants.

VI. TRICYCLIC ANTIDEPRESSANTS

The TCAs block norepinephrine and serotonin reuptake into the presyn-
aptic neuron and, thus, if discovered today, might have been referred to
as SNRiIs, except for their differences in adverse effects relative to this
newer class of antidepressants. The TCAs include the tertiary amines
imipramine [ee-MIP-ra-meen] (the prototype drug), amitriptyline [a-
mee-TRIP-ti-leen], clomipramine [kloe-MIP-ra-meen], doxepin [DOX-
e-pin], and trimipramine [trye-MIP-ra-meen], and the secondary amines
desipramine [dess-IP-ra-meen] and nortriptyline [nor-TRIP-ti-leen] (the
N-demethylated metabolites of imipramine and amitriptyline, respec-
tively) and protriptyline [proe-TRIP-ti-leen]. Maprotiline [ma-PROE-ti-leen]
and amoxapine [a-MOX-a-peen] are related “tetracyclic” antidepressant
agents and are commonly included in the general class of TCAs. Patients
who do not respond to one TCA may benefit from a different drug in this

group.

A. Mechanism of action

1. Inhibition of neurotransmitter reuptake: TCAs and amoxapine
are potent inhibitors of the neuronal reuptake of norepinephrine
and serotonin into presynaptic nerve terminals. Maprotiline and
desipramine are relatively selective inhibitors of norepinephrine
reuptake.

2. Blocking of receptors: TCAs also block serotonergic, a-adrenergic,
histaminic, and muscarinic receptors. It is not known if any of these
actions produce the therapeutic benefit of the TCAs. However, actions
at these receptors are likely responsible for many of their adverse
effects. Amoxapine also blocks 5-HT, and dopamine D, receptors.

B. Actions

The TCAs elevate mood, improve mental alertness, increase physical
activity, and reduce morbid preoccupation in 50% to 70% of individu-
als with major depression. The onset of the mood elevation is slow,
requiring 2 weeks or longer (Figure 10.3). Patient response can be
used to adjust dosage. After a therapeutic response, the dosage can
be gradually reduced to improve tolerability, unless relapse occurs.
Physical and psychological dependence have been rarely reported.
This necessitates slow withdrawal to minimize discontinuation syn-
dromes and cholinergic rebound effects.

C. Therapeutic uses

The TCAs are effective in treating moderate to severe depression.
Some patients with panic disorder also respond to TCAs. Imipramine
has been used to control bed-wetting in children older than 6 years
of age; however, it has largely been replaced by desmopressin
and nonpharmacologic treatments (enuresis alarms). The TCAs,
particularly amitriptyline, have been used to help prevent migraine
headache and treat chronic pain syndromes (for example, neuro-
pathic pain) in a number of conditions for which the cause of pain
is unclear. Low doses of TCAs, especially doxepin, can be used to
treat insomnia.
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D. Pharmacokinetics

TCAs are well absorbed upon oral administration. Because of their
lipophilic nature, they are widely distributed and readily penetrate into
the CNS. As a result of their variable first-pass metabolism in the
liver, TCAs have low and inconsistent bioavailability. These drugs are
metabolized by the hepatic microsomal system (and, thus, may be
sensitive to agents that induce or inhibit the CYP450 isoenzymes) and
conjugated with glucuronic acid. Ultimately, the TCAs are excreted as
inactive metabolites via the kidney.

E. Adverse effects

Blockade of muscarinic receptors leads to blurred vision, xerostomia
(dry mouth), urinary retention, sinus tachycardia, constipation, and
aggravation of angle-closure glaucoma (Figure 10.7). These agents
affect cardiac conduction similarly to quinidine and may precipitate
life-threatening arrhythmias in an overdose situation. The TCAs also
block a-adrenergic receptors, causing orthostatic hypotension, diz-
ziness, and reflex tachycardia. /Imipramine is the most likely, and
nortriptyline the least likely, to cause orthostatic hypotension. Sedation
may be prominent, especially during the first several weeks of treat-
ment, and is related to the ability of these drugs to block histamine
H, receptors. Weight gain is a common adverse effect of the TCAs.
Sexual dysfunction occurs in a minority of patients, and the incidence
is lower than that associated with the SSRils.

TCAs (like all antidepressants) should be used with caution in patients
with bipolar disorder, even during their depressed state, because anti-
depressants may cause a switch to manic behavior. The TCAs have a
narrow therapeutic index (for example, five- to sixfold the maximal daily
dose of imipramine can be lethal). Depressed patients who are suicidal
should be given only limited quantities of these drugs and be monitored
closely. Drug interactions with the TCAs are shown in Figure 10.8. The
TCAs may exacerbate certain medical conditions, such as benign
prostatic hyperplasia, epilepsy, and preexisting arrhythmias.

Vil. MONOAMINE OXIDASE INHIBITORS

Monoamine oxidase (MAO) is a mitochondrial enzyme found in nerve and
other tissues, such as the gut and liver. In the neuron, MAO functions as
a “safety valve” to oxidatively deaminate and inactivate any excess neu-
rotransmitters (for example, norepinephrine, dopamine, and serotonin)
that may leak out of synaptic vesicles when the neuron is at rest. The
MAOIs may irreversibly or reversibly inactivate the enzyme, permitting
neurotransmitters to escape degradation and, therefore, to accumulate
within the presynaptic neuron and leak into the synaptic space. The four
MAOIs currently available for treatment of depression include phenelzine
[FEN-el-zeen], tranylcypromine [tran-il-SIP-roe-meen], isocarboxazid
[eye-soe-car-BOX-ih-zid], and selegiline [seh-LEDGE-ah-leen]. [Note:
Selegiline is also used for the treatment of Parkinson’s disease. It is the
only antidepressant available in a transdermal delivery system.] Use
of MAOIs is limited due to the complicated dietary restrictions required
while taking these agents.

Mutual enhancement:
hypertension, hyperpyrexia,
convulsions, and coma
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Drugs interacting with tricyclic
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nervous system; MAO = monoamine
oxidase.
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Mechanism of action of monoamine
oxidase inhibitors (MAOISs).

. Mechanism of action

Most MAQIs, such as phenelzine, form stable complexes with the
enzyme, causing irreversible inactivation. This results in increased
stores of norepinephrine, serotonin, and dopamine within the neu-
ron and subsequent diffusion of excess neurotransmitter into the
synaptic space (Figure 10.9). These drugs inhibit not only MAO in
the brain but also MAO in the liver and gut that catalyzes oxidative
deamination of drugs and potentially toxic substances, such as tyra-
mine, which is found in certain foods. The MAOIs, therefore, show a
high incidence of drug—drug and drug—food interactions. Selegiline
administered as the transdermal patch may produce less inhibition
of gut and hepatic MAO at low doses because it avoids first-pass
metabolism.

. Actions

Although MAOQ is fully inhibited after several days of treatment, the
antidepressant action of the MAOQIs, like that of the SSRIs, SNRils,
and TCAs, is delayed several weeks. Selegiline and tranylcypromine
have an amphetamine-like stimulant effect that may produce agitation
or insomnia.

. Therapeutic uses

The MAOQIs are indicated for depressed patients who are unrespon-
sive or allergic to TCAs and SSRIs or who experience strong anxi-
ety. A special subcategory of depression, called atypical depression,
may respond preferentially to MAOIs. Because of their risk for drug—
drug and drug—food interactions, the MAOIs are considered last-line
agents in many treatment settings.

. Pharmacokinetics

These drugs are well absorbed after oral administration. Enzyme
regeneration, when irreversibly inactivated, varies, but it usually
occurs several weeks after termination of the drug. Thus, when switch-
ing antidepressant agents, a minimum of 2 weeks of delay must be
allowed after termination of MAOI therapy and the initiation of another
antidepressant from any other class. MAOIs are hepatically metabo-
lized and excreted rapidly in urine.

. Adverse effects

Severe and often unpredictable side effects, due to drug—food
and drug—drug interactions, limit the widespread use of MAOlIs.
For example, tyramine, which is contained in foods, such as aged
cheeses and meats, chicken liver, pickled or smoked fish, and red
wines, is normally inactivated by MAO in the gut. Individuals receiv-
ing a MAOI are unable to degrade tyramine obtained from the diet.
Tyramine causes the release of large amounts of stored catechol-
amines from nerve terminals, resulting in a hypertensive crisis,
with signs and symptoms such as occipital headache, stiff neck,
tachycardia, nausea, hypertension, cardiac arrhythmias, seizures,
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and, possibly, stroke. Patients must, therefore, be educated to avoid
tyramine-containing foods. Phentolamine and prazosin are help- Gastro-
ful in the management of tyramine-induced hypertension. Other intestinal
possible side effects of treatment with MAQOIs include drowsiness,
orthostatic hypotension, blurred vision, dry mouth, and consti- ]
pation. Due to the risk of serotonin syndrome, the use of MAOIs 3‘::';‘:;';3”':‘;{;:;“
with other antidepressants is contraindicated. For example, SSRIs
should not be coadministered with MAOIs. Both SSRIs and MAOIs SELECTIVE
require a washout period of at least 2 weeks before the other type SEROTONIN RE-UPTAKE
is administered, with the exception of fluoxetine, which should be C:t:::::?nRs <
discontinued at least 6 weeks before a MAOI is initiated. In addition, Escitalopram <=
the MAOIs have many other critical drug interactions, and caution is S <
required when administering these agents concurrently with other I
drugs. Figure 10.10 summarizes the side effects of the antidepres- .
sant drugs. — Paroxefme —
Sertraline R
SEROTONIN/
VIIl. TREATMENT OF MANIA AND BIPOLAR DISORDER NOREPINEPHRINE
REUPTAKE INHIBITORS
Duloxetine - u=
The treatment of bipolar disorder has increased in recent years, due to Venlafaxine
increased recognition of the disorder and also an increase in the number Desvenlafaxine ==
of available medications for the treatment of mania. ANTlADE;%IEsAsIZ\NTs
- Bupropion
A. Lithium =P Mirtazapine ¢
Lithium salts are used acutely and prophylactically for manag- =P Nefazodone g
ing bipolar patients. Lithium is effective in treating 60% to 80% of =P Trazodone
patients exhibiting mania and hypomania. Although many cellular TRICYCLIC/POLYCYCLIC
processes are altered by treatment with lithium salts, the mode of ANTIDEPRESSANTS
action is unknown. The therapeutic index of lithium is extremely B> Amitriptyline <&
low, and lithium salts can be toxic. Common adverse effects may =P Amoxapine
include headache, dry mouth, polydipsia, polyuria, polyphagia, == Clomipramine
Gl distress (give lithium with food), fine hand tremor, dizziness, Desipramine
fatigue, dermatologic reactions, and sedation. Adverse effects due PP Doxepin G
to higher plasma levels may indicate toxicity and include ataxia, Imipramine < Ge—
slurred speech, coarse tremors, confusion, and convulsions. = Maprotiline
Thyroid function may be decreased and should be monitored. =P Nortriptyline
Unlike other mood stabilizers, lithium is renally eliminated, and Protriptyline
though caution should be used when dosing this drug in renally ==P> Trimipramine e
?mpa!red patients, it may be the best choice in patients with hepatic MONOAMINE OXIDASE
impairment. INHIBITORS
) Phenelzine
B. Other drugs - Tranylcypromine
Several antiepileptic drugs, including carbamazepine, valproic acid,
and lamotrigine, have been approved as mood stabilizers for bipo- :)'ggr't’ﬁ;es:‘;;?c' ;‘;eiir?h‘
lar disorder. Other agents that may improve manic symptoms include hypotension
the older (chlorpromazine and haloperidol) and newer antipsychot-

ics. The atypical antipsychotics risperidone, olanzapine, ziprasidone,
aripiprazole, asenapine, and quetiapine (see Chapter 11) are also
used for the management of mania. Quetiapine, lurasidone, and the
combination of olanzapine and fluoxetine have been approved for
bipolar depression.

Figure 10.10

Side effects of some drugs used to
treat depression.
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Study Questions

Choose the ONE best answer.

10.1

10.2

10.3

A 55-year-old teacher began to experience changes in
mood. He was losing interest in his work and lacked
the desire to play his daily tennis match. He was
preoccupied with feelings of guilt, worthlessness, and
hopelessness. In addition to the psychiatric symptoms,
the patient complained of muscle aches throughout his
body. Physical and laboratory tests were unremarkable.
After 6 weeks of therapy with fluoxetine, his symptoms
resolved. However, the patient complains of sexual
dysfunction. Which of the following drugs might be
useful in this patient?

A. Fluvoxamine.
B. Sertraline.
C. Citalopram.
D. Mirtazapine.
E. Lithium.

A 25-year-old woman has a long history of depressive
symptoms accompanied by body aches and pain
secondary to a car accident 2 years earlier. Physical
and laboratory tests are unremarkable. Which of the
following drugs might be useful in this patient?

. Fluoxetine.
. Sertraline.

. Phenelzine.
. Mirtazapine.
. Duloxetine.

mooO >

A 51-year-old woman with symptoms of major
depression also has angle-closure glaucoma. Which of
the following antidepressants should be avoided in this
patient?

. Amitriptyline.

. Sertraline.

. Bupropion.

. Mirtazapine.

. Fluvoxamine.

mooOw>

10.4 A 36-year-old man presents with symptoms of

compulsive behavior. If anything is out of order, he
feels that “work will not be accomplished effectively or
efficiently” He realizes that his behavior is interfering
with his ability to accomplish his daily tasks but cannot
seem to stop himself. Which of the following drugs
would be most helpful to this patient?

A. Imipramine.

B. Fluvoxamine.

C. Amitriptyline.

D. Tranylcypromine.
E. Lithium.

Correct answer = D. Mirtazapine is largely free from sexual
side effects. However, sexual dysfunction commonly occurs
with SSRIs (fluvoxamine, sertraline, and citalopram), as
well as with TCAs, and SNRIs. Lithium is used for the treat-
ment of mania and bipolar disorder.

Correct answer = E. Duloxetine is a SNRI that can be used
for depression accompanied by symptoms of pain. SSRIs
(fluoxetine and sertraline), MAQIs (phenelzine), and atypi-
cal antidepressants (mirtazapine) have little activity against
pain syndromes.

Correct answer = A. Because of its potent antimuscarinic
activity, amitriptyline should not be given to patients with
glaucoma because of the risk of acute increases in intraoc-
ular pressure. The other antidepressants all lack antagonist
activity at the muscarinic receptor.

Correct answer = B. SSRIs are particularly effective in treat-
ing obsessive—compulsive disorder, and fluvoxamine is
approved for this condition. The other drugs are less effec-
tive in the treatment of obsessive—compulsive disorder.
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10.5 Which antidepressant has, as its two proposed Correct answer = D. In addition to inhibition of serotonin

principle mechanisms of action, 5-HT, ~ receptor reuptake, the antidepressant activity of vilazodone may be
partial agonism and 5-HT reuptake inhibition? related to its 5-HT, receptor agonism. Though aripiprazole
A. Fluoxetine. is also proposed to have 5-HT,, partial agonism, it is not a

B. Aripiprazole. serotonin reuptake inhibitor.

C. Mapratiline.
D. Vilazodone.
E. Mirtazapine.

A. Fluoxetine.
B. Duloxetine.
C. Nortriptyline.
D. Citalopram.
E. Venlafaxine.

. . . o
10.6 Which antidepressant is the most sedating? [ Correct answer = C. Nortriptyline is the most sedating of the J

list due to its histamine-blocking activity. (See Figure 10.10.)

10.7 Which mood stabilizer is completely renally eliminated Correct answer = C. Lithium is the only agent for bipolar

gnd .may be beneficial for patients with hepatic disorder that does not require hepatic metabolism and,
impairment? thus, may be dosed without issue in a hepatically impaired
A. Valproic acid. patient. However, if the patient had renal impairment, the

B. Carbamazepine. lithium dosage would have to be adjusted.

C. Lithium.
D. Risperidone.
E. Aripiprazole.

10.8 Which antidepressant has, as its two principle

. . . Correct answer = D. Mirtazapine is the only antidepres-
mechanisms of action, 5-HT,, receptor antagonism P Y i’

sant with this combination of mechanisms of action that are

and a, receptor antagonism? believed to contribute to its therapeutic effects. The other

A. Fluoxetine. agents listed are reuptake inhibitors of either serotonin
: (fluoxetine) or norepinephrine (maprotiline), or both (dox-
B. Doxepl.n.. epin), or act as a MAOI (selegiline).
C. Mapratiline.
D. Mirtazapine.
E. Selegiline.
10.9 Which agent is best known to have the side effect of e h

Correct answer = B. Lithium is best known for causing a

decreasing the thyroid function of the patient being drug-induced hypothyroidism in patients after long-term

chronically treated with this agent? use. Though it is possible with other mood stabilizers, lith-
A. Carbamazepine. ium has the most reported cases, and thus, thyroid function
B. Lithium tests should be performed at baseline and during follow-

up to monitor for this possible effect. Also, since hypothy-

C. Valproic acid. roidism may present with symptoms of depression, it is

D. Chlorpromazine. important to differentiate a patient's observed depressive
E. Lurasidone. symptoms from the psychopathology of the bipolar disorder
or depression versus symptoms of hypothyroidism.
A\ J
10.10 Which agent would .be a poor .ch0|ce in a 70-year- ( Correct answer = D. Lithium should not be used for depres- )
old elderly female with depressive symptoms due to sion in an elderly patient without first trying first-line anti-
the drug having significant «, receptor antagonism depressants, and even then, it is used as an adjunct.
and thus a higher risk for falls due to orthostatic Bupropion, sertraline, and escitalopram have very little
hypotension? effect on blood pressure (no «, receptor antagonism) and
A. Lithium. are considered acceptable choices for the treatment of

depression in the elderly. Imipramine is associated with a

B. Bup.ropion. high risk for orthostasis in the elderly and should be avoided
C. Escitalopram. due to its adverse effect profile and risk for falls.
D. Imipramine. \ J

E. Sertraline.






Antipsychotic Drugs

Jose A. Rey

. OVERVIEW

The antipsychotic drugs (also called neuroleptics or major tranquilizers)
are used primarily to treat schizophrenia, but they are also effective in
other psychotic and manic states. The use of antipsychotic medications
involves a difficult trade-off between the benefit of alleviating psychotic
symptoms and the risk of a wide variety of troubling adverse effects.
Antipsychotic drugs (Figure 11.1) are not curative and do not eliminate
chronic thought disorders, but they often decrease the intensity of hal-
lucinations and delusions and permit the person with schizophrenia to
function in a supportive environment.

Il. SCHIZOPHRENIA

Schizophrenia is a type of chronic psychosis characterized by delusions,
hallucinations (often in the form of voices), and thinking or speech distur-
bances. The onset of illness is often during late adolescence or early adult-
hood. It occurs in about 1% of the population and is a chronic and disabling
disorder. Schizophrenia has a strong genetic component and probably
reflects some fundamental biochemical abnormality, possibly a dysfunc-
tion of the mesolimbic or mesocortical dopaminergic neuronal pathways.

lll. ANTIPSYCHOTIC DRUGS

The antipsychotic drugs are divided into first- and second-generation
agents. The first-generation drugs are further classified as “low potency” or
“high potency.” This classification does not indicate clinical effectiveness of
the drugs, but rather specifies affinity for the dopamine D, receptor, which,
in turn, may influence the adverse effect profile of the drug.

A. First-generation antipsychotics

The first-generation antipsychotic drugs (also called conventional, typi-
cal, or traditional antipsychotics) are competitive inhibitors at a variety
of receptors, but their antipsychotic effects reflect competitive blocking
of dopamine D, receptors. First-generation antipsychotics are more
likely to be associated with movement disorders known as extrapy-
ramidal symptoms (EPS), particularly drugs that bind tightly to dopa-
minergic neuroreceptors, such as haloperidol [HAL-oh-PER-i-dol].

11

FIRST-GENERATION ANTIPSYCHOTIC
(low potency)

Chlorpromazine THORAZINE
Thioridazine

FIRST-GENERATION ANTIPSYCHOTIC
(high potency)

Fluphenazine PROLIXIN
Haloperidol HaLDOL
Loxapine LOXITANE
Perphenazine

Pimozide orRAP
Prochlorperazine COMPAZINE
Thiothixene NAVANE
Trifluoperazine STELAZINE

SECOND-GENERATION ANTIPSYCHOTIC

Aripiprazole ABILIFY
Asenapine SAPHRIS
Clozapine CLOZARIL
lloperidone FANAPT
Lurasidone LATUDA
Olanzapine ZYPREXA
Paliperidone INVEGA
Quetiapine SEROQUEL
Risperidone RISPERDAL
Ziprasidone GEODON

Figure 11.1
Summary of antipsychotic agents.
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Movement disorders are less likely with medications that bind weakly,
Dopamine such as chlorpromazine [klor-PROE-ma-zeen]. No one drug is clini-
cally more effective than another.

B. Second-generation antipsychotic drugs

The second-generation antipsychotic drugs (also called “atypical” anti-
psychotics) have a lower incidence of EPS than the first-generation
agents but are associated with a higher risk of metabolic side effects,
such as diabetes, hypercholesterolemia, and weight gain. The sec-
ond-generation drugs appear to owe their unique activity to blockade
of both serotonin and dopamine and, perhaps, other receptors.

——

” 1. Drug selection: Second-generation agents are generally used as
first-line therapy for schizophrenia to minimize the risk of debili-

tating EPS associated with the first-generation drugs that act
primarily at the dopamine D, receptor. The second-generation
antipsychotics exhibit an efficacy that is equivalent to, and occa-
sionally exceeds, that of the first-generation antipsychotic agents.
@ However, consistent differences in therapeutic efficacy among the

i\?\ﬁw Wﬁffﬁ/ﬁ second-generation drugs have not been established, and individ-
\\M\a& M&/{C// ual patient response and comorbid conditions must often be used

Dopamine : .
receptor blocked to guide drug selection.

Anti-

ps()’r:ll:gst |c x ' Dopamine

2. Refractory patients: Approximately 10% to 20% of patients with

N
NoNa
i

DECREASED
INTRACELLULAR
RESPONSE

schizophrenia have an insufficient response to all first- and second-
generation antipsychotics. For these patients, clozapine [KLOE-
za-peen] has shown to be an effective antipsychotic with a minimal

risk of EPS. However, its clinical use is limited to refractory patients
because of serious adverse effects. Clozapine can produce bone
marrow suppression, seizures, and cardiovascular side effects,
such as orthostasis. The risk of severe agranulocytosis necessi-
tates frequent monitoring of white blood cell counts.

Figure 11.2

Dopamine-blocking actions of
antipsychotic drugs.

C. Mechanism of action

1. Dopamine antagonism: All of the first-generation and most of
the second-generation antipsychotic drugs block D, dopamine
receptors in the brain and the periphery (Figure 11.2).

2. Serotonin receptor-blocking activity: Most of the second-
generation agents appear to exert part of their unique action
through inhibition of serotonin receptors (5-HT), particularly
5-HT,, receptors. Clozapine has high affinity for D, D,, 5-HT,,
muscarinic, and a-adrenergic receptors, but it is also a weak
dopamine D, receptor antagonist (Figure 11.3). Risperidone [ris-
PEAR-ih-dohn] blocks 5-HT,, receptors to a greater extent than
it does D, receptors, as does olanzapine [oh-LANZ-ah-peen].
The second-generation antipsychotic aripiprazole [a-rih-PIP-ra-
zole] is a partial agonist at D, and 5-HT,, receptors, as well as
an antagonist of 5-HT,, receptors. Quetiapine [qwe-TY-uh-peen]
blocks D, receptors more potently than 5-HT,, receptors but is
relatively weak at blocking either receptor. Its low risk for EPS
may also be related to the relatively short period of time it binds
to the D, receptor.
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D. Actions
Relative affinities at D, receptors

The clinical effects of antipsychotic drugs appear to reflect a block-

ade at dopamine and/or serotonin receptors. However, many of these Clozapine [N

agents also block cholinergic, adrenergic, and histaminergic recep- Chlorpromazine ||

tors (Figure 11.4). It is unknown what role, if any, these actions have Haloperidol | \

in alleviating the symptoms of psychosis. However, the undesirable Low High

affinity affinity

side effects of antipsychotic drugs often result from pharmacological
actions at these other receptors.

1. Antipsychotic effects: All antipsychotic drugs can reduce hallu-
cinations and delusions associated with schizophrenia (known as
“positive” symptoms) by blocking D, receptors in the mesolimbic sys-
tem of the brain. The “negative” symptoms, such as blunted affect,
apathy, and impaired attention, as well as cognitive impairment, are
not as responsive to therapy, particularly with the first-generation
antipsychotics. Many second-generation agents, such as clozapine,
can ameliorate the negative symptoms to some extent.

2. Extrapyramidal effects: Dystonias (sustained contraction of
muscles leading to twisting, distorted postures), Parkinson-like
symptoms, akathisia (motor restlessness), and tardive dyski-
nesia (involuntary movements, usually of the tongue, lips, neck,
trunk, and limbs) can occur with both acute and chronic treatment.
Blockade of dopamine receptors in the nigrostriatal pathway prob-
ably causes these unwanted movement symptoms. The second-
generation antipsychotics exhibit a lower incidence of EPS.

3. Antiemetic effects: With the exception of aripiprazole, most of the
antipsychotic drugs have antiemetic effects that are mediated by
blocking D, receptors of the chemoreceptor trigger zone of the medulla
(see Chapter 31). Figure 11.5 summarizes the antiemetic uses of
antipsychotic agents, as well as other drugs that combat nausea.

A

Most antipsychotic drugs have
affinities at D,-dopaminergic
receptors that parallel clinical
potency.

Clozapine differs from typical
antipsychotic drugs in having a
similar affinity for both D;- and
D,-dopaminergic receptors.

Relative affinities at D, recept@

Clozapine |

Chlorpromazine [ |
Haloperidol | |

Low High
affinity affinity

Figure 11.3

Relative affinity of clozapine,
chlorpromazine, and haloperidol at
D, and D, dopaminergic receptors.
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Figure 11.4

Antipsychotic drugs block at dopaminergic and serotonergic receptors as well as at adrenergic, cholinergic, and histamine-

binding receptors.
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Therapeutic application of antiemetic
agents.

4. Anticholinergic effects: Some of the antipsychotics, particularly

thioridazine, chlorpromazine, clozapine, and olanzapine, pro-
duce anticholinergic effects. These effects include blurred vision,
dry mouth (the exception is clozapine, which increases saliva-
tion), confusion, and inhibition of gastrointestinal and urinary tract
smooth muscle, leading to constipation and urinary retention. The
anticholinergic effects may actually assist in reducing the risk of
EPS with these agents.

Other effects: Blockade of a-adrenergic receptors causes ortho-
static hypotension and light-headedness. The antipsychotics also
alter temperature-regulating mechanisms and can produce poi-
kilothermia (condition in which body temperature varies with the
environment). In the pituitary, antipsychotics block D, receptors,
leading to an increase in prolactin release. Sedation occurs with
those drugs that are potent antagonists of the H,-histamine recep-
tor, including chlorpromazine, olanzapine, quetiapine, and clozap-
ine. Sexual dysfunction may also occur with the antipsychotics due
to various receptor-binding characteristics.

E. Therapeutic uses

1.

Treatment of schizophrenia: The antipsychotics are considered
the only efficacious pharmacological treatment for schizophrenia.
The first-generation antipsychotics are most effective in treating
positive symptoms of schizophrenia. The atypical antipsychotics
with 5-HT,, receptor—blocking activity may be effective in many
patients who are resistant to the traditional agents, especially in
treating the negative symptoms of schizophrenia.

. Prevention of nausea and vomiting: The older antipsychotics

(most commonly, prochlorperazine [PROE-clor-PEAR-a-zeen])
are useful in the treatment of drug-induced nausea.

. Other uses: The antipsychotic drugs can be used as tranquiliz-

ers to manage agitated and disruptive behavior secondary to other
disorders. Chlorpromazine is used to treat intractable hiccups.
Pimozide [PIM-oh-zide] is primarily indicated for treatment of the
motor and phonic tics of Tourette disorder. However, risperidone and
haloperidol are also commonly prescribed for this tic disorder. Also,
risperidone and aripiprazole are approved for the management of
disruptive behavior and irritability secondary to autism. Many anti-
psychotic agents are approved for the management of the manic
and mixed symptoms associated with bipolar disorder. Lurasidone
[loo-RAS-i-done] and quetiapine are indicated for the treatment of
bipolar depression. Paliperidone [pal-ee-PEAR-i-dohn] is approved
for the treatment of schizoaffective disorder. Some antipsychotics
(aripiprazole and quetiapine) are used as adjunctive agents with
antidepressants for treatment of refractory depression.

Absorption and metabolism

After oral administration, the antipsychotics show variable absorption
that is unaffected by food (except for ziprasidone [zi-PRAS-i-done]
and paliperidone, the absorption of which is increased with food).
These agents readily pass into the brain and have a large volume
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of distribution. They are metabolized to many different metabolites,
usually by the cytochrome P450 system in the liver, particularly the
CYP2D6, CYP1A2, and CYP3A4 isoenzymes. Some metabolites are
active and have been developed as pharmacological agents them-
selves (for example, paliperidone is the active metabolite of risperi-
done, and the antidepressant amoxapine is the active metabolite of
loxapine). Fluphenazine decanoate, haloperidol decanoate, risperi-
done microspheres, paliperidone palmitate, aripiprazole monohydrate,
and olanzapine pamoate are long-acting injectable (LAI) formulations
of antipsychotics. These formulations have a therapeutic duration of
action of up to 2 to 4 weeks and, therefore, are often used to treat out-
patients and individuals who are nonadherent with oral medications.

. Adverse effects

Adverse effects of the antipsychotic drugs can occur in practically all
patients and are significant in about 80% (Figure 11.6).

1. Extrapyramidal effects: The inhibitory effects of dopaminergic
neurons are normally balanced by the excitatory actions of cholin-
ergic neurons in the striatum. Blocking dopamine receptors alters
this balance, causing a relative excess of cholinergic influence,
which results in extrapyramidal motor effects. The appearance of
the movement disorders is generally time and dose dependent,
with dystonias occurring within a few hours to days of treatment,
followed by akathisias occurring within days to weeks. Parkinson-
like symptoms of bradykinesia, rigidity, and tremor usually occur
within weeks to months of initiating treatment. Tardive dyskinesia
(see below), which can be irreversible, may occur after months or
years of treatment.

If cholinergic activity is also blocked, a new, more nearly normal
balance is restored, and extrapyramidal effects are minimized.
This can be achieved by administration of an anticholinergic
drug, such as benztropine. The therapeutic trade-off is a lower
incidence of EPS in exchange for the side effect of muscarinic
receptor blockade. Those antipsychotic drugs that exhibit strong
anticholinergic activity, such as thioridazine [THYE-oh-RID-a-
zeen], show fewer extrapyramidal disturbances, because the cho-
linergic activity is already strongly dampened. This contrasts with
haloperidol and fluphenazine [floo-FEN-a-zeen], which have low
anticholinergic activity and produce extrapyramidal effects more
frequently because of the preferential blocking of dopaminergic
transmission. Akathisia may respond better to p blockers (for
example, propranolol) or benzodiazepines, rather than anticholin-
ergic medications.

2. Tardive dyskinesia: Long-term treatment with antipsychotics can
cause this motor disorder. Patients display involuntary movements,
including bilateral and facial jaw movements and “fly-catching”
motions of the tongue. A prolonged holiday from antipsychotics may
cause the symptoms to diminish or disappear within a few months.
However, in many individuals, tardive dyskinesia is irreversible and
persists after discontinuation of therapy. Tardive dyskinesia is pos-
tulated to result from an increased number of dopamine receptors
that are synthesized as a compensatory response to long-term

Urinary
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Weight Gain

Seizure

Sedation

Extrapyramidal
symptoms

Postural
hypotension

Sexual
dysfunction

Arrhythmias
and sudden
cardiac death

Dry mouth

Figure 11.6

Adverse effects observed in individuals
treated with antipsychotic drugs.
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Patients receiving the atypical
antipsychotic risperidone show
fewer relapses than those
treated with haloperidol, a high-
potency, typical antipsychotic.
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Figure 11.7

Rates of relapse among patients with
schizophrenia after maintenance
therapy with either risperidone or
haloperidol.

dopamine receptor blockade. This makes the neuron supersensi-
tive to the actions of dopamine, and it allows the dopaminergic
input to this structure to overpower the cholinergic input, causing
excess movement in the patient. Traditional anti-EPS medications
may actually worsen this condition.

3. Neuroleptic malignant syndrome: This potentially fatal reac-
tion to antipsychotic drugs is characterized by muscle rigidity,
fever, altered mental status and stupor, unstable blood pressure,
and myoglobinemia. Treatment necessitates discontinuation of the
antipsychotic agent and supportive therapy. Administration of
dantrolene or bromocriptine may be helpful.

4. Other effects: Drowsiness occurs due to CNS depression and
antihistaminic effects, usually during the first few weeks of treat-
ment. Confusion sometimes results. Those antipsychotic agents
with potent antimuscarinic activity often produce dry mouth, uri-
nary retention, constipation, and loss of visual accommodation.
Others may block a-adrenergic receptors, resulting in lowered
blood pressure and orthostatic hypotension. The antipsychot-
ics depress the hypothalamus, affecting thermoregulation and
causing amenorrhea, galactorrhea, gynecomastia, infertility, and
erectile dysfunction. Significant weight gain is often a reason for
nonadherence. Glucose and lipid profiles should be monitored in
patients taking antipsychotics due to the potential for the second-
generation agents to increase these laboratory parameters and
the possible exacerbation of preexisting diabetes or hyperlipid-
emia. Some antipsychotics have been associated with mild to sig-
nificant QT prolongation. Thioridazine has the highest risk, and
Ziprasidone and iloperidone [eye-low-PEAR-ee-dohn] also have
cautions with their use due to this effect. Other antipsychotics
have a general precaution regarding QT prolongation, even if the
risk is relatively low.

5. Cautions and contraindications: All antipsychotics may lower
the seizure threshold and should be used cautiously in patients
with seizure disorders or those with an increased risk for sei-
zures, such as withdrawal from alcohol. These agents also carry
the warning of increased risk for mortality when used in elderly
patients with dementia-related behavioral disturbances and psy-
chosis. Antipsychotics used in patients with mood disorders should
also be monitored for worsening of mood and suicidal ideation or
behaviors.

H. Maintenance treatment

Patients who have had two or more psychotic episodes secondary
to schizophrenia should receive maintenance therapy for at least
5 years, and some experts prefer indefinite therapy. Low doses
of antipsychotic drugs are not as effective as higher-dose main-
tenance therapy in preventing relapse. The rate of relapse may
be lower with second-generation drugs (Figure 11.7). Figure 11.8
summarizes the therapeutic uses of some of the antipsychotic
drugs.
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DRUG THERAPEUTIC NOTES

Chl . Moderate to high potential for EPS; moderate to high potential for weight gain, orthostasis, sedation, anti-
orpiomazine muscarinic effects.

Fluphenazine Oral formulation has a high potential for EPS; low potential for weight gain, sedation, and orthostasis; low to

p moderate potential for antimuscarinic effects; common use is in the LAl formulation administered every 2-3 weeks
in patients with schizophrenia and a history of noncompliance with oral antipsychotic regimens.

Haloperidol High potential for EPS; low potential for anti-adrenergic (orthostasis) or antimuscarinic adverse events; low

p potential for weight gain or sedation; available in a LAl formulation administered every 4 weeks.
- Low potential for EPS; low potential for weight gain; low potential for sedation and antimuscarinic effects; also

Aripiprazole approved for the treatment of bipolar disorder; also approved for autistic disorder in children, and as an adjunctive
treatment for major depression.

Asenapine Low potential for EPS; low potential for weight gain; low to moderate potential for sedation; low potential for
orthostasis; also approved for the treatment of bipolar disorder; available as a sublingual formulation.

Clozapine Very low potential for EPS; risk for blood dyscrasias (for example, agranulocytosis = ~1%); risk for seizures; risk for myo-
carditis; high potential for the following: sialorrhea, weight gain, antimuscarinic effects, orthostasis, and sedation.

Olanzapine Low potential for EPS; moderate to high potential for weight gain and sedation; low potential for orthostasis; also
approved for the treatment of bipolar disorder; available as a LAl formulation administered every 2-4 weeks.

I Low to moderate potential for EPS; low potential for weight gain; low potential for sedation; available as a LAl

Paliperidone " s A . g 5
formulation administered every 4 weeks; also approved for use in schizoaffective disorder.

Quetiapine Low potential for EPS; moderate potential for weight gain; moderate potential for orthostasis; moderate to high
potential for sedation; also approved for the treatment of bipolar disorder and as an adjunctive treatment for
major depression.

Risperidone Low to moderate potential for EPS; low to moderate potential for weight gain; low to moderate potential for
orthostasis; low to moderate potential for sedation; also approved for the treatment of bipolar disorder; also
approved for autistic disorder in children; available as a LAl formulation administered every 2 weeks.

. . Low potential for extrapyramidal effects; contraindicated in patients with history of cardiac arrhythmias; minimal

Ziprasidone weight gain. Used in treatment of bipolar depression.

Figure 11.8

Summary of antipsychotic agents commonly used to treat schizophrenia. EPS = extrapyramidal effects; LAl = long-acting

injectable.

Study Questions

Choose the ONE best answer.

11.1 An adolescent male is newly diagnosed with schizo-

Correct answer = D. Risperidone is the only antipsychotic

phrenia. Which of the following antipsychotic agents
may have the best chance to improve his apathy and
blunted affect?

A. Chlorpromazine.
B. Fluphenazine.
C. Haloperidol.

D. Risperidone.

E. Thioridazine.

11.2 Which one of the following antipsychotics has been
shown to be a partial agonist at the dopamine D,
receptor?

A. Aripiprazole.

B. Clozapine.

C. Haloperidol.

D. Risperidone.

E. Thioridazine.

on the list that has some reported benefit in improving the
negative symptoms of schizophrenia. It is a second-gen-
eration antipsychotic, and the other drugs listed are first-
generation antipsychotic agents. All of the agents have
the potential to diminish the hallucinations and delusional
thought processes (positive symptoms).

Correct answer = A. Aripiprazole is the agent that acts as a
partial agonist at D, receptors. Theoretically, the drug would
enhance action at these receptors when there is a low con-
centration of dopamine and would block the actions of high
concentrations of dopamine. All of the other drugs are only
antagonistic at D, receptors, with haloperidol being particu-
larly potent.
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11.3

11.5

11.6

11.7

A 21-year-old male has recently begun pimozide
therapy for Tourette disorder. His parents bring him
to the emergency department. They describe that he
has been having “different-appearing tics” than before,
such as prolonged contraction of the facial muscles.
While being examined, he experiences opisthotonos
(type of extrapyramidal spasm of the body in which
the head and heels are bent backward and the body is
bowed forward). Which of the following drugs would be
beneficial in reducing these symptoms?

A. Benztropine.

B. Bromocriptine.
C. Lithium.

D. Prochlorperazine.
E. Risperidone.

A

28-year-old woman with schizoaffective disorder
(combination of mood and psychotic symptoms)
reports difficulty falling asleep. Which of the following
would be most beneficial in this patient?

A. Lithium.

B. Chlorpromazine.
C. Haloperidol.

D. Paliperidone.

E. Ziprasidone.

Which of the following antipsychotic agents is con-
sidered to be the most potent and, thus, have the
highest risk of extrapyramidal symptoms?

A. Thioridazine.

B. Fluphenazine.
C. Quetiapine.

D. Chlorpromazine.
E. Clozapine.

Which antipsychotic has the most sedative potential
and is sometimes questionably used as a hypnotic
agent in certain clinical settings?

A. Fluphenazine.
B. Thiothixene.
C. Quetiapine.
D. Haloperidol.
E. lloperidone.

A 30-year-old male patient who is treated with halo-
peridol for his diagnosis of schizophrenia is considered
to be well-managed symptomatically for his psychotic
symptoms. However, he is reporting restlessness, the
inability to sit still at the dinner table, and his family
notices that he is pacing up and down the hallway
frequently. Of the following, which is the best medication
to treat this antipsychotic-induced akathisia?

A. Benztropine.
B. Dantrolene.
C. Amoxapine.
D. Bromocriptine.
E. Propranolol.

Correct answer = A. The patient is experiencing EPS due
to pimozide, and a muscarinic antagonist such as benztro-
pine would be effective in reducing the symptoms. The other
drugs would have no effect or, in the case of prochlorpera-
zine and risperidone, might increase the symptoms.

Correct answer = D. Paliperidone is the only agent that is
FDA approved for schizoaffective disorder. Chlorpromazine
has significant sedative activity as well as antipsychotic
properties and is the drug most likely to alleviate this
patient’s major complaint of insomnia. Although other anti-
psychotics may benefit this patient’s disorder, paliperidone
has the indication for this disorder, and if the underlying dis-
order is improved, then the symptom of insomnia may also
improve without risking other, unwanted adverse effects,
such as the anticholinergic effects of chlorpromazine.

Correct answer = B. Among the older, conventional, or
typical antipsychotics on this list, fluphenazine is the most
potent and would thus be expected to have the highest inci-
dence of EPS. The atypical antipsychotics listed (quetiapine
and clozapine) could be considered low potency based on
their common dosing and are considered to have the lowest
risk for EPS.

Correct answer = C. Quetiapine has strong antihistaminer-
gic effects causing sedation and is sometimes used at low
doses as a sedative—hypnotic, even though this use is con-
sidered off-label. The other antipsychotic agents listed are
weaker at blocking the histamine receptor and therefore are
not as sedating.

Correct answer = E. Propranolol, a p-blocker, is consid-
ered the drug of choice for the management of antipsy-
chotic-induced akathisia. Benztropine is more effective
for pseudoparkinsonism and acute dystonias. Amoxapine
is an antidepressant that has been associated with EPS.
Bromocriptine is more effective for Parkinson-like symp-
toms, and dantrolene is a muscle relaxant that is best
reserved for managing some symptoms of neuroleptic
malignant syndrome.
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11.8

11.9

11.10

Which of the following antipsychotic agents is available
in a LAl formulation that may be useful for patients
with difficulty adhering to therapy?

A. Asenapine.

B. Chlorpromazine.
C. Clozapine.

D. Quetiapine.

E. Risperidone.

Which of the following antipsychotic agents is most
associated with the possibility of a hematological
dyscrasia such as agranulocytosis in a patient being
treated for schizophrenia?

A. Chlorpromazine.
B. Buspirone.

C. Lithium.

D. Clozapine.

E. Asenapine.

Which antipsychotic agent has been most associated
with significant QT interval prolongation and should
be used with caution in patients with preexisting
arrhythmias or patients taking other drugs associated
with QT prolongation?

A. Thioridazine.

B. Risperidone.

C. Asenapine.

D. Lurasidone.

E. Aripiprazole.

Correct answer = E. Risperidone is available in a LAI for-
mulation containing risperidone microspheres. The other
agents listed do not have LAI formulations. Aripiprazole,
fluphenazine, haloperidol, olanzapine, and paliperidone are
other antipsychotics that are available in LAl formulations.

Correct answer = D. Clozapine is the only antipsychotic
medication that has a black box warning and a risk of
agranulocytosis in approximately 1% of the patients treated.
This requires regular monitoring of white blood cell counts.
Although other antipsychotics have case reports of blood
dyscrasias, clozapine is considered to have the highest risk.

Correct answer = A. Of the antipsychotic drugs listed,
thioridazine has the highest risk for causing QT interval
prolongation. Although this is a general warning for all anti-
psychotics, thioridazine has been issued a “black box warn-
ing,” suggesting that it is associated with the greatest risk.







Drugs for Epilepsy

Jeannine M. Conway and Angela K. Birnbaum

. OVERVIEW

Approximately 10% of the population will have at least one seizure in
their lifetime. Globally, epilepsy is the third most common neurologic dis-
order after cerebrovascular and Alzheimer’s disease. Epilepsy is not a
single entity but an assortment of different seizure types and syndromes
originating from several mechanisms that have in common the sudden,
excessive, and synchronous discharge of cerebral neurons. This abnor-
mal electrical activity may result in a variety of events, including loss
of consciousness, abnormal movements, atypical or odd behavior, and
distorted perceptions that are of limited duration but recur if untreated.
The site of origin of the abnormal neuronal firing determines the symp-
toms that are produced. For example, if the motor cortex is involved, the
patient may experience abnormal movements or a generalized convul-
sion. Seizures originating in the parietal or occipital lobe may include
visual, auditory, and olfactory hallucinations. Medications are the most
widely used mode of treatment for patients with epilepsy. In general, sei-
zures can be controlled with one medication in approximately 75% of
patients. Patients may require more than one medication in order to opti-
mize seizure control, and some patients may never obtain total seizure
control. A summary of antiepilepsy medications is shown in Figure 12.1.

Il. ETIOLOGY OF SEIZURES

In most cases, epilepsy has no identifiable cause. Focal areas that are
functionally abnormal may be triggered into activity by changes in phys-
iologic factors, such as an alteration in blood gases, pH, electrolytes,
and blood glucose and changes in environmental factors, such as sleep
deprivation, alcohol intake, and stress. The neuronal discharge in epi-
lepsy results from the firing of a small population of neurons in a spe-
cific area of the brain referred to as the “primary focus.” Neuroimaging
techniques, such as magnetic resonance imaging, positron emission
tomography scans, and single photon emission coherence tomogra-
phy, may identify areas of concern (Figure 12.2). Epilepsy can be due
to an underlying genetic, structural, or metabolic cause or an unknown
cause. Though multiple specific epilepsy syndromes that include symp-
toms other than seizures have been classified, a discussion of these
syndromes is beyond the scope of this chapter.

APPROVED BEFORE 1990

Carbamazepine TEGRETOL
Diazepam VALIUM
Divalproex DEPAKOTE
Ethosuximide ZARONTIN
Lorazepam ATIVAN
Phenobarbital LUMINAL
Phenytoin DILANTIN
Primidone MYSOLINE

APPROVED AFTER 1990

Clobazam ONFI
Eslicarbazepine APTIOM
Ezogabine POTIGA
Felbamate FELBATOL
Fosphenytoin CEREBYX
Gabapentin NEURONTIN
Lacosamide VIMPAT
Lamotrigine LAMICTAL
Levetiracetam KEPPRA
Oxcarbazepine TRILEPTAL
Perampanel FYCOMPA
Pregabalin LYRICA
Rufinamide BANZEL
Tiagabine GABITRIL
Topiramate TOPAMAX
Vigabatrin SABRIL
Zonisamide ZONEGRAN

Figure 12.1
Summary of agents used in the

treatment of epilepsy. Drugs arranged

alphabetically.
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Single-photon emission coherence
tomography (SPECT) can be used to
measure regional blood flow in the
brain. The image shows an increased
blood flow in the left temporal lobe
associated with the onset of a seizure
in the same area.

Figure 12.2

Region of the brain in a person with

epilepsy showing increased blood
flow during a seizure.

SEIZURES

— Focal
(simple, complex)

Generalized

(consciousness lost/no memory)

— Tonic-clonic
— Absence

— Myoclonic
— Clonic

— Tonic

— Atonic

{ Unkown

L

Epileptic spasms

Figure 12.3
Classification of epilepsy.

A. Genetic epilepsy

These seizures result from an inherited abnormality in the central
nervous system (CNS). Some genetic mutations have been identi-
fied in epilepsy syndromes. Obtaining a detailed family history may
provide important information for assessing the possibility of a genetic
link to seizures.

B. Structural/metabolic epilepsy

A number of causes, such as illicit drug use, tumor, head injury, hypo-
glycemia, meningeal infection, and the rapid withdrawal of alcohol
from an alcoholic, can precipitate seizures. In cases when the cause
of a seizure can be determined and corrected, medication may not be
necessary. For example, a seizure that is caused by a drug reaction is
not epilepsy and does not require chronic therapy. In other situations,
antiepilepsy medications may be needed when the primary cause of
the seizures cannot be corrected.

C. Unknown cause

When no specific anatomic cause for the seizure, such as trauma
or neoplasm, is evident, a patient may be diagnosed with seizures
where the underlying cause is unknown. Most cases of epilepsy are
due to an unknown cause. Patients can be treated chronically with
antiepilepsy medications or vagal nerve stimulation.

Ill. CLASSIFICATION OF SEIZURES

It is important to correctly classify seizures to determine appropriate
treatment. Seizures have been categorized by site of origin, etiology,
electrophysiologic correlation, and clinical presentation. The nomen-
clature developed by the International League Against Epilepsy is con-
sidered the standard way to classify seizures and epilepsy syndromes
(Figure 12.3). Seizures have been classified into two broad groups: focal
and generalized.

A. Focal

Focal seizures involve only a portion of the brain, typically part of
one lobe of one hemisphere. The symptoms of each seizure type
depend on the site of neuronal discharge and on the extent to
which the electrical activity spreads to other neurons in the brain.
Focal seizures may progress to become generalized tonic—clonic
seizures.

1. Simple partial: These seizures are caused by a group of hyper-
active neurons exhibiting abnormal electrical activity and are
confined to a single locus in the brain. The electrical discharge
does not spread, and the patient does not lose consciousness or
awareness. The patient often exhibits abnormal activity of a single
limb or muscle group that is controlled by the region of the brain
experiencing the disturbance. The patient may also show sensory
distortions. This activity may spread. Simple partial seizures may
occur at any age.
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2. Complex partial: These seizures exhibit complex sensory
hallucinations and mental distortion. Motor dysfunction may involve
chewing movements, diarrhea, and/or urination. Consciousness
is altered. Simple partial seizure activity may spread to become
complex and then spread to a secondarily generalized convulsion.
Complex partial seizures may occur at any age.

B. Generalized

Generalized seizures may begin locally and then progress to include
abnormal electrical discharges throughout both hemispheres of
the brain. Primary generalized seizures may be convulsive or
nonconvulsive, and the patient usually has an immediate loss of
consciousness.

1. Tonic—clonic: These seizures result in loss of consciousness,
followed by tonic (continuous contraction) and clonic (rapid con-
traction and relaxation) phases. The seizure may be followed by a
period of confusion and exhaustion due to the depletion of glucose
and energy stores.

2. Absence: These seizures involve a brief, abrupt, and self-
limiting loss of consciousness. The onset generally occurs
in patients at 3 to 5 years of age and lasts until puberty or
beyond. The patient stares and exhibits rapid eye-blinking,
which lasts for 3 to 5 seconds. An absence seizure has a very
distinct three-per-second spike and wave discharge seen on
electroencephalogram.

3. Myoclonic: These seizures consist of short episodes of mus-
cle contractions that may recur for several minutes. They gener-
ally occur after wakening and exhibit as brief jerks of the limbs.
Myoclonic seizures occur at any age but usually begin around
puberty or early adulthood.

4. Clonic: These seizures consist of short episodes of muscle
contractions that may closely resemble myoclonic seizures.
Consciousness is more impaired with clonic seizures as compared
to myoclonic.

5. Tonic: These seizures involve increased tone in the extension
muscles and are generally less than 60 seconds long.

6. Atonic: These seizures are also known as drop attacks and are
characterized by a sudden loss of muscle tone.

C. Mechanism of action of antiepilepsy medications

Drugs reduce seizures through such mechanisms as block-
ing voltage-gated channels (Na* or Ca?¥), enhancing inhibitory
y-aminobutyric acid (GABA)-ergic impulses and interfering with
excitatory glutamate transmission. Some antiepilepsy medications
appear to have multiple targets within the CNS, whereas the mech-
anism of action for some agents is poorly defined. Antiepilepsy
medications suppress seizures but do not “cure” or “prevent”

epilepsy.
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Newly diagnosed epilepsy
e Consider starting therapy after the second
seizure.

Y

First-choice drug
e Choose drug appropriate for the patient's
type of seizure.
—Consider toxicity of the agent
—Consider characteristics of the patient
o Gradually titrate the dosage to that which
is maximally tolerated and/or produces
optimal seizure control.

l

Y

Second-choice drug

e The second drug is titrated to a therapeutic
level that controls seizures before tapering
and discontinuing the original antiseizure
agent.

e If the first drug is associated with significant
adverse effects, it should be tapered while
the second drug is added.

IV. DRUG SELECTION

Choice of drug treatment is based on the classification of the seizures,
patient-specific variables (for example, age, comorbid medical condi-
tions, lifestyle, and personal preference), and characteristics of the
drug (such as cost and drug interactions). For example, focal-onset
seizures are treated with a different set of medications than primary
generalized seizures, although the list of effective agents overlaps. The
toxicity of the agent and characteristics of the patient are major consid-
erations in drug selection. In newly diagnosed patients, monotherapy
is instituted with a single agent until seizures are controlled or toxicity
occurs (Figure 12.4). Compared to those receiving combination ther-
apy, patients receiving monotherapy exhibit better medication adher-
ence and fewer side effects. If seizures are not controlled with the first
medication, monotherapy with an alternate medication or the addition
of medications should be considered (Figure 12.5). Failing that, other
medical management (vagal nerve stimulation, surgery, etc.) should be
considered. Awareness of the antiepilepsy medications available and
their mechanisms of action, pharmacokinetics, potential for drug—drug
interactions, and adverse effects is essential for successful treatment
of the patient.

V. ANTIEPILEPSY MEDICATIONS

Y Y

[Seizures persist) [ Seizure free ]
Y
Rational Alternative
combination drug
of two drugs therapy

w Y

[Seizures persist) [ Seizure free ]

Consider
vagal nerve

stimulation

Figure 12.4

Therapeutic strategies for managing
newly diagnosed epilepsy.

During the past 20 years, the Food and Drug Administration has
approved many new antiepilepsy medications (Figure 12.1). Some
of these agents are thought to have potential advantages over drugs
approved prior to 1990 in terms of pharmacokinetics, tolerability, and
reduced risk for drug—drug interactions. However, studies have failed
to demonstrate that the newer drugs are significantly more efficacious
than the older agents. For that reason, the antiepilepsy medications are
described below in alphabetical order, rather than attempting to rank
them by efficacy. Figure 12.6 summarizes pharmacokinetic properties of
the antiepilepsy medications, and Figure 12.7 shows common adverse
effects. Suicidal behavior and suicidal ideation have been identified as a
risk with antiepilepsy medications. In addition, virtually, all antiepilepsy
medications have been associated with multiorgan hypersensitivity
reactions, a rare idiosyncratic reaction characterized by rash, fever, and
systemic organ involvement.

A. Benzodiazepines

Benzodiazepines bind to GABA inhibitory receptors to reduce firing
rate. Most benzodiazepines are reserved for emergency or acute sei-
zure treatment due to tolerance. However, clonazepam [kloe-NAY-ze-
pam] and clobazam [KLOE-ba-zam] may be prescribed as adjunctive
therapy for particular types of seizures. Diazepam [dye-AZ-e-pam] is
also available for rectal administration to avoid or interrupt prolonged
generalized tonic—clonic seizures or clusters when oral administration
is not possible.
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Figure 12.6

Summary of the pharmacokinetics of antiepilepsy medications used as chronic therapy.

Carbamazepine

Carbamazepine [kar-ba-MAZ-a-peen] blocks sodium channels,
thereby inhibiting the generation of repetitive action potentials in
the epileptic focus and preventing their spread. Carbamazepine is
effective for treatment of focal seizures and, additionally general-
ized tonic—clonic seizures, trigeminal neuralgia, and bipolar disor-
der. Carbamazepine is absorbed slowly and erratically following oral
administration and may vary from generic to generic, resulting in large
variations in serum concentrations of the drug. It induces its own
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metabolism, resulting in lower total carbamazepine blood concentra-
tions at higher doses. Carbamazepine is an inducer of the CYP1A2,
CYP2C, and CYP3A and UDP glucuronosyltransferase (UGT)
enzymes, which increases the clearance of other drugs (Figure 12.8).
Hyponatremia may be noted in some patients, especially the elderly,
and may necessitate a change in medication. Carbamazepine should
not be prescribed for patients with absence seizures because it may
cause an increase in seizures.

. Eslicarbazepine

Eslicarbazepine [es-li-kar-BAZ-a-peen] acetate is a prodrug that is
converted to the active metabolite eslicarbazepine (S-licarbazepine)
by hydrolysis. S-licarbazepine is the active metabolite of oxcarbaze-
pine (see below). It is a voltage-gated sodium channel blocker and is
approved for partial-onset seizures in adults. Eslicarbazepine exhib-
its linear pharmacokinetics and is eliminated via glucuronidation.
The side effect profile includes dizziness, somnolence, diplopia, and
headache. Serious adverse reactions such as rash, psychiatric side
effects, and hyponatremia occur rarely.

. Ethosuximide

Ethosuximide [eth-oh-SUX-i-mide] reduces propagation of abnormal
electrical activity in the brain, most likely by inhibiting T-type calcium
channels. It is only effective in treating absence seizures.

. Ezogabine

Ezogabine [e-ZOG-a-been] is thought to open voltage-gated M-type
potassium channels leading to stabilization of the resting membrane
potential. Ezogabine exhibits linear pharmacokinetics and no drug
interactions at lower doses. Possible unique side effects are urinary
retention, QT interval prolongation, blue skin discoloration, and retinal
abnormalities.

. Felbamate

Felbamate [FEL-ba-mate] has a broad spectrum of anticonvulsant
action with multiple proposed mechanisms including the blocking
of voltage-dependent sodium channels, competing with the glycine
coagonist binding site on the N-methyl-p-aspartate (NMDA) glutamate
receptor, blocking of calcium channels, and potentiating GABA action.
It is an inhibitor of drugs metabolized by CYP2C19 and induces drugs
metabolized by CYP3AA4. It is reserved for use in refractory epilepsies
(particularly Lennox-Gastaut syndrome) because of the risk of aplas-
tic anemia (about 1:4000) and hepatic failure.

. Gabapentin

Gabapentin [GA-ba-pen-tin] is an analog of GABA. However, it
does not act at GABA receptors, enhance GABA actions or con-
vert to GABA. Its precise mechanism of action is not known. It is
approved as adjunct therapy for focal seizures and treatment of
postherpetic neuralgia. Gabapentin exhibits nonlinear pharmacoki-
netics (see Chapter 1) due to its uptake by a saturable transport
system from the gut. Gabapentin does not bind to plasma proteins
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Figure 12.7

Notable adverse effects of
antiseizure medications.
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CYP metabolism of the antiepileptic
drugs.

and is excreted unchanged through the kidneys. Reduced dosing is
required in renal disease. Gabapentin is well tolerated by the elderly
population with partial seizures due to its relatively mild adverse
effects. It may also be a good choice for the older patient because
there are few drug interactions.

. Lacosamide

Lacosamide [la-KOE-sa-mide] in vitro affects voltage-gated sodium
channels, resulting in stabilization of hyperexcitable neuronal mem-
branes and inhibition of repetitive neuronal firing. Lacosamide binds
to collapsin response mediator protein-2 (CRMP-2), a phosphopro-
tein involved in neuronal differentiation and control of axonal out-
growth. The role of CRMP-2 binding in seizure control is unknown.
Lacosamide is approved for adjunctive treatment of focal seizures. It
is available in an injectable formulation. The most common adverse
events that limit treatment include dizziness, headache, and fatigue.

Lamotrigine

Lamotrigine [la-MOE-tri-jeen] blocks sodium channels, as well as
high voltage-dependent calcium channels. Lamotrigine is effec-
tive in a wide variety of seizure types, including focal, generalized,
absence seizures, and Lennox-Gastaut syndrome. It is also used
to treat bipolar disorder. Lamotrigine is metabolized primarily to the
2-N-glucuronide metabolite through the UGT1A4 pathway. As with
other antiepilepsy medications, general inducers increase lamotrig-
ine clearance leading to lower lamotrigine concentrations, whereas
divalproex results in a significant decrease in lamotrigine clearance
(higher lamotrigine concentrations). Lamotrigine dosages should be
reduced when adding valproate to therapy. Slow titration is necessary
with lamotrigine (particularly when adding lamotrigine to a regimen
that includes valproate) due to risk of rash, which may progress to a
serious, life-threatening reaction.

. Levetiracetam

Levetiracetam [lee-ve-tye-RA-se-tam] is approved for adjunct therapy
of focal onset, myoclonic, and primary generalized tonic—clonic sei-
zures in adults and children. The exact mechanism of anticonvulsant
action is unknown. It demonstrates high affinity for a synaptic ves-
icle protein (SV2A). The drug is well absorbed orally and excreted
in urine mostly unchanged, resulting in few to no drug interactions.
Levetiracetam can cause mood alterations that may require a dose
reduction or a change of medication.

. Oxcarbazepine

Oxcarbazepine [ox-kar-BAY-zeh-peen] is a prodrug that is rapidly
reduced to the 10-monohydroxy (MHD) metabolite responsible for
its anticonvulsant activity. MHD blocks sodium channels, preventing
the spread of the abnormal discharge. It is also thought to modulate
calcium channels. It is approved for use in adults and children with
partial-onset seizures. Oxcarbazepine is a less potent inducer of
CYP3A4 and UGT than carbamazepine. The adverse effect of hypo-
natremia limits its use in the elderly.
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L. Perampanel

Perampanel [per-AM-pa-nel] is a selective «-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid antagonist resulting in reduced
excitatory activity. Perampanel has a long half-life enabling once-daily
dosing. It is approved for adjunctive treatment of partial-onset sei-
zures in patients 12 years or older. Perampanel is a newer antiepilep-
tic agent, and limited data are available in patients.

M. Phenobarbital and primidone

The primary mechanism of action of phenobarbital [fee-noe-BAR-
bih-tal] is enhancement of the inhibitory effects of GABA-mediated
neurons (see Chapter 9). Primidone is metabolized to phenobarbital
(major) and phenylethylmalonamide, both with anticonvulsant activity.
Phenobarbital is used primarily in the treatment of status epilepticus
when other agents fail.

N. Phenytoin and fosphenytoin

Phenytoin [FEN-i-toin] blocks voltage-gated sodium channels by selec-
tively binding to the channel in the inactive state and slowing its rate
of recovery. It is effective for treatment of focal and generalized tonic—
clonic seizures and in the treatment of status epilepticus. Phenytoin
induces drugs metabolized by the CYP2C and CYP3A families and the
UGT enzyme system. Phenytoin exhibits saturable enzyme metabo-
lism resulting in nonlinear pharmacokinetic properties (small increases
in the daily dose can produce large increases in plasma concentra-
tion, resulting in drug-induced toxicity; Figure 12.9). Depression of the
CNS occurs particularly in the cerebellum and vestibular system, caus-
ing nystagmus and ataxia. The elderly are highly susceptible to this
effect. Gingival hyperplasia may cause the gums to grow over the teeth
(Figure 12.10). Long-term use may lead to development of peripheral
neuropathies and osteoporosis. Although phenytoin is advantageous
due to its low cost, the actual cost of therapy may be much higher, con-
sidering the potential for serious toxicity and adverse effects.

Fosphenytoin [FOS-phen-i-toin] is a prodrug that is rapidly converted
to phenytoin in the blood within minutes. Whereas fosphenytoin may
be administered intramuscularly (IM), phenytoin sodium should never
be given IM, as it causes tissue damage and necrosis. Fosphenytoin
is the drug of choice and standard of care for IV and IM administra-
tion of phenytoin. Because of sound-alike and look-alike trade names,
there is a risk for prescribing errors. The trade name of fosphenytoin is
Cerebyx®, which is easily confused with Celebrex®, the cyclooxygen-
ase-2 inhibitor, and Celexa®, the antidepressant.

O. Pregabalin

Pregabalin [pree-GA-ba-lin] binds to the «,-5 site, an auxiliary subunit
of voltage-gated calcium channels in the CNS, inhibiting excitatory neu-
rotransmitter release. The exact role this plays in treatment is not known,
but the drug has proven effects on focal-onset seizures, diabetic periph-
eral neuropathy, postherpetic neuralgia, and fibromyalgia. More than
90% of pregabalinis eliminated renally. Dosage adjustments are needed
in renal dysfunction. It has no significant metabolism and few drug inter-
actions. Weight gain and peripheral edema have been reported.

When the hepatic hydroxylation
system becomes saturated, small
increases in the dose of phenytoin
cause a large increase in the
plasma concentration of the drug.
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Nonlinear effect of phenytoin dosage
on the plasma concentration of the
drug.

Figure 12.10
Gingival hyperplasia in patient
treated with phenytoin.
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P. Rufinamide

Rufinamide [roo-FIN-a-mide] acts at sodium channels. It is approved
for the adjunctive treatment of seizures associated with Lennox-
Gastaut syndrome in children over age 4 years and in adults.
Rufinamide is a weak inhibitor of CYP2E1 and a weak inducer of
CYP3A4 enzymes. Food increases absorption and peak serum con-
centrations. Serum concentrations of rufinamide are affected by other
antiepilepsy medications. As with other antiepilepsy medications, it is
induced by carbamazepine and phenytoin and inhibited when given
with valproate. Adverse effects include the potential for shortened
QT intervals. Patients with familial short QT syndrome should not be
treated with rufinamide.

. Tiagabine

Tiagabine [ty-AG-a-been] blocks GABA uptake into presynaptic neu-
rons permitting more GABA to be available for receptor binding, and
therefore, it enhances inhibitory activity. Tiagabine is effective as
adjunctive treatment in partial-onset seizures. In postmarketing sur-
veillance, seizures have occurred in patients using tiagabine who did
not have epilepsy. Tiagabine should not be used for indications other
than epilepsy.

. Topiramate

Topiramate [toe-PEER-a-mate] has multiple mechanisms of action.
It blocks voltage-dependent sodium channels, reduces high-voltage
calcium currents (L type), is a carbonic anhydrase inhibitor, and
may act at glutamate (NMDA) sites. Topiramate is effective for use
in partial and primary generalized epilepsy. It is also approved for
prevention of migraine. It inhibits CYP2C19 and is induced by phe-
nytoin and carbamazepine. Adverse effects include somnolence,
weight loss, and paresthesias. Renal stones, glaucoma, oligohi-
drosis (decreased sweating), and hyperthermia have also been
reported.

. Valproic acid and divalproex

Possible mechanisms of action include sodium channel blockade,
blockade of GABA transaminase, and action at the T-type calcium
channels. These varied mechanisms provide a broad spectrum of
activity against seizures. It is effective for the treatment of focal and
primary generalized epilepsies. Valproic acid [val-PRO-ik A-sid] is
available as a free acid. Divalproex [dye-val-PRO-ex] sodium is a
combination of sodium valproate [val-PROE-ate] and valproic acid
that is converted to valproate when it reaches the gastrointesti-
nal tract. It was developed to improve gastrointestinal tolerance of
valproic acid. All of the available salt forms are equivalent in effi-
cacy (valproic acid and sodium valproate). Commercial products
are available in multiple-salt dosage forms and extended-release
formulations. Therefore, the risk for medication errors is high, and
it is essential to be familiar with all preparations. Valproate inhibits
metabolism of the CYP2C9, UGT, and epoxide hydrolase systems
(Figure 12.8). Rare hepatotoxicity may cause a rise in liver enzymes,
which should be monitored frequently. Teratogenicity is also of great
concern.
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T. Vigabatrin

Vigabatrin [vye-GA-ba-trin] acts as an irreversible inhibitor of
y-aminobutyric acid transaminase (GABA-T). GABA-T is the enzyme
responsible for metabolism of GABA. Vigabatrin is associated with
visual field loss ranging from mild to severe in 30% or more of patients.
Vigabatrin is only available through physicians and pharmacies that
participate in the restricted distribution SHARE program.

U. Zonisamide

Zonisamide [zoe-NIS-a-mide] is a sulfonamide derivative that has a
broad spectrum of action. The compound has multiple effects, includ-
ing blockade of both voltage-gated sodium channels and T-type cal-
cium currents. It has a limited amount of carbonic anhydrase activity.
Zonisamide is approved for use in patients with focal epilepsy. It is
metabolized by the CYP3A4 isozyme and may, to a lesser extent, be
affected by CYP3A5 and CYP2C19. In addition to typical CNS adverse
effects, zonisamide may cause kidney stones. Oligohidrosis has been
reported, and patients should be monitored for increased body tempera-
ture and decreased sweating. Zonisamide is contraindicated in patients
with sulfonamide or carbonic anhydrase inhibitor hypersensitivity.

VI. STATUS EPILEPTICUS

In status epilepticus, two or more seizures occur without recovery of
full consciousness in between episodes. These may be focal or primary
generalized, convulsive or nonconvulsive. Status epilepticus is life threat-
ening and requires emergency treatment usually consisting of adminis-
tration of a fast-acting medication such as a benzodiazepine, followed by
a slower-acting medication such as phenytoin.

Vil. WOMEN’S HEALTH AND EPILEPSY

Women of childbearing potential with epilepsy require assessment of their
antiepilepsy medications in regard to contraception and pregnancy plan-
ning. Several antiepilepsy medications increase the metabolism of hor-
monal contraceptives, potentially rendering them ineffective. These include
phenytoin, phenobarbital, carbamazepine, topiramate, oxcarbazepine,
rufinamide, and clobazam. These medications increase the metabolism of
contraceptives regardless of the delivery system used (for example, patch,
ring, implants, and oral tablets). Pregnancy planning is vital, as many anti-
epilepsy medications have the potential to affect fetal development and
cause birth defects. All women considering pregnancy should be on high
doses (1 to 5 mq) of folic acid prior to conception. Divalproex and barbi-
turates should be avoided. If possible, women already taking divalproex
should be placed on other therapies prior to pregnancy and counseled
about the potential for birth defects, including cognitive (Figure 12.11) and
behavioral abnormalities and neural tube defects. The pharmacokinetics of
antiepilepsy medications and the frequency and severity of seizures may
change during pregnancy. Regular monitoring by both an obstetrician and
a neurologist is important. All women with epilepsy should be encouraged
to register with the Antiepileptic Drug Pregnancy Registry. Figure 12.12
summarizes important characteristics of the antiepilepsy medications.
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In utero exposure to valproate, when
compared with other commonly used
antiepileptic drugs, is associated
with an increased risk of impaired
cognitive function at 3 years of age.
Valproate should be avoided in
women of childbearing potential.

Figure 12.11

Cognitive function at 3 years of

age after fetal exposure to doses

of antiepileptic drugs. The means
(black squares) and 95% confidence
intervals (horizontal lines) are given
for the children’s IQ as a function of
the antiepileptic drugs.



DRUG

Carbamazepine

Divalproex

Eslicarbazepine
acetate

Ethosuximide

Ezogabine

Felbamate

Gabapentin

Lacosamide

Lamotrigine

Levetiracetam

Oxcarbazepine

Perampanel

Phenytoin

Pregabalin

Rufinamide

Tiagabine

Topiramate

Vigabatrin

Zonisamide

MECHANISM
OF ACTION

Blocks Na* channels

Multiple mechanisms of action

Blocks Na* channels

Blocks Ca2* channels

Enhances K* channels

Multiple mechanisms of action

Unknown

Multiple mechanisms of action

Multiple mechanisms of action

Multiple mechanisms of action

Blocks Na* channels

Blocks AMPA glutamate
receptors

Blocks Na* channels

Multiple mechanisms of action

Unknown

Blocks GABA uptake

Multiple mechanisms of action

Irreversible binding of GABA-T

Multiple mechanisms of action

ADVERSE EFFECTS AND COMMENTS

Hyponatremia, drowsiness, fatigue, dizziness, and blurred vision. Drug use has also
been associated with Stevens-Johnson syndrome. Blood dyscrasias: neutropenia,
leukopenia, thrombocytopenia, pancytopenia, and anemias.

Weight gain, easy bruising, nausea, tremor, hair loss, Gl upset, liver damage,
alopecia, and sedation. Hepatic failure, pancreatitis, and teratogenic effects have
been observed. Broad spectrum of antiseizure activity.

Nausea, rash, hyponatremia, headache, sedation, dizziness, vertigo, ataxia, and
diplopia.

Drowsiness, hyperactivity, nausea, sedation, Gl upset, weight gain, lethargy, SLE,
and rash. Blood dyscrasias can occur; periodic CBCs should be done. Abrupt
discontinuance of drug may cause seizures.

Urinary retention, neuropsychiatric symptoms, dizziness, somnolence,
QT prolongation, reports of blue skin discoloration, and retina changes.

Insomnia, dizziness, headache, ataxia, weight gain, and irritability. Aplastic anemia
and hepatic failure. Broad spectrum of antiseizure activity. Requires patient to sign
informed consent at dispensing.

Mild drowsiness, dizziness, ataxia, weight gain, and diarrhea. Few drug interactions.
One hundred percent renal elimination.

Dizziness, fatigue, and headache. Few drug interactions; Schedule V.

Nausea, drowsiness, dizziness, headache, and diplopia. Rash (Stevens-Johnson
syndrome—potentially life threatening). Broad spectrum of antiseizure activity.

Sedation, dizziness, headache, anorexia, fatigue, infections, and behavioral symptoms.
Few drug interactions. Broad spectrum of antiseizure activity.

Nausea, rash, hyponatremia, headache, sedation, dizziness, vertigo, ataxia, and
diplopia.

Serious psychiatric and behavioral reactions, dizziness, somnolence, fatigue, gait
disturbance, and falls, long half-life.

Gingival hyperplasia, confusion, slurred speech, double vision, ataxia, sedation, dizziness,
and hirsutism. Stevens-Johnson syndrome—potentially life threatening. Not
recommended for chronic use. Primary treatment for status epilepticus (fosphenytoin).

Weight gain, somnolence, dizziness, headache, diplopia, and ataxia.
One hundred percent renal elimination.

Shortened QT interval. Multiple drug interactions.

Sedation, weight gain, fatigue, headache, tremor, dizziness, and anorexia. Multiple
drug interactions.

Paresthesia, weight loss, nervousness, depression, anorexia, anxiety, tremor,
cognitive complaints, headache, and oligohidrosis. Few drug interactions.
Broad spectrum of antiseizure activity.

Vision loss, anemia, somnolence, fatigue, peripheral neuropathy, weight gain.
Available only through SHARE pharmacies.

Nausea, anorexia, ataxia, confusion, difficulty concentrating, sedation, paresthesia,
and oligohidrosis. Broad spectrum of antiseizure activity.

Figure 12.12

Summary of antiepileptic drugs. AMPA = a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CBC = complete blood
count; GABA = y-aminobutyric acid; GABA-T = y-aminobutyric acid transaminase; Gl = gastrointestinal; SLE = systemic
lupus erythematosus.
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Study Questions

Choose the ONE best answer.

121

12.2

12.3

12.4

12.5

A 9-year-old boy is sent for neurologic evaluation
because of episodes of apparent inattention. Over the
past year, the child has experienced episodes during
which he develops a blank look on his face and his
eyes blink for 15 seconds. He immediately resumes his
previous activity. Which one the following best describes
this patient’s seizures?

A. Simple partial.
B. Complex partial.
C. Tonic—clonic.

D. Absence.

E. Myoclonic.

A child is experiencing absence seizures that interrupt
his ability to pay attention during school and activities.
Which of the following therapies would be most
appropriate for this patient?

A. Ethosuximide.

B. Carbamazepine.

C. Diazepam.

D. Carbamazepine plus primidone.
E. Watchful waiting.

Which of the following drugs is most useful for the
treatment of absence seizures?

A. Topiramate.
B. Tiagabine.

C. Levetiracetam.
D. Lamotrigine.
E. Zonisamide.

A 25-year-old woman with myoclonic seizures is well
controlled on valproate. She indicates that she is
interested in becoming pregnant in the next year. With
respect to her antiepilepsy medication, which of the
following should be considered?

A. Leave her on her current therapy.

B. Consider switching to lamotrigine.

C. Consider adding a second antiepilepsy medication.
D. Decrease her valproate dose.

A woman with myoclonic seizures is well controlled
with lamotrigine. She becomes pregnant and begins
to have breakthrough seizures. What is most likely
happening?

A. Her epilepsy is getting worse.

B. Lamotrigine concentrations are increasing.

C. Lamotrigine concentrations are decreasing.

D. Lamotrigine is no longer efficacious for this patient.

Correct answer = D. The patient is experiencing episodes
of absence seizures. Consciousness is impaired briefly
and they generally begin in children aged 4 to 12 years.
Diagnosis includes obtaining an EEG that shows general-
ized 3-Hz waves.

Correct answer = A. The patient has had many seizures
that interrupt his ability to pay attention during school and
activities, so therapy is justified. Monotherapy with primary
agents is preferred for most patients. The advantages of
monotherapy include reduced frequency of adverse effects,
fewer interactions between antiepileptic drugs, lower cost,
and improved compliance. Carbamazepine and diazepam
are not indicated for absence seizures.

Correct answer = D. Of the drugs listed, lamotrigine has
the best data for use in absence seizures and would be the
best choice. Tiagabine is only used for focal-onset seizures.
Topiramate, levetiracetam, and zonisamide may be options
if the lamotrigine does not work.

Correct answer = B. Valproate is a poor choice in women
of child-bearing age. A review of the medication history
of this patient is warranted. If she has not tried any other
antiepilepsy medication, then consideration of another anti-
epilepsy medication may be beneficial. Studies show that
valproate taken during pregnancy can have a detrimental
effect on cognitive abilities in children.

Correct answer = C. Pregnancy alters the pharmacokinet-
ics of lamotrigine. As pregnancy progresses, most women
require increased dosages to maintain blood concentra-
tions and seizure control.
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12.9
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A 42-year-old man undergoes a neurologic evaluation
because of episodes of apparent confusion. Over the
past year, the man has experienced episodes during
which he develops a blank look on his face and fails
to respond to questions. Moreover, it appears to take
several minutes before the man recovers from the
episodes. Which one of the following best describes
this type of seizure?

>

. Focal (simple partial).
B. Focal (complex partial).
C. Tonic—clonic.

D. Absence.

E. Myoclonic.

A 52-year-old man has had several focal complex
partial seizures over the last year. Which one of the
following therapies would be the most appropriate
initial therapy for this patient?

A. Ethosuximide.

B. Levetiracetam.

C. Diazepam.

D. Carbamazepine plus primidone.
E. Watchful waiting.

A patient with focal complex partial seizures has been
treated for 6 months with carbamazepine but, recently,
has been experiencing breakthrough seizures on a
more frequent basis. You are considering adding a
second drug to the antiseizure regimen. Which of the
following drugs is least likely to have a pharmacokinetic
interaction with carbamazepine?

A. Topiramate.
B. Tiagabine.

C. Levetiracetam.
D. Lamotrigine.
E. Zonisamide.

Which of the following is a first-line medication for
generalized tonic—clonic seizures?

A. Ethosuximide.
B. Felbamate.
C. Vigabatrin.
D. Ezogabine.
E. Topiramate.

A 75-year-old woman had a stroke approximately
1 month ago. She is continuing to have small focal
seizures where she fails to respond appropriately while
talking. Which of the following is the most appropriate
treatment for this individual?

A. Phenytoin.

B. Oxcarbazepine.
C. Levetiracetam.
D. Phenobarbital.

Correct answer = B. The patient is experiencing episodes
of complex partial seizures. Complex partial seizures impair
consciousness and can occur in all age groups. Typically,
staring is accompanied by impaired consciousness and
recall. If asked a question, the patient might respond with an
inappropriate or unintelligible answer. Automatic movements
are associated with most complex partial seizures and
involve the mouth and face (lip-smacking, chewing, tasting,
and swallowing movements), upper extremities (fumbling,
picking, tapping, or clasping movements), vocal apparatus
(grunts or repetition of words and phrases), as are complex
acts (such as walking or mixing foods in a bowl).

Correct answer = B. The patient has had many seizures,
and the risks of not starting drug therapy would be substan-
tially greater than the risks of treating his seizures. Because
the patient has impaired consciousness during the seizure,
he is at risk for injury during an attack. Monotherapy with pri-
mary agents is preferred for most patients. The advantages
of monotherapy include reduced frequency of adverse
effects, absence of interactions between antiepileptic drugs,
lower cost, and improved compliance. Ethosuximide and
diazepam are not indicated for complex partial seizures.

Correct answer = C. Of the drugs listed, all of which are
approved as adjunct therapy for refractory focal complex
partial seizures, only levetiracetam does not affect the phar-
macokinetics of other antiepileptic drugs, and other drugs
do not significantly alter its pharmacokinetics. However,
any of the listed drugs could be added depending on the
plan and the patient characteristics. Treatment of epilepsy
is complex, and diagnosis is based on history and may
need to be reevaluated when drug therapy fails or seizures
increase.

Correct answer = E. Topiramate is a broad spectrum anti-
epilepsy medication that is indicated for primary generalized
tonic—clonic seizures. Ethosuximide should only be used
for absence seizures. Felbamate is reserved for refractory
seizures due to the risk of aplastic anemia and liver failure.
Vigabatrin is not indicated for generalized seizures and is
associated with visual field defects. Ezogabine is indicated for
focal seizures and has been implicated in retinal abnormalities.

Correct answer = C. Levetiracetam is renally cleared and
prone to very few drug interactions. Elderly patients usually
have more comorbidities and are taking more medications
than younger patients. Oxcarbazepine may cause hypona-
tremia, which is more symptomatic in the elderly. Phenytoin
and phenobarbital have many drug interactions and a side
effect profile that may be especially troublesome in the
elderly age group including dizziness that may lead to falls,
cognitive issues, and bone health issues.
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. OVERVIEW PREANESTHETIC MEDICATIONS
Antacids

General anesthesia is a reversible state of central nervous system (CNS) ~ Anticholinergics
Antiemetics

depression, causing loss of response to and perception of stimuli. For
patients undergoing surgical or medical procedures, anesthesia provides
five important benefits:

Antihistamines
Benzodiazepines

Opioids
¢ Sedation and reduced anxiety
* Lack of awareness and amnesia Desflurane SUPRANE
e Skeletal muscle relaxation Halothane FLUOTHANE
e Suppression of undesirable reflexes Isoflurane FORANE

Nitrous oxide NITROUS OXIDE

Sevoflurane ULTANE

Because no single agent provides all desirable properties, several catego-
ries of drugs are combined to produce optimal anesthesia (Figure 13.1). Barbiturates

Preanesthetics help calm patients, relieve pain, and prevent side effects Benzodiazepines

of subsequently administered anesthetics or the procedure itself. T e T
Neuromuscular blockers facilitate tracheal intubation and surgery. Potent -0 o

general anesthetics are delivered via inhalation and/or intravenous (V) T

injection. Except for nitrous oxide, inhaled anesthetics are volatile, halo- Opioids

genated hydrocarbons. IV anesthetics consist of several chemically unre- Propofol DIPRIVAN

lated drug types commonly used to rapidly induce anesthesia.
Cisatracurium, pancuronium, rocuro-
Il. PATIENT FACTORS IN SELECTION OF ANESTHESIA nium, succinylcholine, vecuronium

Drugs are chosen to provide safe and efficient anesthesia based on the ~ Bupivacaine MARCAINE
type of procedure and patient characteristics such as organ function, Lidocaine XYLOCAINE

* Analgesia

medical conditions, and concurrent medications. Mepivacaine CARBOCAINE
Ropivacaine NAROPIN
A. Status of organ systems LOCAL ANESTHETICS: ESTERS

Chloroprocaine NESACAINE
Procaine NOVOCAINE
Tetracaine PONTOCAINE

1. Cardiovascular system: Anesthetic agents suppress cardiovascu-
lar function to varying degrees. This is an important consideration
in patients with coronary artery disease, heart failure, dysrhythmias,
valvular disease, and other cardiovascular disorders. Hypotension
may develop during anesthesia, resulting in reduced perfusion pres- Figure 13.1
sure and ischemic injury to tissues. Treatment with vasoactive agents Summary of common drugs used for
may be necessary. Some anesthetics, such as halothane, sensitize anesthesia. See Chapter 5 for summary
the heart to arrhythmogenic effects of sympathomimetic agents. of neuromuscular-blocking agents.
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Some functions of

adjuncts to anesthesia

Relieve anxiety
(benzodiazepines)

Prevent gastric acid
secretion
(H2 blockers)

Prevent allergic reactions
(antihistamines)

Prevent aspiration of
stomach contents and
postsurgical nausea
and vomiting
(antiemetics)

Provide analgesia
(opioids)

Prevent bradycardia and
secretion of fluids into the
respiratory tract
(anticholinergic drugs)

Facilitate intubation
and relaxation
(neuromuscular blocking agents)

Figure 13.2

. Respiratory system: Respiratory function must be considered

for all anesthetics. Asthma and ventilation or perfusion abnormali-
ties complicate control of inhalation anesthetics. Inhaled agents
depress respiration but also act as bronchodilators. IV anesthetics
and opioids suppress respiration. These effects may influence the
ability to provide adequate ventilation and oxygenation during and
after surgery.

. Liver and kidney: The liver and kidneys influence long-term dis-

tribution and clearance of drugs and are also target organs for toxic
effects. Release of fluoride, bromide, and other metabolites of halo-
genated hydrocarbons can affect these organs, especially if they
accumulate with frequently repeated administration of anesthetics.

. Nervous system: The presence of neurologic disorders (for

example, epilepsy, myasthenia gravis, neuromuscular disease,
compromised cerebral circulation) influences the selection of
anesthetic.

. Pregnancy: Special precautions should be observed when anes-

thetics and adjunctive agents are administered during pregnancy.
Effects on fetal organogenesis are a major concern in early preg-
nancy. Transient use of nitrous oxide may cause aplastic anemia
in the fetus. Oral clefts have occurred in fetuses when mothers
received benzodiazepines in early pregnancy. Benzodiazepines
should not be used during labor because of resultant temporary
hypotonia and altered thermoregulation in the newborn.

B. Concomitant use of drugs

1. Multiple adjunct agents: Commonly, patients receive one or

more of these preanesthetic medications: H, blockers (famotidine,
ranitidine) to reduce gastric acidity; benzodiazepines (midazolam,
diazepam) to allay anxiety and facilitate amnesia; nonopioids
(acetaminophen, celecoxib) or opioids (fentanyl) for analgesia;
antihistamines (diphenhydramine) to prevent allergic reactions;
antiemetics (ondansetron) to prevent nausea; and/or anticholiner-
gics (glycopyrrolate) to prevent bradycardia and secretion of fluids
into the respiratory tract (Figure 13.2). Premedications facilitate
smooth induction of anesthesia and lower required anesthetic
doses. However, they can also enhance undesirable anesthetic
effects (hypoventilation) and, when coadministered, may produce
negative effects not observed when given individually.

. Concomitant use of other drugs: Patients may take medica-

tions for underlying diseases or abuse drugs that alter response to
anesthetics. For example, alcoholics have elevated levels of liver
enzymes that metabolize anesthetics, and drug abusers may be
tolerant to opioids.

Actions of anesthesia adjunct drugs.

lll. STAGES AND DEPTH OF ANESTHESIA

General anesthesia has three stages: induction, maintenance, and
recovery. Induction is the time from administration of a potent anesthetic
to development of effective anesthesia. Maintenance provides sustained
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anesthesia. Recovery is the time from discontinuation of anesthetic until
consciousness and protective reflexes return. Induction of anesthesia
depends on how fast effective concentrations of anesthetic reach the
brain. Recovery is essentially the reverse of induction and depends on
how fast the anesthetic diffuses from the brain. Depth of anesthesia is the
degree to which the CNS is depressed.

A. Induction

General anesthesia in adults is normally induced with an IV agent like
propofol, producing unconsciousness in 30 to 40 seconds. Additional
inhalation and/or IV drugs may be given to produce the desired
depth of anesthesia. [Note: This often includes an IV neuromuscular
blocker such as rocuronium, vecuronium, or succinylcholine to facili-
tate tracheal intubation and muscle relaxation.] For children without
IV access, nonpungent agents, such as sevoflurane, are inhaled to
induce general anesthesia.

B. Maintenance of anesthesia

After administering the anesthetic, vital signs and response to stimuli
are monitored continuously to balance the amount of drug inhaled
and/or infused with the depth of anesthesia. Maintenance is com-
monly provided with volatile anesthetics, which offer good control
over the depth of anesthesia. Opioids such as fentanyl are used for
analgesia along with inhalation agents, because the latter are not
good analgesics. IV infusions of various drugs may be used during
the maintenance phase.

C. Recovery

Postoperatively, the anesthetic admixture is withdrawn, and the
patient is monitored for return of consciousness. For most anesthetic
agents, recovery is the reverse of induction. Redistribution from the
site of action (rather than metabolism of the drug) underlies recovery.
If neuromuscular blockers have not been fully metabolized, reversal
agents may be used. The patient is monitored to assure full recovery,
with normal physiologic functions (spontaneous respiration, accept-
able blood pressure and heart rate, intact reflexes, and no delayed
reactions such as respiratory depression).

D. Depth of anesthesia

The depth of anesthesia has four sequential stages characterized
by increasing CNS depression as the anesthetic accumulates in the
brain (Figure 13.3). [Note: These stages were defined for the original
anesthetic ether, which produces a slow onset of anesthesia. With
modern anesthetics, the stages merge because of the rapid onset of
stage IIl.]

1. Stage |—Analgesia: Loss of pain sensation results from inter-
ference with sensory transmission in the spinothalamic tract. The
patient progresses from conscious and conversational to drowsy.
Amnesia and reduced awareness of pain occur as stage Il is
approached.

4

Loss of pain
sensation

Combative
behavior

Surgical
anesthesia

Medullary -
and death

Figure 13.3

Stages of anesthesia.
O.R. = operating room.
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2. Stage ll—Excitement: The patient displays delirium and possibly
combative behavior. A rise and irregularity in blood pressure and
respiration occur, as well as a risk of laryngospasm. To shorten or
eliminate this stage, rapid-acting IV agents are given before inhala-
tion anesthesia is administered.

3. Stage lll—Surgical anesthesia: There is gradual loss of muscle
tone and reflexes as the CNS is further depressed. Regular res-
piration and relaxation of skeletal muscles with eventual loss of
spontaneous movement occur. This is the ideal stage for surgery.
Careful monitoring is needed to prevent undesired progression to
stage IV.

4. Stage IV—Medullary paralysis: Severe depression of the respi-
ratory and vasomotor centers occurs. Ventilation and/or circulation
must be supported to prevent death.

IV. INHALATION ANESTHETICS

Inhaled gases are used primarily for maintenance of anesthesia after
administration of an IV agent (Figure 13.4). Depth of anesthesia can be
rapidly altered by changing the inhaled concentration. Inhalational agents
have very steep dose—response curves and very narrow therapeutic indi-
ces, so the difference in concentrations causing surgical anesthesia and

Systemic
circulation

Anesthesia
gas machine

Figure 13.4

Volatile anesthetics delivered to the patient are absorbed via the lungs into the systemic circulation causing dose-dependent

CNS depression.
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severe cardiac and respiratory depression is small. No antagonists exist.
To minimize waste, potent inhaled agents are delivered in a recircula-
tion system containing absorbents that remove carbon dioxide and allow
rebreathing of the agent.

A. Common features of inhalation anesthetics

Modern inhalation anesthetics are nonflammable, nonexplosive
agents, including nitrous oxide and volatile, halogenated hydrocar-
bons. These agents decrease cerebrovascular resistance, resulting
in increased brain perfusion. They cause bronchodilation but also
decrease both spontaneous ventilation and hypoxic pulmonary vaso-
constriction (increased pulmonary vascular resistance in poorly aer-
ated regions of the lungs, redirecting blood flow to more oxygenated
regions). Movement of these agents from the lungs to various body
compartments depends upon their solubility in blood and tissues,
as well as on blood flow. These factors play a role in induction and
recovery.

B. Potency

Potency is defined quantitatively as the minimum alveolar concen-
tration (MAC), the end-tidal concentration of inhaled anesthetic
needed to eliminate movement in 50% of patients stimulated by a
standardized incision. MAC is the median effective dose (ED, ) of
the anesthetic, expressed as the percentage of gas in a mixture
required to achieve that effect. Numerically, MAC is small for potent
anesthetics such as sevoflurane and large for less potent agents
such as nitrous oxide. The inverse of MAC is, thus, an index of
potency. MAC values are used to compare pharmacologic effects of
different anesthetics (high MAC equals low potency; Figure 13.5).
Nitrous oxide alone cannot produce complete anesthesia, because
an admixture with sufficient oxygen cannot approach its MAC value.
The more lipid soluble an anesthetic, the lower the concentration
needed to produce anesthesia and, thus, the higher the potency.
Factors that can increase MAC (make the patient less sensitive)
include hyperthermia, drugs that increase CNS catecholamines,
and chronic ethanol abuse. Factors that can decrease MAC (make
the patient more sensitive) include increased age, hypothermia,
pregnancy, sepsis, acute intoxication, concurrent IV anesthet-
ics, and a,-adrenergic receptor agonists (for example, clonidine,
dexmedetomidine).

C. Uptake and distribution of inhalation anesthetics

The principal objective of inhalation anesthesia is a constant and opti-
mal brain partial pressure (P, ) of inhaled anesthetic (partial pressure
equilibrium between alveoli [P, ] and brain [P, ]). Thus, the alveoli are
the “windows to the brain” for inhaled anesthetics. The partial pres-
sure of an anesthetic gas at the origin of the respiratory pathway is
the driving force moving the anesthetic into the alveolar space and,
thence, into the blood (P,), which delivers the drug to the brain and
other body compartments. Because gases move from one body
compartment to another according to partial pressure gradients,
steady state is achieved when the partial pressure in each of these

Halothane

Isoflurane

Sevoflurane

Desflurane

Nitrous
oxide

MAC

Percentage anesthetic gases

Figure 13.5

Minimal alveolar concentrations
(MAC) for anesthetic gases.
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Most soluble
in blood

Halo- |
thane /
v
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Iso-
flurane
1.4
Sevo-
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0.47 0.42

Blood/gas partition
coefficient

Figure 13.6

Blood/gas partition coefficients for
some inhalation anesthetics.

compartments is equivalent to that in the inspired mixture. [Note: At
equilibrium, P, =P, = P_.] The time course for attaining this steady
state is determined by the following factors:

1.

Alveolar wash-in: This refers to replacement of normal lung
gases with the inspired anesthetic mixture. The time required
for this process is directly proportional to the functional residual
capacity of the lung (volume of gas remaining in the lungs at the
end of a normal expiration) and inversely proportional to ventila-
tory rate. It is independent of the physical properties of the gas. As
the partial pressure builds within the lung, anesthetic transfer from
the lung begins.

. Anesthetic uptake (removal to peripheral tissues other than

the brain): Uptake is the product of gas solubility in the blood,
cardiac output (CO), and the gradient between alveolar and blood
anesthetic partial pressures.

a. Solubility in blood: This is determined by a physical property
of the anesthetic called the blood/gas partition coefficient (the
ratio of the concentration of anesthetic in the blood phase to the
concentration of anesthetic in the gas phase when the anes-
thetic is in equilibrium between the two phases; Figure 13.6).
For inhaled anesthetics, think of the blood as a pharmacologi-
cally inactive reservoir. Drugs with low versus high solubility in
blood differ in their speed of induction of anesthesia. When an
anesthetic gas with low blood solubility such as nitrous oxide
diffuses from the alveoli into the circulation, little anesthetic
dissolves in the blood. Therefore, equilibrium between inhaled
anesthetic and arterial blood occurs rapidly, and relatively few
additional molecules of anesthetic are required to raise arterial
anesthetic partial pressure. Agents with low solubility in blood,
thus, quickly saturate the blood. In contrast, anesthetic gases
with high blood solubility, such as halothane, dissolve more
completely in the blood, and greater amounts of anesthetic
and longer periods of time are required to raise blood partial
pressure. This results in increased times of induction and recov-
ery and slower changes in depth of anesthesia in response to
changes in the concentration. The solubility in blood is ranked
as follows: halothane > isoflurane > sevoflurane > nitrous oxide
> desflurane.

b. Cardiac output: CO affects removal of anesthetic to periph-
eral tissues, which are not the site of action. For inhaled anes-
thetics, higher CO removes anesthetic from the alveoli faster
(due to increased blood flow through the lungs) and thus
slows the rate of rise in alveolar concentration of gas. It there-
fore takes longer for the gas to reach equilibrium between the
alveoli and the site of action in the brain. For inhaled anes-
thetics, higher CO equals slower induction. Again, for inhaled
anesthetics, think of the blood as a pharmacologically inactive
reservoir. Low CO (shock) speeds the rate of rise of the alveo-
lar concentration of gas, since there is less removal to periph-
eral tissues. [Note: See section on Intravenous Anesthetics
for effects of CO on IV anesthetics.]
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c. Alveolar-to-venous partial pressure gradient of anes-
thetic: This is the driving force of anesthetic delivery. For all
practical purposes, pulmonary end-capillary anesthetic partial
pressure may be considered equal to alveolar anesthetic partial
pressure if the patient does not have severe lung diffusion dis-
ease. The arterial circulation distributes the anesthetic to vari-
ous tissues, and the pressure gradient drives free anesthetic
gas into tissues. As venous circulation returns blood depleted of
anesthetic to the lung, more gas moves into the blood from the
lung according to the partial pressure difference. The greater
the difference in anesthetic concentration between alveolar
(arterial) and venous blood, the higher the uptake and the
slower the induction. Over time, the partial pressure in venous
blood closely approximates that in the inspired mixture, and no
further net anesthetic uptake from the lung occurs.

3. Effect of different tissue types on anesthetic uptake: The time

required for a particular tissue to achieve steady state with the par-
tial pressure of an anesthetic gas in the inspired mixture is inversely
proportional to the blood flow to that tissue (greater flow results in a
more rapidly achieved steady state). It is also directly proportional
to the capacity of that tissue to store anesthetic (a larger capacity
results in a longer time required to achieve steady state). Capacity,
in turn, is directly proportional to the tissue’s volume and the tissue/
blood solubility coefficient of the anesthetic. Four major tissue com-
partments determine the time course of anesthetic uptake:

a. Brain, heart, liver, kidney, and endocrine glands: These
highly perfused tissues rapidly attain steady state with the par-
tial pressure of anesthetic in the blood.

b. Skeletal muscles: These are poorly perfused during anesthe-
sia and have a large volume, which prolongs the time required
to achieve steady state.

c. Fat: Fatis also poorly perfused. However, potent volatile anes-
thetics are very lipid soluble, so fat has a large capacity to store
them. Slow delivery to a high-capacity compartment prolongs
the time required to achieve steady state in fat tissue.

d. Bone, ligaments, and cartilage: These are poorly perfused
and have a relatively low capacity to store anesthetic. Therefore,
these tissues have minimal impact on the time course of anes-
thetic distribution in the body.

. Washout: When an inhalation anesthetic is discontinued, the
body becomes the “source” that drives the anesthetic back into
the alveolar space. The same factors that influence attainment of
steady state with an inspired anesthetic determine the time course
of its clearance from the body. Thus, nitrous oxide exits the body
faster than halothane (Figure 13.7).

D. Mechanism of action

No specific receptor has been identified as the locus of general
anesthetic action. The fact that chemically unrelated compounds pro-
duce anesthesia argues against the existence of a single receptor.
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u No anesthetic

Binding of GABA causes
the chloride ion channel
to open, leading to hyper-
polarization of the cell.

B In presence of
inhaled anesthetic

Binding of GABA is enhanced
by inhaled anesthetics,
resulting in a greater entry of
chloride ion.

Entry of CI” hyperpolarizes cell,
making it more difficult to
depolarize, and therefore
reduces neural excitability.

Figure 13.8

An example of modulation of a
ligand-gated membrane channel
modulated by inhaled anesthetics.
GABA = y-aminobutyric acid;

CI- = chloride ion.

It appears that a variety of molecular mechanisms may contrib-
ute to the activity of general anesthetics. At clinically effective con-
centrations, general anesthetics increase the sensitivity of the
y-aminobutyric acid (GABA,) receptors to the inhibitory neurotrans-
mitter GABA. This increases chloride ion influx and hyperpolariza-
tion of neurons. Postsynaptic neuronal excitability and, thus, CNS
activity are diminished (Figure 13.8). Unlike other anesthetics, nitrous
oxide and ketamine do not have actions on GABA, receptors. Their
effects are likely mediated via inhibition of the N-methyl-p-aspartate
(NMDA) receptors. [Note: The NMDA receptor is a glutamate recep-
tor. Glutamate is the body’s main excitatory neurotransmitter.] Other
receptors are also affected by volatile anesthetics. For example, the
activity of the inhibitory glycine receptors in the spinal motor neu-
rons is increased. In addition, inhalation anesthetics block excitatory
postsynaptic currents of nicotinic receptors. The mechanism by which
anesthetics perform these modulatory roles is not fully understood.

. Halothane

Halothane is the prototype to which newer inhalation anesthetics are
compared. When halothane [HAL-oh-thane] was introduced, its rapid
induction and quick recovery made it an anesthetic of choice. Due
to adverse effects and the availability of other anesthetics with fewer
complications, halothane has been replaced in most countries.

1. Therapeutic uses: Halothane is a potent anesthetic but a rela-
tively weak analgesic. Thus, it is usually coadministered with nitrous
oxide, opioids, or local anesthetics. It is a potent bronchodilator.
Halothane relaxes both skeletal and uterine muscles and can be
used in obstetrics when uterine relaxation is indicated. Halothane
is not hepatotoxic in children (unlike its potential effect on adults).
Combined with its pleasant odor, it is suitable in pediatrics for inha-
lation induction, although sevoflurane is now the agent of choice.

2. Pharmacokinetics: Halothane is oxidatively metabolized in the
body to tissue-toxic hydrocarbons (for example, trifluoroethanol)
and bromide ion. These substances may be responsible for toxic
reactions that some adults (especially females) develop after
halothane anesthesia. This begins as a fever, followed by anorexia,
nausea, and vomiting, and possibly signs of hepatitis. Although
the incidence is low (approximately 1 in 10,000), half of affected
patients may die of hepatic necrosis. To avoid this condition, halo-
thane is not administered at intervals of less than 2 to 3 weeks.
All halogenated inhalation anesthetics have been associated with
hepatitis, but at a much lower incidence than with halothane.

3. Adverse effects:

a. Cardiac effects: Halogenated hydrocarbons are vagomi-
metic and may cause atropine-sensitive bradycardia. In addi-
tion, halothane has the undesirable property of causing cardiac
arrhythmias. [Note: Halothane can sensitize the heart to effects
of catecholamines such as norepinephrine.] Halogenated anes-
thetics produce concentration-dependent hypotension. This
is best treated with a direct-acting vasoconstrictor, such as
phenylephrine.
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F.

b. Malignant hyperthermia: In a very small percentage of sus-
ceptible patients, exposure to halogenated hydrocarbon anes-
thetics or the neuromuscular blocker succinylcholine may induce
malignant hyperthermia (MH), a rare life-threatening condition.
MH causes a drastic and uncontrolled increase in skeletal mus-
cle oxidative metabolism, overwhelming the body’s capacity to
supply oxygen, remove carbon dioxide, and regulate tempera-
ture, eventually leading to circulatory collapse and death if not
treated immediately. Strong evidence indicates that MH is due
to an excitation—contraction coupling defect. Burn victims and
individuals with muscular dystrophy, myopathy, myotonia, and
osteogenesis imperfecta are susceptible to MH. Susceptibility
to MH is often inherited as an autosomal dominant disorder.
Should a patient exhibit symptoms of MH, dantrolene is given
as the anesthetic mixture is withdrawn, and measures are taken
to rapidly cool the patient. Dantrolene [DAN-tro-lean] blocks
release of Ca?* from the sarcoplasmic reticulum of muscle cells,
reducing heat production and relaxing muscle tone. It should
be available whenever triggering agents are administered. In
addition, the patient must be monitored and supported for respi-
ratory, circulatory, and renal problems. Use of dantrolene and
avoidance of triggering agents such as halogenated anesthet-
ics in susceptible individuals have markedly reduced mortality
from MH.

Isoflurane

This agent undergoes little metabolism and is, therefore, not toxic
to the liver or kidney. Isoflurane [eye-so-FLOOR-ane] does not
induce cardiac arrhythmias or sensitize the heart to catecholamines.
However, like other halogenated gases, it produces dose-dependent
hypotension. It has a pungent odor and stimulates respiratory reflexes
(for example, breath holding, salivation, coughing, laryngospasm)
and is therefore not used for inhalation induction. With higher blood
solubility than desflurane and sevoflurane, isoflurane is typically used
only when cost is a factor.

. Desflurane

Desflurane [DES-floor-ane] provides very rapid onset and recovery
due to low blood solubility. This makes it a popular anesthetic for out-
patient procedures. However, it has a low volatility, requiring admin-
istration via a special heated vaporizer. Like isoflurane, it decreases
vascular resistance and perfuses all major tissues very well. Because
it stimulates respiratory reflexes, desflurane is not used for inhalation
induction. It is relatively expensive and thus rarely used for mainte-
nance during extended anesthesia. Its degradation is minimal and
tissue toxicity is rare.

. Sevoflurane

Sevoflurane [see-voe-FLOOR-ane] has low pungency, allowing rapid
induction without irritating the airways. This makes it suitable for inha-
lation induction in pediatric patients. It has a rapid onset and recovery
due to low blood solubility. Sevoflurane is metabolized by the liver,
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and compounds formed in the anesthesia circuit may be nephrotoxic
if fresh gas flow is too low.

I. Nitrous oxide

Nitrous oxide [NYE-truss OX-ide] (“laughing gas”) is a nonirritating
potent analgesic but a weak general anesthetic. It is frequently used
at concentrations of 30 to 50% in combination with oxygen for anal-
gesia, particularly in dentistry. Nitrous oxide alone cannot produce
surgical anesthesia, but it is commonly combined with other more
potent agents. Nitrous oxide is poorly soluble in blood and other tis-
sues, allowing it to move very rapidly in and out of the body. Within
closed body compartments, nitrous oxide can increase the volume
(for example, causing a pneumothorax) or pressure (for example,
in the sinuses), because it replaces nitrogen in various air spaces
faster than the nitrogen leaves. Its speed of movement allows nitrous
oxide to retard oxygen uptake during recovery, thereby causing “dif-
fusion hypoxia,” which can be overcome by significant concentrations
of inspired oxygen during recovery. Nitrous oxide does not depress
respiration and does not produce muscle relaxation. When coadmin-
istered with other anesthetics, it has moderate to no effect on the
cardiovascular system or on increasing cerebral blood flow, and it is
the least hepatotoxic of the inhalation agents. Therefore, it is prob-
ably the safest of these anesthetics, provided that sufficient oxygen
is administered simultaneously. Some characteristics of the inhalation
anesthetics are summarized in Figure 13.9.

V. INTRAVENOUS ANESTHETICS

IV anesthetics cause rapid induction often occurring within one “arm-
brain circulation time,” or the time it takes to travel from the site of injec-
tion (usually the arm) to the brain, where it has its effect. Anesthesia may
then be maintained with an inhalation agent. IV anesthetics may be used
as sole agents for short procedures or administered as infusions to help
maintain anesthesia during longer cases. In lower doses, they may be
used for sedation.

A. Induction

After entering the blood, a percentage of drug binds to plasma pro-
teins, and the rest remains unbound or “free.” The degree of protein
binding depends upon the physical characteristics of the drug, such
as the degree of ionization and lipid solubility. The drug is carried
by venous blood to the right side of the heart, through the pulmo-
nary circulation, and via the left heart into the systemic circulation.
The majority of CO flows to the brain, liver, and kidney (“vessel-rich
organs”). Thus, a high proportion of initial drug bolus is delivered to
the cerebral circulation and then passes along a concentration gradi-
ent from blood into the brain. The rate of this transfer is dependent on
the arterial concentration of the unbound free drug, the lipid solubil-
ity of the drug, and the degree of ionization. Unbound, lipid-soluble,
nonionized molecules cross into the brain most quickly. Once the drug
has penetrated the CNS, it exerts its effects. Like inhalation anesthet-
ics, the exact mode of action of IV anesthetics is unknown.
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Characteristics of some inhalation anesthetics.
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B. Recovery

Recovery from IV anesthetics is due to redistribution from sites in the
CNS. Following initial flooding of the CNS and other vessel-rich tis-
sues with nonionized molecules, the drug diffuses into other tissues
with less blood supply. With secondary tissue uptake, predominantly
by skeletal muscle, plasma concentration of the drug falls. This allows
the drug, to diffuse out of the CNS, down the resulting reverse con-
centration gradient. This initial redistribution of drug into other tissues
leads to the rapid recovery seen after a single IV dose of induction
agent. Metabolism and plasma clearance become important only fol-
lowing infusions and repeat doses of a drug. Adipose tissue makes
little contribution to the early redistribution of free drug following a
bolus, due to its poor blood supply. However, following repeat doses
or infusions, equilibration with fat tissue forms a drug reservoir, often
leading to delayed recovery.

. Effect of reduced cardiac output on IV anesthetics

When CO is reduced (for example, in shock, the elderly, cardiac dis-
ease), the body compensates by diverting more CO to the cerebral
circulation. A greater proportion of the IV anesthetic enters the cere-
bral circulation under these circumstances. Therefore, the dose of
the drug must be reduced. Further, decreased CO causes prolonged
circulation time. As global CO is reduced, it takes a longer time for
an induction drug to reach the brain and exert its effects. The slow
titration of a reduced dose of an IV anesthetic is key to a safe
induction in patients with reduced CO.

. Propofol

Propofol [PRO-puh-fol] is an IV sedative/hypnotic used for induction
and/or maintenance of anesthesia. It is widely used and has replaced
thiopental as the first choice for induction of general anesthesia and
sedation. Because propofol is poorly water soluble, it is supplied as
an emulsion containing soybean oil and egg phospholipid, giving it a
milk-like appearance.

1. Onset: Induction is smooth and occurs 30 to 40 seconds after
administration. Following an IV bolus, there is rapid equilibration
between the plasma and the highly perfused tissue of the brain.
Plasma levels decline rapidly as a result of redistribution, followed
by a more prolonged period of hepatic metabolism and renal clear-
ance. The initial redistribution half-life is 2 to 4 minutes. The phar-
macokinetics of propofol are not altered by moderate hepatic or
renal failure.

2. Actions: Although propofol depresses the CNS, itis occasionally
accompanied by excitatory phenomena, such as muscle twitch-
ing, spontaneous movement, yawning, and hiccups. Transient
pain at the injection site is common. Propofol decreases blood
pressure without depressing the myocardium. It also reduces
intracranial pressure, mainly due to systemic vasodilation. It has
less of a depressant effect than volatile anesthetics on CNS-
evoked potentials, making it useful for surgeries in which spi-
nal cord function is monitored. It does not provide analgesia, so
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supplementation with narcotics is required. Propofol is commonly
infused in lower doses to provide sedation. The incidence of
postoperative nausea and vomiting is very low, as this agent has
some antiemetic effects.
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E. Barbiturates
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with high lipid solubility. It is a potent anesthetic but a weak analgesic.
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is metabolized by the liver per hour. Thus, metabolism of thiopental Figure 13.10

is much slower than its redistribution. Thiopental has minor effects Redistribution of thiopental from the

on the normal cardiovascular system, but may contribute to severe brain to muscle and adipose tissue.

hypotension in patients with hypovolemia or shock. All barbiturates
can cause apnea, coughing, chest wall spasm, laryngospasm, and
bronchospasm (of particular concern for asthmatics). These agents
have largely been replaced with newer agents that are better toler-
ated. Thiopental is no longer available in many countries, including
the United States.

F. Benzodiazepines

The benzodiazepines are used in conjunction with anesthetics
for sedation. The most commonly used is midazolam [my-DAZ-o-
lam]. Diazepam [dye-AZ-uh-pam] and lorazepam [lore-AZ-uh-pam]
are alternatives. All three facilitate amnesia while causing seda-
tion, enhancing the inhibitory effects of various neurotransmitters,
particularly GABA. Minimal cardiovascular depressant effects are
seen, but all are potential respiratory depressants (especially when
administered V). They are metabolized by the liver with variable
elimination half-lives, and erythromycin may prolong their effects.
Benzodiazepines can induce a temporary form of anterograde
amnesia in which the patient retains memory of past events, but
new information is not transferred into long-term memory. Therefore,
important treatment information should be repeated to the patient
after the effects of the drug have worn off.

G. Opioids

Because of their analgesic property, opioids are commonly com-
bined with other anesthetics. The choice of opioid is based primarily
on the duration of action needed. The most commonly used opioids
are fentanyl [FEN-ta-nil] and its congeners, sufentanil [SOO-fen-ta-
nil] and remifentanil [REMI-fen-ta-nil], because they induce analgesia
more rapidly than morphine. They may be administered intravenously,
epidurally, or intrathecally (into the cerebrospinal fluid). Opioids are
not good amnesics, and they can all cause hypotension, respiratory
depression, and muscle rigidity, as well as postanesthetic nausea and
vomiting. Opioid effects can be antagonized by naloxone.
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H. Etomidate

Etomidate [ee-TOM-uh-date] is a hypnotic agent used to induce anes-
thesia, but it lacks analgesic activity. Its water solubility is poor, so it is
formulated in a propylene glycol solution. Induction is rapid, and the
drug is short-acting. Among its benefits are little to no effect on the
heart and circulation. Etomidate is usually only used for patients with
coronary artery disease or cardiovascular dysfunction. lts adverse
effects include decreased plasma cortisol and aldosterone levels,
which can persist up to 8 hours. Etomidate should not be infused
for an extended time, because prolonged suppression of these hor-
mones is hazardous. Injection site reaction and involuntary skeletal
muscle movements are not uncommon. The latter are managed by
administration of benzodiazepines and opioids.

l. Ketamine

Ketamine [KET-uh-meen], a short-acting, nonbarbiturate anesthetic,
induces a dissociated state in which the patient is unconscious (but
may appear to be awake) and does not feel pain. This dissociative
anesthesia provides sedation, amnesia, and immobility. Ketamine
stimulates central sympathetic outflow, causing stimulation of the
heart with increased blood pressure and CO. It is also a potent bron-
chodilator. Therefore, it is beneficial in patients with hypovolemic or
cardiogenic shock and in asthmatics. Conversely, it is contraindicated
in hypertensive or stroke patients. The drug is lipophilic and enters the
brain very quickly. Like the barbiturates, it redistributes to other organs
and tissues. Ketamine is used mainly in children and elderly adults for
short procedures. It is not widely used, because it increases cerebral
blood flow and may induce hallucinations, particularly in young adults.
Ketamine may be used illicitly, since it causes a dream-like state and
hallucinations similar to phencyclidine (PCP).

J. Dexmedetomidine

Dexmedetomidine [dex-med-eh-TOM-uh-deen] is a sedative used
in intensive care settings and surgery. It is relatively unique in its
ability to provide sedation without respiratory depression. Like
clonidine, it is an o, receptor agonist in certain parts of the brain.
Dexmedetomidine has sedative, analgesic, sympatholytic, and anx-
iolytic effects that blunt many cardiovascular responses. It reduces
volatile anesthetic, sedative, and analgesic requirements without
causing significant respiratory depression. Some therapeutic advan-
tages and disadvantages of the anesthetic agents are summarized
in Figure 13.11.

VI. NEUROMUSCULAR BLOCKERS

Neuromuscular blockers are used to abolish reflexes to facilitate tracheal
intubation and provide muscle relaxation as needed for surgery. Their
mechanism of action is blockade of nicotinic acetylcholine receptors
in the neuromuscular junction. These agents, which include cisatracu-
rium, pancuronium, rocuronium, succinylcholine, and vecuronium, are
described in Chapter 5.
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Therapeutic Disadvantages

o Must be delivered using a
special vaporizer

e Incomplete anesthesia
o No muscle relaxation

e Must be used with other
anesthetics for surgical
anesthesia

o Reduces hepatic and renal
blood flow

o Lowers blood pressure

e Sensitizes myocardium to
actions of catecholamines

® Hepatic toxicity Sevoflurane

o Arrhythmias

Intravenous

o Potential renal toxicity .
anesthetics

at low flows

o Poor analgesia

Therapeutic Advantages

Inhalatio.n e Good analgesia
anesthetics o Rapid onset/recovery
o Safe, nonirritating
Desflurane
Nitrous oxide © Good muscle relaxation )
o Rapid recovery
Halothane o Stability of cardiac output
e Does not raise
intracranial pressure
o No sensitization of
T T heart to epinephrine

e Bronchial smooth muscle
relaxation good for patients
with asthma

o Rapid onset/recovery

o Not irritating; useful
in children

o Causes significant nausea
o Little muscle relaxation
e Laryngospasm

e Poor analgesia Propofol

Dexmedetomidine

Thiopental © Rapid onset of action
o Potent anesthesia
Ketamine
Fentanyl ® Good analgesia
\—j)

o Not likely to cause nausea
o Rapid onset
e Lowers intracranial pressure

o No respiratory depression

e Blunts undesirable cardio-
vascular reflexes

Figure 13.11
Therapeutic disadvantages and advantages of some anesthetic agents.

VIl. LOCAL ANESTHETICS

Local anesthetics block nerve conduction of sensory impulses and, in
higher concentrations, motor impulses from the periphery to the CNS. Na*
ion channels are blocked to prevent the transient increase in permeabil-
ity of the nerve membrane to Na* that is required for an action potential
(Figure 13.12). When propagation of action potentials is prevented, sen-
sation cannot be transmitted from the source of stimulation to the brain.
Delivery techniques include topical administration, infiltration, peripheral
nerve blocks, and neuraxial (spinal, epidural, or caudal) blocks. Small,
unmyelinated nerve fibers for pain, temperature, and autonomic activity
are most sensitive. Structurally, local anesthetics all include a lipophilic
group joined by an amide or ester linkage to a carbon chain, which, in
turn, is joined to a hydrophilic group (Figure 13.13). The most widely used
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Mechanism of local anesthetic action.
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Representative structures of ester

and amide anesthetics.

local anesthetics are bupivacaine [byoo-PIV-uh-cane], lidocaine [LYE-doe-
cane], mepivacaine [muh-PIV-uh-cane], procaine [PRO-cane], ropivacaine
[roe-PIV-uh-cane], and tetracaine [TET-truh-cane]. Bupivacaine is noted for
cardiotoxicity if inadvertently injected IV. Bupivacaine liposome injectable
suspension may provide postsurgical analgesia lasting 24 hours or longer
after injection into the surgical site. [Note: Non-bupivacaine local anesthet-
ics may cause an immediate release of bupivacaine from the liposomal
suspension if administered together locally.] Mepivacaine should not be
used in obstetric anesthesia due to its increased toxicity to the neonate.

A. Metabolism

Biotransformation of amides occurs primarily in the liver. Prilocaine
[PRY-low-cane], a dental anesthetic, is also metabolized in the plasma
and kidney, and one of its metabolites may lead to methemoglobin-
emia. Esters are biotransformed by plasma cholinesterase (pseudo-
cholinesterase). Patients with pseudocholinesterase deficiency may
metabolize ester local anesthetics more slowly. At normal doses, this
has little clinical effect. Reduced hepatic function predisposes patients
to toxic effects, but should not significantly increase the duration of
action of local anesthetics.

B. Onset and duration of action

The onset and duration of action of local anesthetics are influenced
by several factors including tissue pH, nerve morphology, concentra-
tion, pKa, and lipid solubility of the drug. Of these, the pH of the tissue
and pKa are most important. At physiologic pH, these compounds are
charged. The ionized form interacts with the protein receptor of the Na*
channel to inhibit its function and achieve local anesthesia. The pH
may drop in infected sites, causing onset to be delayed or even pre-
vented. Within limits, higher concentration and greater lipid solubility
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improve onset somewhat. Duration of action depends on the length of
time the drug can stay near the nerve to block sodium channels.

C. Actions

Local anesthetics cause vasodilation, leading to rapid diffusion away
from the site of action and shorter duration when these drugs are
administered alone. By adding the vasoconstrictor epinephrine, the
rate of local anesthetic absorption and diffusion is decreased. This
minimizes systemic toxicity and increases the duration of action.
Hepatic function does not affect the duration of action of local anes-
thesia, which is determined by redistribution and not biotransforma-
tion. Some local anesthetics have other therapeutic uses (for example,
lidocaine is an IV antiarrhythmic).

D. Allergic reactions

Patient reports of allergic reactions to local anesthetics are fairly com-
mon, but often times reported “allergies” are actually side effects from
epinephrine added to the local anesthetic. Psychogenic reactions to
injections may be misdiagnosed as allergic reactions and may also
mimic them with signs such as urticaria, edema, and bronchospasm.
True allergy to an amide local anesthetic is exceedingly rare, whereas
the ester procaine is somewhat more allergenic. Allergy to one ester
rules out use of another ester, because the allergenic component is
the metabolite para-aminobenzoic acid, produced by all esters. In con-
trast, allergy to one amide does not rule out the use of another amide.
A patient may be allergic to other compounds in the local anesthetic,
such as preservatives in multidose vials.

E. Administration to children and the elderly

Before administering local anesthetic to a child, the maximum dose
based on weight should be calculated to prevent accidental overdose.
There are no significant differences in response to local anesthetics
between younger and older adults. It is prudent to stay well below
maximum recommended doses in elderly patients who often have
some compromise in liver function. Because some degree of cardio-
vascular compromise may be expected in elderly patients, reducing
the dose of epinephrine may be prudent. Local anesthetics are safe
for patients who are susceptible to MH.

F. Systemic local anesthetic toxicity

Toxic blood levels of the drug may be due to repeated injections or could
result from a single inadvertent IV injection. Aspiration before every injec-
tion is imperative. The signs, symptoms, and timing of local anesthetic
systemic toxicity are unpredictable. One must consider the diagnosis in
any patient with altered mental status or cardiovascular instability fol-
lowing injection of local anesthetic. CNS symptoms (either excitation or
depression) may be apparent but may also be subtle, nonspecific, or
absent. Treatment for systemic local anesthetic toxicity includes airway
management, support of breathing and circulation, seizure suppression
and, if needed, cardiopulmonary resuscitation. Administering a 20%
lipid emulsion infusion (lipid rescue therapy) is a valuable asset. Figure
13.14 summarizes pharmacologic properties of some local anesthetics.
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« Procaine

CHARACTERISTIC ESTERS

« Chloroprocaine «Cocaine

« Tetracaine

« Lidocaine » Mepivacaine
« Bupivacaine -« Prilocaine
« Ropivacaine

AMIDES

Metabolism Rapid by plasma cholinesterase Slow, hepatic

Systemic toxicity Less likely More likely

Allergic reaction Possible- PABA derivatives form Very rare

Stability in solution Breaks down in ampules (heat, sun) Very stable chemically

Onset of action Slow as a general rule Moderate to fast

pKa's Higher than physiologic pH (8.5-8.9) Close to physiologic pH (7.6-8.1)
m POTENCY ONSET DURATION

Procaine Low Rapid Short

Chloroprocaine Low Rapid Short

Tetracaine High Slow Long (spinal)

Lidocaine Low Rapid Intermediate

Mepivacaine Low Moderate Intermediate

Bupivacaine High Slow Long

Ropivacaine High Moderate Long

Figure 13.14

Summary of pharmacologic properties of some local anesthetics. PABA = para-aminobenzoic acid.

Study Questions

Choose the ONE best answer.

13.1 Which of the following is a potent analgesic but a weak
anesthetic?

A. Etomidate.
B. Halothane.
C. Midazolam.
D. Nitrous oxide.
E. Thiopental.

13.2 The potency of inhaled anesthetics is defined

quantitatively as:

A. Blood/gas partition coefficient.
B. Cerebrovascular resistance.

C. Minimum alveolar concentration.
D. Diffusion hypoxia.

13.3 Which of the following determines the speed of recovery

from intravenous anesthetics used for induction?

A. Liver metabolism of the drug.

B. Protein binding of the drug.

C. lonization of the drug.

D. Redistribution of the drug from sites in the CNS.
E. Plasma clearance of the drug.

Correct answer = D. Etomidate is a hypnotic agent but lacks
analgesic activity. Midazolam is a common sedative/amnes-
tic. Halothane and thiopental are potent anesthetics with
weak analgesic properties. Nitrous oxide provides good
analgesia but is a weak anesthetic that must be combined
with other agents to provide complete anesthesia.

Correct answer = C. Potency of inhaled anesthetics is
defined by MAC, equivalent to the median effective dose
(ED,,) of the anesthetic. Blood/gas partition coefficient
determines solubility of the gas in blood. Cerebrovascular
resistance is decreased by inhalation anesthetics. Diffusion
hypoxia is associated with nitrous oxide.

Correct answer = D. Following initial flooding of the CNS
with nonionized molecules, the drug diffuses into other tis-
sues. With secondary tissue uptake, the plasma concentra-
tion falls, allowing the drug to diffuse out of the CNS. This
initial redistribution of drug into other tissues leads to the
rapid recovery seen after a single dose of an IV induction
drug. Protein binding, ionization, and lipid solubility affect
the rate of transfer.
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13.4

13.5

13.6

13.7

13.8

Which one of the following is a potent intravenous
anesthetic but a weak analgesic?

A. Propofol.

B. Benzodiazepines.

C. Ketamine.

D. Fentanyl.

E. Isoflurane.

Which of the following is correct regarding local
anesthetics?

A. They affect only small, unmyelinated nerve fibers.

B. They have either a lipophilic or a hydrophilic group.

C. They have either an amide or an ester linkage.

D. They are unaffected by pH of the tissue and pKa of
the drug.

E. In their ionized form, they interact with the protein
receptor of calcium channels.

Which of the following is correct regarding malignant
hyperthermia?

A. ltis triggered by dantrolene.

B. It is triggered by local anesthetics.

C. Itis generally mild and clinically insignificant.

D. It has no familial component.

E. It involves increased skeletal muscle oxidative
metabolism.

A patient with heart failure and significantly reduced

cardiac output requires surgical anesthesia. Which of
the following would you expect to see in this patient?
A. Slower induction time with IV anesthetics.

B. Need for increased dosage of IV anesthetics.

C. Slower induction time with inhaled anesthetics.

D. Enhanced removal of inhaled anesthetics to
peripheral tissues.

An 80-year-old patient with asthma and low blood
pressure requires anesthesia for an emergency surgical
procedure. Which of the following agents would be most
appropriate for inducing anesthesia in this patient?

A. Desflurane.
B. Ketamine.
C. Propofol.
D. Thiopental.

Correct answer = A. Propofol is a potent anesthetic but a
weak analgesic. It is the most widely used intravenously
administered general anesthetic. It has a high lipid solubil-
ity. The other choices do not fit this profile.

Correct answer = C. The small, unmyelinated nerve fibers
that conduct impulses for pain, temperature, and autonomic
activity are most sensitive to the action of local anesthet-
ics, but other nerve fibers are affected also. Local anes-
thetics have a lipophilic group, joined by either an amide
or ester linkage to a carbon chain that, in turn, is joined to
a hydrophilic group. Onset and duration of action of local
anesthetics are influenced by both pH of the tissue and pK_
of the drug. Local anesthetics work by blocking sodium ion
channels.

Correct answer = E. Malignant hyperthermia involves
increased skeletal muscle oxidative metabolism and is a
life-threatening condition. Dantrolene is the specific phar-
macologic treatment. Local anesthetics have been shown
to be safe. Triggering agents include succinylcholine and
halogenated hydrocarbon volatile anesthetic agents in sus-
ceptible individuals. Susceptibility to malignant hyperther-
mia is inherited in an autosomal dominant fashion.

Correct answer = A. When cardiac output is reduced, the
body compensates by diverting more cardiac output to the
cerebral circulation. A greater proportion of the IV anes-
thetic enters the cerebral circulation under these circum-
stances. Therefore, the dose of the IV drug must be reduced
(not increased). Also, with reduced cardiac output, it takes
a longer time for an IV induction drug to reach the brain,
resulting in a slower induction time. For inhaled anesthetics,
lower cardiac output removes anesthetic from the alveoli to
the peripheral tissues more slowly and thus enhances the
rate of rise in alveolar concentration of gas. Therefore, the
gas reaches equilibrium between the alveoli and the site of
action in the brain more quickly.

Correct answer = B. Ketamine may be beneficial since it is a
potent bronchodilator and may not lower blood pressure like
other agents. Desflurane is an inhaled anesthetic that may
stimulate respiratory reflexes. It is used for maintenance,
not induction, and may lower blood pressure. Propofol may
also decrease blood pressure. Thiopental is a short-acting
barbiturate that can cause bronchospasm.
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13.9

13.10

A 52-year-old woman will be undergoing sedation with
propofol for a brief diagnostic procedure. Which of the
following is an advantage of propofol for this patient?

A. Rapid analgesia.

B. Sustained duration.

C. Decreased incidence of nausea and vomiting.
D. Less pain at the injection site.

A 32-year-old woman requests an epidural to ease
labor pains. She reports that she had an allergic
reaction to Novocain (procaine) at the dentist’s office.
Which of the following local anesthetics would be
appropriate for use in an epidural for this patient?

A. Chloroprocaine.
B. Mepivacaine.
C. Ropivacaine.
D. Tetracaine.

Correct answer = C. Propofol has some antiemetic effect,
so it does not cause postoperative nausea and vomiting. It
has a short duration of action (which makes it good for brief
procedures), but does not produce analgesia. Pain at the
injection site is common.

Correct answer = C. Procaine is an ester local anesthetic.
Since this patient has an allergy to procaine, other ester
anesthetics (chloroprocaine, tetracaine) should not be
used. Mepivacaine, an amide local anesthetic, should not
be used due to the potential for increased toxicity to the
neonate. Ropivacaine is an amide anesthetic.




Opioids
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. OVERVIEW

Management of pain is one of clinical medicine’s greatest challenges.
Pain is defined as an unpleasant sensation that can be either acute or
chronic and is a consequence of complex neurochemical processes in
the peripheral and central nervous systems (CNS). It is subjective, and
the clinician must rely on the patient’s perception and description of pain.
Alleviation of pain depends on the specific type of pain, nociceptive or
neuropathic pain. For example, with mild to moderate arthritic pain (noci-
ceptive pain), nonopioid analgesics such as nonsteroidal anti-inflamma-
tory agents (NSAIDs, see Chapter 36) are often effective. Neuropathic
pain can be treated with opioids (some situations require higher doses)
but responds best to anticonvulsants, tricyclic antidepressants, or sero-
tonin/norepinephrine reuptake inhibitors. However, for severe or chronic
malignant or nonmalignant pain, opioids are considered part of the treat-
ment plan in select patients (Figure 14.1). Opioids are natural, semi-
synthetic, or synthetic compounds that produce morphine-like effects
(Figure 14.2). These agents are divided into chemical classes based on
their chemical structure (Figure 14.3). Clinically this is helpful in identifying
opioids that have a greater chance of cross-sensitivity in a patient with an
allergy to a particular opioid. All opioids act by binding to specific opioid
receptors in the CNS to produce effects that mimic the action of endog-
enous peptide neurotransmitters (for example, endorphins, enkephalins,
and dynorphins). Although the opioids have a broad range of effects,
their primary use is to relieve intense pain, whether that pain results from
surgery, injury, or chronic disease. Unfortunately, widespread availability
of opioids has led to abuse of those agents with euphoric properties.
Antagonists that reverse the actions of opioids are also clinically impor-

STRONG AGONISTS

Alfentanil ALFENTA

Fentanyl ABSTRAL, ACTIQ, DURAGESIC,
FENTORA, LAZANDA, SUBSYS

Heroin

Hydrocodone LORTAB, VICODIN, various
Hydromorphone DILAUDID, EXALGO
Meperidine DEMEROL

Methadone DOLOPHINE

Morphine AVINZA, KADIAN, MS CONTIN,
ORAMORPH

Oxycodone OXYCONTIN
Oxymorphone OPANA

Remifentanil uLTIVA

Sufentanil SUFENTA

MODERATE/LOW AGONISTS

Codeine

PARTIAL AGONISTS
Buprenorphine BUPRENEX, SUBUTEX
Butorphanol

Nalbuphine NUBAIN

Pentazocine TALWIN

ANTAGONISTS

Naloxone NARCAN
Naltrexone REVIA, VIVITROL

tant for use in cases of overdose (Figure 14.1).
Tapentadol NUCYNTA
ll. OPIOID RECEPTORS Tramadol ULTRAM
Figure 14.1

The major effects of the opioids are mediated by three receptor fami-
lies, which are commonly designated as p (mu), k (kappa), and & (delta).
Each receptor family exhibits a different specificity for the drug(s) it binds.
The analgesic properties of the opioids are primarily mediated by the p
receptors that modulate responses to thermal, mechanical, and chemical
nociception. The k receptors in the dorsal horn also contribute to anal-
gesia by modulating the response to chemical and thermal nociception.

Summary of opioid analgesics and
antagonists.
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Figure 14.2

Summary of chemical classes of opioid agonists.

Phenanthrenes

Morphine
Codeine
Oxycodone
Oxymorphone
Hydromorphone
Hydrocodone
Buprenorphine

Nalbuphine

Butorphanol
Benzmorphan

Pentazocine

Phenylpiperidines

Fentanyl
Alfentanil
Sufentanil
Meperidine
Diphenylheptane

Methadone

Action on
Opioid Receptors

Agonist

Agonist

Agonist

Agonist

Agonist

Agonist

Partial agonist

Mixed Agonist/Antagonist

Mixed Agonist/Antagonist
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Figure 14.3
Origin of opioids:
or synthetic.

natural, semisynthetic,

The enkephalins interact more selectively with & receptors in the periph-
ery. All three opioid receptors are members of the G protein—coupled
receptor family and inhibit adenylyl cyclase. They are also associated
with ion channels, increasing postsynaptic K+ efflux (hyperpolarization)
or reducing presynaptic Ca** influx, thus impeding neuronal firing and
transmitter release (Figure 14.4).

lll. OPIOID AGONISTS

Morphine [MOR-feen] is the major analgesic drug contained in crude
opium and is the prototype strong p receptor agonist. Codeine is pres-
ent in crude opium in lower concentrations and is inherently less potent,
making codeine the prototype of the weak opioid agonists. The currently
available opioids have various differences in receptor affinity, pharma-
cokinetic profiles, available routes of administration, and adverse effect
profiles. Comparing other available opioids to morphine is helpful in iden-
tifying the unique differences to guide the selection of a safe and effective
pain management regimen (Figure 14.5).

A. Morphine

1. Mech