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8. OVERVIEW 

The aim of drug therapy is to prevent, cure, or control various disease 
states. To achieve this goal, adequate drug doses must be delivered to 
the target tissues so that therapeutic, yet nontoxic levels are obtained. 
The clinician must recognize that the speed of onset of drug action, the 
intensity of the drug's effect, and the duration of the drug action are 
controlled by four fundamental pathways of drug movement and modifi- 
cation in the body (Figure 1 .I).  First, drug absorption from the site of 
administration permits entry of the therapeutic agent (either directly or 
indirectly) into plasma (input). Second, the drug may then reversibly 
leave the blood stream and distribute into the interstitial and intracellular 
fluids (distribution). Third, the drug may be metabolized by the liver, kid- 
ney, or other tissues. Finally, the drug and its metabolites are elin-~inated 
from the body (output) in urine, bile, or feces. Chapters 1 and 2 describe 
how knowledge of these processes influences the clinician's decision as 
to the route of administration, drug loading, and dosing interval. 

18. ROUTES OF DRUG ADMBNBSBRATIIOM 

I Drug at site of administration 1/ 

Absorption 
(input) 

[Drug in plasma) 

Distribution 

The route of administration is determined primarily by the properties of 
the drug (such as water or lipid solubility, ionization, etc.) and by the 
therapeutic objectives (for example, the desirability of a rapid onset of 
action or the need for long-term administration or restriction to a local Figure 1.1 
site). There are two major routes of drug administration, enteral and Schematic representation of drug 
parenteral. (Figure 1.2 illustrates the subcategories of these routes as absorption, distribution, metabolism 
well as other methods of drug administration.) and elimination. 

LippincoTs lllostrated Reviews: Pharmacology, Second Edition. 
by Mary J .  Mycek, Richard A. Harvey and Pamela C. Champe. 
Lippincatt-Raven Publishers, Philadelphia, PA Q 1997. 1 



1. Absorption, Distribution, and Elimination of Drugs 

Parenteral: IV, IM, SC 

Figure 1.2 
Commonly used routes of drug 
administration. (lV=intravenous; 
lM=intramuscular; SC= 
subcutaneous). 

A. Enteral 

1. Oral: Giving a drug by mou,tli is the most comnion route of admin- 
istration, but it is also the most variable, and requires the most 
complicated pathway to the tissues. Some drugs are absorbed 
from the stomach; however, t11e duodenum is often tlie major site 
of entry to the systemic circulation because of its larger absorptive 
surface. [Note: Most drugs absorbed from the gastrointestinal (GI) 
tract enter the portal circulation and encounter the liver before they 
are distributed in the general circulation (Figure 1.3). First-pass 
metabolism by the intestine or liver limits the efficacy of many 
drugs when taken orally. For example, more than 90% of nitro- 
glycerin is cleared during a single passage through the liver.] 
Ingestion of drugs with food can influence absorption. 'The pres- 
ence of food in the stomach delays gastric emptying time so that 
drugs that are destroyed by acid, for example, penicillin, become 
unavailable for absorption (see p. 302). [Note: Enteric coating of a 
drug protects it from the acidic environment and may prevent gas- 
tric irritation. Depending on the formulation, the release of the drug 
may be prolonged, producing a sustained-release preparation.] 

2. Subllhnguarl: Placement under the tongue allows the drug to dif- 
fuse into the capillary network and therefore to enter the systemic 
circulation directly. Administration of an agent by this route has 
the advantage that the drug bypasses the intestine and liver and 
is not inactivated by metabolism. 

3. Rectal: Fifty percent of the drainage of the rectal region bypasses 
the portal circulation; thus the biotransformation of drugs by the 
liver is minimized. Both the sublingual and the rectal routes of 
administration have the additional advantage that they prevent 
the destruction of the drug by intestinal enzymes or by low pH in 
the stomach. The rectal route is also useful if the drug induces 
vomiting when given orally or if the patient is already vomiting. 
[Note: The rectal route also is commonly used to administer 
antiemetic agents.] 

- - - 

B. Parenteral 

Parenteral administration is used for drugs that are poorly absorbed 
from the gastrointestinal (GI) tract, and for agents such as insulin 

- that are unstable in the GI trad. Parenteral administration i 
-_used for treatment of unconscious patients and under~circumstan 

that require a rapid onset of action. Parenteral administratio 
vides the most control over the actual dose of drug delivered 
body. The three major parenteral routes are intravascular (i 
venous or ir~tra-arterial), intramuscular, and subcutaneous (see 
Figure 1.2). Each has its advantages and drawbacks. 

1. Intravascular: Intravenous (IV) injection is the most common par- 
enteral route. For drugs that are not absorbed orally, there is 
often no other choice. With IV administration, the drug avoids the 
GI tract and, therefore, first-pass metabolism by the liver. This 
route permits a rapid effect and a maximal degree of control over 
the circulating levels of the drug. However, unlike drugs present in 
the GI tract, those that are injected cannot be recalled by 
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strategies such as emesis or binding to activated charcoal. 
Intravenous injection of some drugs may introduce bacteria 
through contamination, induce hemolysis, or cause other adverse 
reactions by the too rapid delivery of high concentrations of drug 
to the plasma and tissues. Therefore, the rate of infusion must be 
carefully controlled. Similar concerns apply to intra-arterially (IA) 
injected drugs. 

2. lnlrannuscular ([MI): Drugs administered intramuscularly can be 
aqueous solutions or specialized depot preparations-often a 
suspension of drug in a nonaqueous vehicle, such as ethylene 
glycol or peanut oil. Absorption of drugs in aqueous solution is 
fast, whereas that from depot preparations is slow. As the vehicle 
diffuses out of the muscle, the drug precipitates at the site of 
injection. The drug then dissolves slowly, providing a sustained 
dose over an extended period of time. An example is sustained- 
release haloperidol decanoate (see p. 130), whose slow diffusion 
from the muscle produces an extended neuroleptic effect. 

3. Subcutaneous (SC): This route of administration, like that of IM 
injection, requires absorption and is somewhat slower than the IV 
route. SC injection minimizes the risks associated with intravascu- 
lar injection. [Note: Minute amounts of epinephrine are sometimes 
combined with a drug to restrict its area of action. Epinephrine 
acts as a local vasoconstrictor and decreases removal of a drug, 
such as lidocaine, from the site of administration.] Other exam- 
ples of drugs utilizing SC administration include solids such as 
silastic capsules containing the contraceptive levonorgestrel that 
are implanted for long-term activity (see p. 268), and also pro- 
grammable mechanical pumps that can be implanted to deliver 
insulin in some diabetics. 

6. Other 

1. Inhalation: Inhalation provides the rapid delivery of a drug across 
the large surface area of the mucous membranes of the respiratory 
tract and pulmo~iary epithelium, producing an effect almost as 
rapidly as by intravenous injection. This route of administration is 
used for drugs that are gases (for example, some anesthetics), or 
those that can be dispersed in an aerosol. The route is particularly 
effective and convenient for patients with respiratory complaints (for 
example, asthma or chronic obstructive pulmonary disease) as 
drug is delivered directly to the site of action and systemic side 
effects are minimized (see p. 219). 

2. Intranasal: Desmopressin is administered intranasally in the treat- 
ment of diabetes insipidus; salmon calcitonin, a peptide hormone 
used in the treatment of of osteoporosis, is available as a nasal 
spray. The abused drug, cocaine, is generally taken by sniffing. 

3. Intrathecalllntraventricular: It is sometimes necessary to intro- 
duce drugs directly into the cerebrospinal fluid (CSF), such as 
methotrexate in acute lymphocytic leukemia (see p. 379). 

Drug administered 1V I 
enters directly into the I 

systemic circulation and I 

has direct access to the 

oral ? 

Drugs administered orally 
are first exposed to liver 
and may be extensively 
metabolized before 
reaching the rest of body. \- 

Figure 1.3 
First-pass metabolism can occur 
with orally administered drugs. 
(IV = intravenous). 

4. Topical: Topical application is used when a local effect of the drug 
is desired. For example, clotrimazole (see p. 343) is applied as a 



4 1. Absorption, Distribution, and Elimination of Drugs 

cream directly to the skin in the treatment of dermatophytosis, 
and atropine (see p. 47) is instilled directly into the eye ti dilate 
the pupil and permit measurement of refractive errors. 

5. Transdermal: This route of administration achieves systemic 
effects by application of drugs to the skin, usually via a trans- 
dermal patch. The rate of absorption can vary markedly depending 
upon the physical characteristics of the skin at the site of applica- 
tion. This route is most often used for the sustained delivery of 
drugs, such as the antianginal drug, nitroglycerin (see p. 175). 

Ill. ABSORPTION OF DRUGS 

Absorption is the transfer of a drug from its site of administration to the 
blood stream. The rate and efficiency of absorption depend on the route 
of administration. For intravenous delivery, absorption is complete, that 
is, the total dose of drug reaches the systemic circulation. Drug delivery 
by other routes may result in only partial absorption and thus lower 
bioavailability. For example, the oral route requires that a drug dissolve 
in the gastrointestinal fluid and then penetrate the epithelial cells of the 
intestinal mucosa; disease states or the presence of food may affect 
this process. 

A. Transport of drug from the GI tract 

Figure 1.4 Depending on their chemical properties, drugs may be absorbed 
Schematic representation of drugs from the GI tract by either passive diffusion or active transport. 
crossing cell membrane of epithe- 
lial cell of gastrointestinal tract. I. Passive diffusion: The driving force for passive absorption of a 

drug is the concentration gradient across a membrane separating 
two body compartments, that is, the drug moves from a region of 
high concentration to one of lower concentration. Passive diffu- 
sion does not involve a carrier, is not saturable, and shows a low 
structural specificity. The vast majority of drugs gain access to the 
body by this mechanism. Lipid-soluble drugs readily move across 

- - - - - - - ~ ~ s t - b i ~ o l u @ a I m ~ ~ s ~ w h e r e ~  wai~%s-dub-I-dm~ pene- - - 

trate the cell membrane through aqueous channels (Figure 1.4). 

2. Active transport: This mode of drug entry involves specific carrier 
. A few drugsShat closely resem- = , 

curring metabolites are actively 
nes using these specific carrier 

- 

proteins. Active transport is energy-dependent and is driven by 
ydrolysis of adenosine triphosphate (see Figure 1.4 

capable of moving drugs against a concentration gradient, that is, 
from a region of low drug concentration to one of higher drug con- 
centration. The process shows saturation kinetics for the carrier, 
much in the same way that an enzyme-catalyzed reaction shows 
a maximal velocity at high substrate levels when binding to the 
enzyme is maximal.' 

B. Effect of pH on drug absorption 

Most drugs are either weak acids or weak bases. Acidic drugs (HA) 
release a Hf causing a charged anion (A-) to forni:' 

1.2 See p. 16 for lnfolink references to other books in this series. 
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Weak bases (BH+) can also release a H+; however, the protonated 
form of basic drugs is usually charged, and loss of a proton produces 
the uncharged base (B). 

1. Passage of an uncharged drug through a membrane: A drug 
passes through membranes more readily if it is uncharged 
(Figure 1.5). Thus, for a weak acid, the uncharged HA can per- 
meate through membranes, and A- cannot. For a weak base, the 
uncharged form, B, penetrates through the cell membrane, but 
BH+ does not. Therefore, the effective concer~tration of the per- 
meable 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 pK, (Figure 1.6). [Note: The 
pKa is a measure of the strength of the interaction of a compound 
with a proton. The lower the pK, of a drug, the stronger the acid. 
Conversely, the higher the pKa, the stronger the base.] 
Distribution equilibrium is achieved when the permeable form of 
drug achieves an equal concentration in all body water spaces. 
Highly lipid-soluble drugs rapidly cross membranes and often 
enter tissues at a rate determined by blood flow. 

2. Determination of how much drug will be found on either side of 
a membrane: The relationship of pKa and the ratio of acid-base 
concentrations to pH is expressed by the Henderson-Hassel- 
balch equation3: 

[non-protonated species] 
pH = pKa + log 

[protonated species] 

LA-] For acids: pH = pKa + log - 
[HA1 

[Bl For bases: pH = pKa + log -+ 

[BH I 

This equation is useful in determining how much drug will be 
found on either side of a membrane that separates two compart- 
ments that differ in pH, for example, stomach (pH 1.0 to 1.5) and 
blood plasma (pH 7.4). [Note: The lipid solubility of the nonion- 
ized drug directly determines its rate of equilibration.] 

C. Physical factors influencing absorption 

1. Blood flow to the absorption site: Blood flow to the intestine is 
much greater than tlie ,flow to the stomach; thus absorption from 
the intestine is favored over that from the stomach. [Note: Shock 

Weak acid 

Lipid 
membrane 

. . 
Body -3 Body 

compartment :; compartment 

(W Weak base 

Lipid 
membrane 

-. 
m ;- 

, . . :- . . .: 
: - := Body Body . .- 

compartment . 2; compartment 
- -. 

Figure 1.5 
A. Diffusion of non-ionized form of a 
weak acid through lipid membrane; 
B. Diffusion of non-ionized form of a 
weak base through lipid membrane. 

3 
See p. 16 for lnfolink references to other books in this series. 
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When pH is less than pKa, 
the protonated forms 

HA and BH+ predominate. 

When pH is greater than pMa, 
the deprotanated forms 
A- and B predominate. 

I When pH =pKa 
HA = A' and 

Figure 1.6 
The distribution of a drug between its ionized and un-ionized form depends on the ambient pH and 
pK, of the drug. For illustrative purposes, the drug has been assigned a pKa of 6.5. 

severely reduces blood flow to cutaneous tissues, thus minimizing 
the absorption from s~.~bcutaneous administration.] 

2. Total surface area available for absorption: Because the intestine 
has a surface rich in microvilli, it has a surface area about 1,000 
times that of the stomach; thus absorption of the drug across the 
intestine is more efficient. 

3. Contact time at the absorption surface: If a drug moves through 
the GI tract very quickly, as in severe diarrhea, it is not well 
absorbed. Conversely, anything that delays the transport of the 
drug from the stomach to the intestine delays the rate of absorp- 
tion of the drug. [Note: Parasympathetic input increases the rate 
of gastric emptying, whereas sympathetic input (prompted, for 
example, by exercise or stressful emotions) prolongs gastric emp- 

- .. 
tying. Also, the presence of food in the stomach both dilutes the 
drug and slows gasViemptying.-TErebre, a drugtakenwifhT- 

- 

meal is generally absorbed more slowly.] 

- -- - - . - - - 
Bioavailabilityk theFaaion of administered drug that r 
temic circulation. Bioavailability is expressed as the fraction of adminis- 
ered drug that gains access to the systemic circulation in a chemical1 
unchanged form. For example, if 100 mg of a drug is administered orally 
and 70 mg of this drug is absorbed unchanged, the bioavailability is 70%. 

A. Determination d bioavailability 

Bioavailability is determined by comparing plasma levels of a drug 
after a particular route of administration (for example, oral adminis- 
tration) with plasma drug levels achieved by IV injection, in which all 
of the agent enters the circulation. When the drug is given orally, 
only part of the administered dose appears in the plasma. By plot- 



V. Drug Distribution 

ting plasma concentrations of the drug versus time, one can mea- 
sure the area under the curve (AUC). This curve reflects the extent 
of absorption of the drug. [Note: By definition this is 100% for drugs 
delivered intravenously.] Bioavailability of a drug administered ora.lly 
is the ratio of the area calculated for oral administration compared 
with the area calculated for IV injection (Figure 1.7). 

B. Factors that influence bioavailability 

1. First-pass hepatic metabolism: When a drug is absorbed across 
the GI tract, it enters the portal circulation before entering the sys- 
temic circulation (see Figure 1.3). If the drug is rapidly metabo- 
lized by the liver, the amount of unchanged drug that gains 
access to the systemic circulation is decreased. Many drugs, 
such as propranolol or lidocaine, undergo significant biotransfor- 
mation during a single passage through the liver. 

2. Solubility of drug: Very hydrophilic drugs are poorly absorbed 
because of their inability to cross the lipid-rich cell membranes. 
Paradoxically, drugs that are extremely hydrophobic are also 
poorly absorbed, because they are totally insoluble in the aque- 
ous body fluids and, therefore, cannot gain access to the surface 
of cells. For a drug to be readily absorbed it rr~ust be largely 
hydrophobic yet have some solubility in aqueous solutions. 

3. Chemical instability: Some drugs, such as penicillin G (see 
p. 302), are unstable in the pH of the gastric contents. Others, 
such as insulin (see p. 258), may be destroyed in the GI tract by 
degradative enzymes. 

4. 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, and the presence of 
excipients (such as binders and dispersing agents) can influence 
the ease of dissolution and, therefore, alter the rate of absorption. 

6. Bioequivalence 

Two related drugs are bioequivalent if they show comparable 
bioavailability and similar times to achieve peak blood concentra- 
tions. Two related drugs with a significant difference in bioavailability 
are said to be bioinequivalent. 

B. Therapeutic equivalence 

Two similar drugs are therapeutically equivalent if they have compa- 
rable efficacy and safety. [Note: Clinical effectiveness often depends 
both on maximum serum drug concentrations and the time after 
administration required to reach peak concentration. Therefore, two 
drugs that are bioequivalent may not be therapeutically equivalent.] 

Bioavailability = AUC oral x 100 
AUC injected 

AUC 
(Injected 

Figure 1.7 
Determination of the bioavailability 
of a drug. (AUC = area under curve.) 

Drug distribution is the process by which a drug reversibly leaves the 
blood stream and enters ,the interstitium (extracellular fluid) andlor the 
cells of the tissues. The delivery of a drug from the plasma to the inter- 
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Structure of e~ldcathelial 

Structure QB 
brain capillauy 

Astrocyte foot processes 

that cells are physically 
joined and form a con- 
tinuous wall that prevents, 
many substances from 
entering the brain. , Tight junction 

Figure 1.8 
Cross section of liver and brain 
capillaries. 

stitium primarily depends on blood flow, capillary permeability, the degree 
of binding of the drug to plasma and tissue proteins, and the relative 
hydrophobicity of the drug. 

A. Blood flow 

The rate of blood flow to the tissue capillaries varies widely as a 
result of the unequal distribution of cardiac output to the various 
organs. Blood flow to the brain, liver, and Ctidnw is greater than tiia? 
to the skeletal muscles, whereas adipose tissue has a still lower rate 
of blood flow. 

B. Capillary pernieability 

Capillary permeability is determined by capillary structure and by the 
chemical nature of the drug. 

1. Capillary structure: Capillary structure varies widely in terms of 
the fraction of the basement membrane that is exposed by slit 
(tight) junctions between endothelial cells. In the brain, the capil- 
lary structure is continuous, and there are no slit junctions (Figure 
1.8). This con.trasts with the liver and spleen, where a large part 
of the basement membrane is exposed due to large discontinu- 
ous capillaries, through which large plasma proteins can pass. 

a. Blood-brain barrier: In order to enter the brain, drugs must 
pass through the endothelial cells of the capillaries of the cen- 
tral nervous systeni (CNS) or be actively transported. For 
example, the large neutral amino acid carrier transports levo- 
dopa into the brain. Lipid-soluble drugs readily penetrate into 
the CNS, since they can dissolve in the membrane of the 
endothelial cells. Ionized or polar drugs generally fail to enter 
the CNS, since they are unable to pass through the endothelial 
cells of the CNS, which have no slit junctions. These tightly 
juxtaposed cells form tight junctions that constitute the so- 
called blood-brain barrier (Figure 1.8). 

-- -- -- --- - 

2. Drug structure: The chemical nature of the drug strongly influ- 
ences its ability to cross cell membranes. Hydrophobic drugs, 
which have a uniform distribution of electrons and no net charge, 
readilymove across most biologicalmembranes,These drugs can 
dissolve in the lipid membranes and therefore permeate the entire 
cell's surface. The major factor influencing the hydrophobic drug's 
distribution is the blood flow to the area. By contrast, hydrophilic 
drugs, which have either a nonuniform distribution of electrons or a 
positive or negative charge, do not readily penetrate cell mem- 
branes and must go through the slit junctions (see Figure 1.8). 

C. Binding of drugs to proteins 

Reversible binding to plasma proteins sequesters drugs in a non-dif- 
fusible form and slows their transfer out of the vascular compart- 
ment. Binding is relatively non-selective as to chemical structure and 
takes place at sites on the protein to which endogenous compounds 
such as bilirubin, ~iorn~ally attach. Plasma albuniin is the major drug- 
binding protein and may act as a drug reservoir, for example, as the 
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concentration of the free drug decreases due to elimination by 
metabolism or excretion, the bound drug dissociates from the pro- 
tein. This maintains the free drug conce~itration as a constant frac- 
tion of the total drug in the plasma. (See p. 11 for further discussion 
of drug binding by proteins.) 

VI. VOLUME OF DISTRIBUTION 

The volume of distribution (Vd) is a hypothetical volume of fluid into 
which the drug is disseminated. Although the volume of distribution has 
no physiological or physical basis, it is sometimes useful to compare 
the distribution of a drug with the volumes of the water compartments in 
the body (Figure 1.9). 

A. Water compartments in the body 

Once a drug enters the body, from whatever route of administration, 
it has the potential to distribute into any one of three functionally dis- 
tinct compartnlents of body water, or to become sequestered in 
some cellular site. 

1. Plasma compartment: If a drug has a very large molecular weight 
or binds extensively to plasma proteins, it is too large to move out 
through the endothelial slit j~~nctions of the capillaries and thus is 
effectively trapped within the plasma (vascular) compartment. As 
a consequence, the drug distributes in a volunie (the plasma) that 
is about 6% of the body weight or, in a 70-kg individual, about 4 L 
of body fluid. Aminoglycoside antibiotics (see p. 314) show this 
type of distribution. 

2. Extracellular fluid: If the drug has a low molecular weight but is 
hydrophilic, it can move through the endothelial slit junctions of 
the capillaries into the interstitial ,fluid. However, hydrophilic drugs 
cannot move across the membranes of cells to enter the water 
phase inside the cell. Therefore, these drugs distribute into a vol- 
ume that is the sum of ,the plasma water and the interstitial fluid, 
which together constitute the extracellular fluid. This is about 20% 
of the body weight, or about 14 L in a 70-kg individual. 

3. Total body water: If the drug has a low molecular weight and is 
hydrophobic, it can not only move into the interstitium through the 
slit junctions, but can also move ,through the cell membranes into 
the intracellular fluid. The drug therefore distributes into a volume 
of about 60% of body weight, or about 42 L in a 70-kg individual. 

4. Other sites: In pregnancy, the fetus may take up drugs and thus 
increase the Vd. Drugs such as thiopental (see p. 11 5), which are 
stored in fat, may also have unusually high volumes of distribution. 

B. The apparent volume sf distributicsn 

A drug rarely associates exclusively with only one of the water com- 
partments of the body. Instead, the vast majority of drugs distribute 
into several compartments, often avidly binding cellular components, 
for example, lipids (abundant in adipocytes and cell membranes), 

Total body water 

Plasma 
Interstitial 
volume 

lntracellular 
volume 

liters 

volume 
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Plasma 
volume 

10 liters 

V 

Figure 1.9 
Relative size of various distribution 
volumes within a 70-kg individual. 
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0 I I 

0 1 2 3 4 
Time 

=+ Rapid injection of drug. 

Figure 1.1 0 
Drug concentrations in serum after a 
single injection of drug at time = 0. 
Assume that drug distributes but is 
not eliminated. 

proteins (abundant in plasma and within cells), or nucleic acids 
(abundant in the nuclei of cells). Therefore, the volume into which 
drugs distribute is called the apparent volume of distribution or Vd. 

1. Determination of Vd 

Dist ibution 
0.251 p%ase \ 

Time 

+Rapid injection of drug. 

Figure 1 .I I 
Drug concentrations in serum after a 
single injection of drug at time = 0. 
Assume that drug distributes and is 
subsequently eliminated. 

a. Distribution of drug in the absence of elimination: The appar- 
ent volume into which a drug distributes, Vd, is determined by 
injection of a standard dose of drug, which is initially contained 
entirely in the vascular system. The agent may then move 
from the plasma into the interstitium and into cells, causing the 
plasma concentration to decrease with time. Assume for sim- 
plicity that the drug is not eliminated from the body; the drug 
then achieves a uniform concentration that is sustained with 
time (Figure 1.1 0). The concentration within the vascular com- 
partment is the total amount of drug administered divided by 
the volume into which it distributes, Vd: 

C = D/Vd Or Vd = DIC 

C = Plasma concentration of drug 
D = Total amount of drug in the body 

For example, if 25 mg of a drug (D = 25 mg) is administered, 
and the plasma concentration is 1.0 mg/L, then the Vd = 25 
nig/l .O mg/L = 25 L. 

b. Distribution of drug when elimination is present: In reality, 
drugs are eliminated from the body, and a plot of plasma con- 
centration versus time shows two phases. The initial decrease 
in plasma concentration is due to a rapid distribution phase in 
which tlie drug is transferred from the plasma into the inter- 
stitium and the intracellular water. This is followed by a slower 
elimination phase during which the drug leaves the plasma 
compartment and is lost from the body, for example, by renal 
or biliary elimination or hepatic biotransformation (Figure 1 .I 1). 
The raKat which the drug is e l i m i n a t e d i s i l y P r ? @ G T m - -  - - 
to the concentration of drug (C), that is, the rate with most 
drugs is first order and shows a linear relationship with time if 

than C) is plotted versus time (Figure 1 .I 2). 
-- -- .. - - - - - - - -- - - -- - - - -- -- -- --- - - - - -- - 

c. Calculation of drug concentration if re instan- 
taneous: Assume that the eliminati an at the 
time of injection and continued throughout the distribution 

-phase. Then the-concentration of drug in the plasma, C, can 
be extrapolated back to zero time (the time of injection) to 
determine Co, which is the concentration of drug that would 
have been achieved if the distribution phase had occurred 
instantly. For example, if 10 mg of drug is injected into a 
patient and the plasma concentration extrapolated to zero time 
concentration is Co = 1.0 mg1L (from graph shown in Figure 
1.12), then Vd= 10 mg/l.Omg/L= 10 L. 

d. Uneven drug distribution between compartments: The appar- 
ent volume of distribution assumes that the drug distributes 
urriformly in a single compartment. However, most drugs dis- 
tribute unevenly in several compartments and the volume of 
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distribution does not describe a real, physical volume but 
rather reflects the ratio of drug in the extraplasmic spaces rela- 
tive to the plasma space. Nonetheless, Vd is useful since it can istribution Elimination 

phase phase 
be used to calculate the amount of drug needed to achieve a A - 
desired plasma concentration. For example, assume the / ~xtraoolation to time zero 
arrhythmia of a cardiac patient is not well controlled due to gives'~,, the hypothetical 

inadequate plasma levels of digitalis. Suppose the concentra- drug concentration 
predicted if the distribution 

tion of the drug in the plasma is C1 and the desired level of .g c,=1 had been achieved - 
digitalis (known from clinical studies) is a higher concentration, \ I .  'antly. 

Ci. The clinician needs to know how much additional drug g 0.51 
I 

0.4 should be administered to bring the circulating level of drug 0.3 - - \ i  
from GI to G2. 

Vd C1 = amount of drug initially in body 

Vd C2 = amount of drug in the body needed 
to achieve the desired plasma concentration '1  o 

~ i m e  
The difference between the two values is the additional 4 -Rapid injection 01 

dosage needed, which equals Vd(C2-C1). 

2. Effect of a large Vd on the half-life of a drug: A large Vd has an Figure 
important influence on the half-life of a drug, since drug elimina- Drug in serum after a 

single injection of drug at time = 0. tion depends on the amount of drug delivered to the liver or kid- Data plotted on log scale. 
ney (or other organs where metabolism occurs) per unit of time. 
Delivery of drug to the orgalis of elimination depends not only on 
blood flow but also on the fraction of the drug in the plasma. If the 
Vd for a drug is large, most of the drug is in the extraplasmic 
space and is unavailable to the excretory organs. Therefore, any 
factor that increases the volume of distribution can lead to an 
increase in the half-life and extend the duration of action of the 
drug. [Note: An exceptionally large Vd indicates considerable 
sequestration of the drug in some organ or compartment.] 

VIII. BBNDBMG OF DRUGS TO PLASMA PROEEIINS 

Drl~g molecules may bind to plasma proteins (usually albumin). Bound 
drugs are pharmacologically inactive; only the free, unbound drug can 
act on target sites in the tissues and elicit a biological response. Thus, 
by binding to plasma proteins, drugs become ".trappdand, in effect, 
inactive. [Note: Hypoalbuminemia may alter the level of free drug.] 

A. Binding capacity of albumin 

The binding of drugs to albumin is reversible and may show low 
capacity (one drug molecule per albumin molecule) or high capacity 
(a number of drug molecules binding to a single albumin molecule). 
Drugs can a.lso bind with varying affinities. Albumin has the 
strongest affinity for anionic drugs (weak acids) and hydrophobic 
drugs. Most hydrophilic drugs and neutral drugs do not bind to albu- 
min. [Note: Many drugs are hydrophobic by design, since this prop- 
erty permits absorption after oral administration.] 

B. Competition for binding between drugs 

When two drugs are given, each with high affinity for albumin, they 
compete for the available binding sites. The drugs with high affinity 
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for albumin can be divided into two classes, depending on whether 
the dose of drug (the amount of drug found in tlie body under condi- 
tions used clinically) is greater than or less than the binding capacity 

0 class drugs: D~~~ less than of albumin (the number of millimoles of albumin multiplied by the 

avai8able binding sites number of binding sites, Figure 1 .I 3). 

Albumin 

Most drug molecules 
are bound to albumin 
and concentration 
of free drug is low. 

m Class III drugs: Dose greater 
than available binding sites 

1. Class I drugs: If the dose of drug is less than the binding capacity 
of albumin, then the doselcapacity ratio is low. The binding sites 
are in excess of the available drug, and the drug fraction bound is 
high. This is the case for Class I drugs, which includes the majori- 
ty of clinically useful agents. 

2. Class II drugs: These drugs are given in doses that greatly 
exceed the number of albumin binding sites. The doselcapacity 
ratio is high, and a relatively high proportion of the drug exists in 
the free state, not bound to albumin. 

3. Gllnlcai importance of drug displacement: This assignment of 
drug classification assumes importance when a patient who is 
taking a Class I drug, such as tolbutamide, is given a Class II 
drug, such as a sulfonamide antibiotic. The tolbutamide is normally 
95% bound, and only 5% is free. This means that most of the drug 
is sequestered on albumin and is inert in terms of exerting phar- 
macologic actions. If a sulfonamide is administered, it displaces 
tolbutamide froni albumin, leading to a rapid increase in the con- 
centration of free tolbutamide in plasma, because almost 100% is 
now free compared with the initial 5%. [Note: The tolbutamide 
concentration does not remain elevated since tlie drug moves out 
of the plasma into the interstitial fluid and achieves a new equilib- 
rium.] 

Most albumin molecules 
contain a bound drug; the 
concentration of free drug 
is significant. 

I 
ll 6. Relationship of drug displacement to \Id 

B Admbnistratioea of a Class O The impact of drug displacement from albumin depends on both Vd 
and a Class I! drug. and the therapeutic index of the drug. If the Vd is large, the drug dis- 

o placed from the albumin distributes to the periphery and the change 
in free drug concentration in the plasma is not significant. If the Vd is 

e----- smatl;-E3iGWl yalsplaceaarugdoemt move lntothetissues as - - - 

2) @ ~ ' o  much, and the increase in free drug in the plasma is more profound. 

@@@@@ GJO If the therapeutic index (see p. 22) of the drug is small, this increase 
o in drug concentration may have significant clinical consequences. 

- -- --- ote:eli-nically,%lr~isplacement from a l  bumin=Fsron~-=of =the- most- -= 

ignificant sources of drug interactions. 

Displacement of Class l 
drug occurs when a 
Class II drug is administered Drugs are most often eliminated by biotransformation andlor excretion 

into the urine or bile. The liver is the major site for drug metabolism, but 

Figure 1.6 3 specific drugs may undergo biotransformation in other tissues. [Note: 
Some agents are initially administered as inactive compounds (pro- 

Binding of Class I and Class II 
drugs to albumin when drugs are drugs) and must be metabolized to their active forms.] 
administered alone (A,B), or 
together (C). 
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A. Kinetics of metabolism: 

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

v = rate of drug metabolism = Vmax [GI 
Km + [Cl 

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 = vm, [GI 
Km 

that is, the rate of drug metabolism is directly proportional to the 
concentration of free drug, and first order kinetics are observed 
(Figure 1.14). This means that a constant fraction of drug is 
metabolized per unit time. 

2. Zero-order kinetics: With a few drugs, such as aspirin (see 
p. 407), ethanol and phenytoin (see p. 146), the doses are very 

large, so the [C] is much greater than K,, and the velocity equa- 
tion becomes: 

Vmax [Cl v = rate of drug metabolism = - 
[CI = Vmax 

. .t low doses drug 
metabolism is first 
order, that is, 
proportional to drug 
dose 

Figure 1.14 
~f fec t  of drug dose on the rate 

The enzyme is saturated by a high free-drug concentration, and of metabolism. 
the rate of metabolism remains constant over time. This is called 
zero order kinetics (or sometimes referred to clinically as non-linear 
kinetics). A constant amount of drug is metabolized per unit time. 

B. Reactions of drug metabolism 

The kidney cannot efficiently eliminate lipophilic drugs that readily 
cross cell membranes and are reabsorbed in the distal tubules (see 
p. 23). Therefore, lipid-soluble agents must first be metabolized in 
the liver using two general sets of reactions, called Phase I and 
Phase II (Figure 1 .I 5). 

1. Phase I: Phase I reactions function to convert lipophilic molecules 
into more polar molecules by introducing or unmasking a polar 
functional group, such as -OH, or -NH2. Phase I metabolism may 
increase, decrease, or leave unaltered the drug's pharmacologic 
activity. 

a. Phase I reactions utilizing the P-450 system: The Phase I 
reactions most frequently involved in drug metabolism are cat- 
alyzed by the cytochrome P-450 system (also called microso- 
ma1 mixed function oxidase). 

Drug + o2 + NADPH + H+ + Drugmodified + Hz0 + NADP' 

4 
See p. 16 for lnfolink references to other books in this series. 
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I Some drugs directly 
enter Phase II metabolism - n 

Following Phase I, the 

Figure 1.15 
The biotransformations of drugs. 

The oxidation proceeds by the drug binding to the oxidized 
form of cytochrome P-450, and then oxygen is introduced 
through a reductive step coupled to NADPH:cytochrome P-450 
oxidoreductase. 

b. Summary of the P-450 system: P-450 is a family of enzymes 
(isozymes) that occur in most cells, but that are particularly 
abundant in the liver. [Note: The name P-450 is derived from 
the spectrophotometric peak observed when the enzyme is 
treated with carbon monoxide (which inhibits mixed function 
oxidase activity). Some of the isozymes have peaks at 
448 nm, etc.] Each of the enzymes has a broad and, therefore, 
sometimes overlapping specificity. Many drugs are able to 

Drug induce elevated levels of cytochrome P-450, resulting in an 
. - . - -- incceased-rate-of-metabolism of-the -inducing-drugaswellas__ - - 

other drugs biotransformed by the P-450 system. This enzyme 
induction is indicated in Figure 1.16. Many drugs inhibit the 
P-450 system and may potentiate the actions of other drugs 

at are metabolized by cyLochr_omeenzymes, _; ,= = _ = 

Drug 
metabolite 

c. Phase I reactions not involving the P-450 system: These -- - 

include amine oxidation (for example, oxidation of cate- 
cholamines or histamine, alcohol dehydrogenatio 
ple, ethanol oxidation), and hydrolysis (for example, of pro- 
cainamide). 

2. Phase 81: This phase consists of conjugation reactions. If the 
metabolite from Phase I metabolism is sufficiently polar, it can be 
excreted by the kidneys. However, many metabolites are too 

Fiigarre 1 . I6 lipophilic to be retained in the kidney tubules. A subsequent con- 
Schematic representation of drug- jugation reaction with an endogenous substrate, such as glu- 
induced elevation of hepatic curonic acid, sulfuric acid, acetic acid or an amino acid results in 
cytochrome P-450. polar, usually more water-soluble compounds that are most often 

therapeutically inactive. Glucuronidation is the most common and 
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the most important conjugation reaction. Neonates are deficient 
in this conjugating system making them particularly vulnerable 
to drugs such as chloramphenicol (see p. 321). [Note: Drugs 
already possessing an -OH, -HIV2, or -COOH group may enter 
Phase II directly, and become conjugated without prior Phase I 
metabolism.] The highly polar drug conjugates may then be 
excreted by the kidney. 

3. Reversal of order of the Phases: Not all drugs undergo Phase I 
and II reactions in that order. For example, isoniazid (see 
p. 332)  is first acetylated (a Phase II reaction) and then 
hydrolyzed to isonicotinic acid (a Phase I reaction). 

Study Questions 

Choose the ONE best answer. 

1.1 Which one of the following statements is CORRECT? 

A. Weak bases are absorbed efficiently across the 
epithelial cells of the stomach. 

B. Coadministration of atropine speeds the absorption 
of a second drug. 

C. Drugs showing large Vd can be efficiently removed 
by dialysis of the plasma. 

D. Stressful emotions can lead to a slowing of drug 
absorption. 

E. If the Vd for a drug is small, most of the drug is in the 
extraplasmic space. 

emotions prompt sympathetic output, which slows 
gastric emptying. In the stomach a weak base is 
primarily in the protonated, charged form, which 
does not readily cross the epithelial cells of the 
stomach. Atropine is a parasympathetic blocker 
and slows gastric emptying. This delays the rate 
of drug absorption. A large Vd 
of the drug is outside the plasn 
sis would not be effective. A 

indicates I 
l a  space E 
small Vd 

1.2 Which one of the following is TRUE for a drug whose 
elimination from plasma shows first-order kinetics? 

A. The half-life of the drug is proportional to the drug 
concentration in plasma. 

B. The amount eliminated per unit time is constant. 
C. The rate of elimination is proportional to the plasma 

concentration. 
D. Elimination involves a rate-limiting enzymic reaction 

operating at its maximal velocity (V,). 
E. A plot of drug concentration versus time is a straight 

line. 

rtionality 
definition 
:onstant. 

r \ 
Correct answer = C. The direct propo 
between concentration and rate is lhe I 
of f~rst-order. The half-life of a drug is a ( 
For first-order reactions, the fraction of the drug 
eliminated is constant, not the amount. A 
iting reaction operating at V, would shl 
order kinetics. First order kinetics show 
plot of log [drug concentration] versus t i r~~a. 

/ 

rate lim- 
OW zero- 
, a linear -- 

1.3 All of the following statements are true EXCEPT: 

A. Aspirin (pKa = 3.5) is 90% in its lipid-soluble, proto- 
nated form at pH = 2.5. 

B. The basic drug promethazine (pKa = 9.1) is more ion- 
ized at pH = 7.4 than at pH = 2. 

C. Absorption of a weakly basic drug is likely to occur 
faster from the intestine than from the stomach. 

D. Acidification of the urine accelerates the secretion of 
a weak base, pK, = 8. 

E. Uncharged molecules more readily cross cell mem- 
branes than charged molecules. 

ioice = 0 
less than .. rr., ,A 

I. As the I 
the pK,. . . . - 

3H of the 
the ratio [ 
!r at pH = 

solution 
BH4]/[B] 
rn a. - 

f 
I 

I 
~ncreases, rnus l a m  J IS grears c HI one 
pH unlt on the ac~d s~de of pK,, Ihe [HA]/IA-] = 
10, or 90% IS In form HA, the protonated form of 
asplrln Weak bases are more charged In the 
ac~d~c  gastric juice and are not read~ly absorbed 
The drug whlch IS a weak base IS more I( 
acld~f~ed urlne and less able to be real 
Uncharged molecules have a greater so 
the l ~ p ~ d  b~layer of membranes, and thus rriore 
read~ly cross membranes 

L 

mized in 
~sorbed. 
lubility in 
. . - - - 
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1.4 A patient is treated with drug A, which has a high affini- 
ty for albumin and is administered in amounts that do 
not exceed the binding capacity of albumin. A second 
drug, B, is added to the treatment regimen. Drug B 
also has a high affinity for albumin but is administered 
in amounts that are 100 times the binding capacity of 
albumin. Which of the following occurs after adminis- 
tration of drug B? 

A. An increase in the tissue concentrations of drug A. 
8. A decrease in the tissue concentrations of drug A. 
C. A decrease in the volume of distribution of drug A. 
D. A decrease in the half-life of drug A. 
E. Addition of more drug A significantly alters the serum 

concentration of unbound drug B. 
f \ 

Correct answer = A. Drug A is largely bound to 
albumin and only a small fraction is free. Most of 
drug A is sequestered on albumin and is inert in 
terms of exerting pharmacologic actions. If drug 
B is administered, it displaces drug A from albu- 
min, leading to rapid increase in the concenlra- 
tion of free drug A in plasma, because almost 
100% is now free. Drug A moves out of the plas- 
ma into the interstitial water and the tissues. The 
Vd of drug A increases, providing less drug to the 
organ of excretion, and prolonging the overall 

of the drug. Since drug B is already in 
excess of its albumin-binding capacity, 

ng some of drug B from albumin does - ificantly affect its serum concentration. 
'. I 

lifetime 
100-fold 
dislodgi 
not sian 

1.6 Drugs showing zero-order kinetics of elimination 

A. are more common that those showing first order 
kinetics. 

B. decrease in concentration exponentially with time. 
C. have a half-life independent of dose. 
D, show a plot of drug concentration versus time that is 

linear. 
E. show a constant fraction of the drug elirrlinated per . . unit t!me. 

' Correct answer = D. Drugs with zero-order kinet- 
ics of elimination show a linear relationship 
between drug concenlration and lime. In most 
clinical situations the concentration of a drug is 
much less than the Michaelis-Menten constant 
(I&), A decrease in drug concentration is linear 
with time. The half-life of the drug increases with 
dose. A constant amount of drug is eliminated 
per unit lime. 

\ 

1.7 A drug, given as a 100 mg single dose, results in a 
peak plasma concentration of 20 pglml. The apparent 
volume of distribution is (assume a rapid distribution 
and negligible elimination prior to measuring .the peak 
plasma level): 

A. 0.5 L. 
B. 1 L. 
C. 2 L. 
D. 5 L. 

1.5 The addition of glucuronic acid to a drug E. 10 L. 

A. decreases its water solubility. 
B. usually leads to inactivation of the drug. 
C. is an example of a Phase I reaction. 

-- 
D. occurs at the same rate in adults and the newborn. 
E. involve~~ytochrome P-450. - 

Correct answer = D. Vd = DIC, where D = total 

drug cc 
Conjugs 
deficier 
chrome 

- solubility 
lonates arl 
nes. Cyto 
actions 

Correct answer = B. The addltlon of glucuroni 
acld prevents recognltlon of the drug by 11 

- rr?ceptor~Glucuronic-ac~d~~s charged-and -th - - - - - -- .- - - - 

rnjugate has ~ncreased watel 
Ition IS a Phase II reactlon NE 
i t  In the conjugatrng enzyn 
P-450 IS lnvolved In Phase 1 re 

- - 

'See p. 52 in Blochernisi .) for a disc 
of etfect of substrate levels IcQI.lion velocit 

try (2nd ed 
11.- A,, _-,A 

ochemlstr .. 0 , 
y (2nd ed.) for a  disc^ 

2 ~ e e  p. 6 in Biochemistry (2nd ed.) for a discussic 
-rirl-k Tse chemist-, 

4See p. 
of Mich 

52 in Bloc 
- a 3  .. . r a discuss ion 



II. OVERVIEW 

Pharmacokinetics is defined as the quantitative, time-dependent 
changes of both the plasma drug concentration and the total amount of 
drug in the body, following the drug's administration by various routes 
(the two most common of these routes being intravenous infusion and 
oral fixed-dose, fixed-time interval regimens-for example, "one tablet 
every four hours"). The interactions of the processes described in 
Chapter 1 determine the pharmacokinetic profile of a drug. The signifi- 
cance of identifying the pharmacokinetics of a drug lies not only in 
defining the factors that influence its levels and persistence in the body, 
but also in tailoring the therapeutic use of drugs that have a high toxic 
potential. [Note: The following discussion assumes that the adminis- 
tered drug distributes into a single body compartment. In actuality, most 
drugs equilibrate between two or three compartments and thus display 
complex kinetic behavior. However, the simpler model suffices to 
demonstrate the concepts.] 

81. KINETICS OF INTRAVENOUS INFUSION 

With continuous intravenous infusion, the rate of drug entry into the 
body is constant. In the majority of cases, the elimination of a drug is 
first-order, that is, a constant fraction of the agent is cleared per unit 
time. Therefore, the rate of drug exit from the body increases pro- 
portionately as the plasma concentration increases and at every point in 
time is proportional to the plasma concentration of the drug. 

A. Steady-state drug levels In blood 

Following the initiation of an intravenous infusion, the plasma con- 
centration of drug rises until the rate of drug eliminated from the 
body precisely balances the input rate. Thus a steady-state is 
achieved in which the plasma concentration of drug remains con- 
stant. [Note: The rate of drug elimination from the body = (CLt)(C), Figure 2.1 
where CLt is total body clearance (see p 24), and C is the plasma At steady state, input (rate of infusion) 
concentration of drug.] Two questions can be asked about achieving equals Output (rate eliminati0n). 
the steady-state. First, what is the relationship between the rate of 
drug infusion and the plasma concentration of drug achieved at the 

Lippincott's lliuslrated Reviews: Pharmacology, Second Edition. 
by Mary J. Mycek, Richard A. Harvey and Pamela C. Champe. 
Lippincott-Raven Publishers, Philadelphia, PA Q 1997. 17 
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Pime 
infusion 

Fig11re 2.2 
Effect of infusion rate on the 
steady-state concentration 
of drug in plasma. (Ro = rate 
of infusion of drug.) 

plateau, or steady state? Second, what length of time is required to 
reach the steady-state drug concentration? 

B. Influence of the rate of drug infusion on the steady-state 

A steady-state plasma concentration of drug occurs when the rate of 
drug elimination is equal to the rate of adrrrinistration (Figure 2.1), as 
described by the equation: 

where C,, = the steady state concentration of drug 

R, = the infusion rate (for example, mglmin) 

k, = first-order rate constant for drug elimination from the total body 

Vd = volume of distribution 

CLt = total body clearance (see p. 24) 

Since k,, CLt, and Vd are constant for most drugs showing linear 
kinetics, C,, is directly proportional to R,, that is, the steady-state 
plasma concentration is directly proportional to the infusion rate. For 
example, if the infusion rate is doubled, the plasma concentration ulti- 
mately achieved at the steady state is doubled (Figure 2.2). 
Furthermore, the steady-state concentration is inversely proportional 
to the clearance of the drug, CLt. Thus, any factor that decreases 
clearance, such as liver or kidney disease, increases the steady-state 
concentration of an infused drug (assuming \Id remains constant). 

C. Time required to reach the steady state drug concentration 

The concentration of drug rises from zero at the start of the infusion 
to its ultimate steady-state level, C,, (Figure 2.3). The fractional rate 
of approach to a steady state is achieved by a first-order process. 

1. Exponential approach to steady state: The rate constant for 
attainment of steady state is the rate constant for total body elimi- 
nation-of-the-drug,&Thuq 5O0hf-th9finalsteady~tatecon~- - - 
centration of drug is observed after time elapsed since the infu- 
sion, t, is equal to t ~ , ~ ,  where tin (or half-life) is the time required 
for the drug concentration to change by 50%. Waiting another 

alf=lifeallows the drug concentration-to approach 75% of C, 
(see Figure 2.3). The drug concentration is 90% of the final 
steady-state concentration in 3.3 times til2. For convenience, 
therefore, one can assume that a drug will reach steady state in 
about 4 half-lives. 

2. Effect of the rate of drug infusion: The sole determinant of the 
rate that a drug approaches steady state is the or k,, and this 
rate is influenced o111y by the factors that affect the half-life. The 
rate of approach to steady state is not affected by the rate of drug 
infusion. Although increasing the rate of infusion of a drug 
increases the rate at which any given concentration of drug in the 
plasma is achieved, it does not influence the .time required to 
reach the ultimate steady-state concentration. This is because 
the steady-state concentration of drug rises directly with the infu- 
sion rate (see Figure 2.2). 
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Start of Drug infusion 
drug infusion stopped; wash-out 

begins 

Steady-state drug 
concentration = Cs, = 100 

Figure 2.3 
Rate of attainment of steady-state concentration of drug in plasma. 

3. Rate of drug decline when the Infusion is stopped: 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 (see Figure 2.3). 

4. Loading dose: A delay in achieving the desired plasma levels of 
drug may be clinically unacceptable. Therefore, a "loading dose" 
of drug can be injected as a single dose to achieve the desired 
plasma level rapidly, followed by an infusion to maintain the 
steady state (maintenance dose). In general, the loading dose 
can be calculated as: 

Loading dose = (Vd) (desired steady-state plasma concentration) 

881.  KllNETlCS OF FIXED-DOSE, FIXED-TIME-BNTERVAL 
REGIMENS 

Administration of a drug by fixed doses rather than by continuous infu- 
sion is often more convenient. However, fixed doses, given at fixed-time 
intervals, result in time-dependent fl~~ctuations in the circ~~lating level of 
drug. 

A. Single intravenous injection 

For simplicity, assume the injected drug rapidly distributes into a sin- 
gle compartment. Since the rate of elimination is usually first order in 
regard to drug concentration, the circulating level of drug decreases 
exponentially with time (Figure 2.4). [Note: The t l ~  does not depend 
on the dose of drug administered.] 
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B. Multiple intravenous lajecllons 

1 . !1/2% 
lnjecticn of drug 

Half-life (t,,2) of drug 
does not depend 
on size of administered 
dose. 

Flgure 2.4 
Effect of dose of single intravenous 
injection of drug on plasma levels. 

Injection of two Injection of one 
unit of drug 
twice daily \ 

Continous infusion of 
two units of drualdav 

When a drug is given repeatedly at regular intervals, the plasma 
concentration increases until a steady state is reached (Figure 2.5). 
Because most drugs are given at intervals shorter than 5 half-lives 
and are eliminated exponentially with time, some drug from the first 
dose remains in the body at the time that the second dose is adrnin- 
istered, and some from the second dose at the time that the third 
dose is given and so forth. Therefore, the drug accumulates until, 
within the dosing iniei-vai, the rate of drug loss (driven by elevaiad 
plasma concentration) exactly balances the rate of drug administra- 
tion, that is, a steady state is achieved. 

1. Efded of dosing frequency: The plasma concentration of a drug 
oscillates about a mean. Using smaller doses at shorter intervals 
reduces the amplitude of the swings in drug concentration. 
However, the steady-state concentration of the drug and the rate 
at which the steady state is approached are not affected by the 
frequency of dosing. 

2. Example of achievement of steady state using different dosage 
regimens: The curve B of Figure 2.5 shows the amount of drug in 
the body when one gram of drug is administered intravenously to 
a patient, and the dose is repeated at a time interval that corre- 
sponds 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 taken. The 
minimal amount of drl~g during the dosing interval progressively 
increases and approaches a value of 1 .OO unit, whereas the max- 
imal value immediately following drug administration progressive- 
ly approaches 2.00 units. Therefore, at the steady state, 1 .OO unit 
of drug is lost during the dosing interval, which is exactly 
matched by the rate at which the drug is administered, that is, the 
"rate in" equals the "rate out." As in the case for intravenous infu- 
sion (see p. 18), 90% of the steady-state value is achieved in 3.3 
times ti,2. - - -  - - - 

42. Orally admllniistered drugs 

Most drugs that are administered on an outpatient basis are taken 
-orally=on a-fixed-dose fixed=time=inte~val regimen, for-example,-a-speA -- 
cific dose, taken one, two or three times daily. In contrast to intra- 

injection, oral@ administered drugs may bSabsorbed slowly, 
and the plasma concentration of the dn~g is influenced by both the 
rate of absorption and the rate of drug elimination (Figure 

4 = Rapid injection of drug 1V. DOSE-RESPONSE QUANTITI%TIOPd 
-. 

Figure 2.5 
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 t of 12 hours. 

A. Drug receptors 

A drug receptor is a specialized target macromolecule, present on 
the cell surface or intracellularly, that binds a drug and mediates its 
pharmacologic actions. Drugs may interact with enzymes (for exam- 
ple, inhibition of dihydrofolate reductase by trimethoprim, p. 294), 
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nucleic acids (for example, blockade of transcription by dactino- 
mycin, p. 384) or membrane receptors (for example, alteration of 
membrane pernieability by acetylcholine). In each case, the forma- 
tion of the drug-receptor complex leads to a biologic response, and 
the magnitude of the response is proportional to the number of drug- 
receptor complexes: 

Drug + Receptor -+ Drug-receptor complex -+ Effect 

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. However, the receptor not only has the abil- 
ity to recognize a ligand (drug), but can also couple or transduce this 
binding into a response by causing a conformational change or a 
biochemical effect. [Note: For most drugs, the nature of the target 
molecule is unknown. The actions of a few drugs are not mediated 
by specific receptors, but depend on nonspecific chemical or physi- 
cal interactions. For example, anesthetic gases (see p. 11 2) are 
thought to alter the structure of the membrane.] 

5. Graded dose-response curve 

An agonist is defined as an agent that can bind to a receptor and 
elicit a response. The magnitude of the drug effect depends on its 
concentration at the receptor site, which in turn is determined by the 
dose of drug administered and by factors characteristic of the drug, 
such as rate of absorption, distribution, and metabolism. The effect 
of a drug is most easily analyzed by plotting the magnitude of the 
response versus the log of the drug dose, thus obtaining a graded 
dose-response curve (Figure 2.7). 

1. Efficacy: Efficacy is the maximal response produced by a drug. It 
depends on the number of drug-receptor complexes formed and 
the efficiency with which the activated receptor produces a cellu- 
lar action (see Figure 2.7). Efficacy is analogous to maximal 
velocity for an enzyme catalyzed reaction2. [Note: A compound 
may bind to the receptor and not elicit a response. It is thus said 
to have zero efficacy, and may act as an antagonist.] 

2. Potency: Potency, also termed effective dose concentration, is a 
measure of how much drug is required to elicit a given response. 
The lower the dose required for a given response, the more 
potent the drug. Potency is most often expressed as the dose of 
drug that gives 50% of the maximal response, ED50 (see Figure 
2.7). A drug with a low ED50 is more potent than a drug with a 
larger ED50. The affinity (Kd) of the receptor for a drug is an 
important factor in determining the potency. However, efficacy is 
more important than potency since it focuses on the effective- 
ness of the drug. (For example, a more potent drug may not 
reach its receptor in sufficient concentrations due to some patho- 
logic condition.) 

3. Slope of the dose-response curve: The slope of .the midportion of 
the dose-response curve varies from drug to drug. A steep slope 
indicates that a small increase in drug dosage produces a large 
change in response. 

[ Repeated fixed dose I 
Repeated oral administration of a 
drug results in oscillations in plasma 
concentrations that are influenced 
by both the rate of drug absorption 
and rate of drug elimination 

I Single fixed dose 1 

Figure 2.6 
Predicted plasma concentrations of 
a drug given by repeated oral 
administrations. 

A single dose of drug given 
orally results in a single peak 
In plasma concentration tollowed 
by a continuous decline in drug 
levels 

0 
0 .- Drug C 
m 

F 

Log drug concentration 
0 

t t 
for Drug A for Drug 5 

Figure 2.7 
Typical dose response curve for 
drugs showing differences in potency 
and efficacy. ED,, = drug dose that 
shows 50% of maximal response. 

1 2  See p. 26 for lnfolink references to other books in this series. 
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Drug with 
partial agonist 

Drug concentration 

t t t 
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C. Reversible antagonists 

1. Competitive: These agents interact with receptors at the same 
site as the agonist and, thus, compete for binding of the agonist 
(Figure 2.8). A competitive antagonist shifts the dose-response 
curve to the right, causing the drug to behave as if it were less 
potent. This behavior is analogous to a competitive inhibitor for 
an enzyme-catalyzed rea~t ion.~ 

2. PSonrompetitlve: These agsnts either prevent the binding of the 
agonist or prevent the agonist from activating the receptor. A 
noncompetitive antagonist decreases the niaximal response and 
is analogous to a noncompetitive inhibitor for an enzyme-cat- 
alyzed rea~t ion.~ 

3. Partlall agoanist: Partial agonists block the agonist binding site but 
cause less response than a full agonist. A partial agonist may 
have an affinity for the receptor that is increased, decreased, or 
equivalent to that of an agonist. 

The therapeutic index of a drug is the ratio of the dose that produces 
toxicity to the dose that produces a clinically desired or effective 
response in a population of individuals. 

Therapeutic index = toxic doseleffective dose 
Figure 2.8 
Effects of drug antagonists. 

The therapeutic index is thus a measure of the drug's safety, since a 
large value indicates that there is a wide margin between doses that are 
effective and doses that are toxic. 

A. Determination off therapeutic index 

The therapeutic index is determined by measuring the frequency of 
desired response and t o x i c ~ n ~ a r i o u s  doses $-clrug.FW-- 

- 

example, Figure 2.9 shows the response to warfarin (see p. 199), an 
oral anticoagulant with a narrow therapeutic index, and penicillin 
(see p. 297), an antimicrobial drug with a large therapeutic index. -- - -- -- - - ---- . -- -- -- - - - - - -- - - - - - - .- 

- - - - - -- 1. Warfarin (example of a drug with a small therapeutic laidex): As 
the dose of warfarin is increased, a greater fraction of the 

espond (for this drug, the desired response is a two-fold 
in prothrombin time) until eventuaiiy all patients respond 

(see Figure 2.9A). However, at higher doses of warfarin, a toxic 
response occurs, namely a high degree of anticoagulation that 
results in hemorrhage. Note that when the therapeutic index is 
low, it is possible to have a range of concentrations where the 
effective and toxic responses overlap, that is, some patients 
hemorrhage while others achieve the desired two-fold prolonga- 
tion of prothrombin time. Variation in patient response is there- 
fore most likely to occur with a drug showing a narrow therapeu- 
tic index, since the effective and toxic concentrations are similar. 

4 See p. 26 for lnfolink references to other books in this series. 
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Agents with a low therapeutic index, that is, drugs in which dose 
is critically important, are those drugs in which bioinequivalence 
is likely to result in a therapeutic consequence (see p. 7). 

Penicillin (example of a drug with a large therapeutic index): For 
drugs with a large therapeutic index, such as penicillin (see 
Figure 2.9B), it is safe and common to give doses in excess 
(often about ten-fold excess) of that which is minimally required 
to achieve a desired response. In this case, the bioavailability 
does not critically alter the therapeutic effects. 

\(I. DRUG EhllMlNATBON 

Removal of a drug from the body may occur via a number of routes, the 
most important being through the kidney into the urine. Other routes 
include the bile, intestine, lung, or milk in nursing mothers. A patient in 
renal failure may undergo extracorporeal dialysis, which will remove 
sma.ll molecules such as drugs. 

A. Renal elimination of a drug 

1. Glomerular filtration: Drugs enter the kidney through renal arter- 
ies, which divide to form a glomerular capillary plexus. Free drug 
(not bound to a.lbumin) flows through the capillary slits into 
Bowman's space as part of the glomerular filtrate (Figure 2.10). 
The glomerular 'filtration rate (GFR = 125 mllmin) is normally 
about Zooh of the renal plasma flow (RPF = 600 mllmin). Lipid 
solubility and pH do not influence the passage of drugs into the 
glomerular filtrate. 

2. Proximal tubular secretion: Drug that was not transferred into the 
glomerular filtrate leaves 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 sys- 
tems, one for anions (for example, deprotonated forms of weak 
acids) and one for cations (protonated forms of weak bases). 
Each of these ,transport systems shows a low specificity and can 
transport many compounds; thus, competition between drugs for 
the carriers can occur within each transport system (for example, 
see probenecid, p. 417). [Note: Premature infants and neonates 
have incompletely developed tubular secretory mechanism and 
thus may retain certain drugs.] 

3. Distal tubular reabsorption: As a drug moves toward the distal 
convoluted tubule, its concentration increases and exceeds that 
of the perivascular space. The drug, if uncharged, may diffuse 
out of the nephric lumen back into the systemic circulation. 
Manipulating the pH of the urine to increase the ionized form of 
the drug in the lumen may be used to minimize the amount of 
back diffusion and hence increase the clearance of an undesir- 
able drug. For example, a patient presenting with a phenobarbital 
overdose can be given bicarbonate, which alkalinizes the urine 
and keeps the drug ionized, thereby decreasing its reabsorption. 

f!q WarBrarh: Smal ll 
.- therapeutic index 

Therapeutic 
window 

Log concentration of 
drug in plasma 
(arbitrary units) 

rn Penlclin: barge 
therapeutic index 

Therapeutic 
window 

Log concentration of 
drug in plasma 
(arbitrary units) 

adverse 
effect 

Figure 2.9 
Cumulative percent of patients 
responding to plasma levels of drug. 
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Flgrsre 2.1 0 
Drug elimination by the kidney. 

If the drug is a weak base, acidification of the urine with NH4CI 
leads to protonation of the drug and an increase in its clearance. 
This process is called "ion trapping." 

4. Role of drug metabolism: Most drugs are lipid soluble and diffuse 
out of the kidney's tubular lumen when the drug concentration in 
tlie filtrate becomes greater than that in the perivascular space. 
In order to minimize this reabsorption, drugs are modified by the 
body to be more polar using two types of reactions: Phase I reac- 
tions (see p. 13) that involve either the addiiion of hyciroxyi 
groups or the removal of blocking groups from hydroxyl, carboxyl 
or amino groups, or Phase II reactions (see p. 14) that use conju- 
gation with sulfate, glycine, or glucuronic acid to increase drug 
polarity. The conjugates are ionized, and the charged molecules 
cannot back-diffuse out of the kidney lumen (Figure 2.1 1). 

B. Quantitative aspects of renal drug elimination 

Plasma clearance is expressed as the volume of plasma from which 
all drug appears to be removed in a given time, for example, as 
mllmin. Clearance equals the amount of renal plasma flow multiplied 
by the extraction ratio, and since these are normally invariant over 
time, clearance is constant. 

1. Extraction ratio: This ratio is the decline of drug concentration in 
the plasma from the arterial to the venous side of the kidney. The 
drugs enter the kidneys at concentration CI and exit the kidneys 
at concentration C2. The extraction ratio = C2/C1 

2. Excretion rate: 

Excretion rate = (clearance) (plasma concentration) 
mglmin mllmin mglml 

The elimination of a drug usually follows first order kinetics, and 
the concentration of drug in plasma drops exponentially with 
time. This may be used to determine tlie half-life of the drug (the 
time during which the concentration of the drug decreases from C -- - - -. .. -- -- . . . 
to '/*C). 

- - The total body (systemic) clearance (CLtotal) is the sum of the clear= 
ances from the various drug metabolizing and drug-eliminating 

ans. The kidney is often the maj 
the liver also contributes to drug I 
excretion into the bile. A patient in renal failure may sometimes ben- 
efit from a drug that is excreted by this pathway into the intestine 
and feces, rather than through the kidney. Some drugs may also be 
reabsorbed through the enterohepatic circulation, thus prolonging 
their half-life. Total clearance can be calculated by using the follow- 
ing equation: 
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It is not possible to measure and sum these individual clearances. 
However, total clearance can be derived from the steady state equa- 
tion (see p. 18): 

D. Volume of distribution end the half-life of a drug 

The half-life of a drug is inversely related to its clearance and direct- 
ly proportional to its volume of distribution. 

This equation shows that as the volume of distribution increases, the 
half-life of a drug becomes longer. The larger the volume of distribu- 
tion, the more drug is outside the plasma compartment and is 
unavailable for excretion by the kidney or metabolism by the liver. 

E. Clinical situations resulting in increased drug half-life 

When a patient has an abnormality that alters the half-life of a drug, 
adjustment in dosage is required. It is important to be able to predict 
in which patients a drug is likely to have a longer half-life. The half- 
life of a drug is increased by: 

1. diminished renal plasma flow, for example, in cardiogenic shock, 
heart failure, or hemorrhage. 

2. addition of a second drug that displaces the first from albuniin 
and, hence, increases the volume of distribution of the drug. 

3. decreased extraction ratio, for example, as seen in renal disease. 

4. decreased metabolism, for example, when another drug inhibits 
its biotransformation, or hepatic insufficiency as with cirrhosis. 

Drug 

tubule 

Loop of 
Henle 

Distal 
tubule 

Pas 
of li 
ioni 

Figure 2.1 I 
Effect of drug metabolism on 
reabsorption in the distal tubule. 

Study Questions 

Choose the ONE best answer 

2.1 A drug with a half-life of 12 hours is administered by 
continuous intravenous infusion. How long will it take 
for the drug to reach 90% of its final steady-state level? 

A. 18 hours. 
B. 24 hours. 
C. 30 hours. 
D. 40 hours. 
E. 90 hours. 

F -. 
Correct answer = D. One approaches 90% of the 
final steady-state in 3.3 times tin = 3.3 12 - 40 
hours. 
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2.2 Which of the following results in a doubling of the 
steady-state concentration of a drug? 

A. Doubling the rate of infusion. 
6. Maintaining the infusion rate, but doubling .the load- 

ing dose. 
C. Doubling the rate of infusion and doubling the con- 

centration of the infused drug. 
D. Tripling the rate of infusion. 
E. Quacirupiing the rate of infisioii. 
/ \ 

- Correct answer = A. The steady-state concentra: 
tion of a drug is directly proportional to the infu- 
sion rate. Increasing the loading dose provides a 
transient increase in drug level, but the steady- 
state level remains unchanged. Doubling both the 
rate of infusion and concentration of the infused 
drug leads to a 4-fold increase in the steady-state 
drug concentration. Tripling or quadrupling the 
rate of infusion leads to either a 3-fold or 4-fold 
increase in the steady-state drug concentration. 

\ J 

2.3 Which of the following statements is correct? 

A. If 10 mg of drug A produces the same response as 
100 mg of drug B, drug A is more efficacious than 
drug B. 

B. The greater the efficacy, the greater the potency of a 
drug. 

C. In selecting a drug, potency is usually more impor- 
tant than efficacy. 

' between patients in the pharmacokinetics of a ' 
drug is most important clinically when the effec- 
tive and toxic doses are not very different, as is 
the case with a drl~g that shows a small therapeu- 
tic index. -- 

D. A competitive antagonist increases EDs0. 
E. Variation in response to a drug among different indi- 

viduals is most likely to occur with a drug showing a 
large therapeutic index. 

2.4 Which of ,the following most closely describes the clear- 
ance rate of a drug that is infused at a rate of 4 mglmin 
and produces a steady-state concentration of 6 mg1L in 
the plasma? 

A. 67 mllmin. 
B. 132 rnllmin. 
C. 300 mllmin. 
D. 667 ml min. 
E. 1,200 mllmin. 
f \ 

Correct answer = D. Clearance is the volume of 
plasma from which all drug is removed in a given 
time (in this case per minute). At steady state, 
the excretion rate = infusion rate = ,4  mglmin. 

_ Thus, clearance (mlimin)".= excretipn-[ate - 
(mg/ml)/plasma concentration (mglml) = (4 
rng/m1)/(0.006 mglml) = 667 mllmin. , * 

\ 1 

-- 

= 

- 

2.5 The antimicrobial drug, tetracycline, is found to be ther- 
apeutically effective when 250 mg of dr l~g are present 
in the body. The tin of tetracycline is 8 hours. What is 
the correct rate of infusion? 

A. 7 mglhr. 
B. 12 mglhr. 
C. 22 mglhr. 
D. 37 rnglhr. 
E. 45 mglhr. 

r 7 -- - - . - - - - - - - - 
Correct answer = D. ln the presence of a compet- 

- i t i ~ t a g e ~ ' ~ ~ a - h i ~ e r s ~ ~ 6 8 W ~ w g i S -  
required to elicit a given response. Efficacy and 
potency can vary independently, and the maximal 
response obtained is often more important than 
the amount of drug needed to achieve it. For 

==exarnplein==ice+- ~ginfomtien--is=previded= 
about the efficacy of drug A, so all one can say is 
that drug A is more potent than drug B. Variability 

%ee p. 54-56 in Biochemistry (2nd ed.) for a 
discussion of competitive and noncompetitive 
inhibition of an enzyme catalyzed reaction. 

- 

--"-- 

Correct answer = C. The correct rate of infusion is 
R=KdVdC, where Kd = 0.69/tj/2 = 0.6918 hours.= 
0.086 hr-'; therefore, the instantaneous rate of 
loss of the tetracycline is 8.6 % per hr of whatever 

- -~mou~t~of~dwg~i~;pres~nt~~n; the; .bod~=(=~C.~.~the~ 
total amount of drug in the body.) When 250 mg 
of tetracycline are present in the body, the rate of 
drug loss is 250 mg x 8.6 %/hour = 250 x 0.086 

-. hr-' = 21.5 mglhr. 
- - - - - .  - -  - - .- 

- -- 
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El. OVERVIEW 

The autonomic nervous system, along with the endocrine system, coor- 
dinates the regulation and integration of body functions. The endocrine 
system sends signals to target tissues by varying the levels of blood- 
borne hormones, In contrast, the nervous system exerts its influence by 
the rapid transmission of electrical impulses over nerve fibers that 
terminate at effector cell9 where specific effects are caused due to the 
release of a neuromediahr substanc~Drugs that produce their primary 
therapeutic effect by mimicking or altering the functions of the autonom- 
ic nervous system are called autonorr~ic drugs and are discussed in the 
following four chapters. ~hese-autonomic agints act either by stimulat- 
ing portions of the autonomic nervous system or by blocking the action 
of the autonomic nerves. This chapter outlines the fundamental physiol- 
ogy of the autonorrTic nervous system and describes the role of neuro- 
transmitters in the communication between extracellular events and 
chemical changes wi,thin the cellO Efferent Afferent Divislon Division 

I!. BNTRODUCTlOM 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, thalis, any nerves that enter or leave the 
CNS (Figure 3.1). The peripheral nervous system can be further divided 
into the efferent division, whose neurons carry signals away from the 
brain and spinal cord to the peripheral tissues, and the afferent division, 
whose neurons bring information from the periphery to the CNS. 

t Parasympathetic 

Sympathetic 

Figure 3.1 
Organization of the nervous system. 

Lippincon's Illustrated Reviews: Pharmacology, Second Edition. 
by Mary J. Mycek, Richard A. Harvey and Pamela C. Champe. 
Lippinwtt-Raven Publishers. Philadelphia. PA O 1997. 27 
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Meuroeffector transmitter --- 

Effector 
organ 

Figure 3.2 
Efferent neurons of the 
autonomic nervous system. 

A. Funetienal divisions within the nervous system 

The efferent portion of the peripheral nervous system can be further 
divided into two major functional subdivisions, the somatic and auto- 
nomic systems (see Figure 3.1). The somatic efferents are involved 
in voluntarily controlled functions such as contraction of the skeletal 
muscles in locomotion. The autonomic system functions involuntarily 
to regulate the everyday needs and requirements of the body with- 
out the conscious participation of the mind. It is composed primarily 
of visceral motor (efferent) neurons that innervate smooth muscle of 
the viscera, cardiac muscle, vasculature and the exocrine glands. 

B. Anatomy of the autonomic nervous system 

1. Efferent neurons: The ai~tonomic nervous system carries nerve 
impulses from the CNS to the effector organs by way of two 
types of efferent neurons (Figure 3.2). The first nerve cell is 
called a preganglionic nelaron and its cell body is located within 
the CNS. Preganglionic neurons emerge from the brain stem or 
spinal cord and make a syiiaptic connection in ganglia (an aggre- 
gation of nerve cell bodies located in the peripheral nervous sys- 
tem). These ganglia function as relay stations between the pre- 
ganglionic neuron and a second nerve cell, the postgangOlonic 
neuron. The latter neuron has a cell body originating in the gan- 
glion. It is generally nonmyelinated and terminates on effector 
organs such as smooth muscles of the viscera, cardiac muscle, 
and the exocrine glands (Figure 3.2). 

2. Afferent rywrons: The afferent neurons (fibers) of the autonomic 
nervous system are irriportant in the reflex regulation of this sys- 
tem, for example, by sensing pressure in the carotid sinus and 
aortic arch and signaling the CNS to influence the efferent branch 
of the system to respond (see below). 

3. Sympathetic neurons: ~he%efferent autonomic nervous system is 
divided into the sympathetic and the parasympathetic nervous 
systems (see Figure 3.1). The preganglionic neurons of the sym- 
pathetic system come fEFthoracicand7Giiibar regions o f - t F  

- 

spinal cord and synapse in two cord-like chains of ganglia that 
run in parallel on each side of the spinalkord. Axons of the post- 

- -- - 
ganglionic neuron extend from these ganglia to the glands and 

- 
viscera. [NoteTTtiGadEinal memlla, likFth-esymp8hZticgamlia, - 

= 

- - -  receives preganglionic fibers from the sympathetic system. 
Lacking axons, the adrenal medulla, in response to stimulation by 
neurotransmitters, influences other organs by secreting the hor- 

- - 
mone epinephrine: also knownas w n e  (and lesser 
amounts of norepinephrine) into the blood.] . - 

4. Parasympathetic neurons: The parasympathetic preganglionic 
fibers arise from the cranial and sacral areas of the spinal cord 
and synapse in ganglia near or on the effector organs. In both the 
sympathetic and parasympathetic systems, postganglionic fibers 
extend from the ganglia to effector organs. 
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Bold type = sympathetic actions 
Light type = parasympathetic actions 

EYE 
Contraction of lrls radial .Py rl SALIVARY GLANDS 
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Figure 3.3 
Action of sympathetic (bold type) and parasympathetic (light type) nervous systems on effector organs. 

C. Functions of the sympathetic system 

Though continually active to some degree (for example, in maintain- 
ing the tone of vascular beds), the sympathetic division has the 
property of adjusting in response to stressful situations, such as 
trauma, fear, hypoglycemia, cold, or exercise. 

1. Effects of stimulation of the sympathetic division: The effect of \ 
sympathetic output is to jncrease heart rate and blood pre- 
to Q O C ~ S  of the body, gnd to increase blood flow 
to skeletal muscles and heart_l?rhlLe divertirl&tflow from the skin 
and-internal organs. Sympathetic stimulation also results in dila- ' 

d the bronchioles (Figure 3.3). 

2. Fight or flight response: The changes experienced by the body 
during emergencies have been referred to as the "fight or flight" 
response (Figure 3.4). These reactions are triggered both by 
direct sygpathetic activation of the effector organs and by stimu- 
lation of the adrenal medulla to release epinephrine and lesser 

* b , - 
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Figure 3.4 
Sympathetic and parasympathetic 
actions are elicited by different 
stimuli. 

amounts of   or epinephrine. These hormones enter the blood 
stream and promote responses in effector organs that contain 
adrenergic receptors (see Figure 6.6, p. 60)@ The sympathetic 
nervous system tends to function as a unit and often discharges 
as a complete system, for example, during severe exercise or in 
reactions to fear (see Figure 3.4)@This system, with its diffuse 
distribution of postganglionic fibers, is involved in a wide array of 
physiologic activities, but it is not essential for life, 

D. Functions of the parasympaihetic system: 

The parasyn- pathetic division maintains essential bodily functions, 
such as agestive processes and elimination of wastes, and is 

-.see Figure 3.3). It usually acts to oppose or balance 
the actions of the sympathetic division and is generally dominant 
over the sympathetic system in "rest and digestw situations (see 
Figure 3.4). The parasympathetic system is 
such and neyerdischarges as a complet_e 
pmeemassive, I-~ndesirable, and unpleasant symptoms. Instead: 
discrete parasympathetic fibers are activated separately, and the 
system functions to affect specific organs, such as the stomach or - - --- _ - - . . - 
eye. -- - 

-, 
E. Role of the CNS in autonomic control of viscera 

Although the autonomic nervous system is a motor system, it does: 
require sensory input from peripheral structures to provide informa- 
.tion on the state of affairs in the body. This feed-back is provided 6y 
streams of afferent impulses, arising in the viscera and other auto- 
nomically innervated structures, that travel to integrating centers in 
the CNS-the hypothalamus, medulla oblongata, and spinal cord# 
These centers respond to the stimuli by.sending out efferent reflex 
impulses via the autonomic nervous system (Figure 3.5), 

'I. Reflex arcs: Most of the afferent impulses are translated into 
reflex responses without involving consciousness. For example, 
a fall in blood w s s u r e  causes pressure-sensitive~eurons - 
(baroreceptors in the heart, vena cava, aortic archj 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 parasympa- 

- -  - -  - - - - -- . .- --  - - 
thetic output to the he&,which resulgina compeiisat~y rke in 

- blood pressure and-tachycardia (see Figure3.5 

2. Emotions and the autonomic newous system: Stimuli that evoke 
feelings of strong emotion, such as rage, fear, or pleasure, can 
modify the activity of the autonomic nervous systern, 

F. Innervation by the aut~nomlc nervous system 

1. Dual innervation: Most organs in the body are innervated by both 
divisions of the autonomic nervous system. Thus, the heart has 
vagal parasympathetic innervation that slows rate of contraction, 
and sympathetic innervation that speeds contraction. Despite this 
dual innervation, one system usually predominates in controlling 
the activity of a given organ. For example, in the heart, the vagus 
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2. Organs receiving only sympathetic innervation: Although most 
tissues receive dual innervation, some effector organs, such as 

G. Somatic nervous system J 

The efferent somatic nervous system differs from the autonomic 
system 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 vol- 
untary control, whereas the autonomic is an involuntary system. 

118. CHEMICAL SIGNALING BETWEEN CELLS 

Neurotransmission in the autonomic nervous system is an example of 
the more general process of cliemical signa.ling between cells. In addi- 
tion to neurotransmission,\ other types of chemical signaling are the 
release of local mediators and the secretion of hormones. 

A. Local mediators 

Most cells in the body secrete chemicals that act locally, that is, they 
act on cells in their immediate environment, These chemical signals 
are rapidly destroyed or removed; thus, they do not enter the blood 
and are not distributed througliout the body. Histamine (see p. 420) 
and prostaglandins (see p. 41 9) are examples of local mediators, 

El. Hormones 
Specialized endocrine cells secrete hormones into the blood stream, 
where they travel throughout the body exerting effects 011 broadly 
distributed target cells in the body. (Hormones are described in 
Chapters 25-27.) 

C. Neurotransmitters 

Each neuron is a distinct anatomic unit, and no structural continuity 
exists between most neurons. Communication between nerve cells- 

AFFERENT INFORMATION 
@ Drop in blood pressure /I 
@ Reduced stretch of baro- 

receptors in aortic arch 

and between nerve cells and effector organs-occurs through the 
release of specific chemical signals, called neurotransmitters, from 
the nerve terminals. This release depends on processes that are trig- 
gered by Ca++ uptake and regulated by phosphorylation of synaptic 
proteins. The neurotransmitters rapidly diffuse across the synaptic 
cleft or gap (synapse) between nerve endings and combine with spe- 
cific receptors on the postsynaptic (target) cell (see pp. 37 and 57). 

1. Membrane receptors: All neurotransmitters and most hormones 
and local mediators are too hydrophilic to penetrate the lipid 
bilayer of target-cell plasma membranes; instead, their signal is 
mediated by binding to specific receptors on the cell surface of 
target organs. [Note: A receptor is defined as a recognition site 
for a substance. It shows a binding specificity and is coupled to 
processes that eventually evoke a response. Most receptors are 
proteins. They need not be located in the membrane.] 

Efferent reflex impulses via the 
autonomic nervous system cause: 

6 inhibition of parasympathetic and 
activation of sympathetic division I I 
Increased peripheral resistance 
and cardiac output 

4 lncreased blood pressure 

Figure 3.5 
Baroreceptor reflex arc 
responds to a decrease in 
blood pressure. 
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Sym athetic innervatialn Sympathetic Parasympathetic 
oradrenal medulla I I 

1' 

h 
Acetylcholine 

h 
Acetylcholine 

A 
Acetylcholine 

V V V 
8 Q 

Nicotinic Nicotinic A @or receptor 

J 

Adrenal medulla 

I I 

Epinephrine released 
A 

Norepinephrine 
into the blood 

Acetylcholine 

receptor receptor receptor 

V - 
Effector organs 

no ganglia 

Acetylcholine 

- - - 

--Rg t . ! re *F  -- -- -- - 

Summary of the neurotransmitters released and the types of receptors found within the autonomic 
and somatic nervous systems. [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@~pregangl&nicfibers.] - -- -- - . .-. - - . - -- - - -- -. - - - 

ypes 04 neurotransmitters: Although over 50 chemical signal 
molecules in the nervous svstem have tentativelv been identified, 

(and the closely related 
syotonin, histamine, and 
ly ~nvolved III the actions 

of therapeutically useful drugs, Each of these chemical signals 
binds to a specific family of receptors. Cholinergic and adrenergic 
neurotransmitters are the primary cherr~ical signals in the auto- 
nomic nervous system, whereas a wide variety of neurotrans- 
mitters function in the CNS. 



IV. Second Messenger Systems in lntracellular Response 

a. Acetylcholine: The autonomic nerve fibers can be classified into 
two groups based on the chemical nature of the neurotransmit- 
ter released. If transmission is mediated by acetylcholine, the 
neuron is termed cholinergic. Acetylcholine mediates the trans- 
mission of nerve impulses across autonomic ganglia in both the 
sympathetic and parasympathetic nervous systems (Figure 3.6). 
It is the neurotransmitter at the adrenal medulla. Transmission 
from the autonomic postnanqlionic nerves tn the &ctor orqans 
in the parasyrr~pathelic system also involves .the release 3 
acetylcholine. In the somatic nervous system, transmission at - . -. . --- 
the neuromuscular junction (that is, between nerve fibers and 
voluntary niuscles) is also cholinergic, 

--.--- 
b. Norepinephrine and epinephrine: If norepinephrine or epi- 

nephrine is the transmitter, the fiber is called adrenergle 
(adrenaline being another name for epinephrine). In the symc 
pathetic system, norepinephrine mediates the transmission of 
nerve impulses from autonomic postganglionic nerves to 
effector organs. Norepinephrine and adrenergic receptors are 
discussed in Chapters 6 and 7. A summary of the neuromedi- 
ators released and the type of receptors within the peripheral 
nervous system is shown in Figure 3.6. [Note: A few syrnpa- 
thetic fibers, such as those involved in sweating, are choliner- 
gic; for simplicity, they are not shown on Figure 3.6.1 

llVm SSEeONB MESSENGER SYSTEMS IN IMTRA- 
CELLULAR RESPONSE 

The binding of chemical signals to receptors activates enzymatic pro- 
cesses within the cell membrane ,that ultimately result in a cellular 
response, such as the phosphorylation of intracellular proteins or 
changes in the conductivity of ion channels. A neurotransmitter can be 
thought of as a signal, and a receptor as a signal detector and trans- 
ducer. "Second messenger" molecules, produced in response to neu- 
rotransmitter binding to a receptor, translate the extracellular signal 
into a response ,that may be further propagated or amplified within the 
cell. Each component serves as a link in the communication between 
extracellular events and chemical changes within the cell. 

A. Actions of membrane receptors 

Neurotransmitter receptors are membrane proteins that provide a 
binding site that recognizes and responds to neurotransmitter 
molecules. Some receptors, such as the postsynaptic receptors of 
nerve or muscle, are directly linked to membrane ion channels; 
thus, binding of the neurotransmitter occurs rapidly (within fractions 
of a n~illisecond) and directly affects ion permeability (Figure 3.7A). 
The effect of neurotransmitters on these chemically gated ion chan- 
nels is discussed on p. 82. 

Receptors coupled @! to ion channels 
e Cholinergic nicotinic receptors 

GABA receptors 

Neurotransmitter Ions 

+ 
ions 

Changes in membrane 
potential or ionic 

concentration within cell 

IMTRACELLULAR EFFECTS 

Receptors coupled 

a P-Adrenoreceptors 
e a,-ad renoreceptors 

I ATP CAMP 

I Protein phosphbrylation 

I INTRACELLULAR EFFECTS 

Receptors coupled 'm to diacylglycerol and 
inositol triphosphate 

e a,-ad renoreceptors 
a Cholinergic muscarinic receptol 

Diacylgly&o, XOSitol 
triphosphate 

Protein phosphorylation 
and increased intracellular Ca++ 

U 
INTRACELLULAR EFFECTS 

Figure 3.7 
Three mechanisms whereby binding 
of a neurotransmitter leads to a 
cellular effect. 
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B. Regulation involving second messenger nae~lecuBes 

Some receptors are not directly coupled to ion gates. Rather, the 
receptor signals its recognition of a bound neurotransmitter by initi- 
ating a series of reactions, which ultimately results in a specific intra- 
cellular response. "Second messenger" molecules-so named 
because they intervene between the original message (the neuro- 
transmitter or hormone) and the ultimate effect on tlie cell-are part 
of the cascade of events that translates neurotransmitter binding 
~ n t o  a cellular response. The two most wideiy recognized second 
messengers are the adenylyl cyclase system and the calcium/phos- 
phatidylinositol system (Figure 3.7B and C). 

Study Questions 

Choose the ONE best answer 

3.1. All of the following statements concerning the autonom- 
ic nervous system are true EXCEPT for which one? 

A. The autonomic nervous system is composed entirely 
of efferent neurons. 

B. The sympathetic division is activated in response to 
stressful situations. 

C. The parasympathetic division originates from cell 
bodies in the central nervous system. 

D. The control of blood pressure is mainly a sympathet- 
ic activity, with essentially no participation of the 
parasympathetic system. 

E. The parasympathetic nervous system is not required 
for life. 

f \ 

- Cotcectchoice=FTheparasympathetic 
system is essential for life. Visceral mol 
ent) neurons innervate smooth muscle of Ihe vis- 
cera. cardiac muscle, and the exocrine glands. 
The afferent neurons of the autonomic nervous 

- system -are-important-.in-the- reflex-regulatiot+for- 
example, by sensing pressure in the carotid sinus 
and aortic arch and signaling the CNS to influ- 
ence the efferent branch of the system to 
respond. Conditions such as trauma, fear, hypo- 

-glycemla, cold, or exercise activate the syrnpai- 
thetic neurons. Both sympathetic and parasympa- 
thetic neurons emerge from the brain stem or 
spinal cord. Blood pressure is regulated largely 
by sympathetic control of vascular tone. 

3.2. Which one of the following statements concerning the 
parasympathetic nervous system is CORRECT? 

single, functional system. 
C. The parasympathetic division is involved in accom- 

modation of near vision, movement of food, and uri- 
nation. 

D. The postganglionic fibers of the parasympathetic divi- 
sion are long, compared to those of the sympathetic 
nervous system. 

E. The parasympathetic system controls the secretion of 
the adrenal medulla. 

Correct answer P C. The parasympathetic system 
malntains essential bodily functions, such as 
vision, movement of food, and urination. It uses 
acetylcholine, not norepinephrine, as a neuro- 
transmitter, and discharges as discrete f~bers that 
are activated-separately. The postganglionic - 

-- 

adrenal medulla is under control of the syrnpathet- 

3.37Which-one 67 thefollowing ischaractenSfiCofparasym- - 

pathetic stimulatio 

A. Decrease in intestinal motility. 
. Inhibition of bronchial secretio 

C. Contraction of sphincter mus 
(miosis). 

D. Contraction of sphincter of urinary bladder. 
E. Increase in heart rate. 

[ Correct answer - C. 1 
A. The parasympathetic system uses norepinephrine as 

a neurotransmitter. 
B. The parasympathetic system often discharges as a 



Drugs affecting the autonomic nervous system are divided into two sub- 
groups according to the type of neuron involved in their mechanisni of 
action. The cholinergic drugs, which are described in this and the fol- 
lowing chapter, act on receptors that are activated by acetylcholine. The 
second group-the adrenergic drugs (discussed in Chapters 6 and 7)- 
act on receptors that are stimulated by norepinephrine or epinephrine. 
Both the cholinergic and adrenergic drugs act either by stimulating or 
blocking neurons of the autonomic nervous system. Figure 4.1 summa- 
rizes the cholinergic agonists discussed in this chapter. 

DIRECT 
ACTING 

81. THE CHOLlMERGlC NEURON Carbachol . 
Pllocarpine , 

The preganglionic fibers terminating in the adrenal medulla, the auto- 
nomic ganglia (both parasympathetic and sympathetic), and the post- 
ganglionic fibers of the parasympathetic division use acetylcholine as a 
neurotransmitter (Figure 4.2). Cholinergic neurons innervate voluntary 
muscles of the somatic system and are also found in the CNS. 

A. Neurotransmission at cholinergic neurons 

Neurotransmission in cholineraic neurons involves six stew. The 
first four,'synthesis, stBrage,-rs~e&e and biydina of the' acetyl- 
goline to a recept;r.,are followed by the fifth step,bijegradation of 
the neurotransmitter in the synaptic gap (that is, the space between 
the nerve endings and adjacent receptors located on nerves or effec- 
tor organs), and the sixth step, the recyclin6of choline (Figure 4.3). 

t .. 
Physostigmine 

Pyridostigmine 4 J 
ACTING 

, 

1. Synthesis of acetylcholine: Choline is transported from the extra- Echothiophate & ! 
cellular fluid intomthe cytoplasm of the cholinergic neuron by a lsoflurophate 1 

and can be w d  by 
ltransferase (CAT) cat- 
tyl CoA to form acetyl- 

choline in the cytosol. 

2. Storage of acetylcholine in vesicles: The acetylcholine is pack- 
'"? 

aged into vesicles by an active transport process coupled to the 
efflux of ~rotons,The mature vesicle not onlv contains acetvl- J 

OF ACETYL- 
CHOLINE 

Pralidoxime 

choline but also~denosine triphosphate an * . ~ k e  Figure 4.1 
function of the latter substances in the 116rve t own. Summary of cholinergic agonists. 

Lipplncon's illustrated Reviews: Pharmacology, Second Edition. 
by Mary J .  Mycek, Richard A. Harvey and Pamela C. Champe. 
Lippincott-Raven Publishers, Philadelphia. PA O 1997. 35 
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3. Release of acetylcholine: When an action potential propagated by 
the action of voltage-sensitive sodium channels arrives at a nerve 
ending, voltage-sensitive calcium channels in the presynaptic 

@Q'w'!~'~-**; membrane open, causing an increase in the concentration of 
intracellular calcium. Elevated calcium levels promote the fusion 

/a/c -dot-- S ~ Y J Q I  of synaptic vesicles with the cell membrane and release of 
h-o c, ase is blocked by 

causes 
tn spi!! 

into the synaptic gap. 

4. Binding to receptor: Acetylcholine released from ,the synaptic vesi- 
cles diffuses across the synaptic space and binds to either post- 
synaptic receptors on the target cell or to presynaptic receptors in 
the membrane of .the neuron that released the acetylcholine. 

Epinephrine 
(released Norepinephrine Acety8cho8ine 

into the blood) 

receptor receptor 

Striated 

Figure 4.2 
Sites of actions of cholinergic agonists in the autonomic and somatic nervous systems. 
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Release blocked by .c" 
botulinum toxin 

i. INTRACELLULAR RESPONSE 

Figure 4.3 
Synthesis and release of acetylcholine from the cholinergic neuron. 

Binding to the receptor leads to a biological 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 (see p. 33 and below). 

5. Degradation of acetylcholine: The signal at the postjunctional 
effector site is rapidly terminated. This occurs in the synaptic cleft 
where acetylcholinesterase cleaves acetylcholine to choline and 
acetate (see Figure 4.3). 

6. Recycling of choline: Choline may be recaptured by a sodium- 
coupled high affinity uptake system that transports the molecule 
back into the neuron, where it is acetylated and stored until 
released by a subsequent action potential. 
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Ill. CHOLINERGIC RECEPTORS (CHOLIMOCEPTORS) 

Two families of cholinoceptors, designated rnuscarinic and nicotinic 
receptors, can be distinguished from each other on the basis of their dif- 

1 
ferent affinities for agents that mimic the action of acetylcholine (choli- 
nornimetic agents). 

A. Muscarinie receptors 

These receptors, in addition to binding acetvlcholine, also recognize 
(-4 an alkaloid that is present in certain poisonous mush- 

rooms, By contrast, the muscarinic receptors show only a %Zil?- - 
-$ffinity for - nicotine (Figure 4.4). Using binding studies and specific 

1. Locations of rnuscarlnlc receptors: These receptors have been 

2. Mechanisms of acetylcholine signal transduction: A number of 
different molecular mechanisms transmit the signal generated by 
acetylcholine occupation of the receptor. For example, when the 
MI or Mg receptors are activated, the receptor undergoes a con- 
formational change and interacts with a G protein, which in turn 
activates phospholipase C.,TI- is leads to the hydrolysis of 
phoshatidylinositol-(4,5)-bisphosphate (PIP2) to yield diacyl- 
glycerol (DAG) and inositol (I ,4,5)-trisphosphate (IPS), which 
cause an increase in intracellular Ca++. This cation can then inter- 
act to stimulate or inhibit enzymes, or cause hyperpolarization, 
secretion or contraction,' In contrast, activation of the M2 subtype 

iac muscle stimulates a G protein that inhibits adenylyl 
ndTncre=s K+ conducTanc t~wh ich th -e  h e a r t  

Types of cholinergic receptors. 3. Muscarinic agoraistts and antagonists: Attempts are currently 
underway to develop muscarinic agonists and-antagonists that 
are directed against specific receptor subtypes. For example, 

tricyclic anticholinergic drug, selectively inhibits MI 
muscarinic receptors, such as in the gastric mucosa. At t h z  
peutic doses, pirenzepine does not cause many of the side 
effects seen with the non-subtype-specific drugs. Therefore, 
pirenzepine may be useful in the treatment of gastric and duode- 
nal ulcers (see p. 239). [Note: At the present I:ime ,there are no 
clinically important agents that interact with the M4 and M5 recep- 
tors.] 

1 
See p. 44 for lnfolink references to other books in this series. 
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4. Nicotinic receptors: These receptors, in addition to binding 
acetylcholine, also recognize nicotine but show only a weak affin- Bond cleaved 
ity for muscarine (see Figure 4.4). Nicotine initially stimulates and by acetylcholine- 

then blocks the receptor. Nicotinic receptors are located in the 
CNS, ,adrenal medulla,=utonomic~lia, and the neuromuscu- . - 

+ /  CH3 
H,C-C-0-CH2CH2 -N- CH3 

\ 

Acetylcholine CH3 

0 
II L / CH3 

'see p. 44 for lnfolink references to other books in this series. 

H2N-C-0-CH-CH, -N -CH, 
!\I. DIRECT-ACTING CHOLBNERGIIC AGONISTS \ Bethanechol CH, 

(derivative of 
acetylcholine) \ 

Cholinergic agonists mimic the effects of acetylcholine by binding 
directly to cholinoceptors. These agents are synthetic esters of choline, 
such as carbachol and bethanechol, or naturally occurring alkaloids, Ester of carbamic acid; 

~ - 4  
such aspocarpin'e,(~igure 4.5). All of the direct-acting cholinergic 
drugs have longer durations of a c t i b n a n  acetvlcholine. Some of th3 
more therapeutically useful drugs (pilocarpine and bethanechol) prefer- 
entially bind to muscarinice&~tors ana are somerlmes reterrebto as 
muscarinic agGts. [Note: Muscarinic receptors are located primarily, 
but not exclusively, at the ~ieuroeffector junction of the parasympathelic H,N-C-0-CH,CH,-N -CH, 
nervous system.] However, as a group, the direct-acting agonists show \ 

little specificity in their actions, which limits their cllnlcal usetulness, @ Carbachol CH 3 

M (derivative of 
acetylcholine) - 

A. Acetylcholine 

Acetylcholine [a se tee1 KOE leen] is a quarternary ammonium com- 
pound that cannot penetrate membranes. Although it is the neuro- H5C2\J1CH2 rN'CH3 

transmitter of parasympathetic and cholinergic nerves, it is thera- o$ 0 ' N J  
peutically of no importance because of its multiplicity of actions and 

Pilocarpine d o its rapid inactivation by acetylcholinesterase. Acetylcholine has both (natural product). , 
muscarinic and nicotinic activity. Its actions include: 1 * 

1. Decrease in heart rate and c 
choline on the heart mim 
example, acetylcholi 
decrease in cardia 
reduction in K e  rate 
should be remembered that 
heart by the release of acet 

e K  

2. Decrease in blood pressure: Injection of acetylcholine causes 
vasodilation and the lowering of blood pressure. Although no 
Tnnervat~on ot the vasculature by the parasymcathetic system 

iespond by causing vasodilation. The vasodilation is due to an 

3 
" dY 

acetylcholine-~nduced rise in intracellular Ca++--caused by the 
phosphalidylinositol system-that results in the formation of nitric \ 

oxide (NO) from arginine in endothelial cells,2 [Note: NO is also 
known as endothelium-derived relaxing factor (EDRF).] (See 
p. 176 for more detail on nitric oxide.) In the absence of adminis- 

* 

resists hydrolysis by 
acetylcholinesterase , 
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tered cholinergic agents, the vascular receptors have no known 
function, since acetylcholine is never released into the blood in any 
significant quantities. Atropine (see p. 45) blocks these niuscarinic 
receptors and prevents acetylcholine from producing vasodilation. 

3. Other actions: In the gastrointestinal tract, acetylcholine increases 
salivary secretion, and stimulates intestinal secretions and motility. 
Bronchiolar secretions are also stimulated. In the genitourinary 
tract, the t~ntE! ~f the detrusor uriaae"rnuscle is increased, In the 
eye, acetylcholine is involved in stimulating ciliani muscle contrac- 

B. Betharsechol 

Bethanechol [be THAN e kole] is structurally related to acetyl- 

olinergic stimulation (Figure 4.6). These include sweating, sali- 

gle administration can last as long as one hour, 

Figure 4.6 
Some adverse effects observed with 
cholinergic drugs. . 

.. .. 

? ,  
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3, Adverse effects: At doses used ophthalmologically, there are little 
to no side effects. 

The alkaloid pilocarpine [pye loe KAR peen] is a tertiary amine and 
is stable to hydrolysis by acetylcholinesterase (see Figure 4.5). 
Compared with acetylcholine and its derivatives, it is far less potent. 

Jilocarpine exhibits muscarinic activity and is primarily used in oph- 
thalmology. 3 

, 1. Actions: Applied topically to the cornea, pilocarpine produces a 
rapid : The eye under- 
goes 'a spasm of accommodation. qnd vision 'is fixed at some 
particula-an~e, making it impossible to f o c u m  
[Note the opposi;ig effects of atropine, a muscarinic blocker, on 
tlie eye (see p. 45).] Pilocarpine is one of the most potent stimu- 
lators of secretions such as sweat, tears, and saliva, but it is not 
used for t=urpose. 

2 

4 

ing the t r a b e x m e s h w o r k  around Schlemm's canal, causing 
an imm'ea~ate arop ~n ~ntraocular pressure as a result of the 
increased drainage of aqueous humor, This action lasts up to 1 

be repeated. Cholinesterase inhibitors, such as 
and echothiophate, have longer durations of action., 
nic anhydrase inhibitors, such as 

(see p. 226), epinephrine (see p. 61), and the P 
er, t i m o l T  p. 76), a r w r e a t i n g  
cally but a ot used for the em cy lowering of intraocular 
pressure.] \ i: 

3. Adverse effects: Pilo 
disturbances. It stim 

~treated eye 

Eye treated 
with pilocarpine 

cally in the nerve terminal, wliere it is membrane bound. Inhibitors of 

i 
\ c' 
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INCREASED 
INTRACELLULAR 

RESPOIVSE 

Figlire 4.8 
Mechanisms of action of indirect 
(reversible) cholinergic agonists. 

Physostigmine [fi zoe STlG meen] is an alkaloid (a nitrogenous 
compound found in plants) and a tertiary amine. It is a substrate for 
acetylcholinesterase, and forms a relatively stable enzyme-substrate 
intermediate that reversibly inactivates acetylcholinesterase. The 
result is potentiation of cholinergic activity throughout the body. 

wide range of actions because it 

2. Therapeutic uses: The drug increases intestinal and bladder 
motility, which serve as its therapeutic action in atony of either 
organ. Placed topically in the eye, it produces miosis and spasm 
of accorr~modation and a lowering of intraocular pressure. It is 
used to treat glaucoma, but pilocarpine is more effective. 
Physostiamir-eisab 11sed in the treatment of overdoses of drugs 

3. Adverse effects: The effects of physostigmine on the CNS may 
lead to conv~.~lsions when high doses are used, Bradycardia may 
also occur, Inhibition of acetylcholinesterase at the skeletal neu- 
romuscular junction causes the accumulation of acetylcholine 
and ultimately results in paralysis of skeletal muscle. However, 
these effects are rarely seen with therapeutic doses 

0 

' $3. Neostigmine 

Neostigmine [nee oh STlG meen] is a synthetic compound that 
reversibly inhibits acetylcholi~iesterase as does physostigmine. 

hours. stimulate the bladder and GI tract and is also 
used as an antidot 

s (see p. 50). Neostigmine has found use7 
n autoimmune dis 

eptor that bind to the 
acetylcholine receptors of neuromuscular junctions. This causes 
their degradation, and thus makes fewer receptors available for 
interaction with the ieurotransrnieer. Adverse effects of neostigmine 
include the actions of generalized cholinergic stimulation, such as 

C. Pyrldsstiigmine: 
1 

Pyridostigmine [peer id doe STIG meen] is another cholinesterase 
inhibitor that is used in the chronic management of myasthenia 
gravis. Its duration of action (3-6 hours) is longer than that of 
neostigmine (2-4 hours). 
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has a short duration of action (10-20 minutes). Edrophonium is a 
quarternary amine and is used in the diagnosis of myasthenia 
gravis. Intravenous injection of edrophonium leads to a rapid 
increase in muscle strength. Care must be taken since excess drug 
may provoke a cholinergic crisis. Atropine is the antidote, 

A number of synthetic organophosphate compounds have the capacity to 
bind covalently to acetylcholinesterase. The result is a long lasting increase 
in acetylcholine at all sites where it is released. Many of these drl~gs are 
extremely toxic and were developed by the military as nerve agents. 
Related compounds such as parathion are'employed as insecticides. 

A. lsoflurophate e+ &h8)~;@\4;k 
1. Mechanism of action: lsoflurophate [eye soe FLURE oh fate] 

(diisopropylfluorophosphate, DFP) is an organophosphate that 
covalently binds to as r i nn -OH a t  the active site of acetyl- 
cholinesterase (Figure 4.9). Once this occurs, the enzyme is per- 
manentlv ina-nd restoration of acetylcholinesterase 
activity requires the synthesis of new enzyme molecules. 

aaina, makes it irrlloossible for cherr~ical reactivators. such as 
=dixime (see-bilow), to break the bond between the remain- 
-ing drug and the enzyme. Newer nerve aa- to the 
military, age in minutes or seconds. DFP ages in 6-8 hours, . 

2. Actions: Actions include generalized cholinergic stimulation, 
paralysis of or function (causing breathing difficulties),and 
convulsions. ,Isoflurophate produces intensemiosfsand thus has 
found therapeutic use Atropine in hiqh dosage can reverse many 
of the niuscarinic and central effects of isoflurophate, 1 

-4 

3. Therapeutic uses: An ophthalmic ointment of the drug is used 
topically in the eye for the chronic treatment of open-angle glau- 
coma. The effects may last for up to one week after a single 
administration. [Note: Echothiophate [ek oe THI oh fate] is a 
newer drug that covalently bonds to acetylcho!inesterase. Its use 
is the same as isoflurophate.] 

4. Reactivation of acetylcholinesterase: Pralidoxime (PAM) is a syn- 
thetic pyridinium compound that can reactivate inhibited acetyl- 
cholinesterase. The presence of a charged group allows it to 
approach an anionic site on the enzyme where it essen,tially dis- 
places the organophosphate and regenerates the enzyme. If 
given before aging of the alkylated enzyme occurs, it can reverse 
the effects of isoflurophate except for those in the CNS. With .the 
newer nerve agents, which produce aging of the enzyme com- 
plex within seconds, pralidoxime is less effective. 

PHOSPHQRYhATlON 
OF ENZYME 

Enzyme inactivated 

@ Pralidoxime (PAM) can 
remove the inhibitor 

, '  [---- 
%\ ,o 

'--. __- I .Acetybholinesterase 
I (inactive) -. -- - -- -. 

C, HiOH Aging 

I ''\.o-~ 
/' 
, ,. ! ..._._.__...," 

1 (active) 

I 
/ Acetylcholinesterase 1 

i 

Figure 4.9 
Covalent modification of 
acetylcholinesterase by 
isoflurophate; also shown is the 
reactivation of the enzyme with 
pralidoxime. 
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Choose the ONE best answer 

4.1. Which of the following is NOT an expected symptom of 
poisoning with isoflurophate? 

A. Paralysis of skeletal muscle 
6. Increased bronchial secretions 
C. Miosis 
D. Tachycardia 

Correct answer = D. Bradycardia (rather than 
tachycardia) and decreased cardiac output result 
from increased parasympathetic stimulation. 
Since isoflurophate inhibits acetylcholinesterase 
and increases the concentration of acetylcholine 

letic) stim- at the sy 
ulation. 

napse, it r nimics (pe trasympatt 

4.2. Which of the following INCORRECTLY matches a 
cholinergic agonist with a pharmacologic action? 

A. Bethanechol: stimulates atonic bladder. 
B. Carbachol: induces release of epinephrine from the 

adrenal medulla. - 

C. Acetylcholine: decreases Iieart rate and cardiac out- 
put. 

D. Pilocarpine: reduces intraocular pressure. 
E. Physostigmine: decreases intestinal motility. 

ma where it is the treatment of choice for the , 

acute attack. It is not cleaved by acetyl- 
cholinesterase. It binds mainly to muscarinic 
receptors, and can enter the brain. Pilocarpine is 
a potent stimulator of secretions. 

4.4 Neostigmine: 

A. is contraindicated in glaucoma. 
6. has a shorter duration of action than edrophonium. 
C. decreases the acetylcholine concentration at the neu- 

romuscular junction. 
D. may result in bowel hypermotility, salivation, and 

sweating. 
E, exacerbates tubocurarine poisoning. 

F \ 

Correct answer = D. Neostigmine stimulates mus- 
carinic receptor$. It has a longer duration of action 
than edrophon~um, last~ng for 2-4 hours, com- 
pared to 10-20 minutes for the latter drug. Neo- 
stigmine increases the acetylcholine concentra- 
tion at the neuromuscular junction, making this 
drug useful ~n treating myasthenia gravis. It can 
also be used to lower intrac ssure, but 
pilocarpine Is more effective. 

\ J 

lcular pre 

Correct answer = E. Physostigmine potentiates ' 
cholinergic activity throughout the body and there- 
fore it increases intestinal and bladder mot~lity. i 

4.3. Pilocarpine: 
--.- - --.-. 

ATIS used€Flower lntraocular pressure ~qlaucama.  -. - .. 

B. is cleaved by acetylcholinesterase. 
C. selectively binds to nicotinic receptors. 
D. inhibits secretions such as sweat, te 
- - -- - - - - - - - - - 
E. cannot enter the brain. 

y (2nd ed.) 
..-I 

for a discu ?nd ed.) fol 
.-:.."-I 



The cholinergic antagonists (also called cholinergic blockers or anti- 
cholinergic drugs) bind to cholinoceptors but do not trigger the usual 
receptor-mediated intracellular effects, The most useful of these agents 
selectively block the muscarinic synapses of the parasympathetic 
nerves. The effects of parasympathetic innervation are thus interrupted, 
and ,the actions of sympathetic stimula'l:ion are left unopposed. A sec- 
ond group of drugsI the ganglionic blockers, show a preference for the 
nicotinic receptors of the sympathetic and parasympathetic ganglia. A 
third family of compounds, the neuromuscular blocking agents, interfere 
with transmission of efferent impulses to skeletal muscles. Figure 5.1 
summarizes the cholinergic antagonists discussed in this chapter. 

block muscarinic 

GANGLIONIC 
BLOCKERS 

Mecamylamine 

Nicotine 

Trimefhaphan 

cally, the cholinergic blockers are beneficial in a variety of clinical situa- 
tions. , B e c a u s e m u s c a r i n i c  
auas  have little or no action at skeletal neuromuscular junctions or 
autonomic ganglia., 

A. Atropine ~etocurine 

Mivacurium 
Atropine [A troh peen], a belladonna .alkaloid, has a high affinity for 
muscarinic receptors, where it binds competitively/ p-reventing Pancuronium 

acetylcholine from binding to that site (Figure 5.3). Atroprne is both Pipercuronium 
a Its general actions last 
about 4 hours except whenplaced tlopically in the eye, where tlie 
act~on mav last for davs, 

1. Actions: t Tubocurarine 

a. Eye: Atropine blocks all cholinergic activity on the eye, result- Vecuronium 

ing in mvdriasis (dilation of the pupil; see Figure 4.6), unre- 
sponsiveness to light and jinability to focus for Figure 5.1 

I !ntraocular press= Summary of chr' -- 
C- 

Lippincon's Illustrated Reviews: P 
by Mary J. Mycek. Richard A. W 
Lippincot-Raven Publishers, F 
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I 

Syrn athetic innenration Sympathetic Parasympathetic ; 
oradrenal medulla I I I I I 

I I 

I 
I 

.- 
Acetylcholine Acetylcholine Acetylcholine 

- " . -  I (no ganglia) 

Adrenal medulla 

Norepinephrine 
- -- - -- - - - 

Effector organs 
f 

5 $ 

- - -- - - - 
Figure 5.2 
Sites of actions of cholinergic antagonists. 

at doses that do not antagonize other systemq] 

~uscarinic c. Urinary systiem: Atropine is also employed to reduce hv~ermoti l~ 
receptor 

- -urinary bladder. lt is still occasionally used in 
enuresis (involuntary v6Pl1ng 07 urine) among children but a- 
adrenergic agonists may be more effective with fewer side 

of atropine and effects, 
rith acetylcholine - receptor. 

* 
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d. Cardiovascular: Atropine produces divergent effects on the 
cardiovascular system, depending on the dose (Figure 5.42 At 
low doses the predominant effect is a decreased cardiac rate '0 
(bradyca'rdia), Originally thought to be due to central activation 
of vagal efferent outflow, newer data indicate that the effect 
results from blockade of the MI receptors on the inhibitorv pre-, 
junctional neurons, thus pzrmitting increased acetylcholine 
release& With higher doses of a t e e ,  the cardiac receptors 
on the SA node are blocked, and the 
modestly (tachycardia),This generally requires at least 1 m of 
atropine, which is a higher dose than ordinarily --+ given. Arteria 
blood pressure is unaffected but at toxic levels, atropine will Hallucinations and 
dilate the cutaneous vasculature, >I 0.0 mg delirium; coma 

.e 
e. Secretions: Atropine blocks the salivarv a l a n k t o  produce a 5 drying effect on the oral mucous membranes (xerostomia),, - a 

s t  z Rapid heart rate; palpitation; 
and . InhibitiG of secretions 5.0mg marked dryness of mouth; 

dilation of pupil; some 
by the former can cause elevated body temperature, blurring of near vision 

2. Therapeutic uses: 2.0 mg 

. Ophthalmic: In the eye, topical atropine exerts both mvdr i i c  0.5 mg Slight cardiac slowing; some 

g ~ d  cyclopleaic effects and permits the measurement of dryness of the mouth; inhibition 
of sweating 

refraclive errors without interference bv tne a c c o m m o d ~ v e ,  
capacity o ~ e n y h p h r i n e  (see p. 66), or similar 
a-adrenergic drugs, are preferred for pupillary dilation if cyclo- Figure 5.4 

plegia is not reduiredr Also, individuals 40 years of age and Dose-dependent effects of atropine- 

older have decreased ability to accommodate, and drugs are 
not necessary for an accurate refraction] Atropine may induce 
an attack in individuals with ngrow angle ~Iaucoma. 

b. Antispasmodic agent: Atropine is used as an antispasmodic L 

agent to~elax the gastrointestinal tract and bladder. 

c. As antidote for cholinergic agonists: Atropine is used for the 
treatment of overdoses of organophosphate (contained in certain 
insecticides) and some types of mush;oom poisoning (certain 
mushrooms contain cholinergic substances), Its ability to enter 

/' 
the central nervous system (CNS) is of particular importance. 
Atropine blocks the effects of excess acetylcholine that results 
from inhibition of acetylcholinesterase by drugs such as physo- 
stigmine (see p. 42). 

d. Antisecretory agent: The drug is sometimes used as an anti- 
secretory agent to block secretions in the upper and lower res- 
piratory tracts prior to surgery. 

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

4. Adverse effects: Depending on the dose, atropine may cause dry 
mouth, blurred vision, "sandy eyes", tachycardia, and constipa- 
tion. Effects on the CNS include restlessness, confusion, halluci- 
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nations, and delirium, which may progress to depression, collapse 
of the circulatory and respiratory systems and death. In older indi- 
viduals, the use of atropine to induce mydriasis and cycloplegia is 
considered too risky since it may exacerbate an attack of glau- 
coma in someone with a latent condition, 

B. ScespoBamine I> 

Scopoiaiiiiiie jskoe F O i  a meerij, another beilzdoi-irra alkaloid, pro- 
. duces peripheral effects similar to those of atropine. However, 

scopolamine has a longer duration of 
action in .comparison to those of atropine.,lt has some special 
actions indicated below. .~ 

1. Actions: Scopolamine is one of the most effective anti-motion 
sickness drugs available (Figure 5.5). Scopolamine also has the 
unusual effect of blocking short-term memory. In 
a t'ropine, 
inste,ad p 

2. Therapeutic uses: Thoug 
is limited to prevention of 
is particularly effective) a 
As with all such drugs 
effective prophylactically than for treqting motion sickness after it 

For nausea Motion occurs. The am'nesic action of scopolamine is sometimes made 
dueto ... Sickness use of in anesthetic procedures.] . 

3. ~harmacokineti~s and adverse effects: These aspects are similar 
Figure 5.5 to those of atropine. 
Scopolamine is an effective anti- 
motion sickness agent. 6. Ipratropium 

Inhaled 'i~ratropium [i pra TROE pee um], a quaternary derivative of 
atropine (see Figure 22.5, p. 220), is useful in treating-asthma and 

.- - - chronic obstructive pulmonary disease in patients unable to take 
adrenergic agonistsr-ium is also used in the management o f  
chronic obstructive pulmonary disease (see p. 222). Important charac- 
teristics of the muscarinic antagonists are summarized in Figure 5.6. 

- - - - -- - - 

11. GANGiblONlC BLOCKER 

Ganglionic blockers specifically act on the & W n c e ~ t o r s ,  probably 
by blocking the ion channels of the autonomic ganglia (see Figure 5.2). 
These drugs show no selectivity toward the parasympathetic or sympa- 
thetic ganglia and are not effective as neuromuscular antagonists (see 
p. 50). Thus, these drugs block the entire output of the autonomic ner- 
vous system at the nicotinic receptor. The responses observed are com- 
plex and unpredictable, making it impossible to achieve selective actions. 
Therefore, ganglior~ic blockade i 
However, they often serve as tools 



Ill. Ganglionic Blockers 49 

f - --Ad, Drug 
.- 

Contraindicated in 
narrow-angle 
glaucoma AtrOpi" 

Therapeutic uses 
In ophthalmology to produce mydriasis 
and cycloplegia prior to refraction 

To treat spastic disorders of GI 
and lower urinary tract 

To treat organophosphate poisoning 

blockers i 
lpratropium Treatment of asthma 

To suppress respiratory secretions 

Scopolamine In obstetrics with morphine to 
produce amnesia and sedation 

To prevent motion sickness 

Nicotine 

Adverse effects commonly observed with cholinergic antagonists 

None 

Ganglionic Trimethaphan 
blockers 

Mecamylamine 

Figure 5.6 
Summary of cholinergic antagonists. 

Short-term treatment of hypertension 

Treatment of moderately severe 

A. Nicotine 

to severe hypertension 

" 

A component of cigarette smoke, nicotine [NIC o teen] has many 
undesirable actions. Depending on the dose,- 
ganglia, resulting first in stimulation of and fo"llowed by paralysis of 

he stimulatory effects are complex, including an 
increase in blood pressure and cardiac rate (due to release of trans- 
mitter froh adrenergic terminals and from the adrenal medulla), and 
increased.peristalsis 2nd secretions At higher doses, the blood 
pressure falls because of ganglionic blockade, and activity both in 
the GI tract and bladder musculature ceases, See p. 100 for a full 

, discussion of nicotine. 

Trmethaphan [trye METH a fan] is a short-actin~competitive nico- 
tinic ganglionic blocker that n-lust be given by in.travenous infusion. 
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neuromuscular junction 

Figure 5.7 
Mechanism of action of 
competitive neuromuscular 
blocking drugs. 

Mecamylamine [mek a MILL a meen] produces a competitive nico- 
tinic block of the ganglia. The duration of action is about 10 hours 
after a single admir~istration. The uptake of the drug 

1V. NEUROMUSCULAR BLOCKING DRUGS 

'This section presents drugs that block cholinergic transmission between 
motor nerve endings and the nicotinic receptors on the neuromuscular 
end-plate of skeletal muscle (see Figure 5.2). These neuromuscular 
blockers are structural analogs of acetylcholine and act either as antag- 
onists (nondepolarizing type) or agonists (depolarizing type) at the 
receptors on the end-plate of the neuromuscular junction. Neuro- 
muscular blockers are clinically useful during surgery to produce com- 
plete muscle relaxation, without having to employ higher anesthetic 
doses to achieve comparable muscular relaxation. A second group of 
muscle relaxants, the central muscle relaxants, are used to control 
spastic muscle tone. These drugs include diazepam (which binds at 
GABA receptors, see p. go), dantrolene (which acts directly on muscles 
by interfering with the release of calcium from the sarcoplasmic reticu- 
lum), and-baclofen (which probably acts at GABA receptors in the cen- 
tral nervous system). 

A. NondegsolarizIng (competitive) blockers 

The first drug that was found capable of blocking the skeletal neuro- 
muscular junction was curare which the native hunters of the 
Amazon in South Ameri o paralyze game. The drug tubo- 
curarine [too boe kyoo AR een] was ultimately purified and intro- 
duced into clinical practice in the early 1940s. The neuromuscular 
blocking agents have significantly increased the safety of anesthesia, 
since less anesthetic is required to produce muscle~axation. - ---- -. . -- 

I .  Mechanism of action 

a. At low doses: 
combine with t 

holine 5.7)TThesZ drugrthus-prevernt delpolar- --" 

of the muscle cell membrane and inhibit muscular con- 
traction. Because these agents compete with  acetylcholine at 
the receptor, they are called comoetitive blockers. Their action 
can be overcome-tij increasing the concentration of acetyl- 
choline in the synaptic gap, for example, by administr- of 
cholinesterase inhibitors such as neostigmine (see p. 42) or 
edrophonium (see p. 43). Anesthesiologists often employ this 
strategy to shorten the duration of the. neuromuscular blockade, 

b. At high doses: lqondepolarizing blockers block the ion channels 
of the end-plate, This leads to further weakening of neuromus- 
cular transmission and reduces the ability of acetylcholin- 
esterase inhibitors to reverse the actions of nondepolarizing 
muscle relaxants* 
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- - - 

2. Actions: Not all muscles are equally sensitive to blockade by corn- -'l 
petitive blockers, Small, rapidly contracting muscles of the face 
and eye are most susceptible and are paralyzed firs'l, followed by 
t h e - G s ~ h e r e a f t e r  the limbs, neck, and trunk myscles are par- 
alyzed, then the intercostal muscles are affected, andlastly, the 
diaphragm muscles are paralyzed, - 

3. Therapeutic uses: These blockers are used therapeutically as adju- 
vant drugs in anesthesia during surgery to relax skeletal muscle. 

4. Pharmacokinetics: All neuromuscular blocking agents are 
injected intravenously since their uptake via oral absorption is 
minimal, 'They penetrate*membranes very poorly and do not enter 
cells or cross the blood-brain barrier. Many of the drugs are qot - 
metabolized; their actions are termhated by/-\ 

neuromuscular blocking drugs are shown in Figure 5.8, 

5. Adverse effects: The effects of the neuromuscular blocking drugs 
are shown in Figure 5.8. 

6. Drug Interactions . 
a. Cholinesterase inhibitors: Drugs such as neostigmine, 

physostigmine, and edrophonium (see p. 42) can overcome 
the action of nondepolarizing neuromuscular blockers, but with 
increased dosage, cholinesterase inhibitors can cause a depo- 
larizing block as a result of elevated acetylcholine concentra- 
tions at the end-plate membrane, 

b. Halogenated hydrocarbon anesthetics: Drugs such as 
halothane (see p. 113) act to enhance neuromuscular block- 
-ting apabilizing abtion at the neuromuscular junk- 
%on, ' 
r / 

unchanged in urine 

h &= 

dl. Calcium channel blockers: These agents may increase the 
neuromuscular block of tubocurarine and other competitive 
blockers as well as depolarizing blockers, 
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Therapeutic Onset and Duration Therapeutic 
Disadvantages of of Action of " Advantages of 

Nelaromuscular Neuromuscular Meuronavlscular 
B?ocking Agents Bloclting Agents Bliocking Agents 

Mivacurfum has onset of action 
similar to that of atracurium, but I I recovery from blockade is more 
r a ~ i d  makina mivacurium useful 

Mivacurium fo; short su7gical procedures. 
Drug is hydrolyzed by plasma 
cholinesterase. 

- 

Tubocurarine may induce 
histamine release and 

romote ganglionic blockade. 

4 , Adracurium spontaneously 
MetDcurine rli iT---  --- - degrades in plasma and is the 

only nondepolarizing neuro- 
muscular blocking drug whose 

~ F L  -.!!eWdES-.- dose need not be reduced in 
Boxacurisrm L.B.- - _  - ---I 

- - - -- - - b 2, 
- - New drug \_) suitable for short surgical I 

.- .-- - - P i p e r ~ u r ~ n i u r n . ~ ~ ~  5;=--7-----.-=-- zi-- - - proceduresr -== - 

comkn ;  hyperka!emia and 
Increased intraocular and I/ Dichollne ester 
intragastic pressure may 
occur. Drug may trigger 

f ime to recover 25% of maximal response 

Figure 5.8 
Onset and duration of action of neuromuscular blocking drugs (center column); summary of 
therapeutic considerations. [Note: "New drug" indicates drug approved after 1992.1 
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B. Depcslarizing agents 

1. Mechanism of action: The depolarizing neuromuscular blocking 
drug, succinylcholine [suk sin ill KOE leen], attaches to the nico- 
tinic receptor and acts like acetylcholine to depolarize the junction 
(Figure 5.9). Unlike acetylcholine, which is instantly destroyed by 
acetylcholinesterase, the depolarizing agent persists at high con- 
centrations in the synaptic cleft, remaining attached to the recep- 
tor for a relatively long time, and providing a constant stimulation 
of the receptor. 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). The continued 
binding of the depolarizing agent renders the receptor incapable of 
transmitting further impulses. With time, the continuous depolariza- 
tion gives way to gradual repolarization as the sodium channel 
closes or is blocked. This causes a resistance to depolarization 
(Phase II) and a flaccid paralysis, 

2. Actions: The sequence of paralysis may be slightly different, but 
as is seen with the competitive blockers, the resoiratorv muscles 
are paralyzed last. Succinylcholine initially produces short-lasting 
muscle fasc-ns, followed within a few minutes by paralysis. 
The drug does not produce a gang 
doses, although it does have weak 
Normally, the duration of action of 
short, since this drug is rapidly broken down by plasma cholin: 
esterase, 

- . 
3. Therapeutic uses: Because of its rapid onset and short duration of 

action, succinylcholine is useful when rapid endotracheal intubg 
tion is required during the induction of anesthesia (a rapid action is - - 
essential if aspiration of gastrrc contents is to be avoided during 
intubalion). It is also employed during electroconvulsive shock 
treatment. 

7 
0 

PHASE l I 
Membrane depolarizes resulting 
in an initial discharge which 
produces transient fasciculations 
followed by flaccid paralysis 

- 
I 

Nicotinic receptor at 
neuromuscular junction ~ a +  

Membrane repolarizes but 
receptor is desensitized 

zed 

. - -  
4. Pharmacokinetics: Succinylcholine is injected intravenously. Its 

brief duration of action (several minutes) results from r a ~ i d  hvdrol- 
ysis by plasma cholinegterase. It is therefore usually b; con- Fig,Jre 5.9 
tinuous infusion, - - Mechanism of action of 

5. Adverse effects: depolarizing neuromuscular 
blocking drugs. 

a. Hypertherumla: When halothane (see p. 113) is used as an 
anesthetic, administra has occasionally 
caused malignant hy ular rigidity and 
hyperpyrexia) in genetically susceptible people (Figure 5.8), 
This is e patient and by administra- 
tion of lease of Ca++ from the sar- 
coplasXcreticulum of muscle cells, thus reducing heat 
production and relaxing muscle tone, 

b. genetically related 
r presence of an at 
ea due to paralysis of the diaphragm. 
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Questions 5.1 to 5.6 

For each description (below) select the most appropriate 
drug (A to I). 

5.1 Depolarizes neuromuscular end-plate 

5.2 Reverses the effects of nondepoiarizing blockers, 
such as tubocurarine 

5.3 Ma.) csusz thr release of histamine 

5.4 Acts at peripheral and central rnuscarinic cholinergic 
receptors 

5.5 Used as adjunctive therapy in treating asthma 

5.6 Degraded spontaneously in the plasma 

A. Succinylcholine 
B. Neostigmine 
C. Tubocurarine 
D. Scopolamine. 
E. Carbachol 
F. Atracurium 
G. Atropine 
H. lpratropium 

rine 
line 
m 

5.4 D: Scopolar 
5.5 H: Ipratropiu 

Choose the ONE best answer. 

- - - - -- -- - 
5.7. Which ONE of the following drugs mos~closely Esem- 

bles-atmpinein-its-p harmaeolegieaetisnf?---------- 

A. Scopolamine 
B. Trimethaphan 

- - - - --- - - -- - - -- -- . . - - - - - -.. - 

fl 

: The-mrrect answekA. Scopolamine has effects- 
similar to those of atropine. Trimethaphan is a 
ganglionic blocker affecting nicotinic receptors; 
atropine affects primarily muscarinic receptors. 
Physost~gmine, an anttcholinesterase drug, IS the 
antidote for an excess of atropine. Atropine 
blocks the effects of acetylcholine and direct-act- 
ing agonists, such ascarbachol. 

5.8. Which ONE of the following drugs does NOT produce 
miosis (marked constriction of the pupil)? 

A. Carbachol 
B. lsoflurophate 
C. Atropine 
D. Pilocarpine 
E. Neostigrrline 

,- 
Correct answer = C. On the eye, atropine blocks ' 
all cholinergic activity resulting in mydriasis (dita- 
tion of the pupil). Carbachol (a direct acting.. 
cholinerg~c agonist), lsoflurophate (an ~ndirect-act- 
ing cholinergic agonist), pilocarpine (a direct-act- 
ing cholinergic agonist), and neostigmine (an 
indirect-actlng cholinergic agonist) all mimic the 
effect of parasympathet~c stimulation and produce 

, m~osis. I 

5.9. Which OhlE of the following drugs would be useful in 
the long-term treatment of myasthenia gravis? 

A. Edrophonium 
B. Atropine ' 
C. Neostigmine 
D. Scopolamine 
E. Bethanechol 1 

Correct answer P C. Neostigmine provides symp- 
tomatic treatment of myasthenia gravis by inhibit- 
ing acetylcholinesterase and thereby increasing 
acetylcholine. In contrast, edrophonium, an indi- 
rect cholinergic agonist, is useful in the diagnosis 
of myasthenia gravis, but its duration,af action is 
too short for effective loncr-term treatment. 
Atropine and scopolamine block the action of 
acetylcholine on the cholinergic receptors of the 
neuromuscular junction. Bethanechol is not effec- 
tive at Ihe neuromuscular iundjon. 

5.10 A 50-year-old male farm worker is brought to the 
emergencyroom: He was found corifused in the 
~chard-andsincethan_haslnSt consciousoess,.His 
heart rate is 45 and his blood pressure is 80140 mm 
Hg. He is sweating and salivating profusely. Which of 
the following treatments is indicated? 

B. Norepinephrine 
C. Trimethaphan 
D. Atropine 
E. Ediophonium - 

The correct answer = D. The patient is exhibiting 
signs of cholinergic stimulation. Since he is a 
farmer, insecticide poisoning is a likely dlagnosis. 
Thus either intravenous or intramuscular doses of 
atropine are indicated to antagonize7he rnus- 
carinic symptoms. Physostigmine and edropho- 
nium are cholinesterase inhibitors and would 
exacerbate the problem. Norepinephrine would 
not be effective in combatting the cholinergic 
stimulation. Trimethaphan being a ganglionic 
blocker would also worsen the condition. . 




