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Ke y Points
 1 The autonomic nervous system (ANS) includes that part of 

the central and peripheral nervous system concerned with 
involuntary regulation of cardiac muscle, smooth muscle, 
glandular and visceral functions.

 2 The sympathetic and parasympathetic nervous systems (SNS, 
PNS) affect cardiac pump function in three ways: (1) by 
changing the rate (chronotropism), (2) by changing the strength 
of contraction (inotropism), and (3) by modulating coronary 
blood low.

 3 SNS nerves are by far the most important regulators of the 
peripheral circulation.

 4 The ANS can be pharmacologically subdivided by the neuro-
transmitter secreted at the effector cell: Acetylcholine (ACh) 
released by the PNS, and the catecholamines epinephrine (EPI) 
and norepinephrine (NE), which are the mediators of peripheral 
SNS activity.

 5 An agonist is a substance that interacts with a receptor to evoke 
a biologic response. An antagonist is a substance that interferes 
with the triggering of the response at a receptor site by an agonist.

 6 The adrenergic receptors are termed adrenergic or noradrenergic, 
depending on their responsiveness to epinephrine (EPI) and 
norepinephrine (NE).

 7 The numbers and sensitivity of adrenergic receptors can be 
inluenced by normal, genetic, and developmental factors.

 8 The autonomic nervous system relex comprises (1) sensors, 
(2) afferent pathways, (3) CNS integration, and (4) efferent 
pathways to the receptors and efferent organs.

 9 The clinical application of ANS pharmacology is based on 
the knowledge of ANS anatomy, physiology, and molecular 
pharmacology.

 10 Clinically, anticholinesterase drugs may be divided into 
two types: the reversible and nonreversible cholinesterase 
inhibitors.

 11 The net physiologic effect of a sympathomimetic agent 
is usually deined by the relative actions on the α, β, and 
dopaminergic receptors.

 12 Dexmedetomidine is a more selective α2 agonist than clonidine.

 13 Drugs that bind selectively to α-adrenergic receptors block the 
action of endogenous catecholamines or moderate the effects 
of exogenous adrenergics.

 14 Calcium channel blockers are not true pharmacologic 
antagonists of calcium. They interact with the cell membrane 
to control the intracellular concentration of calcium.

C h A P T E R 
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ANESTHESIA AND THE AUTONOMIC 

NERVOUS SYSTEM

Anesthesiology is the practice of autonomic medicine. Drugs that 
produce anesthesia may also have potent autonomic side effects. 
The greater part of our training and practice is spent acquir
ing skills in utilizing or averting the autonomic nervous system 
(ANS) side effects of anesthetic drugs under a variety of patho
physiologic conditions. The success of any anesthetic depends 
upon how well homeostasis is maintained. The anesthetic chart 
relects ANS function.

The ANS includes that part of the central and peripheral ner-
vous system concerned with involuntary regulation of cardiac 
muscle, smooth muscle, and glandular and visceral functions. ANS 
activity refers to visceral relexes that function below the conscious 
level. The ANS is also responsive to changes in somatic motor and 
sensory activities of the body. The physiologic evidence of visceral 
relexes as a result of somatic events is abundantly clear. The ANS 
is therefore not as distinct an entity as the term suggests. Neither 
somatic nor ANS activity occurs in isolation.1 The ANS organizes 
visceral support for somatic behavior and adjusts body states in 

1

anticipation of emotional behavior or responses to the stress of 
disease. In brief, it organizes ight or light responses.

Afferent ibers from visceral structures are the irst link in the 
relex arcs of the ANS, and may relay visceral pain or changes in 
vessel stretch. Most ANS efferent ibers are accompanied by sen-
sory ibers that are now commonly recognized as components of 
the ANS. However, the afferent components of the ANS cannot 
be as distinctively divided as can the efferent nerves. ANS visceral 
sensory nerves are anatomically indistinguishable from somatic 
sensory nerves. The clinical importance of visceral afferent ibers 
is closely implicated in the management of chronic pain states.

FUNCTIONAL ANATOMY

The ANS falls into two divisions by anatomy, physiology, and 
pharmacology. Langley divided this nervous system into two parts 
in 1921. He retained the term “sympathetic” (sympathetic nervous 
system, SNS) introduced by Willis in 1665 for the irst part, and 
introduced the term “parasympathetic” (parasympathetic ner-
vous system, PNS) for the second. The term ANS was adopted as a 
comprehensive name for both. Table 15-1 lists the complementary 

TAbLE 15-1. homeostatiC balanCe between adrenergiC and CholinergiC effeCts

Response

Organ System Adrenergic Cholinergic

heart

Sinoatrial node Tachycardia Bradycardia
Atrioventricular node Increased conduction Decreased conduction
His-Purkinje Increased automaticity and conduction velocity Minimal
Myocardium Increased contractility, conduction velocity, automaticity Minimal decrease in contractility
Coronary vessels Constriction (α1) and dilation (β1) Dilation and constrictiona

blood vessels

Skin and mucosa Constriction Dilation
Skeletal muscle Constriction (α1) > dilation (β2) Dilation
Pulmonary Constriction Dilation

bronChial smooth musCle Relaxation Contraction

gastrointestinal traCt

Gallbladder and ducts Relaxation Contraction
Gut motility
Secretions
Sphincters

Decreased
Decreased
Constriction

Increased
Increased
Relaxation

bladder

Detrusor Relaxes Contracts
Trigone Contracts Relaxes

glands

Nasal Vasoconstriction and reduced secretion Stimulation of secretions
Lacrimal
Parotid
Submandibular
Gastric
Pancreatic

sweat glands Diaphoresis (cholinergic) None

aPoCrine glands Thick, odiferous secretion None
EYE
Pupil Mydriasis Miosis
Ciliary muscle Relaxation for far vision Contraction for near vision

aSee “Interaction of Autonomic Nervous System Receptors.”
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effects of SNS (adrenergic, sympathetic) and PNS (cholinergic, 
parasympathetic) activity of organ systems.

Central Autonomic Organization

Pure central ANS versus somatic centers are not known. Integration 
of ANS activity occurs at all levels of the cerebrospinal axis. Efferent 
ANS activity can be initiated locally and by centers located in the 
spinal cord, brain stem, and hypothalamus. The cerebral cortex is 
the highest level of ANS integration. Fainting at the sight of blood 
is an example of this higher level of somatic and ANS integration. 
ANS function has also been successfully modulated through con
scious, intentional efforts demonstrating that somatic responses 
are always accompanied by visceral responses and vice versa.

The principal site of ANS organization is the hypothalamus. 
SNS functions are controlled by nuclei in the posterolateral 
hypothalamus. Stimulation of these nuclei results in a massive 
discharge of the sympathoadrenal system. PNS functions are 
governed by nuclei in the midline and some anterior nuclei of 
the hypothalamus. The anterior hypothalamus is involved with 
regulation of temperature. The supraoptic hypothalamic nuclei 
regulate water metabolism and are anatomically and functionally 
associated with the posterior lobe of the pituitary (see Interaction 
of Autonomic Nervous System Receptors). This hypothalamic–
neurohypophyseal connection represents a central ANS mecha
nism that affects the kidney by means of antidiuretic hormone. 
Longterm blood pressure control, reactions to physical and 
emotional stress, sleep, and sexual relexes are regulated through 
the hypothalamus.

The medulla oblongata and pons are vital centers of acute 
ANS organization. Together, they integrate momentary hemo-
dynamic adjustments and maintain the sequence and automa-
ticity of ventilation. Integration of afferent and efferent ANS 
impulses at this central nervous system (CNS) level is respon-
sible for the tonic activity exhibited by the ANS. Tonicity holds 
visceral organs in a state of intermediate activity that can either 
be diminished or augmented by altering the rate of nerve ir-
ing. The nucleus tractus solitarius, located within the medulla, 
is the primary area for relay of afferent chemoreceptor and 
baroreceptor information from the glossopharyngeal and vagus 
nerves. Increased afferent impulses from these two nerves inhib-
its peripheral SNS vascular tone, producing vasodilation; it also 
increases vagal tone, producing bradycardia. Studies of patients 
with high spinal cord lesions show that a number of relex 
changes are mediated at the spinal or segmental level. ANS 
hyperrelexia is an example of spinal cord mediation of ANS 
relexes without integration of function from higher  inhibitory 
centers.1

Peripheral Autonomic Nervous  
System Organization

The peripheral ANS is the efferent (motor) component of the ANS 
and consists of the same two complementary parts: The SNS and 
the PNS. Most organs receive ibers from both divisions (Fig. 15-1). 
In general, activities of the two systems produce opposite but com-
plementary effects (see Table 15-1). A few tissues, such as sweat 
glands and spleen, are innervated by only SNS ibers. Although the 
anatomy of the somatic and ANS sensory pathways is identical, 
the motor pathways are characteristically different. The efferent 
somatic motor system, like somatic afferents, is composed of a 
single (unipolar) neuron with its cell body in the ventral gray mat-
ter of the spinal cord. Its myelinated axon extends directly to the 
voluntary striated muscle unit. In contrast, the efferent (motor) 
ANS is a two-neuron (bipolar) chain from the CNS to the effector 
organ. The irst neuron of both the SNS and PNS originates within 
the CNS but does not make direct contact with the effector organ. 
Instead, it relays the impulse to a second station known as an ANS 
ganglion, which contains the cell body of the second ANS (post-
ganglionic) neuron. Its axon contacts the effector organ. Thus, the 
motor pathways of both divisions of the ANS are schematically a 
serial two-neuron chain consisting of a preganglionic neuron and 
a postganglionic effector neuron (Fig. 15-2).

Preganglionic ibers of both subdivisions are myelinated with 
diameters of less than 3 mm.1 Impulses are conducted at a speed 
of 3 to 15 m/s. The postganglionic ibers are unmyelinated and 
conduct impulses at slower speeds of less than 2 m/s. They are 
similar to unmyelinated visceral and somatic afferent C ibers 
(Table 15-2). Compared with the myelinated somatic nerves, the 
ANS conducts impulses at speeds that preclude its participation 
in the immediate phase of a somatic response.

Sympathetic Nervous System

The efferent SNS is referred to as the thoracolumbar nervous sys-
tem. Figure 15-1 demonstrates the distribution of the SNS and 
its innervation of visceral organs. The preganglionic ibers of the 
SNS (thoracolumbar division) originate in the intermediolateral 
gray column of the 12 thoracic (T1-12) and the irst three lumbar 
segments (L1-3) of the spinal cord. The myelinated axons of these 
nerve cells leave the spinal cord with the motor ibers to form the 
white (myelinated) communicating rami (Fig. 15-3). The rami 
enter one of the paired 22 sympathetic ganglia at their respec-
tive segmental levels. Upon entering the paravertebral ganglia of  
the lateral sympathetic chain, the preganglionic iber may  follow 
one of three courses: (1) synapse with postganglionic ibers in 

TAbLE 15-2. ClassifiCation of nerve fibers

Description of Nerve Fibers Group Diameter (µm) Conduction Velocity (m/s)

Alpha α 20 120
Beta β

Myelinated somatic A Gamma γ 5–40 (pain ibers)
Delta δ 3–4 5–40 (pain ibers)
Epsilon ε 2 5

Myelinated visceral 
(Preganglionic autonomic)

B <3 3–15

Unmyelinated somatic C <2 0.5–2 (pain ibers)
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FIgURE 15-1. Schematic distribution of 
the craniosacral (parasympathetic) and tho-
racolumbar (sympathetic) nervous systems. 
Parasympathetic preganglionic fibers pass 
directly to the organ that is innervated. 
Their postganglionic cell bodies are situ-
ated near or within the innervated viscera. 
This limited distribution of parasympa-
thetic postganglionic fibers is consistent 
with the discrete and limited effect of 
parasympathetic function. The postgan-
glionic sympathetic neurons originate in 
either the paired sympathetic ganglia or 
one of the unpaired collateral plexuses. 
One preganglionic fiber influences many 
postganglionic neurons. Activation of the 
SNS produces a more  diffuse physiologic 
response rather than a discrete, localized 
effect. GI, gastrointestinal.
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FIgURE 15-2. Schematic diagram of the 
efferent ANS. Efferent impulses are inte-
grated centrally and sent reflexly to the 
 adrenergic and cholinergic receptors. Sym-
pathetic fibers ending in the adrenal medulla 
are preganglionic, and acetylcholine (ACh) 
is the neurotransmitter. Stimulation of the 
chromaffin cells, acting as postganglionic 
neurons, releases epinephrine (EPI) and nor-
epinephrine (NE).
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ganglia at the level of exit, (2) course upward or downward in 
the trunk of the SNS chain to synapse in ganglia at other levels, 
or (3) track for variable distances through the sympathetic chain 
and exit without synapsing to terminate in an outlying, unpaired, 
SNS collateral ganglion (Fig. 153). The adrenal gland is an excep
tion to the rule. Preganglionic ibers pass directly into the adrenal 
medulla without synapsing in a ganglion (Fig. 15-2). The cells of 
the medulla are derived from neuronal tissue and are analogous 
to postganglionic neurons.

The sympathetic postganglionic neuronal cell bodies are 
located in ganglia of the paired lateral SNS chain or unpaired 
collateral ganglia in more peripheral plexuses. Collateral gan-
glia, such as the celiac and inferior mesenteric ganglia (plexus), 
are formed by the convergence of preganglionic ibers with 
many postganglionic neuronal bodies. SNS ganglia are almost 
always located closer to the spinal cord than to the organs they 
innervate. The sympathetic postganglionic neurons can there-
fore originate in either the paired lateral paravertebral SNS gan-
glia or one of the unpaired collateral plexus. The unmyelinated 
postganglionic ibers then proceed from the ganglia to termi-
nate within the organs they innervate. Many of the postgangli-
onic ibers pass from the lateral SNS chain back into the spinal 
nerves, forming the gray (unmyelinated) communicating rami 
at all levels of the spinal cord (Fig. 15-2). They are distributed 
distally to sweat glands, pilomotor muscle, and blood vessels 
of the skin and muscle. These nerves are unmyelinated C type 
ibers (Table 15-2) and are carried within the somatic nerves. 
Approximately 8% of the ibers in the average somatic nerve 
are sympathetic.

The irst four or ive thoracic spinal segments generate pre-
ganglionic ibers that ascend in the neck to form three special 
paired ganglia. These are the superior cervical, middle cervical, 
and cervicothoracic ganglia. The last is known as the stellate gan-
glion and is actually formed by the fusion of the inferior cervical 
and irst thoracic SNS ganglia. These ganglia provide sympa-
thetic innervation of the head, neck, upper extremities, heart, 

and lungs. Afferent pain ibers also travel with these nerves, 
accounting for chest, neck, or upper extremity pain with myo-
cardial ischemia.

Activation of the SNS produces a diffuse physiologic response 
(mass relex) rather than discrete effects. SNS postganglionic 
neurons outnumber the preganglionic neurons in an average 
ratio of 20:1 to 30:1.2 One preganglionic iber inluences a larger 
number of postganglionic neurons, which are dispersed to many 
organs.

Parasympathetic Nervous System

The PNS, like the SNS, has both preganglionic and postganglionic 
neurons. The preganglionic cell bodies originate in the brain stem 
and sacral segments of the spinal cord. PNS preganglionic ibers 
are found in cranial nerves III (oculomotor), VII (facial), IX (glos-
sopharyngeal), and X (vagus). The sacral outlow originates in 
the intermediolateral gray horns of the second, third, and fourth 
sacral nerves. Figure 15-1 shows the distribution of the PNS divi-
sion and its innervation of visceral organs.

The vagus (cranial nerve X) nerve has the most extensive dis-
tribution of all the PNS, accounting for more than 75% of PNS 
activity. The paired vagus nerves supply PNS innervation to the 
heart, lungs, esophagus, stomach, small intestine, proximal half 
of the colon, liver, gallbladder, pancreas, and upper portions of 
the ureters. The sacral ibers form the pelvic visceral nerves, or 
nervi erigentes. These nerves supply the remainder of the viscera 
that are not innervated by the vagus. They supply the descend-
ing colon, rectum, uterus, bladder, and lower portions of the 
ureters and are primarily concerned with emptying. Various 
sexual reactions are also governed by the sacral PNS. The PNS 
is responsible for penile erection, but SNS stimulation governs 
ejaculation.

In contrast to the SNS division, PNS preganglionic ibers 
pass directly to the organ that is innervated. The postganglionic 
cell bodies are situated near or within the innervated viscera 
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FIgURE 15-3. The spinal reflex arc of 
the somatic nerves is shown on the left. The 
 different arrangements of neurons in the 
sympathetic system are shown on the right. 
Preganglionic fibers coming out through 
white rami may make synaptic connections 
following one of three courses: (1) synapse 
in ganglia at the level of exit, (2) course up 
or down the sympathetic chain to synapse 
at another level, or (3) exit the chain  without 
synapsing to an outlying collateral ganglion.
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and generally are not visible. The proximity of PNS ganglia to 
or within the viscera provides a limited distribution of postgan
glionic ibers. The ratio of postganglionic to preganglionic ibers 
in many organs appears to be 1:1 to 3:1 compared with the 20:1 
found in the SNS system. Auerbach’s plexus in the distal colon is 
the exception, with a ratio of 8,000:1. The fact that PNS pregan-
glionic ibers synapse with only a few postganglionic neurons is 
consistent with the discrete and limited effect of PNS function. 
For example, vagal bradycardia can occur without a concomitant 
change in intestinal motility or salivation. Mass relex action is 
not a characteristic of the PNS. The effects of organ response to 
PNS stimulation are outlined in Table 15-1.

Autonomic Innervation

Heart

The heart is well supplied by the SNS and PNS. These nerves 
affect cardiac pump function in three ways: (1) by changing the 
rate (chronotropism), (2) by changing the strength of contrac-
tion (inotropism), and (3) by modulating coronary blood low. 
The PNS cardiac vagal ibers approach the stellate ganglia and 
then join the efferent cardiac SNS ibers; therefore, the vagus 
nerve to the heart and lungs is a mixed nerve containing both 
PNS and SNS efferent ibers. The PNS ibers are distributed 
mainly to the sinoatrial and atrioventricular (AV) nodes and to 
a lesser extent to the atria. There is little or no distribution to 
the ventricles. Therefore, the main effect of vagal cardiac stimu-
lation to the heart is chronotropic. Vagal stimulation decreases 
the rate of sinoatrial node discharge and decreases excitabil-
ity of the AV junctional ibers, slowing impulse conduction to 
the ventricles. A strong vagal discharge can completely arrest 
sinoatrial node iring and block impulse conduction to the  
ventricles.3

The physiologic importance of the PNS on myocardial con-
tractility is not as well understood as that of the SNS. Cholin-
ergic blockade can double the heart rate (HR) without altering 
contractility of the left ventricle. Vagal stimulation of the heart 
can reduce left ventricular maximum rate of tension develop-
ment (dP/dT) and decrease contractile force by as much as 10% 
to 20%. However, PNS stimulation is relatively unimportant in 
this regard compared with its predominant effect on HR. The 
SNS has the same supraventricular distribution as the PNS, but 
with stronger representation to the ventricles. SNS efferents to the 
myocardium funnel through the paired stellate ganglia. The right 
stellate ganglion distributes primarily to the anterior epicardial 
surface and the interventricular septum. Right stellate stimula-
tion decreases systolic duration and increases HR. The left stellate 
ganglion supplies the posterior and lateral surfaces of both ventri-
cles. Left stellate stimulation increases mean arterial pressure and 
left ventricular contractility without causing a substantial change 
in HR. Normal SNS tone maintains contractility approximately 
20% above that in the absence of any SNS stimulation.4 There-
fore, the dominant effect of the ANS on myocardial contractility 
is mediated primarily through the SNS. Intrinsic mechanisms of 
the myocardium, however, can maintain circulation quite well 
without the ANS, as evidenced by the success of cardiac trans-
plants (see Chapter 51 Transplant anesthesia). The heart and 
ANS are in perfect symbiosis. ANS via its components imprints 
the cardiac electrophysiology by potentially inducing signiicant 
dysrhythmias or electrocardiographic abnormalities, which in 
the end may lead to global cardiac dysfunction. The precise role 
of the ANS is unknown, speciically if it is an active component 
or just an accompaniment. Future research interests concern the 
modiication of the autonomic cardiac innervation through phar-

2

macology or using alternative approaches.5 Early investigations, 
performed in anesthetized, open-chest animals, demonstrated 
that cardiac ANS nerves exert only slight effects on the coronary 
vascular bed; however, more recent studies on chronically instru-
mented, intact, conscious animals show considerable evidence 
for a strong SNS regulation of the small coronary resistance and 
larger conductance vessels6,7 (see below Adrenergic Receptors).

Different segments of the coronary arterial tree react dif-
ferently to various stimuli and drugs. Normally, the large con-
ductance vessels contribute little to overall coronary vascular 
resistance (see Chapter 10 Cardiac Anatomy and Physiology). 
Fluctuations in resistance relect changes in lumen size of the 
small, precapillary vessels. Blood low through the resistance ves-
sels is regulated primarily by the local metabolic requirements of 
the myocardium. The larger conductance vessels, however, can 
constrict markedly due to neurogenic stimulation. Neurogenic 
inluence also assumes a greater role in the resistance vessels when 
they become hypoxic and lose autoregulation.

Peripheral Circulation

The SNS nerves are by far the most important regulators of the 
peripheral circulation. The PNS nerves play only a minor role 
in this regard. The PNS dilates vessels, but only in limited areas 
such as the genitalia. SNS stimulation produces both vasodila-
tion and vasoconstriction, with vasoconstrictor effects predomi-
nating. The SNS effect on the vascular bed is determined by the 
type of receptors on which the SNS iber terminates (see Adren-
ergic Receptors below). SNS constrictor receptors are distrib-
uted to all segments of the circulation. Blood vessels in the skin, 
kidneys, spleen, and mesentery have an extensive SNS distribu-
tion, whereas those in the heart, brain, and muscle have less SNS 
innervation.

Basal vasomotor tone is maintained by impulses from the lat-
eral portion of the vasomotor center in the medulla oblongata 
that continually transmits impulses through the SNS, maintain-
ing partial arteriolar and venular constriction. Circulating epi-
nephrine (EPI) from the adrenal medulla has additive effects. 
This basal ANS tone maintains arteriolar constriction at an 
intermediate diameter. The arteriole, therefore, has the potential 
for either further constriction or dilation. If the basal tones were 
not present, the SNS could only affect vasoconstriction and not 
vasodilation.8 The SNS tone in the venules produces little resis-
tance to low compared with the arterioles and the arteries. The 
importance of SNS stimulation of veins is to reduce or increase 
their capacity. By functioning as a reservoir for approximately 
80% of the total blood volume, small changes in venous capaci-
tance produce large changes in venous return and, thus, cardiac 
preload.

lungs

The lungs are innervated by both the SNS and PNS. Postgangli-
onic SNS ibers from the upper thoracic ganglia (stellate) pass 
to the lungs to innervate the smooth muscles of the bronchi and 
pulmonary blood vessels. PNS innervation of these structures is 
via the vagus nerve. SNS stimulation produces bronchodilation 
and pulmonary vasoconstriction.9 Little else has been proven 
conclusively about the vasomotor control of the pulmonary ves-
sels other than that they adjust to accommodate the output of the 
right ventricle. The effect of stimulation of the pulmonary SNS 
nerves on pulmonary vascular resistance is not ideal but may be 
important in maintaining hemodynamic stability during stress 
and exercise by balancing right and left ventricular output. Stim-
ulation of the vagus nerve produces almost no vasodilation of the 

3
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pulmonary circulation. Hypoxic pulmonary vasoconstriction is a 
local phenomenon capable of providing a faster adjustment to the 
organism needs.

Both the SNS and the vagus nerve provide active broncho
motor control. SNS stimulation causes bronchodilation whereas 
vagal stimulation produces constriction. PNS stimulation may 
also increase secretions of the bronchial glands. Vagal receptor 
endings in the alveolar ducts also play an important role in the 
relex regulation of the ventilation cycle. The lung has important 
non-ventilatory activity as well. It serves as a metabolic organ that 
removes local mediators such as norepinephrine (NE) from the 
circulation and converts others, such as angiotensin 1, to active 
compounds10 (see below Interaction with Other Regulatory 
Systems).

Autonomic Nervous System Transmission

Transmission of excitation across the terminal junctional sites 
(synaptic clefts) of the peripheral ANS occurs through the media-
tion of released chemicals (Fig. 15-4). Transmitters interact with 
receptors on the end organ to evoke a biologic response.

The ANS can be pharmacologically subdivided by the 
 neurotransmitter secreted at the effector cell. Pharmacologic 

4

parlance designates the SNS and PNS as adrenergic and cho-
linergic, respectively. The terminals of the PNS postganglionic 
ibers release acetylcholine (ACh). With the exception of sweat 
glands, NE is the principal neurotransmitter released at the ter-
minals of the sympathetic postganglionic ibers (see Fig. 15-2). 
Co-transmission of adenosine triphosphate (ATP), neuropep-
tide Y (NPY), and NE has been demonstrated at vascular sympa-
thetic nerve terminals in a number of different tissues including 
muscle, intestine, kidney, and skin (see below SNS Neurotrans-
mission). The preganglionic neurons of both systems secrete 
ACh.

The terminations of the postganglionic ibers of both ANS 
subdivisions are anatomically and physiologically similar. The 
terminations are characterized by multiple branchings called ter-
minal effector plexuses, or reticulae. These ilaments surround the 
elements of the effector unit “like a mesh stocking”.8 Thus, one 
SNS postganglionic neuron, for example, can innervate ∼25,000 
effector cells, for example, vascular smooth muscle. The termi-
nal ilaments end in presynaptic enlargements called varicosities. 
Each varicosity contains vesicles, ∼500 µm in diameter, in which 
the neurotransmitters are stored (Fig. 15-4). The rate of synthe-
sis depends on the level of ANS activity and is regulated by local 
feedback. The distance between the varicosity and the effector cell 
(synaptic or junctional cleft) varies from 100 µm in ganglia and 
arterioles to as much as 20,000 µm in large arteries. The time for 
diffusion is directly proportional to the width of the synaptic gap. 
Depolarization on the nerve releases the vesicular contents into 
the synaptic cleft by exocytosis.

Parasympathetic Nervous System Transmission

Synthesis

ACh is considered the primary neurotransmitter of the PNS. ACh 
is formed in the presynaptic terminal by acetylation of choline 
with acetyl coenzyme A. This step is catalyzed by choline acetyl 
transferase (Fig. 15-5). ACh is then stored in a concentrated form 
in presynaptic vesicles. A continual release of small amounts of 
ACh, called quanta, occurs during the resting state. Each quan-
tum results in small changes in the electrical potential of the 
synaptic end plate without producing depolarization. These are 
known as miniature end-plate potentials. Arrival of an action 
potential causes a synchronous release of hundreds of quanta, 
resulting in depolarization of the end plate. Release of ACh from 
the vesicles is dependent on inlux of calcium (Ca2+) from the 
interstitial space. ACh is not reused like NE; therefore, it must be 
synthesized constantly.
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FIgURE 15-4. The anatomy and physiology of the terminal postgan-
glionic fibers of sympathetic and parasympathetic fibers are similar.
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Metabolism

The ability of a receptor to modulate function of an effector 
organ is dependent upon rapid recovery to its baseline state after 
stimulation. For this to occur, the neurotransmitter must be 
quickly removed from the vicinity of the receptor. ACh removal 
occurs by rapid hydrolysis by acetylcholinesterase (Fig. 155). 
This enzyme is found in neurons, at the neuromuscular junction, 
and in various other tissues of the body. A similar enzyme, pseu
docholinesterase or plasma cholinesterase is also found through
out the body but only to a limited extent in neural tissue. It does 
not appear to be physiologically important in termination of the 
action of ACh. Both acetylcholinesterase and pseudocholines
terase hydrolyze ACh as well as other esters (such as the ester
type local anesthetics), and they may be distinguished by speciic 
 biochemical tests.3

Sympathetic Nervous System Transmission

Traditionally, the catecholamines EPI and NE are considered 
the main mediators of peripheral SNS activity. NE is released 
from localized presynaptic vesicles of nearly all postganglionic 
sympathetic nerves. Vascular SNS nerve terminals, however, also 
release ATP. Thus, ATP and NE are co-neurotransmitters. They 
are released directly to there site of action. Their postjunctional 
effects appear to be synergistic in tissues.

The SNS ibers ending in the adrenal medulla are pregangli-
onic, and ACh is the neurotransmitter (see Fig. 15-2). It interacts 
with the chromafin cells in the adrenal medulla, causing release of 
EPI and NE. The chromafin cells take the place of the postgangli-
onic neurons. Stimulation of the sympathetic nerves innervating  

the adrenal medulla, however, causes the release of large quanti-
ties of a mixture of EPI and NE into the circulation. The greater 
portion of this hormonal surge is normally EPI. EPI and NE, 
when released into the circulation, are classiied as hormones in 
that they are synthesized, stored, and released from the adrenal 
medulla to act at distant sites.

Hormonal EPI and NE have essentially the same effects on 
effector cells as those caused by local direct sympathetic stimula-
tion. The hormonal effects, although brief, last about 10 times as 
long as those caused by direct stimulation. EPI has a greater meta-
bolic effect than NE. It can increase the metabolic rate of the body 
as much as 100%. It also increases glycogenolysis in the liver and 
muscle with glucose release into the blood. These functions are all 
necessary to prepare the body for ight or light.

Catecholamines: The First Messenger

A catecholamine is any compound with a catechol nucleus (a ben-
zene ring with two adjacent hydroxyl groups) and an amine- 
containing side chain. The chemical coniguration of ive of the 
more common catecholamines in clinical use is demonstrated 
in Figure 15-6. The endogenous catecholamines in humans are 
dopamine (DA), NE, and EPI. Dopamine is a neurotransmitter 
present in the CNS, primarily involved in coordinating motor 
activity in the brain. It is the precursor of NE. NE is synthesized 
and stored in nerve endings of postganglionic SNS neurons. It 
is also synthesized in the adrenal medulla and is the chemical 
precursor of EPI. Stored EPI is located chiely in chromafin cells 
of the adrenal medulla. About 80% to 85% of the catecholamine 
content of the adrenal medulla is EPI and 15% to 20% is NE. The 
brain contains both noradrenergic and dopaminergic receptors, 
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FIgURE 15-6. The chemical configurations of 
three endogenous catecholamines are compared 
with those of three synthetic catecholamines. Sym-
pathomimetic drugs differ in their hemodynamic 
effects largely because of differences in substitution 
of the amine group on the catechol nucleus.
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but circulating catecholamines do not cross the blood–brain bar
rier. The catecholamines present in the brain are synthesized there.

Catecholamines are often referred to as adrenergic drugs because 
their effector actions are mediated through receptors speciic for the 
SNS. Sympathomimetics can activate these same receptors because 
of their structural similarity. For example, clonidine is an α2-receptor 
agonist that does not possess a catechol nucleus and even has two 
ring systems that are aplanar to each other. However, clonidine 
enjoys a remarkable spatial similarity to NE that allows it to activate 
the a receptor. Drugs that produce sympathetic-like effects but lack 
basic catecholamine structure are deined as sympathomimetics. All 
clinically useful catecholamines are sympathomimetics, but not all 
sympathomimetics are catecholamines. The effects of endogenous 
or synthetic catecholamines on adrenergic receptors can be direct or 
indirect. Indirect-acting catecholamines (i.e., ephedrine) have little 
intrinsic effect on adrenergic receptors but produce their effects by 
stimulating release of the stored neurotransmitter from SNS nerve 
terminals. Some synthetic and endogenous catecholamines stimu-
late adrenergic receptor sites directly (e.g., phenylephirine), whereas 
others have a mixed mode of action. The actions of direct-acting 
catecholamines are independent of endogenous NE stores; how-
ever, the indirect-acting catecholamines are entirely dependent on 
adequate neuronal stores of endogenous NE.

Synthesis

The main site of NE synthesis is in or near the postganglionic 
nerve endings. Some synthesis does occur in vesicles near the cell 

body that pass to the nerve endings. Phenylalanine or tyrosine is 
taken up into the axoplasm of the nerve terminal and modiied 
into either NE or EPI. Figure 15-7 demonstrates this synthesis cas-
cade. Tyrosine hydroxylase catalyzes the conversion of tyrosine to 
dihydroxyphenylalanine. This is the rate-limiting step at which 
NE synthesis is controlled through feedback inhibition. Dopa-
mine (DA) synthesis occurs in the cytoplasm of the neuron. The 
vesicles of peripheral postganglionic neurons contain the enzyme 
dopamine-b-hydroxylase, which converts dopamine to NE. The 
adrenal medulla additionally contains phenylethanolamine-N-
methyltransferase, which converts NE to EPI. This reaction takes 
place outside the medullary vesicles, and the newly formed EPI 
then enters the vesicle for storage (Fig. 15-8). All the endogenous 
catecholamines are stored in presynaptic vesicles and released on 
arrival of an action potential. Excitation–secretion coupling in 
sympathetic neurons is Ca2+-dependent.

Regulation

Increased SNS nervous activity, as in congestive heart failure or 
chronic stress, stimulates the synthesis of catecholamines. Gluco-
corticoids from the adrenal cortex stimulate an increase in phenyl-
ethanolamine-N-methyltransferase that methylates NE to EPI.

The release of NE is dependent upon depolarization of the 
nerve and an increase in calcium ion permeability. This release 
is inhibited by colchicine and prostaglandin E2, suggesting a 
contractile mechanism. NE inhibits its own release by stimulat-
ing presynaptic (prejunctional) α2 receptors. Phenoxybenzamine 
and phentolamine, α-receptor antagonists, increase the release of 
NE by blocking inhibitory presynaptic α2 receptors (Fig. 15-9). 
Other receptors are also important in NE regulation (see below 
Other Receptors).
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adrenergic neurotransmission. (1) Synthesis and storage in neuronal 
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The catecholamines are removed from the synaptic cleft by three 
mechanisms (Fig. 158). These are reuptake into the presynaptic 
terminals, extraneuronal uptake, and diffusion. Termination of  
NE action at the effector site is almost entirely by reuptake of NE 
into the terminals of the presynaptic neuron. This is an active, 
energyrequiring, and temperaturedependent process. The 
reuptake of NE in the presynaptic terminals is also a stereospe
ciic process. Structurally similar compounds (guanethidine, 
metaraminol) may enter the vesicles and displace the neurotrans-
mitter. Tricyclic antidepressants and cocaine inhibit the reuptake 
of NE, resulting in high synaptic NE concentrations and accen-
tuated receptor response. In addition, evidence suggests that NE 
reuptake is mediated by a presynaptic β-adrenergic mechanism 
because β-blockade causes marked elevations of EPI and NE11 
(see Figs. 15-8 and 15-9). Extraneuronal uptake is a minor path-
way for inactivating NE. Effector cells and other extraneuronal 
tissues take up NE. The NE that is taken up by the extraneuro-
nal tissue is metabolized by monoamine oxidase (MAO) and by 
catechol-O-methyltransferase (COMT) to form vanillylmandelic 
acid. The minute amount of catecholamine that escapes these two 
mechanisms diffuses into the circulation, where it is metabolized 
by the liver and kidney. The same enzymes inactivate EPI. Reup-
take is the predominant pathway for inactivation of the endoge-
nous catecholamines, while metabolism by the liver and kidney is 
the predominant pathway for catecholamines given exogenously. 
This accounts for the longer duration of action of the exogenous 
catecholamines than that noted at the local synapse.

The inal metabolic product of the catecholamines is vanil-
lylmandelic acid. Vanillylmandelic acid constitutes the major 

metabolite (80% to 90%) of NE found in the urine. Less than 5% 
of released NE appears unchanged in the urine. The metabolic 
products excreted in the urine provide a gross estimate of SNS 
activity and can facilitate the clinical diagnosis of pheochromocy-
toma (see Chapter 46, Endocrine Function).

RECEpTORS

An agonist is a substance that interacts with a receptor to evoke 
a biologic response. ACh, NE, EPI, DA, and ATP are the major 
agonists of the ANS. An antagonist is a substance that interferes 
with the evocation of a response at a receptor site by an agonist. 
Receptors are therefore target sites that lead to a response by the 
effector cell when acti vated by an agonist. Receptors are protein 
macromolecules and are located in the plasma membrane. Several 
thousand receptors have been demonstrated in a single cell. The 
enormity of this network becomes apparent when one considers 
that ∼25,000 single cells can be innervated by a single neuron.

Cholinergic Receptors

ACh is the neurotransmitter for three distinct classes of recep-
tors. These receptors can be differentiated by their anatomic 
location and their afinity for various agonists and antagonists. 
ACh mediates the “irst messenger” function of transmitting 
impulses within the PNS, the ganglia of the SNS, and the neu-
roeffector junction of striated, voluntary muscle (see Fig. 15-2). 
Cholinergic receptors are further subdivided into muscarinic 
and nicotinic receptors because muscarine and nicotine stimu-
late them selectively. However, both muscarinic and nicotinic 
receptors respond to ACh (see below Cholinergic Drugs). Mus-
carine activates cholinergic receptors at the postganglionic PNS 
junctions of cardiac and smooth muscle. Muscarinic stimulation 
is characterized by bradycardia, decreased inotropism, broncho-
constriction, miosis, salivation, gastrointestinal hypermotility, 
and increased gastric acid secretion (see Table 15-1). Muscarinic 
receptors can be blocked by atropine without effect on nicotinic 
receptors (see below Cholinergic Drugs). Muscarinic receptors 
are known to exist in sites other than PNS postganglionic junc-
tions. They are found on the presynaptic membrane of sympa-
thetic nerve terminals in the myocardium, coronary vessels, and 
peripheral vasculature (Fig. 15-9). These are referred to as adren-
ergic muscarinic receptors because of their location; however, 
ACh stimulates them also. Stimulation of these receptors inhib-
its release of NE in a manner similar to α2-receptor stimula-
tion. Muscarinic blockade removes the inhibition of NE release, 
augmenting SNS activity. Atropine, the prototypical muscarinic 
blocker, may produce sympathomimetic activity in this manner 
as well as vagal blockade. Neuromuscular blocking drugs that 
cause tachycardia are thought to have a similar mechanism of 
action. ACh acting on presynaptic adrenergic muscarinic recep-
tors is a potent inhibitor of NE release.11 The prejunctional mus-
carinic receptor may play an important physiologic role because 
several autonomically innervated tissues (e.g., the heart) pos-
sess ANS plexuses in which the SNS and PNS nerve terminals 
are closely associated. In these plexuses, ACh, released from 
the nearby PNS nerve terminals (vagus nerve), can inhibit NE 
release by activation of presynaptic adrenergic muscarinic recep-
tors (Fig. 15-9).

Nicotinic receptors are found at the synaptic junctions of 
both SNS and PNS ganglia. Because both junctions are cholin-
ergic, ACh or ACh-like substances such as nicotine will excite 
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postganglionic ibers of both systems (see Fig. 15-2). Low doses 
of nicotine produce stimulation of ANS ganglia whereas high 
doses produce blockade. This dualism is referred to as the nico-
tinic effect (see below Ganglionic Drugs). Nicotinic stimulation 
of the SNS ganglia produces hypertension and tachycardia by 
causing the release of EPI and NE from the adrenal medulla. 
Adrenal hormone release is mediated by ACh in the chromafin 
cells, which are analogous to postganglionic neurons (see Fig. 
15-2). A further increase in nicotine concentration produces 
hypotension and neuromuscular weakness, as it becomes a gan-
glionic blocker. The cholinergic neuroeffector junction of skel-
etal muscle also contains nicotinic receptors, although they are 
not identical to the nicotinic receptors in ANS ganglia.

Adrenergic Receptors

The adrenergic receptors are termed adrenergic or noradrenergic, 
depending on their responsiveness to EPI or NE. The dissimilari-
ties of these two drugs led Ahlquist in 1948 to propose two types 
of opposing adrenergic receptors, termed alpha (α) and beta (β). 
The development of new agonists and antagonists with relatively 
selective activity allowed subdivision the β-receptors into β1 and 
β2. α-receptors were subsequently divided into α1 and α2. These 
were later further subdivided using molecular cloning. The sym-
pathomimetic adrenergic drugs in current use differ from one 
another in their effects largely because of differences in substi-
tution on the amine group, which inluences the relative α or β 
effect (see Fig. 15-6).

Another major peripheral adrenergic receptor speciic for 
dopamine is termed the dopaminergic (DA) receptor. Further 
studies have revealed not only subsets of the α and β receptors 
but also the DA receptor. These DA receptors have been identi-
ied in the CNS and in renal, mesenteric, and coronary vessels. 
The physiologic importance of these receptors is a matter of con-
troversy because there are no identiiable peripheral DA neurons. 
Dopamine measured in the circulation is assumed to result from 
spillover from the brain.

The function of dopamine in the CNS has long been known, 
but the peripheral dopamine receptor has been elucidated only 
within the past 25 years. The presence of the peripheral DA 
receptor was obscured because dopamine does not affect the 
DA receptor exclusively. It also stimulates α and β receptors in a 
dose-related manner. However, DA receptors function indepen-
dently of α or β blockade and are modiied by DA antagonists 
such as haloperidol, droperidol, and phenothiazines. Thus, there 
is a necessity for the addition of the DA receptor and its subsets 
(DA1 and DA2).

The distribution of adrenergic receptors in organs and tissues 
is not uniform and their function differs not only by their loca-
tion but also in their numbers and/or distribution. Adrenergic 
receptors are found in two loci in the sympathetic neuroeffector 
junction. They are found in both the presynaptic (prejunctional) 
and postsynaptic (postjunctional) sites as well as extrasynaptic 
sites (Fig. 15-10). Table 15-3 is a review of the function and syn-
aptic location of some of the clinically important receptors and 
their subtypes.

Alpha-adrenergic Receptors

The alpha-adrenergic (α) receptors have been further subdivided 
into two clinically important classes, α1 and α2. This classiication 
is based on their response to the α-antagonists yohimbine and 
prazosin. Prazosin is a more potent antagonist of α1 receptors, 
whereas α2 receptors are more sensitive to yohimbine. Recently, 

6

pharmacologic experiments have demonstrated the existence of 
two subtypes within the α1 group, namely α1A and α1B, and at 
least two subtypes within the α2, group respectively α2A, and α2B. 
The importance of these subsets is still emerging, with evidence 
that the spleen and liver contain mainly α1B receptors, and the 
heart, neocortex, kidney, vas deferens, and hippocampus con-
tain equal amounts of α1A and α1B receptors. The α1-adrenergic 
receptors are found in the smooth muscle cells of the peripheral 
vasculature coronary arteries, skin, uterus, intestinal mucosa, 
and splanchnic beds12 (see Table 15-4). The α1 receptors serve as 
postsynaptic activators of vascular and intestinal smooth muscle 
as well as of endocrine glands. Their activation results in either 
decreased or increased tone, depending upon the effector organ. 
The response in resistance and capacitance vessels is constric-
tion, whereas in the intestinal tract it is relaxation. There is now 
a large body of evidence documenting the presence of postjunc-
tional α1 adrenoreceptors in the mammalian heart. α1-adrenergic 
receptors have been shown to have a positive inotropic effect on  
cardiac tissues in most mammals studied, including humans. 
Experimental work strongly supports the concept that enhanced 
myocardial α1 responsiveness plays a primary role in the genesis 
of malignant arrhythmias induced by catecholamines during 
myocardial ischemia and reperfusion. Drugs possessing potent 
α1-antagonist activity such as prazosin and phentolamine provide 
signiicant antiarrhythmic activity. The clinical mechanism and 
signiicance of these indings are not yet clear. However, there is 
no doubt that α1-adrenergic antagonists prevent catecholamine-
induced ventricular arrhythmias.13 In contrast, studies of the 
effects of β-antagonists in experimental and clinical myocardial 
infarction have provided conlicting results.

The discovery of presynaptic α-adrenoreceptors and their role 
in the modulation of NE transmission provided the stimulus for 
the subclassiication of α receptors into α1 and α2 subtypes. Pre-
synaptic α1 receptors have not been identiied receptors appear 
conined only to the postsynaptic membrane. On the other hand, 
α2 receptors are found on both presynaptic and postsynaptic 
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FIgURE 15-10. Location of several known adrenergic receptors. The 
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TAbLE 15-3. adrenergiC reCePtors: order of PotenCy of agonists and antagonists

Receptor Agonistsa Antagonists Location Action

α1 + + + +
+ + +
+ +
+

Norepinephrine
Epinephrine
Dopamine
Isoproterenol

Phenoxybenzamineb

Phentolamineb

Ergot alkaloidsb

Prazosin

Smooth muscle (vascular, iris, 
radial, ureter, pilomotor, 
uterus, trigone, gastrointestinal, 
and bladder sphincters)

Contraction
Vasoconstriction

Tolazolineb Brain Neurotransmission

Labetalolb Smooth muscle (gastrointestinal) Relaxation

Heart Glycogenolysis

Salivary glands Increased force,c glycolysis

Adipose tissue Secretion (K+, H2O)

Sweat glands (localized) Glycogenesis

Kidney (proximal tubule) Secretion

Gluconeogenesis Na+ 
reabsorption

α2 + + + + Clonidine Yohimbine Adrenergic nerve endings Inhibition norepinephrine 
release+ + + Norepinephrine Piperoxan Presynaptic—CNS

+ + Epinephrine Phentolamineb

+ + Norepinephrine Phenoxybenzamineb Platelets Aggregation, granule release

+ Phenylephrine Tolazolineb

Labetalolb Adipose tissue Inhibition lipolysis

Endocrine pancreas Inhibition insulin release

Vascular smooth muscle—? Contraction

Kidney Inhibition renin disease

Brain Neurotransmission

β1 + + + + Isoproterenolb Acebutolol Heart Increased rate, contractility, 
conduction velocity

+ + + Epinephrine Practolol

+ + Norepinephrine Propranololb Coronary vasodilation

+ Dopamine Alprenololb Adipose tissue Lipolysis

Metoprolol

Esmolol

β2 + + + + Isoproterenola Propranololb Liver Glycogenolysis, 
gluconeogenesis

+ + + Epinephrine Butoxamine

+ + + Norepinephrine Alprenolol

+ Dopamine Esmolol Skeletal muscle Glycogenolysis, lactate 
release

Nadolol

Timolol
Labetalol

Smooth muscle (bronchi, uterus, 
vascular, gastrointestinal, 
detrusor, spleen capsule)

Relaxation

Endocrine pancreas Insulin secretion

Salivary glands Amylase secretion

DA1 + + + + Fenoldopam Vascular smooth muscle Vasodilation

+ + Dopamine Haloperidol Renal and mesentery

+ Epinephrine Droperidol

+ Metoclopramide Phenothiazines

DA2 + +
+

Dopamine
Bromocriptine

Domperidone Presynaptic—adrenergic nerve 
endings

Inhibits norepinephrine 
release

DA, dopamine.
aListed in decreasing order of potency. 
bNonselective.
cβ1adrenergic responses are greater.
Pluses indicate strength of potency.
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membranes of the adrenergic neuroeffector junction. Table 154 
reviews these sites. Postsynaptic membranes contain a near equal 
mix of α1 and α2 receptors.

The α2 adrenoreceptors may be subdivided even further into 
as many as four possible subtypes. The postsynaptic α2 receptors 
have many actions, which include arterial and venous vasocon
striction, platelet aggregation, inhibition of insulin release, inhi
bition of bowel motility, stimulation of growth hormone release, 
and inhibition of antidiuretic hormone (ADH) release.

α2 receptors can be found in cholinergic pathways as well as 
in adrenergic pathways. They can signiicantly modulate para-
sympathetic activity as well. Current research implies that α2 
stimulation of the parasympathetic pathways plays a role in the 
modulation of the baroreceptor relex (increased sensitivity), 
vagal mediation of heart rate (bradycardia), bronchoconstriction, 
and salivation (dry mouth). However, cholinergic receptors can 
also be found in adrenergic pathways; thus, muscarinic and nico-
tinic receptors have been found in presynaptic and postsynaptic  

LV, left ventricular; NE, norepinephrine; MAC, EPI, epinephrine; DA, dopamine.

TAbLE 15-4. adrenergiC reCePtors

Receptor Synaptic Site Anatomic Site Action

LV Function and 

Stroke Volume

α1 Postsynaptic Peripheral vascular smooth muscle Constriction Decreased
Renal vascular smooth muscle Constriction
Coronary arteries, epicardial Constriction
Myocardium Positive inotropism Improved
30–40% of resting tone
Renal tubules Antidiuresis

α2 Presynaptic Peripheral vascular smooth muscle 
release

Inhibit NE

Secondary vasodilation Improved
Coronaries
CNS Inhibition of CNS activity

Sedation
Decrease MAC

Postsynaptic Coronaries, endocardial Constriction Decreased
CNS Inhibition of insulin release

Decreased bowel motility
Inhibition of antidiuretic hormone
Analgesia

Renal tubule Promotes Na2+ and H2O excretion

β1 Postsynaptic
NE sensitive

Myocardium Positive inotropism and chronotropism Improved

Sinoatrial (SA) node
Ventricular conduction
Kidney Renin release
Coronaries Relaxation

β2 Presynaptic Myocardium Accelerates NE release Improved
NE sensitive SA node ventricular conduction 

vessels
Opposite action to presynaptic 

 α2 agonism
Constriction

Postsynaptic 
(extrasynaptic) 
(EPI sensitive)

Myocardium
Vascular smooth muscle
Bronchial smooth muscle
Renal vessels

Positive inotropism and chronotropism
Relaxation
Relaxation
Relaxation

Improved
Improved
Improved

DA1 Postsynaptic Blood vessels (renal, mesentery, 
coronary)

Vasodilation Improved

Renal tubules Natriuresis
Diuresis

Juxtaglomerular cells Renin release (modulates diuresis)
Sympathetic ganglia Minor inhibition

DA2 Presynaptic Postganglionic sympathetic nerves Inhibit NE release Improved
Secondary vasodilation

Postsynaptic Renal and mesenteric vasculature ? Vasoconstriction
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locations, where in turn they modulate sympathetic activity (see 
Fig. 159). There is speculation that the features that are so desir
able to the anesthesiologist, such as sedation, anxiolysis, analge
sia, and hypnosis, are mediated through this site.

Stimulation of presynaptic α2 receptors mediates inhibi
tion of NE release into the synaptic cleft, serving as a negative 
feedback mechanism. The central effects are primarily related 
to a reduction in sympathetic outlow with a concomitantly 
enhanced parasympathetic outlow (e.g., enhanced baroreceptor 
activity). This results in a decreased systemic vascular resistance, 
decreased cardiac output (CO), decreased inotropic state in the 
myocardium, and decreased HR. The peripheral presynaptic α2 
effects are similar, and NE release is inhibited in postganglionic 
neurons. However, stimulation of postsynaptic α2 receptors, 
like the α1 postsynaptic receptor, affects vasoconstriction. NE 
acts on both α1 and α2 receptors. Thus, NE not only activates 
smooth muscle vasoconstriction (postsynaptic α1 and α2 recep-
tors) but also stimulates presynaptic α2 receptors and inhibits its 
own release. Selective stimulation of the presynaptic α2 receptor 
could produce a beneicial reduction of peripheral vascular resis-
tance. Unfortunately, most known presynaptic α2 agonists also 
stimulate the postsynaptic α2 receptors, causing vasoconstriction. 
Blockade of α2 presynaptic receptors, however, ablates normal 
inhibition of NE, causing vasoconstriction. Vasodilation occurs 
with the blockade of postsynaptic α1 and α2 receptors.

Alpha-adrenergic Receptors in the  
Cardiovascular System

Postsynaptic α1 and α2 receptors in the mammalian myocardium 
and coronary arteries mediate a number of responses.

CORONARY ARTERIES The presence of postsynaptic α1 and α2 recep-
tors in mammalian models has been demonstrated. Sympathetic 
nerves cause coronary vasoconstriction, which is mediated pre-
dominately by postsynaptic α2, more so than α1 receptors. The 
larger epicardial arteries possess mainly α1 receptors, whereas α2 
receptors and some α1 receptors are present in the small coronary 
artery resistance vessels.14 Epicardial vessels contribute only 5% 
to the total resistance of the coronary circulation; therefore, α1 
agonists such as phenylephrine have little inluence on coronary 
resistance.15,16 Myocardial ischemia has been shown to increase α2 
receptor density in the coronary arteries. Ischemia has also been 
shown to cause a relex increase in sympathetic activity mediated 
by α mechanisms. This cascade may further increase coronary 
constriction. Postsynaptic α1 receptors do not rely upon extracel-
lular Ca2+ to constrict the vessel, whereas the α2-constrictor re-
sponse is highly dependent upon extracellular inlux and exqui-
sitely sensitive to calcium channel inhibitors.17

MYOCARDIUM The role of β receptors in mediating catecholamine-
induced inotropism and arrhythmogenesis is well known (see below  
Beta-adrenergic Receptors). Studies have shown the presence of 
postsynaptic myocardial α1 receptors, which also exert a major, 
facilatory, positive inotropic effect on the myocardium of several 
species of mammals including humans. Their contribution to ma-
lignant reperfusion arrhythmogenesis has also been recognized.

Phenylephrine, an α1 agonist, can increase myocardial con-
tractility two- to threefold compared with a six- to sevenfold 
increase produced by isoproterenol, a pure β agonist. Myocardial 
postsynaptic α1 receptors mediate perhaps as much as 30% to 
50% of the basal inotropic tone of the normal heart.

Postsynaptic myocardial α1 receptors play a more prominent 
inotropic role in the failing heart by serving as a reserve to the 
normally predominant β1 receptors. Although the response to 

both α1 and β1 agonists is reduced in the failing myocardium, 
the interaction between the two receptors is more apparent. 
Chronic heart failure is known to produce a reduced density 
(downregulation) of myocardial β1 receptors as a result of high 
levels of circulating catecholamines. However, there is no evi-
dence of downregulation of either α1 or β2 receptors in cardiac 
failure. The increase in density of myocardial α1 adrenorecep-
tors is more pronounced with failure and myocardial ischemia.18 
Thus, enhanced myocardial α1-receptor numbers and sensitivity 
may contribute to the positive inotropism seen during ischemia 
as well as to the malignant arrhythmias that occur with reperfu-
sion. Intracellular mobilization of cytosolic Ca2+ by the activated 
α1-myocardial receptors during ischemia appears to contribute 
to these arrhythmias. The α1 receptor also increases the sensitiv-
ity of the contractile elements to Ca2+. Drugs possessing potent α1 
antagonism such as prazosin and phentolamine have been shown 
to possess signiicant antiarrhythmic activity, but are of limited 
usefulness because of hypotension. Enhanced α1 activity with 
myocardial ischemia may explain why the antiarrhythmic ben-
eits of β antagonists in patients with acute myocardial infarction 
are far from certain. The contribution of β receptors to positive 
inotropism and arrhythmogenesis during ischemia and reperfu-
sion may be overshadowed by the α receptors during acute fail-
ure and ischemia.

PERIPHERAL VESSELS Activation of the presynaptic α2-vascular re-
ceptors produces vasodilation, whereas the postsynaptic α1- and 
α2-vascular receptors subserve vasoconstriction. Presynaptic vas-
cular α2 receptors inhibit NE release. This represents a negative 
feedback mechanism by which NE inhibits its own release via the 
prejunctional receptor. Presynaptic α2 agonists, such as clonidine, 
inhibit NE release at the neurosympathetic junction producing 
vasodilatation. The effect of selective presynaptic α2-receptor 
agonists to ameliorate coronary vasoconstriction in humans is 
unclear. Excitation of the inhibitory presynaptic α2 receptors by 
endogenous or synthetic catecholamines also inhibits NE release. 
However, most sympathomimetics are nonselective α agonists 
that will excite equally presynaptic α2 vasodilating receptors and 
vasoconstrictive postsynaptic α1 and α2 receptors. Postsynaptic 
α1 and α2 receptors coexist in both the arterial and venous sides 
of the circulation with the relative distribution of α2 receptors be-
ing greater on the venous side.12 This may explain why pure α1 
agonists, such as methoxamine, produce little venoconstriction, 
whereas many nonselective agonists such as phenylephrine pro-
duce signiicant venoconstriction. NE is the most potent veno-
constrictor of all the catecholamines. Clinically, venoconstriction 
would have the effect of preloading by shifting venous capaci-
tance centrally, whereas stimulation of arterial postsynaptic α1 
and α2 receptors would affect afterloading by increasing arterial 
resistance.

Alpha-adrenergic Receptors in the  
Central Nervous System

All subtypes of the α, β, and DA receptors have been found in 
various regions of the brain and spinal cord. The functional role 
of the cerebral α and β receptors suggests a close association 
with blood pressure and HR control. Cerebral and spinal cord 
presynaptic α2 receptors are also involved in inhibition of pre-
synaptic NE release. Although the brain contains adrenergic and 
dopaminergic receptors, circulating catecholamines do not cross 
the blood–brain barrier. The catecholamines in the brain are 
synthesized there. Many actions have been attributed to the cere-
bral postsynaptic α2 receptor. This includes inhibition of insu-
lin release, inhibition of bowel motility, stimulation of growth  
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hormone release, and inhibition of ADH release. Central neur
axial injections of α2 agonists, such as clonidine, induce analgesia, 
sedation, and cardiovascular depression. The increased duration 
of epidural or intrathecal anesthesia by the addition of nonselec
tive α agonists to the local anesthetic may produce additional 
analgesia through this mechanism.

Alpha Receptors in the Kidney

The kidney has an extensive and exclusive adrenergic innerva
tion of the afferent and efferent glomerular arterioles, proximal 
and distal renal tubules, ascending loop of Henle, and juxtaglo
merular apparatus. The greatest density of innervation is in the 
thick ascending loop of Henle, followed by the distal convoluted 
tubules and proximal tube. Both α1 and α2 subtypes are found 
in the kidney with the α2 receptor dominating. The α1 receptor 
is predominant in the renal vasculature and elicits vasoconstric
tion, which modulates renal blood low. Tubular α1 receptors 
enhance sodium and water reabsorption, leading to antinatri-
uresis, whereas tubular α2 receptors promote sodium and water 
excretion.

Beta-adrenergic Receptors

The β-adrenergic receptors, like the α receptor, have been divided 
into subtypes. They are designated as the β1 and β2 subtypes. 
Recently, molecular cloning has demonstrated the existence of a 
third subtype, namely β3 receptor. Activation of all these receptors 
subtypes induces the activation of adenylyl cyclase and increased 
conversion of ATP to cyclic adenosine-3′,5′-monophosphate 
(cAMP). β1 receptors predominate in the myocardium, the 
sinoatrial node, and the ventricular conduction system. The β1 
receptors also mediate the effects of the catecholamines on the 
myocardium. These receptors are equally sensitive to EPI and 
NE, which distinguishes them from the β2 receptors. Effects of β1 
stimulation are outlined in Table 15-4, which include their effects 
speciically on the cardiovascular system.

The β2 receptors are located in the smooth muscles of the 
blood vessels in the skin, muscle, mesentery, and in bronchial 
smooth muscle. Stimulation produces vasodilation and bronchial 
relaxation. The β2 receptors are more sensitive to EPI than NE. β 
receptors are found in both presynaptic and postsynaptic mem-
branes of the adrenergic neuroeffector junction (Table 15-4). β1 
receptors are distributed to postsynaptic sites and have not been 
identiied on the presynaptic membrane. Presynaptic β receptors 
are of the β2 subtype. The effects of activation of the presynaptic β2 
receptor are diametrically opposed to those of the presynaptic α2 
receptor. The presynaptic β2 receptor accelerates endogenous NE 
release, whereas blockade of this receptor will inhibit NE release. 
Antagonism of the presynaptic β2 receptors produces a physi-
ologic result similar to activation of the presynaptic α2 receptor. 
The postsynaptic β1 receptors are located on the synaptic mem-
brane and respond primarily to neuronal NE. The postsynaptic 
β2 receptors, like the postsynaptic α2 receptor, respond primarily 
to circulating EPI.

Beta Receptors in the Cardiovascular System

MYOCARDIUM Myocardial β receptors were originally classiied as 
β1 receptors. Those in the vascular and bronchial smooth muscle 
were called the β2 subtype. However, studies have conirmed the 
coexistence of β1 and β2 receptors in the myocardium.19 Both β1 
and β2 receptors are functionally coupled to adenylate cyclase, 
suggesting a similar involvement in the regulation of inotropism 

and chronotropism. Postsynaptic β1 receptors are distributed 
predominantly to the myocardium, the sinoatrial node, and the 
ventricular conduction system. The β2 receptors have the same 
distribution but are presynaptic. Activation of the presynaptic 
β2 receptor accelerates the release of NE into the synaptic cleft. 
The β2 receptor comprises 20% to 30% of the β receptors in the 
ventricular myocardium and up to 40% of the β receptors in the 
atrium.

The effect of NE on inotropism in the normal heart is medi-
ated entirely through the postsynaptic β1 receptor, whereas the 
inotropic effects of EPI are mediated through both the β1- and 
β2-myocardial receptors. The β2 receptors may also mediate the 
chronotropic responses to EPI which explains why selective β1 
antagonists are less effective in suppressing induced tachycardia 
than the nonselective β1 antagonist propranolol.

Peripheral Vessels

The postsynaptic vascular β receptors are virtually all of the β2 
subtype. The β2 receptors are located in the smooth muscle of the 
blood vessels of the skin, muscle, mesentery, and bronchi. Stimu-
lation of the postsynaptic β2 receptor produces vasodilation and 
bronchial relaxation. Modest vasoconstriction occurs when sub-
jected to blockade because the actions of the vascular postsyn-
aptic β2 receptors no longer oppose the actions of the α1- and 
α2-postsynaptic receptors.

Beta Receptors in the Kidney

The kidney contains both β1 and β2 receptors with the β1 being 
predominant. Renin release from the juxtaglomerular apparatus 
is enhanced by β stimulation. The β1 receptor evokes renin release 
in humans. Renal β2 receptors also appear to regulate renal blood 
low at the vascular level. They have been identiied pharmaco-
logically and mediate a vasodilatory response.

Dopaminergic Receptors

Dopamine, synthesized in 1910, was recognized in 1959 not only 
as a vasopressor and the precursor of NE and EPI, but also as an 
important central and peripheral neurotransmitter. Dopamine 
receptors (DA) are localized in the CNS, on blood vessels, and 
postganglionic sympathetic nerves (Table 15-4). Two clinically 
important types of DA receptors have been recognized: DA1 and 
DA2, while other subtypes such as DA4 and DA5 are still being 
investigated. The DA1 receptors are postsynaptic, whereas the 
DA2 receptors are both presynaptic and postsynaptic. The pre-
synaptic DA2 receptors, like the presynaptic α2 receptor, inhibit 
NE release and can produce vasodilatation. The postsynaptic 
DA2 receptor may subserve vasoconstriction similar to that of 
the postsynaptic α2 receptor. This effect is opposite to that of the 
postsynaptic DA1 renal vascular receptor. The zona glomerulosa 
of the adrenal cortex also contains DA2 receptors, which inhibit 
the release of aldosterone.

Myocardium

Deining speciic dopaminergic receptors has been dificult 
because dopamine also exerts effects on the α and β receptors. 
DA receptors have not been described in the myocardium. Effects 
of dopamine are those related to activation of β1 receptors, which 
promote positive inotropism and chronotropism. β2 activation 
may produce some systemic vasodilatation.
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Peripheral Vessels

The greatest numbers of DA1postsynaptic receptors are found 
on vascular smooth muscle cells of the kidney and mesentery, but 
are also found in the other systemic arteries including coronary, 
cerebral, and cutaneous arteries. The vascular receptors are, like 
the β2 receptors, linked to adenylate cyclase and mediate smooth 
muscle relaxation. Activation of these receptors produces vaso
dilatation, increasing blood low to these organs. Concurrent 
activation of vascular presynaptic DA2 receptors also inhibits NE 
release at presynaptic α2 receptors, which may also contribute to 
peripheral vasodilatation. Higher doses of dopamine can medi-
ate vasoconstriction via the postsynaptic α1 and α2 receptors. The 
constrictive effect is relatively weak in the cardiovascular system 
where the action of dopamine on adrenergic receptors is 1/35 and 
1/50 as potent as that of EPI and NE, respectively.20

Central Nervous System

DA receptors have been identiied in the hypothalamus where 
they are involved in prolactin release. They are also found in the 
basal ganglia where they coordinate motor function. Degenera-
tion of dopaminergic neurons in the substantia nigra is the cause 
of Parkinson’s disease. Another central action of dopamine is to 
stimulate the chemoreceptor trigger zone of the medulla, produc-
ing nausea and vomiting. Dopamine antagonists such as halo-
peridol and droperidol are clinically effective in countering this 
action.

Kidney and Mesentery

Apart from their effect on the vessels of the kidney and mesentery, 
DA receptors on the smooth muscle of the esophagus, stomach,  
and small intestine enhance secretion production and reduce 
intestinal motility.20,21 Metoclopramide, a dopamine antagonist, 
is useful for aspiration prophylaxis by promoting gastric empty-
ing. The distribution of DA receptors in the renal vasculature is 
well known, but DA receptors have other functions within the 
kidney. DA1 receptors are located on renal tubules, which inhibit 
sodium reabsorption with subsequent natriuresis and diuresis. 
The natriuresis may be the result of a combined renal vasodila-
tation, improved CO, and tubular action of the DA1 receptors. 
Juxtaglomerular cells also contain DA1 receptors, which increase 
renin release when activated. This action modulates the diuresis 
produced by DA1 activation of the tubules.

Dopamine has unique autonomic effects by activating speciic 
peripheral dopaminergic receptors, which promote natriure-
sis and reduce afterload via dilatation of the renal and mesenteric 
arterial beds. Peripheral dopaminergic activity serves as a natural 
antihypertensive mechanism. Its actions are overshadowed by the 
opposite effect of its main biologic partner, NE. Plasma NE lev-
els are known to increase with aging, likely the result of reduced 
clearance, while peripheral dopaminergic activity is known to 
diminish. Subtle changes in the DA–NE balance with aging may 
account for the diminished ability of the aged kidney to excrete 
a salt load.

Other Receptors

Adenosine Receptors

Adenosine produces inhibition of NE release. The effect of ade-
nosine is blocked by caffeine and other methylxanthines. The 
physiologic function of these receptors may be the reduction of 
sympathetic tone under hypoxic conditions when adenosine pro-
duction is enhanced. As a consequence of reduced NE release, 

cardiac work would be decreased and oxygen demand reduced. 
Adenosine has been effectively used to produce controlled  
hypotension.22

Serotonin

Serotonin (5-hydroxytryptamine) depresses the response of iso-
lated blood vessels to SNS stimulation and decreases release of 
labeled NE in these preparations. Raising the external calcium 
ion concentration antagonizes this inhibitory action of serotonin. 
Thus, serotonin may inhibit neuronal NE release by a mechanism 
that limits the availability of calcium ions at the nerve terminal.

Prostaglandin E2, Histamine, and Opioids

Prostaglandin E2, histamine, and several opioids have been 
reported to act on prejunctional receptor sites to inhibit NE 
release in certain sympathetically innervated tissue. However, 
these inhibitory receptors are unlikely to play a physiologic role 
in limiting NE release since their direct antagonists, compounds 
such as inhibitors of cyclooxygenase, histamine antagonists, and 
naloxone do not increase a NE release.

Histamine acts in a manner similar to the neurotransmitters of 
the SNS. The cell membrane has speciic receptors for histamine, 
with the individual response being determined by the type of cell 
being stimulated (see Chapter 12 The Allergic Response). Two 
receptors for histamine have been determined. These have been 
designated H1 and H2, for which it has been possible to develop 
speciic agonists and antagonists. Stimulation of the H1 recep-
tors produces bronchoconstriction and intestinal contraction. 
The major role of the H2 receptors is related to acid production 
by the parietal cells of the stomach; however, histamine is also 
present in relatively high concentrations in the myocardium and 
cardiac conducting tissue, where it exerts positive inotropic and 
chronotropic effects while depressing dromotropism. The posi-
tive inotropic and chronotropic effects of histamine are H2 recep-
tor effects that are not blocked by β antagonism. These effects are 
blocked by H2 antagonists, such as cimetidine, which accounts for 
the occasional report of cardiovascular collapse following the use 
of cimetidine. The negative dromotropic effect and that of coro-
nary spasm caused by histamine are H1 receptor effects.

Adrenergic Receptor Numbers and Sensitivity

Receptors, once thought to be static entities, are now thought 
to be dynamically regulated by a variety of conditions and to 
be in a constant state of lux. Receptors are synthesized in the 
sarcoplasmic reticulum (SR) of the parent cell, where they may 
remain extrasynaptic or externalize to the synaptic membranes 
where they may cluster. Membrane receptors may be removed 
or internalized to intracellular sites for either dehydration or 
recycling.

The numbers and sensitivity of adrenergic receptors can 
be inluenced by normal, genetic, and developmental factors. 
Changes in the number of receptors alter the response to cate-
cholamines. Alteration in the number, or density of receptors is 
referred to as either upregulation or downregulation. As a rule, 
the number of receptors is inversely proportional to the ambi-
ent concentration of the catecholamines. Extended exposure of 
receptors to their agonists markedly reduces, but does not ablate, 
the biologic response to catecholamines. For example, increased 
adrenergic activity occurs in response to reduced perfusion 
as a result of acute or chronic myocardial dysfunction. Plasma 
catecholamines are increased. Subsequently, the myocardial  
postsynaptic β1 receptors are “downregulated” (see Chapter 7 Basic 

7
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Principles of Clinical Pharmacology). This is thought to explain 
the diminished inotropic and chronotropic response to β1 ago
nists and exercise in patients with chronic heart failure. However, 
calciuminduced inotropism is not impaired because extrasynap
tic β2receptor numbers remain relatively intact. The β2 recep
tors may account for up to 40% of the inotropism of the failing 
heart compared with 20% in the normal heart.18,23 Tachyphy
laxis to infused catecholamines is also thought to be the result of  
acute “downregulation” of receptors. There appears to be a 
reduction in numbers or sensitivity of β receptors in hypertensive 
patients who also have elevated plasma catecholamines. Down
regulation is the presumptive explanation for the lack of correla
tion between plasma catecholamine levels and the blood pressure 
elevation in patients with pheochromocytoma. Chronic use of β 
agonists such as terbutaline, isoproterenol, or EPI for the treat
ment of asthma can result in tachyphylaxis because of downregu
lation. Even shortterm use (1 to 6 hours) of β agonists may cause 
downregulation of receptor numbers. Downregulation is revers
ible on termination of the agonist. Chronic treatment of animals 
with nonselective β blockade causes a 100% increase in the num
ber of β receptors. This accounts for the propranolol withdrawal 
syndrome in which the acute discontinuation of the β antagonist 
leaves the α receptors unopposed, in addition to an increased 
number of β receptors. Clonidine withdrawal can be explained by 
the same mechanism. Up or downregulation of receptor num
bers may not alter sensitivity of the receptor. Likewise, sensitivity 
may be increased or decreased in the presence of normal numbers 
of receptors. The pharmacologic factors affecting up or down
regulation of the α and β receptors are similar.

AUTONOMIC NERVOUS SYSTEM 

REFLExES AND INTERACTIONS

The ANS relex has been compared to a computer circuit. This 
control system, as in all relex systems, has (1) sensors, (2) afferent 
pathways, (3) CNS integration, and (4) efferent pathways to the 
receptors and efferent organs. Fine adjustments are made at the 
local level through positive and negative feedback mechanisms. 
The baroreceptor is an example. The variable to be controlled 
(blood pressure) is sensed (carotid sinus), integrated (medul-
lary vasomotor center), and adjusted through speciic effector–
receptor sites. Drugs or disease can interrupt this circuit at any 
point. β blockers may attenuate the effector response, whereas an 
α agonist such as clonidine may alter both the effector and the 
integrator functions of blood pressure control.

Baroreceptors

Several relexes in the cardiovascular system help govern arte-
rial blood pressure control cardiac output (CO), and heart rate 
(HR). The aim of the circulation is to provide blood low to all the 
body organs (see Chapter 10 Cardiac Anatomy and Physiology). 
Yet, the most important controlled variable to which the sensors 
are attuned is blood pressure, a product of the blood low and 
vascular resistance. Étienne Marey noted in 1859 that the pulse 
rate is inversely proportional to the blood pressure, and this is 
known as Marey’s law. Subsequently, Hering, Koch, and oth-
ers demonstrated that the alterations in HR evoked by changes 
in blood pressure are dependent on baroreceptors located in the 
aortic arch and the carotid sinuses. These pressure sensors react 
to alterations in stretch caused by blood pressure. Impulses from 
the carotid sinus and aortic arch reach the medullary vasomo-

8

tor center by the glossopharyngeal and vagus nerves, respec-
tively. Increased sensory trafic from the baroreceptors, caused by 
increased blood pressure, inhibits SNS effector trafic. The rela-
tive increase in vagal tone produces vasodilation, slowing of the 
HR, and a lowering of blood pressure. Real increases in vagal tone 
occur when blood pressure exceeds normal limits. The Valsalva 
maneuver can best demonstrate the arterial baroreceptor relex 
(Fig. 15-11). The Valsalva maneuver raises the intrathoracic pres-
sure by forced expiration against a closed glottis. The arterial 
blood pressure rises momentarily as the intrathoracic blood is  
forced into the heart (increased preload). Sustained intratho-
racic pressure diminishes venous return, reduces the CO, and 
drops the blood pressure. Relex vasoconstriction and tachycar-
dia ensue. Blood pressure returns to normal with release of the 
forced expiration, but then briely “overshoots” because of the 
vasoconstriction and increased venous return. A slowing of the 
HR accompanies the overshoot in pressure. The cardiovascular 
responses to the Valsalva maneuver require an intact ANS circuit 
from peripheral sensor to peripheral adrenergic receptors. The 
Valsalva maneuver has been used to identify patients at risk for 
anesthesia due to ANS instability (Fig. 15-11). This was once a 
major concern in patients receiving drugs that depleted catechol-
amines, such as reserpine. Dysfunction of the SNS is implicated 
if exaggerated and prolonged hypotension develops during the 
forced expiration phase (50% from resting mean arterial pres-
sure). In addition, the overshoot at the end of the Valsalva maneu-
ver is absent. Dysfunction of the PNS can be assumed if the HR 
does not respond appropriately to the blood pressure changes.

Venous baroreceptors may be more dominant in the moment-
to-moment regulation of CO. Baroreceptors in the right atrium 
and great veins produce an increase in HR when stretched 
by increased right atrial pressure. Reduced venous pressure 
decreases HR. Unlike the arterial baroreceptors, venous sensors 
are not thought to alter vascular tone; however, venoconstriction 
is postulated to occur when atrial pressures decline. Stretch of 
the venous receptors produces changes in HR opposite to those 
produced when the arterial pressure sensors are stimulated. The 
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FIgURE 15-11. A: The normal blood pressure response to the Val-
salva maneuver is demonstrated. Pulse rate moves in a reciprocal direc-
tion according to Marey’s law of the heart. B: An abnormal Valsalva 
response is shown in a patient with C5 quadriplegia.
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arterial and venous pressure receptors are separately monitoring 
two of the four major determinants of CO: Afterload and preload, 
respectively. Venous baroreceptors sample preload by stretch of 
the atrium. Arterial baroreceptors survey resistance, or afterload, 
as relected in the mean arterial pressure. Afterload and preload  
produce opposite effects on CO; thus, one should not be sur-
prised that the venous and arterial baroreceptors produce oppos-
ing effects after a similar stretch stimulus, pressure.

Bainbridge described the venous baroreceptor relex and 
demonstrated that it can be abolished by vagal resection. Numer-
ous investigators have conirmed the acceleration of the HR in 
response to volume. However, the magnitude and direction of 
the HR response are dependent on the prevailing HR at the time 
of stimulation. The denervated, transplanted mammalian heart 
also accelerates in response to volume loading. HR, like CO, 
can apparently be adjusted to the quantity of blood entering the 
heart. The Bainbridge relex relates to the characteristic but para-
doxical slowing of the heart seen with spinal anesthesia. Blockade 
of the SNS levels of T1–4 ablates the efferent limb of the cardiac 
accelerator nerves. This source of cardiac deceleration is obvi-
ous, as the vagus nerve is unopposed. However, bradycardia 
during spinal anesthesia is more related to the development of 
arterial hypotension than to the height of the block. The primary 
defect in the development of spinal hypotension is a decrease in 
venous return. Theoretically, the arterial hypotension should 
relexly produce a tachycardia through the arterial barorecep-
tors. Instead, bradycardia is more common. Greene suggests 
that in the unmedicated person, the venous baroreceptors are  
dominant over the arterial. A reduced venous pressure, there-
fore, slows HR.24 In contrast, humorally mediated tachycardia is 
the usual response to hypotension or acidosis from other causes. 
In patients with dificult to control blood pressure, decreasing 
the sympathetic outlow seems to be beneicial in better regu-
lating the blood pressure. Therefore, surgical interuption of 
renal efferent sympathetic outlow with radiofrequency ablation 
through femoral artery catheterization increases natriuresis and 
diuresis, and reduces renin production. Also, barorelex sensiti-
zation through an implantable carotid sinus stimulator seems to 
be extremely promising in patients with refractory hypertension, 
with more research underway.25

Denervated heart

Relex modulation of the adrenergic agonists is best seen in the 
denervated transplant heart, which retains the recipient’s inner-
vated sinoatrial node and the donor’s denervated sinoatrial node26 
(see Chapter 51 Transplant Anesthesia). NE infusion in the 
transplanted heart produces a slowing of the recipient’s atrial 
rate through vagal feedback as the blood pressure rises. In the 
unmodulated donor heart, atrial rate increases. The barorecep-
tors are therefore not operant in the transplanted heart. Isopro-
terenol, a pure β agonist, increases the discharge rate of both the 
recipient and donor node by direct action, with the donor rate 
near doubling that of the recipient node. Atropine accelerates  
the recipient’s atrial rate, whereas no effect is seen on the donor 
rate, which now controls HR.

β blockade produces comparable slowing of the sinoatrial 
node of both recipient and donor. The exercise capability of the 
denervated heart is conspicuously reduced by β blockade, pre-
sumably because of its reliance on circulating catecholamines. 
Propranolol has also been demonstrated to reduce the β response 
to chronotropic effects of NE and isoproterenol in the trans-
planted heart. The CO of the transplanted heart varies appropri-
ately with changes in preload and afterload.

Interaction of Autonomic  
Nervous System Receptors

Strong interactions have been noted between SNS and PNS nerves 
in organs that receive dual, antagonistic innervation. Release of NE 
at the presynaptic terminal is modiied by the PNS. For example, 
vagal inhibition of left ventricular contractility is accentuated as 
the level of SNS activity is raised. This interaction is termed accen-
tuated antagonism and is mediated by a combination of presynap-
tic and postsynaptic mechanisms. The coronary arteries present an 
example of this phenomenon and deserve special attention.

The myocardium and coronary vessels are abundantly sup-
plied with adrenergic and cholinergic ibers. Strong activity of 
both α and β receptors has been demonstrated in the coronary 
vascular bed. Selective stimulation of both the α1 and postsyn-
aptic α2 receptors increases coronary vascular resistance, whereas 
selective α blockade eliminates this effect. Therefore, both β1 and 
α1 adrenoreceptors are present on coronary arteries and acces-
sible to NE released by sympathetic nerves.6,15

The presynaptic adrenergic terminals of the myocardium 
and coronary vessels, like all blood vessels studied, contain 
muscarinic receptors.11 Recent observations conirm that mus-
carinic agents and vagal stimulation, acting on the presyn-
aptic, SNS muscarinic receptor, inhibit the release of NE in a 
manner similar to that of the presynaptic α2 and DA2 receptors 
(Fig. 15-9). Conversely, blockade of the muscarinic receptors with 
atropine markedly augments the positive inotropic responses to 
catecholamines.6 Suppression of NE release explains, in part, 
vagal-induced attenuation of the inotropic response to strong 
SNS stimulation (accentuated antagonism) and only a weak 
negative inotropic effect of vagal stimulation when there is low 
background SNS activity. This may also explain why vagal activ-
ity reduces the vulnerability of the myocardium to ibrillation 
during infusions of NE.

ACh may cause coronary spasm during periods of high SNS 
tone.6 Inhibition of NE release by presynaptic adrenergic musca-
rinic receptors of the smooth muscle of coronary vessels would 
lessen the coronary relaxation normally produced by NE on the 
β1 receptor (Fig. 15-9). In anesthetized dogs, the rate of NE out-
low into the coronary sinus blood, evoked by cardiac SNS stim-
ulation, is markedly diminished by simultaneous vagal efferent 
stimulation.27 This action is known to be prevented by atropine, 
which also causes coronary vasodilation.

Interaction with Other Regulatory Systems

The ANS is integrally related to several endocrine systems 
that ultimately summate to control blood pressure and regulate 
homeostasis. These include the renin–angiotensin system, ADH, 
glucocorticoids, and insulin (see Chapter 46 Endocrine Function). 
Both α and β receptors have been found in the endocrine pan-
creas and modulate insulin release (see Table 15-4). β stimula-
tion increases insulin release, whereas α stimulation decreases it. 
The overall importance of this interaction is not entirely clear, 
but decreased tolerance to glucose and potassium has been noted 
in subjects taking β-blocking drugs. The renin–angiotensin sys-
tem is a complex endocrine system that modulates both blood 
pressure and water–electrolyte homeostasis (Fig. 15-12). Renin is 
a proteolytic enzyme released by the cells of the juxtaglomerular 
apparatus of the renal cortex. Renin acts on plasma angioten-
sinogen to form angiotensin I. Angiotensin I is then converted 
to angiotensin II by a converting enzyme in the lung. Angio-
tensin II is a powerful direct arterial vasoconstrictor. It also acts 
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on the adrenal cortex to release aldosterone and on the adrenal 
medulla to release EPI. In addition to its direct effects on vascular 
smooth muscle, angiotensin II augments NE release via presyn
aptic receptors, thus enhancing peripheral SNS tone. Captopril, 
enalapril, and lisinopril inhibit the action of converting enzyme, 
thus preventing the conversion of angiotensin I to angiotensin 
II. Renin is released in response to hyponatremia, decreased 
renal perfusion pressure, and ANS stimulation via β receptors 
on juxtaglomerular cells. Changes in sympathetic tone may thus 
alter renin release and affect homeostasis in a variety of ways. 
The ANS is also intimately related to adrenocortical function. As 
outlined above, glucocorticoid release modulates phenylethanol
amineNmethyltransferase formation and thus synthesis of EPI. 
Glucocorticoids are also important in regulating the response of 
peripheral tissues to changes in SNS tone. Thus, the ANS is inti
mately related to other homeostatic mechanisms.

CLINICAL AUTONOMIC NERVOUS 

SYSTEM pHARMACOLOgY

The clinical application of ANS pharmacology is based on the 
knowledge of ANS anatomy, physiology, and molecular pharma
cology. Drugs that modify ANS activity can be classiied by their  
site of action, mechanism of action, or the pathology for which 
they are most commonly used. Antihypertensive drugs are an 
example of the third category. This classiication is a matter 
of degree because considerable functional overlap occurs. An 
example of classiication by site relates to the ganglionic ago-
nists or blocking agents. ANS drugs can be further categorized 
as those that act at the prejunctional membrane and those  
acting postjunctionally. They can then be more speciically 
classiied by the predominant receptor or receptors on which 
they act.

mode of Action

ANS drugs may be broadly classiied by mode of action according 
to their mimetic or lytic actions. This may also be termed agonist 

9

or antagonist. A sympathomimetic, such as ephedrine, mimics 
SNS sympathetic activity by stimulation of adrenergic receptor 
sites both directly and indirectly. Sympatholytic drugs cause dis-
solution of SNS activity at these same receptor sites. β receptor 
blockers are examples of sympatholytic drugs. Several modes of 
ANS drug action become evident when one follows the cascade of 
neurotransmission. Drugs that act on prejunctional membranes 
may therefore (1) interfere with transmitter synthesis (α-methyl 
paratyrosine), (2) interfere with transmitter storage (reserpine), 
(3) interfere with transmitter release (clonidine), (4) stimulate 
transmitter release (ephedrine), or (5) interfere with reuptake of 
transmitter (cocaine). Drugs may also (6) modify metabolism of 
the neurotransmitter in the synaptic cleft (anticholinesterase). 
Drugs acting at postjunctional sites may (7) directly stimulate 
postjunctional receptors and (8) interfere with transmitter ago-
nist at the postjunctional receptor.

The ultimate response of an effector organ to an agonist or 
antagonist depends on (1) the drug, (2) its plasma concentration, 
(3) the number of receptors in the effector organ, (4) binding 
by the receptor, (5) the concurrent activities of other drugs and 
hormones, (6) the cellular metabolic status, and (7) relex adjust-
ments by the organism.

Ganglionic Drugs

SNS and PNS ganglia are pharmacologically similar in that the 
transmission through these ANS ganglia is effected by ACh (see 
Fig. 15-2). Most ganglionic agonists and antagonists are not selec-
tive and affect SNS and PNS ganglia equally. This nonselective 
property creates many undesirable and unpredictable side effects, 
which have limited the clinical usefulness of this category of drug.

Agonists

There are essentially no clinically useful ganglionic agonists. 
Nicotine is the prototypical ganglionic agonist. In low doses, it 
stimulates ANS ganglia and the neuromuscular junction of stri-
ated muscle. High doses produce ganglionic and neuromuscular 
blockade. The protean side effects of nicotinic stimulation render 
it useful only as an investigative tool.

Aldosterone Release

Vasoconstriction
Enhanced Sympathetic Tone

Angiotensinogen AngiotensinI

Converting
Enzyme

AngiotensinII

Hyponatremia

Hypovolemia

HypotensionElevated Blood Pressure

Increased Blood Volume

Na� Retention

Sympathetic Tone

Renin Release

�

�

� �

�

�

�

FIgURE 15-12. The interactions of 
the renin–angiotensin and SNS in regu-
lating homeostasis are shown sche-
matically along with the physiologic 
variables that modulate their function. 
Arrows with a plus sign (+) represent 
stimulation, and those with a minus 
sign (–) represent inhibition.
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Antagonists

Drugs that interfere with neurotransmission at ANS ganglia are 
known as ganglionic blocking agents. Nicotine, in high doses, is 
the prototypical ganglionic blocking agent also; however, early 
stimulatory nicotinic activity can be blocked both at the gan
glia and at the muscle end plates with other ganglionic blockers 
and muscle relaxants, respectively, without blocking muscarinic 
effects. Ganglionic blockers produce their nicotinic effects by 
competing, mimicking, or interfering with ACh metabolism. 
Hexamethonium, trimethaphan, and pentolinium produce a 
selective nondepolarizing blockade of neurotransmission at ANS 
ganglia without producing nicotinic neuromuscular blockade. 
They compete with ACh in the ganglia without stimulating the 
receptors. The introduction of drugs that produce vasodilation 
directly or by action on the SNS vasomotor center has made the 
ganglionic blockers obsolete. dtubocurare (dTC) produces a 
competitive nondepolarizing block of both motor end plates and 
ANS ganglia. The action of motor paralysis predominates, but the 
concomitant ganglionic blockade at higher doses explains part of 
the hypotensive effect often seen with the use of dTC for muscle 
relaxation. Anticholinesterase drugs may produce nicotinic type 
ganglionic blockade by competition with ACh as well as by persis
tent depolarization via accumulated ACh.

Trimethaphan produces blockade by competition with ACh 
for receptors, thus stabilizing the postsynaptic membrane. How
ever, side effects and rapid onset tachyphylaxis have markedly 

reduced its use in anesthesia.28 The patient’s pupils become ixed 
and dilated during administration, which obscures eye signs, 
an important consideration for neurosurgery. In this regard, it 
is distinctly inferior to nitroprusside. The major advantage of 
 trimethaphan is its short duration of action, which is the result of 
pseudocholinesterase hydrolysis.

Cholinergic Drugs

muscarinic Agonists

The cholinomimetic muscarinic drugs act at sites in the body 
where ACh is the neurotransmitter of the nerve impulse. These 
drugs may be divided into three groups, the irst two of which  
are direct muscarinic agonists. The third group acts indirectly. 
These groups are choline esters (ACh, methacholine, carbamyl-
choline, bethanechol), alkaloids (pilocarpine, muscarine), and 
anticholinesterases (physostigmine, neostigmine, pyridostig-
mine, edrophonium, echothiophate).

Direct Cholinomimetics

ACh has virtually no therapeutic applications because of its dif-
fuse action and rapid hydrolysis by cholinesterase (see Fig. 15-5). 
One may encounter the use of topical ACh (1%) drops during 
cataract extraction when a rapid miosis is desired. Systemic effects 
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are not usually seen because of the rapidity of ACh hydrolysis. 
Derivatives of ACh, other choline esters, have been synthesized, 
which possess more selective muscarinic activity than ACh. They 
differ from ACh in being more resistant to inactivation by cho
linesterase and thus having a more prolonged and useful action. 
They also differ from ACh in their relative muscarinic and nic
otinic activities. The best studied of these drugs are methacho
line, bethanechol, and carbamylcholine. The chemical structures 
of ACh and these choline esters are shown in Figure 1513.  
Their pharmacologic actions are compared with those of ACh 
in Table 155. These are not important drugs in anesthesiology 
practice but anesthesiologists may encounter patients who are 
receiving them. (See Chapter 22, Preoperative Patient Assessment 
and Management.)

ACh is a quaternary ammonium compound that interacts 
with postsynaptic receptors, causing conformational membrane 
changes. This results in increased permeability to small ions and, 
thus, depolarization. All the receptors translate the reversible 
binding of ACh into openings of discrete channels in excitable 
membranes, allowing Na+ and K+ ions to low along their elec-
trochemical gradients. Structure–activity relationships point to 
the presence of two important binding sites on the receptor, an 
esteratic site that binds the ester end of the molecule and an ionic 
site that binds the quaternary amine portion (see Fig. 15-5). Subtle 
changes in the structure of the compound can markedly alter the 
responses among different tissue groups. The degree of muscarinic 

activity falls if the acetyl group is replaced, but this confers a resis-
tance to enzymatic hydrolysis. Bethanechol is resistant to hydroly-
sis but possesses mainly muscarinic activity. β-methyl substitution 
produces methacholine, which is less resistant to hydrolysis and 
is primarily a muscarinic agonist. Methacholine slows the heart 
and dilates peripheral blood vessels. It is used to terminate supra-
ventricular tachydysrhythmias, especially paroxysmal tachycar-
dia, when other measures have failed. It also increases intestinal 
tone. Methacholine should not be given to patients with asthma. 
Hypertensive patients may also develop marked hypotension. Side 
effects are those of PNS stimulation such as nausea, vomiting, and 
lushed sweating. Overdose is treated with atropine. Bethanechol 
is relatively selective for the gastrointestinal and urinary tracts. In 
usual doses it does not slow the heart or lower the blood pres-
sure. Bethanechol is of value in treating postoperative abdominal 
distention (nonobstructive paralytic ileus), gastric atony following 
bilateral vagotomy, congenital megacolon, nonobstructive urinary 
retention, and some cases of neurogenic bladder.

Direct-acting cholinomimetic alkaloids include muscarine 
and pilocarpine. They act at the same sites as ACh, and their 
effects are similar to those of ACh as described in Table 15-5. 
There are no uses for these drugs in anesthesiology. Pilocarpine 
is the only drug of this group used therapeutically in the United 
States. Its sole use is for the treatment of glaucoma, for which it is 
the standard. It is used as a topical miotic drug in ophthalmologic 
practice to reduce intraocular pressure in glaucoma.

TAbLE 15-5. ComParative musCariniC aCtions of direCt CholinomimetiC agents

Systemic

Acetylcholine Methacholine Carbamylcholine Bethanechol Pilocarpine

esterase hydrolysis + + + + 0 0 0
eye (topical)

Iris + + + + + + + + + + + + +
Ciliary + + + + + + + + + + + +

heart

Rate − − – –
Contractility – – – –
Conduction − − – –

smooth muscle

Vascular − − – – – –
Bronchial + + + + + + + +
Gastrointestinal motility + + + + + + + + + + + +
Gastrointestinal sphincters − – − − + +
Biliary + + + + + + + + + + + +
Bladder
Detrusor + + + + + + + + + + + +
Sphincter − – − − −

exocrine glands

Respiratory + + + + + + + + + + + + + +
Salivary + + + + + + + + + + + + +
Pharyngeal + + + + + + + + + + + +
Lacrimal + + + + + + + + + + + +
Sweat + + + + + + + + + + + + +
Gastrointestinal acid and 

secretions
+ + + + + + + + + + + +

nicotinic actions + + + + + + + – + + +

+, stimulation; −, inhibition.
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Muscarinic agonists are particularly dangerous in patients 
with myasthenia gravis (who are receiving anticholinesterases), 
bulbar palsy, cardiac disease, asthma, peptic ulcer, progressive 
muscular atrophy, or mechanical intestinal obstruction or uri
nary retention because they intensify these conditions.

Indirect Cholinomimetics

The indirectacting cholinomimetic drugs are of greater impor
tance to the anesthesiologist than are the directacting drugs. 
These drugs produce cholinomimetic effects indirectly as a result 
of inhibition or inactivation of the enzyme acetylcholinesterase, 
which normally destroys ACh by hydrolysis. They are referred to 
as cholinesterase inhibitors or anticholinesterases. Most of these 
drugs inhibit both acetylcholinesterase and pseudocholinesterase. 
Inhibition of acetylcholinesterase permits the accumulation of 
ACh transmitter in the synapse, resulting in intense PNS activity 
similar to that of the direct cholinomimetic agents. The accumu
lation of ACh by the anticholinesterases potentially can produce 
all of the following: (1) stimulation of muscarinic receptors at 
ANS effect organs, (2) stimulation followed by depression of all 
ANS ganglia and skeletal muscle (nicotinic), and (3) stimulation 
with later depression of cholinergic receptor sites in the CNS. All 
of these effects may be seen with lethal doses of anticholinesterase 
drugs, but therapeutic doses only produce the irst two.

Actions of therapeutic signiicance of the anticholinesterase 
drugs to the anesthesiologist concern the eye, the intestine, and 
the neuromuscular junction. The effects of anticholinesterases 
are useful in the treatment of myasthenia gravis, glaucoma, 
and atony of the gastrointestinal and urinary tracts. Anticho-
linesterase drugs are used routinely in anesthesia to reverse 
nondepolarizing neuromuscular block. The most prominent 
pharmacologic effects of the anticholinesterase drugs are musca-
rinic. Their most useful actions are their nicotinic effects. Mus-
carinic activity is evoked by lower concentrations of ACh than 
are necessary to produce the desired nicotinic effect. For exam-
ple, the anticholinesterase neostigmine reverses neuromuscular 
blockade by increasing ACh concentration at the muscle end 
plate, a nicotinic receptor. Nicotinic reversal of neuromuscular 
blockade can usually be produced safely only when the patient 
has been protected by atropine or other muscarinic blockers. 
This prevents the untoward muscarinic effects of bradycardia, 
hypotension, bronchospasm, or intestinal spasm. Reversal of 
neuromuscular blockade in patients who have had bowel anas-
tomosis was at one time a major controversy. (See Chapter 20, 
Neuromuscular Agents.) Some thought that the muscarinic 
effects of anticholinesterase drugs (hypermotility) increased the 
risk of anastomotic leakage whereas others found no association 
between their use and subsequent breakdown. National experi-
ence has favored the latter opinion.

Clinically, anticholinesterase drugs may be divided into two 
types: The reversible and nonreversible cholinesterase inhibi-
tors.28 Reversible cholinesterase inhibitors delay the hydrolysis 
of ACh from 1 to 8 hours. Nonreversible drugs are so named 
because their inhibitory effects may last from days to weeks. 
The differences in duration of various anticholinesterases likely 
depend on whether they inhibit the anionic or esteratic site of 
acetylcholinesterase. Therefore, the anticholinesterase drugs have 
also been pharmacologically subdivided. Drugs that inhibit the 
anionic site are called competitive inhibitors. Their action is due to 
competition between the anticholinesterase and ACh for the 
anionic site. These drugs tend to be short-acting. Edrophonium 
is an example of this type. Drugs that inhibit the esteratic site are 
called acid-transferring inhibitors. These drugs include the longer 
acting neostigmine, pyridostigmine, and physostigmine.

10

Most of the reversible cholinesterase inhibitors are quaternary 
ammonium compounds and do not cross the blood–brain bar-
rier. Physostigmine is a tertiary amine that readily passes into 
the CNS (Fig. 15-14). It produces central muscarinic stimulation 
and, thus, is not used to reverse neuromuscular blockade but can 
be used to treat atropine poisoning. Conversely, atropine is used 
to treat physostigmine poisoning. Physostigmine has also been 
found to be a speciic antidote in the treatment of postoperative 
delirium (see below Central Anticholinergic Syndrome).3

The irreversible cholinesterase inhibitors are mostly organo-
phosphate compounds. The organophosphate compounds are 
highly lipid-soluble, they readily pass into the CNS, and are 
rapidly absorbed through the skin. They are used as the active 
ingredient in potent insecticides and chemical warfare agents 
known as nerve gases (see Chapter 53, Emergency Preparedness 
for, and Disaster Management of, Casualties from Natural Disas-
ters and Chemical , Biologic, Radiologic, Nuclear and High-Yield 
Explosive (CBRNE) Events). The only therapeutic drug of this 
group is echothiophate, which is available in the form of topical 
drops for the treatment of glaucoma. Its primary advantage is its 
prolonged duration of action. Topical absorption is variable but 
considerable. Echothiophate can remain effective for 2 or 3 weeks 
following cessation of therapy. A history of use of echothiophate 
is important in avoiding prolonged action of succinylcholine, 
which requires pseudocholinesterase for its hydrolysis. Organo-
phosphate poisoning manifests all the signs and symptoms of 
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excess ACh. The antidote cartridges dispensed to troops to coun
ter the effects of anticholinesterase nerve gases contain only atro
pine, which would effectively counter the muscarinic effects of 
the gas; however, atropine does little to counter the high dose nic
otinic muscle paralysis or the central ventilation depression that 
contributes to death from nerve gases. Treatment requires high 
doses of atropine, 35 to 70 mg/kg IV every 3 to 10 minutes until 
muscarinic symptoms abate. Lower doses at less frequent intervals 
may be required for several days. Central ventilatory depression 
and weakness require respiratory support and speciic therapy of 
the cholinesterase lesion. Pralidoxime has been reported to reacti-
vate cholinesterase activity by hydrolysis of the phosphate enzyme 
complex. It is particularly effective with parathion poisoning and is 
the only cholinesterase reactivator available in the United States.28

muscarinic Antagonists

Muscarinic antagonist refers to a speciic drug action for which the 
term anticholinergic is widely used. Any drug that interferes with 
the action of ACh as a transmitter can be considered an anticho-
linergic agent. The term anticholinergic refers to a broader clas-
siication that also includes the nicotinic antagonists.

Atropine-like Drugs

Atropine, scopolamine, and glycopyrrolate are the most com-
monly used muscarinic antagonists used in anesthesia (Fig. 
15-15). The actions of these drugs include inhibition of sali-
vary, bronchial, pancreatic, and gastrointestinal secretions and 
antagonize of the muscarinic side effects of anticholinesterases 
during reversal of muscle relaxants. Historically, atropine was 
introduced to anesthesia practice to prevent excessive secre-
tions during ether anesthesia and to prevent vagal bradycar-
dia during the administration of chloroform.28 Antimuscarinic 
agents do not inhibit transmission equally, and there are 
marked variations in sensitivity at different muscarinic sites 
owing to differences in penetration and afinities of the various 
receptors. Differences in relative potency between the differ-
ent antimuscarinics are outlined in Table 15-6. Atropine and 
scopolamine are tertiary amines (Fig. 15-15) and easily pen-
etrate the blood–brain barrier and placenta. Glycopyrrolate is 
a quaternary amine that, like the reversible anticholinesterase 
drugs, does not easily penetrate these barriers. Glycopyrrolate, 
a synthetic antimuscarinic, has gained popularity because it 
avoids the central effects of the other two drugs. Clinical obser-
vations suggested that bradycardia associated with spinal anes-
thesia is refractory to the administration of glycopyrrolate, and 
that atropine and ephedrine are the drugs of choice in order to 

prevent a possible cardiac arrest. Nevertheless, recent date of 
only 69 parturients demonstrated that prophylactic adminis-
tration of glycopyrrolate does prevent bradycardia associated 
with spinal anesthesia for cesarean delivery.29 Atropine and 
scopolamine have notable CNS effects that are dissimilar. Sco-
polamine differs from atropine mainly in its central depres-
sant effects, which produce sedation, amnesia, and euphoria. 
Such properties are widely used for premedication for cardiac 
patients in combination with morphine and a major tranquil-
izer. It also has been used to induce amnesia in patients who 
have a high risk for intraoperative awareness, such as trauma 
victims who are hemodynamically unstable and cannot receive 
adequate anesthesia. Atropine, as a premedicant, has slight 
effects on the CNS, including mild stimulation. Higher doses 
such as those given for reversal of muscle relaxants (1 to 2 mg) 
may produce restlessness, disorientation, hallucinations, and 
delirium (see below Central Anticholinergic Syndrome).

Atropine is useful in increasing CO when sinus bradycardia 
due to vagal stimulation is present. Atropine and scopolamine 
are noted to produce a paradoxical bradycardia when given in 
low doses. Scopolamine (0.1 to 0.2 mg) usually causes more slow-
ing than atropine but also produces less cardiac acceleration at 

TAbLE 15-6. ComParison of antimusCariniC drugs

Duration Gastric

Acid

Airway

Secretionsa

Heart

RateIV IM (hr) CNS GI TONE

Atropine 15–30 min 2–4 + + – – – + + +c

Scopolamine 30–60 min 4–6 + + +b – – – –0c

Glycopyrrolate 2–4 hr 6–8 0 – – – +0

IV, intravenous; IM, intramuscular; GI, gastrointestinal.
aSecretions may be reduced by inspissations.
bCNS effect often manifest as sedation before stimulation.
cMay decelerate initially.
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FIgURE 15-15. Structural formulas of the clinically useful antimus-
carinic drugs.
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higher doses. The usual intramuscular premedicant doses of 
 scopolamine cause either a decrease or no change in HR. Atro
pine may also produce sympathomimetic effects by blocking 
presynaptic muscarinic receptors found on adrenergic nerve ter
minals.30 ACh stimulation of these receptors inhibits NE release, 
and blockade by atropine releases this inhibition (see Choliner
gic Receptors: Muscarinic). Atropinelike drugs that cross the 
blood–brain barrier also produce dilation of the pupil (mydria
sis) and paralysis of accommodation (cycloplegia). Atropinelike 
drugs are widely used in ophthalmology as mydriatics and cyclo
plegics. Atropine is contraindicated in patients with narrow
angle glaucoma (see Chapter 48, Anesthesia for Ophthalmologic 
Surgery). Pupillary dilation thickens the peripheral part of the 
iris, which narrows the iridocorneal angle. This leads to impaired 
drainage of aqueous humor, and increase of the intraocular pres
sure. Doses of atropine used for premedication have little effect 
in this regard, whereas equal doses of scopolamine cause mydria
sis. Prudence would dictate avoidance of either agent in patients 
with narrowangle glaucoma. The need for antimuscarinic pre
medication is questionable in this situation.

Atropine and scopolamine also possess antiemetic action. 
Atropine, however, reduces the opening pressure of the lower 
esophageal sphincter, which theoretically increases the risk of 
passive regurgitation. The belladonna alkaloids (atropine and 
scopolamine) also block ACh transmission to sweat glands, 
which, although they are cholinergic, are innervated by the SNS. 
Antimuscarinic agents produce antinicotinic actions at higher 
doses and result in important actions on CNS transmission that 
are pharmacologically similar to the postganglionic cholinergic 
function. Atropine is best avoided where tachycardia would be 

harmful, as may occur in thyrotoxicosis, pheochromocytoma, or 
obstructive coronary artery disease. Atropine should be avoided 
in hyperpyrexial patients because it inhibits sweating.

Central Anticholinergic Syndrome

The belladonna alkaloids have long been known to produce 
undesirable side effects ranging from stupor (scopolamine) to 
delirium (atropine). This syndrome has been called postopera
tive delirium, atropine toxicity, and the central anticholinergic 
syndrome. Biochemical studies have demonstrated abundant 
muscarinic ACh receptors in the brain that can be affected by any 
drug possessing antimuscarinic activity and capable of crossing 
the blood–brain barrier. Hundreds of drugs exist that meet these 
criteria with which this syndrome has been associated. Table 157 
lists some of those drugs.3 High doses of atropinic alkaloids rap
idly produce dryness of the mouth, blurred vision with photo
phobia (mydriasis), hot and dry skin (lushed), and fever. Mental 
symptoms range from sedation, stupor, and coma to anxiety, 
restlessness, disorientation, hallucinations, and delirium. Con-
vulsions may occur if lethal poisoning has occurred. Although 
an alarming reaction may occur, fatalities are rare. Intoxication 
is usually short-lived and followed by amnesia. These reactions 
can be controlled by the intravenous injection of physostig-
mine. Physostigmine is an anticholinesterase that, by virtue of 
being a tertiary amine, readily passes into the CNS to counter 
antimuscarinic activity. It should be given slowly in 1 mg doses, 
not exceeding 3 mg, to avoid producing peripheral cholinergic 
activity. Neostigmine, pyridostigmine, and edrophonium are not 
effective because they cannot pass into the CNS. The duration of 

TAbLE 15-7.  antimusCariniC ComPounds assoCiated with Central 

antiCholinergiC syndrome

belladonna alkaloids
Atropine sulfate
Scopolamine hydrobromide

synthetic and natural tertiary amine Compounds
Dicyclomine antispasmodic with local anesthetic activity
Thiphenamil antispasmodic with local anesthetic activity
Procaine
Cocaine
Cyclopentolate mydriatic

quaternary derivatives of belladonna alkaloids
Methscopolamine bromide—antispasmodic
Homatropine methylbromide—sedative, antispasmodic
Homatropine hydrobromide—ophthalmic solution— 

mydriatic

synthetic quaternary Compounds
Methantheline bromide
Propantheline bromide

antihistamines
Chlorpheniramine
Diphenhydramine

Plants
Deadly nightshade (atropine)
Bittersweet
Potato leaves and sprouts
Jimson or loco weed
Coca plant (cocaine)

over-the-counter
Asthma-Dor—atropine-like
Compoz—scopolamine sedation
Sleep Eze—scopolamine sedation
Sominex—scopolamine sedation

antiparkinson drugs
Benztropine
Trihexphenidyl
Biperiden
Ethopropazine
Procyclidine

antipsychotic drugs
Chlorpromazine
Thioriazine
Haloperidol
Droperidol
Promethazine

tricyclic antidepressants
Amitriptyline
Imipramine
Desipramine

synthetic opioids
Meperidine
Methadone
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physostigmine action may be shorter than that of the offending 
antimuscarinic agent and require repeated injection if symptoms 
recur. Physostigmine appears safe when used within dose recom
mendations and when indications are established. Central disori
entation alone does not establish a diagnosis. Peripheral signs of 
antimuscarinic activity should be present in addition to a central 
anticholinergic syndrome.

Physostigmine has been reported to reverse the CNS effects of 
many of the drugs listed in Table 157, including antihistamines, 
tricyclic antidepressants, and tranquilizers. Reversal of the sedative 
effects of opioids and benzodiazepines has also been reported.31 
However, anticholinesterase agents potentiate cholinergic synap
tic transmission and increase neuronal activity, even if no recep
tor antagonist is present. Thus, arousal may not be a function 
independent of its cholinesterase activity, and claims that phy
sostigmine is a nonspeciic CNS stimulant may not be warranted 
and could, in fact, be dangerous. These considerations, in associa-
tion with possible signiicant bradycardia, made the use of physo-
stigmine fairly scarce in the modern recovery rooms.

Sympathomimetic Drugs

The selection of vasoactive drugs requires knowledge of both 
the hemodynamic disturbance and the pharmacology of the 
available drugs. The catecholamines and sympathomimetic 
drugs continue to be the pharmacologic mainstay of cardio-
vascular support for the low-low state. Sustained interest in 
the catecholamines is related to their predictable pharmacody-
namics and favorable pharmacokinetic proiles. The half-life of 
most is short, ranging from 2 to 3 minutes. Undesirable side 
effects dissipate within minutes of lowering or stopping the 
infusion. Sympathomimetics, as a group, produce a wide range 
of hemodynamic effects and can be used in combination to 
achieve a yet wider spectrum of effects. As a result, one needs to 
become familiar with only a few agents to manage most clinical 
situations (Table 15-8).

The goal for managing the low output or high output shock 
syndrome is to establish and maintain adequate tissue perfusion. 
Sympathomimetics are not a substitute for volume, and are to 
be used in hypotensive emergencies, in order to preserve cerebral 
and coronary blood low, that may be due to severe hemorrhage, 
spinal cord injury, antihypertensive overdose, or CNS depres-
sant medication, just to name a few circumstances. Therefore, 
while intravascular volume is optimized, a vasoactive drug may 
be required to sustain CO. Aggressive luid therapy will sufice in 
most instances. If, on the other hand, adequate luid resuscitation 
has been achieved and hemodynamic status still requires sympa-
thomimetics to maintain a normal arterial blood pressure, one 
must consider alternative causes for hypotension such as septic 
shock, and seek the most adequate therapy. The term “inodilator” 
entered our lexicon during the early 1990s to supplant the more 
archaic term vasopressor. This neologism relects a change in 
philosophy in managing low-low states, particularly those char-
acterized by heart failure. The new synthetic sympathomimetics 
have been chemically engineered to obtain inotropism and vaso-
dilation rather than for pressor effects. The potential for beneit 
or harm can best be understood in terms of receptor character-
istics. For example, activation of the inotropic β1 and β2 recep-
tors results in positive inotropism and chronotropism. Selective 
stimulation of the vascular β2 receptors causes vasodilatation. 
Left ventricular outlow may improve as a function of afterload 
reduction and inotropism. However, chronotropism may not be 
a desirable feature in a patient with mitral (valvular) stenosis or 
coronary artery disease.

Catecholamine Receptor–Effector Coupling

The net physiologic effect of a sympathomimetic is usually 
deined as the algebraic sum of its relative actions on the α, β, 
and DA receptors. Most adrenergic drugs activate or block these 
receptors to varying degrees. Each catecholamine has a distinc-
tive effect, qualitatively and quantitatively, on the myocardium 
and peripheral vasculature. Table 15-9 demonstrates the relative 
potency of the adrenergic amines on the various myocardial and 
vascular receptors. This relative potency is also dose-related, add-
ing yet another variable. For many years, the emphasis on cat-
echolamines was mainly on their actions on the myocardium and 
on the arteriolar resistance vessels. Changes in venous resistance 
contribute little to total vascular resistance and blood pressure. 
However, small changes in venous capacitance result in large 
changes in venous return because 60% to 70% of the circulat-
ing blood volume is the venous circulation.4 The effect of the 
sympathomimetic amines on the venous circulation appears to 
be distributive meaning that acute venular constriction increases 
the central blood volume (preload), whereas dilatation decreases 
venous return by promoting peripheral pooling.4 The distribu-
tive effect of a catecholamine may be as important as its inotropic 
action, and more important than its arteriolar effect.11 Further 
deinitions should elucidate some of the complex and confusing 
data in the literature generated from clinical observations that are 
limited solely to adrenergic effects on the myocardium and arte-
riolar vasculature.

Intravenous and intra-arterial infusions of EPI in humans 
have been shown to cause marked constriction of the veins. Arte-
riolar vasoconstriction may or may not precede venoconstriction; 
however, stroke volume (SV) does not increase until the onset of 
venoconstriction. The initial increase in CO seen with the infu-
sion of EPI is more an effect of increased preload than an arterio-
lar or direct cardiac effect. NE produces a similar effect, but the 
onset of venoconstriction is slower. The peripheral receptors of 
both resistance and capacitance vessels subserve vasoconstriction, 
but with divergent effects on afterload and preload; therefore, the 
α1 receptors have been subdivided into α1 arterial (α1a) and α1 
venous (α1v). Dopamine has potent venoconstrictor (α1v) effect 
at doses at which few α1a or β1 effects are noted.

Adverse Effects

The major adverse effects of the sympathomimetic amines are 
related to excessive α or β activity. The potential for harm can 
be understood in terms of receptor characteristics. Excessive β1 
activity may increase contractility but increase HR and myo-
cardial oxygen consumption beyond supply. Severe dysrhyth-
mias are a frequent companion of excess β1 activity as a result of 
increased conduction velocity, automaticity, and ischemia. The 
β2 activity has the potential to increase CO by reducing resistance 
(afterload) while reducing blood pressure. An excessive decrease 
in diastolic pressure, however, reduces coronary perfusion pres-
sure and may further aggravate myocardial ischemia. Unfortu-
nately, it is dificult to separate the inotropic, dromotropic, and 
chronotropic effects in the clinical setting. The characteristics of 
the ideal positive inotropic agent are listed in Table 15-9 for com-
parison with each drug as it is discussed.

Drugs with prominent α1 agonist effects may produce an 
increase in blood pressure but at the same time can reduce total 
low due to increases in arteriolar resistance (afterload). A more 
prominent α1 venous constriction may improve CO by increas-
ing preload or precipitate failure if preload exceeds the contractile 
limits of the myocardium. In general, the α effects of the sympa-
thomimetics are of beneit only when used for speciic indications 

11
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TAbLE 15-8. dose sChedule and hemodynamiC effeCts of the adrenergiC agonists

Drug Dosages Site of Activity

Hemodynamics  

(↑ Increase; ↓ Decrease; – = No Change)

Listed from a to b IV Push adults IV Infusiona α1A α1V β1 β2 DA CO INOTROP HR VR TPR RBF

Phenylephrine 50–100 µg a. 10 mg/250 mL
b. 40 µg/mL
c. 0.15–0.75 µg/kg/min
d. 0.15 µg/kg/min

+ + + + + + + + + 0 0 0 Relex
Relex

Norepinephrine N/R a. 4 mg/250 mL
b. 16 µg/mL
c. 0.01–0.1 µg/kg/min
d. 0.1 µg/kg/min

+ + + + + + + + + + ?+ 0 – ↓ – ↓
Relex

↑↑↑ ↑↑ – – ↓

Epinephrine 0.3–0.5 mL 1:1000 
(0.3–0.5 mg) 
SC—Asthma IV—
Anaphylaxis

5 mL 1:10,000 (0.5 
mg) cardiac arrest 
every 5 min

a. 1 mg/250 mL
b. 4 µg/mL 

0.01–0.03 µg/kg/min
c. 0.03–0.15 µg/kg/min 

0.15–0.30 µg/kg/min
d. 0.015 µg/kg/min

+
+ + +
+ + + + +
+

+
+ + +
+ + + + +
+

+ + + +
+ + + +
+ + + +

+ + + + 0 ↑– ↓ ↑
Relex

↑↑↑ ↑↑↑ ↓↓↓

Ephedrine
Dopaminec

5–10 mg
N/R

N/R + +
a. 200 mg/250 mL
b. 800 µg/mL 

0.05–5 µg/kg/min
c. 2–10 µg/kg/min 

10 µg/kg/minb

d. 2 µg/kg/min

+ + + + + + + + + + + + +
+ +

↑↑
0
0

↑↑
↑–
↑ – ↓
↑↑
↑

↑
↑↑
↑↑
↑↑
↑

↑↑
↑↑
↑
↑

↑
↑
↑
↑

↑↑

↑
↑↑
↑↑↑
↑

↑

↑
↓–
↓
↑

↑ – ↓

Dobutaminec N/R a. 250 mg/250 mL
b. 1,000 µg/mL
c. 2–30µg/kg/min
d. 5 µg/kg/min

+
+ + + + +

+ + + +
+ + + +
+ + + +
+ + + +

+ + +
+ + + + +

Isoproterenol 0.004 mg  
(0.2 mL of 0.2 mg/
mL solution)

Third-degree heart 
block

a. 1 mg/250 mL
b. 4 µg/mL
c. 0.15 µg/kg/min to 

desired effect
d. 0.015 µg/kg/min

0 – + ? + + + + + + + + + + + + + +
+ + + + +

↑
↑↑
↑– ↓
↑

↑
↑↑
–

–
– ↑
↑↑
–

–
↑
↑
↑

– ↓
– ↑
↑↑

↑
↑
– ↓

IV, intravenous; DA, dopamine; CO, cardiac output; Inotrop, contractility; HR, heart rate; VR, venous return (preload); TPR, peripheral resistance (afterload); RBF, renal blood low; N/R, not recommended.
aa. Mixture
 b. Concentration µg/mL.
 c. Dose range µg/kg/min.
 d. Standard rate infusion.
b “Rule of six.”
cDopamine and dobutamine employ the same doses. Dosage of either may quickly be calculated by multiplying patient’s weight (kg) × 6 = mg added to 100 mL D5%W. The number of drops delivered through a calibrated infusor 
(60 drops = 1 mL) is the number of µg/kg/min infused into the patient. Example: 70 kg × 6 = 420; 420 mg/100 mL = 4,200 µg/kg or 70 µg gtt; 5 µg/kg/min = 5 gtt/min.
From: Lawson NW, Wallisch HK. Cardiovascular pharmacology: A new look at the “pressors,” Advances in Anesthesia. Edited by Stoelting RK, Barash PG, Gallagher TJ. Chicago, Year Book Medical Publishers, 1986, p 195, with permission.

3
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TAbLE 15-9. aCtions of adrenergiC agonists

Sympathomimetics

Receptors Dose Dependence 

(a, b, or DA)a1 a2 b1 b2 DA1 DA2

Phenylephrine + + + + + ? ± 0 0 + +
Norepinephrine + + + + + + + + + + + + + 0 0 + + +
Epinephrine + + + + + + + + + + + + + + 0 + + + +
Ephedrine + + ? + + + + + 0 + +
Dopamine + to + + + + + ? + + + + + + + + + ? + + + + +
Dobutamine 0 to + ? + + + + + + 0 + +
Isoproterenol 0 0 + + + + + + + + + + 0 0

DA, dopamine.

such as signiicant vasodilation due to different mechanisms. 
Other measures like luid resuscitation are usually more effec-
tive in improving low and are indicated before a pressor should 
be used. Cardiopulmonary resuscitation is the primary example 
where a pressor effect is necessary to create diastolic coronary 
perfusion during closed or open heart massage. Any drug with 
strong α agonist properties seems equally effective in this regard. 
EPI, with its added β properties, has been the irst-line agent for 
this situation. Vasopressin has recently been added as an impor-
tant agent in cardiopulmonary resuscitation.32

Adrenergic Agonists (Tables 15-8 and 15-9)

Phenylephrine

Phenylephrine, considered a pure α drug, increases both venous 
constriction and arterial constriction in a dose-dependent man-
ner. Venous constriction may be its most redeeming feature when 
compared with the purely arteriolar effect of methoxamine. One 
cannot discount the possibility of an inotropic effect now that α1 
receptors are known to exist in the myocardium. Acutely, veno-
constriction favors venous return (preload), and even though 
arterial resistance (afterload) also increases, one may observe a 
rise in the arterial blood pressure. Due to the fact that phenyl-
ephrine does increase the venous return and stroke volume, but 
at the same time induces relex bradycardia secondary to a vagal 
relex, cardiac output may not be increased. Phenylephrine does 
not change CO in normal individuals but can cause decreased 
output in patients with ischemic heart disease.33 Phenylephrine 
is useful in reversing right-to-left shunt in tetralogy of Fallot 
when patients are having “spells” during anesthesia. Phenyleph-
rine has continued to be favored in operating rooms to increase 
blood pressure during cardiopulmonary bypass, in patients with 
critical aortic stenosis, tetralogy of Fallot, and hypotension dur-
ing cesarean section, as well as vascular procedures its use is 
also common place to reverse the signiicant vasodilatory states 
related to regional blocks like spinal and epidural analgesia. Its 
eficacy, versatility (the fact that it can be used either as a bolus 
or as a peripheral infusion, make this drug one of the most com-
monly used medications in the operating room to reverse anes-
thetic hypotension due to a multitude of causes. Nevertheless, 
the lack of prospective data and the fact that it may signiicantly 
reduce cardiac output and increase the left ventricular after-
load, makes it less than desirable in circumstances such as sub-
arachnoid hemorrhage, traumatic brain injury, and septic shock 

(Thiele). While traditionally ephedrine was the vasopressor of 
choice in obstetric anesthesia practice, new evidence including 
the fact that ephedrine crosses the placenta more readily, and 
therefore worsens the fetal pH and base excess, making phenyl-
ephrine (even used as an infusion) the vasopressor of choice in 
most academic practices. The fact that it does not adversely affect 
the placental circulation, but only treats the maternal hypoten-
sion makes it an ideal agent, although it has a short half-life that 
may require the use of an infusion and may be associated with 
maternal bradycardia. Further studies are necessary to evaluate 
its effect in the parturient with compromised fetal–placental sys-
tem. In the future it is possible that a combination of phenyl-
ephrine with ephedrine may prove to be best suited for handling 
complex circumstances such as these.34–37

Norepinephrine

NE is the naturally occurring mediator of the SNS and the imme-
diate precursor of EPI. It produces direct-acting hemodynamic 
effects on the α and β receptors in a dose-related manner when 
given by infusion. NE produces increased CO and blood pressure 
when given in low doses (see Table 15-8). Higher doses reduce 
low because α arteriolar constriction supersedes the β effects. 
Relex baroreceptor–mediated bradycardia may occur despite 
active β stimulation. Increased plasma levels of the endogenous 
catecholamines NE and EPI are the sympathetic milieu in which 
exogenous sympathomimetics are ordinarily given. NE is the 
catecholamine standard against which other catecholamines are 
compared. Intravenous NE has received an unseemly reputation 
over the years that is not merited. Studies indicate that NE was  
being used in doses that are orders of magnitude greater than those 
necessary to obtain an optimal response. Complications such as 
tissue necrosis may be expected when NE is used. A resurgence of 
interest in this agent is noted and it has remained clinically useful  
because its predictable, prompt, and potent effects. Objections to 
the use of NE for the treatment of cardiogenic shock are based on 
two considerations: (1) vasoconstriction increases the pressure 
work of the left ventricle, with an adverse effect on the oxygen 
economy of the ischemic pump, and (2) these drugs cause fur-
ther vasoconstriction and organ ischemia in a syndrome in which 
intense constriction may already have occurred. For management 
of cardiogenic shock, other drugs (dobutamine and milrinone) 
are more appropriate (see below Dobutamine and Milrinone). 
However, the predictability of NE pharmacologic effects makes it 
one of the most useful drugs when intense α activity is intended. 
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Reduced vascular tone states with or without cardiogenic shock, 
including separation from cardiopulmonary bypass, or situations  
when other vasopressors such as phenylephrine fail to maintain 
a steady hemodynamic state, render NE one of the most com
monly used drugs.11,38 Additional undesirable effects associated 
with NE include renal arteriolar constriction and oliguria. These 
effects are secondary to persistent and untreated hypovolemia. 
Clinicians managing oliguria in the intensive care units, after 
adequate luid resuscitation to control prerenal causes, do use 
NE to maintain renal perfusion pressure, especially in cases of 
vasodilated hypotension.39

Norepinephrine should only be administered in a centrally 
placed IV to avoid tissue necrosis from extravasation. It can be 
used for its inotropic effect at low doses and titrated to effect while 
monitoring cardiac output. Monitoring of blood pressure alone, 
or titrating to a predetermined effect is often detrimental to car-
diac output. Blood pressure increases are usually due to increased 
systemic vascular resistance (SVR) and excessive increase of the 
afterload can diminish forward low and contribute to cardiac 
failure. Even moderate doses of norepinephrine may have a det-
rimental effect on end organ perfusion. This has given the drug 
an ill-deserved reputation when used to titrate to pressure rather 
than low. However, in those clinical conditions characterized by  
high output, low-tone, states with a low perfusion pressure, nor-
epinephrine has been shown to improve renal and splanchnic 
blood low by increasing pressure provided the patient has been 
volume resuscitated and NE has become the irst line of treatment 
of hypotension in septic patients.38

Epinephrine (EPI)

EPI is the prototypical endogenous catecholamine. It is synthe-
sized, stored, and released from the adrenal medulla and is the key 
hormonal element in the ight-or-light response. It is the most 
widely used catecholamine in medicine, and to date, it remains the 
drug of choice in cases of cardiac arrest. It is used to treat asthma, 
anaphylaxis, cardiac arrest, bleeding, and to prolong regional 
anesthesia. The cardiovascular effects of EPI, when given systemi-
cally, result from its direct stimulation of both α and β receptors. 
This effect is dose-dependent and is outlined in Table 15-8.

The effect of EPI on the peripheral vasculature is mixed. It has 
predominantly α-stimulating effects in some beds (skin, mucosa, 
and kidney) and β-stimulating actions in others (skeletal mus-
cle). At therapeutic doses, β-adrenergic effects predominate in 
the peripheral vessels, and total resistance may be reduced. Con-
striction, however, is maintained in the renal and cutaneous areas 
because of its dominant α effect in these areas. An increase in CO 
with EPI may be due to a redistribution of blood to low resistance 
vessels in the muscle, but with further reduction in low to vital 
organs. Cardiac dysrhythmias are a prominent concern, and the 
strong chronotropic effects of EPI have limited its use in the treat-
ment of cardiogenic shock.

Epinephrine is commonly used in the perioperative period. It 
is often used to produce a bloodless ield in dentistry, otolaryngol-
ogy, and skin grafting either topically or in local and ield blocks. 
Anesthesiologists often use it to prolong regional anesthesia (see 
Chapter 21 Local Anesthetics). The addition of epinephrine to 
arthroscopic infusions to attain a bloodless ield is another area 
of increased epinephrine usage with the development of these 
techniques. The infusions are usually safe in maintaining a dry 
operative ield because the solutions are very dilute at around 
1:3,000,000. However, the large volumes infused, the unpredict-
able absorption of epinephrine offers the opportunity of expo-
sure of the patient to an excessive amount of epinephrine over 
a short period of time. The dose of submucosally injected EPI  

necessary to produce  ventricular cardiac dysrhythmia in 50% of 
patients anesthetized with a 1.25 MAC of a volatile anesthetic 
was 10.9, 10.9, and 6.7 mg/kg during administration of halothane, 
enlurane, and isolurane, respectively.40 The incidence of cardiac 
dysrhythmia is eliminated when this dose is halved in patients 
anesthetized with halothane or isolurane. In contrast to adults, 
children seem to tolerate higher doses of subcutaneous EPI with-
out developing cardiac dysrhythmia.41 The current literature 
recommends the intramuscular route is the preferred method 
of administration for epinephrine in anaphylaxis and moderate 
to severe croup.42 Epinephrine infusion maintains positive chro-
notropism in circumstances of symptomatic bradycardia, when 
single doses of atropine do not sufice.43 At low doses, the use of 
epinephrine infusion may also induce a beneicial bronchodila-
tion due to its effect on β2 receptors. Epinephrine can also be 
used at higher doses, which induce a signiicant increase in the 
arterial blood pressure and cardiac output. Unfortunately, these 
relative high doses of EPI can result in increases in arrhythmo-
genic properties, including supraventricular and tachycardia, 
which impose an increase in the myocardial oxygen consump-
tion, and therefore many clinicians ind other alternatives.43

Ephedrine

Ephedrine is one of the most commonly used noncatecholamine 
sympathomimetic agents. It is used extensively for treating 
hypotension following spinal or epidural anesthesia. Ephed-
rine stimulates both α and β receptors by direct and indirect 
actions. It is predominantly an indirect-acting pressor, produc-
ing its effects by causing NE release. Tachyphylaxis develops rap-
idly and is probably related to the depletion of NE stores with 
repeated injection. The cardiovascular effects of ephedrine (see 
Table 15-8) are nearly identical to those of EPI but less potent. 
Its effects are sustained approximately 10 times longer than those 
of EPI. Ephedrine is now the second line of treatment for hypo-
tension in obstetrics because although it improves uterine blood 
low linearly with blood pressure, this drug is dificult to titrate, 
crosses the placenta and decreases the pH of the fetus24,35–37 (see 
Chapter 40 Obstetrical Anesthesia). This effect is probably not 
related to its arteriolar vasoconstriction but rather to its veno-
constrictive action. Ephedrine is a weak, indirect-acting sympa-
thomimetic agent that produces venoconstriction to a greater 
degree than arteriolar constriction (see Table 15-10). This may 
be its most important and unappreciated effect. It causes a redis-
tribution of blood centrally, improves venous return (preload), 
increases CO, and restores uterine perfusion. The mild β action 
restores HR simultaneously with improved venous return. An 
increased blood pressure is noted as a result rather than a cause 
of these events. Mild α1-arteriolar constriction does occur, but 
the net effect of improving venous return and HR is increased 
CO. Uterine blood low is spared. This response, however, 
depends on the patient’s state of hydration.

Isoproterenol

Isoproterenol is a potent balanced β1 and β2 receptor agonist 
with no vasoconstrictor effects. It increases HR and contractil-
ity while decreasing systemic vascular resistance. Although it 
can increase CO, it is not useful in shock because it redistributes 
blood to nonessential areas by its preferential effect on the cuta-
neous and muscular vessels. As a result, it produces variable and 
unpredictable results on CO and blood pressure. Isoproterenol is 
a potent dysrhythmogenic drug and extends myocardial ischemic 
areas. Deleterious effects on an evolving cardiac ischemic process 
include cardiac dysrhythmias, tachycardia, and reduced diastolic 
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coronary perfusion pressure and time. Increased  myocardial 
oxygen demand makes it an unattractive drug for patients in 
cardiogenic shock. However, isoproterenol is helpful in manag
ing cardiac failure associated with bradycardia, asthma, and cor 
pulmonale. It is also a useful chemical pacemaker in third degree 
heart block until an artiicial pacemaker can be inserted or the 
cause can be removed, and may be one of the most important 
drugs used for denervated heart in cases of signiicant bradycardia 
(see above Denervated Heart, and Chapter 51 Transplant Anes-
thesia). Isoproterenol might be useful in treating both idiopathic 
and secondary pulmonary hypertension. It has also been reported 
as useful in improving the forward low in patients with regurgi-
tant aortic valvular disease, but it should not be used if there is an 
accompanying stenosis.

Dobutamine

Dobutamine (DBT) is a synthetic catecholamine modiied from 
the classic inodilator isoproterenol. Isoproterenol was, in turn, syn-
thesized from dopamine. Variations and similarities in structure 
can be seen in Figure 15-6. DBT has clear advantages over isopro-
terenol and dopamine in many clinical situations. It acts directly 
on β1 receptors but exerts much weaker β2 stimulation than iso-
proterenol. It does not cause NE release or stimulate DA recep-
tors. DBT possesses weak α1 agonism, which can be unmasked by 
β blockade as a prompt and dramatic increase in blood pressure. 
DBT increases HR more than EPI for a given increase in CO.38,44

DBT may decrease diastolic coronary illing pressure because 
of its vasodilation. However, it appears to produce coronary vaso-
dilation in contrast to the constriction produced by dopamine. 
Dobutamine has been used effectively to improve coronary low 
to differentiate, by echocardiography, responsive or unrespon-
sive areas of dyskinesia in patients following myocardial infarc-
tion. DBT does not have any clinically important venoconstrictor 
activity. This is in contrast to dopamine which increases in ven-
tricular illing pressure at low doses. Clinical studies suggest that 
DBT is less likely to increase HR than dopamine for a given dose, 

a major concern in the patient with coronary artery disease. DBT 
is a coronary artery dilator, whereas dopamine is not. Dopamine-
induced tachycardia, however, may be of less concern in the sep-
tic patient who commonly has a misdistribution of volume, low 
vascular resistance, a preexisting refractory tachycardia, but a 
previously healthy heart. The empiric preference of dopamine in 
surgical units and DBT in coronary units has been observed and is 
perhaps well founded. Dopamine and DBT also have contrasting 
effects on the pulmonary vasculature. Dopamine has been noted 
to increase pulmonary artery pressure and does not inhibit the 
pulmonary hypoxic response. It is not recommended for patients 
in right heart failure. DBT does vasodilate the pulmonary vascu-
lature and is helpful in treating right heart failure and cor pulmo-
nale.45,46 Dobutamine is highly controllable with a half-life of 2 
minutes. Tachyphylaxis is rare but may be noted after 72 hours 
of administration. The net hemodynamic effects of DBT include 
an increase in CO, a decrease in left ventricular illing pressure, 
and a decrease in systemic vascular resistance without a signii-
cant increase in chronotropism at lower doses. It is the mainstay 
of inotropic therapy for septic shock in patients with myocardial 
dysfunction.38,47,48

Dopamine

Dopamine (DA) offers advantages over many sympathomimetics 
in treating the low output syndrome. It is a dose-related agonist 
to all three types of adrenoceptors, and the desired action can be 
selected by changing the infusion rate. The DA receptors are most 
sensitive followed by the β, and then α receptors. Dopamine dos-
age regimens have been traditionally, and arbitrarily, divided into 
low, medium, and high doses according to its dose-receptor sen-
sitivity (Table 15-11). Renal and mesenteric vascular dilatation  
and tubular cell natriuresis are mediated through the DA recep-
tors at low dose infusion rates of 0.5 to 2.0 µg/kg/min. This is 
often referred to as “renal dose dopamine” because of the pur-
ported enhanced renal blood low and diuresis. However, the 
concept of “renal dose” DA is now considered outdated.49,50 The 
hemodynamic effects of low dose DA are primarily related to 
vasodilatation by activation of the DA1 and DA2 receptors. Acti-
vation of presynaptic DA2 adrenoceptors adds to the vasodilating 
effect of the DA1 receptors by inhibiting presynaptic NE release 
in the renal and mesenteric vessels. The reduction of total sys-
temic vascular resistance would be signiicant when one considers 
that 25% of the CO goes to the kidneys alone. A reduced diastolic 
blood pressure is often noted with a slight relex tachycardia. 
Increasing the infusion rate of DA to 2 to 5 µg/kg/min begins to 
activate β receptors increasing the CO by increasing chronotro-
pism and contractility with early venoconstriction (preload) and 
systemic vasodilatation (afterload reduction). Blood pressure may 
not increase despite signiicant increases in CO. This dose range 
would appear optimal for managing congestive heart and lung 
failure because it combines inotropism and afterload reduction 
with possible diuresis. However, inotropes without α activity are 
better utilized for this speciic purpose. Further increases in dose 
activate α receptors, which will increase vascular resistance and 
blood pressure, but further improvements in CO may be attenu-
ated. Infusion rates of greater than 10 µg/kg/min produce intense 
α activity, which may override any beneicial DA or β vasodila-
tion effect on total low. High dose dopamine behaves much like 
NE, and in fact, causes NE release at this dose range.

Despite the apparent dose-response divisions of DA, a 
wide variability of individual responses has been noted. The 
α-adrenergic effects can be seen in some individuals in doses as 
low as 5 µg/kg/min, whereas doses as high as 20 µg/kg/min may 
be required to obtain this effect in patients in shock. This wide 

TAbLE 15-10.  ComParison of relative A1 

CateCholamine resPonses on 

PeriPheral resistanCe and 

CaPaCitanCe vesselsa

Vasoconstriction

α1 Arterial (α1a) α1 Venous (α1v)

Norepinephrine + + + + + + + + + +
Phenylephrine + + + + + + + + +
Epinephrine 0/+ + + +b 0/+ + + +b

Dopamine 0/+ + + +c + + +
Ephedrine + + + + +
Dobutamine +/0 ?
Isoproterenol 0 0

aDrugs are listed in descending order of potency within each vascular region.
bDose-dependent; b effects of epinephrine predominate at low doses.
cDose-dependent; dopamine and b effects predominate at low doses.
Reprinted with permission from: Lawson NW, Wallisch HK. Cardiovascular 
pharmacology: A new look at the “pressors,” Advances in Anesthesia. Edited by 
Stoelting RK, Barash PG, Gallagher TJ. Chicago, Year Book Medical Publishers, 
1986, p 195.
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variation in doseresponse has led to a reexamination of DA as 
a primary adrenergic for patients in cardiogenic shock or failure. 
Increased venous return may not be desirable in this situation, 
but dopamine’s hemodynamic versatility continues to be useful 
in cardiogenic shock when combined with other complementary 
catecholamines such as dobutamine. The venoconstriction, or 
distributive effects, of dopamine are useful in surgical patients in 
whom third space edema and sepsis are the most common abnor
malities. Dopamine increases mean pulmonary arterial pressure 
and is not recommended for sole support in patients with right 
heart failure, adult respiratory distress syndrome, or pulmonary 
hypertension.

Combination Therapy

The studied use of adrenergic combinations in patients with car
diac failure has been proposed because pathophysiology cannot 
be approached with the attitude that β agonism is all good and 
α agonism is all bad. The objective is to increase coronary per
fusion and CO while decreasing afterload. No single vasoactive 
agent can achieve this, but these conditions can be approached 
with combination therapy. Because of receptor summation dur
ing combination therapy, standard rates of infusion (as outlined 
in Table 158) no longer apply. Invasive hemodynamic moni
toring is mandatory for success; otherwise, iatrogenic misadven
tures can be expected. Other conditions necessary for success 
with vasoactive drugs also require that the failing myocardium 
or vasculature have functional reserve, the reserve can be stimu
lated, and perfusion can be maintained. The adrenergic effects of 
combined sympathomimetics, appear to be additive and com
petitive for receptor sites. Summation is more consistent with 
current receptor pharmacology and can be used to advantage in 
avoiding unwanted side effects of one drug while supplement
ing its desired attributes with another.   Because of summation, 
many combinations of vasoactive drugs have been found useful 
in making ine hemodynamic adjustments in the critically ill. 
The available sympathomimetic agents provide a wide range of 
hemodynamic effects particularly when combined with vasodi-
lators. For example, if greater positive inotropic action and less 
vasoconstriction are desired, DBT could be added to dopamine. 
Also, nitroprusside could be added to dopamine or combined 
with any other appropriate inodilator.51

Dopamine and DBT are two of the most popular inodila-
tors in use today. A comparison of these two drugs will under-

score the importance of extracardiac side effects in selecting a 
drug either for use alone or in combination.46 This compari-
son is particularly appropriate because dopamine and DBT are 
considered equipotent inotropic agents, and are effective in the 
same dose range of 2 to 15 µg/kg/min. Their differences can 
be compared at low (0.5 to 4 µg/kg/min), medium (5 to 9 µg/kg/
min), and high (10 to 15 µg/kg/min) doses. This comparison will 
illustrate the divergent effects of two drugs on preload and after-
load while sharing the property of inotropism. Although they 
share several clinical indications, these drugs are pharmacologi-
cally distinct and not interchangeable. Their divergent proper-
ties, do make them valuable when administered in combination. 
Although frequently combined previously, this combination 
therapy is falling out of favor since they act on the same recep-
tors, and they have so many similarities of action. Therefore, 
most clinicians now combine an inotrope, such as dobutamine, 
or milrinone with the more potent α agonists phenylephrine, 
NE, or even epinephrine infusions. The goal is to compensate 
for the vasodilation induced by the inotropes, and to maintain 
an adequate perfusion pressure. DBT is a direct-acting cat-
echolamine that produces a positive inotropic β1 effect but with 
minimal changes in β2 HR or vascular resistance (β2, α1 coun-
teraction). Thus, DBT may not alter blood pressure even though 
CO is markedly improved (see Chapter 10 Cardiac Anatomy and 
Physiology).

Dobutamine, and milrinone (see below Milrinone) are 
the mainstay of treatment for decompensated cardiac failure. 
Although these agents do improve the CO, their use is associated 
with an increase in cardiac oxygen consumption, cardiac arrhyth-
mias, and even mortality. Therefore, for patients with normal 
blood pressure and no evidence of hypoperfusion, there is little 
role for inotropic therapy. Nevertheless, in patients with evidence 
of impaired organ perfusion (hypotension, decreased renal func-
tion), and low output state, with or without congestion or pul-
monary edema refractory to diuretics and vasodilators at optimal 
doses, there is a role for these agents, at least for short-term stabi-
lization. Recently, a new class of drugs was developed, namely cal-
cium-sensitizing agents (levosimendan; see below). These drugs 
are a unique class of positive inotropic agents that increase the 
sensitivity of the cardiomyocyte contractile apparatus to intracel-
lular calcium. These may prove to be beneicial either alone or in 
combination with classical inotropes in management of decom-
pensated heart failure. More studies are necessary to evaluate 
their overall beneit and long-term outcome.52,53

TAbLE 15-11. b-adrenergiC bloCKing drugs

Drug

Relative b1 

Selectivity

Membrane-

stabilizing 

Activity

Intrinsic 

Sympatho-

mimetic 

Activity

Plasma  

Half-life 

(hr)

Oral  

Availability 

(%)

Lipid 

Solubility Elimination Preparations

Propranolol 0 + 0 3–4 36 + + + Hepatic Oral, IV
Metoprolol + + 0 0 3–4 38 + Hepatic
Atenolol + + 0 0 6–9 57 0 Renal Oral, eye drops
Esmolol + + 0 0     0–16 − ? RBC esterase Oral
Timolol 0 0 0 4–5 50 + Hepatic and 

renal
IV

RBC, red blood cells.
aPrimarily hepatic, but active metabolites are formed that must be renally excreted.
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Fenoldopam

Fenoldopam, a benzazepine derivative, is a selective DA1 agonist 
with no α or β receptor activity compared to dopamine49 (see 
Chapter 55 Critical Care Medicine). Intravenous fenoldopam 
has direct natriuretic and diuretic properties and promotes an 
increase in creatinine clearance. It offers advantages in the acute 
resolution of severe hypertension compared to sodium nitroprus
side particularly if the patient has preexisting renal impairment.54 
Preservation or augmentation of renal blood low during blood 
pressure reduction presents a potential for use during several 
situations in the perioperative period. Fenoldopam has an elimi-
nation half-life of 5 minutes. Human studies have demonstrated 
that fenoldopam is a potent direct renal vasodilator. Intravenous 
fenoldopam may prove to be ideal for treating conditions in 
which renal vasoconstriction is an expected complication. Since 
it has renal vasodilatory effects, and it promotes increased urine 
output, fenoldopam has been employed in vascular anesthesia 
as a renal protector, especially in cases when renal arteries have 
been temporarily clamped. Its role in preventing the development 
of renal dysfunction is still debatable, since there are conlicting 
results in different studies. Stone et al. showed in a 315-patient 
population that fenoldopam was not useful in preventing further 
deterioration of the renal function after contrast administra-
tion. A large meta-analysis concluded that there is no pharma-
cologic intervention that is effective in treatment of patients with 
acute renal injury.55,56 On the other hand, in a more recent and 
complete meta-analysis, Landoni et al. suggests that fenoldo-
pam reduces the risk of acute tubular necrosis, the need for renal 
replacement therapy, and overall mortality in patients with acute 
kidney injury. Certainly under such circumstances of conlicting 
results, large randomized studies are necessary to reach a valid 
conclusion.57 The onset of action with intravenous fenoldopam 
is about 5 minutes, reaching a steady state in approximately 20 
minutes. The drug is rapidly metabolized in the liver and excreted 
in the urine. The elimination half-life is about 5 minutes. There 
has been no evidence of tolerance in reducing blood pressure for 
up to 24 hours. No rebound on withdrawal has been noted. The 
most common adverse effects of fenoldopam are related to vaso-
dilation, which include hypotension, lushing, dizziness, head-
ache tachycardia, nausea, and hypokalemia. It should be used 
cautiously in patients with glaucoma as it can increase intraocular 
pressure. No signiicant drug interactions have been reported. 
Concomitant use with β-blockers will reduce the effective dose 
of fenoldopam.

Fenoldopam is diluted in normal saline or 5% dextrose is 
given by continuous infusion without a bolus dose. The effective 
dosage range is 0.1 to 1.6 µg/kg/min. A relex tachycardia may 
result. The dosage is titrated up every 15 minutes according to 
patient response. Any change in infusion rate response should be 
detectable within 15 minutes.

Clonidine

Clonidine is a centrally acting selective partial α2 adrenergic 
agonist (220:1 α2 to α1). It is an antihypertensive drug due to 
its ability to decrease central sympathetic outlow. Stimulation 
of α2 receptors in the vasomotor centers of the medulla oblon-
gata is thought to produce this effect.58 (It is not clear whether 
these are pre- or postsynaptic receptors, however, the end result is 
decreased SNS tone and enhanced vagal tone. Peripherally there 
is decreased plasma renin activity as well as decreased EPI and 
NE levels. This drug has been proven to be effective in the treat-
ment of severe hypertension and renin-dependent hypertensive 
disease.

Clonidine is not available for intravenous use. The usual daily 
adult oral dose is 0.2 to 0.3 mg. A transdermal clonidine patch 
is available for use on a weekly basis for surgical patients unable 
to take oral medication. Clonidine is clinically useful in anes-
thesiology in other ways as well. It has been found to produce 
dose-dependent analgesia when introduced into the epidural or 
subarachnoid space in doses of 150 to 450 µg (see Chapter 56 Acute 
Pain Management). Clonidine can be added to local anesthetics 
for epidural, spinal, or regional blocks (more effective when used 
in blocks of upper limbs and when added to intermediate dura-
tion local anesthetics. It is useful even in cardiac patients, and it 
intensiies the anesthesia.59,60 It can also be used postoperatively, 
since it reduces the dose of other regional anesthetic components, 
and subsequently lessens the possible side effects. One must be 
aware that clonidine can produce hypotension, bradycardia, and 
sedation.61 Oral clonidine (5 µg/kg) when used as a premedicant 
enhances the postoperative analgesia provided by intrathecal mor-
phine without adding to the side effects of the morphine. Other 
additional beneits noted from clonidine premedication include: 
(a) blunted relex tachycardia for intubation, (b) reduction of 
vasomotor liability, (c) decreased plasma catecholamines, and (d) 
dramatic decreases in MAC for inhaled gases or injected drugs. 
Clonidine is rapidly absorbed by mouth and reaches peak plasma 
levels within 60 to 90 minutes. The elimination half-life is 9 to 12 
hours. It is equally excreted in the liver and kidneys. The dura-
tion of the hypotensive effect after a single dose is about 8 hours. 
The transdermal administration of  clonidine requires about  
48 hours to achieve therapeutic levels. The decrease in systolic 
blood pressure is more prominent than the decrease in diastolic 
blood pressure. There seems to be no effects on glomerular il-
tration rate. The perioperative administration of clonidine either 
as an oral dose or as a patch for total of 4 days, has signiicantly 
reduced the incidence of myocardial ischemia and mortality up to 
2 years postoperatively.

The most common side effects are sedation and a dry mouth. 
However, skin rashes are frequent with chronic use. Impotence 
may be seen occasionally, and orthostatic hypotension is a rare 
side effect. One of the more worrisome complications of chronic 
clonidine use is a withdrawal syndrome upon acute discontinu-
ation of the drug. This usually occurs 18 hours after discontinu-
ation. The symptoms are hypertension, tachycardia, insomnia, 
lushing, headache, apprehension, sweating, and tremulousness. It 
lasts for 24 to 72 hours and is most likely to occur in patients tak-
ing more than 1.2 mg/day of clonidine. The withdrawal syndrome 
has been noted postoperatively in patients who were withdrawn 
from clonidine before surgery. It can be confused with emergence 
symptoms following anesthesia particularly in a patient with 
uncontrolled hypertension.62 Absent the availability of the oral 
route in the surgical patient, withdrawal can be treated with cloni-
dine transdermally or more rapidly with rectal clonidine.

Dexmedetomidine

Dexmedetomidine is a more selective α2 agonist than cloni-
dine (see Chapter 55 Critical Care Medicine).63 Compared 
to clonidine, dexmedetomidine is seven times more selec-
tive for α2 receptors 1,620:1 α2 to α1 and has a shorter half-
life of 1.5 hours. The loading dose (1 µg/kg) is given over 
10 minutes or longer. Then an infusion is begun at 0.2 to  
0.7 µg/kg/hour. Due to hemodynamic side effects, some cen-
ters omit the loading dose and start the continuous infusion. It 
has a more rapid onset of action (less than 5 minutes). The time 
to peak effect is 15 minutes. It can be given intravenously and 
has many uses in anesthesiology. It provides excellent sedation, 
reduces blood pressure, HR, and profoundly decreases plasma 
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catecholamines. Little respiratory depression allows effective 
weaning from mechanical ventilation. It can be administered as 
a premedicant in cases of dificult intubations where awake iber-
optic intubation is employed, and has emerged as a valid alterna-
tive to other options for awake craniotomies due to its minimal 
respiratory effects and lack of impairment on electrophysiologic 
monitoring64,65 (see Chapter 36 Anesthesia for Neurosurgery). 
In the intensive care unit (ICU), clonidine is used because of its 
sedating and analgesic effects without the respiratory depressive 
actions of other agents. There is concern for possible rebound 
hypertension, rebound hyperexcitability, and arrhythmias in 
infusions longer than 24 hours, and ultimately clinical trials are 
required to clarify these questions. In these patients it appears 
that dexmedetomidine is neuroprotective by reducing the num-
ber of delirium days and promoting a more physiologic sleep, all 
while being superior to benzodiazepines in reducing the number 
of ventilator days, delirium, and coma. There is even some pre-
liminary data that suggests that by reduction of immunosuppres-
sion and opioid-sparing activity, dexmedetomidine may decrease 
mortality in septic patients.66,67 A recent meta-analysis demon-
strated a trend toward improved cardiac outcomes in noncar-
diac surgical patients that have been treated perioperatively with 
dexmedetomidine.68 Dexmedetomidine has been shown to be 
an effective anxiolytic and sedative when used as premedication. 
Pretreatment with dexmedetomidine, like, clonidine, attenuates 
hemodynamic responses to intubation. Likewise, it decreases the 
MAC for volatile anesthetics from 35% to 50% but increases the 
likelihood of hypotension. Dexmedetomidine, like clonidine, 
increases the range of temperatures not triggering thermoregula-
tory defenses. It is likely to promote perioperative hypothermia 
but is also effective against shivering.

Non-adrenergic Sympathomimetic Agents

Non-adrenergic sympathomimetic drugs also act indirectly by 
inluencing the cAMP-calcium cascade, exclusive of the receptors 
(see Fig. 15-10). The function of the second messenger (Ca2+) 
nearly always goes together. This concept reinforces the recent 
appreciation of the homogeneity of action of a wide variety of 
drugs previously thought to be unrelated. Sympathomimetics 
have more pharmacologic similarities than differences.

Vasopressin

Vasopressin and its congener (desmopressin) are exogenous 
preparations of the endogenous ADH. ADH and oxytocin are the 
two principal hormones secreted by the posterior pituitary. Tar-
get sites for ADH are the renal collecting ducts, vascular smooth 
muscle, and cardiac myocytes. Water is passively reabsorbed from 
renal collecting ducts into extracellular luid. Nonrenal actions 
include inotropism and intense vasoconstriction accounting for 
its alternative designation as vasopressin.69 Arginine vasopres-
sin (AVP) is the most potent form of ADH. Historically, vaso-
pressin has been used for: (a) treatment of diabetes insipidus, 
(b) diagnosis of diabetes insipidus, (c) abdominal distention, 
(d) and as an adjunct in the treatment of gastrointestinal hem-
orrhage and esophageal varices. Recently, three new indications 
for the use of vasopressin have emerged. These are (1) pressure 
support for septic shock, (2) cardiac arrest secondary to ventricu-
lar ibrillation/ventricular tachycardia, or (3) pulseless electrical 
activity/asystole.70–73 Animal studies have shown, both in open 
and closed chest models, vasopressin caused larger increases in 
SVR, cerebral perfusion pressure, and coronary perfusion pres-
sure than EPI. Vasopressin is a more effective vasoconstrictor 
than EPI in the presence of hypoxia and acidosis. In contrast to 

EPI,  vasopressin does not seem to increase mixed venous oxygen 
saturation (MVO2) or lactate production.73,74 The 2005 guide-
lines for ACLS of the American Heart Association recommend 
that vasopressin may be used to replace the irst or second dose 
of EPI during the pulseless arrest algorithm75 (see Chapter 58 
Cardiopulmonary Resuscitation). EPI is class IIb recommenda-
tion, and vasopressin, which did not show any improvement in 
survival when compared with epinephrine, may be used instead 
of the irst or the second dose of epinephrine, and is considered 
class indeterminate43 (see Chapter 58 Cardiopulmonary Resusci-
tation). Vasopressin administered for cardiac arrest is known as 
“vasopressin injection USP.” The dose in cardiac arrest is 40 IU 
in 40 mL intravenously as a single dose in a peripheral IV line. 
Extravasation may cause local tissue necrosis. Its use in vasodi-
lated sepsis is by infusion pump starting at 0.04 IU/min. There 
are suggestions, that vasopressin may be useful in addition to 
potent α agonists for treatment of shock, especially due to rela-
tive sparing of the mesenteric vessels. These data are supported 
by rat studies.76 Despite a theoretical advantage of using vaso-
pressin to decrease the catecholamines dosage in septic patients, 
the use of vasopressin failed to decrease mortality when com-
pared with norepinephrine.70 In such circumstances, it seems 
that timing of initiation of therapy is the most important param-
eter for survival.77,78

Vasopressin antagonists such as Tolvaptan, Conivaptan, and 
Lixivaptan have been studied in patients with heart failure. While 
diuretics are a cornerstone of treatment of heart failure, they do 
not improve survival and may worsen hypotension, renal dys-
function, electrolyte abnormalities, and activation of the renin–
angiotensin–aldosterone system. The vasopressin antagonists 
have been used with encouraging results with improving the 
symptomatology of heart failure, with effective diuresis without 
worsening of hyponatremia or renal function, but still failed to 
show an improvement in overall mortality.79

Adenosine

Adenosine, available for more than 50 years, has been recognized 
recently as a clinically useful drug. It is an endogenous nucleotide 
and is found in every cell in the body. It is composed of adenine 
and a pentose sugar. Production can be increased by stimuli such 
as hypoxia and ischemia. This ubiquitous nucleotide has potent 
electrophysiologic effects in addition to having a major role in 
regulation of vasomotor tone. Adenosine is believed to have a 
cardioprotective effect by regulating oxygen supply and demand 
(see Chapter 58 Cardiopulmonary Resuscitation). The receptors 
in the myocardial conduction system are the most sensitive and 
mediate SA node slowing and AV nodal conduction delay. Ade-
nosine hyperpolarizes atrial myocytes and decreases their action 
potential duration via an increase in outward K+ current. These 
are the acetylcholine-regulated K+ channels. Adenosine mimics 
the effects of acetylcholine in many ways, including an extremely 
short plasma half-life of mere seconds. Adenosine also antago-
nizes the inward Ca2+ current produced by catecholamines. This 
antidysrhythmic mechanism of Ca2+ channel blockade is thought 
to be an indirect effect and important only when β stimulation 
is present. The primary antidysrhythmic effect of adenosine is 
to interrupt reentrant AV nodal tachycardia, which most likely 
relates to its K+ current rather than Ca2+ current effects. The chief 
indication for adenosine is paroxysmal supraventricular tachy-
cardia (PSVT), which it may terminate in a matter of  seconds. 
Adenosine is the recommended as irst line of treatment.43,80 
Adenosine is to be used only cautiously in patients with Wolf–
Parkinson–White syndrome with narrow complex tachycardia, 
and should be avoided in Wolf–Parkinson–White syndrome with 
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atrial ibrillation. The reason for this is that its use may increase 
the conduction via the atrioventricular node and induce ventricu-
lar ibrillation. One may use adenosine for reentrant tachycardias 
involving the AV node, as well as right ventricular tachycardias.81 
The same characteristics that make adenosine an effective thera-
peutic agent may also make it an ideal agent for diagnosing other 
types of dysrhythmia. The incidence of incorrect diagnosis of 
supraventricular dysrhythmia has been reported to be as high as 
15% using conventional means. Approximately 10% of SVT do 
not involve AV nodal reentry. Adenosine will nevertheless slow 
AV nodal conduction in these cases, decrease the ventricular rate, 
and allow inspection of P waves. Thus, adenosine may be useful 
in unmasking atrial ibrillation, or lutter, when fast ventricular 
responses are noted. This signiicant slowing of the ventricular 
rate is useful clinically during deployment of endovascular stents, 
and should be used with caution. A number of side effects have 
been reported with the use of adenosine, including lushing, 
headache, dyspnea, bronchospasm, and chest pain. The majority 
of these are brief (seconds) and not clinically signiicant. Tran-
sient new dysrhythmia (65%) will be noted at the time of car-
dioversion, but these disappear during the half-life of the drug. 
Major hemodynamic changes are rare but consist of hypotension 
and bradycardia. Adenosine should be given by means of a rapid 
IV bolus with lush because of its extremely short half-life of less 
than 10 seconds. The initial adult dose is 6 mg in peripheral IVs 
and half this dose when administered via central circulation (100 
to 150 µg/kg pediatrics), which can be followed by 12 mg within 1 
to 2 minutes if the initial dose is without effect.58 The 12 mg dose 
may be repeated once. The antidysrhythmic effect of adenosine 
occurs as soon as the drug reaches the AV node. Although both 
adenosine and verapamil are effective in treating PSVT one must 
be aware of side effects (more prominent hypotension when using 
verapamil) before choosing one versus the other.82 Nevertheless, 
adenosine seems to be a better choice due to fewer side effects, a 
view that is upheld by the recent ACLS Guidelines. Recently, the 
use of adenosine in these circumstances has been expanded and 
now includes stable, narrow-complex tachycardias, unstable nar-
row-complex regular tachycardias while preparation for electrical 
cardioversion are being made, and stable, regular, monomor-
phic, wide-complex tachycardia as a therapeutic and diagnostic 
maneuver43,83 (see Chapter 58 Cardiopulmonary Resuscitation).

Phosphodiesterase Inhibitors

Phosphodiesterase inhibitors have pharmacologic properties 
approaching the characteristics of the ideal inotropic agent.84–86 
They do not rely on stimulation of β and/or α receptors. These 
drugs combine positive inotropism with vasodilator activity by 
selectively inhibiting phosphodiesterase (PDE) III. PDE I and II 
hydrolyze all cyclic nucleotides, whereas PDE III acts speciically 
on cAMP. The PDE III inhibitors interact with PDE III at the cell 
membrane and impede the breakdown of cAMP. cAMP levels 
increase and protein kinase is activated to promote phosphoryla-
tion. In cardiac muscle, phosphorylation increases the slow inward 
movement of calcium current, promoting increased intracellular 
calcium stores. Thus, inotropism increases. In vascular smooth 
muscle, increased cAMP activity accounts for the vasodilation, 
decreased peripheral vascular resistance, and lusitropism. Amri-
none (currently termed inamrinone) is the prototypical PDE III 
inhibitor, and like nitroprusside and nitroglycerin, promotes dia-
stolic relaxation, which promotes ventricular illing.87 Milrinone 
is currently the most popular PDE inhibitor released for clinical 
use in the United States. The degree of hemodynamic effect of 
these drugs depends on the dose, degree of inotropic reserve, and 
state of cAMP depletion.

milrinone

Milrinone is a derivative of amrinone. (In most centers, milrinone 
has replaced amrinone; although in general their hemodynamic 
proiles are similar.) It has nearly 20 times the inotropic potency 
of the parent compound. Milrinone is active both intravenously 
and orally and has beneicial short-term hemodynamic effects in 
patients with severe refractory congestive heart failure. Improve-
ment of CO appears to result from a combination of enhanced 
myocardial contractility and peripheral vasodilation. Treatment 
with oral milrinone for up to 11 months has been effective and 
well tolerated without evidence of fever, thrombocytopenia, or 
gastrointestinal effects. Milrinone has been approved for short-
term IV therapy of congestive heart failure.84–86 It is administered 
with a loading dose of 50 µg/kg over 10 minutes. The maintenance 
IV infusion rate ranges from a minimum of 0.375 µg/kg/min to 
a maximum of 0.75 mg/kg/min (not to exceed 1.13 mg/kg/day). 
Dosage must be adjusted in renal failure patients as milrinone 
is excreted in the urine primarily in unconjugated form. Peak 
response with an IV dose occurs after 5 minutes and reveals no 
evidence of tolerance over short-term trials (24 hours); it is com-
patible with other adrenergic agonists. It is an effective inotropic 
agent in patients receiving β blockers. Its eficacy in the patient 
who has been digitalized has been demonstrated. Milrinone and 
dobutamine have become the mainstay of treatment for decom-
pensated heart failure patients who require intravenous vasodila-
tors and positive inotropic agents. Nevertheless, the use of such 
agents signiicantly increases mortality.88 One must be aware that 
these drugs may increase the risk of arrhythmias in these patients 
who may in fact require implantable cardioverter deibrillators.89

Glucagon

Glucagon is a single chain polypeptide of 29 amino acids that 
is secreted by pancreatic cells in response to hypoglycemia (see 
Chapter 46 Endocrine Function). The liver and kidney are 
responsible for its degradation. Known effects of this hormone 
in humans include the following: (1) inhibition of gastric motil-
ity, (2) enhanced urinary excretion of inorganic electrolytes, (3) 
increased insulin secretion, (4) hepatic glycogenolysis and gluco-
neogenesis, (5) anorexia, (6) inotropic and chronotropic cardiac 
effects, and (7) relaxation of smooth muscle (biliary, i.e., sphinc-
ters).90 Little attention was given to glucagon until 1968, when 
it was demonstrated to produce positive inotropic and chrono-
tropic effects in the canine heart. Glucagon enhances the activa-
tion of adenyl cyclase in a manner similar to that of NE, EPI, and 
isoproterenol. These cardiac actions of glucagon are not blocked 
by β blockade or catecholamine depletion. Glucagon, in contrast 
to the xanthines, rarely causes dysrhythmia, even in the face of 
ischemic heart disease, hypokalemia, and digitalis toxicity. Glu-
cagon may possess antidysrhythmic activity in digitalis toxicity 
because it has been shown to enhance AV nodal conduction in 
patients with varying degrees of AV block. An IV dose of 1 to 5 mg 
of glucagon increases cardiac index, mean arterial pressure, and 
ventricular contractility, even in the presence of digitalis therapy. 
After a bolus dose, its action dissipates in approximately 30 min-
utes. Nausea and vomiting are common side effects in the awake 
patient, especially following a bolus dose. Hypokalemia, hypogly-
cemia, and hyperglycemia are also seen. Glucagon is also useful 
in treating insulin-induced hypoglycemia. Despite the obvious 
beneits of glucagon in cardiac patients, its use has not become 
popular. This pancreatic hormone may be of hemodynamic ben-
eit when more conventional approaches have proved refractory 
in the following settings: (1) low CO syndrome following car-
diopulmonary bypass, (2) low CO syndrome with myocardial 
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infarction, (3) chronic congestive heart failure, and (4) excessive 
βadrenergic blockade. In cases of anaphylactic shock with signif
icant and refractory hypotension, glucagon is an extremely useful 
alternative agent in reversing the decreased blood pressure.91

Digitalis Glycosides

The most important actions of the digitalis glycosides are those 
affecting myocardial contractility, conduction, and rhythm. The 
glycoside most likely to be used by the anesthesiologist is digoxin. 
The principal uses of digoxin are for the treatment of congestive 
heart failure and to control supraventricular cardiac dysrhythmia 
such as atrial ibrillation. Digoxin is one of the few positive inotro-
pes that does not increase HR. Digoxin enhances myocardial inot-
ropism and automaticity but slows impulse propagation through 
the conduction tissues.58 Despite nearly two centuries of use, its 
mechanism of action is only modestly certain. Digitalis recipro-
cally facilitates calcium entry into the myocardial cell by blocking 
the Na+, K+ adenosine triphosphatase pump. This calcium inlux 
may account for its positive inotropic action because this inotro-
pic response is not catecholamine- or β-receptor–dependent and 
is therefore effective in patients taking β-blocking drugs. The inhi-
bition of this enzyme transport mechanism also results in a net K+ 
loss from the myocardial cell. This contributes to digitalis toxicity 
with hypokalemia. Calcium potentiates the toxic effects of digi-
talis. Extreme caution should be observed when calcium is given 
to a patient taking digitalis or when digitalis administration is con-
templated in the patient with hypercalcemia. Digitalis has been of 
little value in cardiogenic shock and has proved potentially injuri-
ous in patients with uncomplicated myocardial infarction because 
of its vasoconstrictive properties and effects on myocardial oxygen 
consumption in the absence of cardiomegaly. Care must be taken 
to rule out conditions in which the use of digitalis is of no beneit 
and is potentially harmful. These include mitral stenosis with nor-
mal sinus rhythm and constrictive pericarditis with tamponade. 
Signs and symptoms of idiopathic hypertrophic subaortic stenosis 
are often exacerbated by digitalis. With increased strength of con-
traction, the muscular obstruction can be markedly increased. The 
same is true for the use of digitalis in patients with infundibular 
pulmonic stenosis, as occurs with tetralogy of Fallot. Any augmen-
tation of contractility may further reduce an already diminished 
pulmonary blood low. Beware of digitalis toxic reactions in the 
older age group and in patients suffering from arterial hypoxemia, 
acidosis, renal compromise, hypothyroidism, hypokalemia, or 
hypomagnesemia as well as in patients receiving quinidine or cal-
cium channel blockers.

When entertaining the possibility of perioperative digitalis 
administration, the following points must be considered.

 1. Myocardial oxygen consumption is increased in the non-fail-
ing, non-dilated heart.

 2. The therapeutic-to-toxic ratio of digitalis is narrow.
 3. Inotropic drugs that are less toxic and reversible are readily 

available.
 4. Verapamil or β blockers are more eficacious for supraven-

tricular tachydysrhythmias not initiated by heart failure.
 5. Digitalis may cause serious dysrhythmia in the unstable 

patient.
 6. Serum potassium concentrations may luctuate in the surgi-

cal patient.
 7. Any cardiac dysrhythmia that occurs in the presence of digi-

talis must be considered a toxic phenomenon.
 8. Digitalis-induced cardiac dysrhythmias are dificult to treat.
 9. Renal compromise will result in toxic effects with standard 

maintenance doses.

 10. Cardioversion may be dangerous after digitalis administra-
tion.

 11. After initiation of digitalis therapy, the administration of 
alternative drugs becomes more complicated.

Digoxin, β-blockers and calcium channel blockers such as 
diltiazem and verapamil may be used in patients with heart fail-
ure and normal ejection fraction to control the heart rate, espe-
cially if patients do have supraventricular tachyarrhythmias such 
as atrial ibrillation. Nevertheless, digoxin is not recommended 
for patients with heart failure but with normal ejection fraction, 
since it may increase the left ventricular illing pressure, and sub-
sequently aggravate their heart failure.92

Calcium Salts

Calcium is of great importance in the genesis of the cardiac 
action potential and is key to controlling intracellular energy 
storage and utilization. Movement of extracellular calcium 
across membranes also governs the function of uterine smooth 
muscle as well as the smooth muscle of the blood vessels. The 
sympathomimetic drugs promote the transmembrane inlux of 
calcium, whereas the β blockers and calcium channel blockers 
inhibit such movement. The American Heart Association has 
recommended against the use of calcium during cardiac arrest 
except when hyperkalemia, hypocalcemia, or calcium channel 
blocker toxicity is present.93 Subsequently, the indications for 
calcium use are now limited to only few clinical applications (see 
Chapter 58 Cardiopulmonary Resuscitation). Calcium chloride 
is often given at the termination of cardiopulmonary bypass to 
offset the myocardial depression associated with hypothermic 
potassium cardioplegia.94 There is newer evidence that the use 
of calcium in the early post-bypass period may induce spasm 
of the coronaries, including the newly grafted internal mam-
mary artery, also causes hypercontracture of the heart cells, and 
therefore increases the risk for myocardial ischemia, reperfusion 
injury, and even myocardial infarction.95–97 The use of calcium 
salts is clearly indicated during rapid or massive transfusions 
of citrated blood.94 Citrate binds calcium, and rapid infusion 
rates of citrated blood result in myocardial depression that is 
reversible by calcium. Two forms of calcium salts are commonly 
available: Calcium chloride and calcium gluconate. Tradition-
ally, calcium gluconate has been preferred in pediatric patients 
and calcium chloride in adult patients. Previous data held that 
calcium chloride produced consistently higher and more pre-
dictable levels of ionized calcium.98 Studies have shown, how-
ever, that ionization of any of the preparations is immediate and 
equally effective (see Chapter 14 Fluids, Electrolytes, and Acid-
Base Physiology). Calcium chloride produces only transient 
increases in CO and blood pressure. Bolus doses of 2 to 10 mg/
kg (1.5 mg/kg/min) of calcium chloride can produce moderate 
improvement in contractility. The rapid administration of cal-
cium salts, if the heart is beating, can produce bradycardia and 
must be used cautiously in the patient who is digitalized because 
of the hazard of producing toxic effects. Calcium salts will pre-
cipitate as calcium carbonate if mixed with sodium bicarbonate.

Levosimendan is a calcium sensitizer that has both positive 
inotropic and vasodilatory effects, and appears to be cardiopro-
tective. It is used as an alternative to other inotropes, or devices 
with very good results. For example, when compared with dobu-
tamine levosimendan improved the left ventricular hemody-
namic function in patients with cardiogenic shock, and reduced 
the intensive care unit stay, when compared to the usage of intra-
arterial balloon pumps also reduced perioperative mortality and 
improved perioperative cardiac function in patients  undergoing 
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noncardiac surgeries. In patients with acute decompensated 
heart failure, levosimendan has favorable hemodynamic effects, 
while adverse effects and mortality are similar when compared to 
dobutamine.99 It appears that levosimendan has cardioprotective 
effects shown by an attenuated rise in troponin associated with 
cardiopulmonary bypass, and it has become (in Europe) a viable 
treatment alternative for patients with decompensated cardiac 
failure. It also can be used in patients after myocardial infarc
tion or after cardiac surgery who require higher doses of cate
cholamines associated with low cardiac output, especially since 
it appears that its safety, hospitalization rates, and mortality rates 
are superior to dobutamine, or placebo. One of the attractive 
features of this drug is the vasodilatory effects on the pulmonary 
circulation, thus decreasing the pulmonary vascular resistance, 
whilst improving the right ventricular performance in patients 
with decompensated heart failure. Nevertheless, it appears that in 
certain patients with nonvasoreactive pulmonary arterial hyper
tension, levosimendan does not decrease the vascular resistance, 
but is ineffective and increases the pulmonary  pressures.100–103

Antidepressant Drugs

Monoamine Oxidase Inhibitors

Monoamine oxidase inhibitors (MAOIs) and the tricyclic antide
pressants are used to treat psychotic depression. These drugs are 
not used in the practice of anesthesia but are a source of potentially 
serious anesthetic interactions in patients who are taking them 
chronically (see Chapter 22 Preoperative Patient Assessment and 
Management). Their use is rapidly declining as the nontricyclic 
antidepressants such as Prozac are more eficacious and produce 
fewer side effects. Few of the MAO inhibitors or tricyclic antide-
pressants will be encountered in an anesthesia practice today with 
the exceptions of phenelzine (Nardil) and amitriptyline (Amitril, 
Elavil). Their pharmacologic actions and side effects are a direct 
result of their effect on the cascade of catecholamine metabolism. 
MAOIs block the oxidative deamination of endogenous catechol-
amines into inactive vanillylmandelic acid. They do not inhibit 
synthesis. Thus, blockade of monoamine oxidase would produce 
an accumulation of NE, EPI, dopamine, and 5-hydroxytrypta-
mine in adrenergically active tissues, including the brain. The 
action of sympathomimetic amines is potentiated in patients tak-
ing MAOIs. Indirect acting sympathomimetics (ephedrine, tyra-
mine) produce an exaggerated response as they trigger the release 
of accumulated catecholamines. Foods containing a high tyra-
mine content such as cheese, red Italian wine, and pickled herring 
can also precipitate hypertensive crises.28 Meperidine has been 
reported to produce hypertensive crisis, convulsions, and coma 
with MAO inhibitors. Hepatotoxicity has been reported that does 
not seem to be related to dosage or duration of treatment. Its inci-
dence is low but remains a factor in selecting anesthesia.

The anesthetic management of patients taking MAOIs 
remains controversial. Currently, recommendations for manage-
ment include discontinuation of the drugs for at least 2 weeks 
before surgery; however, this recommendation is not based on 
controlled studies but rather is the result of limited case reports 
that suggest potent drug interactions.

Tricyclic Antidepressants

This group of antidepressant drugs is referred to as tricyclic anti-
depressants because of their structure. These drugs have almost 
replaced the MAOIs because of fewer side effects. All of these 
agents block uptake of NE into adrenergic nerve endings. Just as 
with the MAOIs, high doses of the tricyclic antidepressants can 

induce seizure activity that is responsive to diazepam. Neurolep-
tic drugs may potentiate the effects of tricyclic antidepressants by 
competition with metabolism in the liver. Chronic barbiturate use 
increases metabolism of the tricyclic antidepressants by micro-
somal enzyme induction. Other sedatives, however, potentiate 
the tricyclic antidepressants in a manner similar to that occurring 
with the MAOIs. Atropine also has an exaggerated effect because 
of the anticholinergic effect of tricyclic antidepressants. Prolonged 
sedation from thiopental has been reported. Ketamine may also 
be dangerous in patients taking tricyclic antidepressants by pro-
ducing acute hypertension and cardiac dysrhythmia. Despite these 
serious interactions, discontinuation of these drugs before surgery 
is probably not necessary. The latency of onset of these drugs is 
from 2 to 5 weeks; however, the excretion of tricyclic antidepres-
sants is rapid, with approximately 70% of a dose appearing in 
the urine during the irst 72 hours. The long latency period for 
resumption of treatment militates against interrupted treatment. 
A thorough knowledge of the possible drug interactions and auto-
nomic countermeasures now available obviates postponement.

Selective Serotonin Reuptake Inhibitors

Their mechanism of action appears to be the selective inhibition 
of neuronal uptake of serotonin. This potentiates the behavioral 
changes induced by the serotonin precursor, 5-hydroxytrypto-
phan.104 The availability of sympathetic antagonists for possible side 
effects during anesthesia weighs in favor of continuation of therapy 
versus the risk of exacerbation of a severe depression. Prozac (luox-
etine) is a popular oral nontricyclic antidepressant. The elimination 
half-life of Prozac is 1 to 3 days and can lead to signiicant accu-
mulation of the drug. Prozac’s metabolism, like that of other com-
pounds including tricyclic antidepressants, phenobarbital, ethanol, 
and pentothal involves the P450 II D6 system, concomitant therapy 
with drugs also metabolized by this enzyme system may lead to 
drug interactions and prolongation of effect of the benzodiazepines. 
Wellbutrin® and Zyban® are the same drug, namely, bupropion 
hydrochloride. Zyban, however, is a sustained release drug. Well-
butrin is used as an antidepressant, whereas Zyban is marketed as a 
non-nicotine aid to smoking cessation. The neurochemical mecha-
nism of the antidepressant effect of bupropion is not known. It does 
not inhibit monoamine oxidase and is a weak blocker of the neu-
ronal uptake of serotonin and norepinephrine. It also inhibits the 
neuronal uptake of dopamine to some extent. No systematic data 
have been collected on the interactions of bupropion and other 
drugs. Duloxetine is a selective serotonin reuptake inhibitor (SSRI) 
that has been used as an antidepressant, but recently has been used 
for treatment of chronic pain due to its analgesic properties.105 
Patients with heart disease have emerged as a special category due 
to the inding that depression signiicantly affects the cardiovascular 
health. Several studies support the safety of SSRI’s in these patients 
due to its association with a decrease in morbidity and mortality, 
and the need for continuous treatment, especially in the elderly. 
Nevertheless, there is some evidence although small that these drugs 
may increase the risk of bleeding. Since these patients may use con-
comitantly other antiplatelet/anticoagulation therapies, increased 
vigilance is mandatory.106–109

Adrenergic Antagonists–Sympatholytic 
Drugs

Alpha Antagonists

Drugs that bind selectively to α-adrenergic receptors block the 
action of endogenous catecholamines or moderate the effects 
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of exogenous adrenergics. The resultant effects may be ascribed 
together the blockade effect to αadrenergic agonists or to unop
posed βadrenergic receptor activity. The effect is smooth muscle 
relaxation. The response to the vasculature may vary over a wide 
range in a single vascular bed depending on its intrinsic state 
of constriction. Vessels with higher initial tone have a greater 
response to αblockade. Prominent clinical effects of αblockers 
include hypotension, orthostatic hypotension, tachycardia and 
miosis, nasal stufiness, diarrhea, and inhibition of ejaculation. 
The α-blockers may be classiied according to binding charac-
teristics. Phenoxybenzamine is an oral α-blocker that produces 
an irreversible blockade. It is a relatively nonselective α-blocker. 
Phentolamine, tolazoline, and prazosin are characterized by 
reversible binding and antagonism. When patients are taking 
these drugs chronically one should keep in mind that the normal 
autonomic response to stress, inhalation anesthetics, or exten-
sive regional anesthesia may be blunted. Elevations of catechol-
amines will not relexly increase peripheral vascular resistance 
and may actually decrease if vascular β receptors are unopposed. 
α-blockers are often used in combination with diuretics and 
other antihypertensives. Volume depletion may not be evident 
on preoperative examination but may become unmasked with 
the induction of anesthesia resulting in the onset of a marked 
hypotension. This hypotension is usually responsive to volume 
repletion and the temporary use of a direct acting α-agonist such 
as phenylephrine. There is no cause for discontinuation of these 
drugs before surgery but preloading with IV luids is suggested to 
ensure adequate central volume.

Phentolamine

Phentolamine is used almost exclusively in the presurgical treat-
ment of pheochromocytoma (see Chapter 46 Endocrine Function). 
It is a competitive antagonist at α1 and α2 receptors. Phentolamine 
may also have some antihistaminic and cholinomimetic activity. 
The cholinomimetic activity may result in abdominal cramping 
and diarrhea, both of which are blocked by atropine. Tachycardia 
and hypotension are also common side effects.

Intravenously, phentolamine produces peripheral vasodilata-
tion and a decrease in systemic blood pressure within 2 minutes 
lasting from 10 to 15 minutes. Blood pressure reduction elicits 
baroreceptor relexes and NE release. Cardiac arrhythmias and 
angina pectoris may accompany phentolamine administration. It 
can be given in doses of 30 to 70 µg/kg IV to produce a transient 
decrease in blood pressure. It can also be used as a continuous 
infusion to maintain blood pressure during resection of a pheo-
chromocytoma.

Phenoxybenzamine

Phenoxybenzamine acts as a nonselective α-adrenergic antago-
nist (see Chapter 46 Endocrine Function). α-blockade is 100 
times more potent on postsynaptic α1 receptors than at α2 
receptors. Preoperatively in preparation for removal of a pheo-
chromocytoma, the drug is administered orally starting at 10 mg 
BID.110 The onset of α-blockade is slow. This is related to the 
time required for structural modiication of the phenoxyben-
zamine molecule to become active. The elimination half-life is 
about 24 hours. Orthostatic hypotension is prominent espe-
cially in the presence of preexisting hypertension or hypovo-
lemia. Cardiac output is often increased and renal blood low 
is not greatly altered except in preexisting renal vasoconstric-
tion or stenosis. Coronary and cerebral vascular resistance is 
not changed.

Prazosin

Prazosin is relatively selective for α1 receptors, leaving the inhibit-
ing effect of α2 receptor activity on norepinephrine release intact. 
As a result, it is less likely than nonselective α-antagonists to evoke 
relex tachycardia. The initial oral dose is 1 mg BID then titrated 
to effect. Prazosin dilates both arterioles and veins. Cardiovas-
cular effects include total body reductions in systemic vascular 
resistance and venous return. When combined with a diuretic it 
is an effective antihypertensive drug. It should not be used with 
clonidine or α-methyldopa, as it appears to decrease their effec-
tiveness. Prazosin may also cause bronchodilation.

Oral α1-blockers have been found useful for benign prostatic 
hypertrophy (BPH) and hypertension. The anesthesiologist may 
encounter patients taking these medications on a chronic basis 
and must be aware of their possible interactions with anesthetics 
(see Chapter 22 Preoperative Patient Assessment and Manage-
ment). Doxazosin is a long acting selective α1-blocker used for 
treating BPH and hypertension. The most common side effect, 
as with all α-blockers is orthostatic hypotension and dizziness. 
Tamsulosin is another α-blocker that is used for BPH. It is not 
indicated for hypertension but it is capable of producing ortho-
static hypotension.

Beta-antagonists (Beta-blockers)

β-adrenergic blockers were introduced in the 1960s. These sym-
patholytic agents have dominated cardiovascular pharmacology. 
They are among the most common drugs used in the treatment of 
cardiac disease and hypertension. A variety of drugs are available 
with β-blocking activity that may be distinguished by differing 
pharmacokinetic and pharmacodynamic properties. Examples 
of some of the drugs available and their diversity of actions are 
listed in Table 15-12. β-blockers can be classiied according 
to whether they are selective or nonselective on the β1- or β2-
receptor and whether they possess intrinsic sympathomimetic 
activity (ISA). For example, a β-blocker with selective properties 
for the β1 receptor would bind to the cardiac receptors, whereas 
a nonselective β-blocker would bind to both β1 (cardiac) and β2 
(vascular, bronchial smooth muscle, and metabolic) receptors. 
Nonselective β-antagonists are referred to as irst generation β-
blockers. These include propranolol, nadolol, sotalol, and timo-
lol. Second generation drugs are those considered selective for 
β1-adrenergic blockade. These include atenolol, esmolol, and 
metoprolol. Over the past decade, and because of their selectiv-
ity, the use of β-blockers has expanded to include the treatment 
of congestive heart failure (CHF). Recently, a new β-blockers 
subcategory has been developed, respectively, β-blocker with 
vasodilatory properties, such as in a new β-blocker, Nebivolol.111 
β-blockers are an important class of agents that are indicated for 
treatment of coronary artery disease, hypertension, heart failure, 
and tachyarrhythmias. They have a primary role in the treatment  
of patients after a myocardial infarction.112 β-blockers have a 
direct effect on reducing the mortality in patients with heart 
failure due to left ventricular systolic dysfunction (bisoprolol, 
carvedilol, and metoprolol). Recently, a fourth agent has been 
used with similar favorable results, and this is nebivolol.113,114 
Nebivolol is a new β-blocker with an excellent β selectivity, and 
 endothelium-dependent vasodilation secondary to L-arginine/
NO pathway. Therefore, this novel drug has hemodynamic 
advantages and a better proile for side effects. Recent trials dem-
onstrated a reduced morbidity and mortality in elderly patients 
with chronic heart failure, which makes this drug a very interest-
ing option for the future treatment of cardiac disease, since for 
now it is available only in Europe.111,115 Since there is data in the 
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medical literature that βblockers reduce the incidence of peri
operative myocardial infarction, there is an increased interest in 
using these agents perioperatively in high risk patients under
going vascular and other high risk surgical procedures116 (see 
Chapter 39 Anesthesia for Vascular Surgery).

Selective βblockade is of great beneit in treatment of 
patients with obstructive airway disease, diabetes, or peripheral 
vascular disease. However, it must be emphasized that speciicity 
is a relative term and not absolute. Nonselective blocking effects 
may be seen in all tissues if higher blood levels are reached with 
“selective” drugs. For example, the use of β1-selective blockers 
in patients with obstructive or reactive airway disease remains 
controversial. Patients with reactive airway disease may develop 
serious reductions in ventilatory function even with β1-selective 
antagonists, but these circumstances are rare, so these drugs 
can be employed for large categories of patients. Other drugs 
are available for treatment of supraventricular arrhythmias 
and hypertension in asthmatics. Sympathetic activation gener-
ally results in increased circulating glucose levels secondary to 
enhanced glycogenolysis, lipolysis, and gluconeogenesis. Admin-
istration of β2-blockers to insulin-dependent diabetics reduces 
their ability to recover from hypoglycemic episodes (see Chapter 
46 Endocrine Function).

In patients receiving chronic β-blocker therapy, the drug 
should be continued throughout the perioperative and post-
operative period116 (see Chapter 39 Anesthesia for Vascular 
Surgery). Acute withdrawal of β-antagonists may produce a 
hemodynamic withdrawal syndrome and induce tachycardia.28 
HR is a major determinant of myocardial oxygen demands. 
Tachycardia is known to increase the risk of poor outcome in 
patients with ischemic heart disease; therefore, hemodynamic 
control of HR and BP (work) is important in reducing periop-
erative risk. Several studies have shown the beneits of prophy-
lactic β-blockade with atenolol in patients at risk for ischemic 
cardiac disease.117 The reduction in perioperative morbidity 
and mortality in these groups of patients was signiicant.118–123 
Recent data suggest that the use of β-blocker alone is not effec-
tive, unless tight heart rate control is present (less than 80 beats/
min perioperatively). For this purpose a combination of drugs 
may be required; but further studies are underway which may 
indeed establish the best clinical practice.119,124–128 The much 
anticipated POISE study proved that perioperative β-blockade 
does indeed reduce the risk of cardiac events but increased the 
risk of all-cause mortality and major strokes. Debated subjects 
regarding the concerning results included the dose of atenolol 
used, the value of blood pressure, the risk of perioperative ane-
mia, and the value of acceptable blood pressure before adminis-
tration of the next dose, still persist, and the use of β-blocker in 
the perioperative period became questionable for a brief period. 

While the European consensus accepts a systolic blood pressure 
of 100 mm Hg, the American College of Cardiology/American 
College of Cardiology Foundation Guidelines suggest that the 
next dose of β-blocker should be administered in the absence of 
hypotension. Clinicians have to decide what value is appropri-
ate and individualized. Further larger study of 38,779 patients 
over a 12 year period by Wallace et al. showed that either start-
ing of continuing the treatment with β-blocker does reduce the 
mortality in high risk patients at 30 days and 1 year, while with-
drawal of the perioperative β-blockade in patients with known 
coronary artery disease, peripheral vascular disease, or with two 
risk factors for coronary artery disease including age over 60 
years, diabetes, hypertension, hyperlipidemia, or smoking. Fur-
ther studies are necessary to identify the best timing for treat-
ment initiation and which class of β-blocker has more clinical 
impact.129–131

Several of the β-blockers listed in Table 15-12 also have a local 
anesthetic-like effect on myocardial membranes at high doses. 
This effect is similar to that of quinidine in that phase 0 of the 
cardiac action potential is depressed slowing conduction. This 
membrane stabilizing activity is caused by the D-isomer, whereas 
the L-isomer is responsible for β-blocking activity. The clinical 
signiicance of membrane-stabilizing activity is unclear.

Propranolol

Propranolol is the prototypical β-blocking drug against which 
all others are compared. It is nonselective and has no ISA but 
does have membrane-stabilizing activity at higher doses. It is 
available in both IV and oral forms. The IV dose is usually 0.5 to  
1 mg repeated every 5 minutes up to a total of 5 mg with care-
ful titration to effect.58 It is highly lipophilic and is metabolized 
by the liver to more water-soluble metabolites, one of which, 17-
OH propranolol, has weak β-blocking activity. There is a signii-
cant irst-pass effect by the liver after oral administration of the 
drug. It is highly protein-bound, and the free drug level may be 
altered by other highly bound drugs. The elimination half-life is 
approximately 4 hours, but the pharmacologic half-life is around 
10 hours. Hemodynamic effects include decreased HR and con-
tractility. The major factors contributing to the decrease in blood 
pressure by propranolol are decreased CO and renin release. Sys-
temic vascular resistance may increase upon acute administration 
owing to blockade of β2 receptors in the peripheral vasculature. 
With chronic administration; however, peripheral vascular resis-
tance decreases. This is thought to be secondary to decreased 
renin release and, possibly, decreased central SNS outlow. Com-
plications with the use of propranolol include bradycardia, heart 
block, worsening of congestive heart failure, bronchospasm, and 
sedation.132 During anesthesia with halothane, it may cause severe 

TAbLE 15-12.  autonomiC effeCts of CalCium entry bloCKers 

in intaCt humans

Verapamil Diltiazem Nifedipine

Negative inotropic + 0/+ 0
Negative chronotropic + 0/+ 0
Negative dromotropic + + + + + + + 0
Coronary vasodilation + + + + + + + + +
Systemic vasodilation + + + + + + + +
Bronchodilation 0/+ 0/+
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bradydysrhythmias. Due to the fact that it is not cardioselective, 
most clinicians are moving away from the routine use of propran
olol, and instead using the selective alternatives such as metopro
lol, or atenolol.

Metoprolol

Metoprolol is a relatively selective βblocking drug with 
βblocking effects at moderate and high doses. It has neither ISA 
nor membranestabilizing activity. It has a possible advantage 
in patients with reactive airway disease at oral doses up to 100 
mg/day. The initial IV dose is 1.25 to 5 mg every 6 to 12 hours. 
For myocardial infarction the dose is 2 to 5 mg every 2 minutes 
for three doses, followed by 50 mg orally every 6 hours, with 
careful monitoring of the heart rate while the loading dose is 
being administered.58 It is mostly metabolized in the liver, with 
only about 5% excreted unchanged in the urine. The elimina
tion halflife is 3.5 hours. It is available in IV as well as oral form; 
therefore, it is commonly recommended prior to surgery and 
anesthesia.113

Atenolol

Atenolol is similar to metoprolol in that it is relatively cardi
oselective and has no ISA or membranestabilizing activity. It 
is less lipophilic, however, and is eliminated primarily by renal 
excretion. The starting dose is 5 mg over 5 minutes IV, and 25 to  
50 mg/day oral administration.58 The elimination halflife is 6 to 
7 hours. The lack of irst-pass metabolism results in more predict-
able blood levels after oral dosing. The main advantage of this 
drug is its once a day dosing.117,133

Esmolol

Esmolol has several uses in the perioperative period.134 The 
most unique feature of the drug is the ester function incorpo-
rated into the phenoxypropanolamine structure. This allows 
for rapid degradation by esterases in the red blood cells and a 
resultant pharmacologic half-life of 10 to 20 minutes. Esmolol is 
cardioselective and appears to have little effect on bronchial or 
vascular tone at doses that decrease HR in humans. It has been 
used successfully in low doses in patients with asthma but cau-
tion is again advised when using β-blockers in these patients. 
The IV bolus dose is 0.25 to 0.5 mg/kg, and a continuous infu-
sion loading dose is 500 µg/kg/min over 1 to 2 minutes, with a 
maintenance of 50 to 200 µg/kg/min.58 Esmolol is metabolized 
rapidly in the blood by an esterase located in the red blood cell 
cytoplasm. It is different from the plasma cholinesterase and is 
not inhibited to a signiicant degree by physostigmine or echo-
thiophate but is markedly inhibited by sodium luoride. There 
are no apparent important clinical interactions between esmolol  
and other ester-containing drugs. At the highest infusion rates 
(500 µg/kg/min), esmolol does not prolong neuromuscular 
blockade by succinylcholine. Esmolol has proven to be useful in 
the perioperative period because it can be administered intra-
venously and its short half-life. This feature permits a trial of 
β-blockade in doubtful situations. Esmolol has been shown to 
blunt the response to intubation of the trachea and is moder-
ately effective in treating postoperative hypertension.135–137 Most 
reported studies in humans have used doses of 50 to 500 µg/kg/
min. The most beneicial approach seems to be a loading dose 
of 500 µg/kg over 30 seconds, followed by continuous infusion 
of 50 to 300 µg/kg/min. Peak blockade appears to occur within 
5 minutes. On discontinuation of the infusion, serum levels 
decline with an elimination half-life of 9 minutes.

Timolol

Timolol is also non-cardioselective with little ISA and no 
 membrane-stabilizing activity. It is the only β-blocker used as 
the l-isomer rather than the racemic mixture. It is ive to ten 
times as potent as propranolol. Hepatic metabolism accounts for 
approximately 66% of its elimination, and another 20% is found 
unchanged in the urine. The elimination half-life is 5.6 hours, 
and the pharmacologic half-life is approximately 15 hours. It was 
irst used topically for treatment of glaucoma but is now used in 
hypertension and has been shown to decrease the risk of reinfarc-
tion and death following myocardial infarction. Its hemodynamic 
effects and side effects are similar to those of other β-blockers. 
The anesthesiologist should also be aware that timolol eye drops 
may be absorbed systemically and cause bradycardia and hypo-
tension that are refractory to treatment with atropine.138

Other Beta-blockers

Other beta-blockers include drugs such as nadolol (non- 
cardioselective β-blocker), acebutolol (cardioselective β-blocker 
with ISA and membrane-stabilizing activity), pindolol (nonse-
lective β-blocker with membrane-stabilizing activity and ISA), 
betaxolol (cardiac selective), penbutolol (nonselective with some 
intrinsic sympathetic activity), and carteolol (nonselective) are 
used for treatment of hypertension or heart rate control.

mixed Antagonists

Labetalol

Labetalol is an antihypertensive drug with blocking activity at 
both α- and β-receptors. The relative α/β-blocking effects are 
dependent upon the route of administration. After oral admin-
istration, the ratio of α/β effectiveness is 1:3; however, when 
given intravenously, it is 1:7. The α effects are primarily on α1-
receptors, whereas the β effects on nonselective. Hemodynamic 
effects consist primarily of decreased peripheral resistance and 
decreased or unchanged HR with little change in CO. Serum 
renin activity is decreased. Maintenance of lower HRs in the pres-
ence of decreased systemic blood pressure is beneicial in control-
ling the myocardial oxygen supply/demand ratio and is a major 
beneit of labetalol in patients with coronary artery disease.

Labetalol is eliminated by hepatic glucuronide conjugation. 
The elimination half-life after IV administration is 5.5 hours and 
6 to 8 hours after oral use. Elimination is not markedly prolonged 
in patients with hepatic or renal failure. Another advantage of 
the drug is the ability to convert from IV to oral forms of the 
same drug after the patient is stable. For treatment of hyperten-
sion when used as a bolus, the initial dose is 2.5 to 10 mg IV over  
2 minutes, then repeat every 10 minutes to a total of 30 mg. 
When used as a continuous infusion, it is usually started at 0.5 to  
2.0 mg/min and titrated to effect. Since there is an enhanced effect 
by inhalation anesthetics, these doses should be decreased when 
used intraoperatively.

Complications and contraindications are similar to those for 
the β-blockers. Labetalol should be used with caution in patients 
with compromised myocardial function because it may worsen 
heart failure. Also, owing to β-blocking activity, the drug may 
induce bronchospasm in asthmatics. As with other β-blockers, 
abrupt withdrawal is not recommended. Labetalol is favored by 
many anesthesiologists for use in the perioperative period, since 
it rapidly decreases both blood pressure, and to some extent also 
the heart rate, it can be used as a bolus, and ultimately achieves 
normotension within few minutes of initial administration.139,140
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Calcium Channel Blockers

Calcium is regarded as the universal messenger in cells and plays 
a critical role in a number of biologic processes. It is involved in 
blood coagulation, a broad array of enzymatic reactions, metab
olism of bone, neuromuscular transmission, electrical activation 
of various excitable membranes as well as endocrine secretion, 
and muscle contraction. Calcium initiates several physiologic 
events in the specialized automatic and conducting cells in the 
heart. It is involved in the genesis of the cardiac action potential, 
and it links excitation to contraction and controls energy stores 
and utilization. Movement of extracellular calcium across mem
branes also governs the function of smooth muscle in bronchi 
and in coronary, pulmonary, and systemic arterioles. Its roles 
in adrenergic effector response have been outlined in detail (see 
Molecular Pharmacology and Effector Response). Membrane 
calcium channels are known to provide a pathway for calcium 
inlux across cell membranes that differ from calcium eflux 
movements associated with active pumps or exchange. The 
inward calcium channel exhibits two distinguishing properties: 
(1) selectivity in that they have the ability to distinguish between 
ion species and (2) excitability in that they have the property of 
responding to changes in membrane potential. Separate, ion-
speciic, channels for sodium and calcium inlux exist. The sta-
tus of these channels can vary to produce three kinetic states: 
Resting, activated, and inactivated.

Classiication of calcium channel blockers has been dif-
icult since their discovery. They were initially thought to be 
β-adrenergic blocking drugs because of their sympatholytic 
action. Later they were called calcium antagonists.

It is clear, however, that calcium antagonists are not true phar-
macologic antagonists of calcium. Instead, they interact with the 
cell membrane to control the intracellular concentration of calcium. 
The correct terminology for this group of drugs appears to be cal-
cium channel blockers. The molecular structures of three clinically 
useful calcium entry blockers are seen in Figure 15-16. These drugs 
produce vasodilatation, depress cardiac conduction velocity (drom-
otropism), depress contractility (inotropism), and decrease HR 
(chronotropism). All calcium channel blockers do this, but with 
varying degrees of potency in the intact human and in vitro (Table 
15-11). Thus, despite their similarities, these drugs cannot be con-

14

sidered therapeutically interchangeable. The useful pharmacologic 
effects of the calcium channel blockers have been conined almost 
solely to the cardiovascular system.123 The drugs are all absorbed via 
the gastrointestinal tract, but the extensive irst-pass hepatic extrac-
tion of verapamil limits its bioavailability orally (Table 15-13). Onset 
of action is equivalent for all three drugs and is consistent with rapid 
membrane transport. All three drugs are extensively protein-bound 
and subject to the effect of changes in plasma protein concentration 
and competition from other protein-bound drugs and metabolites, 
but inal elimination of verapamil and nifedipine is primarily renal. 
While its usage increases, so does the risk for toxicity and overdose, 
especially in patients with liver dysfunction or pediatric popula-
tion. In case of overdose the hepatic enzymes may become satu-
rated allowing for increased quantities of active drug to be present 
in circulation. Without a consistent antidote, signs of hypotension, 
bradycardia, even tachycardia, conduction abnormalities, altered 
mental status, seizures, respiratory depression, hyperglycemia, and 
metabolic acidosis should be watched for.141

Verapamil

Verapamil is a calcium channel blocker that is administered 
intravenously for terminating supraventricular tachydysrhyth-
mias. Nearly all forms of supraventricular tachydysrhythmias are 
caused by reentry using either the sinoatrial or the AV node as 
part of the circuit. Verapamil terminates these cardiac dysrhyth-
mias by decreasing nodal conductivity and converting the uni-
directional block of reentry to a bi-directional block. Verapamil 
does not alter the action potential upstroke in ibers whose rest-
ing membrane potential is more negative than –60 mV, that is, 
fast action potentials. It does slow down or prevent depolariza-
tion in cardiac tissue with a resting membrane potential that is 
less negative than –50 mV, that is, calcium-dependent upstroke. 
Verapamil, therefore, has profound effects on pacemaker cells, 
which depend on the calcium current for depolarization. It 
depresses the rate of sinus discharge, reduces conduction velocity, 
and increases refractoriness of the AV node. A dose-dependent 
increase in the PR interval and AV interval is produced on the 
electrocardiogram. This has been described as a quinidine-like 
effect similar to that produced by Class IA antidysrhythmic drugs 
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FIgURE 15-16. Structural formulas of the calcium 
entry blockers demonstrate dissimilar structures consis-
tent with their dissimilar electrophysiologic and phar-
macologic properties. They also share some similarities 
but cannot be considered therapeutically interchange-
able. Nifedipine and nitrendipine are structurally similar 
and are both potent vasodilators.
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(e.g., procainamide), which are also effective for supraventricular 
dysrhythmia. In contrast to procainamide, verapamil does not 
increase the QRS or Q–T interval because it lacks activity on the 
sodiumdependent action potentials.

Verapamil is a irst-line drug for treatment of supraventricu-
lar tachydysrhythmias (Table 15-11) (see Chapter 58 Cardiopul-
monary Resuscitation). The incidence of successful termination 
of paroxysmal atrial tachycardia with verapamil in adults has 
approached 90%. It is also effective in treating atrial ibrillation and 
atrial lutter by either converting to a sinus rhythm or slowing the 
ventricular response. The ventricular rate will slow down as a result 
of decreased conduction velocity through the AV node even when 
conversion is not produced. Caution must be exercised in treat-
ing patients when the underlying cause of the atrial tachycardia, 
atrial ibrillation, or atrial lutter is the Wolff–Parkinson–White 
syndrome.43 Verapamil may terminate tachydysrhythmia by its 
speciic depressant effects on the AV node, which is one limb of the 
reentrant pathway. It may also increase conduction velocity in the 
accessory tract, in which case the HR may increase. Verapamil has 
no adverse effects on bronchial asthma or obstructive lung disease, 
and may be selected over propranolol in patients with these condi-
tions. It should be avoided in patients with sick sinus syndrome, 
AV block, and the presence of heart failure, unless the heart failure 
is the result of a supraventricular tachycardia. Verapamil has been 
effective in terminating ventricular tachycardias and premature 
depolarizations in about two-thirds of the treatment trials when 
other drugs have failed. It can be used also as an antihyperten-
sive.92,142 The important side effects of verapamil are directly related 
to its predominant pharmacologic action (see Table 15-11). It may 

produce unwanted AV conduction delays and bradycardia, result-
ing in cardiovascular collapse. Verapamil must be used carefully, 
if at all, in the presence of propranolol. The combined effect has 
produced complete heart block in animals and humans. It must be 
used carefully in digitalized patients for the same reason. No such 
interactions exist with nifedipine. The combination of β-blockade 
and nifedipine may be beneicial in patients with ischemic heart 
disease because the relex tachycardia seen with nifedipine can be 
countered with β-blockade.

Nifedipine

Nifedipine is the most potent calcium entry blocker when tested 
in isolated tissue preparations. It is an equipotent cardiac depres-
sant and vasodilator. Depression of inotropism and cardiac con-
duction, however, is not evident in the intact human. It does not 
affect barorelex mechanisms and, as a result, the marked vasodi-
lation is accompanied by increased SNS tone and afterload reduc-
tion (see Table 15-11).28 A compensatory tachycardia may result, 
and CO may actually increase as a result of the afterload reduc-
tion. The most speciic therapeutic application for nifedipine is 
coronary vasospasm (variant of Prinzmetal’s angina) (see Chap-
ter 38 Anesthesia for Cardiac Surgery). It has been more success-
ful than nitroglycerin for this purpose because it produces a more 
profound and predictable coronary vasodilation. It has also been 
extremely useful in other types of ischemic heart disease rang-
ing from unstable angina to myocardial infarction. The decrease 
in myocardial oxygen demand that results from the reduced 
afterload and reduced left ventricular volume appears to be the 

TAbLE 15-13. ComParative PharmaCology of CalCium entry bloCKers

Verapamil Diltiazem Nifedipine

dose

Oral 80–160 mg tid 60–90 mg tid 10–20 mg tid
IV 75–150 mg/kg 75–150 mg/kg 5–15 mg/kg

absorption

Oral (%) >90% >90% >90%
Bioavailability
Oral (%) <20% ? <20% 60–70%a

Onset
Oral 15–20 min 20–30 min 15–20 min
IV 1 min ? 1 min
Sublingual — — 3 min
Peak effect

Oral 5 hr 30 min 1–2 hr
IV 5–30 min ? 1–3 hr
elimination half-life 2–7 hr 4 hr 4–5 hr

Plasma protein binding 90% 80% 90%

metabolism 70% Deacetylated 80% to lactone

First-pass hepatic
elimination

Renal 75% 35% 70%
Gastrointestinal (liver) 15% 75% <15%

side effects Constipation, headache, vertigo, 
hypotension, atrioventricular 
conduction disturbances

Headache, dizziness, lushing, 
atrioventricular conduction 
disturbances, constipation

Headache, hypotension, lushing, 
digital dysesthesias, leg edema

IV, intravenous.
aLight-sensitive.
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mechanism for the relief of angina. Coronary vasodilation is 
another factor, but it is not known if this is the antianginal effect 
in patients with coronary artery disease. The dilating effect may 
last only 5 minutes, but the antianginal effect may last more than  
1 hour. As an antihypertensive the usual dosage is oral adminis
tration of 10 to 20 mg/day.58

Diltiazem

The hemodynamic effects of diltiazem lie somewhere between 
those of verapamil and nifedipine. It is less potent than either 
of these two agents. Diltiazem is a good coronary artery dila
tor but a poor peripheral vasodilator. It often produces brady
cardia and delayed conduction, and relex tachycardia is not a 
problem. It appears to be an effective oral drug for the treatment 
of coronary disease in which cardiac dysrhythmias are trouble-
some. Cardiac dysrhythmias are noticeably a part of the clinical 
picture in patients suffering from coronary spasm. Intravenous 
administration of diltiazem is effective therapy for supraventricu-
lar tachycardias including PSVT, atrial ibrillation, atrial lutter, 
and reentrant tachycardias. Like verapamil, diltiazem acts by 
prolonging AV nodal conduction. The peripheral vascular effects 
of diltiazem, though, are less severe, making it a more desirable 
therapeutic choice in most cases. A bolus dose of 0.25 mg/kg is 
administered over 2 minutes and may be repeated at 0.35 mg/
kg if necessary after 15 minutes. An infusion of 5 to 15 mg/hr 
may be necessary to maintain the reduction of HR. The new 
2005 ACLS Guidelines recommends the use of calcium channel 
blockers for a variety of supraventricular arrhythmias, and due to 
diminished peripheral vasodilation, which implies limited effect 
on the arterial blood pressure, diltiazem appears to be one of the 
best options for management of tachyarrhythmias43 (see Chapter 
58 Cardiopulmonary Resuscitation).

Nicardipine

Nicardipine hydrochloride is a calcium channel blocker that can 
be administered orally and intravenously. It is the only calcium 
channel blocker that can be titrated intravenously to be used as 
an antihypertensive agent, the usual dose being 1 to 2 µg/kg/min 
or 5 mg/hour.58 Nicardipine is a smooth muscle relaxant pro-
ducing vasodilation of peripheral and coronary arteries. It has a 
rapid onset of action, and the major effects last 10 to 15 minutes. 
Toxic metabolic products are not produced. It has minimal car-
diodepressant effects and does not decrease the rate of the sinus 
node pacemaker or slow conduction through the AV node, but 
one should use it cautiously in patients having acute myocardial 
ischemia. Renal failure does not affect the dosage, but the dosage 
should be reduced in the elderly and those with hepatic dysfunc-
tion. It is compatible with most crystalloid solutions. Side effects 
of nicardipine include headache, lightheadedness, lushing, and 
hypotension. Relex tachycardia is not a frequent inding with 
nicardipine, as is the case with nitroprusside, hydralazine, or nife-
dipine.139,140,143

Nimodipine

Nimodipine is highly lipophilic. It has a greater vasodilating 
effect on cerebral arteries than on vessels elsewhere because of its 
lipophilism, which promotes crossing the blood–brain barrier. 
Clinical studies demonstrate a favorable effect on the severity of 
neurologic deicits caused by cerebral vasospasm following sub-
arachnoid hemorrhage. However, no radiographic evidence has 
been presented that nimodipine either prevents or relieves spasm 
of these arteries. The mechanism for clinical improvement is not 

known. It is an oral drug that is rapidly absorbed, with a T-terminal 
half-life of approximately 8 to 9 hours. The usual dose is 60 mg 
every 4 hours for 21 days.58 Earlier elimination rates are much 
more rapid, which results in a need to redose every 4 hours. The 
bioavailability of an oral dose is only 13%. Dosage should be 
reduced in patients with hepatic dysfunction. The primary indi-
cation for nimodipine is for the improvement of neurologic dei-
cits caused by vasospasm following subarachnoid hemorrhage 
from a ruptured cerebral aneurysm.139,140,144

Felodipine and Clevidipine

While felodipine is a daily drug that can be administered for 
blood pressure control, clevidipine is a new third generation 
ultra-short acting intravenous calcium channel blocker used for 
management of moderate to severe hypertension. The reason for 
the short duration of clevidipine is the ester hydrolysis by blood 
esterases to form inactive metabolites, which is independent of 
liver and renal function. Clevidipine has the potential to protect 
against organ reperfusion injury and may decrease the severity 
of low-low myocardial ischemia, the infarct size, and maintain 
renal function.145,146 Clevidipine is emerging as a novel alternative 
to nitroglycerin, sodium nitroprusside, and nicardipine in cardiac 
patients due to the fact that it is easily titratable, and short-acting. 
As shown in the Eclipse trial, it does not increase the risk for 
30-day incidence of death, myocardial infarction, stroke, or renal 
dysfunction. Patients treated with clevidipine had a lower mor-
tality rate at 30 days than those treated with nitroprusside.147–149 
Although expensive, due to the fact that it has to be discarded 
every 4 hours due to its lipid formulation, clevidipine demon-
strates eficacy and safety in perioperative hypertension. More 
studies are necessary to evaluate its association with atrial ibrilla-
tion, hypotension, tachycardia, and renal failure.150

Calcium Channel Blockers and Anesthesia

Evidence indicates that halothane depresses slow channel kinetics. 
All of the potent inhalation anesthetics behave in a similar fashion 
in that they depress myocardial contractility and vascular tone in 
a dose-related manner. Most studies indicate that the calcium 
entry blockers and inhalation anesthetics exert additive effects on 
the inward calcium current.151 Opioid anesthetics do not appear 
to add anything to the effects of the calcium entry blockers. Cal-
cium channel blockers appear to augment the effects of both 
depolarizing and nondepolarizing muscle relaxants.152 These 
observations serve as a word of caution because their clinical sig-
niicance has not been deined. Prolonged apnea and relaxation 
have been reported when verapamil was used to treat a supra-
ventricular tachycardia in a patient with Duchenne muscular 
dystrophy.153 One must be aware that calcium channel blockers 
may have side effects such as hypotension, in cases of overdosage, 
headaches, facial lushing, dizziness, ankle edema, constipation, 
and may even induce angina, therefore their administration in 
perioperative period, when dehydration is a common occurrence 
should be closely monitored.154 Calcium entry blockers should be 
continued until the time of surgery to maintain control of angina 
pectoris, hypertension, or cardiac dysrhythmia.125 In addition, 
the use of calcium channel blockers in the perioperative period 
appears to induce a beneicial effect of decreasing cardiac compli-
cations unrelated to cardiac surgical procedures155 (see Chapter 
22 Preoperative Patient Assessment and Management). Vera-
pamil may increase the toxicity of digoxin, the benzodiazepines, 
carbamazepine, oral hypoglycemics, and possibly quinidine and 
theophylline.156 Cardiac failure, AV conduction disturbances, and 
sinus bradycardia may be more frequent with concurrent use of 
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βblockers. Severe hypotension and bradycardia may occur with 
bupivacaine. Decreased lithium effect and lithium neurotoxicity 
have both been reported with the concurrent use of verapamil.157 
The effects of verapamil may also be increased by cimetidine.

Vasodilators

Most antihypertensive drugs blunt the ANS or its effector organs 
or cause relex increases in ANS outlow. Anesthetic agents may 
also inhibit ANS tone to some degree and might therefore have 
additive effects with antihypertensive drugs. In addition, patients 
with hypertension may exhibit greater lability in blood pressure 
intraoperatively and rebound hypertension in the postoperative 
period. A rational approach to their perioperative use includes 
decisions as to holding or continuing them preoperatively, pos-
sible interactions with anesthetic drugs, and resumption of treat-
ment postoperatively.

Angiotensin-converting Enzyme Inhibitors (ACE-I)

The renin–angiotensin system is integrally related to the ANS 
in controlling blood pressure (see Fig. 15-12) (see Chapter 46 
Endocrine Function). The central role of the renin–angiotensin– 
aldosterone system in the regulation of luid balance and hemo-
dynamics was not fully appreciated until the discovery and 
clinical application of inhibitors of the angiotensin-converting 
enzyme (ACE). Captopril, enalapril, and lisinopril inhibit the 
converting enzyme and thereby prevent the conversion of angio-
tensin I to the active angiotensin II. These drugs have been highly 
effective in the treatment of all levels of essential hypertension 
as well as renovascular and malignant hypertension. The car-
diovascular effects normally involve only decreased peripheral 
vascular resistance. CO may remain normal or increase while 
the illing pressure remains unchanged. Thus, these drugs have 
been effective in the management of congestive heart failure as 
well.47 There is usually no increase in SNS tone in response to 
the lowered blood pressure. ACE inhibition generally results in 
reductions in angiotensin–aldosterone, NE, and plasma antidi-
uretic hormone. This suppression is accompanied by a decrease 
in aldosterone and an improvement in cumulative plasma potas-
sium levels, which are beneicial in both congestive heart failure 
and hypertension. It can be concluded that the major humoral 
responses to chronic congestive heart failure, even overlooking 
the effects of the diuretics, are affected by the release of angio-
tensin, aldosterone, and increased SNS tone. Captopril, the irst 
orally active compound, has proven highly effective in the treat-
ment of all levels of hypertension and congestive heart. Enala-
pril is a second-generation (non-sulfhydryl) ACE inhibitor. The 
omission of the sulfhydryl group possibly diminishes side effects. 
Both captopril and enalapril combine a high degree of clinical 
eficacy with a low rate of side effects. Both are eliminated via 
renal excretion and should be given in reduced doses to patients 
with renal dysfunction. Captopril has a shorter half-life and 
requires more frequent dosing than enalapril. Enalapril has to be 
converted by esterase in the liver and other tissues into the active 
compound enalaprilat. Lisinopril is one of these ACE inhibitors 
that is absorbed as the active form and is very long acting. The 
ACE inhibitors are associated with few side effects and are popu-
lar in treating hypertension. Captopril may produce reversible 
neutropenia, dermatitis, and angioedema. Enalapril produces 
syncope, headache, and dizziness in about 1% of elderly patients. 
All ACE inhibitors may cause hypotension in patients who are 
hypovolemic and taking diuretic therapy. The hypotensive effects 
are also enhanced by the concomitant use of calcium channel 
blockers. The ACE inhibitors blunt the hypokalemic effects of 

thiazide diuretics and may magnify the potassium-sparing effects 
of spironolactone, triamterene, and amiloride. In addition, non-
steroidal anti-inlammatory drugs, including aspirin, may mag-
nify the potassium-retaining effects of ACE inhibitors. ACE-I are 
now a mainstay in treatment of patients with heart failure and 
decreased ejection fraction, since it increases their survival.88 For 
patients with heart failure and normal left ventricular ejection 
fraction the irst line of treatment are loop diuretics in combina-
tion with β-blockers and (ACE) inhibitors.123 In the perioperative 
period, the ACE inhibitors have been associated with signiicant 
hypotension, which at times requires additional vasopressors to 
sustain systemic blood pressure,158 such as when separating from 
cardiopulmonary bypass.

A new class of drugs, namely angiotensin–receptor block-
ers (ARBs) were developed by inhibiting directly the effects of 
the hormone angiotensin II. One could expect the same effec-
tiveness, with less side effects like cough, angioneurotic edema, 
rash, etc.159 On the other hand, there are data that this class of 
drugs may have some beneicial effects on decreasing the renal 
deterioration in diabetic patients. In patients with or without 
heart failure, the cardioprotective and renoprotective effects 
appear similar between the ARBs and ACE-I. In patients who 
cannot tolerate the ACE-I, especially patients with end-organ 
damage such as cardiovascular disease or diabetes mellitus, the 
use of ARBs is a valuable alternative.160–162

hydralazine

Hydralazine is the most commonly used vasodilator. It can be 
given by the intramuscular, intravenous, and oral routes to 
achieve an optimum blood pressure control. It relaxes smooth 
muscle tone directly, without interacting with adrenergic or cho-
linergic receptors. The mechanism of action is unknown. It is most 
potent in coronary, splanchnic, renal, and cerebral vessels, caus-
ing increased blood low in each of these organs. The decrease in 
cardiac afterload is beneicial, but, unfortunately, there is usually 
a concomitant relex tachycardia that may be severe. It is com-
monly combined with a β-blocker such as propranolol. Hydrala-
zine is metabolized by hepatic acetylation, and oral bioavailability 
may be low owing to irst-pass metabolism. The elimination half-
life is about 4 hours, but the pharmacologic half-life is much lon-
ger as a result of avid binding of the drug to smooth muscle. The 
effective half-life is approximately 100 hours. Side effects include 
a lupus-like syndrome, drug fever, skin rash, pancytopenia, and 
peripheral neuropathy. The IV dose for perioperative use is 5 to 
10 mg in an IV bolus every 15 to 20 minutes until blood pressure  
control is achieved. It may also be given 10 to 40 mg intramuscu-
larly, but the response is slower.92,139,163

Sodium Nitroprusside

Sodium nitroprusside is an extremely potent vasodilator that is 
available only for intravenous administration (see Chapter 38 Anes-
thesia for Cardiac Surgery). It acts directly on vascular smooth mus-
cle, causing both arterial and venous dilation. The action of sodium 
nitroprusside on both venous and arterial sides of the circulation 
causes decreases in cardiac preload as well as afterload.123,164 This 
results in decreased cardiac work; however, it has been suggested 
that sodium nitroprusside may further compromise ischemic myo-
cardium in the presence of occlusive coronary artery disease by 
shunting blood away from the ischemic zone.165 Other potential 
and deleterious side effects include pulmonary vasodilation with 
an increased ventilation–perfusion mismatch and with resultant 
hypoxia, and temporary decrease in platelet function.166 Sodium 
nitroprusside is useful during the perioperative period. It lowers 
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blood pressure within 1 to 2 minutes, with the effect dissipating 
within 2 minutes after infusion is stopped. It is extremely potent and 
should be administered through a central venous line by infusion 
pump while continuously monitoring arterial pressure. The starting 
dose is 0.25 to 0.5 µg/kg/min. It can be increased slowly as needed 
to control blood pressure, but chances for toxicity are greater if the 
dose of 2 µg/kg/min is exceeded. The dose required for steady state–
induced hypotension is variable. The hypotensive effects of sodium 
nitroprusside may be potentiated by inhalation anesthetics and 
blood loss; therefore, close perioperative monitoring is essential. It 
is commonly used to induce hypotension for decreasing blood loss 
in patients predisposed to major hemorrhage.139

Chemically, sodium nitroprusside consists of a ferrous iron 
moiety bound with ive cyanide molecules and one nitric group. 
The ferrous iron reacts with sulfhydryl groups in red blood cells 
and releases cyanide. Cyanide is reduced to thiocyanate in the 
liver and excreted in the urine. The half-life of thiocyanate is 4 
days, and it accumulates in the presence of renal failure. Admin-
istration of high doses of sodium nitroprusside can result in cya-
nide toxicity. The cyanide molecule binds to cytochrome oxidase, 
interfering with electron transport and causing cellular hypoxia. 
Toxicity can be recognized by the triad of tachyphylaxis (increas-
ing tolerance to the drug dose), elevated mixed venous PaO2, and 
metabolic acidosis. The possible treatments of cyanide toxicity 
consist of (1) administration of amyl nitrate (by inhalation or 
directly into the anesthesia circuit), (2) infusion of sodium nitrite, 
and (3) administration of sodium thiosulfate.

Nitroglycerin

Nitroglycerin, or glyceril trinitrate is a venodilator used to treat 
myocardial ischemia (see Chapter 38 Anesthesia for Cardiac Sur-
gery). Its predominant action is on venules, causing increased 
venous capacitance and decreased cardiac preload. Effects on the 
arterial side are minimal except at very high doses. The usual IV 
dose is 1 to 3 µg/kg/min. Upon IV administration effects can be 
seen within 2 minutes, and they usually resolve within 5 minutes 
of discontinuing the drug. Side effects are minimal, and there is 
no potential for cyanide toxicity as with nitroprusside. Use of 
nitroglycerin for control of perioperative hypertension has been 
reported but because of its relatively weak arteriolar action it is 
not as useful as other drugs as an antihypertensive agent.123,164 In 
obstetric patients with preeclampsia; however, it may be chosen 
over nitroprusside to circumvent potential cyanide toxicity to the 
fetus. 167,168

Nesiritide

Nesiritide is a recombinant form of a human B-type natriuretic 
peptide (BNP). It is identical with the endogenous hormone 
released by the ventricles in situations characterized by volume 
overload, and increase wall tension. Nesiritide acts on guanylate 
cyclase the same way as nitric oxide, and therefore has beneicial 
effects on hemodynamics by venous and arterial vasodilation, 
including coronary vasodilation. It is more effective than nitro-
glycerin in decreasing right atrial pressure, pulmonary capillary 
wedge pressure, systemic vascular resistance, ultimately improv-
ing the cardiac output. The possible side effects include hypoten-
sion, headache, and renal dysfunction. The dose is 2 µg/kg bolus, 
followed by continuous infusion of 0.01 µg/kg/min that may be 
increased to a maximum of 0.03 µg/kg/min, with the most signii-
cant side effect being hypotension. The biologic effects last longer 
than expected from the drug’s half-life. Nesiritide is beneicial for 
rapid improvement of dyspnea, and can be used in patients with 
decompensated heart failure, in addition to diuretic therapy for 

rapid improvement of symptoms. It appears to have favorable 
effects on hemodynamics by reducing the right atrial pressure and 
pulmonary occlusion pressure, and improves coronary artery blood 
low. It appears to increase urine output, and signiicantly blunt 
the creatinine rise in patients with decompensated cardiac failure 
undergoing cardiac surgery. Although relatively small, studies and 
meta-analyses suggest that treatment with nesiritide may decrease 
mortality when compared to milrinone and dobutamine; however, 
further studies are warranted to further study this effect.34,47,164
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