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Introduction

Pharmacology is the study of drugs and their interactions 
with organisms (Page & Maddison  2002). Pharmacology 
incorporates aspects of statistics, biochemistry, biology, 
pathology, and medicine. Failure to interpret the descrip-
tion of drugs’ pharmacological properties in the context of 
the clinical picture (i.e., clinical pharmacology) can result 
in unintended outcomes.

The pharmacological data available for most drugs are 
mean values derived from a relatively small number of indi-
viduals (usually healthy individuals). While this approach 
provides a starting point for clinical use of drugs, individual 
responses can vary greatly due to disease states, body condi-
tion, environment, genetics, coadministered drugs, and 
many other factors. When the toxic dose is close to the ther-
apeutic dose (as is often the case with drugs used for immo-
bilization and anesthesia), careful titration of dose and 
patient monitoring are required. However, the nature of 
working with wildlife and captive nondomestic species 
often precludes baseline health assessment, individualiza-
tion of dosing, and intensive patient monitoring. This is one 
factor associated with increased risk of adverse outcomes 
when capturing or anesthetizing nondomestic species. It 
should also be appreciated that advances in drug safety will 
likely result in only limited improvement of the safety of 
anesthesia and immobilization. Management of other risk 
factors through airway management, reduction of stress, 
and improvements in supportive care will also be beneficial.

Pharmacokinetics

Pharmacokinetics can be generally defined as what an 
organism does to a drug. Absorption, distribution, 
biotransformation, and elimination are processes which 

determine the concentration of drug at the site of action 
(i.e., biophase). Pharmacokinetic parameters are estimates 
of these processes in the group of animals studied. These 
estimates can be used to predict or understand the way a 
drug interacts with an organism. It is important to under-
stand that pharmacokinetic parameters can vary between 
individual animals and can be influenced by many differ-
ent drug- and organism-related factors. Additionally, phar-
macokinetic parameters are derived using mathematical 
models selected by the investigator. There is usually no cor-
relation between model components and anatomical 
structures.

Pharmacodynamics

Pharmacodynamics can be generally defined as what a 
drug does to an organism. Pharmacodynamics includes 
intended drug effects as well as adverse drug actions. Drugs 
such as opioids, alpha-2 adrenergic agonists, and antimus-
carinics act by binding to relatively well-characterized 
receptor complexes located on cellular membranes and 
produce well-characterized effects. Nonsteroidal anti-
inflammatory drugs (NSAIDs) inhibit prostaglandin pro-
duction by binding to cyclooxygenase enzyme isoforms. 
Relating plasma drug concentrations to observed NSAID 
actions can be complex in comparison to other drugs (e.g., 
opioids) due to the different nature of the action. Preexisting 
prostaglandins, as well as the slower process of inhibiting 
an enzyme system, confound the relationship between 
drug concentration and effect. The molecular and neuro-
physiologic actions of inhalant anesthetics, in contrast, 
have not been completely characterized even though the 
drugs have been used clinically for many years and their 
pharmacodynamic effects have been well described (Steffey 
et al. 2015).
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Pharmacodynamic effects are predictable for most clinically 
used drugs. However, individual animal responses can vary 
considerably. Additionally, the nature of capture of free-
ranging and captive wildlife often makes accurate dosing and 
drug delivery difficult or impossible. Therefore, close moni-
toring of patient response and preparation for supportive 
care are paramount to safe immobilization and anesthesia.

Inhalant Anesthetics

Inhalant anesthetics are commonly used in companion 
animal veterinary practice. Their use under field condi-
tions is limited due to the requirement for specialized 
delivery devices and a supply of delivery gas (e.g., oxy-
gen). However, inhalant anesthetics are used commonly 
in controlled settings such as zoological parks and 
research laboratories because of the ease of titration of 
anesthetic depth and rapidity of recovery. Inhalant anes-
thetics should be delivered by a well-maintained anes-
thetic machine and properly trained individuals. While 
inhalant anesthetics are relatively safe, their low thera-
peutic index mandates frequent and careful monitoring 
of anesthetic depth.

Physics of Gases and Vapors

An understanding of the processes which influence the 
uptake and delivery of inhalant anesthetics allows the anes-
thetist to predict and respond to individual circumstances.

Brief Review of Molecular Theory
Molecules in a liquid state have more vibrational energy 
than when in a solid state, and each molecule can move 
through the liquid. If heat is added to a liquid, each mole-
cule gains more kinetic energy and eventually some over-
come the forces exerted by their neighbors and escape into 
the space above the liquid. This state is that of a gas or a 
vapor. A gas is a phase of matter that expands indefinitely 
to fill a containment vessel. A vapor is the gaseous state of 
a material below its boiling point.

A vapor is in equilibrium with the liquid beneath it. 
Because both gaseous and liquid molecules have kinetic 
energy, they are in constant motion. The molecules in the 
vapor phase are striking the liquid–gas interface and 
returning to the liquid, while liquid molecules are leaving 
the interface to become vapor. The relationship between 
these two phases depends mainly on the physicochemical 
properties of the molecules and the temperature of 
the system.

Vapor Pressure
Molecules in a gaseous state possess kinetic energy and 
collide with the walls of the containment vessel. These col-
lisions produce a force on the walls. This force is spread 
over a surface area and therefore is a pressure (pressure = 
force/area). This pressure is called the vapor pressure. 
Since kinetic energy increases directly with temperature, 
vapor pressure must always be given with reference to the 
temperature it was measured at (e.g., vapor pressure of 
water is 47 mmHg at 37°C).

When many gases are present in a mixture, such as with 
atmospheric air or during delivery of inhalant anesthetics, 
each gas has a vapor pressure that is independent of the 
other gases (Dalton’s law of partial pressures). It is conven-
tion to refer to vapor pressure as partial pressure under 
these conditions. Partial pressure of an anesthetic agent is 
analogous to the concept of “free drug” and is important 
for determining the effect of the anesthetic (e.g., the level 
of central nervous system (CNS) depression correlates 
directly with the partial pressure of isoflurane within the 
brain) (see Table 1.1) (Steffey et al. 2015).

Vapor Concentration
Vapor (i.e., partial) pressure is important for the observed 
pharmacological effect of inhalant anesthetics. However, 
almost all anesthesiologists refer to the amount of anesthetic 
delivered in units of volumes % (said as volumes-percent), or 
just percent, which is a concentration. The fundamental dif-
ference between anesthetic partial pressure and anesthetic 
concentration is that partial pressure relates to the absolute 
number of molecules and their kinetic energy whereas con-
centration refers to the number of molecules of anesthetic 
relative to the total number of molecules present.

Table 1.1  Anesthetic agent vapor pressures at 20 and 24°C.

Anesthetic Agent
Vapor Pressure 
@ 20°C in mmHg

Vapor Pressure 
@ 24°C in mmHg

Methoxyflurane 23 28

Sevoflurane 160 183

Enflurane 172 207

Isoflurane 240 286

Halothane 243 288

Nitrous oxide Gas Gas

Source: Adapted from Steffey EP, Mama KM, Brosnan RJ. 2015. 
Inhalation anesthetics. In: Veterinary Anesthesia and Analgesia: The 
Fifth Edition of Lumb and Jones (KA Grimm, KA Lamont, WJ 
Tranquilli, SA Greene, SA Robertson, eds.). Ames: Wiley Blackwell.
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Critical Temperature
The critical temperature is the temperature above which a 
substance cannot be liquefied no matter how much pressure 
is applied. The critical temperature of nitrous oxide is 
36.5°C. Consequently, nitrous oxide can be (and is) a liquid 
below this temperature, but is a gas at greater temperatures. 
Placing a nitrous oxide tank near a heat source will result in 
volatilization of liquid nitrous oxide, resulting in a high tank 
pressure and danger of explosion or tank venting.

The critical temperature of oxygen is −119°C, therefore 
at room temperature oxygen cannot be liquefied. All com-
pressed cylinders of medical oxygen contain only gas. 
There are liquid oxygen tanks, but the internal tank tem-
perature is below −119°C.

Henry’s Law
Henry’s law states the solubility of a gas in a liquid is pro-
portional to the pressure of the gas over the solution. It 
describes the solubility of an anesthetic in body fluids or 
other liquids. From it you can derive the formula c = k · P, 
where c is the molar concentration (mol/L) of the dissolved 
gas and P is the pressure (in atmospheres) of the gas over 
the solution. For a given gas k is the Henry’s law constant 
and is dependent on temperature.

Partition Coefficient
A partition coefficient is the ratio of the concentration of a 
substance in one medium relative to another at equilib-
rium. It is related to the solubility of an agent. At equilib-
rium the partial pressure is the same throughout the body, 
including the alveolar gas, but the concentration of total 
drug may be very different due to partitioning into tissues 
or body fluids (Table  1.2) (Steffey et  al.  2015). Partition 
coefficients are not absolute constants for an anesthetic 

agent. Tissue composition may change as a function of age, 
sex, body condition, etc. and these changes may influence 
partitioning.

Mechanism of Action of Inhaled Anesthetics
The simplest definition of general anesthesia is a reversible 
drug-induced loss of consciousness (Franks 2006). All clin-
ically used injectable and inhaled general anesthetics 
reversibly induce unconsciousness at low concentrations 
and induce an increasing lack of responsiveness at higher 
concentrations (Franks 2006). Though there are a number 
of other desirable clinical end-points including amnesia, 
analgesia, immobility and muscle relaxation (Brown 
et al. 2010), commonly used anesthetics vary in their ability 
to produce these effects. Consequently, any explanation of 
anesthetic mechanism of action must focus on uncon-
sciousness as the critical end-point.

Despite their longstanding and widespread use, and 
well-characterized pharmacodynamic effects, the specific 
molecular and neurophysiologic mechanisms of action of 
general anesthetics are only now beginning to be eluci-
dated thanks to research accumulated over the past 
120 years.

The first widely accepted theory of general anesthesia 
was published by Meyer and Overton in 1901. They 
observed that most anesthetics were lipophilic and highly 
hydrophobic and noted a correlation between an anesthet-
ic’s potency and the agent’s oil–gas partition coefficient 
(Meyer 1901; Overton 1901). The so-called Meyer–Overton 
correlation formed the basis for numerous lipid bilayer 
hypotheses of anesthetic action that dominated the litera-
ture until the 1970s.

Franks and Leib were among the first to question the uni-
tary hypothesis that the lipid bilayer was the sole site of 
anesthetic action (Franks & Leib 1978). They subsequently 
published their seminal work demonstrating that the 
Meyer–Overton correlation was preserved for inhibition of 
firefly luciferase, a soluble lipid-free model protein (Franks 
& Lieb  1984), which gave rise to the protein receptor 
hypothesis of general anesthesia. While many potential pro-
tein targets have been studied, strong evidence for direct 
involvement in anesthetic-induced loss of consciousness 
currently exists for only three: gamma-aminobutyric acid 
subtype A (GABAA) receptors, two-pore-domain potassium 
(2PK) channels, and N-methyl-D-aspartate (NMDA) recep-
tors (Uhrig et al. 2014; Chau 2010; Franks 2008).

The GABAA family of receptors is responsible for most of 
the fast neuronal inhibition in the mammalian CNS and 
enhanced GABA-activated chloride currents cause hyper-
polarization of neuronal membranes and reduce neuronal 
activity. Almost all general anesthetics have been found to 
potentiate GABA-induced chloride currents but are only 

Table 1.2  Selected partition coefficients of commonly used 
anesthetic agents.

Anesthetic
Blood:Gas Partition 
Coefficient

Brain:Blood Partition 
Coefficient

Nitrous oxide 0.47 1.1

Desflurane 0.42 1.3

Enflurane 2.00 1.4

Sevoflurane 0.68 1.7

Methoxyflurane 15.0 2.0

Isoflurane 1.46 2.7

Halothane 2.54 2.9

Source: Adapted from Steffey EP, Mama KM, Brosnan RJ. 2015. 
Inhalation anesthetics. In: Veterinary Anesthesia and Analgesia: The 
Fifth Edition of Lumb and Jones (KA Grimm, KA Lamont, WJ 
Tranquilli, SA Greene, SA Robertson, eds.). Ames: Wiley Blackwell.
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capable of directly activating GABAA receptors at much 
higher, clinically irrelevant concentrations. Several differ-
ent mutations in the alpha subunits of the GABAA receptor 
have been shown to eliminate or reduce the effects of vola-
tile anesthetics (Mihic et  al.  1997; Krasowski & 
Harrison  2000; Jenkins et  al.  2001,  2002; Nishikawa & 
Harrison 2003; Forman & Miller 2016), whereas those in 
the beta subunits can reduce the effects of both intrave-
nous and volatile anesthetic agents (Krasowski & 
Harrison 2000). Experiments demonstrating a correlation 
between stereoselectivities seen in genetically modified 
animals in vivo and those found with extrasynaptic GABAA 
receptors in vitro provide convincing evidence that these 
receptors play an important role in volatile anesthetic-
induced loss of consciousness (Franks 2008).

The 2PK channels are thought to provide “background” 
modulation of neuronal excitability. Five members of this 
channel family (TREK1, TREK2, TASK1, TASK3, and 
TRESK) can be directly activated by volatile anesthetics 
(Patel et  al.  1999) but anesthetic sensitivity among these 
channels is not uniform. Anesthetic activation of 2PK 
channels generally inhibits neuronal activity by either 
hyperpolarizing the membrane and/or increasing mem-
brane conductance, thus reducing the effects of excitatory 
currents (Franks 2008). However, these channels are also 
found presynaptically and their activation here may be 
inhibitory (if at an excitatory synapse) or excitatory (if at an 
inhibitory synapse). A growing body of evidence suggests 
these channels mediate at least some of the effects of vola-
tile anesthetics (Franks 2008).

NMDA receptors mediate the slow components of syn-
aptic transmission in the CNS and may be important tar-
gets for certain anesthetics. Both gaseous (i.e., xenon and 
nitrous oxide) and volatile (i.e., isoflurane, sevoflurane, 
halothane, and desflurane) inhaled anesthetics inhibit 
NMDA receptors to some extent but considerable variabil-
ity exists among agents. Although it is likely that NMDA 
receptor antagonism plays a role in the actions of xenon 
and nitrous oxide and, to a lesser extent, the volatile agents, 
additional targets are required to account for their ability to 
cause loss of consciousness (Franks 2008).

Determining the cascade of events that follow binding of 
an anesthetic agent to its molecular target(s) leading to loss 
of consciousness has proven difficult. Remarkable 
advances in neuroscience and neuroimaging techniques 
(e.g., positron emission tomography, functional magnetic 
resonance imaging [fMRI], magnetoencephalography, and 
electroencephalography) over the past two decades are 
beginning to unravel the neural correlates of consciousness 
which will help answer this longstanding question.

Convergent evidence from multiple studies involving 
multiple species, multiple neuroimaging modalities, 

multiple analytic techniques, and diverse drug classes 
suggests that anesthetic-induced unconsciousness is char-
acterized by a functional fragmentation (also referred to 
variably as a disconnection or uncoupling) of cortical and 
thalamocortical networks (Hudetz & Mashour  2016; Li 
et al. 2017; Mashour & Hudetz 2017). One specific cortical 
region, known as the lateral frontoparietal network, has 
received considerable attention over the last decade. Both 
fMRI and electroencephalographic studies of diverse classes 
of anesthetics, including volatile inhaled agents, consist-
ently show a functional breakdown in frontoparietal con-
nectivity and surrogates of frontoparietal information 
transfer (Hudetz & Mashour 2016; Mashour & Hudetz 2017). 
As our understanding of consciousness continues to evolve, 
traditional references to the “depth of anesthetic hypnosis” 
may require revision to reflect the fact that general anesthet-
ics may variably suppress certain higher-order components 
of consciousness while retaining others (Sleigh et al. 2018). 

Inhalant Anesthetic Pharmacokinetics
Anesthetic Uptake and Distribution
A series of partial pressure gradients, beginning at the 
vaporizer, continuing in the anesthetic breathing circuit, 
the airways, alveoli, blood, and ending in the tissues will 
drive the movement of an anesthetic gas. The movement of 
that gas will continue until equal partial pressures are pre-
sent throughout the system. Since the lung is the point of 
entry and exit to the body, the alveolar partial pressure gov-
erns the partial pressure of the anesthetic in all body tis-
sues. Therefore, it is most important to understand how to 
influence the alveolar partial pressure. Increasing alveolar 
minute ventilation, flow rates at the level of the vaporizer, 
and inspired anesthetic concentration can speed the deliv-
ery of anesthetic and increase the rate of rise of alveolar 
anesthetic partial pressure. Solubility, cardiac output, and 
the alveolar-to-venous anesthetic gradient are factors that 
determine the uptake of the anesthetic from the alveoli 
into the blood. Solubility describes the affinity of the gas 
for a medium such as blood or adipose tissue and is reported 
as a partition coefficient. The blood/gas partition coeffi-
cient describes how the gas will partition itself between the 
two phases (blood and alveolar gas) after equilibrium has 
been reached. Isoflurane, for example, has a blood/gas par-
tition coefficient of approximately 1.46 (Steffey et al. 2015). 
This means that if the gas partial pressures are in equilib-
rium, the concentration in blood will be 1.46 times greater 
than the concentration in the alveoli. A higher blood/gas 
partition coefficient means a greater uptake of the gas into 
the blood, therefore a slower rate of rise of alveolar and 
blood partial pressure. Since the blood partial pressure rise 
is slower, it takes longer for the brain partial pressure of the 
gas to increase, resulting in a longer induction time.
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Increased cardiac output exposes the alveoli to more 
blood per unit time. The greater volume of blood removes 
more inhalant anesthetic from the alveoli, therefore lower-
ing the alveolar partial pressure. The agent might be dis-
tributed faster within the body, but the partial pressure in 
the arterial blood is lower. It will take longer for the gas to 
reach equilibrium between the alveoli and the brain, there-
fore a high cardiac output usually prolongs induction time. 
The alveolar to venous partial pressure difference reflects 
the tissue uptake of the inhaled anesthetic. A large differ-
ence is caused by increased uptake of the gas by the tissues 
during the induction phase.

Transfer of the gas from the arterial blood into tissues 
such as the brain will depend on perfusion and the relative 
solubility of the gas in the different tissues. The brain/
blood coefficient describes how the gas will partition itself 
between the two phases after equilibrium has been reached. 
Isoflurane has a brain/blood coefficient of 2.7, therefore 
when the system is at equilibrium the concentration in the 
brain will be 2.7 times greater than the concentration in the 
blood (Steffey et  al.  2015). All contemporary inhalation 
anesthetics have high adipose/blood partition coefficients. 
This means that most of the gas will accumulate in adipose 
tissue as times goes by. The partial pressure of the gas in 
adipose tissue will rise very slowly since this tissue has a 
high capacity (as indicated by the high adipose/blood parti-
tion coefficient). Inhalation anesthetics stored in obese 
patients may delay awakening at the end of long periods of 
anesthesia. Fortunately, adipose tissue has a relatively low 
blood flow and doesn’t accumulate significant amounts of 
anesthetic during the short periods of anesthesia com-
monly encountered in veterinary medicine.

Elimination of Inhaled Anesthetics
The rate of induction and recovery from anesthesia with 
inhalant anesthetics differs between agents due to differ-
ences in tissue solubility, but general statements can be 
made. During induction all tissue partial pressures are 
zero. During recovery, different tissues in the body have 
different partial pressures of anesthetic, which are gov-
erned by the tissue anesthetic content and not the alveolar 
partial pressure. Recovery is not as controllable as induc-
tion of anesthesia. During recovery from anesthesia, elimi-
nation occurs due to exhalation and biotransformation.

The enzymes responsible for inhalant anesthetic metab-
olism are mainly located in liver and kidneys. Anesthetic 
elimination via metabolism is approximately 50% for meth-
oxyflurane, 10–20% for halothane, 5–8% for sevoflurane, 
2.5% for enflurane, about 0.2% for isoflurane, 0.001% for 
desflurane, and nearly zero for nitrous oxide (Steffey 
et al. 2015). The amount of anesthetic eliminated from the 
body during anesthesia due to metabolism is small 

compared with the amount exhaled. However, anesthetic 
metabolism accounts for a larger proportion of the anes-
thetic clearance after anesthetic delivery ceases. The low, 
but prolonged, blood partial pressure of the anesthetic 
found after terminating delivery is no longer overwhelm-
ing the enzyme systems (enzymes become saturated above 
~1  MAC [minimum alveolar concentration]) so metabo-
lism accounts for a larger proportion of clearance than it 
did during exposure to high partial pressures.

Elimination of the anesthetic via the lungs can be com-
plex. The first point to consider is what effect an increase in 
alveolar minute ventilation will have on recovery. During 
recovery, increasing minute ventilation will decrease alve-
olar anesthetic partial pressure and increase the gradient 
for diffusion from the blood to the alveoli. This increases 
elimination, especially for most anesthetic agents with 
high blood/gas partition coefficients.

Another situation to consider is what effect a change in 
cardiac output will have on the rate of decrease of partial 
pressure of the inhalant anesthetic. During induction, high 
cardiac output will increase the rate at which anesthetic is 
removed from the lung, slowing the rate of rise of anes-
thetic partial pressure and slowing induction. When car-
diac output is reduced (e.g., cardiogenic shock) there is a 
slower removal of anesthetic and subsequently a faster rate 
of rise of alveolar partial pressure and induction occurs. 
During recovery a high cardiac output will increase the 
rate at which anesthetic is returned to the lung for excre-
tion. Since the partial pressure of anesthetic in the blood is 
determined by the tissues, the higher blood flow will 
shorten recovery. During low cardiac output situations 
there will be a slower recovery due to the decreased rate at 
which tissue anesthetic partial pressure decreases.

The last major influence on the rate of induction and 
recovery is the solubility of the anesthetic agent. Agents with 
high blood/gas solubility will be partitioned into the blood to 
a greater extent than agents with low blood/gas solubility. 
The blood acts as a depot for agent maintaining anesthetic 
partial pressure. Agents with low blood/gas solubility do not 
partition into the blood to the extent of highly soluble agents, 
thus the decrease in partial pressure is faster and recovery 
time is reduced. Highly soluble agents have high blood con-
centrations and it will take longer for the partial pressure to 
decrease if all other factors are equal. In summary, elimina-
tion of a volatile anesthetic depends on the ventilation, car-
diac output, and solubility of the gas in blood and tissue.

Control of the Partial Pressure of Delivered Anesthetic

Inhalant anesthetics can be classified as either gaseous 
(nitrous oxide and xenon) or volatile (isoflurane, sevoflu-
rane, halothane, methoxyflurane, and desflurane). Gaseous 
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anesthetics are usually delivered to the anesthesia machine 
under pressure and their rate of delivery to the breathing 
circuit is controlled by a flow meter. Volatile anesthetics are 
liquids at room temperature and pressure, and are usually 
delivered by a specialized apparatus that controls the vola-
tilization of the liquid and proportioning of the vapor in 
the fresh gas delivered to the patient. A vaporizer can be as 
simple as piece of cotton soaked with agent held near the 
nose (not recommended) or can be as complex as the des-
flurane vaporizer, which is an electrically powered device 
with a heated vaporizing chamber. 

The Breathing System
With most modern anesthetic machines the outflow gas 
from the vaporizer will be delivered to the patient through 
a set of tubes and machinery collectively called a breathing 
system. There are many styles of breathing systems, each 
with a multitude of uses. It is important that the anesthe-
tist understands how the type of breathing circuit used will 
impact the rate at which the anesthetic concentration can 
be changed and the relationship between the vaporizer set-
ting and inspired concentration.

Waste Anesthetic Gases
The health effects of chronic exposure to waste anesthetic 
gases are not completely known. The frequency of inhalant 
anesthetic use and the lack of significant associations 
between exposure and most types of chronic toxicities (e.g., 
cancer, infertility, birth defects, etc.) would suggest there is 
only a very low risk (if any) associated with chronic expo-
sure. However, certain individuals are highly susceptible to 
potentially life-threatening reactions, even with trace level 
exposure (e.g., malignant hyperthermia). In light of this, and 
with the admission that we do not completely understand all 
the risks associated with chronic exposure, it is generally 
agreed that the exposure of personnel be kept as low as rea-
sonably acceptable (ALARA). In the United States, the 
Occupational Safety and Health Administration requires vet-
erinary hospitals to maintain a system to prevent waste gases 
from building up in the area of use and can enforce exposure 
limits that are consistent with guidance from the National 
Institute of Occupational Safety and Health (NIOSH). 
Currently, no NIOSH–recommended exposure limits exist 
for the three most currently used anesthetics (isoflurane, 
desflurane, and sevoflurane) and at present NIOSH has no 
published permissible exposure limits regulating these spe-
cific agents (American Veterinary Medical Association 2020).

Minimum Alveolar Concentration

Although loss of consciousness is arguably the most criti-
cal end-point of general anesthesia (see section on the 

inhaled anesthetic mechanism of action), it remains 
challenging to measure in a clinical setting. Immobility in the 
face of a noxious stimulus is also an important end-point 
and has formed the basis of the standard unit of inhaled 
anesthetic potency  – minimum alveolar concentration 
(MAC) – since the 1960s (Merkel & Eger 1963). While our 
understanding of how inhaled anesthetics produce immo-
bility continues to evolve (Eger et al. 2008), MAC remains 
the standard measurement of dose in clinical anesthesia. It 
is defined as the minimum alveolar concentration at 
1  atmosphere required to prevent gross purposeful move-
ment in 50% of the subjects tested, following a 60-second 
application of a supramaximal stimulus (Steffey et al. 2015). 
One MAC is by definition the EC50 (i.e., the effective concen-
tration in 50% of patients) for that agent. Animals awaken 
from anesthesia at approximately 0.5  MAC, surgical anes-
thesia occurs at approximately 1.3 MAC, and severe auto-
nomic nervous system depression occurs around 2 MAC.

Birds and many reptiles do not have true alveoli so the 
concept of MAC has been modified or redefined to be the 
minimum anesthetic concentration. It is not identical to 
MAC from other species, but closely approximates it in 
many ways.

Physiological and Pharmacological Factors That 
Alter MAC
Minimum alveolar concentration is age-dependent, being 
lowest in newborns, reaching a peak in infants, and then 
decreasing progressively with increasing age (Lerman 
et al. 1983, 1994; Taylor & Lerman 1991). Increases in MAC 
can also occur from hyperthermia and hypernatremia, and 
decreases in MAC can result from hypothermia, hypona-
tremia, pregnancy, hypotension, and drugs such as lithium, 
lidocaine, opioids, and alpha-2 adrenergic agonists.

General Pharmacological Actions 
of Inhalant Anesthetics

Inhalant anesthetic agents have more similarities than dif-
ferences with respect to their effects on vital organ systems. 
The differences are primarily related to the speed and mag-
nitude with which the changes occur. There are a few clas-
sic differences that have been included in the following 
synopsis.

Central Nervous System
All inhalant general anesthetics alter consciousness, mem-
ory, and pain perception by acting on the CNS. Most inhal-
ant anesthetics cause a mild to moderate decrease in the 
cerebral metabolic requirement for oxygen (CMRO2) and 
they usually have minimal effects on cerebral blood flow 
autoregulation at low MAC multiples (Mielck et  al. 

0005780496.indd   6 12/17/2024   1:10:33 PM



­Inhalant An esthetic ﻿ 7

1998, 1999). Patients with intracranial hypertension should 
not be anesthetized with nitrous oxide because it may 
cause an increase in CMRO2 (Roald et al. 1991; Algotsson 
et al. 1992; Hoffman et al. 1995). Halothane is also a poor 
choice because of its significant effects on cerebral blood 
flow autoregulation (Steffey et al. 2015). Isoflurane, sevo-
flurane, and desflurane are the inhalants of choice.

Cardiovascular System
Most inhalant anesthetic agents cause direct myocardial 
depression. Halothane is the most depressant on contrac-
tility, but it generally has the fewest effects on vascular 
resistance (Steffey et  al.  2015). Isoflurane, enflurane, 
sevoflurane, and desflurane cause some degree of 
vasodilatation, which tends to improve forward blood 
flow and maintain tissue perfusion. The reduction in 
afterload also tends to offset some of the direct myocar-
dial depressant effects and may result in a net improve-
ment in cardiac output. Nitrous oxide is a 
sympathomimetic and can improve contractility, blood 
pressure, and heart rate at light levels of anesthesia. 
Rapid changes in anesthetic concentration (especially 
with desflurane) may result in a sympathetic response 
and temporarily increase cardiac work.

Respiratory System
All anesthetics tend to depress the chemoreceptor response 
to carbon dioxide, leading to an accumulation of carbon 
dioxide and a respiratory acidosis unless ventilation is 
assisted or controlled. The ether derivatives tend to be the 
most depressant, but all agents may cause significant 
depression. Most inhalant agents may interfere with 
hypoxic pulmonary vasoconstriction and may worsen 
ventilation-perfusion matching in the lung. This is most 
dramatic in larger animals, where significant pulmonary 
shunting is often observed.

Genital-Renal Systems
Most anesthetics cause a decrease in renal perfusion and 
an increase in antidiuretic hormone (ADH) secretion. 
Inhalant anesthetics may be the safest anesthetic tech-
niques in anuric renal failure since pulmonary excretion is 
not dependent on renal function.

Inhalant anesthetics may cause an increase in post-
partum uterine bleeding. This is a bigger consideration in 
primate anesthesia due to placentation characteristics. 
Isoflurane, sevoflurane, desflurane, and nitrous oxide have 
been advocated for use during Caesarian section because 
of the rapid onset and termination of effect, and the tran-
sient effects on the delivered fetuses. Methoxyflurane and 
halothane are less desirable due to their greater solubility 
and slower elimination.

Clinically Useful Inhalant Anesthetics

Nitrous Oxide
Nitrous oxide is commonly used in combination with a 
primary inhalant or injectable anesthetic drug. The reason 
it is not useful in veterinary anesthesia as a solo anesthetic 
is because of its low potency. Nitrous oxide’s MAC value has 
been estimated to be near 100% for humans and closer to 
200% for veterinary patients. It is obvious that 200% nitrous 
oxide cannot be delivered; in fact no more than 79% nitrous 
oxide can be safely delivered without creating a hypoxic gas 
mixture. In practice it is common to use a 50% nitrous oxide 
mixture with the balance of the mix being oxygen. If 50% 
nitrous oxide is delivered to an animal it is only providing 
approximately 0.25  MAC of anesthesia. A potent volatile 
anesthetic, injectable agent, or other sedative/analgesic 
drug must supply the remaining 0.75 MAC. Because of this 
limited anesthetic effect, nitrous oxide use for anesthetic 
maintenance is not widespread in veterinary medicine. 
Nitrous oxide is used by some anesthetists during induction 
of anesthesia for the second gas effect. Since nitrous oxide is 
present in the inspired gas mixture in a relatively high con-
centration and it rapidly diffuses into the body from the 
alveoli, the rate of rise of partial pressure of a second coad-
ministered inhalant anesthetic is increased and the induc-
tion time can be shortened.

Nitrous oxide has a low blood/gas partition coefficient 
and has a rapid onset and recovery. The gas can diffuse out 
of the blood so rapidly that if nitrous oxide delivery is sud-
denly halted and supplemental oxygen is not administered, 
a situation known as diffusion hypoxia may result. Diffusion 
hypoxia happens when the mass movement of nitrous 
oxide down its partial pressure gradient results in high 
alveolar nitrous oxide partial pressure at the expense of 
oxygen and nitrogen partial pressures. Since breathing 
room air will result in an alveolar oxygen partial pressure 
of approximately 100  mmHg under ideal circumstances, 
any displacement of oxygen by nitrous oxide will result in 
alveolar hypoxia. Diffusion hypoxia can be minimized or 
prevented by continuing the administration of oxygen 
enriched gas for 5–10 minutes following the discontinua-
tion of nitrous oxide. This helps because during normal 
breathing, 100% oxygen should result in an alveolar oxygen 
partial pressure close to 500 mmHg. The partial pressure of 
oxygen can drop a lot further before hypoxia develops.

Nitrous oxide is contraindicated in animals with pneu-
mothorax, gastric dilatation/rumen tympany, gas embo-
lism, and other conditions that are exacerbated by 
accumulation of gas inside a closed space. This effect is 
caused by diffusion of nitrous oxide out of the blood into 
the preexisting gas space in an attempt to establish equilib-
rium. Nitrous oxide is also contraindicated in animals with 
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gas diffusion impairment such as interstitial pneumonia. 
These animals typically have low arterial oxygen partial 
pressure when breathing oxygen-rich mixtures. The dilu-
tion of oxygen by nitrous oxide will lower the inspired oxy-
gen partial pressure and may worsen hypoxemia.

Halothane
Halothane was a major advancement in inhalant anes-
thesia in its day. It was introduced in the late 1950s and 
was potent, nonirritating, and nonflammable. Chemically 
it is classified as a halogenated hydrocarbon and it is not 
chemically related to the ethers. Halothane was used 
widely in human anesthesia until it became apparent 
there were potentially fatal adverse effects associated 
with its use. Human patients developed a syndrome 
known as halothane hepatitis (Daghfous et  al.  2003; 
Neuberger 1998). This rare, but life-threatening, compli-
cation is still somewhat of a mystery, although an immu-
nological etiology is implicated. The disease appears as a 
fulminant hepatitis, similar to that seen with viral hepa-
titis, which develops after a short period of apparent 
recovery. A second, more common, form of hepatitis is 
less severe and is characterized by a reversible elevation 
in liver enzymes. The etiology of this second form is 
thought to be anesthetic-related hepatic hypoxia and 
does not appear to be immune related. Diagnosis of the 
correct form is important since repeated exposure to hal-
othane, or any of the volatile agents producing trifluoro-
acetic acid, is more likely to trigger the immunologically 
mediated form and result in high morbidity and mortal-
ity. Both forms are not commonly documented in veteri-
nary patients; however, transient elevation of liver 
enzymes may occur postoperatively in some patients. A 
thorough diagnostic workup is required due to the non-
specific and multifactorial etiology of elevated liver 
enzymes.

A second complication associated with halothane anes-
thesia is the development of arrhythmias. Halogenated 
hydrocarbon anesthetics, especially halothane, can sensi-
tize the myocardium to the arrythmogenic effects of epi-
nephrine. Halothane is generally contraindicated in 
patients that are predisposed to ventricular arrhythmias 
(e.g., hypoxia, trauma, or myocardial disease) (Steffey 
et  al.  2015). Arrhythmias that develop during halothane 
anesthesia may resolve when the anesthetic agent is 
switched to isoflurane or sevoflurane. Other causes of peri-
anesthetic arrhythmias should also be ruled out.

Halothane undergoes extensive hepatic metabolism 
(~20%) and is not chemically stable (Steffey et  al.  2015). 
Commercially available halothane contains thymol, a pre-
servative, which does not volatilize to the same degree as 

halothane. This results in a sticky residue inside the vaporizer 
that should be cleaned out during periodic maintenance. 
Veterinary use of halothane is declining due to the increas-
ing popularity of isoflurane and sevoflurane, and its lim-
ited availability worldwide.

Isoflurane
Isoflurane is arguably the most widely used veterinary 
inhalant anesthetic in the world today. It is stable, potent, 
and undergoes little metabolism. Isoflurane can be irritat-
ing to airway tissues at high-inspired concentrations and 
its use for induction in people has been limited because of 
patient complaints and complications. However, in veteri-
nary medicine isoflurane mask induction is still common. 
Isoflurane is a potent agent (MAC ~1.3% in dogs) and has 
a high saturated vapor pressure (~240 mmHg at room tem-
perature) (Steffey et al. 2015). These characteristics, cou-
pled with the fact that it is possible to cause rapid partial 
pressure changes in the brain, would suggest that only 
precision vaporizers located outside the circuit should be 
used to deliver the agent. However, several reports of the 
use of modified vaporizer inside circuit (VIC) vaporizers 
suggest that this type of anesthetic system can be used to 
safely administer the agent (Bednarski et al. 1993; Laredo 
et al. 1998).

Isoflurane metabolism is minimal (less than 1%) and 
fluoride-induced nephrotoxicity is uncommon. Isoflurane 
and many of the ether-derivative volatile agents are excel-
lent vasodilators and can cause or worsen hypotension. 

Desflurane
Desfluane use in veterinary medicine is limited to aca-
demic institutions and a very limited number of private 
practices. The main disadvantage to desflurane use is the 
cost associated with the agent and the cost associated with 
a specialized vaporizer that is required to deliver the drug. 
Desflurane is extremely insoluable and is capable of pro-
ducing extremely rapid inductions and recoveries (Barter 
et al. 2004; Clarke 1999). Its main market is for human out-
patient anesthesia, where rapid recovery is a large cost sav-
ings. It is highly fluorinated, has a very low potency (MAC 
~9%), and has a high saturated vapor pressure (~670 mmHg 
at room temperature) (Steffey et al. 2015). Desflurane boils 
at 23°C and must be handled using specialized apparatus 
for vaporizer filling. The vaporizer is specific for desflurane 
and is electrically heated to boil the desflurane so that a 
reliable vapor pressure will be produced. Then sophisti-
cated differential pressure transducers and electronic cir-
cuits calculate an injection ratio for delivery of the desired 
anesthetic concentration. Desflurane is very stable and 
undergoes almost no metabolism.
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Sevoflurane
Sevoflurane is the newest volatile inhalant anesthetic 
approved for veterinary use. Sevoflurane has a low blood/
gas partition coefficient (~0.7) which is greater than desflu-
rane and nitrous oxide, but about half of that of isoflurane. 
Extensive pulmonary elimination of sevoflurane mini-
mizes the amount available for metabolism. Up to 3–8% of 
the sevoflurane dose is metabolized and appears in the 
urine as inorganic fluoride (Steffey et al. 2015). This fluo-
ride exposure does not appear to be clinically significant, 
although serum levels of fluoride can approach those pre-
viously reported to be nephrotoxic for methoxyflurane. 
Factors other than peak serum fluoride concentrations 
appear important for predicting the incidence of nephro-
toxicity (Driessen et al. 2002).

Sevoflurane represents a deviation from the methyl  
ethyl ether structural theme present in other contemporary 
volatile anesthetics. Sevoflurane is chemically related 
to  methyl-isopropyl ethers. The structure is significant 
because an important metabolite of most methyl-ethyl 
ether volatile anesthetic agents (trifluoroacetic acid) is a 
suspected trigger of halothane hepatitis. Sevoflurane can-
not be metabolized to form this compound. This is not a 
major consideration in veterinary medicine but is impor-
tant in human anesthesia. Sevoflurane is also pleasant and 
nonirritating when used for mask induction and many 
pediatric anesthesiologists suggest this agent is the drug of 
choice for pediatric induction via mask. Sevoflurane is less 
potent than isoflurane (MAC ~2.3% for dogs and horses). 
When used for induction of anesthesia it is common to use 
7–9% sevoflurane.

An early subject of controversy surrounding sevoflurane 
anesthesia was the production of compound A. Compound 
A is a degradation product produced when sevoflurane 
reacts with the carbon dioxide absorbent. Early toxicology 
studies performed in rats suggested that proximal tubular 
renal damage could result from clinically relevant expo-
sure to compound A. This led to the suggestion that sevo-
flurane should not be used in closed-circuit anesthesia or 
with fresh gas flow rates lower than 2  L per minute. 
However, since that time little clinical evidence of renal 
damage in humans and dogs has emerged, even with very 
low fresh gas flows. Some have suggested that rats have a 
10–100 times higher level of the enzyme beta-lyase that is 
believed to convert the intermediate compounds of 
Compound A metabolism to a nephrotoxic molecule 
(Kharasch et  al.  2005; Sheffels et  al.  2004). Humans and 
dogs do not appear to have the same level of enzyme con-
version and are therefore less susceptible to Compound A 
toxicity. Safety studies in most other rodents and exotic ani-
mals are not published and caution should be used when 

administering sevoflurane via a breathing system using a 
carbon dioxide absorbant until further safety data are avail-
able (Table 1.3).

Injectable Anesthetics

Injectable anesthetics are an important family of com-
pounds used for immobilization and anesthesia of wildlife. 
The dissociative anesthetics in particular are commonly 
combined with other adjunctive drugs such as alpha-2 adr-
energic agonists and opioids to improve the reliability and 
speed of onset of action.

Barbiturates

Barbiturates can be classified in several ways. One is by 
chemical structure. Oxybarbiturates are historically 
important, but not commonly used today due to their 
slower onset of action, long recovery characteristics, and 
relatively small margin of safety. Pentobarbital is the pro-
typical oxybarbiturate. It has been combined with several 
adjunctive drugs for anesthesia. The thio (i.e., sulfur-
substituted) analog of pentobarbital, thiopental, was 
commonly used in veterinary medicine for intravenous 
induction of anesthesia for many years but is no longer 
widley available. 

Barbiturates cause anesthesia through global depres-
sion of CNS activity. This is accomplished through inter-
ference with nervous system impulse conduction. Like 
many other anesthetics, other excitable tissues can be 
affected, resulting in commonly encountered side 
effects, including depression of cardiorespiratory func-
tion. Barbiturates decrease cerebral blood flow (CBF) 
and the CMRO2. CMRO2 decreases progressively until 
electroencephalographic activity becomes isoelectric 
(Branson 2007).

Table 1.3  Structure and characteristics of inhalation 
anesthetics.

Agent
Year 
Introduced Structure Type

Halothane 1956 CF3–CHClBr Alkane

Isoflurane 1981 CF3CHCl–O–CHF2 Ether

Enflurane 1972 CHClF–CF2–O–CHF2 Ether

Methoxyflurane 1960 CHCl2–CF2–O–CH3 Ether

Desflurane 1992 CF3CHF–O–CHF2 Ether
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Propofol

Propofol (2,6-di-isopropylphenol) is commonly used for 
sedation, induction, and maintenance of anesthesia in 
humans and domestic species. Propofol is supplied as a 
milky white liquid for intravenous injection. It is insoluble 
in aqueous solution therefore it is usually formulated as an 
emulsion of 10% soybean oil, 2.25% glycerol, and 1.2% egg 
phosphatide. Some formulations of propofol (e.g., 
Diprivan®, Propoflo™) do not contain preservative and will 
support bacterial and fungal growth should the drug 
become contaminated. This has led to the label recommen-
dation of discarding unused drug at the end of the proce-
dure or within 6 hours of opening a vial. Other formulations 
have additives such as benzyl alcohol (e.g., PropoFlo28®) to 
improve stability or reduce the potential of contamination 
with storage. Species-sensitivities to these additives should 
be investigated before their use (Davidson 2001).

Propofol is classified as an ultrashort-acting injectable 
anesthetic agent. Duration of effect is typically 5–10 min-
utes in dogs and 5–20 minutes in cats. Its rapid recovery 
characteristics are maintained in most species following 
prolonged infusions. Recovery times may be prolonged in 
the cat (and other species that have reduced capacity for 
glucuronidation of drugs) following repeated doses or con-
tinuous rate infusions.

Propofol has been used in dogs, cats, horses, pigs, goats, 
sheep, and even birds. Wild turkeys, mallard ducks, 
pigeons, and chickens have been anesthetized with propo-
fol, but there is significant cardiorespiratory depression in 
ducks and chickens, indicating birds may need ventilatory 
support during anesthesia (Machin & Caulkett  1998). 
Apnea and respiratory depression are the best known side 
effects of propofol administration. The incidence of apnea 
may be reduced by administering the drug over 60–90 sec-
onds (Muir & Gadawski 1998). It would be prudent to be 
prepared to intubate and support ventilation if apnea 
occurs. Pain is reported on propofol injection by some peo-
ple. Muscle fasciculations and spontaneous twitching can 
occur in some animals.

Dissociative Anesthetics

Ketamine
Most veterinary formulations of ketamine are a racemic 
mixture consisting of two optical enantiomers. However, 
in many countries (S)-ketamine is available as a human or 
veterinary product. The S enantiomer is less cardiodepres-
sant and has a four-fold greater affinity for the phencycli-
dine site in the NMDA receptor. Serotonin transport is 
inhibited two-fold by the R form. Some of ketamine’s 
effects are not stereoselective. Norepinephrine release is 
equivalent from the S and R forms (Kohrs & Durieux 1998).

Ketamine can be administered intramuscularly to 
anesthetize animals which are not easily given drugs intra-
venously. Intramuscular administration will produce a 
longer duration of anesthesia than intravenous administra-
tion, but the recovery is usually longer and can be accom-
panied by more dysphoria. Recovery from ketamine 
appears to be due to redistribution and metabolism similar 
to the thiobarbiturates. Hepatic biotransformation to nor-
ketamine (metabolite I) and dehydronorketamine (metab-
olite II) is the major route of metabolism in most species 
studied. It was thought ketamine was excreted unchanged 
in the urine of cats, but this originated from one paper  
published in 1978 by Gaskell et al. and since that time it 
has been shown by Waterman that biotransformation is 
an  important route of elimination in domestic cats 
(Waterman 1983). Norketamine is about one-third to one-
fifth as potent as the parent compound but may contribute 
to the prolonged analgesic effects of ketamine (Kohrs & 
Durieux 1998).

Ketamine produces a form of anesthesia that is different 
from other hypnotic drugs. In general terms, ketamine 
induces anesthesia and amnesia by functional disruption 
(dissociation) of the CNS through marked CNS stimulation 
resulting in catalepsy, immobility, amnesia, and marked 
analgesia. Electroencephalographic analysis indicates 
that  depression of the thalamoneocortical system occurs 
in  conjunction with activation of the limbic system. 
Awakening from ketamine anesthesia in people is fre-
quently characterized by disagreeable dreams and halluci-
nations. Sometimes these unpleasant occurrences may 
recur days or weeks later. Almost half of adults over the age 
of 30 exhibit delirium or excitement, or experience visual 
disturbances. The occurrence of adverse psychological 
experiences is much lower in children. The incidence of 
adverse psychological experiences in animals is unknown, 
but a significant number of animals transiently vocalize 
and have motor disturbances during recovery.

Ketamine’s neuropharmacology is complex. The com-
pound interacts with NMDA and non-NMDA glutamate 
receptors, nicotinic, muscarinic cholinergic, monoaminer-
gic, and opioid receptors. In addition there are interactions 
with voltage-dependent ion channels such as Na+ and 
L-type Ca2+ channels. It is believed that the NMDA recep-
tor antagonism accounts for most of the analgesic, amnes-
tic, psychomimetic, and neuroprotective effects of the 
compound, but the exact mechanism of its anesthetic 
action is not known. NMDA receptor activation is believed 
to play a role in the “memory” of the CNS, which is 
involved in the “wind-up,” hyperalgesia, and allodynia 
seen in certain pain syndromes (Kohrs & Durieux 1998).

Ketamine can increase the CMRO2 due to increased met-
abolic activity associated with increased activity in certain 
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areas of the brain. Intracranial pressure (ICP) also increases, 
possibly because of two mechanisms: (1) ketamine can 
increase mean arterial blood pressure so CBF can increase 
and ICP can passively increase in patients with altered 
autoregulation, and (2) ketamine can depress respiration, 
increasing the arterial partial pressure of carbon dioxide 
PaCO2. The brain responds to elevations in PaCO2 by 
increasing CBF, which will increase ICP. Ventilation may 
reduce the increase in CBF. Current clinical dogma dictates 
avoiding ketamine in patients with suspected head trauma.

Ketamine causes a characteristic breathing pattern 
termed apneustic breathing, characterized by prolonged 
inspiratory duration and relatively short expiratory 
time. When ketamine is administered by itself, it typi-
cally causes minimal respiratory depression that is 
short-lived. Hypoxic and hypercapnic respiratory regu-
lation appears to remain intact, but ketamine is seldom 
given alone. It is often combined with benzodiazepines, 
acepromazine, opioids, or alpha-2 adrenergic agonists. 
The combined effect of these drugs is usually decreased 
minute ventilation, increased PaCO2, and mild respira-
tory acidosis.

Ketamine, when given to animals with functioning sym-
pathetic nervous systems, generally increases heart rate 
and arterial blood pressure. Cardiac output will usually 
stay the same or slightly increase. Ketamine is seldom 
given alone to healthy animals. The use of adjunctive 
drugs, such as benzodiazepines, acepromazine, or alpha-2 
adrenergic agonists, tends to blunt the sympathomimetic 
effect of ketamine and will tend to decrease cardiac func-
tion and decrease arterial blood pressure.

Tiletamine/Zolazepam
Tiletamine/zolazepam combinations are available in a fixed 
ratio. Telazol® is a non-narcotic, nonbarbiturate, injectable 
anesthetic agent. Chemically, Telazol® is a combination of 
equal parts by weight of tiletamine hydrochloride (2-[ethyla
mino]-2-[2-thienyl]-cyclohexanone hydrochloride), an 
arylaminocycloalkanone dissociative anesthetic, and zolaz-
epam hydrochloride (4-[o-fluorophenyl]-6,8-dihydro-1,3,
8 - t r imethylpyazolo[3,4- e][1,4]diazepin- 7[1H]- 1-
hydrochloride), a benzodiazepine having minor tranquiliz-
ing properties. The product is supplied sterile in vials, each 
containing a total of 500  mg of active drug as free base 
equivalents and 288.5 mg of mannitol. The addition of 5 mL 
of diluent produces a solution containing the equivalent of 
50  mg of tiletamine base, 50  mg of zolazepam base and 
57.7  mg of mannitol per milliliter. The resulting solution 
has a pH of 2–3.5. Zoletil® is available in many countries 
outside North America and is commonly marketed as a 
mixture containing 25 mg/mL each of zolazepam and tilet-
amine (Zoletil 50®) or 50 mg/mL each (Zoletil 100®).

Duration of effect is dependent on the route of 
administration and amount of drug given. When used intra-
venously it lasts approximately 15–20 minutes. When given 
intramuscularly it may last 30–45 minutes. It is commonly 
used in place of ketamine and its duration is typically longer.

Tiletamine induces dissociative anesthesia similar to 
ketamine. It has the potential to cause seizure activity, but 
when combined with zolazepam the incidence of seizures 
is greatly reduced. Its effects on CBF and ICP are similar to 
those of ketamine. Nephrotoxicity in New Zealand white 
rabbits has been reported following Telazol® administra-
tion (Doerning et  al.  1992). Anecdotally, tigers do not 
appear to recover well after tiletamine/zolazepam there-
fore its use is generally contraindicated. Tiletamine/zolaz-
epam can be combined with other drugs to improve its 
analgesic and recovery characteristics.

Miscellaneous Anesthetics

Etomidate
Etomidate has been used extensively as a hypnotic agent 
for the induction of anesthesia in humans, but less com-
monly in other species. Etomidate is a rapidly acting, ultra-
short acting imidazole derivative. The duration of effect 
following intravenous bolus administration is typically 
5–10  minutes. Etomidate causes dose-dependent CNS 
depression leading to sedation, hypnosis, and finally an 
isoelectric electroencephalogram.

Etomidate, in contrast to almost all other induction 
agents, does not seem to cause significant depression of 
cardiac contractility and has minimal effects on heart rate, 
cardiac output, and arterial blood pressure. Elimination of 
etomidate occurs by ester-hydrolysis in plasma and in the 
liver at approximately equal rates. Metabolism of etomi-
date in the liver is a capacity-limited Michaelis–Menten 
process. Hepatic hydrolysis results in the corresponding 
inactive carboxylic acid. Etomidate will temporarily reduce 
steroidogenesis (Boidin 1985; Moon 1997). Steroid synthe-
sis usually increases with the stress of anesthesia so the net 
effect may be little or no change (Dodam et al. 1990). It is 
not a clinical contraindication except for animals with 
hypoadrenocorticism (Addison’s disease). Intravenous 
administration of etomidate may induce excitement, myo-
clonus, pain on injection, vomiting, and apnea during 
induction of anesthesia. Some animals may have purpose-
less myoclonic muscle movements during recovery from 
anesthesia. The frequency and severity of the side effects 
can be attenuated or eliminated by the administration of 
adjunctive drugs such as diazepam, acepromazine, or opi-
oids prior to etomidate administration. A constant rate 
infusion of etomidate may result in hemolysis (Van de 
Wiele et al. 1995; Moon 1994). This is thought to be due to 
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the propylene glycol carrier and the very high osmolality of 
available products (Doenicke et al. 1997).

Alfaxalone
Alfaxan®
Alfaxalone is a synthetic neurosteroid anesthetic with a 
relatively wide margin of safety and little cardiovascular or 
respiratory depression. Due to its poor water solubility, ear-
lier formulations (Saffan®) were a mixture of alfaxalone 
and alfadolone combined with cremophor EL® as a solubi-
lizing agent. Adverse effects, including histamine release 
and anaphylactic reactions associated with Cremophor, led to 
the withdrawal of that product from the market. A novel 
formulation of alfaxalone, Alfaxan-CD®, was released in 
Australia in 2001, in the United Kindgom in 2007, in 
Europe in 2008, in Canada in 2011, and in the United States 
in 2012. It is a 1% aqueous solution with a pH of 6.5–7.0 
containing a non-cremophor vehicle (2-hydroxypropyl- 
β-cyclodextrin) which does not cause histamine release. 
The drug is approved for induction and maintenance of 
general anesthesia in dogs and cats via intravenous admin-
istration and has also been approved for intramuscular 
administration in some countries. Until recently, Alfaxan® 
was exclusively supplied as a 10-mL vial without added 
antimicrobial preservatives. This resulted in a shelf-life of 
only 6 hours and a label recommendation to discard unused 
drug within this timeframe (Berry 2015). A newer multi-
dose formulation containing the preservatives ethanol, 
chlorocresol, and benzethonium chloride has recently 
been approved and appears to have the same efficacy and 
safety as the preservative-free formulation but offers the 
advantage of a 28-day shelf-life.

Like other injectable anesthetics, alfaxalone produces its 
clinical effects via potentiation of GABA at GABAA recep-
tors in the CNS, resulting in modulation of chloride trans-
port and neuronal hyperpolarization (Berry  2015). After 
intravenous administration, it produces rapid onset of 
action and satisfactory muscle relaxation but has no sig-
nificant analgesic effects. In dogs and cats, it undergoes 
rapid hepatic metabolism, has a relatively short half-life, 
and does not accumulate after repeated dosing (Ambros 
et al. 2008; Ferre et al. 2006; Whittem et al. 2008).

Depending on the species and country-specific labelling, 
alfaxalone can be used for intramuscular sedation or pre-
medication, for intravenous induction of anesthesia prior to 
transfer to an inhaled agent, or for intravenous maintenance 
of anesthesia via intermittent boluses for short procedures 
or via continuous rate infusion (CRI) for longer procedures. 
Other off-label routes of administration have been reported, 
including subcutaneous injection in various domestic and 
exotic species, intraperitoneal injection in laboratory ani-
mals, and immersion/irrigation in fish and amphibians.

Premedication or coadministration with a sedative and/
or analgesic is recommended to reduce the dose of alfax-
alone required, provide analgesia, and smooth recovery, 
which can otherwise be rough. Paddling, vocalization, 
rigidity, myoclonus, and trembling have been reported in 
dogs and cats recovering from alfaxalone that did not 
receive other drugs concurrently (Berry 2015). Also, with 
intramuscular administration, the relatively large volume 
of alfaxalone required can be a limiting factor and coad-
ministration of more potent sedative and/or analgesic 
agents may help overcome this.

Alfaxalone produces dose-dependent respiratory depres-
sion and apnea is common after rapid intravenous injec-
tion of clinically relevant doses (Muir et  al.  2008,  2009). 
Slow injection over 60 seconds is recommended and the 
anesthetist should be prepared to intubate, provide supple-
mental oxygen, and support ventilation when administer-
ing alfaxalone. Cardiac output and arterial blood pressure 
remain generally stable after administration of clinically 
appropriate doses in healthy patients, although caution 
should be exercised when administering alfaxalone to 
patients with limited cardiac reserve capacity or hemody-
namic instability.

In addition to dogs and cats, off-label alfaxalone use has 
been reported in many other domestic species and exotic 
pets, including horses, sheep, swine, rabbits, ferrets, 
rodents (excluding mice, rats, guinea pigs, chinchillas), 
birds (excluding budgerigars and finches), reptiles (exclud-
ing lizards, turtles, tortoises, and snakes), and amphibians 
(excluding frogs, toads, and axolotls). It has also been used 
in a diverse range of captive zoo species (excluding civet 
cats, macaques, sea lions, crocodiles, pythons, flamingos, 
parrots, blue crabs, carp, and tarantulas); as well as in free-
ranging wildlife (excluding deer, bighorn sheep, seals, koa-
las, wallabies, and river turtles).

Opioids

All drugs classified as opioids are chemically related to a 
group of compounds which have been purified from the 
juice of a particular species of poppy, Papaverum som-
niferum. The unrefined extract from the poppy is called 
opium and contains approximately 20  naturally occur-
ring pharmacologically active compounds, including 
morphine and codeine. In addition, numerous semisyn-
thetic and synthetic analogs of these natural compounds 
have been developed for clinical use. The word “opioid” 
is typically used to encompass all chemical derivatives of 
the compounds purified from opium and will be the term 
used to describe this class of analgesics throughout this 
section.
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The opioids are a versatile group of drugs with extensive 
applications related to the management of pain in compan-
ion animal veterinary medicine. In the past, their use in 
wild and exotic species has been largely limited to the 
ultra-potent agents utilized in remote capture techniques. 
However, with the rapid evolution of zoo animal medicine 
and surgery, the opioids are being used increasingly as 
analgesics for the management of surgical pain in a wide 
variety of species. Although there are few pharmacokinetic 
or pharmacodynamic studies involving opioids in wild and 
exotic animals, a general discussion of opioid pharmacol-
ogy is relevant and may facilitate extrapolation from com-
panion animal species.

Opioid Receptors

It is well known that exogenously administered opioids 
such as morphine or heroin exert their effects by interact-
ing with specific opioid receptors and mimicking naturally 
occurring molecules known as endogenous opioid pep-
tides. It is now accepted that there are three well-defined 
types of opioid receptors, most commonly known by their 
Greek letter designations as μ (mu), δ (delta), and κ (kappa) 
(Harrison et  al.  1998; Kieffer  1999; Janecka et  al.  2004; 
Inturrisi  2002). This classic system of nomenclature has 
been under reconsideration for a number of years and dur-
ing this time several alternative naming systems have been 
proposed, leading to considerable confusion. In addition, a 
fourth type of opioid receptor, the nociceptin receptor (also 
known as the orphanin FQ receptor), has been character-
ized (Moran et al. 2000; Smith et al. 2001). According to the 
most recent recommendations of the International Union 
of Basic and Clinical Pharmacology Committee on 
Receptor Nomenclature and Drug Classification (NC-
IUPHAR), variations based on the Greek letters remain 
acceptable. Thus, mu, μ, or MOP (for “mu opioid peptide”); 
delta, δ or DOP (for “delta opioid peptide”); kappa, κ or 
KOP (for “kappa opioid peptide”); and NOP (for “nocicep-
tin opioid peptide”) are considered interchangeable abbre-
viations. Distinct cDNA sequences have been cloned for all 
four opioid receptor types, and each type appears to have a 
unique distribution in the brain, spinal cord, and periphery 
(Smith & Lee 2003).

The diversity of opioid receptors is further extended by 
the existence of several subtypes of μ, δ, and κ receptors. 
Based on pharmacologic studies, there are thought to be at 
least three μ receptor subtypes, μ1, μ2, and μ3; two δ recep-
tor subtypes, δ1, and δ2; and perhaps as many as four κ 
receptor subtypes, κ1a, κ1b, κ2, and κ3 (Smith & Lee 2003) 
The discovery of opioid receptor subtypes generated great 
enthusiasm among researchers and introduced the possi-
bility of developing subtype-specific therapeutic agents 

with favorable side-effect profiles. At this point, however, 
the functional significance of these receptor subtypes 
remains unclear and distinct cDNA sequences correspond-
ing to these subtypes have not yet been identified (Smith & 
Lee 2003).

In general, it appears that the μ receptor mediates 
most of the clinically relevant analgesic effects, as well 
as most of the adverse side effects associated with opioid 
administration (Kieffer  1999). Drugs acting at the δ 
receptor tend to be poor analgesics but may modify μ 
receptor-mediated antinociception under certain cir-
cumstances and mediate opioid receptor “cross-talk”. 
The κ receptor mediates analgesia in several specific 
locations in the CNS and the periphery, but distinguish-
ing μ- and κ-mediated analgesic effects has proven to be 
difficult (Kieffer 1999; Smith & Lee 2003). In contrast to 
the classic opioid receptors, the nociceptin receptor does 
not mediate typical opioid analgesia, but instead pro-
duces anti-opioid (pro-nociceptive) effects (Janecka 
et al. 2004; Moran et al. 2000; Smith et al. 2001). Due to 
the considerable structural homology between the three 
classically described opioid receptors, it is likely that 
there are significant interactions between these recep-
tors in different tissues, and the loosely defined physio-
logic roles ascribed to each receptor type still require 
further clarification.

Endogenous Opioid Receptor Ligands

The opioid receptors discussed above are part of an exten-
sive opioid system that includes a large number of endog-
enous opioid peptide ligands. Endogenous opioid peptides 
are small molecules that are naturally produced in the CNS 
and in various glands throughout the body, such as the 
pituitary and the adrenal (Janecka et al. 2004). Three clas-
sical families of endogenous opioid peptides have been 
identified: the enkephalins, the dynorphins, and β-
endorphin. Each of these is derived from a distinct precur-
sor polypeptide, pro-enkephalin, pro-dynorphin, and 
pro-opiomelanocortin, respectively (Janecka et  al.  2004). 
These classical endogenous opioid peptides are expressed 
throughout the CNS and their presence has more recently 
been confirmed in peripheral tissues as well (Janecka 
et al. 2004). There are considerable structural similarities 
between these three groups of peptides, and each family 
demonstrates variable affinities for μ, δ, and κ receptors. 
None of them bind exclusively to a single opioid receptor 
and none of them have any significant affinity for the noci-
ceptin receptor. The physiologic roles of these peptides are 
not completely understood at this time. They appear to 
function as neurotransmitters, neuromodulators and, in 
some cases, as neurohormones. They mediate some forms 
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of stress-induced analgesia and play a role in analgesia 
induced by electrical stimulation of discrete regions in the 
brain, such as the periaqueductal gray of the mesencepha-
lon (Inturrisi 2002).

Nociceptin (also known as orphanin FQ) is the endoge-
nous ligand for the more recently discovered nociception 
receptor. Nociceptin is derived from pro-nociceptin, and 
its amino acid sequence is closely related to that of the 
classical endogenous opioid peptides discussed above 
(Janecka et  al.  2004; Moran et  al.  2000). Despite this 
homology, nociception binding is specific for the nocicep-
tion receptor and the peptide does not appear to interact 
with μ, δ, or κ receptors. Furthermore, the physiologic 
effects of nociceptin are in direct contrast to the actions of 
the classical endogenous opioid peptides, with nocicep-
tion producing a distinctly pro-nociceptive effect (Janecka 
et al. 2004; Moran et al. 2000; Smith 2001). The functional 
significance of nociception and its receptor remains to be 
elucidated, but additional insight into this novel opioid 
peptide may have substantial implications in future thera-
peutic drug development.

In addition to the enkephalins, dynorphins, β-
endorphin, and nociception, there are now two other dis-
covered endogenous opioid peptides called endomorphin-1 
and endomorphin-2 (Zadina et al. 1990). These peptides 
are putative products of an, as yet, unidentified precursor 
and have been proposed to be the highly selective endog-
enous ligands for the μ receptor (Janecka et  al.  2004; 
Zadina et al. 1990). The endomorphins are small tetrapep-
tides that are structurally unrelated to the classical endog-
enous opioid peptides (Zadina et  al.  1990). Their 
identification has heralded a new era in research of the μ 
opioid system which may contribute to our understanding 
of the neurobiology of opioids, and provide new avenues 
for therapeutic interventions.

Another endogenous opioid receptor agonist, dermor-
phin, was discovered in the early 1980s in the skin of a 
South American frog species belonging to the genus 
Phyllomedusa. Dermorphins are full μ receptor agonists 
with approximately 30–40 times the potency of morphine. 
Shortly after the discovery of amphibian dermorphin, 
another endogenous opioid, deltorphin, was isolated and 
shown to act as an agonist at δ receptors. These natural opi-
oid peptides appear to be unique to amphibians and, 
although their functional role is not entirely clear, it has 
been speculated that they may be involved in protection 
from predators and/or hibernation (Mosely & Mosely 2015). 
While the discovery of the dermorphins generated initial 
interest as potential clinical analgesic agents, little work 
has been done in recent years. Dermorphin has been used 
illegally in horse racing as a performance-enhancing drug 
(Robinson et al. 2015).

Opioid Receptor Signaling and Mechanisms 
of Analgesia

Binding of an opioid agonist to a neuronal opioid receptor, 
regardless of whether the agonist is endogenous or exoge-
nous, typically leads to several events that serve to inhibit 
the activation of the neuron. Opioid receptors are part of a 
large superfamily of membrane-bound receptors that are 
coupled to G-proteins (Smith & Lee 2003). As such, they 
are structurally and functionally related to receptors for 
many neurotransmitters and other neuropeptides which 
act to modulate the activity of nerve cells. Opioid receptor 
binding, via activation of various types of G-proteins, may 
lead to inhibition of adenylyl cyclase (cAMP) activity, acti-
vation of receptor-operated K+ currents, and suppression 
of voltage-gated Ca2+ currents (Inturrisi 2002).

At the pre-synaptic level, decreased Ca2+ influx will 
result in reduced release of transmitter substances, such as 
substance P, from primary afferent fibers in the spinal cord 
dorsal horn, thereby inhibiting synaptic transmission of 
nociceptive input (Inturrisi  2002). Post-synaptically, 
enhanced K+ efflux will result in neuronal hyperpolariza-
tion of spinal cord projection neurons and inhibition of 
ascending nociceptive pathways. A third potential mode of 
opioid action involves upregulation of supraspinal descend-
ing antinociceptive pathways in the periaqueductal gray. It 
is now known that this system is subject to tonic inhibition 
mediated by GABAergic neurons, and opioid receptor acti-
vation has been shown to suppress this inhibitory influ-
ence and augment descending antinociceptive transmission 
(Inturrisi 2002; Christie et al. 2000). The proposed cellular 
basis for this involves μ receptors present on pre-synaptic 
GABAergic nerve terminals which activate voltage-
dependent K+ currents and thereby inhibit GABA release 
into the synaptic cleft (Christie et al. 2000). It is important 
to note that while our collective understanding of opioid 
receptor-mediated signaling has increased dramatically in 
recent years, the relationship of such subcellular events to 
clinical analgesia at the level of the organism requires fur-
ther clarification.

Opioid Receptor Distribution 
and Therapeutic Implications

While cellular and molecular studies of opioid receptors 
and ligands are invaluable in understanding their func-
tion, it is critical to place them in their anatomical and 
physiologic context to fully appreciate the opioid system 
and its relevance to pain management. It has long been a 
principle tenet of opioid analgesia that these agents are 
centrally acting, and this understanding has shaped the 
way we use opioid analgesics clinically. It has been well 
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established that the analgesic effects of opioids arise 
from their ability to directly inhibit the ascending trans-
mission of nociceptive information from the spinal cord 
dorsal horn, and to activate pain control circuits that 
descend from the midbrain via the rostral ventromedial 
medulla to the spinal cord. Within the CNS, evidence of 
μ, δ, and κ opioid receptor mRNA and/or opioid peptide 
binding has been demonstrated in supraspinal sites, 
including the mesencephalic periaqueductal gray, the 
mesencephalic reticular formation, various nuclei of the 
rostral ventromedial medulla, forebrain regions includ-
ing the nucleus accumbens, as well as spinally within the 
dorsal horn (Gutstein & Akil 2001; Yaksh et  al.  1998). 
The interactions between groups of opioid receptors at 
various spinal and supraspinal locations, as well as inter-
actions between different receptor types within a given 
location, are complex and incompletely understood at 
this time.

Systemic administration of opioid analgesics via intrave-
nous, intramuscular, or subcutaneous injection will result 
in a relatively rapid onset of action via interaction with 
these CNS receptors. Oral, transdermal, rectal, or buccal 
mucosal administration of opioids will result in variable 
systemic absorption, depending on the characteristics of 
the particular agent, with analgesic effects being mediated 
largely by the same receptors within the CNS. In addition, 
neuraxial administration, into either the subarachnoid or 
epidural space, is a particularly efficacious route of admin-
istration. Small doses of opioids introduced via these 
routes readily penetrate the spinal cord and interact with 
spinal and/or supraspinal opioid receptors to produce pro-
found and potentially long-lasting analgesia, the charac-
teristics of which will depend on the particular drug 
utilized.

Despite the fact that opioids have long been considered 
the prototype of centrally acting analgesics, a body of evi-
dence has emerged over the past decade which clearly indi-
cates that opioids can produce potent and clinically 
measurable analgesia by activation of opioid receptors in 
the peripheral nervous system (Stein et  al.  2001). Opioid 
receptors of all three major types have been identified on 
the processes of sensory neurons, and they respond to 
peripherally applied opioids and locally released endoge-
nous opioid peptides when upregulated during inflamma-
tory pain states (Stein 1993; Stein et al. 1993, 2001, 2003; 
Fields et al. 1980). Furthermore, sympathetic neurons and 
immune cells have also been shown to express opioid 
receptors, but their functional role remains unclear (Stein 
et al. 2003). While the binding characteristics of peripheral 
and central opioid receptors are similar, the molecular 
mass of peripheral and central μ opioid receptors appears 
to be different, suggesting that selective ligands for these 

peripheral receptors could be developed which would 
produce opioid analgesia without the potential to induce 
centrally mediated adverse side effects (Stein 1995, Stein & 
Yassouridis 1997; Stein et al. 1996, 2001, 2003).

Adverse Effects of Clinically Used Opioids

While opioids are used clinically primarily for their pain-
relieving properties, they also produce a host of other 
effects on a variety of body systems. This is not surprising 
in light of the wide distribution of endogenous opioid pep-
tides and their receptors in supraspinal, spinal, and periph-
eral locations. Since information regarding opioid side 
effects in most wild and exotic animals is lacking, reference 
is made to common domestic species where appropriate.

Central Nervous System
Level of Arousal
There are considerable species differences in the CNS 
response to opioid analgesics that cannot be attributed to 
pharmacokinetic variations alone. CNS depression (i.e., 
sedation) is typically seen in the dog, monkey, and human, 
while CNS stimulation (i.e., excitement and/or spontane-
ous locomotor activity) may be elicited in the cat, horse, 
goat, sheep, pig, and cow following systemic administra-
tion of various opioids, most notably morphine (Branson 
et al. 2001). The reasons for these different responses are 
not entirely clear at this time, but are presumably related to 
differing concentrations and distributions of μ, δ and κ 
receptors in various regions of the brain in these species 
(Hellyer et al. 2003). Details regarding the CNS responses 
of specific wild and exotic species to opioids are not yet 
known. Regardless of the species, however, there are 
numerous factors which may play a role, including the 
temperament or condition of the animal, the presence or 
absence of pain in the animal, the dose, route and timing of 
drug administration, and the specific opioid administered.

Thermoregulatory Center
The hypothalamic thermoregulatory system is also affected 
by opioid administration. Hypothermia tends to be the most 
common response, particularly when opioids are used dur-
ing the perioperative period in the presence of other CNS 
depressant drugs (Gutstein & Akil 2001; Branson et al. 2001). 
Under some clinical circumstances, however, hyperthermia 
is observed in cats, horses, swine, and ruminants following 
opioid administration (Niedfeldt & Robertson 2006; Posner 
et al. 2007, 2010). Part of this increase in body temperature 
may be attributed to an increase in muscle activity associ-
ated with CNS excitation in these species, but a specific cen-
tral hypothalamic mechanism has also been implicated, 
although it remains poorly understood (Branson et al. 2001).
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Emetic Center
Nausea and vomiting associated with opioid administration 
are a result of direct stimulation of the chemoreceptor trig-
ger zone for emesis located in the area postrema of the 
medulla (Gutstein & Akil 2001; Stoelting 1999). As with the 
other centrally mediated side effects, species plays a role in 
determining an individual’s tendency to vomit after an opi-
oid is administered. Horses, rabbits, ruminants, and swine 
do not vomit with opioid administration. Cats may vomit, 
but usually at doses that are greater than those which stim-
ulate vomiting in dogs. Dogs will commonly vomit follow-
ing opioid administration, especially with morphine.

Cough Center
Opioids have variable efficacy in depressing the cough 
reflex, at least in part, by a direct effect on a cough center 
located in the medulla (Gutstein & Akil 2001). Certain opi-
oids are more effective antitussives than others, including 
drugs like codeine, hydrocodone, and butorphanol.

Pupillary Diameter
As a general rule, opioids tend to produce mydriasis in 
those species that exhibit CNS excitation, and miosis in 
those that become sedated following opioid administration 
(Branson et al. 2001; Stephan et al. 2003; Lee & Wang 1975; 
Wallenstein & Wang 1979). Miosis is due to an excitatory 
action of opioids on neuronal firing in the oculomotor 
nucleus (Stoelting 1999; Lee & Wang 1975; Wallenstein & 
Wang  1979). In the cat, and presumably in other species 
that exhibit mydriasis, this increase in activity in the oculo-
motor nuclear complex still occurs but the miotic effect is 
masked by increased release of catecholamines, which 
results in mydriasis (Wallenstein & Wang 1979).

Respiratory System
Opioids produce dose-dependent depression of ventilation, 
primarily mediated by μ2 receptors leading to a direct 
depressant effect on brainstem respiratory centers (Gutstein 
& Akil 2001; Stoelting 1999). This effect is characterized by 
decreased responsiveness of these centers to carbon diox-
ide and is reflected in an increased resting PaCO2 and dis-
placement of the carbon dioxide response curve to the 
right. This effect is compounded by the coadministration of 
sedative and/or anesthetic agents, meaning that significant 
respiratory depression and hypercapnia are much more 
likely to occur in anesthetized patients who receive opioids 
versus those who are conscious. It should be noted that, in 
general, humans tend to be more sensitive to the respira-
tory depressant effects of opioids when compared to most 
veterinary species. However, respiratory support and/or 
specific opioid antagonists should be immediately availa-
ble anytime very high doses, or very potent opioids are used.

Cardiovascular System
Most opioids have minimal effects on cardiac output, car-
diac rhythm, and arterial blood pressure when clinically 
relevant analgesic doses are administered. Bradycardia 
may occur as a result of opioid-induced medullary vagal 
stimulation and will respond readily to anticholinergic 
treatment if warranted. Particular opioids (morphine and 
merperidine) can cause release of histamine, especially 
after rapid intravenous administration, which may lead to 
vasodilation and hypotension (Branson et al. 2001; Smith 
et al. 2001). Due to their relatively benign effects on cardio-
vascular function, opioids commonly form the basis of 
anesthetic protocols for human patients or animals with 
preexisting cardiovascular disease.

Gastrointestinal System
The gastrointestinal effects of the opioids are mediated by 
μ and δ receptors located in the myenteric plexus of the 
gastrointestinal tract (Gutstein & Akil 2001; Branson 
et al. 2001). Opioid administration may stimulate defeca-
tion in certain species. Following this initial response, 
spasm of gastrointestinal smooth muscle predisposes to 
ileus and constipation. Horses and ruminants in particular 
may be predisposed to gastrointestinal complications  
associated with opioid administration such as colic and 
ruminal tympany, respectively. Chronic opioid use may 
predispose to gastrointestinal stasis in other species.

In human patients, opioids (most notably fentanyl and 
morphine) have been shown to increase bile duct pressure 
through constriction of the sphincter of Oddi (Radnay 
et al. 1984). The incidence of this side effect in humans is, 
however, quite low (Jones et  al.  1981). The incidence of 
increased bile duct pressure secondary to opioid adminis-
tration in various animal species, and its potential clinical 
significance, is unknown at this time.

Genitourinary System
Opioids, particularly when administered neuraxially, may 
cause urinary retention through dose-dependent suppres-
sion of detrusor contractility and decreased sensation of 
urge (Kuipers et al. 2004; el Bindary & Abu el-Nasr 2001). 
Urine volume may also be affected by opioids and the 
mechanism of this effect appears to be multifactorial. μ 
agonists tend to produce oliguria in the clinical setting 
and  this is in part a result of increased antidiuretic hor-
mone release leading to altered renal tubular function 
(Stoelting 1999; Mercadante & Arcuri 2004). Elevations in 
circulating plasma atrial natriuretic peptide may also play 
a role in morphine-induced antidiuresis (Mercadante & 
Arcuri 2004). Conversely, κ agonists tend to produce a diu-
retic effect, possibly through inhibition of antidiuretic hor-
mone secretion (Stoelting 1999; Mercadante & Arcuri 2004). 
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Other peripheral mechanisms involving stimulation of 
renal alpha-2 adrenergic receptors may also contribute to 
this κ agonist effect (Mercadante & Arcuri 2004).

Opioid-Induced Hyperalgesia
There is a growing body of evidence from both human and 
rodent studies supporting the existence of a condition 
called opioid-induced hyperalgesia (Lee et al. 2011; Gomez 
et al. 2009; Yu et al. 2016; Colvin et al. 2019). This phenom-
enon is characterized by a paradoxical increase in pain 
associated with opioid administration and can contribute 
to poorly controlled pain and dose escalation. In humans, 
it has been observed with acute and chronic exposure, high 
and low doses, and with different types of opioids and 
routes of administration. The mechanisms underlying 
opioid-induced hyperalgesia are not well understood but 
both μ opioid receptors on transient receptor potential 
vanilloid-1 (TRPV1)-expressing dorsal root ganglion neu-
rons and NMDA receptors in the spinal cord dorsal horn 
appear to be involved (Deng et al. 2019). At this time, ani-
mal studies involving opioid-induced hyperalgesia are 
largely confined to experimental pain models in rodents, 
however, awareness in veterinary medicine is increasing 
and publications involving dogs and cats are beginning to 
emerge (Ruíz-López et  al.  2020; Borland & Garcia  2019; 
White et al. 2017).

Opioid Agonists

Almost all clinically useful opioids exert their analgesic 
and immobilizing effects by acting as agonists at μ recep-
tors. While there are a few opioids which act as κ agonists, 
these drugs also tend to have antagonist or partial agonist 
effects at μ and/or δ receptors and are thus not classified as 
pure agonists. Pure or full opioid agonists are capable of 
eliciting maximal activation of the receptor when they 
bind it and the subsequent downstream processes result in 
a maximal analgesic effect (Fig. 1.1). Clinically, the full μ 
agonists are superior analgesics and they are the drugs of 
choice for pain of moderate to severe intensity in many vet-
erinary species. The following section contains brief 
descriptions of full μ agonists currently used in veterinary 
medicine. Specific details regarding μ agonist clinical phar-
macology in various wild and exotic species are lacking.

Morphine (Morphine Sulfate)
Morphine is the prototypical opioid analgesic and acts as a 
full agonist not only at μ receptors, but also at δ and κ recep-
tors (Gutstein & Akil 2001). Despite the development of 
numerous synthetic opioids, many of which are more potent 
than morphine and may have other characteristics that 
make them desirable alternatives to morphine in certain 

circumstances, it is worth noting that no other drug has 
been shown to be more efficacious than morphine at reliev-
ing pain in humans. Compared to the synthetic opioid ago-
nists, morphine is relatively hydrophilic in nature and 
crosses the blood–brain barrier more slowly than fentanyl 
or oxymorphone, thereby delaying the peak effect some-
what even after intravenous administration (Gutstein & 
Akil 2001; Stoelting 1999). Clinically, this lag is not likely to 
be significant under most circumstances, with the onset of 
analgesia occurring reasonably promptly after a single dose 
of morphine and typically lasting 3–4 hours (Barnhart 
et al. 2000; Taylor et al. 2001). Morphine’s poor lipid solubil-
ity means that it can produce long-lasting analgesia when 
administered into the epidural or subarachnoid space, with 
effects persisting for 12–24 hours. The first-pass effect is 
significant after oral administration and the bioavailability 
of oral morphine preparations is at best only in the range 
of 0–25%.

In most species, the primary metabolic pathway for mor-
phine involves conjugation with glucuronic acid leading to 
the formation of two major metabolites, morphine-6-
glucuronide and morphine-3-glucuronide (Gutstein & Akil 
2001; Faura et al. 1998). Despite the low levels of glucuronyl 
transferase in the cat, the pharmacokinetics of morphine in 
this species seem to be broadly comparable to the dog and 
human, though clearance rates may be marginally slower 
(Barnhart et al. 2000; Taylor et al. 2001; Faura et al. 1998). 
This suggests that morphine must undergo a different type of 
conjugation reaction in this species. Morphine-6-glucuronide 
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Figure 1.1  Effects of opioid agonists.
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has pharmacological activities that are indistinguishable 
from those of morphine in animal models and in human 
beings, while morphine-3-glucuronide appears to have little 
affinity for opioid receptors, but may contribute to the excita-
tory effects of morphine in some situations (Gutstein & Akil 
2001; Smith 2000). With chronic morphine administration, it 
is likely that the active metabolite, morphine-6-glucuronide, 
contributes significantly to clinical analgesia.

Very little morphine is excreted unchanged in the urine. 
The major metabolites, morphine-3-glucuronide and, to a 
lesser extent, morphine-6-glucuronide, are eliminated 
almost entirely via glomerular filtration. In human 
patients, renal failure may lead to accumulation of 
morphine-6-glucuronide and persistent clinical effects, 
while liver dysfunction seems to have minimal impact on 
morphine clearance (Gutstein & Akil 2001; Stoelting 1999).

The side effects associated with morphine administra-
tion are typical of most opioid agonists and have been dis-
cussed previously in this chapter. In particular, the 
increased incidence of vomiting after morphine adminis-
tration as well as its potential to cause histamine release 
after intravenous administration distinguish morphine 
from other full opioid agonists. 

Hydromorphone
Hydromorphone is a synthetic opioid that acts as a full  
agonist at μ receptors and is used in both human and  
veterinary medicine. Clinically, hydromorphone and  
oxymorphone have similar efficacy, potency, duration of 
analgesic action, and side-effect profiles, but hydromor-
phone remains significantly less expensive. Like oxymor-
phone, hydromorphone is not associated with histamine 
release so bolus intravenous administration is considered 
safe (Smith et al. 2001).

Meperidine
Meperidine is a synthetic opioid that exerts its analgesic 
effects through agonism at μ receptors. Interestingly, it also 
appears able to bind other types of receptors, which may 
contribute to some of its clinical effects other than analge-
sia. Meperidine is capable of blocking sodium channels 
and inhibiting activity in dorsal horn neurons in a manner 
analogous to local anesthetics (Wagner et al. 1999; Wolff 
et al. 2004). It has also recently been shown that meperi-
dine exerts agonist activity at alpha-2 receptors, specifically 
the alpha-2B subtype, suggesting that it may possess some 
alpha-2 agonist-like properties (Takada et al. 1999, 2002).

Meperidine has a considerably shorter duration of anal-
gesic action compared to morphine, oxymorphone or 
hydromorphone, typically not extending beyond 1 hour 
(Branson et al. 2001). Metabolic pathways vary among dif-
ferent species but, in general, most of the drug is 

demethylated to normeperidine in the liver and then 
undergoes further hydrolysis and ultimately renal excre-
tion (Branson et al. 2001; Taylor et al. 2001; Yeh et al. 1981). 
Normeperidine is an active metabolite and possesses 
approximately one half of the analgesic efficacy of  
meperidine (Gutstein & Akil 2001; Branson et  al.  2001). 
Normeperidine has produced toxic neurologic side effects 
in human patients receiving meperidine for prolonged 
periods of time, especially in the presence of impaired 
renal function (Stoelting 1999; Stone et al. 1993).

Unlike most of the other opioids in clinical use, meperi-
dine has been shown to produce significant negative ino-
tropic effects when administered alone to conscious dogs 
(Priano & Vatner  1981). In addition, due to its modest 
atropine-like effects, meperidine tends to increase heart 
rate rather than predispose to bradycardia as is often seen 
with other opioids (Branson et  al.  2001; Stoelting  1999). 
The clinical significance of these cardiovascular effects in 
the peri-anesthetic period has never been clearly ascer-
tained. Like morphine, meperidine also causes histamine 
release when administered intravenously (Branson 
et al. 2001).

A rare but life-threatening drug interaction has been 
reported in human patients receiving meperidine that may 
have relevance in veterinary medicine. The combination of 
meperidine (and perhaps other opioids) with a monoam-
ine oxidase inhibitor may lead to “serotonin syndrome” 
which is characterized by a constellation of symptoms 
including confusion, fever, shivering, diaphoresis, ataxia, 
hyperreflexia, myoclonus, and diarrhea (Sporer  1995; 
Bowdle  1998; Heinonen & Myllyla  1998; Tissot  2003). A 
monoamine oxidase inhibitor, selegiline (Deprenyl®), has 
been used in dogs to treat pituitary-dependent hyperadren-
ocorticism or to modify behaviour in patients with canine 
cognitive dysfunction. Though there have not, to date, been 
any reports of adverse meperidine-selegiline interactions 
in dogs, the veterinarian must be aware of the potential for 
complications if analgesia is required in patients receiving 
monoamine oxidase inhibitors. A recent study has evalu-
ated the effects of other opioids (oxymorphone and butor-
phanol) in selegiline-treated dogs and did not identify any 
specific adverse drug interactions in these animals (Dodam 
et al. 2004).

Fentanyl
Fentanyl is a highly lipid-soluble, short-acting synthetic μ 
opioid agonist. A single dose of fentanyl administered 
intravenously has a more rapid onset and a shorter dura-
tion of action than morphine. Peak analgesic effects occur 
in about 5  minutes and last approximately 30  minutes 
(Gutstein & Akil 2001; Stoelting 1999). Rapid redistribution 
of the drug to inactive tissue sites, such as fat and skeletal 
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muscle, leads to a decrease in plasma concentration and is 
responsible for the prompt termination of clinical effects. 
In most veterinary species the elimination half-time after a 
single bolus or a brief infusion is in the range of 2–3 hours 
(Carroll et al. 1999; Lee et al. 2000; Maxwell et al. 2003). 
Administration of very large doses or prolonged infusions 
may result in saturation of inactive tissues with termina-
tion of clinical effects becoming dependent on hepatic 
metabolism and renal excretion (Gutstein & Akil 2001; 
Stoelting  1999). Thus, the context-sensitive half-time of 
fentanyl increases significantly with the duration of the 
infusion, and clinical effects may persist for an extended 
period following termination of a long-term intravenous 
infusion.

Side effects associated with fentanyl administration are 
similar to those of the other full μ agonist opioids. In gen-
eral, cardiovascular stability is excellent with fentanyl and 
intravenous administration is not associated with hista-
mine release (Gutstein & Akil 2001; Stoelting  1999). 
Bradycardia may be significant with bolus doses but read-
ily responds to anticholinergics if treatment is warranted 
(Gutstein & Akil 2001; Branson et  al.  2001). In human 
patients muscle rigidity, especially of the chest wall, has 
been noted after administration of fentanyl or one of its 
congeners. The potential significance of this adverse effect 
in animal patients is not clear at this time, and the risk is 
considered minimal if large rapid bolus administrations 
are avoided.

Clinically, fentanyl is used most frequently in dogs and 
cats but it is also a potentially useful analgesic in other 
species, including the horse, cow, sheep, goat, and pig. 
Historically, fentanyl was available in combination with 
the butyrophenone tranquilizer droperidol in a product 
called Innovar-Vet, which was typically administered in 
the preanesthetic period to provide sedation and analge-
sia. This product is no longer available and systemic 
administration of fentanyl today is usually via the intrave-
nous route.

The development of novel less-invasive routes of opioid 
administration for use in human patients led to the mar-
keting of transdermal fentanyl patches (Duragesic®). The 
patches are designed to release a constant amount of fenta-
nyl per hour which is then absorbed across the skin and 
taken up systemically. Fentanyl patches are designed for 
human skin and body temperature; however, their use has 
been evaluated in a number of domestic veterinary species 
(Carroll et al. 1999; Maxwell et al. 2003; Gilberto et al. 2003; 
Franks et  al.  2000; Wilkinson et  al.  2001; Egger 
et al. 1998, 2003; Gellasch et al. 2002; Robinson et al. 1999). 
Substantial variations in plasma drug concentrations have 
been documented and significant lag times after patch 
placement are common prior to onset of analgesia (Carroll 

et  al.  1999; Lee et  al.  2000; Egger et  al.  1998,  2003). 
Furthermore, changes in body temperature have been 
shown to significantly affect fentanyl absorption in anes-
thetized cats, and it is likely that other factors associated 
with skin preparation and patch placement have the 
potential to substantially alter plasma fentanyl levels and 
analgesic efficacy (Pettifer & Hosgood  2003). Fentanyl 
patch safety and efficacy in most species is unknown at 
this time.

Alfentanil, Sufentanil, and Remifentanil
Alfentanil, sufentanil, and remifentanil are all structural 
analogues of fentanyl that were developed for use in 
humans in an effort to create analgesics with a more rapid 
onset of action and predictable termination of opioid 
effects. All three are similar with regard to onset and all 
have context-sensitive half-times that are shorter than that 
of fentanyl after prolonged infusions (Stoelting  1999) 
Remifentanil is unique among opioids because it is metab-
olized by nonspecific plasma esterases to inactive metabo-
lites (Chism & Rickert  1996; Hoke et  al.  1997). Thus, 
hepatic or renal dysfunction will have little impact on drug 
clearance and this, in combination with the robust nature 
of the esterase metabolic system, contributes to the predict-
ability associated with infusion of remifentanil (Gutstein & 
Akil 2001; Stoelting 1999).

All three of these drugs are used during general anes-
thesia for procedures requiring intense analgesia and/or 
blunting of the sympathetic nervous system response to 
noxious stimulation. These agents, specifically remifent-
anil, are the opioids most frequently associated with 
opioid-induced hyperalgesia in humans (Santonocito 
et  al.  2018). As yet, they have limited applications for 
postoperative or chronic pain management. Like fenta-
nyl, they can be administered at relatively low infusion 
rates as adjuncts to general anesthetic protocols based on 
volatile inhalant or other injectable agents, or they can 
be administered at higher rates as the primary agent for 
total intravenous anesthesia. The minimum alveolar 
anesthetic concentration-sparing properties of these 
agents have been demonstrated in both the dog and cat 
(Hoke et  al.  1997; Michelsen et  al.  1996; Mendes & 
Selmi 2004; Ilkiw et al. 1997; Pascoe et al. 1997). In the 
horse, systemic infusions of alfentanil did not have sig-
nificant effects on minimum alveolar concentrations of 
inhalant anesthetics and when administered to conscious 
horses were associated with increases in locomotor activ-
ity (Pascoe et al. 1991, 1993; Pascoe & Taylor 2003). There 
is little evidence to suggest that any of the fentanyl ana-
logues offer advantages over morphine when adminis-
tered into the epidural space for analgesia (Natalini & 
Robinson 2000).
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Methadone
Methadone is a synthetic μ opioid agonist with pharmaco-
logic properties qualitatively similar to those of morphine, 
but possessing additional affinity for NMDA receptors 
(Gorman et  al.  1997; Ripamonti & Dickerson  2001). 
Methadone’s unique clinical characteristics include excel-
lent absorption following oral administration, no known 
active metabolites, high potency, and an extended duration 
of action (Gutstein & Akil 2001; Branson et  al.  2001; 
Ripamonti & Dickerson 2001). In human patients, the drug 
has been used primarily in the treatment of opioid absti-
nence syndromes but it is being used increasingly for the 
management of chronic pain. In contrast to humans, 
methadone has low bioavailability in most veterinary spe-
cies and consequently has limited efficacy when adminis-
tered orally. A racemic injectable formulation of methadone 
hydrochloride (Comfortan®) is approved for use in dogs 
and cats for analgesia and premedication prior to general 
anesthesia in Europe and the United Kingdom. Numerous 
publications involving intramuscular, intravenous, and 
subcutaneous methadone in these and other domestic spe-
cies have emerged in recent years as the drug gains popu-
larity in clinical veterinary practice (Bini et al. 2018; Bitti 
et  al.  2017; Hunt et  al.  2013; Slingsby et  al.  2015; Shah 
et al. 2018; Trimble et al. 2018; Warne et al. 2013; Gozalo-
Marcilla et al. 2019).

Codeine
Codeine is the result of substitution of a methyl group 
onto morphine which acts to limit first-pass hepatic 
metabolism and accounts for codeine’s high oral bioa-
vailability (Gutstein & Akil 2001; Stoelting  1999). 
Codeine is well known for its excellent antitussive prop-
erties and is often combined in an oral formulation  
with a nonopioid analgesic, such as acetaminophen 
(Tylenol 3®), for the management of mild to moderate 
pain in human patients.

Oxycodone and Hydrocodone
Oxycodone and hydrocodone are opioids that are typically 
administered orally for the treatment of pain in human 
patients. Though oxycodone is available as a single drug 
continuous-release formulation (Oxycontin®), these drugs 
are most often prepared in combination with nonopioid 
analgesics such as aspirin and acetaminophen (Percocet®, 
Percodan®, Lorcet®, Vicodan®, etc.). In light of the epidemic 
of opioid addiction in humans and the potential for drug 
diversion, veterinarians are advised to prescribe alternative 
analgesics and avoid off-label use of opioids such as oxyco-
done and hydrocodone due to their extremely high abuse 
potential.

Etorphine and Carfentanil (M-99® and Wildnil®, Respectively)
These two opioids are discussed together because they are 
both used exclusively for the restraint and capture of wild 
animals, rather than as analgesic agents. They are extremely 
potent opioids and the immediate availability of a suitable 
antagonist is mandatory before these drugs are to be used, 
not only to reverse drug effects in animal patients, but also 
as a safety precaution in the event of accidental human 
injection. Though etorphine and carfentanil are most often 
injected intramuscularly (usually using a remote drug 
delivery technique) recent studies suggest that carfentanil 
is useful when administered orally in a variety of species, 
including the brown bear, the Brazilian tapir, and the chim-
panzee (Mortenson & Bechert 2001; Pollock & Ramsay 2003; 
Kearns et al. 2000; Mama et al. 2000). A number of differ-
ent drugs have been used in combination with etorphine 
or  carfentanil to enhance muscle relaxation, including  
acepromazine, xylazine, and medetomidine (Caulkett 
et al. 2000; Miller et al. 2003; Ramdohr et al. 2001; Roffe 
et al. 2001).

Thiafentanil
Thiafentanil is an opioid agonist that has been utilized to 
facilitate the capture of many species of mammals, mainly 
ungulates, as well as large birds. It is pharmacologically 
classified as a synthetic opioid that has a relatively short 
duration of action. The shorter duration of action in com-
bination with its reversibility with the opioid antagonist 
naltrexone make it an attractive agent when long periods of 
narcotization are not desirable.

Opioid Agonist-Antagonists and Partial Agonists

This group includes drugs that have varying opioid receptor 
binding profiles, but which have one thing in common: they 
all occupy μ opioid receptors, but do not initiate a maximal 
clinical response. Drugs such as butorphanol and nal-
buphine are classified as agonist-antagonists. They are com-
petitive μ receptor antagonists, but exert their analgesic 
actions by acting as agonists at κ receptors (Fig.  1.2). 
Buprenorphine, on the other hand, is classified as a partial 
agonist and binds μ receptors but produces only a limited 
clinical effect (Fig.  1.3). These mixed agonist-antagonist 
drugs were developed for the human market in an attempt 
to create analgesics with less respiratory depression and 
addictive potential. Due to their opioid receptor binding 
affinities, the side effects associated with these drugs dem-
onstrate a so-called “ceiling effect” whereby increasing doses 
do not produce additional adverse responses. Unfortunately, 
the benefits of this ceiling effect on ventilatory depression 
come at the expense of limited analgesic efficacy and only a 
modest ability to decrease anesthetic requirements.
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The coadministration of opioids with differing receptor 
binding profiles is currently an active area of research that 
deserves further attention. The interactions in this setting 
are complex and it appears that opioid coadministration 
has the potential to produce additive, synergistic, or antag-
onistic analgesic effects depending on the particular spe-
cies, dosage, drugs, and pain model being evaluated. The 
following section contains brief descriptions of opioid 

agonist-antagonists and partial agonists that are currently 
used in veterinary medicine.

Butorphanol
Butorphanol is a synthetic agonist-antagonist opioid and 
has been used extensively in a wide variety of veterinary 
species. The drug was originally labelled as an antitussive 
agent in dogs and, even now, is approved as an analgesic in 
the cat and horse only (Branson et al. 2001). Butorphanol 
exerts its relevant clinical effects through its interactions at 
κ receptors and acts as an antagonist at μ receptors. The 
duration of butorphanol’s analgesic effects remains some-
what debatable and likely varies with species, type and 
intensity of pain, dosage, and route of administration 
(Sawyer et  al.  1991; Robertson et  al.  2003a; Sellon 
et  al.  2001). In general, its effects are shorter-lived than 
those of morphine and are probably in the range of one to 
three hours. Butorphanol does not induce histamine 
release when administered intravenously and has minimal 
effects on cardiopulmonary function. There is conflicting 
evidence regarding the effects of butorphanol on inhalant 
anesthetic requirements in the dog, cat, and horse. Earlier 
studies failed to demonstrate a significant sparing effect on 
minimum alveolar concentration when butorphanol was 
coadministered with halothane in dogs and ponies (Quandt 
et al. 1994; Doherty et al. 1997; Matthews & Lindsay 1990). 
More recently, isoflurane MAC reductions have been docu-
mented after administration of clinically relevant doses of 
butorphanol in both dogs and cats (Ilkiw et  al.  2002; Ko 
et al. 2000). The reasons for these discrepancies are proba-
bly related to differences in study techniques and, in the 
dog and cat specifically, it seems that butorphanol is capa-
ble of inducing at least modest reductions in inhalant anes-
thetic requirements.

Traditionally, it was thought that the simultaneous or 
sequential administration of butorphanol with a pure μ 
opioid agonist such as morphine or hydromorphone would 
be counterproductive from an analgesic standpoint because 
butorphanol’s ability to antagonize μ receptors could 
inhibit or even reverse the effects of the agonist drug. 
Certainly, it has been clearly demonstrated that excessive 
sedation associated with a pure μ agonist can be partially 
reversed by the administration of low doses of butorpha-
nol, and it was presumed that butorphanol would similarly 
reverse the μ-mediated analgesic effects as well. It would 
now appear that the potential interactions between butor-
phanol and full μ-opioid agonists are more complex than 
originally believed. One study demonstrated that coadmin-
istration of butorphanol and oxymorphone to cats sub-
jected to a visceral noxious stimulus resulted in enhanced 
analgesic effects (Briggs et al. 1998). A more recent feline 
study, however, evaluated the combination of butorphanol 
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and hydromorphone in a thermal threshold pain model 
and failed to demonstrate enhanced analgesia and sug-
gested that butorphanol did, in fact, inhibit hydromor-
phone’s analgesic effects (Lascelles & Robertson  2004). 
These contradictory findings illustrate that we still have 
much to learn about coadministration of opioid agents 
with differing receptor binding profiles and the clinical 
effects produced by such coadministration likely depend 
on many factors, including species, type of pain, dose, and 
the specific drugs involved.

Nalbuphine and Pentazocine
Nalbuphine and pentazocine are classified as agonist-
antagonist opioids and are clinically similar to butorpha-
nol. They induce mild analgesia accompanied by minimal 
sedation, respiratory depression, or adverse cardiovascular 
effects. Like butorphanol, nalbuphine is occasionally used 
to partially reverse the effects of a full μ agonist opioid 
while maintaining some residual analgesia.

Buprenorphine
Buprenorphine is a semisynthetic, highly lipophilic opioid 
derived from thebaine. Unlike other opioids in this category, 
buprenorphine is considered to be a partial agonist at μ opi-
oid receptors. The drug binds avidly to and dissociates slowly 
from μ receptors, but is not capable of eliciting a maximal 
clinical response. Due to its receptor binding characteristics, 
buprenorphine has a delayed onset of action and takes at 
least 60  minutes to attain peak effect after intramuscular 
administration. It also has a relatively long duration of action 
with clinical analgesic effects persisting for 6–12 hours in 
most species. Also, its high affinity for the μ receptor means 
that it may be difficult to antagonize its effects with a drug 
such as naloxone. Buprenorphine has most often been 
administered intravenously or intramuscularly, however, due 
to the long lag time before clinical effects are achieved after 
intramuscular administration, the intravenous route is pre-
ferred. Comparable plasma drug levels and analgesic efficacy 
with oral transmucosal administration versus intravenous 
administration has been demonstrated in cats (Robertson 
et  al. 2003). Compounded versions of buprenorphine are 
widely available and include higher concentrations for con-
vienent dosing to larger animals and sustained release for-
mulations for increased duration of action. Reports describing 
use of the compounded sustained-release buprenorphine 
formulation by ZooPharm are available in a wide range of 
zoo and wildlife species. If sustained release preparations are 
used, there should be a plan for supportive care should sig-
nificant adverse effects occur since complete reversal of 
buprenorphine with conventional antagonists is often unsuc-
cessful. In addition, a commercially available highly concen-
trated formulation (1.8 mg/mL) called Simbadol® has been 

approved for perioperative analgesia in domestic cats with a 
label dose of 0.24 mg/kg administered subcutaneously every 
24 hours for up to 3 days. Extralable intravenous and intra-
muscular administration has been used at lower doses and 
dosing intervals comparable to tradidional buprenorphine 
doses. The duration of action of Simbadol is not due to any 
specific formulation characterists. Rather it is a function of 
administration into adipose tissue which results in a gradual 
release into the circulation. A recent report describes the 
pharmacokinetics of highly concentrated buprenorphine/
Simbadol® in Rhesus macaques (Mackiewicz et al. 2019).

Opioid Antagonists

These drugs have high affinities for the opioid receptors 
and are able to displace opioid agonists from μ and κ recep-
tors. After this displacement, the pure antagonists bind to 
and occupy opioid receptors, but do not activate them 
(Fig. 1.4). Under ordinary circumstances, in patients that 
have not received exogenous agonist opioids, the opioid 
antagonists have few clinical effects when administered at 
clinically relevant dosages (Gutstein & Akil 2001). It is 
important to recognize that these drugs will rapidly reverse 
all opioid-induced clinical effects, including analgesia.

Naloxone
This pure opioid antagonist is capable of reversing all opioid 
agonist effects, producing increased alertness, responsive-
ness, coordination, and, potentially, increased perception 
of pain. Naloxone’s duration of action is shorter than many 
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of the opioid agonists with recommended intravenous 
doses lasting between 30 and 60  minutes. Consequently, 
animals need to be closely monitored for renarcotization 
after a dose of naloxone. Occasionally, excitement or anxi-
ety may be seen after naloxone reversal of an opioid ago-
nist. Premature ventricular contractions have also been 
documented after reversal, but are not a common occur-
rence and seem to be more likely if there are high levels of 
circulating catecholamines. This drug is sometimes admin-
istered sublingually to neonatal patients exhibiting respira-
tory depression that have been delivered by Caesarean 
section after maternal administration of an opioid agonist.

Nalmefene and Naltrexone
Both of these drugs are pure opioid antagonists with clini-
cal effects that last approximately twice as long as naloxone 
(Veng-Pedersen et  al.  1995). Though little is published 
about the use of these drugs in veterinary patients, they 
may be advantageous in preventing renarcotization when 
used to antagonize the effects of a long-acting opioid.

Nonsteroidal Anti-inflammatories

The nonsteroidal anti-inflammatory analgesics (NSAIDs) 
relieve mild to moderately severe pain and have been used 
extensively in a wide variety of domestic animals for many 
years. While pharmacokinetic and pharmacodynamic 
studies involving NSAIDs in wild and exotic animals are 
lacking, their use in such species continues to increase. 
This class of drugs dates back thousands of years, with the 
salicylates being among the oldest and still most commonly 
used analgesics (Vane & Botting 2003). Salicylate is a natu-
rally occurring substance found in willow bark and was 
used for centuries to manage pain associated with rheuma-
tism prior to production of the synthetic compound. In 
1878, Felix Hoffman working at the Bayer company in 
Germany made the acetylated form of salicylic acid which 
has come to be known as aspirin (Vane & Botting 2003). 
While aspirin (acetylsalicylic acid [ASA]) has been found 
to be effective in the management of acute and chronic 
mild discomfort, the newer injectable NSAIDs appear to 
have comparable efficacy to the pure μ agonist opioids in 
controlling moderate to severe soft tissue and orthopedic 
pain. The NSAIDs appear to confer synergism when used 
in combination with opioids and may demonstrate an 
opioid-sparing effect should lower dosages of opioid be 
required. Their extended duration of action, in addition to 
their analgesic efficacy, make the NSAIDs ideal for treating 
acute and chronic pain in veterinary species. Careful 
patient and drug selection is critical, however, due to their 
potential for harmful side effects.

Cyclooxygenases and Prostaglandin Synthesis

In 1971, Vane discovered the mechanism by which aspirin 
exerts its anti-inflammatory, analgesic, and antipyretic 
actions. He proved that aspirin and other NSAIDs inhib-
ited the activity of a cyclooxygenase (COX) enzyme which 
produced prostaglandins (PGs) involved in the pathogene-
sis of inflammation, swelling, pain, and fever (Vane 1971). 
Twenty years later, the discovery of a second COX enzyme 
was made and more recently COX-3 (Botting 2000, 2003; 
Chandrasekharan et al. 2002). Cyclooxygenase (previously 
termed prostaglandin synthase) oxidizes arachidonic acid 
(previously termed eicosatetraenoic acid) to various eicosa-
noids (including PGs and other related compounds) 
(Fig. 1.5) (Livingston 2000). Oxidation of arachidonic acid 
by 5-lipoxygenase (5-LOX), the most biologically important 
of the mammalian oxygenases, results in the series of 
eicosanoids termed leukotrienes (Fig. 1.5). The release of 
arachidonic acid from membrane phospholipid is cata-
lyzed by the enzyme phospholipase A2 and is the rate-
limiting step in PG and leukotriene synthesis. Prostaglandin 
G2 is the initial prostanoid formed, followed by prostaglan-
din H2 which serves as a substrate for prostaglandin 
E-synthetase, prostaglandin D-isomerase, prostaglandin 
F-reductase, prostacyclin synthetase, and thromboxane 
synthetase for conversion to a variety of other prostenoids 
ubiquitous throughout cells and tissues in the body 
(Livingston  2000). These include the PGs PGE2, PGD2, 
PGF2, and PGI2 (prostacyclin), and the thromboxanes 
TXA2 and TXB2, all with diverse functions (Vane & 
Botting 1995). The PGs are not stored but are synthesized 
at a constant rate. They have short half-lives of 4–6 min-
utes at 37°C, and act locally at the site of production.

The PGs produced by both COX-1 and COX-2 are ubiqui-
tous throughout the body and serve to facilitate many nor-
mal physiologic functions during both health and illness. 
Consequently, the clinical use of NSAIDs has the potential 
to disrupt these functions with the possibility of significant 
organ dysfunction. Thus, in addition to their role as analge-
sics, the effects of NSAIDs on the constitutive functions of 
the PGs must always be considered. There are several key 
points to note: (i) COX-1 generates PGs that are responsible 
for “mucosal defence” (i.e., secretion of bicarbonate and 
mucus, mucosal blood vessel attenuation of constriction, 
and mucosal epithelial regeneration), as well as thrombox-
ane A2, which is necessary for platelet function; (ii) COX-2 
produces PGs which function in the prevention and pro-
motion of healing of mucosal erosions, exert anti-
inflammatory effects by inhibiting leukocyte adherence, 
aand play a role in renal protection and maturation; and 
(iii) COX-3 produces PGs which exert a protective function 
by initiating fever (Vane & Botting 1995; Botting 2003).
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Thus, depending on the NSAID selected, primary plug for-
mation of platelets, modulation of vascular tone in the kid-
ney and gastric mucosa, cytoprotective functions within the 
gastric mucosa, smooth muscle contraction, and regulation 
of body temperature will all be affected (Vane & 
Botting 1995). However, in this regard not all NSAIDs are 
created equal. As noted above, the COX-1, COX-2 and COX-3 
enzymes make variable contributions to these functions, 
and individual NSAIDs inhibit each of these enzymes differ-
ently. Some NSAIDs inhibit both COX-1 and COX-2 (i.e., 
aspirin, phenylbutazone, ketoprofen/Anafen®, ketorolac/
Toradol®, flunixin meglumine/Banamine®), while other 
NSAIDs preferentially inhibit COX-2 with only weak inhibi-
tion of COX-1 (i.e., meloxicam/Metacam®, carprofen/
Rimadyl®, etodolac/Etogesic®, vedaprofen/Quadrisol-5®, 
tolfenamic acid/Tolfedine®). Yet others inhibit COX-2 
exclusively (i.e., deracoxib/Deramax®, firacoxib/Previcox®, 
Robenacoxib/Onsior®, mavicoxib/Trocoxcil®), while still 
another drug, acetaminophen, only weakly inhibits both 

COX-1 and COX-2, but is able to inhibit COX-3 activity pref-
erentially (Botting 2000).

Several in  vitro studies investigating NSAID selective 
inhibition of the COX-1 and COX-2 isoenzymes have  
been published, but these are very difficult to interpret 
due  to inconsistencies in the assays used (Kay-Mugford 
et al. 2000). Clinically, this information is confusing as it 
does not consider the pharmacokinetics of particular drugs 
and their concentrations in various tissues (Bertolini 
et  al.  2001). Most NSAIDs that inhibit COX have been 
shown to result in diversion of arachidonate to the 5-LOX 
pathway. 5-LOX is principally found in polymorphonuclear 
cells, mast cells, monocytes, basophils, and B lymphocytes 
that are recruited during inflammatory and immune reac-
tions (Bertolini et al. 2001). This enzyme catalyzes the ini-
tial step in leukotriene biosynthesis, which subsequently 
produces various eicosanoids, with LTB4 being the most 
notable potent mediator of inflammation. The excessive 
production of leukotrienes has been implicated in the 
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creation of NSAID-induced ulcers (Hudson et  al.  1993; 
Rainsford 1992). As always, however, the biological system 
is not clear-cut. While the LOX pathway is pro-inflammatory, 
there is also an anti-inflammatory pathway, which is dis-
cussed in more detail later (Serhan & Chiang 2004).

The contribution of the leukotrienes to the inflammatory 
process would seem to suggest that inhibition of both the 
COX and 5-LOX pathways by a therapeutic agent would 
result in an enhanced safety profile and may confer even 
greater analgesic efficacy due to broader anti-inflammatory 
and antinociceptive effects (Kirchner et  al.  1997a). Data 
available show that dual-acting compounds are effective in 
arthritic models, where they also retain antithrombotic 
activity, produce little or no gastrointestinal damage, and 
do not adversely affect the asthmatic state (Bertolini 
et al. 2001).

A dual COX/5-LOX inhibitor called tepoxalin/Zubrin® 
underwent clinical trials and was approved for veterinary 
use in dogs (Kirchner et al. 1997b; Argentieri et al. 1994). 
Tepoxalin demonstrated gastrointestinal anti-inflammatory 
activity in mice, which supported the theory that 5-LOX 
inhibition may play a vital role in the prevention of NSAID-
induced gastric inflammation (Kirchner et  al.  1997b). 
Despite its approval in the United States, the manufacturer 
has voluntarily withdrawn the product from the market 
and it is no longer available.

Prostaglandin Receptor Antagonism

Instead of limiting prostaglandin production through COX 
inhibition, a novel and more targeted therapeutic approach 
involves a class of drugs known as piprants, which are 
prostaglandin receptor antagonists (PRAs). Prostaglandin 
E2 has been identified as a key mediator of the classic signs 
of inflammation including swelling, erythema, and pain 
through PGE2-mediated sensitization of peripheral neu-
rons, as well as vasodilation and increased vascular perme-
ability (Ricciotti & FitzGerald 2011). While PGE2 exerts its 
effects via four different G protein-coupled receptors (EP1, 
EP2, EP3, and EP4), the EP4 receptor has been shown to 
play a dominant role in inflammation and pain, and may 
mediate central sensitization in chronic pain states. A spe-
cific EP4 receptor antagonist, grapiprant/Galliprant®, has 
been demonstrated to provide relief from arthritic pain in 
canine clinical patients and appears to act without affect-
ing the synthesis and widespread activity of PGE2 and 
other prostanoids (Kirkby Shaw et al. 2015).

Analgesic and Anti-inflammatory Effects of NSAIDs

There is overwhelming evidence indicating that decreased 
PG synthesis due to COX inhibition and/or antagonism of 
PG activity at the EP4 receptor mediates NSAID-induced 

analgesic and anti-inflammatory effects. Traditionally, 
NSAIDS have been considered peripheral-acting drugs that 
penetrate inflamed tissues, decrease PG-induced vasodila-
tion and extravasation of protein exudates, and attenuate 
nociceptor sensitization. These local effects make them 
excellent analgesic choices for injuries with associated 
inflammation, as well as conditions such as synovitis, 
arthritis, cystitis, dermatitis, etc. (Chopra et al. 2000).

In addition to their peripheral effects, central analgesic 
effects have also been documented in several animal mod-
els of pain where NSAIDs have been shown to disrupt 
prostaglandin-mediated effects at both spinal and supraspi-
nal levels (Chopra et  al.  2000; Malmberg & Yaksh  1992; 
McCormack  1994; Yaksh et  al.  1998). This central effect 
may account for the overall well-being and improved appe-
tite that is often observed in patients receiving parenterally 
administered NSAIDs for relief of acute pain.

The relationship between COX inhibition and clinical 
relief of pain and inflammation in the intact animal is 
complex. Nociceptive pathways may involve either the 
COX-1 or COX-2 gene, and these genes are expressed in dif-
ferent locations and under different circumstances.

NSAIDs and Fever

Just as the relationship between pain and the various 
activities of the COX system is complex, so too is the asso-
ciation between fever and the COX isoenzymes. The 
mechanisms leading to the generation of fever vary 
depending on the inciting factor, which may be peripheral 
(i.e., endotoxin) or central (i.e., endogenous pyrogens, 
such as IL-1). Interspecies variation is also substantial 
and the definitive role of the COXs in pyresis remains to 
be clearly elucidated. Evidence suggests that COX-2 plays 
a role in endotoxin pyrexia while, based on the antipyretic 
effects of acetaminophen and aspirin, COX-1 and COX-3 
appear to function in endogenous pyrexia (Botting 2000, 
2003; Chandrasekharan et al. 2002).

Other Pharmacologic Considerations for NSAID Use

Because of their high protein binding NSAIDs can displace 
other drugs from their plasma protein binding sites and 
potentially increase their plasma concentration. This is 
rarely a concern unless administered to animals with organ 
dysfunction or in those receiving other highly protein-
bound medications with a narrow therapeutic index. 
Interference with the metabolism and excretion of certain 
coadministered drugs may occur, therefore verifying the 
safety of combination therapy is always mandatory.

Some NSAIDs may induce the syndrome of inappropri-
ate secretion of ADH. Renal water reabsorption depends 
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on the action of ADH mediated by cyclic adenosine 
monophosphate (cAMP). As PGs exert a controlled nega-
tive feedback action on cAMP production, inhibition of PG 
synthesis results in above normal levels of cAMP with 
potential for enhanced ADH activity. In addition, the 
administration of a COX-2 selective NSAID may enhance 
sodium and water reabsorption. Clinically, both mecha-
nisms may result in high specific gravity urine with dilu-
tional hyponatremia. Urine volume may be decreased 
through this mechanism but without renal injury 
(Petersson et al. 1987; Dunn & Buckley 1986).

Contraindications for NSAIDs

Nonsteroidal anti-inflammatory analgesics should not be 
administered to animals with acute renal insufficiency, 
hepatic insufficiency, dehydration, hypotension, condi-
tions associated with low effective circulating volume (i.e., 
congestive heart failure, ascites), coagulopathies (i.e., fac-
tor deficiencies, thrombocytopenia, von Willebrand’s dis-
ease), or evidence of gastric ulceration (i.e., vomiting with 
or without the presence of “coffee ground material”, 
melena). Administration of NSAIDs following gastrointes-
tinal surgery must be determined by the health of this 
organ at the time of surgery. As the COX-2 isoenzyme is 
important for healing, intuitively NSAIDs would be con-
traindicated where a compromised bowel is noted. 
Concurrent use of other NSAIDs (i.e., aspirin) or corticos-
teroids is not recommended. The COX-1 preferential 
NSAIDs are contraindicated in animals with spinal injury 
(including herniated intervertebral disc) due to the poten-
tial for hemorrhage and neurologic deterioration, and due 
to excessive bleeding at the surgical site should surgical 
treatment be pursued. The NSAIDs should never be admin-
istered to animals in shock, trauma cases at the time of 
presentation, or animals with evidence of hemorrhage (i.e., 
epistaxis, hemangiosarcoma, head trauma). Animals with 
severe or poorly controlled asthma, or other types of mod-
erate to severe pulmonary disease, may deteriorate with 
NSAID administration. Aspirin has been documented to 
exacerbate asthma in human patients, but COX-2-specific 
NSAIDs did not result in worsening of clinical signs (West 
& Fernandez 2003). It is not known whether animals may 
be affected in this way. Although administration of NSAIDs 
in head trauma, pulmonary diseases, or thrombocytopenia 
is generally contraindicated, COX-2 preferential NSAIDs 
(i.e., meloxicam, etodolac, carprofen, tolfenamic acid, and 
deracoxib) may prove to be safe with further study. Due to 
inhibition of PG activity, the NSAIDs may be detrimental 
to reproductive function. Indomethacin may block PG 
activity in pregnant women, resulting in cessation of 
labour, premature closure of the ductus arteriosus in the 

fetus, and disruption of fetal circulation (DuBois 
et al. 1998). These effects may occur in animals, therefore 
NSAIDs should not be administered during pregnancy. As 
COX-2 induction is necessary for ovulation and subsequent 
implantation of the embryo (DuBois et al. 1998), NSAIDs 
should also be avoided in breeding females during this 
stage of the reproductive cycle. As previously mentioned, 
the COX-2 isoenzyme is required for maturation of the 
embryological kidney so administration to lactating moth-
ers should be avoided.

NSAIDs Used in Veterinary Medicine

There are few data regarding clinical pharmacology of 
NSAIDs in exotic species, thus care must be taken when 
extrapolating from common domestic species.

Meloxicam
Meloxicam is a COX-2 preferential NSAID approved for 
use in dogs in Australasia, Europe, and North America. 
The parenteral formulation is approved for cats in the 
United States and Australasia. Its use in cats in Canada is 
under investigation, with completed studies indicating 
safety and efficacy. Its use in horses is also under investiga-
tion, with pharmacokinetic studies indicating that the half-
life is shorter and clearance greater than in the dog, 
suggesting that dosing more than once a day may be neces-
sary (Sinclair et al. 2003).

Studies indicate no renal or hepatic abnormalities with 
acute administration and minimal to no antithromboxane 
activity, suggesting hemostasis in normal animals may not 
be a problem (Mathews et al. 1999; Poulsen & Justus 1999). 
Few adverse reactions have been documented and most 
involve the gastrointestinal tract. A recent study showed no 
difference in gastric erosions over saline placebo when 
meloxicam was administered at 0.1 mg/kg for 3 days post 
electrical stimulation (i.e., surgical simulation) under 
anesthesia. However, corticosteroids plus meloxicam in 
this study resulted in significant gastric erosions (Boston 
et  al.  2003). A case report of combination aspirin and 
meloxicam in a dog resulted in duodenal perforation 
(Reed  2002). This case illustrates the importance of 
COX-2 in intestinal protection when aspirin is coadminis-
tered, and reinforces that different NSAIDs should not be 
administered concurrently. Analgesia is excellent when 
meloxicam is combined with an opioid.

In recent years, meloxicam has become the most widely 
used NSAID in exotic and zoo animals, including reptiles, 
birds, and numerous mammalian species. Drug use 
remains off-label, with doses largely extrapolated from 
domestic animal pharmacokinetic and pharmacodynamic 
studies. Species-specific studies are beginning to appear in 
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the literature and should be consulted wherever possible 
prior to prescribing meloxicam or any NSAID.

Carprofen
Although classified as a NSAID, carprofen administration 
to beagle dogs did not inhibit PGE2, 12-hydroxyeicosatetrenoic 
acid, or thromboxane B2 synthesis in an experimental 
study utilizing subcutaneous tissue cage fluids (McKellar 
et al. 1994b). It was concluded that the principle mode of 
action of carprofen must be by mechanisms other than 
cyclooxygenase or 12-lipoxygenase inhibition. However, 
more recent studies indicate that it is a COX-2 preferential 
NSAID (Kay-Mugford et  al.  2000; Ricketts et  al.  1998). 
Carprofen is approved for perioperative and chronic pain 
management in dogs in Australasia, Europe, and North 
America. Carprofen is approved for single dose, periopera-
tive use in cats in Europe, and is licensed for use in horses 
in the United Kingdom. In sheep, carprofen (0.7 mg/kg IV) 
resulted in plasma concentrations of 1.5  μg/mL, similar 
to  those required to confer analgesia in horses, for up to 
48 hours (Welsh et al. 1992). However, analgesia was not 
assessed in this sheep study (Welsh et  al.  1992). 
Antithromboxane activity is minimal, suggesting that 
induced coagulopathy may not be a problem in animals 
with intact hemostatic mechanisms (Poulsen & Justus 
1999; McKellar et al. 1990).

Ketoprofen
Ketoprofen is approved for postoperative and chronic pain 
in both dogs and cats in Europe and Canada. Ketoprofen is 
also approved for use in horses and ruminants. As ketopro-
fen is an inhibitor of both COX-1 and COX-2, adverse 
effects are a potential problem requiring careful patient 
selection. Although several studies using ketoprofen pre-
operatively indicate its effectiveness in controlling postop-
erative pain, a general consensus among veterinarians has 
restricted its use primarily to the postoperative period to 
reduce the potential for hemorrhage (Mathews et al. 1999; 
Lobetti & Joubert  2000; Pibarot et  al.  1997). Ketoprofen 
should not be administered to patients with risk factors for 
hemorrhage. It is often administered to animals immedi-
ately after orthopedic procedures (i.e., fracture repair, cru-
ciate repair, onychectomy).

Deracoxib
Deracoxib is a COX-2 specific inhibitor. It is approved in 
the United States and Canada for control of postoperative 
pain and inflammation associated with orthopedic surgery 
in dogs. The incidence of vomiting and diarrhea were simi-
lar in dogs receiving deracoxib compared to dogs receiving 
placebo in a perioperative field trial, and overall the drug 
was well tolerated and effective (Novartis Animal Health 

USA 2004). It was also shown to be effective in attenuating 
lameness in dogs with urate crystal-induced synovitis after 
prophylactic and therapeutic administration (McCann 
et  al.  2004; Millis et  al.  2002). This group of NSAIDs 
appeared to be gastroprotective in human patients when 
compared to the less COX-2 specific NSAIDs, when used 
for 8 days to 3 months (Silverstein et al. 2000). However, 
more recent studies in humans indicate these NSAIDs can-
not guarantee gastroprotection with chronic use. 
Furthermore, in a canine study comparing the gastrointes-
tinal safety profile of licofelone (a dual inhibitor) to 
rofecoxib (another specific COX-2 inhibitor), rofecoxib was 
found to induce significant gastric and gastroduodenal 
lesions (Moreau et al. 2005).

Diclofenac
Diclofenac is available worldwide as several different 
human and veterinary formulations. It is a useful anti-
inflamatory and analgesic drug, and has been studied for 
antimicrobial activity (Dutta eta l. 2007). Diclofenac has 
been observed to cause severe hepatic and nephrotoxicity 
in many species of birds and its use, or accidental ingestion 
from carcasses, should be avoided (Jayakumar et al. 2010; 
Jain et  al.  2009; Naidoo et  al.  2009; Hussain et  al.  2008; 
Taggart et al. 2007; Oaks et al. 2004).

Firocoxib
Firocoxib is available as an oral paste and injectable for 
horses and as an oral formulation for dogs. The efficacy 
and adverse events appear similar to other coxib-class 
NSAIDs (US Food and Drug Administration 2011). There 
are few reports of firocoxib use in birds, reptiles, or exotic 
mammals in the literature.

Robenacoxib
Robenacoxib is available as an oral and injectable formula-
tion for treatment of pain and inflammation in both dogs 
and cats. Specific label indications and doses vary by coun-
try. The efficacy and adverse events appear similar to other 
coxib-class NSAIDs.

Mavicoxib
Mavicoxib is a long-acting NSAID approved outside the 
United States for use in dogs. The dosing interval is usu-
ally 2  weeks between doses 1 and 2, then 4  weeks 
between subsequent doses. The elimination half-life in 
healthy dogs is approximately 2  weeks (range 
7.9–38.8  days) (Cox et  al.  2010). Significant individual 
and breed-associated differences have been observed but 
effects on drug safety and effectiveness have yet to be 
determined (Cox et al. 2011).
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Tolfenamic Acid
Tolfenamic acid is approved for use in cats and dogs in 
Europe and Canada for controlling acute postoperative and 
chronic pain. The dosing schedule is 3 days on and 4 days 
off, which must be strictly adhered to. Reported adverse 
effects are diarrhea and occasional vomiting. Tolfenamic 
acid has significant anti-inflammatory and antithrombox-
ane activity, therefore post-traumatic and surgical hemo-
stasis may be compromised during active bleeding after 
administration of this NSAID (McKellar et al. 1994b).

Flunixin Meglumine
Flunixin meglumine is a COX-1 and COX-2 inhibitor that is 
approved for use in dogs in Europe but not North America. 
It is also approved for use in ruminants and horses, and is 
commonly used for equine colic pain.

Phenylbutazone
Phenylbutazone is approved for use in horses, cattle, and 
dogs in North America. Since safer NSAIDs are approved 
for dogs, phenylbutazone is not recommended for this spe-
cies. In horses, there is high risk of gastric ulceration and 
nephrotoxicity, where signs of toxicity may progress from 
inappetence and depression to colic, gastrointestinal ulcer-
ation, and weight loss (MacAllister et al. 1993; Collins & 
Tyler 1984; Snow et al. 1981). Phenylbutazone has a pro-
longed elimination half-live in cattle, ranging from 30 to 82 
hours (DeBacker et al. 1980; Arifah & Lees 2002).

Aspirin
Aspirin is primarily a COX-1  inhibitor. It has been most 
commonly used as an analgesic for osteoarthritic pain in 
dogs. It is also available in proprietary combinations with 
various opioids (aspirin plus codeine or aspirin plus oxyco-
done) to achieve a synergistic effect for the treatment of 
moderate pain. It is also used as an antipyretic and antico-
agulant in dogs and cats. Aspirin has also been recom-
mended in cattle (Gingerich et al. 1975).

Grapiprant
Grapiprant is a non-COX-inhibiting NSAID that acts as an 
EP4 PG receptor antagonist downstream of traditional 
NSAIDs in the arachidonic acid cascade. It is approved for 
treatment of pain and inflammation associated with osteo-
arthritis in dogs and is supplied in 20-, 60-, and 100-mg fla-
vored tablets. In a clinical trial submitted as part of the 
regulatory approval process in the United States, grap-
iprant was found to be effective compared to placebo, 
although there was no positive control. In the same study, 
grapiprant was generally well tolerated by dogs, with inter-
mittent diarrhea, vomiting, and anorexia the most com-
monly reported adverse effects (Rausch-Derra e al. 2016). 

More studies are needed to demonstrate grapiprant’s 
analgesic efficacy in osteoarthritis and other types of pain 
and inflammation in dogs and to compare its safety to 
other approved COX-2 inhibiting NSAIDs.

NSAIDs Not Approved for Use in Veterinary 
Medicine (Off-label Use)

Ketorolac
Ketorolac is a COX-1 and COX-2 inhibitor that is included 
for the benefit of those working in the research setting 
associated with human hospitals where the availability of 
ketorolac is more likely than other NSAIDs. Adverse gas-
trointestinal effects are common.

Acetaminophen
Acetaminophen is a COX-3 inhibitor with minimal COX-1 
and COX-2 effects. It should not be administered to feline 
species due to deficient glucuronidation of acetaminophen 
in these species (Court & Greenblatt  1997). Reptiles are 
known to be particularly sensitive to the toxic effects of 
acetaminophen and this has been exploited to combat the 
invasive brown treesnake on the island of Guam by lacing 
dead mice with 80 mg of acetaminophen and baiting snake 
habitats. A recent study has confirmed that the standard 
80-mg dose used operationally to kill brown treesnakes 
produced acute methemoglobinemia, with severe hypoxia 
and respiratory failure cited as the probable cause of death 
(Mathies & Mauldin 2020). Based on these findings, aceta-
minophen should not be administered to any reptile at 
any dose.

Dipyrone
Dipyrone is a COX-3 inhibitor and is approved for use in 
cats and dogs in Europe and Canada. Dipyrone should be 
given intravenously to avoid the irritation experienced 
when given intramuscularly. The analgesia produced is not 
usually adequate for moderate to severe postoperative pain, 
and dipyrone is reserved for use as an antipyretic in cases 
where other NSAIDs are contraindicated. Dipyrone 
induces blood dyscrasias in humans, but this has not been 
reported in animals.

Alpha-2 Adrenergic Receptor Agonists 
and Antagonists

Introduction

The use of alpha-2 adrenergic agonists in veterinary medi-
cine began following the synthesis of xyalazine in 1962. 
Early reports of the sedative and anesthetic sparing quali-
ties of xylazine predated the elucidation of its mechanism 
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of action in 1981. Alpha-2 adrenoreceptors have been 
identified in the CNS, cardiovascular, respiratory, renal, 
endocrine, gastrointestinal, and hemotologic systems, 
resulting in widespread drug effects (Aantaa et al. 1995). 
Most FDA-CVM approved alpha-2 agonists carry label 
indications as sedatives and analgesics.

Alpha-2 adrenoceptors are linked to Gi-protein second 
messengers (Aantaa et al. 1995). These are similar to those 
used by many opioid receptor subtypes and in fact opioid 
and alpha-2 agonists usually have additive or synergistic 
effects (Maze & Tranquilli 1991). Alpha-2 adrenoreceptors 
are classically described as being located presynaptically at 
noradrenergic neurons, exerting an inhibitory feed-back 
role on the release of subsequent norepinephrine (Maze & 
Tranquilli  1991). This results in decreased sympathetic 
nervous system efferent activity and is probably related to 
the decreased vigilance, decreased anesthetic require-
ments, and decreased heart rate and blood pressure 
observed following administration of these drugs to most 
species. Alpha-2 adrenoreceptors are also found in the 
vascular smooth muscle (a non-presynaptic site) and 
when activated result in vasoconstriction. This results in 
increased vascular resistance and will result in increased 
baroreceptor-mediated vagal tone. The result is slowing of 
heart rate and decreasing cardiac output, but blood pres-
sure remains within physiologic normal values. Confusion 
often exists about the clinical effect of alpha-2 agonist 
administration (e.g., hypertension [post-synaptic[ vs. 
hypotension [pre-synaptic[) expected in a patient. The net 
clinical result will vary with route of administration, 
dose, species, and the duration of time following the 
administration.

Alpha-2 agonist doses vary at least 10-fold across species. 
Pigs tend to have the highest requirements, followed by 
cats, dogs, horses, and finally ruminants. Breed and sex dif-
ferences also exist within cattle that should be appreciated.

Alpha-2 Adrenergic Agonist Effects

Central Nervous System
Alpha-2 adrenergic agonists exert many of their inhibitory 
effects on CNS function through inhibiting norepinephrine 
release from sympathetic neurons (Maze & Tranquilli 1991). 
Inhibition of intraneuronal transmission is also responsible 
for muscle relaxation observed following alpha-2 adrenergic 
agonist administration. Analgesia is mediated by spinal and 
supraspinal alpha-2 adrenergic receptors. Agonist binding 
modulates afferent activity at a spinal level and increases the 
diffuse noxious inhibitory control system activity. The net 
result is sedation, reduced anesthetic requirements, reduced 
stress responses, and analgesia. It should be noted that 
alpha-2 agonists, like all sedatives and tranquilizers, are not 

anesthetics. Although animals can appear in a sleep-like 
state, they may become aroused by noxious stimulation and 
may become defensive. Additionally, on rare occasions, para-
doxical behavior (aggression rather than sedation) may be 
noted. Accidental intracarotid injection of alpha-2 adrener-
gic agonists will induce seizure-like activity and must be 
avoided.

Emetic Center
Alpha-2 agonists are predictable emetics in cats and dogs, 
especially at high doses. This is due to activation of the 
chemoreceptor trigger zone of the area postrema (Hikasa 
et al. 1992). Dopaminergic blocking agents do not prevent 
alpha-2 induced emesis.

Thermoregulation
Alpha-2 agonists will often cause changes in thermoregu-
lation. The effect is usually a decrease; however, increases 
can be seen when animals are placed in warm environ-
ments. This is especially a concern when alpha-2 agonists 
are used for capture of cattle or other hoof-stock. If possi-
ble, body temperature should be monitored for 12–24 hours 
following sedation or administration of an alpha-2 adren-
ergic antagonist should be considered. In smaller animals, 
hypothermia is more common and may be due to decreased 
metabolic activity accompanying sedation as well as 
decreased thermoregulatory control. It is usually not a life-
threatening problem if managed appropriately.

Eyes
Alpha-2 agonists generally cause mild miosis to little 
change in pupil diameter and a mild decrease in intraocu-
lar pressure (IOP) (Verbruggen et  al.  2000). This class of 
drugs is relatively contraindicated, with increases in IOP or 
corneal lacerations because of the probability of inducing 
vomiting (which causes further increases in IOP) in those 
species that can vomit.

Respiratory System
Most alpha-2 adrenergic receptor agonists can cause 
decreased responsiveness to CO2, especially in higher 
doses. This effect is compounded by the coadministration 
of opioids or anesthetic agents and is of concern during 
anesthesia. In some species alpha-2 agonists do not nor-
mally depress respiration to the point of creating hypoxia 
and cyanosis. In fact, arterial blood gas values for PaO2 are 
usually normal. The bluish color of the mucous mem-
branes that may be noticed on occasion is usually due to 
slowed venous blood flow accompanying vasoconstriction. 
As the capillary transit time increase, oxygen extraction 
increases and notable hemoglobin desaturation will appear 
as a blue(ish) color. Oxygen therapy will often resolve this 
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condition. However, in sheep and possibly some other 
species, xylazine administration has been shown to result 
in central hypoxemia related to pulmonary changes 
(Celly et al. 1997, 1999).

Cardiovascular System
Intravenous administration of alpha-2 adrenergic agonists 
typically results in rapid and pronounced vasoconstriction 
(Pypendop & Verstegen  1998). If heart rate and cardiac 
output do not decrease (as can be seen with atropine 
administration), blood pressure would increase impres-
sively (Alibhai et al. 1996; Short 1991). However, normal 
baroreceptor reflexes attempt to maintain blood pressure 
within physiologic limits by increasing vagal tone and 
slowing heart rate. Heart rate may decrease by 50–75% in 
some individuals. The cardiac rhythm is often a slow sinus 
rhythm characterized by two or three sequential beats fol-
lowed by a long sinus pause. Occasionally, second degree 
atrioventricular blockade will be seen. Both rhythms are 
often responsive to antimuscarinic administration (block 
the vagal reflex) and high heart rates (and blood pressures) 
will result. Intramuscular or oral administration tends to 
decrease the incidence of profound bradycardia.

After the initial direct vasoconstriction occurs, vasodila-
tion and reduction in blood pressure may be seen. This is 
more prominent in primate species. The alpha-2 adrenergic 
receptor agonists decrease sympathetic nervous system 
efferent activity, which results in decreased vasomotor tone 
and heart rate. Alpha-2 adrenergic agonists have historically 
been used in humans as antihypertensive agents because 
they reduce vasomotor tone and block the reflex increase in 
heart rate that can accompany alpha-1 antagonists.

Most of the contraindications to alpha-2 adrenergic 
receptor agonist administration are related to their cardio-
vascular side effects. As a general rule, this class of drugs 
should not be administered to animals that do not have 
normal healthy cardiovascular systems and/or are exercise 
intolerant. There are some exceptions, but a thorough 
understanding of the underlying disease is required and 
appropriate monitoring is necessary.

Urinary Tract
Alpha-2 adrenergic receptor agonists increase urine output 
by increasing production of dilute urine (Saleh et al. 2005; 
Grimm et al. 2001). This is primarily related to inhibition 
of ADH release and/or synthesis as well as changes in renal 
hemodynamics (Saleh et al. 2005).

Gastrointestinal Tract
Animals may have complications associated with decreased 
propulsive activity, including colic and bloat, although 
this is unusual in most species (Thompson et  al.  1991). 

Longer-acting drugs are more likely to result in a problem. 
Patients should be observed following alpha-2 adrenergic 
receptor agonist administration for signs of abdominal 
distension.

Endocrine
A classic neroendocrine response is hyperglycemia follow-
ing alpha-2 agonist administration (Abdel el Motal & 
Sharp  1985; Osman & Nicholson  1991). This is due to a 
decrease in insulin release. It is usually transient and not 
clinically significant, although alpha-2 agonists should not 
be used to sedate animals for glucose curves.

Since alpha-2 agonists reduce sympathetic activity and 
inhibit the stress response, neuroendocrine markers of the 
stress response should be affected. Cortisol levels are usu-
ally decreased following alpha-2 agonist administration 
and may not be reliable as indicators of stress or pain 
(Brearley et al. 1990; Sanhouri et al. 1992).

Specific Drugs

Several alpha-2 adrenergic receptor agonists are approved 
for veterinary use. Generally, their pharmacologic actions 
will be similar, but the duration of action and species com-
patibility will vary. All alpha-2 agonists are potent and 
potentially dangerous following accidental human inges-
tion or injection. Care should be taken when handling 
syringes loaded with these drugs and medical help should 
be sought immediately if exposure occurs.

Xylazine
Xylazine is the prototypical veterinary alpha-2 adrenergic 
receptor agonist. Another alpha-2 agonist, clonidine, has 
been used in humans as an antihypertensive agent and is 
often used as the prototypical drug in research applica-
tions. Xylazine has been administered to many different 
species, both domestic and exotic. It is readily available and 
relatively inexpensive.

Xylazine has a shorter duration of action than many of 
the other drugs. Typical doses will result in muscle relaxa-
tion and sedation of horses for 45–60 minutes. This can be 
advantageous when performing field anesthesia/sedation 
when a rapid recovery is desired. Xylazine is often com-
bined with opioids such as butorphanol to enhance seda-
tive and analgesic qualities.

Detomidine
Detomidine is a longer-acting alpha-2 agonist approved for 
use in horses as a sedative. It is commonly administered 
when profound, long-lasting sedation is needed. When 
used in high doses as a preanesthetic, low respiratory rates 
may accompany induction. Detomidine is not used in small 
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animals but there are a number of reports evaluating its 
use in combination with other agents in large exotic spe-
cies, including rhinoceros and zebras.

Medetomidine
Medetomidine is formulated as a racemic mixture that was 
originally approved as a sedative/analgesic in dogs. Though 
it is no longer widely available except as formulations pre-
pared for wildlife capture and restraint, it has been exten-
sively evaluated in all domestic species and many exotic 
and zoological species. It is extremely selective for the 
alpha-2 receptor and binds it avidly. Atipamezole was 
developed as the specific antagonist for medetomidine for 
this reason.

Romifidine
Romifidine is an alpha-2 adrenergic receptor agonist that is 
approved for use in horses. It has been evaluated in other 
species and appears to be relatively safe but offers few 
advantages over other approved products. Some equine cli-
nicians believe is it is a good sedative without causing 
excessive ataxia.

Dexmedetomidine
Dexmedetomidine contains only the pure dextrorotatory 
enantiomer of racemic medetomidine, which appears to be 
responsible for all of the clinically relevant properties of 
the drug. Due to the absence of the inactive levorotatory 
enantiomer, dexmedetomidine is twice as potent as 
medetomidine. It is currently marketed as a solution with 
half the strength of medetomidine, meaning that equiva-
lent doses of dexmedetomidine and medetomidine have 
the same volume. The sedative, analgesic, and anesthetic-
sparing effects of both drugs appear to be similar when 
administered at equivalent doses in dogs and cats (Ansah 
et al. 1998; Granholm et al. 2006, 2007; Kuusela et al. 2000). 
Hemodynamic side effects and reversal characteristics 
with administration of the specific antagonist atipamezole 
also appear similar. Dexmedetomidine has been evaluated 
in combination with a variety of other injectable agents, 
including benzodiazepines, dissociatives, opioids, and 
alfaxalone, in many zoo, exotic, and wildlife species.

Alpha-2 Adrenergic Receptor Antagonists

One big advantage alpha-2 adrenoreceptor agonists have 
over other sedative/tranquilizers such as acepromazine is 
reversibility. It is possible to administer an antagonist and 
within minutes animals will regain function and be able to 
be released. Antagonist administration will usually result in 
opposite hemodynamic effects (e.g., acute vasodilation and 
tachycardia) and they should not be administered in a 

cavalier fashion. Many of the difficulties (including some 
deaths) occur with reversal. Also, alpha-2 agonist mediated 
analgesia is reversed, necessitating administration of other 
analgesic classes to painful animals. Some species 
(e.g., domestic horses) are not routinely reversed because of 
the potential for uncontrollable activity and possible 
self-trauma.

Yohimbine
Yohimbine is a plant-derived compound that has been used 
by humans for centuries because of its performance enhanc-
ing properties. It is relatively effective for reversing xylazine 
in horses, dogs, and cats, but is less effective in ruminants. 
Additionally, yohimbine has some stimulant actions that 
may result in excitation on recovery. Yohimbine has not been 
effective at reversing newer agents, such as medetomidine.

Tolazoline
Tolazoline was originally used as a therapy for human 
infants suffering from pulmonary hypertension. It is a rela-
tively nonselective alpha-receptor blocker and is useful for 
reducing pulmonary vascular resistance. It is also effective 
at antagonizing xylazine sedation. It is most commonly 
used for equine and ruminant species. It appears more 
effective in ruminant species than yohimbine.

Atipamezole
Atipamezole is the marketed antagonist for medetomidine 
and dexmedetomidine. It is effective at reversing all avail-
able alpha-2 adrenoreceptor agonists and its use is limited 
only by cost. It is relatively selective for alpha-2 adrenergic 
receptors and usually does not cause excessive stimulation, 
although excitation may occur. Atipamezole is approved 
for use in dogs, but it is used in other species commonly. 
Under most circumstances, it is best given by the intramus-
cular route except in emergency situations.

Phenothiazines and Butyrophenones

Introduction

The phenothiazines and butyrophenones produce an array 
of behavioral, autonomic, and endocrine effects and have 
been used clinically in numerous domestic and wild spe-
cies. Their tranquilizing effects are mediated by antago-
nism of dopamine receptors (primarily the D2 subtype) 
located in the cerebral cortex, basal ganglia, and limbic 
system. In addition, other antidopamine effects are noted 
in the hypothalamus (increased prolactin secretion and 
impaired thermoregulation), brainstem (impaired vasomo-
tor reflexes), and chemoreceptor trigger zone of the 
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medulla (antiemesis). Both drug classes also have varying 
antagonistic effects at adrenergic (alpha-1 and alpha-2), 
serotonergic (5-hydroxytryptamine receptors), muscarinic 
(M1), and histaminergic (H1) receptor systems. It is impor-
tant to note that they do not possess any inherent analgesic 
properties and their effects are not reversible.

Acepromazine
Acepromazine is the most widely used phenothiazine 
tranquilizer in veterinary medicine. In dogs and cats it is 
commonly combined with an opioid to produce a state 
historically referred to as “neuroleptanalgesia”. Such 
combinations are suitable to provide chemical restraint 
for short, noninvasive procedures or as preanesthetic 
medication prior to induction of general anesthesia. 
Acepromazine administration in the preanesthetic 
period will cause dose-dependent reductions in both 
injectable and inhalant anesthetic requirements in these 
species. In horses and cattle, the drug is used primarily 
for its anti-anxiety effects. In susceptible pigs, aceproma-
zine has been shown to prevent or reduce the onset of 
halothane-induced malignant hyperthermia. In certain 
wild and exotic species, the combination of aceproma-
zine and the potent opioid etorphine (Large Animal 
Immobilon) has been used for immobilization and 
anesthesia.

The cardiovascular effects of acepromazine include 
decreases in mean arterial blood pressure in the range of 
20–30% accompanied by dose-dependent reductions in 
stroke volume and cardiac output. Isoflurane, due to its 
potent vasodilatory effects, appears to potentiate 
acepromazine-induced hypotension. At clinically relevant 
doses, heart rate may not change appreciably or may 
increase slightly. At very high doses, bradycardia and 
sinoatrial block may occur. Acepromazine has also been 
shown to reduce the arrhythmogenic effects of epineph-
rine and halothane.

In general, effects on pulmonary function (i.e., oxygenation 
and ventilation) tend to be minimal in conscious animals, 
although respiratory rate may decrease somewhat. 
Acepromazine has been shown to dose-dependently 
decrease hematocrit by as much as 20–50% in dogs and 
horses due to splenic sequestration. This effect occurs 
within 30  minutes and appears to persist for at least 2 
hours. The drug also decreases platelet aggregation but the 
clinical hemostatic significance of this appears minimal.

Regarding the gastrointestinal system, acepromazine has 
been shown to have antiemetic effects when administered 
15  minutes prior to morphine, hydromorphone, or oxy-
morphone. Lower esophageal sphincter tone is reduced, 
which may lead to an increased risk of gastric reflux, 
though this has not been proven. Decreased gastrointesti-
nal motility and delayed gastric emptying have been dem-
onstrated in horses.

Renal blood flow and glomerular filtration rate appear to 
be well-maintained in dogs receiving acepromazine and 
isoflurane. In cats under halothane anesthesia, urethral 
pressure has been shown to decrease by 20% with aceprom-
azine administration. There are anecdotal reports of penile 
prolapse/priapism in stallions. The magnitude and dura-
tion of the protrusion appear to be dose-dependent and 
this side effect appears to be mediated by alpha-adrenergic 
antagonism. Also, because of its antihistaminergic effects, 
acepromazine is not suitable for allergic skin-testing.

Azaperone
Azaperone is classified as a butyrophenone and its only 
approved indication is for control of aggression associated 
with mixing or re-grouping of swine. It is also used as a 
preanesthetic agent in pigs and has clinical properties and 
side effects similar to acepromazine. In various wild and 
exotic species azaperone is used in combination with 
potent opioids such as etorphine or carfentanil to produce 
immobilization or anesthesia.
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