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The practice of veterinary anesthesia is continually evolv-
ing as the understanding and treatment of animal diseases 
expands. Our patients are living longer than ever before, 
often with one or more co-morbidities that require ongoing 
treatment with pharmaceuticals, many of which can have 
an impact on anesthetic management. Newer drugs, and 
different formulations of drugs, are also being added to the 
veterinarian’s armamentarium in the various veterinary 
specialties, for example, behavior medicine and cardiology. 
It is not always easy to collate relevant information about 
the impact of anesthesia on a specific drug, or the impact 
of a drug on anesthesia, as information is often scattered 
throughout the academic literature.

Our aim with compiling this volume is to create a single 
reference dedicated to anesthetic drug pharmacology, and 
anesthetic interactions with drugs commonly used to 
treat health problems in animals. We hope that this text-
book will be a useful reference for anyone performing 
veterinary anesthesia, whether they are a specialist veteri-
narian, a private practitioner, a veterinary technician, or a 
student.

We would like to thank all of the contributing authors 
without whom this book would not have been possible. 
We also want to thank Tim Vojt of the Biomedical Media 
department of The Ohio State University College of 
Veterinary Medicine.

Preface
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Introduction

Pharmacokinetic studies describe the time course of drugs 
from administration to removal from the body, and phar-
macodynamics evaluates the effects drugs have on the 
various body systems. The basic concepts of pharmacoki-
netics and pharmacodynamics with reference to drugs 
commonly used in the peri-anesthetic period will be 
reviewed in this chapter. The unique aspects of inhalant 
anesthetic pharmacokinetics are discussed in Chapter 10.

Pharmacokinetics

Drug disposition refers to the processes of absorption, dis-
tribution, metabolism and excretion within the body after 
the drug is administered. In order for drugs to exert their 
effects when given by routes other than intravenous admin-
istration (IV), they must first be absorbed into the central 
compartment (i.e. the systemic circulation), from where 
they are distributed to the site of action. Distribution is fol-
lowed by metabolism (biotransformation) and, finally, the 
drug and/or its metabolites are eliminated from the body 
(Caldwell et al. 1995).

Absorption and Bioavailability

Absorption refers to the movement of a drug from its site of 
administration into the central compartment. Most anes-
thetic and other drugs given in the peri-anesthetic period are 
given IV, thus bypassing the absorption phase. Advantages 
to this include the ability to have an almost immediate effect, 
(e.g. IV induction of anesthesia with propofol allows for 
rapid tracheal intubation, thus protecting the airway), to 
titrate the dosage to effect, to administer large volumes, and 
for emergency treatment. A disadvantage is that an overdose 
can rapidly lead to serious side effects.

In order to be absorbed, drugs must cross cell membranes. 
Drugs that are weak acids or weak bases are typically ioniz-
able. That is, in solution, they exist in two forms: the non-
ionized form which is lipid soluble and readily diffusible, 
and the ionized form which has lower lipid solubility and is 
poorly diffusible. Distribution of ionizable drugs across cell 
membranes is related to the drug’s pKa, which is the pH at 
which 50% of the drug is ionized, and 50% is non-ionized. In 
the presence of a pH higher than a weak acidic drug’s pKa, 
dissociation will be favored, and in the presence of a pH 
lower than that drug’s pKa, non-ionization will be favored. 
The opposite is true for weak bases – at a pH below the pKa, 
the drug will be more ionized, while a pH above the pKa 
will result in more non-ionized drug (see Table 1.1). As an 
example, a weakly acidic drug will be readily absorbed in 
the highly acidic environment of the stomach as the pH 
favors non-ionization, whereas a weakly basic drug will be 
more non-ionized and readily absorbed in the alkaline envi-
ronment of the small intestine.

Absorption can be a passive process (e.g. diffusion), or an 
active process (via active transporters). Most anesthetic 
drugs move across cell membranes by passive diffusion 
along a concentration gradient. The family of ABC trans-
porters actively removes some drugs from cells and includes 
the P-glycoprotein (P-gp) transporter that is coded by the 
ABCB1 (MDR1) gene. In dogs that have homozygous muta-
tions of this gene, P-gp transporters are nonfunctional. This 
can result in toxicity with some drugs (e.g. ivermectin in 
Collies), as well as prolonged activity of acepromazine and 
opioids (Deshpande et al. 2016; Martinez et al. 2008).

Bioavailability is the fraction (F) of a drug that reaches 
the central compartment after administration, and can be 
expressed as follows:

F amount of drug entering the systemic circulation
amount 

/
oof drug administered

Phillip Lerche and Jeffrey Lakritz
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Bioavailability therefore ranges from 0 to 1, depending on 
route of administration. F  = 1 after IV administration of 
drugs. Drugs given by the subcutaneous (SC) and intramus-
cular (IM) routes typically result in bioavailability above 
0.75. Bioavailability after oral administration is highly vari-
able, and dependent on multiple factors (e.g. impact of gas-
tric enzymes on the drug, incomplete absorption in the 
presence of food, rate of gastric emptying, presence of 
enteric coating). Drugs absorbed in the gastrointestinal 
tract (GI) enter the hepatic portal circulation and can 
undergo first-pass biotransformation and elimination in the 
liver prior to entering the central compartment.

Drugs that can be absorbed via the oral mucosal surface 
(oral trans-mucosal, OTM), e.g. dexmedetomidine, 
buprenorphine, enter the central compartment via venous 
drainage from the head and neck to the cranial vena cava 
(Dent et al. 2019; Enomoto et al. 2022). Giving medication 
by this route has the advantage of being technically less 
challenging than giving injections, and therefore useful in 
minimizing stress in patients who are uncooperative for 
IM, IV, or SC administration. Absorption via the OTM 
route is determined by the Fick principle of diffusion, 
where the amount absorbed is directly proportional to drug 
concentration, drug lipophilicity, the surface area of and 
duration of contact with the tissue and is indirectly propor-
tional to thickness of the tissue. The presence in the oral 
mucosa of enzymes that break down peptides can also 
limit drug absorption via this route (Zhang et  al.  2002). 
Drugs delivered by this route can also be lost to the GI tract 
due to swallowing, which is likely to result in decreased 
bioavailability.

Intranasal (IN) administration offers similar advantages 
to the OTM route in that a large surface area with good 
blood supply is available for absorption. Naloxone given IN 
to dogs, for example, was rapidly absorbed with F = 0.32, 
and buprenorphine administered using a nasal atomiza-
tion device had F  =  0.57 (Wahler et  al.  2019; Enomoto 
et  al.  2022). Drawbacks to this route of administration 
include the drug being lost due to sneezing, head shaking 

or swallowing. Some animals actively resist placement of 
nasal drugs, making administration difficult. The presence 
of excess mucus in the nasal cavity may also decrease 
absorption.

Absorption of topical and transdermal formulations of 
drugs (e.g. the topical formulation of buprenorphine 
Zorbium®, fentanyl patches) occurs via the skin and, as a 
general rule, is determined by the lipid solubility of the 
drug and the surface area available (Kukanich and 
Clark 2012). In the case of fentanyl patches, other factors 
also play a role (location, body fat composition at the site of 
placement, body temperature). Damage to the skin surface 
can enhance absorption of drugs.

The formulation of a drug can impact its absorption. 
Several drugs with analgesic properties are available in 
sustained-release formulations that extend the period of 
absorption over time (e.g. fentanyl patch, liposome encap-
sulated bupivacaine) (Bartholomew and Smith 2023).

Distribution
After a drug is absorbed into the central compartment, it is 
distributed to the tissues. Distribution is impacted by 
regional blood flow and the tissue groups with high blood 
flow (the vessel rich group) such as the brain, heart, liver, 
and kidneys initially receive most of the drug. Delivery to 
the other tissues of the body (muscle, other viscera, skin, 
fat) takes longer.

Many drugs bind to plasma proteins. Acidic drugs typi-
cally bind to albumin, and basic drugs to α1-acid glycopro-
tein. Plasma protein binding decreases free drug available 
for absorption. Decreases in plasma protein binding due to 
decreased number of binding sites, e.g. with hypoproteine-
mia, will result in increased drug being unbound in plasma. 
Many anesthetic drugs are given to effect, e.g. propofol 
which is highly protein bound (97%), thus, decreased pro-
tein binding has limited relevance clinically. The impact of 
decreased protein binding resulting in an increase in 
unbound drug may have relevance when the therapeutic 
index is narrow, e.g. IV lidocaine.

Table 1.1  Impact of pH on ionization of weak acids and weak bases as it relates to a drug’s pKa, 
and the impact on absorption.

pH = pKa pH < pKa pH > pKa

Non-Weak acid ionized = ionized
HA ⇌ A− + H+

Non-ionized > ionized
Absorption ↑

Non-ionized < ionized
Absorption ↓

W Non-eak base ionized = ionized
BA ⇌ B + H+

Non-ionized < ionized
Absorption ↓

Non-ionized > ionized
Absorption ↑

pKa is the pH at which the drug is in equilibrium between the non-ionized and ionized form. The non-ionized 
form of the drug is more lipophilic and therefore more readily absorbed.
⇌ indicates that non-ionized and ionized forms are in equilibrium.
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Drugs can accumulate in tissues through tissue binding. 
The tissue will then act as a reservoir for the drug. Commonly, 
lipophilic drugs accumulate in adipose tissue.

The endothelial cells of the brain have tight endothelial 
junctions, thus forming part of the blood-brain barrier. The 
more lipid soluble a drug is in its unbound, non-ionized 
form, the more likely it is to cross the blood-brain barrier. 
Similarly, highly lipid soluble drugs can cross the placenta. 
Ion trapping of basic drugs may occur in the fetus as the pH 
is slightly lower than 7.4.

Cessation of drug effect(s) usually occurs when the drug 
is cleared from the body via metabolism and excretion. In 
some cases, redistribution of a drug from its site of action 
to another tissue group can occur. For example, thiopental 
is cleared slowly, while anesthetic effects wear off relatively 
rapidly. Return to consciousness cannot be explained by 
metabolism alone, and is due in part to redistribution 
(Russo and Bressolle 1998).

Metabolism (Biotransformation)
Lipophilic drugs must be biologically transformed into 
hydrophilic metabolites in order to be excreted in urine. 
Metabolism of most drugs occurs via first-order kinetics, 
i.e. a fraction (or percentage) of the drug is metabolized per 
unit time. Some drugs, e.g. ethanol (alcohol), are metabo-
lized via zero-order kinetics, i.e. a fixed amount of drug is 
metabolized per unit time.

The main site of metabolism is the liver, and biotrans-
formation occurs in two steps via microsomal enzyme activ-
ity. Firstly, phase 1 reactions change the parent drug via 
oxidation, reduction, or hydrolysis. Phase 1 enzymes include 
cytochrome P450 (CYP) enzymes, non-CYP enzymes, 
and  flavin-containing monooxygenase (FMO) enzymes. 
Metabolism via these enzymes results in exposure of, or addi-
tion of, a functional group, e.g. -OH, ─COOH, ─SH, -O-, or 
NH2 to the drug molecule. Functional group addition usually 
makes the drug inactive, but does not make the drug less 
lipophilic. Some inactive drugs (called prodrugs) can be acti-
vated by phase 1 reactions. Metabolites of active drugs are 
usually inactive; however, some may have biological effects. 
Additionally, some drugs can induce activity in phase 1 
enzymes, resulting in increased clearance of other drugs bio-
transformed in the same pathway, e.g. pentobarbital increases 
the clearance of propranolol (Branch and Herman  1984). 
Secondly, enzymes involved in phase 2 reactions conjugate 
the products of phase 1  with another molecule (e.g. an 
acetyl group, glucuronic acid, glutathione, sulfate), resulting 
in metabolites that are more hydrophilic, which makes 
them  pass more easily into the aqueous environment of 
urine  or bile. Phase 2 enzymes include glucuronosyltrans-
ferases, glutathione-S-transferases (GST), methyltransferases, 
N-acetyl-transferases (NAT), and sulfotransferases (SULT).

The lung is a site for drug metabolism, with the most 
important enzymes being CYP, FMO, carboxyl esterase, 
GST, NAT, and SULT (Enlo-Scott et  al.  2021). Drugs can 
also be metabolized in the kidneys and the GI tract (e.g. 
biotransformation by transferases) (Rowland et al. 2013). 
In plasma, drugs can undergo Hoffman elimination, e.g. 
atracurium, and ester hydrolysis, e.g. remifentanil (Neill 
et al. 1983; Egan et al. 1993).

Elimination
The kidney is the main organ of drug elimination, and both 
unchanged drug and drug metabolites can be excreted into 
the urine. Compounds that are highly lipophilic are less 
readily eliminated compared to water soluble (polar) 
molecules, which move into the aqueous urine more easily. 
The process of renal elimination involves glomerular filtra-
tion, active tubular secretion, and passive tubular reab-
sorption. Glomerular filtration rate (GFR) and whether or 
not a drug is protein bound determines how much drug 
enters the proximal renal tubular lumen. Only compounds 
that are not bound to proteins are available for filtration. 
Non-ionized forms of drug (i.e. more lipophilic) can be 
reabsorbed from the distal renal tubular lumen via passive 
diffusion. The pH of the urine will influence reabsorption 
in the same way that pH influences absorption. Acidic 
urine will favor reabsorption of weak acids and excretion 
of weak bases, whereas alkaline urine will favor reabsorp-
tion of weak bases and excretion of weak acids.

Drugs can also be excreted by the liver into bile, which 
then enters the intestinal tract. Parent compounds and 
metabolites can be reabsorbed from the intestines. This is 
referred to as enterohepatic recycling, and can lead to 
extended drug activity.

Pharmacokinetic Models
Mathematical modeling of pharmacokinetics is used to 
describe the time course of a drug’s disposition in the various 
body compartments. Drug disposition is comprised of drug 
distribution and elimination. Key parameters affecting 
drug disposition include bioavailability (defined above), 
apparent volume of distribution (often abbreviated to vol-
ume of distribution), elimination half-life and clearance.

Apparent Volume of Distribution
Apparent volume of distribution (V) is the theoretical fluid 
volume that would be required to produce a given plasma 
(or blood) concentration (C) for the amount of drug in the 
body (A).

	V A/C	 (1.1)

If a drug is administered IV, then A is equal to the dose 
administered

	V Dose/C	 (1.2)
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The apparent volume of distribution can vastly exceed 
the body’s total fluid volume for highly lipophilic drugs. 
For example, V for propofol is reported as 6.5 l/kg in dogs 
(Nolan and Reid 1993). In other words, V does not usually 
correspond to a physiologic volume of the body like blood 
volume. If V is known for a drug, Eq. (1.2) can be used to 
calculate the dose needed to achieve a specific C.

	Dose V C	 (1.3)

Elimination Half-Life
The concentration immediately after a dose is adminis-
tered IV, C(0), can be extrapolated from a C versus time (t) 
plot. Anesthetic and analgesic drugs are commonly elimi-
nated by first-order kinetics. When a semilogarithmic plot 
of C is graphed against time (Figure 1.1a), the straight line 
obtained is described by the following equation, where k is 
the slope of the line:

	ln lnC C kt0 	 (1.4)

Equation (1.4) can be transformed by taking the antilog-
arithm of both sides.

	C C e kt0 	 (1.5)

Both sides can be multiplied by V, giving:

	V C V C e kt0 	 (1.6)

Since V · C represents the amount of drug in the body 
(A), and V · C(0) is the dose, then:

	A Dose e kt	 (1.7)

Equations (1.5) and (1.7) can be used to estimate C and A 
at any point in time. Elimination half-life (t½) is defined as 
the time it takes for C to decrease by half (Figure 1.1a, b). It 
follows that one half-life would be the time taken for C(0) 
to decrease to ½ of C(0). Equation (1.5) can therefore be 
expressed as:

	
kt½½ C 0 C 0 e 	 (1.8)

This can be simplified to:

	 kt½½ e 	 (1.9)

Inverting yields:

kt½2 e 	 (1.10)

The natural logarithm of both sides gives:

½0.693 kt 	 (1.11)

This can be rearranged as follows to give t½:

½t 0.693/k	 (1.12)

The constant, k, represents the slope of the line from 
Eq. (1.4) and can also be calculated using Eq. (1.12) if the 

Figure 1.1  Semilogarithmic plots of plasma concentration of drug vs time. (a) Plasma concentrations plotted over time yield a 
straight line. The first plasma sample is taken at one hour after IV administration. Extrapolation of the line (the dashed portion of the 
line) yields the plasma concentration at time 0: C(0). Elimination half-life (t1/2) is the time required for plasma concentration to 
decrease by 50%. If the extrapolated C(0) matched the measured C(0), this plot would represent a one-compartment pharmacokinetic 
model, where the drug does not distribute outside of the central compartment. The log of plasma concentration vs time relationship 
can be described by the equation for a single straight line. (b) Increased frequency of plasma sampling between 0 and 1 hour results 
in the line obtained becoming curved between those time points. In this theoretical example, the latter part of the curve is identical 
to 1.1a, however C(0) is not accurately predicted by extrapolation of this terminal part of the curve. This shows that the drug 
distributes into more than one compartment, i.e. the central compartment and a tissue compartment. In a two-compartment model, 
the equation describing the curve is comprised of two lines, one for each compartment.
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value for t½ is known. It can also be related to the amount 
of drug in the body (A) as it changes over time by differen-
tiating Eq. (1.7):

kt½dA/dt k dose e 	 (1.13)

Since A = Dose · e−kt,

dA/dt k A	 (1.14)

dA/dt is the rate of change of a drug in the body and is 
equal to the rate of elimination. Rearranging Eq. (1.14) yields:

k rate of drug elimination amount of
drug in the body

/
	 (1.15)

The rate constant k in Eq. (1.15) describes elimination and 
is known as the elimination rate constant. Equation  (1.7) 
can be arranged to show that the fraction of drug remaining 
in the body (A/dose) equals e−kt.

A/dose e kt	 (1.16)

From Eq. (1.11), k = 0.693/t½, therefore:

A/dose e t0 693. / ½ 	 (1.17)

The right side of Eq. (1.17) can also be expressed in gen-
eral terms of the number of half-lives, n, that have passed 
since the drug was given, where n = t/t½.

A/dose e 3n0 69. 	 (1.18)

The value of e−0.693 is ½, giving:
n

A/dose ½ 	 (1.19)

The fraction of drug remaining in the body for different 
values of n can be determined (Table 1.2). After five half-
lives approximately 3% of the original dose is left, i.e. 97% 
has been eliminated. While a drug will continue to be in 
the body in evermore declining fractions of the original 

dose, in practical terms, it can be considered to have been 
effectively eliminated after five half-lives.

Clearance
Total body, i.e. systemic, clearance (CL) relates the concen-
tration of a drug to its rate of elimination. When clearance 
is at a constant rate:

Rate of elimination CL C	 (1.20)

Since the rate of elimination  =  k  ·  A (Eq.  (1.15)), and 
A = V · C (Eq. (1.3)),

Rate of elimination k V C 	 (1.21)

Rearranging Eq. (1.20) gives:

CL rate of elimination/C	 (1.22)

Substituting rate of elimination  =  k  ·  V  ·  C from 
Eq. (1.21) yields:

CL k V	 (1.23)

From Eq.  (1.12), t½  = 0.693/k, and from Eq.  (1.23), 
k  =  CL/V. Half-life can therefore be related to the inde-
pendent variable’s clearance and volume of distribution as 
follows:

½t 0.693 V/CL	 (1.24)

Clearance can be determined independently of the elimi-
nation half-life. Equation (1.22) can be used to express the 
amount of drug eliminated in a period of time (dt) as 
follows:

Amount eliminated during dt CL C dt	 (1.25)

If dt represents a short interval of time, e.g. one minute, 
C  ·  dt is equal to the area under the drug concentration 
versus time curve (AUC) for that short period of time. The 
AUC for the entire time course of elimination is given by 
mathematical integration of the whole drug concentration 
vs time curve such that:

AUC amount of drug eliminated/CL	 (1.26)

When a drug is administered IV, the amount of drug 
eliminated is equal to the dose. Rearranging Eq. (1.26) yields:

Dose CL AUC	 (1.27)

Clearance can therefore be determined independently 
of  volume of distribution and t½. Equations  (1.23) and 
(1.27) can be used to determine volume of distribution. 
Rearranging Eq.  (1.23) gives V  =  CL/k. Substituting for 
clearance gives:

V Dose/ AUC k 	 (1.28)

Equation (1.28) shows that volume of distribution can be 
calculated without extrapolating to time zero from the con-
centration versus time curve that was described earlier.

Table 1.2  Fraction of the drug as a percentage remaining 
in the body as it relates to the number of elapsed half-lives.

Number of half-lives 
(n in Eq. (1.20))

Fraction of drug 
remaining (%)

Fraction of drug 
eliminated (%)

0 100 0

1 0.5 × 100 = 50 50

2 0.5 × 50 = 25 75

3 0.5 × 25 = 12.5 87.5

4 0.5 × 12.5 = 6.25 93.75

5 0.5 × 6.25 = 3.125 96.875

6 0.5 × 3.125 = 1.5625 98.4375

A drug is considered to have been effectively eliminated after five 
half-lives.



Pharmacokinetics and Pharmacodynamics6

The most important organs involved in eliminating 
drugs are the liver and kidneys. Other organs can also con-
tribute to clearance e.g. the lungs. Total body clearance is 
therefore given by:

CL CL CL CLhepatic renal other 	 (1.29)

Hepatic Clearance  The amount of drug that enters the 
liver via the arterial blood supply equals hepatic blood 
(QH)  ×  the drug concentration in arterial blood (CA). 
Similarly, the amount of drug exiting the organ is QH × the 
drug concentration in venous blood (CV). Rate of elimina-
tion is therefore:

Rate of elimination Q C Q C
Q C C

H A H V

H A V (1.30)

Since clearance equals rate of elimination/drug concen-
tration, Eq.  (1.30) can be related to clearance by dividing 
both sides by CA.

CL Q C C /CH H A V A	 (1.31)

In Eq. (1.31), (CA − CV)/CA is termed the extraction ratio 
(ER), giving:

CL Q ERH H 	 (1.32)

The processes responsible for drug elimination that 
occur in the liver, indeed, in any organ, do not have infinite 
capacity, and can become saturated. This occurs when the 
rate at which a drug is presented to the liver exceeds the 
liver’s capacity to clear the drug. The maximum capacity of 
an organ to clear a drug is referred to as the intrinsic clear-
ance (CLi) of that organ. ER and CLi are related as follows:

ER CL / Q CLi i (1.33)

Combining Equations  (1.33) and (1.31) gives the rela-
tionship between hepatic clearance and intrinsic clearance:

CL Q CL / Q CLH H i H i (1.34)

When intrinsic clearance is very small compared to 
hepatic blood flow, CLi in the denominator of Eq.  (1.34) 
can be ignored, giving:

CL Q CL /QH H i H
	 (1.35)

Equation (1.35) can then be expressed as:

CL CLH i	 (1.36)

In this case, clearance depends on the intrinsic clearance 
of the liver and not hepatic blood flow.

When the amount of drug presented to the liver is much 
less than the intrinsic clearance for that drug, clearance is 

a function of hepatic blood flow. CLi in the denominator of 
Eq. (1.34) can be ignored, giving:

CL Q CL /CLH H i i	 (1.37)

This can then be written as:

CL QH H 	 (1.38)

As an example, lidocaine is cleared very efficiently by the 
liver, and therefore clearance is determined by hepatic 
blood flow. This is demonstrated in a study by Feary et al. 
(2005) which showed that clearance of lidocaine adminis-
tered as an infusion to awaken horses was 29 ml/min/kg, 
whereas in sevoflurane anesthetized horses clearance was 
15 ml/min/kg, a reduction of approximately 50% (Feary 
et  al.  2005). The decrease in clearance is attributed to 
decreased liver blood flow as a result of the significant 
decrease in cardiac output that occurs under inhalant anes-
thesia in horses.

Renal Clearance  Renal clearance (CLR) is defined as the 
rate of change of drug in the urine compared to the plasma 
concentration of drug.

CL excretion rate/CR 	 (1.39)

Renal clearance is determined by renal filtration, renal 
tubular secretion and renal tubular reabsorption.

CL filtration rate secretion rate
reabsorption rate)/C

R (
(1.40)

If secretion and reabsorption rates are low, renal clear-
ance is then a function of GFR.

CL GFR/CR 	 (1.41)

Additionally, only a drug that is free (i.e. not protein 
bound) is available for renal clearance. The unbound frac-
tion of drug (fu) is given by the following, where Cu is the 
concentration of unbound drug:

fu C /Cu 	 (1.42)

Renal filtration rate is then:

Filtration rate GFR fu C	 (1.43)

If there is no renal secretion or reabsorption, the filtra-
tion rate in Eq. (1.41) can be replaced using Eq. (1.43), giving:

CL GFR fu C/CR 	 (1.44)

Renal clearance is therefore:

CL GFR fuR 	 (1.45)

In cases were fu = 1, i.e. when a drug does not bind to 
proteins, renal clearance is equal to the GFR. When renal 
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clearance exceeds or is less than the GFR, this indicates 
that the drug is being actively secreted by, or is being reab-
sorbed from, the renal tubules.

Compartmental Models
Compartmental models of drug disposition are used to 
obtain pharmacokinetic variables that help to predict 
drug  concentration, and therefore drug effect(s). 
Statistical pharmacokinetic software uses drug plasma 
concentrations over time to predict the model that fits 
best.  Most  drugs can be modeled as one-, two- or three-
compartment models. The first compartment is referred to 
as the central compartment, and the others are peripheral 
compartments.

A one-compartment model is shown in Figure  1.2a. A 
dose of drug given directly into, or absorbed into, the com-
partment (I represents input) distributes into the volume 
(V) of the compartment, and is eliminated over time (k is 
the elimination constant). In the case of a one-compartment 
model, the change in plasma concentration over time [C(t)] 
is described by the following exponential equation:

C t e kt 	 (1.46)

The semilogarithmic plot of plasma concentration vs 
time yields a single straight line, like the one shown in 
Figure  1.1a. The dose required to reach a target plasma 
concentration for a one-compartment model can be calcu-
lated using Eq.  (1.3), clearance can be determined from 
Eq. (1.23), and t½ from Eq. (1.24).

In the case of a two-compartment model, the drug is 
eliminated from the central compartment and distributed 
to (and can return from) a peripheral compartment 
(Figure 1.2b). The semilogarithmic plasma concentration 
vs time plot will yield a curve comprised of two overlap-
ping straight lines (Figure  1.1b). The initial phase has a 
steeper slope compared to the second phase. Change of 
plasma drug concentration over time in a two-compartment 
model is given by:

C t Ae Bet t	 (1.47)

A three-compartment model has two peripheral com-
partments connected to the central compartment with 
different equilibration rates (rapid and slow) (Figure 1.2c). 
This model’s semilogarithmic plasma concentration vs 
time plot will be comprised of three overlapping straight 
lines. The equation for change of plasma concentration 
over time contains three exponential terms:

C t Ae Be Cet t t	 (1.48)

Compartmental pharmacokinetic analysis is a simplifica-
tion of how drugs are distributed within the body, as each 
organ has its own specific blood flow. Physiologic-based 
models can be used to give a clearer picture of a drug’s phar-
macokinetics. Pharmacokinetic parameters can also be 
determined using non-compartmental analysis. A discus-
sion of pharmacokinetics of these models is outside the 
scope of this chapter.

Figure 1.2  Compartmental pharmacokinetic 
models. (a) A one-compartmental model, where the 
compartment is the central compartment, i.e. the 
drug does not move out of the blood into the 
tissues. I represents input, i.e. IV drug dose or a 
drug that enters the compartment via absorption. 
V represents volume of distribution, and k is the 
elimination constant. (b) A two-compartment 
model showing a central compartment and a 
peripheral tissue compartment with their own 
volumes of distribution, V1 and V2. k12 and k21 are 
the equilibrium constants between the 
compartments, and k10 is the elimination constant. 
(c) A three-compartment model showing two 
peripheral compartments connected to the central 
compartments. The two peripheral tissue 
compartments are a more rapidly equilibrating one 
and a more slowly equilibrating one. Each 
compartment will have its own volume of 
distribution, with multiple constants describing 
drug equilibration between compartments.
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Infusion Pharmacokinetics
Up to this point, the pharmacokinetics of a single dose 
have been discussed. For a continuous drug effect, repeated 
boluses can be given, with peaks and troughs of drug 
plasma concentration stabilizing after about 5  half-lives 
(Figure 1.3). A true steady state plasma concentration (Css) 
can be achieved by administering a drug by infusion. This 
is useful for drugs with a narrow therapeutic range, and for 
those with  very short half-lives, e.g. catecholamines like 
norepinephrine where t½ is measured in minutes. Use of 
infusions is commonplace in veterinary anesthesia, e.g. to 
provide analgesia and/or reduce inhalant requirements 
(opioids, lidocaine, ketamine), for cardiovascular support 
(inotropes) or as total IV anesthesia (propofol).

Since it takes about 5 half-lives to reach steady state, a 
bolus or loading dose can be given for drugs that have rela-
tively long half-lives (Figure 1.4). This can be determined 
using Eq.  (1.3). If VSS equals volume of distribution at 
steady state, then:

Loading dose C VSS	 (1.49)

Loading doses are useful when the half-life of a drug is 
relatively long, so that the desired plasma concentration at 
steady state can be reached sooner. In a one-compartment 
model, once steady state has been reached, the rate at which a drug needs to be added is equal to the desired 

plasma concentration × clearance.

Maintenance infusion rate C CL	 (1.50)

Note that once a true plasma concentration steady 
state has been reached, kinetics can be characterized as 
a zero-order process, i.e. a fixed amount of drug is added 
and removed per unit time. This concept also applies to 
the pharmacokinetics of fentanyl patches, where a spe-
cific dose per unit time is delivered (Lötsch et al. 2013). 
Equation  (1.50) is also valid for two- and three-
compartment models once all compartments have 
reached equilibrium. This may not occur for some time, 
particularly with slowly equilibrating tissue compart-
ments. Under circumstances where it takes hours to reach 
equilibration, using this equation will underestimate the 
plasma concentration, since the drug will still be moving 
into the third compartment. The following equation is 
used for an infusion where the drug distributes in a three-
compartment model, where CT is the target plasma 
concentration:

Maintenance infusion rate
C V k k e k eT

k t k t1 1
1 10 12 13

2 3 	 (1.51)

For example, in dogs, after an IV bolus of propofol 
(4 mg/kg), use of a constant rate infusion of propofol 
(0.4 mg/kg/min) for maintenance of anesthesia for 

Figure 1.3  Semilogarithmic plot of drug concentration vs time 
comparing intermittent dosing to constant rate infusion. Time is 
given in multiples of elimination half-life, the time it takes drug 
concentration to increase (or decrease) by 50% from a previous 
value. It takes approximately 5 half-lives to reach steady state. 
The blue curve demonstrates peaks and troughs of drug 
concentration observed with intermittent dosing. Administration 
of a drug by constant rate infusion (orange curve) smooths out 
the peaks and valleys, allowing a drug to reach a steady state 
(dashed line).

Figure 1.4  Semilogarithmic plot of drug concentration vs time 
for a constant rate infusion with and without a loading dose. 
The blue line (dotted) represents the plasma concentration vs 
time course of a loading dose. The red line (dashed) represents 
the time taken to reach steady state after starting a constant 
rate infusion. To reach steady state earlier, a loading dose can be 
given (purple solid line).
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60 minutes resulted in a steady rise in plasma concentra-
tion (Nolan and Reid 1993). This rise in plasma concen-
tration can be ameliorated by decreasing the rate of 
infusion in a stepwise fashion over time. This is most 
commonly achieved in veterinary anesthetic practice by 
manually changing the rate of delivery of an infusion (or 
syringe) pump. Pharmacokinetic data can be used in con-
junction with computer programing to create devices that 
can deliver a drug to target a specific plasma concentra-
tion, i.e. target-controled infusion systems. The operator 
chooses the target plasma concentration, and the device 
alters the infusion rate in accordance with pharmacoki-
netic data to achieve that concentration. Target-controled 
infusion systems have been evaluated for propofol in dogs 
and cats, and for ketamine in ponies, however, this anes-
thetic delivery technique remains a research tool in vet-
erinary anesthesia (Beths et  al.  2001; Cattai et  al.  2016; 
Levionnois et al. 2010).

The concept of elimination half-life was previously dis-
cussed in the context of administering a single bolus with 
minimal distribution to peripheral compartments. When a 
drug is given by infusion over a period of time long enough 
to allow significant distribution to peripheral compart-
ments, the concept of context-sensitive half time is useful. 
Context-sensitive half-time is the time for drug plasma 
concentration to decrease by 50% when the drug is being 
administered by infusion such that plasma concentration 
is at steady state. Context-sensitive half-time is not a fixed 
value, instead, it increases as the duration of infusion 
administration increases until equilibrium among com-
partments is reached.

Pharmacodynamics

Pharmacodynamics is the study of the effect of drugs on 
the body, with the vast majority of drugs acting via interac-
tion with receptors. Molecules, both endogenous (e.g. nat-
ural hormones) and exogenous (e.g. drugs), that bind to 
receptors (R) are referred to as ligands (L).

Receptors
Receptors can be grouped into families based on shared 
structure and similarity of function. Major receptor fami-
lies relevant to drugs used in the peri-anesthetic period 
include ion channels, transmembrane enzymes and G 
protein-coupled receptors (GPCR). Ion channels include 
voltage-gated channels, e.g. sodium channels which are a 
target for local anesthetics, and ligand-gated channels, 
e.g. neurotransmitter receptors like gamma-aminobutyric 
acid (GABA), a target for some injectable anesthetics such 
as propofol. Transmembrane receptors that are linked to 
intracellular enzymes include receptor tyrosine kinases 
like the insulin receptor. The family of GCPRs is large, and 
includes opioid, adrenergic and muscarinic receptors. In 
the basal state, GPCR consist of seven membrane-spanning 
helixes coupled with an intracellular G protein consisting 
of three subunits (Gα, Gβ, and Gγ) that forms a complex 
connected to the intracellular helix loops, with GDP con-
nected to the Gα subunit (Figure 1.5). Binding of a ligand 
to the receptor results in a conformational change that 
stimulates GDP release and binding of GTP to the Gα subu-
nit. The activated Gα unit and Gβγ complex are now able to 
bind to effectors, resulting in actions, or signals, via second 

Figure 1.5  G protein-coupled receptor. In the basal state, G protein-coupled receptors consist of seven membrane-spanning helixes 
coupled with an intracellular G protein. The G protein consists of three subunits (Gα, Gβ, and Gγ) that forms a trimeric complex 
connected to the intracellular helix loops, with GDP connected to the Gα subunit. Binding of a ligand to the receptor results in a 
conformational change that stimulates GDP release and binding of GTP to the Gα subunit. The activated Gα unit and Gβγ dimer are 
now able to bind to effectors, resulting in actions, or signals, via second messengers. Ligands can be endogenous (e.g. hormones, 
neurotransmitters, opioids) or exogenous (e.g. drugs, toxins).
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messengers like cyclic AMP. Traditionally, GPCRs were 
thought to be inactive in the basal state, only becoming 
active through ligand binding. More recently, it has been 
shown that these receptors can exist in two states in the 
absence of ligand binding: they can be inactive (R) or have 
some basal level of activity (R*). This two state model can 
be expressed as follows:

R ⇌ R*

When a ligand is present, the ligand-receptor rela-
tionship is:

L + R ⇌ LR ⇌ LR*

Drug-receptor Interactions
Drug action at a receptor is influenced by the degree to which 
it binds to the receptor (affinity) as well as the drug’s ability 
to cause a response once bound to the receptor (efficacy).

A drug with high affinity for a receptor will bind more 
readily to a receptor than a drug with low affinity. Therefore 
at equilibrium, a greater fraction (or percent) of a high 
affinity drug will be bound to receptors compared to a low 
affinity drug.

Ligands (drugs) that produce an increased response 
when they bind to receptors are called agonists (Figure 1.6). 
The ability of a drug to produce an effect is known as its 
efficacy. A full agonist is a ligand that can activate a recep-
tor to a maximal extent (e.g. morphine). Agonists that pro-
duce a submaximal response are referred to as partial 
agonists (e.g. buprenorphine). Morphine is therefore more 
efficacious than buprenorphine. Ligands are said to be 
antagonists when they effectively occupy the receptor and 
do not change its level of activity (e.g. naloxone). 
Antagonism can be competitive or non-competitive. 
Antagonism from a competitive antagonist can be over-
come by increasing the concentration (i.e. dose) of an 

agonist. In contrast, non-competitive antagonism cannot 
be overcome by increasing the concentration of an agonist. 
Some drugs can have agonist activity at one receptor, and 
antagonist activity at another (e.g. butorphanol, which is a 
kappa opioid receptor agonist and a mu opioid receptor 
antagonist). Such drugs are referred to as agonist-
antagonists. Ligands can also decrease the level of activity 
when binding to a receptor that has a basal level of activity, 
i.e. receptors in the R* state, in which they are referred to as 
inverse agonists (Sato et al. 2016).

Potency refers to the amount of drug required to exert an 
effect. If less drug (lower plasma concentration) is required 
to produce an effect compared to another drug, the first 
drug is more potent, i.e. as potency increases, the more a 
dose/effect curve moves to the left (Figure 1.7). Note that in 
Figure  1.7, all three drugs are able to reach maximum 

Figure 1.6  Efficacy. The ability of a ligand (drug) 
to bind to a receptor and produce an effect is 
known as its efficacy. A full agonist is a ligand that 
can activate a receptor to a maximal extent. 
Agonists that produce a submaximal response are 
referred to as partial agonists. Antagonists are 
ligands that occupy a binding site on a receptor 
and prevent changes to the basal level of activity 
of that receptor. Ligands that decrease basal 
receptor activity are termed inverse agonists, which 
can have partial or full activity. Note that all four of 
the ligands shown in this figure have the same 
potency and different efficacies.

Figure 1.7  Potency. Potency is the amount of a drug required to 
exert an effect. Drug a is more potent than drugs b and c 
because a lower plasma concentration is required to exert the 
same effect as either a or b. Note that all three drugs shown 
here have the same efficacy.
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effect, and therefore have equal efficacy. Compare this to 
Figure 1.6 where the full agonist, partial agonist, antago-
nist and inverse agonist have equal potency, but different 
efficacy.

Receptor populations, and therefore response to drugs, is 
not always uniform within a species, often as a result of 
genetic mutation. The study of inherited variability in 
response to drugs is termed pharmacogenomics and is 
discussed in Chapter 2.

Pharmacokinetic/Pharmacodynamic Modeling
Studies that relate pharmacokinetics to pharmacody-
namics (PK/PD) studies are used to provide information 

relating plasma concentration to drug effect. In an ideal 
world, the veterinary anesthetist would have access to 
PK/PD models for all drugs used in the perioperative 
period, in both awake and anesthetized animals, that also 
take important disease states (e.g.  hepatopathy, renal 
insufficiency, hypovolemia) into account. This would 
inform decision making when selecting drug dosages 
and rates of administration in healthy and ill animals, as 
well as expectations for drug effects, both wanted and 
unwanted. In reality this is not the case, particularly 
when it comes to disease states. When this information is 
unavailable, it is prudent to give drugs to effect where 
possible, and to monitor patients closely for side effects.
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Introduction

Veterinary Pharmacogenomics, is the study of inher-
ited variability in response to drugs in veterinary species 
and has been extensively reviewed (Mosher and Court 2010; 
Court  2013a; Garcia  2014; Mealey  2006; Martinez 
et  al.  2013). Initially known as pharmacogenetics, early 
studies of single-gene defects were useful in defining the 
effects of drugs administered on specific enzymatic func-
tions (or lack of effects). (Kalow  1971; Vesell  1969; 
Mahgoup et al. 1977; Smith 2001;).

Newer studies utilize whole genome sequencing to study 
genomic variation (single nucleotide polymorphism [SNP], 
CNV, mutations, etc.) to evaluate the impact of changes in 
the sequences of DNA and correlates these to reactions 
associated with unexpected effects on the individual or 
population levels to determine the cause. This field of dis-
covery combines pharmacology and genomics to identify 
genetic determinants of drug efficacy, failure or toxicity. 
Ultimately, pharmacogenomic testing could provide the 
clinician information allowing selection of safe and effec-
tive medications used in a dosing regimen tailored to an 
individual’s genetic makeup. In horses, a genetic mutation 
of the skeletal muscle sodium channel gene is associated 
with muscle fasciculations, spasm, and hyperkalemia 
(Spier et al. 1989). Currently, tests addressing genetic vari-
ation of cell-membrane drug transporters are available for 
dogs to determine the presence of polymorphisms of the 
ABCB1 gene (P-glycoprotein transporters). Prior knowl-
edge of the patient’s genotype can allow individualization 
of therapy to reduce the incidence of toxicity associated 
with common pharmacologic agents that are substrates of 
this important protein (Mealey 2008). For the anesthesiolo-
gist, knowledge of species and breed-specific drug disposi-
tion, drug response and their association with genetic 

polymorphisms is currently in its infancy. Perhaps at some 
point, this information could provide critical input when 
deciding on patient-specific anesthetic and pain manage-
ment protocols.

­Pharmacogenetics – Historical Perspectives

The relationships between inherited traits and individual 
responses to food, natural products, and disease have been 
described and their potential association with inheritance 
attributed to a number of individuals (Nebert  1999; 
Kalow 1971; Vesell 1969; Mahgoup et al. 1977; Smith 2001). 
Studies describing human population diversity related to 
the effects of drugs were published as early as the mid-1950s 
(Motulsky 1957; Remmer and Merker 1963, Kalow 1971). 
However, it was not until 1988 when the genetic basis for 
polymorphisms leading to altered metabolism of debriso-
quine and many other drugs were reported (Gonzalez 
et al. 1988). The completion of the human genome project 
in 2003 provided the framework on which the study of 
genetic polymorphisms of drug-metabolizing enzymes and 
drug receptors in humans could be conducted. These, and 
more recent methods, have led to pre-therapy genetic 
screening for patients requiring drugs previously associ-
ated with serious adverse events (McLeod and Yu  2003) 
and to optimize longstanding drug therapies, effectively 
minimizing adverse effects (Burns et  al.  2013). Through 
collaboration, the impetus to develop high-density SNP 
and haplotype maps have proven useful in the study of 
genetic markers, predictive of serious adverse events asso-
ciated with drug therapy (Columbia Systems Biology 2022).

The early human studies of genetic polymorphisms were 
focused on drug metabolizing enzymes. As newer technol-
ogies become available (genome-wide association studies) 
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it has been possible to differentiate contributions of the 
immune system and other host responses from genetic 
causes of adverse reactions associated with polymorphisms 
in the CYP450 enzymes and other cellular pathways 
(Daly 2012). These studies quantify changes in the genetic 
code producing loss of / altered function mutations which 
could be useful in characterizing a disease as well as devel-
oping new treatments.

Understanding how the genetic make-up of an individ-
ual alters their responses to administered drugs is a goal of 
human medicine. Knowledge of whether a given drug, 
when dosed appropriately, would provide the anticipated 
response, exaggerated responses or no response at all, 
would prevent adverse drug reactions. Adverse events 
associated with therapeutic drugs do occur and, many in 
humans, are associated with genetic polymorphisms that 
alter the drugs’ disposition. These polymorphisms may 
manifest as dose related when drug dose is inappropriate 
or could occur even at low doses.

In humans, well-characterized variations in response to 
administration of a particular drug have been associated 
with variation in the genetic code (Gonzalez et  al.  1988; 
Steward et al. 1997; Rieder et al. 2005). The debrisoquine/
sparteine and warfarin polymorphisms were discovered 
based upon clinical observations of the effects of drugs on 
patients and followed by pharmacogenetic studies to iden-
tify gene variations. Clinical observations leading to dis-
covery of the nature of relevant variability in response to 
drugs remain important to anesthesia.

At present, there are few examples where variant gene 
coding results in clinical differences in drug disposition in 
veterinary medicine (Paulson et al. 1999; Mise et al. 2004; 
Tenmizu et al. 2006; Mealey et al. 2001; Blaisdell et al. 1998).

Polymorphisms, such as the well-described clinical sen-
sitivity to avermectin drugs in herding dogs has been 
shown to be associated with a sequence variation in the 
canine ABCB1 gene resulting in the expression of a trun-
cated and inactive membrane transport protein (Mealey 
et al. 2001). From studies of this polymorphism in dogs, it 
has become apparent that this defect is widespread across a 
number of breeds (Mealey and Meurs 2008). A number of 
other studies document expression of genes or of drug sen-
sitivity or drug interactions in several important veterinary 
species. For example, it is widely known that some drugs 
are less rapidly eliminated by cats due to limited formation 
of glucuronide conjugates (Court 2013b). Thus, the use of 
acetaminophen in cats is contraindicated due to toxicity 
associated with the combined failure of expression of the 
appropriate uridine diphosphate glucuronosyltransferase 
isoform in this species and the inability to acetylate toxic 
intermediates (Court and Greenblatt 2000). Many of these 
known peculiarities across species were observed as 

clinically apparent sensitivity or adverse reactions in 
patients before the elucidation of the molecular genetic 
cause (Paul, et  al.  1987; Mealey et  al.  2001; Court and 
Greenblatt 2000), while others are strongly suggestive of a 
genetic polymorphism (Robertson et  al.  1992; Sams and 
Muir 1988; Mandsager, et al. 1995; Zoran et al. 1993). Many 
other polymorphisms of drug metabolism and drug recep-
tors have recently been documented, but additional effort 
will be required to both characterize the function or expres-
sion of the gene product(s) and link these variations with 
clinical effects. Once the precise mechanism(s) are defined, 
markers may be developed to test individual or groups of 
animals to identify animals with potential for drug sensi-
tivity (as is done for ABCB1 Δ dogs).

The goals of anesthesia are to immobilize, render uncon-
scious and alleviate pain to facilitate procedures performed 
on animals varying from a few grams to hundreds of 
kilograms body weight. Veterinary anesthesia commonly 
utilizes multi-modal techniques that rely on drug–drug 
interactions to promote anesthesia and analgesia 
(Papich  2007). While commonplace, the use of sedative, 
anesthetic and analgesic combinations could be associated 
with risks in some animals.

The use of multiple drugs in combination may provide 
substantial clinical benefit; however, the use of combina-
tions of anesthetic, analgesic and other drugs could also 
result in unwanted effects (toxicity if drug interactions pro-
duce adversity; no benefit if antagonism occurs). This is 
especially true in geriatric, diseased or injured patients 
where concurrent medications and physiologic changes 
are of concern. While still unknown in most cases, an ani-
mal’s genetic make-up can alter pharmacokinetics or phar-
macodynamics of a drug(s) (one usually does not observe 
the consequences of altered PK/PD until after the drug is 
administered). Defining clinically important observations 
with genetically altered metabolizing enzymes, drug recep-
tors or other proteins should reduce these adversities 
through selection of the most appropriate medication for 
the patient. Conversely, drugs may be designed to limit or 
prevent adversities once the therapeutic target is identified. 
There are likely to be numerous other breed, species and 
gender-related variations in animal responses to drugs. 
Some differences may be related to nutrition, environment 
or concurrent medications and may result from drug–drug 
interactions (Krein et al. 2014). Others may be the result of 
variations in the genetic code within individual animals 
that alter drug disposition and lead to appropriate 
responses, exaggerated responses or no response at all.

While there are a number of excellent reviews evaluat-
ing pharmacogenetics in small animals, there are still 
significant gaps in knowledge of whether these variations 
are associated with altered disposition and potentially 



Pharmacogenetics –  Cytochrome  P450  Functio ﻿ 15

adverse reactions (Mosher and Court  2010; Court 
et al. 2013; Mealey 2006; Martinez et al. 2013). For now, 
knowledge of species- and breed-specific responses to 
administered drug(s) should be considered with every 
patient. As one encounters patients who consistently 
respond outside of the norm during anesthetic procedures, 
consideration of potential genetic variations responsible 
for functional alterations in important genes, gene expres-
sion and metabolism should be considered. As newer 
drugs are tested and approved for use in veterinary species, 
this information may become more available. Until then, 
acknowledging that clinical observations foster the study 
of differences in drug disposition will promote greater rec-
ognition of these concerns (Paulson, et  al.  1999; Mise 
et al. 2004; Tenmizu et al. 2006; Mealey et al. 2001).

­Pharmacogenetics – Current Situation

Compared with the human field, veterinary pharmacoge-
netics is a relatively new area of research. Like human 
medicine, the discovery of genetic variation in terms of 
drugs has been led by pharmacologists in academia and 
industry as well as veterinarians making observations of 
clinical patients. Currently, there are several enzyme 
transporter or receptor polymorphisms identified based 
upon responses to drugs, drug disposition and, in some 
cases, therapeutic effects or toxicities. While most of the 
variations have been described in companion animals and 
most involve drug-metabolizing enzymes, newer studies 
have focused on other variations (drug receptors) and 
some large animal species (horses). After reading this 
chapter, it will become evident that we still have a long 
journey to complete. With newer technologies emerging 
daily, pharmacogenetic studies of animals will continue to 
progress.

Completion of the canine (Lindblad-Toh et  al.  2005), 
feline (Pontius et al. 2007), bovine (Elsik et al. 2009), equine 
(Wade et al. 2009), ovine and caprine (Jiang et al. 2014; Du 
et al. 2014) genomes, has led to substantial progress toward 
an understanding of the genetic basis for animal disease sus-
ceptibility, productivity and, more recently, studies evaluat-
ing the variation in responses to drugs in individual animals. 
Adapting the technologies developed through the human 
genome project are important to completion of similar stud-
ies in veterinary species (Alpay et  al.  2014; Tonomura 
et  al.  2015; Mucha et  al.  2015; Forsberg et  al.  2015; 
Hendrickson  2013). Like human medicine, the study of 
genetic polymorphisms in veterinary species could demon-
strate the genetic basis for the wide variations in therapeutic 
response between individual animals (Kennerly et al. 2009). 
More recent studies confirm prior suggestions that genetic 

polymorphisms of drug metabolism are also present in large 
animals. Knowledge of these variations should provide 
information about why some animals respond the way they 
do to anesthetics and analgesics (Krein et al. 2014).

­Pharmacogenetics – Cytochrome 
P450 Function

Cytochrome P450  monoxygenases are membrane bound, 
heme-containing enzymes that play important roles in the 
disposition of many drugs, endogenous and exogenous 
substances (Hrycay and Bandiera 2015; Klassen 2013).

Cytochrome P450 are named based upon the gene 
sequence similarity into families (CYP1, CYP2, CYP3, etc.), 
subfamilies (CYP1A, CYP2B, etc.) and when they were 
sequenced (number: CYP1A2, CYP2B11, etc.) (Court 2013a). 
It has become apparent that functional characteristics 
(specificity, substrate, and inhibitor selectivity) produce dif-
fering clinical phenotypes. Multiple isoforms of CYP450 are 
co-expressed in the same tissue and substrate specificity of 
each cytochrome P450 form may demonstrate significant 
overlap. As two unique enzymes expressed by the same tis-
sue metabolize the same drug, identifying a polymorphic 
enzyme is difficult without monitoring specific metabolites 
produced, sequencing the gene or protein and characteriz-
ing the biological function of each expressed enzyme.

The cytochromes are present in virtually all organisms 
and appear to function very similarly (Fink-Gremmels 2008). 
While traditionally thought to have conserved functions, 
and mainly expressed by the liver, enzyme expression and 
substrate and inhibitor specificity demonstrates significant 
phenotypic variability across the wide variety of veterinary 
species and breeds. It is now known that intestine, lung, 
kidney, adrenal and other organs express substantial 
amounts of cytochrome P450 whose profile differs signifi-
cantly from that of the liver (Mealey et  al.  2008a; 
Trepanier  2006; Sivapathasundaram et  al.  2001; Tyden 
et al. 2014).

These enzymes function in concert to catalyze hydroly-
sis, reduction, oxidation and conjugation reactions 
(Parkinson et al. 2013). Drug metabolism processes create 
metabolites. For some drugs (pro-drugs), metabolism is 
required for a drug’s function. Without the appropriate 
enzymatic processes, drugs would not be eliminated and 
could accumulate over time and may produce toxicity 
(Riviere  2009). These initial processes usually decrease, 
sometimes enhance and, in some cases, modify the physi-
ologic effects of a particular drug.

After a drug is oxidized, hydrolyzed or reduced, a second 
system of enzymes (phase II, conjugation) adds functional 
groups to promote elimination. Drug metabolism is a key 
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factor in the disposition of drugs administered to animals. 
Without these key proteins, drug activity may be prolonged 
due to accumulation and toxicity could be observed 
(Riviere 2009). Despite conserved functions of many drug-
metabolizing enzymes, variation in substrate specificity of 
these enzyme systems is common (Fink-Gremmels 2008). 
With significant differences in substrate specificity, as well 
as enzyme expression level and location within and across 
species, extrapolation between species is not reasonable 
with currently available methods (Fink-Gremmels 2008). It 
is also recognized that multiple enzymes may metabolize 
the same drug which, in the case of a genetic polymor-
phism of one enzyme (rendered non-functional), the ani-
mal may not demonstrate clinically relevant differences in 
drug disposition or effect except at supra-therapeutic lev-
els. Substrates known to be metabolized by human CYP450 
enzymes are metabolized by dog, horse or other species’ 
CYP450 enzymes, but do so with much different rates, sub-
strate and inhibitor concentrations (Martinez et al. 2013). 
Together, these limit the usefulness of cross-species or 
breed comparisons due to lack of complete characteriza-
tion of individual enzymes or lack of knowledge of specific 
substrates for each animal’s enzyme (Fink-Gremmels 2008). 
Differential expression of CYP450 isozymes within the gut, 
lung, kidney and liver having wide-substrate selectivity 
add to the aforementioned complexities.

Expression of recombinant CYP450 enzymes has allowed 
for more precise assessment of substrate specificity 
(Miskimins Mills et  al.  2010; Aidasani et  al.  2008; Shou 
et al. 2003). In studies comparing recombinant, expressed 
enzymes with whole-liver microsomal preparations, differ-
ences in the activity of a specific P450 between these two 
preparations suggests multiple CYP450s participate in the 
metabolism of a particular substrate. This may sometimes 
be discernable by evaluation of the specific metabolites 
produced.

At present, at least seven different canine cytochrome 
P450 enzymes have been cloned and expressed and their 
activities characterized in vitro (Miskimins Mills et al. 2010; 
Aidasani et al. 2008; Shou et al. 2003). Several classes of 
CYP450 enzymes have also been cloned and expressed in 
cats, horses, swine, and ruminants.

Recent studies, recognizing the importance of the dog in 
the assessment of metabolism, pharmacokinetics, safety 
and efficacy of drugs in human drug discovery have pro-
duced data addressing substrate specificity of dog CYP450 
as a means of developing isoenzyme-selective markers 
(Shou et al. 2003). Similarly, recombinant canine CYP450 
enzymes have been used to evaluate substrates and inhibi-
tors of specific CYP450 isozymes with the goal of predicting 
drug–drug interactions (Miskimins Mills et al. 2010). These 
studies have demonstrated in  vivo drug interactions with 

substrate-inhibitor combinations: caffeine-fluvoxamine, 
midazolam-ketoconazole, and temazepam-ketoconazole. 
This knowledge could shed light onto whether a drug is a 
substrate or inhibitor of specific CYP450’s allowing further 
study aimed at analyzing the potential of drug–drug inter-
actions through targeted screening prior to widespread use 
(Miskimins Mills et  al.  2010). Together with the develop-
ment of high throughput study technologies, evaluation of 
their function may be conducted in a more precise and 
rapid manner (Aidasani et al. 2008). Although some incon-
sistencies remain, these studies will be valuable in evalua-
tion of variant enzymes in animals with known 
polymorphisms (Martinez et al. 2013; Paulson et al. 1999).

­Genetic Variations in Drug Disposition

Genetic variation in drug Absorption, Distribution, 
Metabolism and Excretion (ADME) is based upon changes 
within the sequence of DNA an animal inherits. Sequence 
variation is commonly associated with SNPs where a single 
base is changed, from one of the four nucleotide bases to 
another, and alteration of the protein encoded for may 
occur. The genetic code is arranged such that there are 61 
codons (three letter words) defining the 20 different amino 
acids (leucine and arginine are represented by six codons, 
valine, serine, proline, threonine, alanine, and glycine by 
four codons, etc.). There is one start codon (ATG; represent-
ing methionine) and three stop codons (TAA, TAG, TGA). If 
the DNA sequence (codon =  three sequential bases com-
prising a specific amino acid) changes such that the amino 
acid remains the same, there is often no or little change in 
protein function (TTT → TTC; A synonymous SNP). These 
changes are often clinically silent (single-base change, 
which does not change the amino acid sequence of protein) 
unless the DNA polymorphism results in alterations in 
DNA binding sites. If the codon changes such that the refer-
ence sequence changes to another amino acid (CTT → CCT; 
A non-synonymous SNP), the protein sequence changes, 
and altered protein folding can occur that modifies the 
active site and/or activity of the enzyme. For example, a 
change from leucine (CTT) → proline (CCT) could produce 
steric limitations on formation of the active site of the 
enzyme or reduce the stability of the protein leading to pre-
mature degradation. In rare instances, the change in pro-
tein sequence may augment protein function (Otero 
et  al.  2015). Conversely, if a frameshift occurs (deletion, 
insertion) and the codon changes to a premature stop 
codon, protein synthesis stops and either a truncated pro-
tein is expressed (ABCB1 Δ) or the abnormal protein is 
degraded (CYP2B11). One well-described, non-synonymous 
polymorphism leads to deletion of the nascent CYP4501A2 
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protein and loss of function in laboratory beagle colonies 
(Mise et al. 2004; Tenmizu et al. 2006). Many other genetic 
polymorphisms have been described in animals; at present, 
their clinical relevance has yet to be elucidated.

Genetic polymorphisms of drug metabolism enzymes 
and transporters are generally silent, at least until the ani-
mal is exposed to a drug or xenobiotic substrate metabo-
lized or handled by a deficient enzyme or transporter. 
Without analysis of drug disposition and metabolite pro-
duction, clinical adversity may not be observed. Early 
observations in humans administered an adrenergic antag-
onist drug “debrisoquine,” suggested marked variation in 
responses to this drug for hypotension. Some individuals 
had clinically relevant problems when taking this medica-
tion (individuals possessing two mutant alleles  – poor 
metabolizer phenotype), while others demonstrated 
improved clinical signs (two functional alleles – extensive 
metabolizers; one functional, one mutant allele  – 
intermediate phenotype) or exhibited no response to ther-
apy (more than two functional alleles  – ultra-rapid 
metabolizers). Individuals were segregated based upon 
clinical manifestations of drug sensitivity (severe hypoten-
sion) or normal (normal blood pressure). For debrisoquine, 
poor metabolizers (excrete mainly unchanged parent drug 
in urine) demonstrated marked responses to administra-
tion of this drug (hypotension) in comparison to extensive 
metabolizers (excrete greater proportion of metabolite in 
urine). Analytic characterization of drug and metabolite(s) 
in blood or urine is currently a valuable tool.

After demonstrating these polymorphic phenotypes (Idle 
and Smith 1979), the genetic basis for this defect was later 
shown to be a polymorphism in CYP450 2D6 (Gonzalez 
et  al.  1988). Subsequent studies demonstrating this dele-
tion polymorphism results in altered drug ADME for over 
20 additional, commonly used medications (Eichelbaum 
and Gross 1990).

Unlike polymorphic CYP450 2D6 mutations in humans, 
many described in animals became apparent due to adverse 
reactions, or simply differing drug disposition (Mise 
et al. 2004; Tenmizu et al. 2006; Paulson et al. 1999). These 
dogs were administered the drug in pre-clinical studies to 
define the drug disposition in humans; the effect of the 
drug was silent and the polymorphism became apparent 
only after plasma drug analysis. Likewise, genetic poly-
morphisms of drug transporters leading to altered drug dis-
position or effect result in homozygous normal dogs, 
heterozygous normal/mutant ABCB1Δ and homozygous 
mutant/mutant ABCB1 Δ (Mealey et al. 2001; Mealey 2006).

Currently, the most completely characterized veterinary 
drug metabolizing enzyme polymorphisms where DNA 
changes are associated with altered drug disposition are 
those observed in canine CYP2D15, CYP1A2, and ABCB1Δ 

(Mise et al. 2004; Tenmizu et al. 2006; Mealey et al. 2001; 
Mealey  2006). The reported changes have been docu-
mented in humans, lab animals, and companion animals. 
Recent studies have documented a number of polymor-
phisms in horses and ruminants. While a young science in 
veterinary medicine, it would be prudent to consider drug-
interactions as well as genetic variation in cases which do 
not produce the appropriate response to anesthetics and 
analgesics. Clinical observations will be critical in the iden-
tification of these responses and eventually elucidation of 
the mechanisms associated with them.

­Pharmacogenomics of Drug Metabolism in 
Veterinary Patients – Polymorphisms 
of CYP450

Cytochrome P450 1A2

Cytochrome P450 1A gene expression is transcriptionally 
regulated by the aryl-hydrocarbon receptor complex (AhR) 
which binds to DNA response elements increasing tran-
scription of CYP4501A proteins in response to the presence 
of a variety of aromatic hydrocarbons and some proton 
pump inhibitors (Parkinson et  al.  2013). Induction of 
CYP450 1A may be modulated by the expression and activ-
ity of other CYP450 enzymes (Parkinson et al. 2013).

A series of pharmacokinetic studies in dogs described a 
common CYP450 1A2 polymorphism in populations of 
laboratory beagles (Mise et al. 2004; Tenmizu et al. 2006). 
This genetic polymorphism (CYP450 1A2 1117 C > T) 
results in the formation of a premature stop codon result-
ing in the expression of an inactive protein. For at least for 
two experimental drugs, (AC-3933 or YM-64227), the dogs 
were phenotyped by observing dramatically altered drug 
disposition (Mise et al. 2004; Tenmizu et al. 2006). At pre-
sent, it is unclear whether or not significant changes in the 
disposition of these drugs can be predicted to occur due to 
polymorphism. However, one study demonstrated the 
inhibition of CYP450 1A2 by fluoroquinolone antibiotics 
(inhibitor of CYP4501A2) significantly altered the pharma-
cokinetics of theophylline (substrate of CYP4501A2) by 
reducing clearance and augmenting the area under the 
curve with accumulation of theophylline in beagle dogs 
(Intorre et  al.  1995). Others have demonstrated non-
competitive inhibition of CYP4501A2 by fluoroquinolones 
that vary between individual members of this class of anti-
biotics (Regmi et al. 2005). These studies support the idea 
that animals expressing this polymorphism may be at risk 
when administered drugs which are primarily metabolized 
by CYP1A2. Further study of drugs suspected of causing 
adverse reactions in genotyped animals would be extremely 
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valuable. At present, only one study has evaluated the 
metabolism of a drug in CYP4501A2 genotyped dogs 
(Whiterock et al. 2012). However, while this polymorphism 
was originally described in laboratory beagles, several addi-
tional studies demonstrated this polymorphism in a large 
number of pure- and mixed-breed dogs (Aretz and 
Geyer 2010; Scherr et al. 2010). A recent review of this sub-
ject precisely collated the expression of this common poly-
morphism in mixed and pure-bred dogs (Court 2013a,b). 
At least 24  mixed and pure-breed dog breeds possess at 
least one mutant allele. The percentage of each breed pop-
ulation expressing the TT allele varies greatly, as does the 
frequency of this mutant in different populations of stud-
ied dogs (by country or region) (Aretz and Geyer  2010; 
Scherr et al. 2010). Like the polymorphism in ABCB1-Δ, 
monitoring the responses to drugs administered (plasma 
drug concentrations) in genotyped dogs, would be useful to 
define both the reason for potential polymorphic pheno-
types and the clinical impact of this polymorphism.

The CYP4501A1/2 genes have been cloned and sequenced 
in cats, with two different forms of CYP4501A2 being char-
acterized (Tanaka et  al.  2006). No studies have evaluated 
CYP4501A polymorphisms in the cat at present. Expression 
of CYP1A enzymes in large animals has demonstrated the 
presence of the gene and activity of CYP4501A enzymes in 
the horse and cow (Tyden et al. 2014; Sivapathasundaram 
et al. 2001).

Cytochrome P450 2B

Cytochrome P450 2B enzymes are important in drug 
metabolism of many drugs used in veterinary species 
(Martinez et al. 2013). Cyclophosphamide is activated by 
CYP2B enzymes producing active, cytotoxic metabolites 
(phosphoramide and acrolein) (Chong-Sheng et al. 2004). 
In fact, canine CYP2B11 is seven-to-eight-fold more active 
in hydroxylating cyclophosphamide and ifosfamide than 
rat CYP2B1. Cytochrome P450 2B11 metabolizes a number 
of other drugs of importance to a wide variety of diseases 
(Michalowska et al. 2014). Cytochrome P450 2B11 metabo-
lizes and is inhibited by drugs co-administered in balanced 
anesthetic protocols (ketamine and midazolam) (Baratta 
et al. 2009). Cytochrome P450 is inducible with phenobar-
bital being a very potent inducer of this enzyme. For most 
dogs and other species, barbiturates were generally used as 
anesthetic agents and in a wide variety of clinical situa-
tions. In greyhound dogs, metabolism of drugs differs sig-
nificantly from mixed-breed or other breeds of dogs. As 
demonstrated by Sams et al. (1985) administration of thio-
barbiturates to greyhounds resulted in prolonged anes-
thetic recovery times and was thought to be associated with 
lower expression or a less functional CYP450  in 

greyhounds (Sams et  al.  1985; Sams and Muir  1988). 
Plasma drug concentrations of thiobarbiturates after dos-
ing did not decline exponentially after dosing, like those 
observed in mixed-breed dogs suggesting a saturable enzy-
matic process. These authors later induced CYP450 by 
administration of phenobarbital for 16 days. Afterward, it 
was apparent that metabolism of thiobarbiturates was 
greatly improved in greyhounds and similar to the kinetics 
of mixed-breed dogs. After phenobarbital induction, 
cytochrome P450  metabolism was pharmacokinetically a 
linear process (Sams and Muir  1988). Later, Mandsager 
et  al. (1995) demonstrated that greyhounds treated with 
chloramphenicol (inhibitor of CYP450 2B11) and then 
administered propofol intravenously (IV) by infusion 
increased the half-life of elimination, reduced clearance by 
half and prolonged recovery from propofol-induced anes-
thesia (Mandsager et al. 1995).

Propofol is also metabolized by cytochrome P450 2B11 
based upon chemical and antibody inhibitors as well as 
substrate specificity studies in dogs (Hay Kraus et al. 2000). 
Propofol is popular because of rapid onset and recovery 
from anesthesia. However, greyhounds demonstrated 
slower drug clearance and longer recoveries after adminis-
tration (Robertson et al. 1992; Zoran et al. 1993; Mandsager 
et al. 1995). Greyhound microsomal metabolism of propo-
fol was consistently >3 fold lower than beagle or mixed-
breed dogs. Further, propofol metabolism was inhibited by 
chloramphenicol and an antisera to CYP2B suggesting that 
this isoform plays a significant role in propofol metabolism 
and may be deficient compared with mixed-breed and bea-
gle dogs (Court et  al.  1999). More recently, a number of 
polymorphisms have been described in dog cytochrome 
P4502B11; however, the association between these poly-
morphisms and altered drug metabolism has yet to be dem-
onstrated (Gagliardi et  al.  2015;). Martinez et  al. (2020), 
demonstrated hepatic microsomes of greyhound livers 
metabolized CYP2B11 substrates slower in part due to 
reduced expression of this protein in spite of equivalent or 
higher mRNA for this cytochrome. (Martinez et al. 2020). 
Re-sequencing of the genome revealed three haplotypes of 
CYP2B11 that were differentiated based upon sequence 
variation in the 3′-untranslated region of the  mRNA.  
Greyhounds demonstrated the highest expression of the 
three-haplotypes that led to truncation of the transcripts 
and ultimately lower expression of CYP2B11. (Martinez 
et  al.  2020. Pharmacogenomics of poor drug metabolism 
in  greyhounds: Cytochrome P450 (CYP)2B11 genetic 
variation, breed distribution, and functional characteriza-
tion. Nature/Scientific Reports. https://doi.org/10.1038/
s41598-019-56660-z.)

Cytochrome P450 2B6 has been shown to be expressed in 
the small intestine and lung, but not in the liver of cats 

https://doi.org/10.1038/s41598-019-56660-z
https://doi.org/10.1038/s41598-019-56660-z
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(Okamatsu et al. 2016). The recombinant protein metabo-
lized substrates of human 2B6 and was inhibited by 
medetomidine and atipamezole, ticlopidine and sertraline 
(Okamatsu et al. 2016).

Cytochrome P450 27B1 (1α-hydroxylase) catalyzes the 
conversion of calcidiol into calcitriol (1,25-dihydroxyvitamin 
D3). There was a single case report of a unique mutation of 
the DNA encoding CYP45027B1, in a three-month old 
Siamese cat demonstrating lethargy, gait abnormalities and 
pain (Grahn et  al.  2012). Elevated serum PTH, low iCa, 
but  normal 25-hydroxyvitamin D3 and low serum 
1,25-dihydroxyvitamin D3 suggested low 1α-hydroxylase 
activity as a cause as previously reported (Geisen 
et al. 2009). Complete analysis of this gene demonstrated 
six SNPs, one of which resulted in truncation of the protein 
(loss of 297 amino acids) (Grahn et al. 2012). The affected 
kitten’s normal littermate was heterozygous at all of these 
SNPs (Grahn et al. 2012).

Ketamine is metabolized by the equine liver (Mossner 
et al. 2011). The ortholog of human CYP4502B6 in horses 
has been cloned, expressed and functional characteriza-
tions performed. In addition, several polymorphisms were 
identified and characterized (Peters et al. 2013). The clon-
ing and expression of this enzyme revealed three polymor-
phisms, one of which altered an amino acid from valine to 
isoleucine (exon 2; c.226G>A) and two others in exon 3, 
one of which was associated with an amino acid shift from 
glycine to glutamic acid (c.356G>A). This enzyme metabo-
lized racemic ketamine to norketamine, hydroxynorketa-
mine, and dehydronorketamine in vitro. Since CYP450 2B6 
metabolizes ketamine as well as other co-administered 
drugs in horses and it can be induced by phenobarbital 
(humans, dogs, ruminants), studies of drug interactions 
and polymorphisms resulting in altered metabolism should 
expand our capabilities to predict potential drug interac-
tions and perhaps responses (Peters et al. 2013). Fluconazole 
administration to treat ocular disease in horses was associ-
ated with prolonged recovery time when ketamine and 
midazolam were used as induction agents. This is likely a 
DDI, however further study may be prudent.

Cytochrome P450 2C

While there appears to be greater hepatic expression of the 
CYP4502C isoforms in canine liver than other enzymes, lit-
tle is known about substrate selectivity and inhibition of 
this enzyme. Further, most studies evaluating veterinary 
drug metabolism or inhibition also demonstrate other 
CYP450 isoforms can metabolize the same substrates mak-
ing observations of the drugs which are specific for 2C 
subfamily less informative. To date, several members of the 
cytochrome P450 2C subfamily has been identified in dogs. 

Canine CYP4502C21 is expressed in the dog liver and was 
present within all dogs tested (Blaisdell et  al.  1998). 
A second gene (CYP4502C41) was also cloned but had only 
70% identity to CYP4502C21. Cytochrome P450 2C is 
induced by phenobarbital and mildly inhibited by ketocon-
azole and vincristine (Aidasani et al. 2008). More effort to 
define substrate and inhibitors for these enzymes is needed 
as there has been little characterization to date.

Equine cytochrome P450 2C92 was cloned, expressed, and 
functionally analyzed in  vitro. It appears to metabolize 
diclofenac slower than human CYP4502C9, metabolizes tol-
butamide and S-warfarin comparably to the human 
orthologs, but metabolized S-mephenytoin poorly compared 
to human enzymes (DiMaio Knych et al. 2009). CYP450 2C 
(bovine, porcine) have also been studied with some predict-
able findings (Zimin et al. 2009). While no conclusions can 
be made regarding substrate selectivity or genetic polymor-
phisms, enzymatic activity and protein expression are docu-
mented for both phase I (CYP450) and phase II (GSTx) 
processes. Further, for some enzymes, rates of substrate 
metabolism and protein expression in duodenal microsomes 
did not vary between veal calves and adults (similar activity 
for CYP2C and 3A substrates; no to little activity or expres-
sion for CYP1A) (Virkel et  al.  2009). Other studies have 
demonstrated that maintaining plasma insulin concentra-
tions at normal or elevated levels in dairy cows and sheep 
down regulated expression of CYP  2C and CYP  3A while 
feeding glucogenic substrates (propionic acid, propylene gly-
col, corn starch) modifies expression of hepatic enzymes 
(Lemley et al. 2008; Lemley et al. 2010). These data suggest 
cytochrome P450 2C enzymes perform species-specific func-
tions in horses and ruminants. It is also interesting that 
breed and dietary components may have a measurable effect 
on drug metabolism in ruminants. However, to date, little is 
known about drug interactions or polymorphisms leading to 
altered metabolism in these species.

Cytochrome P450 2D

The first descriptions of the genetic basis of polymorphic 
drug metabolism in humans and dogs were those observed 
in cytochrome P450 2D (Gonzalez et  al.  1988; Paulson 
et al. 1999). Over 100 different polymorphisms of human 
CYP450 2D6  have been demonstrated; many of which 
demonstrate altered metabolism of drugs (Martignoni 
et al. 2006). Cytochrome P450 2D is expressed by the liver, 
albeit at lower levels than other CYP450 isoforms and has 
been shown to oxidize a wide variety of anti-arrhythmics, 
beta-blockers, dextromethorphan and methadone in sev-
eral species (Martignoni et  al.  2006). It is suggested that 
CYP4502D metabolizes nearly 25% of the drugs labeled for 
use in humans (Martignoni et al. 2006; Corado et al. 2016).
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In dogs, evaluation of celecoxib disposition demonstrated 
distinct differences in plasma concentrations, half-life of 
the terminal phase, clearance, distribution volumes, and 
area under the curve in dogs given IV (5 mg/kg body 
weight) and oral doses (7.5–25 mg/kg body weight) of 
celecoxib (Paulson et  al.  1999). In this study, in  vitro 
metabolism of celecoxib by recombinant canine CYP2B11, 
CYP2C21, CYP2D15, and CYP3A12 demonstrated that the 
highest oxidative activity for celecoxib and bufuralol (a 
substrate for human CYP4502D6) was observed with 
CYP2D15. However, when dog-liver microsomal prepara-
tions from extensive and poor metabolizer dogs were eval-
uated in  vitro, there was poor concordance between 
celecoxib and bufuralol metabolism, suggesting the contri-
butions of other enzyme(s). This study was the first to sug-
gest that the involvement of genetic variants of cytochrome 
P450  identified in dogs utilized in their study population 
was associated with altered metabolism of celecoxib.

There is also evidence that inhibition of CYP450 2D is 
similar in humans and dogs, suggesting the well-
characterized variation in humans may also occur in 
canines. As such, one could imagine that the propensity for 
drug interactions would be similar depending upon the use 
of selected drugs in dogs. In  vitro evidence supports the 
possibility of drug interactions as demonstrated inhibition 
of dog CYP450 2D by ondansetron (42% inhibition), keto-
conazole (82% inhibition), clomipramine (84% inhibition), 
and fluoxetine (54% inhibition) (Aidasani et  al.  2008). 
Whether or not inhibition of co-administered drugs is rel-
evant clinically has not been well characterized. However, 
ketoconazole is useful as a CYP450 inhibitor to reduce the 
dose of other drugs while augmenting their plasma con-
centrations (Myre et al. 1991; Archer et al. 2014). Similarly, 
with evidence for three differing clones of the wild-type 
gene, of which two render the animals phenotypically dif-
ferent from the wild type CYP450 2D15 animal, suggests 
variability in metabolism (inactive or active) of a drug(s) 
could result in unpredictable consequences (Roussel 
et al. 1998).

Recently, the ortholog of human CYP450 2D6 in horses 
(CYP450 2D50) was cloned and expressed and evaluated in 
150 horses (Corado et  al.  2016). Sequence evaluations of 
these horses demonstrated 126 exonic SNPs were present; 
31 of which were present in more than one horse. Of these 
polymorphisms, seven were predicted to cause alteration 
in the function of this enzyme (Corado et al. 2016). These 
investigators then administered a probe substrate drug 
(tramadol) to genotyped horses to determine the metabolic 
ratio (tramadol:O-desmethyltramadol). In this subset of 
genotyped horses, the tramadol:O-desmethyltramadol 
ratios segregated into poor, extensive and ultra-rapid 
metabolizers. Considering the importance of CYP450 2D 

to the metabolism of human drugs, many of which are also 
used “off-label” in horses, there appears to be significant 
information to further investigate whether this key enzyme 
(or other subfamilies) could promote adverse drug events 
in horses. Further, considering the stringent regulation of 
the use of pharmaceuticals in athletic performance horses, 
genotypic information could be very important in the esti-
mation of withdrawal times to ensure compliance with 
drug-use guidelines (Corado et al. 2016; Knych et al. 2012).

Polymorphisms of cytochrome P450 2D subfamily 
enzymes of animals, like humans, appear to be relatively 
common. While the clinically demonstrable effects of these 
SNPs have not been described, they contribute to the metab-
olism of a large number of drugs. As such, further study 
would be appropriate to define potential adverse reactions 
associated with clinical signs and altered disposition.

Cytochrome P450 2E

CYP450 2E1 is a major, constitutively expressed P450 in the 
human liver having a significant role in metabolism and tox-
icity of small molecules. One of the major concerns with 
metabolites of this enzyme is the production of reactive 
metabolites capable of producing injury or promoting car-
cinogenesis. Ketone bodies, ethanol, isoniazid, acetami-
nophen, methoxyflurane, and sevoflurane are substrates of 
CYP450 2E (Court et  al.  1997; Tanaka et  al.  2005). This 
enzyme appears to play protective roles in under-nutrition 
by conversion of fatty acids and ketones to useable substrates 
in the body (Lieber 2004). Some of these substrates are also 
inducers of enzyme activity. Cytochrome DNA and protein 
sequences are well conserved across those species examined, 
with the exception of ruminants (Lankford et al. 2000; Court 
et al. 1997; Nebbia et al. 2003). The substrate, chlorzoxazone, 
used in human studies, is efficiently metabolized to 
6-hydroxychloroxazone and the enzyme is inhibited by die-
thyldithiocarbonate in some but not all species (Court 
et al. 1997). This system has been studied in humans, mice, 
rats, rabbits, ferrets, monkeys, cats, dogs, horses, and cattle 
liver microsomes and demonstrated all species metabolize 
this substrate and it is inhibited by diethyldithiocarbonate. 
Two studies demonstrated one SNP (T1453C) resulting in an 
amino acid change from tyrosine to histidine (Lankford 
et  al.  2000) and 12 amino-acid differences in 2 CYP  2E 
enzymes in the cat (Tanaka et al. 2005). Interestingly, while 
there were 12 amino-acid residue differences between the 
two feline proteins, only one of these differences resulted in 
an altered amino-acid sequence (representing a change from 
aspartic acid to glutamic acid). Further work is necessary to 
determine the presence of polymorphisms in other species 
and whether there are functional differences in this enzyme 
with drugs relevant to anesthesia.
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Cytochrome P450 3A

In humans, cytochrome P450 3A enzymes consist of 
CYP 3A4, 3A5, and 3A7 (Ingelman-Sundberg et al. 2007). 
This subfamily of enzymes has wide substrate specificity 
and metabolizes the majority of drugs used clinically as 
well as functions to metabolize key endogenous substrates 
(Ingelman-Sundberg et  al.  2007). These enzymes are 
mainly expressed by the liver, but expression is considera-
ble in the gastrointestinal (GI) tract as well as other 
locations (Mealey et  al.  2008a; Tyden et  al.  2012; Nebbia 
et al. 2003). Cytochrome P450 3A enzymes are very induc-
ible with some drugs (rifampicin) in human and dog liver 
whereas dexamethasone does not induce CYP3A enzyme 
in dogs (unlike humans) (Nishibe et  al.  1998; Zhang 
et al. 2006). CYP 3A isoforms are also inhibited by a variety 
of other drugs. Ketoconazole and several other drugs are 
potent inhibitors of CYP3A in dogs and humans. Currently, 
ketoconazole’s inhibition of CYP3A isoforms is utilized as 
a drug-interaction with cyclosporine to allow lower doses 
of cyclosporine, maintaining therapeutic blood levels of 
this immunomodulatory agent (Archer et  al.  2014; Myre 
et al. 1991; Lu et al. 2005). Some macrolide antibiotics are 
also potent suicide inhibitors of CYP3A subfamily enzymes 
(Ludden 1985; Martignoni et al. 2006).

In humans, the three enzymes differ in their expression, 
with CYP3A7 expressed in the fetus, CYP3A5 expression 
throughout life and CYP3A4 is the major adult form of 
CYP3A (Ingelman-Sundberg et al. 2007). It is not known 
whether there are differences in CYP3A12 and CYP3A26 
expression during the lives of dogs or other animals. 
However, in the dog CYP3A12 and CYP3A26 are expressed 
in the liver, however, the 3A26 isoform hydroxylates ster-
oids poorly in comparison to 3A12, and hepatic expression 
of CYP3A26 is greater than that of CYP3A12 (Fraser 
et al. 1997). It is also interesting that duodenal expression 
of CYP3A12 over 3A26  was predominant in the dog 
(Mealey et al. 2008a). The CYP3A26 migrates at a slightly 
higher molecular mass in SDS-PAGE gels and key poly-
morphisms between 3A12 and CYP3A26 reside in the sub-
strate recognition sites of the enzymes (Fraser et al. 1997; 
Martinez et  al.  2013). Paulson et  al. (1999), described 
another variant enzyme (CYP3A12*2) with five amino-acid 
differences from the reference CYP3A12. The variant 
CYP3A12*2 enzyme demonstrated lower enzymatic activ-
ity toward testosterone substrate than the reference allele.

The cytochrome P450 3A subfamily of enzymes has 
also been extensively studied in ruminants, swine, and 
horses. Bovine nasal and olfactory mucosa was evalu-
ated by Dhamankar et  al. (2013) showing by RT-PCR, 
cDNA microarray and immunofluorescence that 
CYP3A4, and a 3A4-like enzyme was expressed in these 

regions of the respiratory tract. Tyden et  al. (2012), 
demonstrated 7-CYP3A genes expressed in the lung 
parenchyma and airways of horses. Further, DiMaio 
Knych et al. (2010), demonstrated three separate hepatic 
forms, which were distinct from those evaluated in 
earlier reports (Schmitz et al. 2010). The results of these 
studies underscore the variability in substrate selectiv-
ity, expression and enzymatic activity across species. As 
with other subfamily members, polymorphisms likely 
exist but remain to be characterized.

­Other Polymorphisms of Relevance Based 
upon Clinically Recognized Phenomena – 
Drug Transporters

As noted above, drug-transporter polymorphisms have 
been demonstrated to result in severe adverse reactions in 
dogs and potentially other species. The seminal work by 
Mealey et al. (2001) proved that clinically observed signs of 
apparent dose-dependent toxicosis (100–2500 μg/kg body 
weight) in some collies, but not others (at doses up to 
2500 μg/kg body weight) were associated with a four base-
pair deletion in the ABCB1 gene (Mealey et al. 2001; Paul 
et  al.  1987). This gene encodes the ATP-binding cassette 
protein (Mealey 2008). Membrane-bound transporters are 
expressed in many cell types including intestinal epithelial 
cells, capillary endothelial cells of the brain, biliary canali-
cular cells and epithelial cells of the renal tubules, placenta, 
and testicle (Mealey et al. 2001). The functions of these 
transporters are to actively (ATP dependent) pump xenobi-
otics out of the cell. Gut luminal drug or other xenobiotic 
are absorbed into cells based upon lipophilicity and are 
actively pumped back into the lumen of bowel. This func-
tion is suggested to be protective of the organism and is 
conserved across organisms from bacteria, protozoa and 
nematodes (Mealey et al. 2001). P-glycoprotein functions 
normally with a wide variety of compounds including 
chemotherapeutics, immunomodulators, anti-parasitic 
agents, steroids, and many other compounds.

As with other genetic polymorphisms or mutations, ani-
mals possessing these variant genetics appear outwardly 
normal, until they are exposed to a substrate for the protein. 
Once exposed to a substrate, the poorly functional or absent 
P-glycoprotein does not remove the drug from the cell and 
toxicity develops. Ivermectin sensitivity in collies results 
from the accumulation of high levels of drug within the 
central nervous systems (CNS) of these dogs. Mealey and 
colleagues demonstrated that the four base-pair mutation 
in the ABCB1 gene creates a nonsense codon leading to the 
premature stop codon for synthesis of this protein (Mealey 
et  al.  2001). Homozygous mutant dogs display toxicity 
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(salivation, vomiting, confusion, ataxia, tremors) with 
doses greater than 120 μg/kg, while homozygous wild-type 
dogs do not. Heterozygous normal/mutant dogs may show 
toxicity at higher doses of ivermectin or after multiple daily 
doses (Mealey et al. 2001). Other macrocyclic lactones 
have also been reported to result in neurologic sequelae in 
these dogs (Barbet et al. 2009). Of similar importance, the 
ABCB1Δ genotype in dogs is associated with a wide variety 
of adverse reactions to other drugs used in this species. 
Dogs homozygous for the ABCB1Δ mutation are at much 
greater risk for adverse drug reactions when administered 
a wide variety of drugs from other classes. Mealey and cow-
orkers have demonstrated that loperamide, vincristine, 
vinblastine, doxorubicin, digoxin, and cyclosporine, among 
others, are substrate molecules of P-gp (Coelho et al. 2009; 
Kaiser et al. 2007; Henik et al. 2006; Lind et al. 2013; Sartor 
et al. 2004). It is presently accepted that dogs possessing at 
least one copy of the ABCB1Δ mutation receiving standard 
dosages of vincristine for chemotherapy of neoplasia dem-
onstrate hematologic toxicity due to the prolonged resi-
dence of the drug (Mealey et  al.  2008b). For the 
anesthesiologist, other drugs such as acepromazine and 
loperamide as substrates of P-gp in dogs and other species 
suggest that dogs with the ABCB1–1Δ mutation may 
respond differently to sedatives, analgesics or anesthetics 
than wild-type P-gp expressing dogs (Deshpande et al. 2016; 
Sartor et  al.  2004). Deshpande and coworkers demon-
strated that standard doses of acepromazine in homozy-
gous mut/mut collies resulted in prolonged sedation when 
compared to normal dogs and suggested dosage reductions 
or selection of differing pre-anesthetic/sedation drugs 
would be prudent (Deshpande et  al.  2016). Considering 
that humans who carry similar polymorphisms in their 
drug metabolizing or efflux transporter pumps demon-
strate adverse reactions to the administration of opiates 
and other drugs categorizing clinical responses of patients 
to administered drugs could lead to further understanding 
of how these polymorphisms in veterinary patients result 
in abnormal clinical reactions (Madadi et al. 2013).

Similar nonsense mutations of ABCB1 were reported in 
cats (Mealey and Burke 2015). Of the eight animals evaluated 
in one study, one was homozygous for a double mutation of 
the ABCB1 (1930_1931 deletion TC) (Mealey and Burke 2015). 
The remaining cats were homozygous wild type at this locus. 
However, there were 14 other nonsense mutations present 
within the DNA sequences of these cats. As seven of these 
cats had reportedly developed neurologic manifestations 
after being given an avermectin or avermectin combination 
type of anthelmintic, it is presumed that more than one poly-
morphism may result in dysfunction of this protein.

A mouse model, which was produced prior to identifica-
tion of the canine gene polymorphism, where homozygous 

mutant ABCB1 mice were exquisitely sensitive to ivermectin 
therapies, were also found to be susceptible to the side 
effects of other drugs which may be administered to animals 
(Schinkel et al. 1995). As such, several reports have gradu-
ally appeared in the literature demonstrating sensitivity to a 
number of other drugs in ABCB1Δ dogs. Loperamide, vin-
cristine, vinblastine, doxorubicin, digoxin, and mexiletine 
sensitivities were reported in collies which were either het-
erozygous or homozygous for the ABCB1Δ gene (Sartor 
et al. 2004; Mealey et al. 2003, Henik et al. 2006).

Lind and coworkers, studying gene polymorphisms in 
border collies affected by vincristine associated myelosup-
pression demonstrated a normal sequence in the region of 
ABCB1–1Δ mutation, with eight additional SNPs in this 
gene (Lind et al. 2013). One such polymorphism, an inser-
tion mutation, has been associated with sensitivity to iver-
mectin toxicity (Han et al. 2010). Like avermectin-sensitive 
cats, these intronic and DNA-binding region SNPs could 
alter gene transcription leading to dysfunction of these 
enzymes (Court 2007).

P-gp is present and functions in the intestine, biliary, and 
renal epithelium and modifies drug disposition. Studies 
indicate that there are few differences between a homozy-
gous mutant ABCB1Δ dog or wild-type dog administered 
an inhibitor of P-gp. Dogs administered P-gp inhibitors 
(such as ketoconazole) would have similar drug disposition 
as observed in the ABCB1Δ dog. As mentioned previously, 
ketoconazole administration augments the absorption of 
cyclosporine by inhibiting CYP3A and P-gp in the gut.

Other mutations of the ABCB1 gene indicate an associa-
tion with an intronic SNP (c.-6-180T>G) of the ABCB1 gene 
in phenobarbital-resistant idiopathic epilepsy of border col-
lies (Mizukami et al. 2013; Alves et al. 2011). In this muta-
tion, it is proposed that gene transcription may be modified 
by the mutation resulting in altered responsiveness to drug 
therapy. Some investigators speculate this altered transcrip-
tion associated with over-expression of P-gp in the brain of 
epileptic dogs may be responsible for uncontrollable sei-
zures. Their proposal suggests that medications prescribed 
to prevent seizures do not achieve adequate concentrations 
within brain cells (Pekcec et al. 2009). A similar proposal 
has been proposed in humans with intractable epilepsy 
(Tishler et al. 1995). Their theory involves excess P-gp limits 
exposure of neurons to anti-epileptic drugs by their removal 
from this tissue. In other studies, seizuring collies possess-
ing two copies of the ABCB1Δ mutation, had fewer sei-
zures, were managed with fewer drugs achieving similar 
plasma concentrations with fewer adverse events than het-
erozygous dogs and wild-type dogs at this gene locus, sug-
gesting that brain concentrations of anti-epilepsy drugs 
would be higher in the ABCB1-1Δ mutants (Munana 
et  al.  2012). This controversy remains to be resolved as 
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homozygous, ABCB1-1Δ dogs should have equal or higher 
brain concentrations of anti-epileptic drugs and more 
commonly used anti-seizure medications are not strong 
substrates for P-gp (West and Mealey 2007).

In large animals, most studies have evaluated the impacts 
of P-gp and inhibition of this pump on drug disposition. 
ABCG2 has been shown to be upregulated in lactation in 
cows (Otero et al. 2015). In this location, it is apparent these 
pumps function to add drugs and dietary components to the 
milk. While increased drug concentrations within the milk 
may be advantageous therapeutically, increased milk drug 
levels could result in violative residues (Otero et al. 2015). 
In this study, the reported ABCG2 mutation is a gain 
of  function change in which the heterozygous animals 
had  higher drug danofloxacin concentrations in the 
milk  of  animals receiving parenteral danofloxacin (Otero 
et  al.  2015). Likewise, milk concentrations of drugs are 
decreased when animals ate feed containing inhibitors of 
ABC-cassette transporters (Perez et al. 2013). Drugs used in 
food animals have also been shown to be inhibitors of 
ABCG2 and may alter the disposition of drugs to the udder 
(Barrera et al. 2012; Wassermann et al. 2013). Antibiotics 
(cephalexin, enrofloxacin, lincomycin, tilmicosin), other 
drugs (eprinomectrin, albendazole, flunixin, sodium salicy-
late) and dietary flavinoids (equol and quercetin) appear to 
be substrates of ABCG2 in vitro (Wassermann et al. 2013). 
Disposition of drugs to the udder of lactating animals may 
be modulated by drugs or dietary components and produce 
alterations in drug disposition. In the GI tract, inhibitors of 
transporters have been used to augment the parasite tissue 
concentrations of avermectin thereby improving the effi-
cacy of their use against drug-resistant Haemonchus spp. 
and other parasites (Lifschitz et al. 2010). It is not known 
whether inhibition of the ABCG2 function in the lactating 
mammary gland would impact plasma concentrations of a 
drug. Future studies should evaluate these questions as well 
as characterize differences between species and breeds to 
evaluate the impact of these ABC-transporters in animals.

­Feline Hypokalemia

Periodic hypokalemic polymyopathy in cats was originally 
described in Burmese kittens (Blaxter et al. 1986). These, 
and other authors, characterized the weakness as episodic 
myalgia, generalized weakness and, in some cases, weak-
ness of the neck and forelimb muscles (Blaxter et al. 1986). 
In more recent studies in the Burmese and Tonkinese 
breeds of cats, a nonsense mutation causing the production 
of a truncated version of lysine-deficient 4 protein kinase 
(WNK4) was detected (Gandolfi et  al.  2012). This kinase 
regulates the activity or inactivity of other kinases in the 

kidney and has an autophosphorylation site that regulates 
the activity of itself. The function of WNK4 is to down 
regulate a variety of sodium-chloride co-transporters, 
sodium channels and renal outer medullary potassium 
channels (Gandolfi et  al.  2012). The activity of WNK4 
regulates the relative status of renal regulation of volume 
versus potassium wasting. In the mutated form, potassium 
loss is severe enough to cause hypokalemia in these cats. 
Knowledge of the breed of cat and the clinical signs in this 
case would be important to recognize early on in planning 
for a specific procedure.

­Inherited Ventricular Arrhythmias 
and Sudden Death of German 
Shepherd Dogs

Ventricular arrhythmias leading to sudden cardiac death in 
German Shepherd dogs were first described in 1994 (Mosie 
et  al.  1994). Animals known to be from lines of affected 
dogs did not possess structural or functional indications of 
cardiac disease, were active and apparently free of signifi-
cant disease. Several died before their first year of age, 
often while sleeping or shortly after exercise. Of those dogs 
evaluated that died suddenly, each was observed to have 
intermittent episodes of polymorphic ventricular tachycar-
dia. All affected dogs were related to a single sire. Recently, 
Jesty and coworkers demonstrated that affected German 
Shepherd dogs demonstrated electrophysiologic altera-
tions due to abnormal calcium cycling within the affected 
dog’s myocardial cells (Jesty et al. 2013). Lowered expres-
sion of the gene ATP2A2 (Calcium transporting, ATPase) 
and the protein product transcribed (SERCA2a) was 
observed in severely affected German Shepherd dogs com-
pared to unaffected dogs (Jesty et al. 2013). There was an 
inverse correlation between severity of cardiac dysfunction 
and ATP2A2a expression. Further, analysis of the affected 
and control expressed sequences demonstrated several 
polymorphisms within the affected GSD cDNA. At present, 
there is no information regarding change of function SNPs. 
Future studies should analyze the potential significance for 
polymorphisms expressed in this dog phenotype as well as 
evaluate genomic DNA for the presence of non-coding 
(intronic) SNPs to determine whether promotors or other 
DNA binding sites are altered.

­Opioids and Other Polymorphisms

Opioids are commonly used to treat moderate-to-severe, 
acute, and chronic pain. Opioid receptors are widely dis-
tributed in animals and both endogenous opioid-like 
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compounds and exogenous (drugs) act at these receptors. 
The majority of these drugs are relatively inexpensive but 
potent, and the side effects well recognized. In spite of their 
common incorporation into analgesic protocols, variability 
in response between patients and their diseases are also 
common. Wide variation in both analgesic efficacy and the 
generation of intolerable side effects is of major concern 
for the patient.

Multi-modal approaches to pain management allow the 
use of smaller quantities of opioids, thereby reducing opioid-
associated adverse effects. Combinations of an opioid with a 
phenothiazine, benzodiazepine or α-adrenergic agents are 
commonly utilized. Common adverse effects observed with 
rapid IV dosing and prolonged dosing such as constipation, 
nausea, vomiting, anxiousness, respiratory depression are 
often clinically relevant.

In humans, variability in responses have been associated 
with variability in cytochrome P450 and phase II metabo-
lism and variation in genetic sequences of opioid receptors 
(Cregg et al. 2013). A number of other factors have been 
shown to be associated with decreased or increased efficacy 
or incidence of adverse effects with the use of some opioids 
in humans (Cregg et  al.  2013). Mu opioid receptor poly-
morphisms (OPRM1) in humans have been associated with 
increased dose requirements in acute and chronic pain 
subjects (Klepstad et  al.  2004; Chou et  al.  2006). Those 
individuals possessing the normal A allele at this location 
require less opioid for cancer-associated pain. In addition, 
individuals with variant mu opioid receptors (118 A>G 
variants) have fewer side effects (sedation, nausea, vomit-
ing) suggesting this variant receptor has lowered sensitivity 
to opioid binding (Cregg et al. 2013).

The transcription factor regulating expression of the mu 
opioid receptor gene (OPRM1) STAT6, and the β-arrestin 
(ARRB2) gene modulate the responses to opioids and opioid 
switching (Ross et al. 2005). Cytochrome P450 metabolism 
in humans, is involved in conversion of codeine to morphine 
(CYP450 2D6), oxycodone to oxymorphone (CYP450 2D6), 
and tramadol to O-desmethyltramadol (CYP450 2D6). 
Polymorphisms in human CYP450 2D6 are associated with 
variation in codeine metabolism from little analgesia (poor 
metabolizers) to high proportions of side effects (extensive 
metabolizers). Human CYP450 3A enzymes involved in 
metabolism of some opioids were associated with clinically 
relevant adverse events (Cregg et al. 2013). In humans, with 
over 100 known polymorphisms in CYP4502D6, phenotypic 
classification into poor, intermediate, extensive, and ultra-
rapid metabolizers is possible. In dogs, metabolism of 
opiates differs significantly from humans. Codeine is poorly 
absorbed in dogs, who produce little morphine via 
P-450  metabolism; rather, the major elimination pathway 
appears to be via glucuronidation to the codeine-6 

glucuronide (Kukanich  2009). In humans, phase II 
metabolism of morphine is primarily via UGT2B7. Morphine 
is converted to morphine 3-glucuronide (M3G) and 
morphine 6-glucuronide (M6G). Morphine 3-glucuronide 
does not bind to opioid receptors and has been incriminated 
in excitation, hyperalgesia and allodynia in some patients. In 
contrast, M6G binds to opioid receptors and has significant 
analgesic effects. Animal differences in conjugation 
reactions could contribute to adverse reactions observed 
clinically.

Little is known about the impact of these polymorphisms 
in animals. Opioid receptor polymorphisms have been 
reported in cattle, dogs, horses and swine (Hawley and 
Wetmore 2010; Li et al. 2003). In dogs, one polymorphism 
is predicted to be associated with “dysphoria.” Whereas, in 
swine, the two reported polymorphisms were observed in 
breeds displaying stereotypical behavior (Li et  al.  2003). 
A  greater understanding of these polymorphisms should 
prove valuable in guiding the use of opioids clinically. This 
may lead to better understanding of how adverse drug 
reactions occur and potentially interactions between these 
and other receptors.

Polymorphisms in the ABCB1 gene have been shown to 
alter the patient’s opioid response phenotype. For some 
variants, reduced morphine doses can be used resulting in 
less opioid-associated nausea and have been reported 
(Cregg et al. 2013). In contrast, in children, opioid-induced 
respiratory depression has been associated with polymor-
phisms in ABCB1 (Sadhasivam et  al.  2015). Like those 
polymorphisms present in humans, the well-characterized 
ABCB1-1Δ mutation in dogs is associated with central 
sedation and anesthesia after administration of loperamide 
(Sartor et al. 2004). To date, only two studies have docu-
mented opioid receptor polymorphisms in veterinary 
species.

Polymorphisms in catechol-O-methyltransferase have 
been shown to reduce the activity of this enzyme (>3-fold 
reduction) (Rakvag et al. 2005). In humans, these polymor-
phisms are associated with increased opioid-dose require-
ments and severity of nausea and vomiting (Laugsand 
et al. 2011). Human polymorphisms in catechol-O-methyl 
transferase (COMT) are associated with an individual’s 
“sensitivity to pain” (Zhang et al. 2015). Polymorphism of 
the COMT gene at rs4680 produces a missense mutation 
(valine to methionine). Decreased activity of the COMT 
protein has been associated with accumulation of catecho-
lamines and increased fentanyl requirements after surgery 
(Zhang et al. 2015). Several polymorphisms in COMT have 
been described in horses (Momozawa et al. 2005).

More investigation is needed to decipher the impact of 
polymorphisms in drug-metabolizing enzymes and trans-
porters. With the rapid development of recombinant 



﻿ Reference  25

large- and small-animal drug metabolism and disposition 
enzymes, more information regarding substrate selectivity 
will become available. As more information becomes avail-
able on substrate selectivity, especially in polymorphic 
enzymes, it will become possible to tease out potential or 
clinical adverse reactions. Clinical observations remain 

critical to pharmacogenetic evaluation of these important 
systems. Understanding of how drugs work in individuals 
will provide more precise guidelines on the use of drugs. 
Knowledge of breed-specific polymorphisms could alert 
the veterinarian to potential adverse reactions prior to 
sedation/anesthesia.
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Introduction

There are currently few “FDA approved” analgesic 
(“Banamine®,” Banamine Transdermal® – (flunixin), Resflor 
Gold® (florfenicol + flunixin), Draxxin KP® (tulathromy-
cin + ketoprofen)) and anesthetic drugs (lidocaine) approved 
by the FDA for use in farm animals.

Drugs from other classes commonly used in anesthesia 
and analgesia protocols (opiates butorphanol; morphine; 
fentanyl; buprenorphine), dissociative (ketamine; tilet-amine), 
α2 agonists (xylazine; detomidine; dexmedetomidine), 
benzodiazepines (diazepam; midazolam), phenothiazines 
(acepromazine), propofol, barbiturates (Surital; thiamylal), 
guaifenesin, tolazoline (α-adrenergic receptor antagonist), 
yohimbine (α-2 adrenergic receptor blocker), and Telazol 
(combination of tiletamine [dissociative] and zolazepam 
[benzodiazepine]) are used, and are generally safe for food 
animal patients. However, most have not been approved 
for use in farm animals, which means there is no estab-
lished drug or drug-metabolite tolerance and no estab-
lished WDTs. As such, there is limited data regarding the 
time interval required before the harvest of tissues or 
consumption of milk, eggs etc. in food animals.

When using FDA-approved drugs in an extra-label 
manner, the prescribing veterinarian has legal, moral, and 
ethical obligations to ensure food safety (there are no tissue 
residues at the time of harvest in the food animal species that 
have undergone 3.2 anesthetic procedures or provision of pain 
management protocols) (Heavner and Teske  1986). This 
makes provision of a suitable amount of time prior to consum-
ing food products (WDI) that is based upon scientific evidence.

­The Drug Approval Process and Animals

In food animals, drug approval for marketing involves spe-
cific interactions between the sponsor (pharmaceutical 

company) and the FDA Center for Veterinary Medicine. 
This approval process requires the evaluation of (i) animal 
safety, (ii) efficacy of proposed drug in animals, (iii) human 
food safety (evaluation of residues, concentrations in edi-
ble tissues), (iv) drug chemistry, (v) drug manufacture 
(identity, strength and purity of drug, consistency of drug 
product marketed and drug stability), (vi) environmental 
impacts of livestock drug use, (vii) all other information, 
and (viii) product labeling. These studies comprise the 
sections required for evaluation of a New Animal Drug 
Application (NADA). Total drug quantitation (parent drug 
and drug metabolites in tissues), and residence of these 
compounds within the injection site, and other edible parts 
of the animal are critical to define the time required for 
tissue residues to deplete to concentrations known to be 
safe for human consumption. Metabolite identification is 
important to develop analytical assays used to follow tissue 
residues in food as well as defining whether metabolites 
may have concerns (toxicological) for food safety.

Extra-Label Drug Use

Extra-label drug use (ELDU) simply means a licensed vet-
erinarian who possesses a valid veterinary client-patient 
relationship (VCPR) with a client and who chooses to use a 
drug(s) in a manner which is not in accordance with the 
approved drug label (21 CFR 530 subpart A General provi-
sions Definitions). This includes use for a disease/disorder 
not listed on the label, species not listed on label, doses, 
dose frequency or routes of administration not listed on the 
label and deviation from the label WDT (21 CFR Subpart A 
530.3 Definitions). The requirements for ELDU in food ani-
mals are promulgated by the FDA to limit the use of drugs 
to animals whose health is diminished to the point where 
suffering or death may occur without intervention. In 
emergent cases, ELDU is allowed when:
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1)  The ELDU is by the order of a licensed veterinarian in 
the context of a valid VCPR.

2)  There is no animal drug approved for this condition in 
food animals.

3)  There is an approved drug, but it does not contain the 
active pharmaceutical ingredient required.

4)  There is an approved drug for the intended use, but it 
is not prepared in the appropriate formulation (pill vs. 
suspension vs. parenteral dosage form).

5)  There is an approved animal drug, but it is provided in 
an excessive or inadequate dosage form.

6)  The practitioner has found in the context of a valid 
VCPR, that the approved dosage form is not clinically 
effective as labeled.

7)  FDA requirements for food animals require that 
approved human drugs may not be used if there is an 
approved drug for use in one species, in another spe-
cies requiring treatment.

8)  The veterinarian must ensure accurate records of use 
of this drug in an extra-label manner in one or more 
food animals.

9)  The veterinarian must provide follow up to ensure 
adverse reactions or failure of therapy.

10)  The veterinarian must also document:

a)	 The condition treated
b)	 Animal (species) treated
c)	 Dosage administered
d)	 Treatment duration
e)	 Number of animals treated
f)	 Provide a scientifically sound WDI prior to harvest 

(meat, eggs, other edible tissues or milk discard 
interval for milk) (https://www.fda.gov/animal- 
veterinary/resources-you/ins-and-outs-extra-label- 
drug-use-animals-resource-veterinarians#General_ 
Conditions_for_Extra-Label_Drug_Use) (FDA 2020).

The extra-label use of FDA-approved anesthetics and 
analgesic drugs in food animals requires that the prescrib-
ing veterinarian has legal responsibility to ensure the 
drugs are safe to use in the food animal species and 
that the drug (or drug metabolites) do not persist in tis-
sues eventually consumed by humans. ELDU is only 
allowed when the licensed DVM has established a valid 
VCPR. Further, ELDU by a lay person (not supervised by a 
DVM), ELDU in or on animal feed, ELDU that produces 
residues that may be harmful to the consumer and any 
residues present that exceed the safe level, safe concentra-
tion or established tolerance are not permitted (21 CFR 
530.11). In addition to appropriate labeling of the medica-
tion used for ELDU, labeling must include the veterinari-
an’s specific WDT for meat, milk, eggs, or other food 
consumed by humans.

Having few analgesic, sedative, and anesthetic agents 
approved for use in food animals makes their use 

contingent upon establishing suitable WDIs (WDI; the 
withdrawal interval is the time required for plasma, tissue 
drug levels to decline to below detectable levels and is 
assigned by the Veterinarian) for meat, milk or other food 
products to prevent the presence of drug residues in farm 
animals. Prior to 1994, the Federal Food, Drug and 
Cosmetic Act (FFDCA) prohibited veterinarians from 
using new animal drugs in a manner not stated on the 
drugs approved label. This requirement prohibited the 
use of approved drugs in an animal species that was not 
listed on the label, for an indication not included in the 
label and at dosages higher than provided on the label. 
This limited the veterinarian’s ability to prescribe drugs 
for species not included on the label, for altering the dos-
age form to be useful in small animals and for animals not 
considered major food-producing species (small rumi-
nants, cervids, exotic animals, pocket pets, etc.). Prior to 
the Animal Medical Drug Use Clarification Act 
(AMDUCA) of 1994, human labeled (FDA-approved) 
drugs were also not legally available for animals. In 1996, 
Title 21 of the code of federal regulations was amended to 
provide for ELDU in animals. This provided the frame-
work for implementation of the AMDUCA of 1994. While 
a major advancement in availability of drugs and flexibil-
ity in prescribing drugs in an extra-label manner, there 
are a number of requirements to be fulfilled when using 
drugs extra-label in a food-producing animal (See ELDU 
above). The veterinarian (undertaking ELDU) is legally 
responsible for ensuring the drug(s) are safe, efficacious 
and are not associated with the presence of drug residues 
that may be harmful if consumed by humans.

ELDU is only appropriate when the health of the animal 
is threatened or suffering, or death may occur without the 
treatment with these drugs. ELDU is not permitted when 
the drug used is meant to augment growth. In addition, 
ELDU by a lay person (unless supervised by a licensed vet-
erinarian), ELDU when a drug is delivered to animals in 
feed, when the treatment results in a drug residue that pro-
duces a risk to human health, or produces residue concen-
trations which exceed the established safe level, safe 
concentration, or tolerance is prohibited. For example, 
sedating an unmanageable animal by adding the drug to 
feed would not be allowed. Further, it would be very diffi-
cult to estimate the oral bioavailability of a drug and pro-
vide a suitable WDI if an injectable drug were given when 
mixed with the feed provided to a patient.

­The Withdrawal Time, Tolerance 
and Withdrawal Interval

WDT withdrawal time – The WDT is derived from the 
data collected in the sponsor’s NADA. In food animals, the 
study is conducted with approximately 20–25 animals 

https://www.fda.gov/animal-veterinary/resources-you/ins-and-outs-extra-label-drug-use-animals-resource-veterinarians#General_Conditions_for_Extra-Label_Drug_Use
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(mainly cattle) that are administered the sponsored com-
pound at one single time and groups of four to five animals 
are sampled at the site of the injection, as well as a wide 
variety of other tissues (organ, meat, organs [liver, kidney, 
etc.], fat and skin among other tissues) and the tissue con-
centrations of drug and drug metabolites are determined in 
these four to five animals over a period of time. The data 
are subjected to regression analysis through the drug con-
centration versus time points. The decline of concentration 
versus time points when log transformed should be linear. 
The WDT is taken as the point on the log-linear decline 
where statistical confidence is at least 95%. At this point, 
the residue levels in tissues of 99% of the study animals will 
have decreased to below the tolerance set for this drug. The 
result is an interval of time required for the concentra-
tion of the residue in target tissue(s) to decline below 
a concentration known to be safe for consumption. 
The time required for the concentrations to fall below 
the Tolerance, is established as the label WDT.

Drug tolerance  – The maximum concentration of a 
marker residue, or other residue indicated for monitoring 
that can legally remain in a specific edible tissue of 
a  treated animal (CFR Part 556 subpart B specific 
tolerances).

WDI – In ELDU, there is no safe concentration, drug tol-
erance or WDT. The WDI is a period which the veterinar-
ian assigns for the animal(s) to deplete tissue-drug levels to 
a safe concentration prior to sale of milk, meat, eggs or 
other foods. The WDI is not the same as the WDT, which is 
determined by the FDA in consultation with the drug spon-
sor and appears upon the FDA-approved drug label.

­Establishment of the Extended Withdrawal  
Interval

The use of anesthetic, sedative, tranquilizing, and analgesic 
drugs in food animals is problematic for the veterinarian 
because there is no established safe concentration or drug 
tolerance for most of these drugs in food animals. Likewise, 
while the Food Animal Residue Avoidance Databank 
(FARAD) is a valuable resource for the practitioner, since 
there are few approved products (anesthetic, analgesic) for 
FARAD to utilize, their recommendations are not uncom-
monly conservative. When using a drug in an extra-label 
manner, developing a WDI or time required for an animal 
to clear the drug to below the safe/detectable level is one of 
the factors that must be provided to prevent residues in 
food. In the US, the FARAD program is an online resource 
containing a variety of options for ELDU, including 
“request advice,” “WDI look-up,” “withdrawal date calcula-
tor” and the FARAD bibliographic database of citations 
among other features (www.FARAD.org). The “request 
advice” for ELDU requires your contact information, the 

species of animal being treated, number of animals treated, 
average body weight, whether you are interested in meat, 
milk, egg WDT, the number of drugs administered, the 
drug or tradename, the route of administration, the total 
dose of the drug administered, and the number of doses 
administered. You will also have space for free-text compo-
sition of the rationale for drug use. Once submitted, you 
will receive a confirmation of submission via email and a 
proposed WDI from FARAD within approximately 
72 hours. Obtaining a scientifically developed WDI from 
FARAD may also protect the prescriber (Riviere et al. 1998). 
In its current position, FARAD recommendations may be 
the most-timely resource that utilizes data obtained from a 
wide variety studies of drug classes in current use.

Establishing a WDI for anesthetic and analgesic drugs 
has been associated with several well-described methods. 
First, Riviere et  al. (1998) provided several examples of 
how using the elimination half-life (and slope of terminal 
portion of the concentration versus time curve) to provide 
an approximate time interval after which drug concentra-
tions decline to near zero in the animal. Drugs that follow 
“first-order” kinetics decline by 50% of the total dose 
administered in one half-life (dose-independent kinetics). 
Essentially, if you administer 10 g of drug to an animal, 
after one half-life (definition: time required for half of the 
drug to be eliminated) there is only 5 g remaining. After ten 
half-lives, there would only be 19.53 mg remaining (99.9% 
of drug is eliminated). Using the rate of drug elimination 
from the plasma, and the knowledge that the half-life of 
elimination is five hours, ten half-lives would be 50 hours. 
After ten half-lives, less than 0.2% of drug remains and 
99.9% has been eliminated. The time required for the drug 
to decline to below the drug tolerance would be 
two days + 2 hours. Rounding up to three days will create a 
conservative estimate of the WDI. The assignment of a 
WDI in the examples provided above, may also be scientifi-
cally valid if the dose of a drug is increased (doubled) to 
treat a disease process not included in the approved label. 
In cases where the drug is known to decline from tissue in 
a linear fashion, it would take one additional half-life for 
drug concentrations to decline to the original dose of 10 g. 
Unfortunately, for most anesthetic agents used in food ani-
mals, there is little information regarding the half-life of a 
drug in tissue. Thus, making an estimate more conserva-
tive is important.

Martin-Jimenez et al. (2002) demonstrated an algorithm to 
calculate WDI using the drug label WDT and the slope of the 
terminal tissue depletion profile. While the results of the com-
parison of approved WDT and calculated WDI were similar, 
the computer software is available to FARAD and software 
available on Android phones (Martin-Jimenez et al. 2002).

Baynes et al. (1999) developed the provisional acceptable 
residue (PAR) strategy to produce safe concentrations 
(PAR) to develop drug WDIs. Using health-based metrics, 

www.FARAD.org
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one could calculate a PAR that would not allow consump-
tion of residues above the safe level (Baynes et al. 1999). 
Likewise, the calculation of a provisional acceptable toler-
ance is derived from similar approaches to construction of 
the WDT intervals. The impetus for this health-based study 
was that any residue present in tissue, milk, etc. from an 
ELDU, would violate law if there are no tolerance or safe 
concentrations established. Like Martin-Jimenez et  al. 
(2002), Baynes et  al. created Provisional Acceptable 
Residue for milk and tissues based upon average daily 
intake (ADI) and food consumption values (FCVs).

Feasibility of establishing a WDI based on tissue half-
lives (half-life multipliers) was later proposed by Gehring 
et al. (2004). In this study, the authors used the approved 
label WDT as it is the time required for drug residues to 
decline to drug tolerance levels. As such, if one were to con-
duct a tissue residue study for a specific drug, how many 
half-lives would be required prior to declining to the estab-
lished drug tolerance? In terms of the half-life multiplier, 
the ratio of the extra-label WDI/label WDI is evaluated in 
terms of the half-life multipliers to define the time required 
for tissue-drug concentrations to fall below the drug toler-
ance level. In this study, half-life multipliers (smaller num-
bers) result in longer residence of tissue residues. This 
makes the WDI more conservative in terms of residues. The 
authors used the slope of the tissue residue decline curve to 
calculate a tissue residue half-life. Their results indicated 
that there is some merit to the use of the WDT (calculated 
by defining the 95% confidence that 99% of the animals 
would have cleared the drug) which is superior to using 
half-lives derived from pharmacokinetic studies. The inves-
tigators also suggested that the use of smaller half-life mul-
tipliers will provide more conservative estimates of the WDI.

Since practitioners and anesthesiologists are often asked 
to anesthetize animals whose health status may be severely 
compromised, significant illness with the possibility of 
having altered metabolism and drug clearance would likely 
be associated with altered drug kinetics in these patients. 
Recent studies document alteration of kinetic parameters 
of drugs used in clinically sick animals. Several studies 
document prolonged elimination associated with clinical 
mastitis in dairy animals. Gordon et al. 2018 demonstrated 
altered plasma Ceftiofur Crystalline Free Acid elimination 
slope and half-life of the elimination phase in cattle with 
experimentally induced Escherichia coli mastitis. Their 
data supported an increase in the bioavailability corrected 
apparent volume of distribution in diseased cows com-
pared with control cows (Gordon et  al.  2018). The same 
group of investigators also described altered kinetics of 
drugs in cattle with severe clinical mastitis after natural 
infection (Gordon et al. 2016). When ruminants are signifi-
cantly compromised (anorexic, dehydrated, hepato-renal 

compromise) resulting in prolongation of the elimination 
half-life, increasing the WDI may be necessary.

­Anesthetic Drugs – General Characteristics

Anesthetic drugs are not commonly reported as a cause of 
drug residues that violate the FFDCA in food animals. This 
might be associated with a limited submission of samples 
for anesthetic drugs or limited analysis of these drugs when 
samples are submitted. Papich noted that anesthetic drugs 
are less likely to cause residues for a number of reasons 
(Papich  1996). First, anesthetic protocols are often short 
term and this would be associated with limited drug accu-
mulation during the procedure compared with daily doses 
of an antibiotic to treat a bacterial infection. Another rea-
son cited by Papich was that the half-lives of many 
anesthesia-related drugs are short. This would be associ-
ated with more rapid clearance of drugs in a healthy ani-
mal. Further, when animals undergo surgical procedures, 
the surgical wounds and the recovery of the animal may be 
prolonged, such that the animal may not be useful to a sale 
barn until these wounds have healed and the animal’s 
physiology has normalized. The prolonged healing and 
recovery would provide ample time prior to marketability. 
Most of the drugs used in cattle, sheep and goats are given 
via intravenous (IV) administration. This would limit the 
tissue residues in animals undergoing surgical procedures 
in comparison to administration of the drug into the mus-
cle or via sub-cutaneous routes. The drugs used are often 
very potent. Using more potent drugs would require much 
smaller doses and reduce the impact of drug residues in 
tissue. Finally, these procedures are always accompanied 
by the input of a veterinarian. This limits the actual expo-
sure to tissue residues under most circumstances.

Analgesic Drugs

There are few drugs approved for use in pain management 
of food animals in the US. Those few drugs which are 
approved for fever, or in endotoxic crises, can be used in an 
extra-label manner as indicated on the drug label. While 
the public often demands the use of some of these agents, 
the FDA has remained steadfast in their reluctance to 
approve the use of analgesic and anesthesia agents based 
upon human health concerns (Smith  2013). Analgesic 
drugs of the NSAID classes are available in many countries. 
Flunixin, ketoprofen, carprofen, tolfenamic acid, meloxi-
cam, and phenylbutazone and are approved for use in food 
as well as other species. Carprofen, tolfenamic acid, while 
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used in other countries, is not approved for use in food ani-
mals in the US. Since flunixin is approved in the US for the 
same or similar indications, AMDUCA would indicate that 
one must use the approved drug. This would require a sci-
entifically sound WDI.

Phenylbutazone has long been used in livestock for pain 
management. However, drug residues in tissue and milk 
products have highlighted some concerns by the FDA. There 
are significant concerns about residues of this NSAID and 
the FDA banned the use of this drug in dairy animals 
20 months of age or older (after lactation starts). Residues 
in beef cattle became evident after studies showed the half-
life of this drug in cattle is prolonged (36–60 hours) 
(Smith 2013). Ketoprofen is currently approved for use in 
the US in livestock in combination with tulathromycin 
(Draxxin KP®). Likewise, florphenicol (antibiotic) was 
combined with flunixin in one injection (Resflor Gold®). 

Meloxicam, while not approved for use in the US, is com-
monly used for pain management in food animals.

­Precautionary Comments – Euthanasia

One exception to the limited exposure of humans or animals 
to anesthetic drugs is the use of pentobarbital or related 
drugs for the process of euthanasia (Payne et  al.  2015). 
Whenever pentobarbital is used for euthanasia, the animal 
should be digested, buried deeply or composted in a manner 
which prevents scavenging. Because pentobarbital is used in 
very large quantities and not degraded in the dead animal, 
scavenging animals may consume significant, even fatal 
quantities of pentobarbital (Payne et al. 2015). Thus, the vet-
erinarian should supervise the disposal process ensuring 
their instructions are followed (O’Connor et al. 1985).
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Introduction

α2 receptor agonists provide reversible sedation, anxiolysis, 
analgesia, and muscle relaxation and have been clinically 
used in a variety of species for more than four decades. 
Xylazine, clonidine, detomidine, medetomidine, dexme-
detomidine, and romifidine are currently available for use 
in veterinary patients. The available α2 antagonists, includ-
ing yohimbine, tolazoline, and atipamezole, reverse the 
desired and adverse effects of α2 agonists, whereas the 
peripherally restricted α2 antagonist, vatinoxan, interferes 
mainly with the initial cardiovascular effects of α2 agonists.

α2 Receptors

Adrenergic receptors are intermediaries of the sympathetic 
nervous system, binding catecholamines resulting in tis-
sue- and cell-specific effects. α receptors were originally 
differentiated from β-adrenergic receptors by their 
catecholamine-binding profiles (Ahlquist  1967). Further 
pharmacologic and molecular techniques, including pro-
duction of genetically modified mice, have identified two 
primary classifications of α receptors: α1 and α2, and three 
substantially homologous α2-adrenergic receptor subtypes: 
α2A, α2B, and α2C receptors. The α2D receptor is a species-
specific (rat, mouse, cow, guinea pig, and chicken) ortholog 
of α2A receptors (identified in humans, pigs, rabbits, and 
dogs) that displays an identical agonist-binding profile but 
dissimilar antagonist pharmacology (Bond et  al.  2014). 
This receptor will be referred to as α2A throughout.

α2 receptors belong to the large class of G-protein cou-
pled receptors (GPCRs) that span the cell membrane and 
are intimately associated with intracellular signal trans-
ducers known as G proteins. “G” refers to the guanine 
diphosphate (GDP) bound by these heterotrimeric proteins 
in the inactive state. Extracellular binding of catechola-
mines causes the G protein to exchange GDP for guanine 

triphosphate (GTP) and split into various subunits that 
interact with downstream cellular mediators. All subtypes 
of α2 receptor are coupled to inhibitory G proteins that 
result in inhibition of adenyl cyclase-mediated production 
of cyclic adenosine monophosphate (cAMP), inhibition of 
voltage-gated Ca2+ channels, and stimulation of inwardly 
rectifying K+ channels, thus hyperpolarizing the cell and 
dampening cellular activity.

Distributed throughout the central and peripheral nerv-
ous system, and in many other tissues, α2 receptors occupy 
pre- and post-synaptic positions. A minority of α2 receptors 
are located extra-synaptically, e.g. on platelets. Pre-synaptic 
α2 receptors are grouped into autoreceptors and heterore-
ceptors. Autoreceptors, largely of the α2A subtype, form an 
inhibitory feedback loop on adrenergic neurons, managing 
the release of their own endogenous agonist, norepineph-
rine (Figure  4.1). Pre-synaptic α2 receptors that regulate 
neurotransmitter release (e.g. serotonin, gamma aminobu-
tyric acid [GABA], acetylcholine) on non-adrenergic neu-
rons are termed heteroreceptors (Feuerstein et al. 1993).

The α2A receptor is the principal mediator of central sed-
ative and sympatholytic effects of α2-agonist drugs 
(Lakhlani et al. 1997). Initial evidence indicated that α2A 
autoreceptors mediated these effects (Lakhlani et al. 1997; 
Link et al. 1996). Interestingly, a recent study suggests that 
many of the pharmacodynamic effects of α2 agonists are a 
result of activation of α2A heteroreceptors on nonadrener-
gic neurons. Transgenic mice that do not express α2A het-
eroreceptors (but do have functional α2A autoreceptors) do 
not experience the sedative, antinociceptive, anesthetic-
sparing, or hypothermic effects of dexmedetomidine 
(Gilsbach et al. 2009).

Sedative and Analgesic Effects

The sedative effects of α2-agonist drugs have been localized 
to the locus coeruleus (LC), a pontine nucleus involved in 
arousal and vigilance (Correa-Sales et al. 1992). Sedation is 
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thought to be due to activation of an endogenous sleep-
promoting pathway, involving inhibition of the LC and 
subsequent disinhibition of the ventrolateral preoptic 
nucleus in the hypothalamus (Nelson et  al.  2003). 
Separation of the loss of righting reflex from sedation in 
genetically modified mice implicates the preoptic hypo-
thalamus as the primary mediator of sedation generated by 
low-dose dexmedetomidine (Zhang et al. 2015).

The profound analgesic effects of α2 agonists are pre-
dominantly mediated by α2A receptors in the brainstem 
and the dorsal horn of the spinal cord through pre- and 
post-synaptic mechanisms. Stimulation of α2 receptors in 
the LC by systemic administration of low doses of dexme-
detomidine results in descending pontospinal inhibition 
of post-synaptic transmission in the substantia gelatinosa 
(SG) (Funai et al. 2014). Activation of α2A heteroreceptors 
on C-fiber afferents in the SG decreases release of 
substance P and glutamate, contributing to the analgesic 
effects of α2 agonists (Kawasaki et  al.  2003; Chen 
et al. 2007; Gilsbach et al. 2009). In addition, activation of 

post-synaptic α2A and α2C receptors inhibits nociceptive 
transmission in spinal interneurons and projection neu-
rons (Stone et  al.  1998; Fairbanks et  al.  2002; Nazarian 
et al. 2008; Ishii et al. 2008).

Synergistic analgesic effects between opioids and α2 ago-
nists occur at the level of the spinal cord: α2A and α2C recep-
tors co-localize with μ and δ opioid receptors on nociceptive 
primary afferents and spinal interneurons in the superfi-
cial layers of the dorsal horn. Formation of α2-opioid heter-
omers augments downstream signaling pathways, 
including production of protein kinase C and calcitonin 
gene-related peptide (Schuster et  al.  2013; Chabot-Doré 
et al. 2015).

Peripheral nerve injury leads to increased expression of 
α2 receptors on primary nociceptive afferents and enhances 
G protein coupling (Bantel et al. 2005) and α2 agonists can 
interrupt the resultant exaggerated nociceptive signaling. 
Activation of inhibitory cholinergic interneurons by α2 
agonists and resulting increases in spinal acetylcholine 
concentrations have been documented in experimental 

Figure 4.1  α2-agonists interact with pre-synaptic receptors on noradrenergic and non-noradrenergic neurons to decrease 
neurotransmitter release.
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neuropathic pain states (Kimura et al. 2012). In addition, 
microglial activation, which significantly contributes to the 
development and maintenance of chronic pain, is reduced 
by α2 agonists (Xu et al. 2010; Li et al. 2014).

Many α2 agonists also engage with imidazoline binding 
sites in the central nervous system (CNS), platelets, pan-
creas, and liver. Imidazoline receptors inhibit monoamine 
oxidase activity, increasing concentrations of serotonin 
and norepinephrine (Lanza et  al.  2014) and may be 
involved in some of the clinical effects of α2 agonists, 
including cardiovascular effects and analgesia.

Cardiovascular Effects

Parenteral administration of α2 agonists induces a biphasic 
hemodynamic response characterized by initial vasocon-
striction, bradycardia and reduced cardiac output, followed 
eventually by a vasodilation, hypotension, and continued 
bradycardia and reduced cardiac output.

Activation of post-synaptic α2B receptors on arterial 
smooth-muscle cells results initially in arterial and venous 
vasoconstriction and a baroreceptor-mediated decrease in 
heart rate and cardiac output that is only partially dose-
dependent and exhibits a ceiling effect (Link et  al.  1996; 
Sarazan et  al.  1989; Pypendop and Verstegen  1998). The 
vasoconstrictive effects of α2 agonists extend to the coronary, 
cerebral, and pulmonary circulation (Zornow et  al.  1990; 
Flacke et al. 1993; Pypendop et al. 2011). A direct effect of α2 
agonists on cardiac muscle does not occur (Schmeling 
et al. 1991; Flacke et al. 1992).

The initial reflex bradycardia caused by α2 agonists can be 
mitigated by the administration of anticholinergics. 
However, the combination of α2 agonist and an anticholin-
ergic results in hypertension, increased myocardial work, 
and increased incidence of arrhythmias without causing a 
significant increase in cardiac output compared to an α2 
agonist alone (Congdon et al. 2011). If unstable bradycardia 
occurs closely following α2 agonist administration, reversal 
of the drug may be the best choice. However, this may lead 
to an unwanted decrease in sedation. In dogs, another 
course of action can be administration of a lidocaine bolus 
to increase heart rate and cardiac output (Tisotti et al. 2021).

Eventually, a reduction in sympathetic tone mediated by 
hypothalamic pre- and post-synaptic α2A receptors pre-
dominates, leading to continued bradycardia, reduced car-
diac output and peripheral vasodilation (Guyenet and 
Cabot 1981; Bloor et al. 1992b). It is this central sympatho-
lysis, which appears to predominate at low doses, that is 
the basis for the use of oral α2 agonists as antihypertensives 
in humans.

The magnitude of the cardiovascular responses and how 
long the initial phase lasts are dependent on the specific 

drug, dose, route of administration and species in which it 
is used (Bloor et al. 1992a, 1992b; Ringer et al. 2013).

In addition to sinus bradycardia and sinus arrhythmia, 
α2 agonists may cause first- and second-degree atrioven-
tricular block. More consequential abnormal rhythms are 
occasionally reported including premature ventricular 
contractions and asystole. However, α2 agonists are gener-
ally identified as anti-dysrhythmic in that they tend to 
increase the dose of epinephrine required to cause ventric-
ular arrhythmias (Hayashi et al. 1991; Lemke et al. 1993).

Respiratory Effects

The respiratory effects of α2 agonists include decreases in 
respiratory rate with no or minimal development of hyper-
carbia (Wagner et al. 1991; Kuo and Keegan 2004; Ringer 
et  al.  2013). However, the ventilatory response to carbon 
dioxide is depressed by α2 agonists (Lerche and Muir 2004).

Hypoxemia, thought to be related to ventilation-
perfusion mismatching, may develop but is generally 
absent or mild when α2 agonists are administered alone to 
healthy dogs, horses, cats, and pigs (Wagner et  al.  1991; 
Tendillo et  al.  1996; Lamont et  al.  2001; Kuo and 
Keegan  2004). Ruminants, including goats (Kutter 
et al. 2006) and cattle (Rioja et al. 2008), appear to be more 
sensitive to the respiratory side effects of α2 agonists and, in 
sheep, severe hypoxemia that may not be completely 
reversed by the administration of α2 antagonists can 
develop. This has been attributed to the activation of pul-
monary intravascular macrophages and the subsequent 
development of interstitial edema as well as changes 
in  pulmonary mechanics (Celly et  al.  1997b; Kutter 
et al. 2006). Overt hypoxemia may also develop in rabbits 
following administration of α2 agonists (Cardoso 
et al. 2020). α2 agonists cause a decrease in thoracic compli-
ance and increases in airway resistance and dead space in 
anesthetized sheep and goats (Kutter et  al.  2006). Upper 
airway resistance increases with xylazine sedation in stand-
ing horses (Tomasic et al. 1997) and this likely occurs in 
other species as well. Patients administered α2 agonists 
should be monitored carefully for airway patency and 
decreases in hemoglobin saturation. In addition, oxygen 
supplementation should be provided, especially when α2 
agonists are combined with other sedatives and analgesics.

Other Organ Effects

Renal blood flow (RBF) tends to decrease after adminis-
tration of α2 agonists (Lawrence et  al.  1996; Talke 
et al. 2000). Diuresis can be expected following α2-agonist 
administration, due to decreases in production of anti-
diuretic hormone, increases in atrial natriuretic peptide, 
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and activation of renal sympathetic nerves (Burton 
et al. 1998; Menegaz et al. 2001; Saleh et al. 2005; Murahata 
et al. 2014).

The endocrine effects of α2 agonists include a decrease in 
the stress response (Flacke et al. 1993; Rizk et al. 2012) and 
decreased insulin release. In addition to a centrally mediated 
decrease in sympathetic outflow, regulation of catechola-
mine release from the adrenal medulla occurs via activation 
of all three α2-receptors subtypes on adrenal chromaffin 
cells (Moura et al. 2006). This effect has been manipulated 
clinically to promote hemodynamic stability in the manage-
ment of pheochromocytoma patients. Agonism of α2A recep-
tors on pancreatic β cells decreases insulin release and can 
cause hyperglycemia (Burton et  al.  1997; Guedes and 
Rude  2013; Kodera et  al.  2013). This effect has been sug-
gested as beneficial in the perioperative management of 
dogs with insulinomas (Guedes and Rude 2013).

Gastrointestinal (GI) effects of α2 agonists include relaxa-
tion of the lower esophageal sphincter (Strombeck and 
Harrold  1985), inhibition of gastric emptying (Doherty 
et  al.  1999), decreased intestinal contractility (Merritt 
et al. 1998; Zullian et al. 2011) and increased intestinal tran-
sit time (Hsu and McNeel  1983). A gastroprotective effect 
has been suggested as α2 agonists reduce gastric-acid pro-
duction and inhibit ulcerogenic actions of nonsteroidal anti-
inflammatory agents (Gyires et al. 2000; Zádori et al. 2011).

Hypothermia and decreased febrile responses occur fol-
lowing administration of α2 agonists and are mediated by 
central α2A receptors (Szreder 1997; Lähdesmäki et al. 2003; 
Kendall et al. 2010). Blockade of excitatory adrenergic output 
from the medulla prevents thermogenesis in brown adipose 
tissue as well as skeletal-muscle shivering (Madden 
et al. 2013). The initial peripheral vasoconstriction caused by 
α2 agonist administration may lessen cutaneous heat loss 
(Sinclair 2003). Indeed, heat loss was faster and greater when 
the peripheral α2 antagonist MK-467 was added to medeto-
midine/butorphanol sedation (Vainionpää et  al.  2013a). 
However, temperature should be monitored and precautions 
should be taken to prevent heat loss whenever heavy seda-
tion occurs as a result of α2 agonists.

Contraindications

Caution should be exercised with administration of α2 ago-
nists to patients that are hemodynamically unstable and 
when administered in conjunction with other sedatives and 
analgesics, dose reduction is warranted as sedative and car-
diopulmonary effects may be compounded. Contraindications 
to the use of α2 agonists include co-existing disease in which 
systemic or pulmonary vasoconstriction could be detrimen-
tal and when vomiting, diuresis, or hyperglycemia could be 
problematic.

Specific α2 Receptor Agonists

Clonidine

Originally designed as a nasal decongestant, clonidine was 
introduced commercially as an anti-hypertensive agent for 
humans in 1966 (van Zweiten 1980; Stähle 2000). It is an 
imidazoline derivative, displays weak activity at α1 recep-
tors, and is a partial agonist at α2 receptors (Guyenet 1997) 
(Table 4.1).

Clonidine is a highly lipid soluble drug with a large 
volume of distribution (Dirikolu et  al.  2006). A two-
compartment model was the best fit for the pharmacoki-
netic data in rats and cats with a rapid distribution phase 
and elimination half-life of 49–77 minutes. The volume of 
distribution at steady state was quite large, although 
increasing the dose resulted in a decreased volume of dis-
tribution and a higher percentage of clonidine in the cen-
tral compartment (Paalzow and Edlund 1979).

Clonidine is most commonly used as an oral anxiolytic in 
dogs and it can be administered at home prior to transport 
to sedate and calm anxious patients. A parenteral form is 
available and intravenous (IV) and epidural use in animal 
species is reported. Clonidine is identified as a Class 3 
agent by the Association of Racing Commissioners 
International and it may be illegally administered prior to a 
race to reduce pulmonary arterial pressure and exercise-
induced pulmonary hemorrhage in horses (Dirikolu 
et al. 2006).

Epidural administration has been reported in dogs 
(Ghignone et  al.  1987), pigs (Gordh and Hartvig  1986), 
sheep (Castro and Eisenach 1989), horses (Dória et al. 2008), 
and cattle (de Rossi et al. 2003). Although plasma concen-
trations are low after epidural administration, systemic side 
effects such as sedation and hypotension can result. IV clo-
nidine reduces the minimum alveolar concentration of 
halothane in dogs (Bloor and Flacke  1982). The central 
hypotensive effects tend to predominate after administra-
tion of clonidine (Hood et al. 1995). Clonidine, like other α2 
agonists, causes severe hypoxemia in sheep (Celly 
et al. 1997a).

Table 4.1  α2:α1 selectivity of various α2 receptor agonists.

Drug α2:α1 selectivity

Xylazine 160 : 1

Clonidine 220 : 1

Detomidine 260 : 1

Romifidine 340 : 1

(Dex)Medetomidine 1620 : 1
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Xylazine

Xylazine was first used in veterinary practice in the late 
1960s. It does not have an imidazole ring and displays the 
lowest α2: α1 selectivity of the commonly available α2 ago-
nists (Table 4.1). Interestingly, cattle are more sensitive to 
the sedative effects than are dogs or pigs and this may be 
related to species differences in efficiency of coupling of 
the α2A receptor to its G proteins (Törneke et al. 2003).

The pharmacokinetic profile of xylazine is similar among 
dogs, cattle, horses, and sheep, with rapid distribution into 
a large volume and a half-life between 1.2 and 6 minutes 
(Garcia-Villar et al. 1981). Absorption after intramuscular 
(IM) administration is rapid and bioavailability is 38–45% 
in the horse and sheep whereas it is approximately 74% in 
dogs (Garcia-Villar et  al.  1981; Kaukinen et  al.  2011). 
Plasma concentrations were not detectable in cattle 
although sedative effects were documented (Garcia-Villar 
et al. 1981). Pharmacokinetic variables after intraosseous 
administration in horses do not differ significantly from IV 
administration (Santonastaso et al. 2014).

Xylazine undergoes extensive and rapid hepatic metabo-
lism with phase I transformation mediated by CYP3A 
microsomes (LaVoie et al. 2013).

Xylazine is most commonly used in horses and cattle as a 
sedative for standing procedures, an analgesic for acute 
colic, sedation prior to general anesthesia, and as an infu-
sion during general anesthesia to reduce inhalant require-
ments. It is also used to delay and improve recovery from 
inhalant anesthetics in the horse. Xylazine may be admin-
istered in the epidural space or as an IV infusion in the 
standing large animal patient for analgesia. Xylazine, in 
combination with other drugs, is used extensively in labo-
ratory species such as rats, mice, and rabbits to induce and 
maintain anesthesia. It is occasionally used in small-animal 
patients as a premedication or part of a total IM or IV anes-
thetic protocol, although more α2-specific agents are usu-
ally chosen for dogs and cats. Indeed, an increased risk of 
general anesthesia-related mortality has been documented 
with the administration of xylazine to dogs (Dyson 
et al. 1998). Activation of α2 receptors in the chemorecep-
tor trigger zone can cause emesis and xylazine is consid-
ered by many to be the emetic of choice for cats.

During general anesthesia, IV xylazine reduces the mini-
mal alveolar concentration (MAC) of halothane in dogs 
(Tranquilli et  al.  1984) and of isoflurane in horses in a 
dose-dependent manner (Steffey et  al.  2000). Epidural 
administration of xylazine to dogs reduces the MAC of iso-
flurane with minimal systemic cardiopulmonary effects 
(Soares et al. 2004) and, by this route in horses, it reduces 
the MAC of halothane without causing ataxia in recovery 
(Doherty et  al.  1997). Post-anesthetic administration of 

xylazine improves recovery characteristics in horses after 
general anesthesia (Ida et al. 2013).

Cardiopulmonary effects of xylazine are as expected of 
α2 agonists, with an initial increase in systemic vascular 
resistance (SVR) accompanied by bradycardia and reduced 
cardiac output (Haskins et al. 1986; Carter et al. 1990). This 
is followed quickly by a long-lasting hypotension, contin-
ued bradycardia, and reduced oxygen delivery (Wagner 
et al. 1991; Rioja et al. 2008; Ringer et al. 2013). Xylazine 
tends to be arrhythmogenic in nature (Wright et al. 1987) 
and it has been suggested that this is due to the relatively 
high α1 receptor affinity (Grimsrud et al. 2015). In healthy 
horses, IV xylazine decreases cerebrospinal fluid (CSF) 
pressure (Moore and Trim 1992) and GI motility (Nakamura 
et al. 1997; Merritt et al. 1998). IM doses of xylazine up to 
4.0 mg/kg do not affect intraocular pressure in dogs and 
changes in pupil size do not occur (Kanda et  al.  2015). 
Xylazine administration increases uterine tone and can 
decrease uterine blood flow (Sakamoto et al. 1996).

Detomidine

Detomidine is an α2-receptor agonist with an imidazole 
ring, introduced into clinical practice in the 1980s as a sed-
ative and analgesic for horses and cows. In these species, 
detomidine is rapidly absorbed and distributed, with IV 
administration resulting in higher plasma concentrations 
with a shorter half-life than IM administration (Salonen 
et  al.  1989; Grimsrud et  al.  2009; Mama et  al.  2009). 
Maximal exercise increases the volume of distribution, 
leading to lower peak plasma concentrations and slower 
elimination in horses (Hubbell et  al.  2009). Sublingual 
detomidine gel exhibits a bioavailability of 22% in horses 
with wide individual variability. The peak plasma concen-
tration following sublingual administration was higher 
than that reported for IV administration; however, collec-
tion of samples for detomidine assays from the jugular vein 
may have affected these results (Kaukinen et  al.  2011). 
Detomidine undergoes extensive and rapid hepatic metab-
olism in horses and rats (Salonen and Suolinna  1988; 
Salonen et al. 1989).

Detomidine is most commonly used as an analgesic and 
sedative in horses and cattle when a longer duration of 
action than xylazine is required. It results in a dose-
dependent duration, but not intensity, of sedation and anal-
gesia in horses (Kamerling et al. 1988). IV infusions are also 
described in the horse for standing procedures. Epidural 
administration is reported in horses (Fischer et  al.  2009), 
cattle (Prado et al. 1999), dogs (Pohl et al. 2012), and buffalo 
(Tiwari et  al.  1998). In conscious cattle, epidural detomi-
dine at 40 mcg/kg produced similar systemic effects as the 
same dose administered IM and did not appear to offer an 
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analgesic advantage (Prado et  al.  1999). A sublingual 
formulation is labeled for use in horses, with maximal seda-
tive effects occurring approximately 45 minutes after 
administration. Detomidine gel is occasionally used to facil-
itate handling of anxious dogs (Hopfensberger et al. 2013). 
Detomidine use in injectable combinations for total IM 
anesthesia has been reported in a variety of wild species.

Detomidine reduces the minimum alveolar concentra-
tion of isoflurane in horses in a dose-dependent manner 
(Steffey and Pascoe 2002). However, one group was unable 
to identify a reduction in isoflurane requirements in horses 
with administration of detomidine at 5 mcg/kg/hr 
(Schauvliege et al. 2011).

The cardiovascular effects of detomidine are similar to 
other α2-receptors agonists (Still et al. 1996) but, in horses, 
are more pronounced and longer lasting than those caused 
by xylazine or medetomidine (Yamashita et  al.  2000). 
During general anesthesia, IV detomidine increases SVR 
and mean arterial pressure and decreases heart rate, car-
diac index, and arterial oxygen content (Still et  al.  1996; 
Schauvliege et al. 2011).

Mild hypoxemia develops after detomidine administra-
tion in horses and is the result of VQ mismatching. In addi-
tion, respiratory rate decreases, and arterial carbon dioxide 
concentrations increase slightly (Nyman et  al.  2009). As 
with other α2 agonists, detomidine can induce severe 
hypoxemia in sheep (Celly et al. 1997b).

Horses receiving 20 mcg/kg detomidine IV experienced 
reductions in intraocular pressure of approximately 
15–20% (Holve  2012). Detomidine decreased myometrial 
tone in pregnant mares (Jedruch et al. 1989) but increased 
intrauterine pressure has been documented in non-
pregnant mares (Schatzmann et al. 1994). In horses with 
insulin dysregulation, as part of equine metabolic syn-
drome, detomidine administration causes less rebound 
hyperinsulinemia when compared to xylazine (Kritchevsky 
et al. 2020).

Medetomidine

A lipophilic derivative of detomidine, medetomidine exhib-
its a strong affinity for α2 receptors (Table 4.1). It is a race-
mic mixture of the pharmacologically active dextrorotary 
enantiomer and the inactive levorotary enantiomer 
(Kuusela et al. 2000). The sedative and analgesic effects are 
mediated by central α2A receptors whereas initial cardiovas-
cular effects are due to peripheral α2B activation (Scheibner 
et al. 2001).

IV medetomidine in ponies can be fitted to a two-
compartment model with a distribution half-life of 7.6 min-
utes (Bettschart-Wolfensberger et  al.  1999; Grimsrud 
et  al.  2015). IM medetomidine is rapidly absorbed with 

peak plasma concentrations occurring within 30 minutes 
in sheep (Kästner et al. 2003). Medetomidine experiences a 
large volume of distribution of approximately 3 L/kg in 
dogs, cats, and sheep. The elimination half-life of IM 
medetomidine in sheep and horses is approximately 
40 minutes whereas longer half-lives of approximately 
1–1.5 hours are found in dogs and cats (Kästner et al. 2003; 
Grimsrud et al. 2012; Salonen et al. 1989; Muge et al. 1996; 
Duhamel et al. 2010).

Extensive hepatic hydroxylation with subsequent conju-
gation of medetomidine occurs in the dog and rat. As cats 
are deficient in glucuronidation capacity, the hydroxylated 
metabolite is the major product recovered from the urine 
in this species (Salonen  1989; Duhamel et  al.  2010). 
Cytochrome p450 enzymes, mainly CYP3A with minor 
contributions from CYP2D and CYP2E, are responsible for 
metabolism of medetomidine in the dog. These hepatic 
microsomes display a high affinity for medetomidine and 
metabolism can be saturated at fairly low concentrations 
(Duhamel et  al.  2010). Differences in microsome activity 
between strains of laboratory rabbits are correlated with 
disparities in clinical response to medetomidine (Avsaroglu 
et al. 2008).

Medetomidine is used in dogs and cats as a sedative prior 
to general anesthesia. Combinations of medetomidine and 
other classes of drugs can produce chemical restraint or 
total injectable anesthesia and this use is common in cats, 
dogs, pigs, and a variety of wildlife species. Medetomidine 
is also used as an IV infusion to reduce inhalational anes-
thetic requirements in dogs. Extremely low doses are 
employed in dogs and cats during anesthetic recovery to 
minimize emergence delirium. Epidural administration of 
medetomidine is reported in several species but may be 
associated with systemic effects of sedation and hemody-
namic depression. In general, other α2 agonists that are less 
expensive and/or specifically marketed for large animals 
are used in these species.

The sedative effects of medetomidine are at least partially 
dose-dependent (Pypendop and Verstegen  1998). There 
appears to be a ceiling effect where higher doses do not 
deepen sedation but do extend the duration (Ansah 
et  al.  1998; Lamont et  al.  2012; Grimsrud et  al.  2015). At 
extremely high doses, lessened sedation is evident with 
medetomidine, and this could be due to α1 agonism (Ansah 
et al. 2000). As expected, medetomidine reduces the MAC of 
isoflurane and halothane in dogs (Lerche and Muir  2006) 
and of desflurane in ponies (Bettschart-Wolfensberger 
et al. 2001). In horses, 5 mcg/kg/hr medetomidine with 1.4% 
end-tidal isoflurane results in greater depth of anesthesia 
with higher blood pressures compared to intermittent bolus 
administration of xylazine and 1.7% end-tidal isoflurane 
(Creighton et al. 2012).

Specific α2 Receptor Agonists ﻿
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Cardiovascular effects typical of α2 agonists are noted 
following administration of medetomidine in a partially 
dose-dependent manner, including bradycardia, increased 
SVR, and reductions in cardiac output. At very low doses, 
the central sympatholytic effects predominate (Pypendop 
and Verstegen 1998).

Respiratory effects of medetomidine are generally mild 
in dogs, cats, and horses (Bueno et  al.  1999; Kuusela 
et al. 2000; Lamont et al. 2001). During halothane or isoflu-
rane anesthesia, administration of 5 mcg/kg of medetomi-
dine to dogs results in minor differences in respiratory rate, 
respiratory drive, and sensitivity of the respiratory centers 
to carbon dioxide (Lerche and Muir 2006). Medetomidine, 
like other α2 agonists, can cause severe hypoxemia in sheep 
(Celly et al. 1997b).

RBF is decreased by administration of medetomidine 
(Lawrence et al. 1996; Talke et al. 2000). However, RBF and 
glomerular filtration rate (GFR) may follow changes in sys-
temic arterial pressure, with IV medetomidine increasing 
and IM administration decreasing RBF and GFR (Saleh 
et al. 2005). Typical of its class, medetomidine causes diu-
resis via suppression of anti-diuretic hormone (Saleh 
et al. 2005). Medetomidine inhibits intestinal motility in all 
species studied (Maugeri et al. 1994; Scheibner et al. 2002; 
Zullian et al. 2011). Although medetomidine decreases cer-
ebral blood flow (Talke et al. 2000), intracranial pressure is 
unaffected in isoflurane-anesthetized dogs (Keegan 
et al. 1995). Medetomidine inhibits insulin secretion and 
causes hyperglycemia (Guedes et al. 2013).

Dexmedetomidine

The pharmacologically active dextrorotary enantiomer of 
medetomidine, dexmedetomidine displays the highest α2:α1 
selectivity in its class. The levorotary enantiomer of medeto-
midine is essentially without effect, although supraclinical 
doses can reduce sedation and analgesia (MacDonald 
et al. 1991; Kuusela et al. 2001; Ansah et al. 2000).

Pharmacokinetic data for dexmedetomidine is best 
described by noncompartmental analysis in horses 
(Bettschart-Wolfensberger et al. 2005) whereas in rats and 
cats, two- and three-compartment models have been 
defined (Bol et al. 1997; Pypendop and Ilkiw 2014). The 
distribution half-life is one to three minutes in cats, rats, 
goats, and sheep (Bol et  al.  1997; Kästner et  al.  2006; 
Pypendop and Ilkiw 2014) whereas, in dogs, a large varia-
tion in distribution half-life is documented (Honkavaara 
et al. 2012). The volume of distribution in dogs and cats 
is  less than 1 L/kg (Kuusela et  al.  2000; Pypendop and 
Ilkiw 2014), whereas it is much larger in rats at >3 L/kg 
(Bol et al. 1997). The elimination half-life in cats is quite 
rapid at approximately five to six minutes (Pypendop and 

Ilkiw 2014). In horses, the elimination half-life is 8–30 min-
utes (Bettschart-Wolfensberger et al. 1999, 2005; Rezende 
et al. 2015) and is 21 minutes following an infusion of dex-
medetomidine at 8 mcg/kg/hr for 150 minutes (Ranheim 
et al. 2015). The elimination half-life in sheep and goats is 
similar, 33 and 39 minutes, respectively (Kästner 
et  al.  2006). A relatively long elimination half-life is 
reported in rats and dogs at close to one hour (Bol et al. 
1997; Kuusela et al. 2000). In comparison to an equivalent 
dose of racemic medetomidine, dexmedetomidine has a 
shorter half-life in dogs (Kuusela et al. 2000).

Inhalant anesthesia affects the PK parameters of dexme-
detomidine by affecting hemodynamics and organ blood 
flow. One group reported the PK data for dexmedetomidine 
during isoflurane anesthesia in cats (Escobar et al. 2012a). 
However, direct comparisons cannot be made between this 
study and the one available for conscious cats because dos-
ing strategies were quite different, with the anesthetized 
cats receiving 10 mcg/kg IV over five minutes and con-
scious cats receiving 5, 20, or 50 mcg/kg as an IV bolus 
(Escobar et al. 2012a; Pypendop and Ilkiw 2014). A two-
compartment model is the best fit to describe the pharma-
cokinetic data of dexmedetomidine in anesthetized cats. 
The distribution half-life is 5.4 minutes; the volume of dis-
tribution at steady state is fairly large at 1.7 L/kg; clearance 
is 6.3 mL/kg/min; and the elimination half-life is quite long 
at 198 minutes (Escobar et al. 2012a).

Dexmedetomidine undergoes extensive hepatic hydroxy-
lation (Salonen 1991). Subsequent glucuronidation occurs 
with significant species differences in efficiency (Kaivosaari 
et al. 2002).

Dexmedetomidine is used in dogs and cats as a sedative 
for minimally invasive procedures or prior to general anes-
thesia, usually in combination with an opioid. It may be 
incorporated into total IM anesthetic protocols, especially 
for uncooperative pets and wildlife. Dexmedetomidine can 
be infused IV to reduce inhalational anesthetic require-
ments in dogs although this practice in cats results in more 
cardiovascular depression than an equipotent dose of 
inhalant alone (Pypendop et al. 2011). Very low doses of 
dexmedetomidine can minimize emergence delirium in 
small-animal patients. Dexmedetomidine can be placed in 
the epidural space but this route may produce systemic 
side effects. Less expensive α2 agonists marketed for large 
animals are typically chosen for use in these species.

Dexmedetomidine decreases the MAC of halothane in 
rats and cats (Segal et al. 1988; Schmeling et al. 1999), sevo-
flurane in ponies (Gozalo-Marcilla et al. 2013), and isoflu-
rane in pigs, dogs, cats, and rats (Vainio and Bloor  1994; 
Pascoe et al. 2006; Rioja et al. 2006; Escobar et al. 2012b). 
Infusion of dexmedetomidine at 0.5 mcg/kg/hr reduced the 
MAC of isoflurane in dogs by 30% and the combination of 



43

dexmedetomidine with morphine, lidocaine, and ketamine 
infusions reduced isoflurane MAC by 90% (Ebner et al. 2013).

The cardiovascular effects of dexmedetomidine are simi-
lar to an equipotent dose of medetomidine (Kuusela 
et  al.  2000). Dexmedetomidine decreases the incidence 
of  epinephrine-induced arrhythmias in halothane-
anesthetized dogs likely due to the central sympatholytic 
effects (Hayashi et al. 1991).

The respiratory effects of dexmedetomidine are similar 
to other α2 agonists, with decreases in respiratory rate but 
minimal changes in oxygenation or ventilation when 
administered alone to healthy animals (Bettschart-
Wolfensberger et al. 2005).

Dexmedetomidine decreases cerebral blood flow in the 
isoflurane-anesthetized dog without reducing cerebral 
metabolic oxygen requirements (Zornow et al. 1990). The 
central sympatholytic effects of dexmedetomidine contrib-
ute to neuroprotection in ischemia-reperfusion injury of 
the spinal cord and brain (Engelhard et al. 2002).

GI motility is inhibited by dexmedetomidine (Asai 
et al. 1997). Dexmedetomidine is reported to induce ocular 
hypotension and mydriasis (Vartiainen et al. 1992; Horváth 
et al. 1994). Dexmedetomidine reduces RBF but increases 
urine output and has been shown to protect the kidneys 
against ischemic-reperfusion injury in experimental set-
tings (Lawrence et al. 1996; Gonullu et al. 2014). Moreover, 
anti-ischemic and anti-inflammatory effects of dexmedeto-
midine have been documented in the CNS, heart, and liver 
(Sahin et al. 2013; Goyagi and Tobe 2014; Ueki et al. 2014). 
In experimental sepsis, dexmedetomidine reduces mortal-
ity, possibly by inhibiting inflammatory pathways (Wu 
et al. 2013).

Romifidine

Marketed for use in horses, romifidine became clinically 
available in the early 1990s. Romifidine produces long-
lasting sedation, analgesia, and cardiovascular effects typi-
cal of α2 agonists. Romifidine is an imidazole derivative 
with partial-agonist activity at α2 receptors that is structur-
ally very similar to clonidine (Wojtasiak-Wypart et al. 2012). 
It displays an α2:α1 selectivity greater than detomidine but 
less than medetomidine (Table 4.1).

Available pharmacokinetic data for romifidine is limited. 
Plasma concentration versus time data is best fit to a two- 
compartment model in horses administered 80 mcg/kg 
IV over two minutes. The median distribution half-life is 
15.1 minutes whereas the median elimination half-life is 
138.2 minutes. The volume of distribution at steady state 
is large at 4.56 L/kg (Wojtasiak-Wypart et al. 2012). Following 
administration to horses of a loading dose (0.08 mg/kg) and 
an infusion (0.03 mg/kg/hr), a two-compartment model 

best fit the data, with marked hysteresis between the noci
ceptive withdrawal reflex and plasma concentrations 
(Diez Bernal et al. 2020). Plasma elimination half-lives of 
1.5 and 2 hours are reported in rats and dogs, respectively 
(Committee for Veterinary Medicinal Products 2009).

As with other α2 agonists, romifidine undergoes exten-
sive hepatic metabolism and subsequent renal excretion of 
the hydroxylated metabolite (Committee for Veterinary 
Medicinal Products 2009).

Romifidine is marketed for sedation and analgesia in 
horses to facilitate handling and minor surgical proce-
dures. IV administration of 80 mcg/kg results in sedation in 
horses equivalent to that produced by 1 mg/kg IV xylazine 
and 20 mcg/kg IV detomidine, but with less ataxia and 
longer duration (England et al. 1992). It is also used as a 
sedative prior to induction of general anesthesia and in the 
recovery period to delay emergence. Romifidine may be 
infused IV to supplement inhalational anesthesia or as part 
of a total IV anesthetic protocol. Use of romifidine as a pre-
medication before general anesthesia for cats and dogs, in 
total IM anesthetic protocols in pigs and cats, and in the 
epidural space in dogs and cattle is reported.

No formal studies evaluating MAC reduction by romifi-
dine have been published. A clinical study in horses receiv-
ing 40 mcg/kg/hr romifidine IV during isoflurane anesthesia 
was unable to detect a difference in inhalant requirements 
compared with saline infusion (Devisscher et al. 2010).

Improved recovery scores have been reported with 
20 mcg/kg of romifidine IV upon discontinuation of inha-
lational anesthetics, compared with a lower dose of romifi-
dine (10 mcg/kg) or xylazine at either 100 or 200 mcg/kg IV 
(Woodhouse et al. 2013). Romifidine is generally purported 
to result in less ataxia in equine recovery than other α2 
agonists.

Biphasic cardiovascular effects typical of α2 agonists are 
produced in dogs, cats, and horses by romifidine (Pypendop 
and Verstegen  2001; Freeman et  al.  2002; Muir and 
Gadawski 2002). Compared to premedication with detomi-
dine 20 mcg/kg, romifidine 100 mcg/kg resulted in more 
severe hypotension and more frequent use of dobutamine 
in horses during halothane anesthesia (Taylor et al. 2001).

During infusion of romifidine in standing horses, slight 
hypercapnia develops but no change in arterial oxygen 
concentration occurs (Ringer et al. 2013). In sheep, as with 
administration of other α2 agonists, romifidine can induce 
severe hypoxemia without changes in arterial CO2 concen-
trations. Compared with xylazine, detomidine, and 
medetomidine, increases in respiratory rate and pleural 
pressure lasted longer after administration of romifidine 
(Celly et al. 1997b).

Centrally mediated sedation, analgesia, and ataxia occur 
in horses after administration of romifidine, and these 
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effects may be more persistent than equivalent doses of 
xylazine or detomidine (England et  al.  1992; López-
Sanromán et al. 2013; Costa et al. 2015).

As expected, romifidine decreases GI motility (Freeman 
and England 2001). IV romifidine reduces intraocular pres-
sure in horses (Stine et al. 2014).

α2 Receptor Antagonists

The availability of reversal agents for α2 agonists allows for 
greater control over the duration of sedation. The currently 
available α2 antagonists reverse all effects of α2 agonists, 
including sedation, analgesia, and cardiovascular effects, 
although in some species, cardiopulmonary consequences 
may not be completely ameliorated by reversal.

Yohimbine

Yohimbine is an indole alkaloid derived from various plant 
sources that displays an α2:α1 selectivity of approximately 
40 : 1 (Doxey et al. 1983; Virtanen et al. 1989; Tam et al. 2001).

Following IV administration of yohimbine to horses, 
pharmacokinetic analysis is best fit to a two-compartment 
model. Maximum plasma concentrations are reached very 
quickly, within 5.5 minutes (Dimaio Knych et al. 2011a). 
Whether administered as a sole agent or following deto-
midine, yohimbine displays a large volume of distribution 
of >2–3 L/kg (Dimaio Knych et al. 2011a, 2011b; Knych 
and Stanley 2014). A large steady state volume of distribu-
tion is also reported in cattle and dogs (Jernigan 
et al. 1988). A mean elimination half-life of three hours is 
reported when yohimbine is administered as a sole agent 
to horses and this is consistent with the large volume of 
distribution and slow clearance (13.5 mL/min/kg) 
(Dimaio Knych et al. 2011a). The volume of distribution 
and clearance of yohimbine are lower following detomi-
dine administration than when it is administered as a sole 
agent. Following administration of detomidine in horses, 
a mean elimination half-life of two hours is reported in 
horses (Knych et al. 2012). A hydroxylated metabolite of 
yohimbine can be identified in horse urine (DiMaio 
Knych et al. 2011a).

Yohimbine effectively reverses the sedative and cardio-
vascular effects of xylazine in horses (Kollias-Baker 
et al. 1993). However, yohimbine reversal of the sedative 
effects of detomidine may be incomplete or may allow for 
sedation to reoccur (DiMaio Knych et  al.  2012; Knych 
and Stanley 2014). In addition, yohimbine appears to par-
tially antagonize the effects of ketamine (Hatch and Ruch 
1974) and barbiturates (Hatch  1973) in cats. When 

administered to horses without prior α2-agonist exposure, 
a variety of behavioral effects may result, including no 
change, sedation, or excitation (Dimaio Knych 
et al. 2011a, 2011b). Yohimbine reversal of xylazine seda-
tion in cats can cause agitation and vocalization 
(Hartsfield et al. 1991) and sole administration of yohim-
bine to dogs can result in agitation, tremoring, and hyper-
salivation (Jernigan et al. 1988).

Elevations in heart rate are documented with adminis-
tration of yohimbine either as a sole agent or after exposure 
to xylazine (Kollias-Baker et  al.  1993; DiMaio Knych 
et al. 2011b) and this is likely due to increased sympathetic 
activity.

Yohimbine administration increases GI sounds in horses 
when administered as a sole agent (DiMaio Knych 
et  al.  2011b). Plasma-insulin concentrations increase in 
dogs and horses and xylazine-induced hyperglycemia in 
dogs is reversed with administration of yohimbine 
(Hsu 1988; DiMaio Knych et al. 2011b). Yohimbine reverses 
the diuretic effect of medetomidine in cats and dogs 
(Talukder et al. 2009; Murahata et al. 2014).

Respiratory distress, tachycardia, and death have been 
anecdotally reported following IV administration of yohim-
bine in horses (Scofield et al. 2010) and excitation is a pos-
sibility in all species. IM administration is recommended 
unless an emergent situation exists.

Tolazoline

The α2 antagonist tolazoline displays the lowest affinity for 
α2 receptors compared with yohimbine and atipamezole 
(Schwartz and Clark 1998).

Limited pharmacokinetic data for tolazoline is available. 
A two-compartment model was the best fit for the pharma-
cokinetic data following IV administration of 4 mg/kg to 
adult horses (Casbeer and Knych 2013). The volume of dis-
tribution at steady state ranged from 1.3 to 2.4 L/kg. The 
elimination half-life is 2.75 hours when administered as a 
sole agent and 3.37 hours following detomidine sedation 
(Knych and Stanley  2014; Casbeer and Knych  2013). 
Tolazoline is excreted intact in the urine.

Tolazoline reverses the CNS and cardiovascular effects 
of xylazine in horses (Kollias-Baker et al. 1993). However, 
reversal of detomidine sedation may be incomplete and/
or short-lived (Hubbell and Muir  2006; Knych and 
Stanley 2014).

Both tachycardia and bradycardia have been demon-
strated following administration of tolazoline (FDA 
Report  n.d.; Casbeer and Knych  2013). Tolazoline can 
result in hypotension and decreases in cerebral blood blow 
and oxygen delivery (Balsan et al. 1990). During isoflurane 
anesthesia, tolazoline antagonism of detomidine in horses 
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resulted in improvements in blood pressure and heart rate 
but further deterioration in arterial oxygenation.

Following sedation with xylazine, two horses died 
when  administered a five-fold overdose of tolazoline. 
Hypertension, tachycardia, and cardiac conduction distur-
bances were noted in the horses that survived (FDA 
Report n.d.). A two- to three-fold overdose of tolazoline in 
mule deer resulted in apnea and muscle fasciculations 
(Mortenson and Robison 2011). Anecdotal reports of New 
World camelid deaths following tolazoline administration 
to reverse xylazine sedation exist. In addition, a published 
case report of toxicosis in a llama that received 8.6 mg/kg 
tolazoline described anxiety, tachypnea, hypotension, diar-
rhea, and seizures that responded to supportive treatment 
(Read et  al.  2000). IM or slow IV administration is 
recommended.

Atipamezole

Atipamezole displays the highest α2:α1 selectivity of the 
available α2 antagonists at 8526 : 1 (Virtanen et al. 1989). 
The affinity of atipamezole for α2A, α2B, and α2C receptors is 
comparable to yohimbine but its affinity for the species-
specific α2D homolog of α2A receptors found in cows, rats, 
and sheep is 100-fold higher (Haapalinna et  al.  1997; 
Schwartz and Clark 1998).

A one-compartment model best describes the pharma-
cokinetics of atipamezole administered alone to dogs; 
however, the study design included long intervals between 
sampling times that may have affected detection of a dis-
tribution phase. Rapid absorption from IM deposition 
occurs and peak plasma concentrations are reached within 
one hour. A large volume of distribution is apparent, at 
approximately 2.3 L/kg. The elimination half-life was 
approximately one hour. Atipamezole increases the clear-
ance and decreases the elimination half-life of medetomi-
dine in dogs (Salonen et  al.  1995). In reindeer, 
administration of atipamezole increases medetomidine 
concentrations in plasma and the elimination half-life of 
atipamezole was faster than medetomidine, resulting in 
resedation (Ranheim et al. 1997). Similar pharmacokinetic 
and sedative profiles were determined for the combination 
of medetomidine and atipamezole in dairy calves and 
cows (Ranheim et al. 1998, 1999). In sheep, IV atipame-
zole resulted in excitation and, at the same time, increased 
plasma medetomidine concentrations. In contrast to 
reports in other ruminants, resedation did not occur 
(Ranheim et al. 2000). In horses following sublingual deto-
midine, clearance of atipamezole was slower and the elim-
ination half-life longer than reported for ruminants 
(Knych and Stanley 2014). In pigs, a similar pharmacoki-
netic profile for atipamezole has been identified with rapid 

absorption and occurrence of peak plasma concentrations, 
a large volume of distribution, and an elimination half-life 
of approximately one hour (Kanazawa et al. 1995).

Atipamezole undergoes hydroxylation and subsequent 
renal excretion of the water-soluble metabolite (Salonen 
et al. 1995; Kaivosaari et al. 2002).

Atipamezole is marketed for the reversal of medetomi-
dine and dexmedetomidine; and it can also effectively 
reverse the effects of other α2 agonists. However, in horses, 
atipamezole may only transiently and incompletely reverse 
detomidine sedation (Hubbell and Muir 2006; Knych and 
Stanley 2014).

Hypotension, tachycardia, and hyperactivity can occur 
with IV administration of atipamezole and IM injection is 
generally recommended.

Vatinoxan

Vatinoxan is a peripheral α2 antagonist that does not cross 
the blood–brain barrier, preventing the initial vasoconstric-
tive and hypertensive response to administration of α2 ago-
nists while preserving the central sedative and 
sympatholytic effects (Pagel et  al.  1998; Honkavaara 
et  al.  2011). Zenalpha, a combination drug product of 
medetomidine (0.5 mg/mL) and vatinoxan (10 mg/mL) 
hydrochlorides was brought to the market in the US 
in 2022.

The co-administration of dexmedetomidine and vati-
noxan increases the volume of distribution of dexme
detomidine and reduces plasma dexmedetomidine 
concentrations, compared to dexmedetomidine alone, 
likely due to avoidance of the initial cardiovascular effects 
of the α2 agonist (Honkavaara et  al.  2012; Vainionpää 
et al. 2013b). No changes in the elimination half-life occur 
(Honkavaara et al. 2012).

A slight decrease in sedation occurs with co-
administration of dexmedetomidine and vatinoxan and 
this is thought to be due to the decreased plasma concen-
trations that occur compared with administration of dex-
medetomidine alone (Honkavaara et  al.  2011). At the 
doses studied in anesthetized cats so far, the overall 
hemodynamic state did not improve or was worsened due 
to profound hypotension incited by vatinoxan (Jaeger 
et  al.  2019). In horses, vatinoxan prevented detomidine 
induced bradycardia and ileus. The degree of sedation 
was similar to detomidine alone but duration was reduced 
(Vainionpää et  al.  2013b). In anesthetized horses, vati-
noxan lead to more hypotension and higher dobutamine 
requirements than medetomidine alone (Tapio 
et  al.  2019). Vatinoxan prevents hypoinsulinemia and 
hyperglycemia caused by dexmedetomidine (Restitutti 
et al. 2012).
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Phenothiazine and butyrophenone drugs have been used 
to produce apparent calming, tranquilization, or sedation 
in a wide variety of animals, including humans. Historically, 
both phenothiazines and butyrophenones have been classi-
fied as “major tranquilizers” because they have been used 
to treat “major” incidents of psychoses in humans. This is 
in contrast to the term, “minor tranquilizer” which refers 
to drugs used as anxiolytic drugs in humans. Such descrip-
tions are antiquated and should be removed from the vet-
erinary lexicon.

Phenothiazine drugs were initially used in veterinary 
medicine as antihistamines. Acepromazine is currently the 
most commonly used drug but the use of chlorpromazine, 
fluphenazine, promazine, and triflupromazine have been 
reported in the literature. Butyrophenone drugs are less 
commonly used with no drug currently marketed for ani-
mals in the United States. Previously marketed drugs 
include droperidol (as a component of Innovar-Vet), len-
perone, and azaperone, a drug initially marketed for con-
trol of aggression in swine. Azaperone and haloperidol can 
be obtained from compounding pharmacies.

­Mechanism of Action

The central nervous system (CNS) (neuroleptic) effects of 
phenothiazines and butyrophenones are thought to be 
mediated via inhibition of the activity of dopamine at the 
level of subcortical structures including the basal ganglia 
and limbic system. Specific receptors have not been identi-
fied, thus, no specific antagonists have been developed. In 
addition to the neuroleptic actions, phenothiazines pro-
duce α1-adrenoreceptor blockade and have varying degrees 
of antihistaminic, anticholinergic, and antispasmodic 
activity. Butyrophenones have α1-adrenoreceptor blocking 
effects and prevent the development of malignant hyper-
thermia in susceptible pigs.

Pharmacokinetics of Acepromazine in Major Species 
(Awake and Under Anesthesia)

Dogs
Acepromazine: Sedation after oral dosing lasts approxi-
mately four hours. The t1/2 α after IV administration in the 
dog is 54 minutes and the t1/2 β is 7.1 hours (Hashem 
et al. 1992). After oral administration, the t1/2 α is 2.5 hours 
with a t1/2 β of 15.9 hours. The volume of distribution is 
18.3 l/kg with a bioavailability of 20% after oral administra-
tion. Total clearance is 2.9 l/kg/hr.

Horses
There are varied estimations of pharmacokinetic values for 
acepromazine in horses. The pharmacokinetics of ace-
promazine are usually described in a two-compartment 
model with values for t½ α ranging from less than three 
minutes (Ballard et  al.  1982) to six minutes (Schneiders 
et al. 2012) and values for t1/2 β ranging from 2 (Hashem 
and Keller 1993; Schneiders et al. 2012) to 3.5 hours (Ballard 
et  al.  1982). Acepromazine is relatively highly protein 
bound with over 50% bound to erythrocytes (Ballard 
et al. 1982). The VD is estimated at 1.3  (Schneiders et al. 
2012) to 6.6 l/kg (Ballard et al. 1982) and clearance is esti-
mated at 4.6 (Schneiders et al. 2012) to 24 l/kg/hr (Ballard 
et al. 1982). 2-(1-hydroxyethyl) promazine sulphoxide is a 
primary metabolite with a t1/2 β of 1.98 hours, a clearance 
of 1.34 l/kg/hr and a VD of 2.3 l/kg (Schneiders et al. 2012). 
The pharmacokinetics of oral acepromazine are described 
by a two-compartment open model with first-order absorp-
tion. Oral bioavailability has been estimated at 55% 
(Hashem and Keller 1993).

Metabolism

Acepromazine is metabolized by the liver in the horse and 
excreted via the kidneys in two-conjugated and one-
unconjugated form (Dewey et  al.  1981). Data from other 
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species are not available. Azaperone is rapidly absorbed 
after intramuscular (IM) administration. Azaperone is oxi-
dized by the liver resulting in at least three metabolites 
which are rapidly excreted via the kidneys (Porter and 
Slusser 1984).

Clinical Use

Dogs and Cats
Acepromazine produces reliable tranquilization when 
administered IM or subcutaneously to socialized dogs and 
cats. Oral administration produces less reliable results. 
Animals appear calm and resistance to handling is reduced. 
Peak action is enhanced if the animals are placed in a quiet 
environment for 15–20 minutes after drug administration. 
Unsocialized or aggressive dogs and cats do not uniformly 
become tractable after acepromazine administration. 
Sedation and tranquilization from acepromazine is 
enhanced by coadministration with a number of opioids 
and α2-adrenoreceptor agonists, which also provide anal-
gesia (Muir 2013). Acepromazine is anti-emetic but reduces 
lower esophageal sphincter tone so regurgitation may be 
facilitated. Acepromazine should be avoided in animals in 
shock due to any cause due to the vasodilatory effects of 
acepromazine. Although there is conflicting evidence 
about its effects on platelets and the clotting cascade, ace-
promazine should be avoided in patients with bleeding dis-
orders, particularly those that are hypotensive (Muir and 
Hubbell  1985; Barr et  al.  1992; Connor et  al.  2012). The 
administration of acepromazine to patients with intracra-
nial disease should be avoided because it limits the ability 
to reduce intracranial pressure via hyperventilation.

Butyrophenone tranquilizers have not gained sufficient 
popularity to sustain the economics of production and dis-
tribution. A combination of droperidol and fentanyl 
(Innovar-Vet) was marketed for IM use in the dog (Buckhold 
et al. 1977). Administration of the combination was associ-
ated with profound sedation, bradycardia, and self-limiting 
watery diarrhea. Droperidol-fentanyl administration to 
cats was associated with increased tractability but not pro-
found sedation (Grandy and Heath 1987). Apparent central 
nervous system (CNS) excitation has been reported after 
administration of the combination to cats (Yelnosky and 
Field 1964). Lenperone was marketed for use in dogs, cats, 
and swine (Cloyd and Gilbert 1973). Hypotension after len-
perone is less marked than after acepromazine (Muir and 
Hubbell 1985) but the drug was not used widely.

Horses
A number of phenothiazine tranquilizers have been inves-
tigated in the horse. Chlorpromazine produced inconsist-
ent effects ranging from no appreciable effect to recumbency 

with some horses evidencing hypersensitivity (Martin and 
Beck 1956; Owen and Neal 1957). Promazine produced sat-
isfactory sedation in 72% of horses when administered IV 
(Gorman 1959). Acepromazine causes sedation and reduces 
motor activity while minimally affecting coordination 
when administered to horses (Ballard et al. 1982). The onset 
of action after parenteral administration occurs within 
15–30 minutes but peak effects may not be seen for up to 
45 minutes. The duration of sedation depends on the dose 
administered but frequently lasts for 6–10 hours. 
Acepromazine does not produce analgesia but may make 
analgesic drugs more effective. In general, acepromazine 
administration will not make an aggressive horse a mallea-
ble patient but it will reduce the horse’s reaction to stimuli. 
Increasing the dose of acepromazine does not usually pro-
duce a greater effect but the duration of action is prolonged. 
Acepromazine can be used to reduce awareness as an aid to 
breaking and training or prior to transportation. The best 
index of the degree of sedation with acepromazine is the 
presence of protrusion of the penis in male horses. In addi-
tion, the eyelids will droop and the third eyelid will pro-
trude. The degree and duration of penile protrusion is 
thought to be dose dependent. The incidence of persistent 
penile protrusion (also referred to as penile paralysis, para-
phimosis, priapism, erection and penile prolapse) is 
unknown but is frequent enough for some to suggest that 
the use of acepromazine in breeding stallions is contraindi-
cated (Pauwels et  al.  2005). Sedation with acepromazine 
does not appear to be accompanied by somatic analgesia 
although it has been stated that it can potentiate the effects 
of other analgesics (Love et al. 2012).

Butyrophenones are not suitable for sedation in the 
horse. Initial investigations of the use of azaperone as 
a  sedative in ponies and horses showed promise but 
later  investigations reported paradoxical excitement fol-
lowing intravenous (IV) administration (Dodman and 
Waterman 1979). Sedation was judged as good to excellent 
in ponies given azaperone with an onset of action within 
10 minutes and a duration of action of two to six hours 
(Serrano and Lees  1976). Body temperature and arterial 
blood pressures were reduced. A mild tachycardia was 
noted. In a study in horses, azaperone reduced packed cell 
volume 5–10% and mean arterial blood pressure for at least 
four hours (Lees and Serrano 1976). Azaperone in combi-
nation with metomidate was investigated as a method to 
produce short-term anesthesia in the horse. While most 
horses recovered from anesthesia free from excitement, a 
significant number evidenced excitement and one horse 
was hyperexcitable (Hillidge et al. 1973). Another group of 
investigators noted muscle tremors and seizure-like activ-
ity in horses administered metomidate (hypnodil) and 
azaperone sedation (Roztocil et al. 1972).



­Other  Effect ﻿ 57

Pigs
Azaperone is an effective tranquilizer in swine and reduces 
the incidence of malignant hyperthermia in stress suscepti-
ble patients. Peak sedation after IM azaperone administra-
tion occurs with 15 minutes in young pigs with a duration of 
action of one to two hours. Both droperidol (another buty-
rophenone) and acepromazine prevent or delay the induc-
tion of malignant hyperthermia but acepromazine does not 
consistently produce useful sedation (McGrath et al. 1981).

Ruminants
Azaperone increased distance traveled, urination, and time 
spent walking when administered to sheep (Hughes 
et  al.  1977). Grazing behavior and investigatory activities 
increased and vocalization decreased. Acepromazine admin-
istered in similar circumstances only decreased vocalization.

Effect in Patients Under General Anesthesia
Acepromazine reduces the anesthetic requirement of halo-
thane and isoflurane in the dog (Heard et al. 1986; Webb 
and O’Brien 1988). Acepromazine decreases arterial blood 
pressure in a dose-dependent manner when administered 
to halothane-anesthetized dogs because of α-adrenergic 
antagonism that can be partially reversed by infusing phe-
nylephrine (Ludders et al. 1983).

Effects on Organ Systems

Cardiovascular System
The cardiovascular effects of lenperone have been assessed 
in dogs. Lenperone administered in combination with gly-
copyrrolate induced decreases in systemic vascular resist-
ance, mean arterial blood pressure and rate-pressure 
product and increased cardiac index (Benson et al. 1987). 
The hypotension associated with lenperone administration 
can be offset by infusing phenylephrine indicating α1-
adrenergic blockade as a contributing mechanism (Muir 
and Hubbell 1985).

Promazine and acepromazine reduce packed cell vol-
ume and plasma protein concentration in a number of 
species in part due to induced sequestration of erythro-
cytes in the spleen (De Moor et  al.  1978; Robertson 
et al. 2001). Phenothiazines have antiarrhythmic activity 
with regard to ventricular arrhythmias via reduction in 
sympathetic tone and potentially, myocardial depression 
(Sato and Tanabe 1962; Dyson and Pettifer 1997). Horses 
given acepromazine IV had decreased mean aortic pres-
sures and decreased central venous pressures within 
15 minutes of administration (Muir et  al.  1979). Arterial 
blood pressures, stroke volume, and left ventricular work 
decreased in dogs given acepromazine IV (Popovic 
et al. 1972; Farver et al. 1986).

Respiratory System
Acepromazine given IV reduces respiratory rate in cattle 
accompanied by a transient small decrease in the arterial 
partial pressure of oxygen and no change in the arterial 
partial pressure of carbon dioxide (Hodgson et  al.  2002). 
Horses given acepromazine IV experienced decreased res-
piratory rates but arterial blood gases were not altered. 
Breathing rate, minute ventilation, and oxygen consump-
tion decreased after acepromazine administration to dogs 
but arterial blood gas values were not changed (Popovic 
et al. 1979; Farver et al. 1986).

Central Nervous System
Acepromazine produces sedation within 10 minutes of IM 
administration in dogs with effects lasting four to six hours 
(Hofmeister et al. 2010). Controversy exists with regard to 
the effects of acepromazine on the seizure threshold. Many 
texts caution against the use of phenothiazine tranquilizers, 
particularly acepromazine, in dogs with a seizure history, 
although the recommendations are generally extrapolated 
from evidence acquired with the use of another phenothia-
zine; chlorpromazine in humans (Baldessarini 1985). The 
risk has not been verified with retrospective studies sug-
gesting that there is either no effect or potentially, antiepi-
leptic effects (Tobias et  al.  2006; McConnell et  al.  2007). 
Aggression is reported as a rare, idiosyncratic reaction to 
acepromazine administration in dogs (Meyer 1997).

Renal System
Renal blood flow and glomerular filtration rate remained 
high despite deceases in mean arterial blood pressure when 
acepromazine was administered to anesthetized dogs 
(Bostrom et  al.  2003). Urine output in anesthetized dogs 
premedicated with acepromazine averaged 1.8 ml/kg/hr 
(Robertson et al. 2001).

­Other Effects

Acepromazine causes penile protrusion in the horse and 
cow and has been associated with persistent protrusion 
requiring treatment. A variety of pharmacologic and surgi-
cal approaches have been attempted (Wilson et al. 1991).

Acepromazine and droperidol (as a component of 
fentanyl-droperidol) reduce gastroesophageal sphincter 
pressure in dogs (Hall et al. 1987). Prior administration of 
acepromazine reduces the incidence of vomiting associated 
with opioid administration in dogs (Valverde et al. 2004).

Acepromazine is reported to transiently reduce adeno-
sine diphosphate-induced platelet aggregation in dogs but 
the same effect was not seen when assessed using throm-
boelastography (Barr et al. 1992; Connor et al. 2012).
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Introduction

Benzodiazepines produce hypnotic, anxiolytic, anticonvul-
sant, myorelaxant, and amnesic effects. Although they are 
species-specific and dose-dependent, those effects confer 
the ability to the prescriber to use them in a wide range of 
pathologies. In veterinary medicine, benzodiazepines are 
used primarily for their anticonvulsant and centrally medi-
ated muscle relaxant actions. They can increase hypnotic 
and anxiolytic actions of general anesthetics; however, in 
some species (e.g. horses) and when administered as a sin-
gle therapy, some animals will become more anxious and 
agitated. Benzodiazepines can also be used to manage 
behavior pathologies, although a review of those effects is 
outside the scope of this anesthesia-focused chapter. 
Zolazepam is a benzodiazepine only available combined 
with tiletamine, and it is used as an anesthetic induction 
agent. In consequence, Zolazepam will be discussed in the 
intravenous (IV) anesthetic chapter. The new benzodiaze-
pine remimazolam will be mentioned; however, there is no 
report on its use in companion animals at the time of 
writing.

Benzodiazepine agonists (e.g. diazepam, midazolam, 
lorazepam) depress the central nervous system (CNS) by 
facilitating the binding of its primary inhibitory neuro-
transmitter (i.e. gamma-aminobutyric acid [GABA]) on the 
GABA receptors, resulting in the hyperpolarization of post-
synaptic cell membranes. Benzodiazepine inverse agonists 
(e.g. beta-carboline alkaloids) produce opposite effects 
such as seizures and anxiety, and benzodiazepine antago-
nists (e.g. flumazenil) have little intrinsic activity but 
reverse the effects of both benzodiazepine agonists and 
inverse agonists, making the benzodiazepines a unique 
class of drug acting on the CNS that can be fully reversed. 
Flumazenil is commercially available in many countries, 
including the US.

­Structures and Mechanisms of Action

Molecular Structure of Benzodiazepines

The fundamental structure of a benzodiazepine is con
stituted of a benzene ring joined to a seven-membered 
1,4-diazepine ring (Goodchild  1993). The radical at the 
5th carbon of the diazepine ring is a 5-aryl in most benzo-
diazepines, and molecules such as diazepam, midazolam 
and lorazepam have a 5-aryl-1,4-benzodiazepine structure 
(Figure  6.1). This common structure is responsible for 
diazepam’s, midazolam’s, and lorazepam’s similar molecu-
lar weights (284.7, 325.8, and 321.1 respectively) and melt-
ing points (132, 159, and 167 °C respectively) (Riviere and 
Papich 2009).

The diazepine ring can be hydrolyzed to form open-ring 
benzophenone in a middle acidic environment (Figure 6.2). 
This reaction does not occur with all benzodiazepines but 
allows some molecules like midazolam to be water-soluble 
in pH ranging from 1 to 4 and lipid soluble at pH > 4 
(Andersin 1991). The pH of the midazolam’s commercial 
preparation is between 3 and 3.6 allowing a water solubility 
at 25 °C of 1030 mg/l compared to 50 and 80 mg/l for diaz-
epam and lorazepam respectively (Table 6.1) (Riviere and 
Papich 2009). In strong acidic environments, all benzodiaz-
epines will irreversibly degrade to aminobenzophenones 
(Andersin 1991).

Benzodiazepine Interaction with GABAA Receptors

Benzodiazepines bind to the GABA (gamma-aminobutyric 
acid) type A receptors, ligand-gated chloride channels, to 
produce their pharmacologic effects (Figure  6.3) 
(Goodchild 1993). Like many other receptors, the GABAA 
receptors are constituted of several protein subunits (com-
monly two α, two β and one γ with many combinations of 
those subunits being possible) and, in consequence, have 
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four levels of structure: primary structure  – linear 
sequence of amino acids; secondary structure  – α-helix 
or β-sheets; tertiary structure  – the three-dimensional 

structure of a subunit; and quaternary structure  – the 
three-dimensional structure of multiple subunits linked 
together. Benzodiazepines are part of a group of ligands 
called allosteric modulators that increase the efficiency of 
a receptor without directly activating them. Those allos-
teric modulators change mainly the tertiary and quater-
nary structure of the protein receptors improving the 
potency of the endogenous ligands (i.e. GABA for the 
GABAA receptor). GABA is the principal inhibitory trans-
mitter of the CNS and allows the chloride anions to flow 
into the cell hyperpolarizing the neuron and thus inhibit-
ing subsequent depolarization (Goodchild 1993). The lack 
of intrinsic activity of benzodiazepines limits their phar-
macologic activity (e.g. CNS depression) but offer a wide 
therapeutic window.

Figure 6.1  The fundamental structure of a 
benzodiazepine is constituted of a benzene ring 
(red) joined to a seven-membered 1,4-diazepine 
ring (purple). The most commonly used 
benzodiazepines (i.e. diazepam, midazolam and 
lorazepam) have a 5-aryl-1,4-benzodiazepine 
structure as the radical at the 5th carbon of the 
diazepine ring is a 5-aryl (green). Flumazenil is a 
benzodiazepine antagonist that has little intrinsic 
activity but reverses the effects of both 
benzodiazepine agonists and antagonists.

Figure 6.2  The diazepine ring (purple) of 
midazolam can hydrolyzed to form open-ring 
benzophenone in a middle acidic environment. 
The molecule becomes water-soluble in pH 
ranging from 1 to 4 (commercial preparation) 
but reverses to lipid-soluble at 
physiological pH.

Table 6.1  pKa, pH and water solubility of the most commonly 
used benzodiazepines.

LorazepamDiazepamMidazolam

pKa 133.456.15

pH of commercial 
preparation

6.2 to 6.93 to 3.6

Water solubility of the 
commercial preparation 
at 25 °C (mg/l)

80501030
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The GABAA receptors are large macromolecules to which 
several ligands can bind to simultaneously at different sites. 
GABA binds between the α and β subunits. The binding site 
of the benzodiazepine is situated on the α subunits subtype 
1 and subtype 2 between the γ subunit and α subunits 
(Figure 6.3). GABAA receptors α-1 subtype (approximately 
60% of the GABAA) are mainly situated in the cerebral cor-
tex, cerebellar cortex and thalamus and are thought to pro-
duce sedation. However, GABAA receptors α-2 subtype are 
primarily located in the hippocampus and amygdala and 
produce anxiolysis (Low et al. 2000; McKernan et al. 2000). 
Commonly used IV anesthetics such as propofol, barbitu-
rates (e.g. thiopental) and neurosteroids (e.g. alfaxalone) act 
by binding to the β subunits. If administered simultane-
ously with a benzodiazepine, they may produce synergistic 
pharmacologic effects, leading to life-threatening CNS 
depression if overdosed.

­Pharmacokinetic Properties

Routes of Administration

As previously mentioned, at physiologic pH, all benzodiaz-
epines are highly lipid-soluble, allowing them to cross the 
blood–brain barrier easily and to enter the CNS rapidly. 
They have been administered via different routes, includ-
ing (IV), intramuscular (IM), per rectum (PR), submucosal, 
sublingual and intranasal, with an overall good 

bioavailability (Tables  6.2 and  6.3). The IV route is pre-
ferred peri-operatively when a catheter is available, 
although midazolam can be used IM. IM diazepam is not 
recommended as its eluent propylene glycol induces pain 
at injection. The efficacy of the PR route is species-specific 
and depends on the hepatic portal system of the species. 
Compared to humans, some animal species (e.g. dogs) 
have a higher percentage of blood drainage from the rec-
tum that passes through hepatic filtration before joining 
the systemic circulation (Wagner et al. 1998). In those spe-
cies, submucosal, sublingual or intranasal delivery of diaz-
epam for the treatment of convulsions may be advantageous. 
The administration of intranasal diazepam (0.5 mg/kg of 
body weight) in dogs resulted in a mean bioavailability of 
80%, a mean peak plasma concentration 50% superior to 
the suggested therapeutic index and a time-to-peak plasma 
concentration (Tmax) of 4.5 minutes (only 90 seconds 
longer than IV administration) (Platt et  al.  2000). 
Interestingly, intracavernous application of diazepam has 
been reported as an alternative route of administration of 
the seizure treatment in rabbits (Dundaroz et al. 2002). In 
that study, diazepam blood levels were not significantly dif-
ferent when comparing IV and intracavernous administra-
tion, and no significant side effects were reported.

When administered through those routes, commercial 
preparations of midazolam have shown lower bioavailabil-
ity than diazepam in the dog. However, lipid solubility is 
the main factor influencing benzodiazepine distribution to 
the CNS (brain/plasma partition coefficient of 2.67 for 

Figure 6.3  (a) Benzodiazepines are part of ligands called allosteric modulators that increase the efficiency of the GABA (gamma-
aminobutyric acid) type A receptors, ligand-gated chloride channels, to produce their pharmacologic effects. Like many other receptors, 
the GABAA receptors are constituted of several protein subunits (commonly two α, two β and one γ with many combinations of those 
subunits being possible). The binding site of the benzodiazepine is situated between an α and the γ subunits. (b) Also, each subunit 
has four transmembrane spanning (alpha-helix) segments creating the chloride channel.



Table 6.2­ Diazepam pharmacokinetics in various species.

Species
Parent drug and 
metabolites

Route­of­
administration

Terminal­
half-­life­
(hours)

Time­of­maximal­
concentration 
(hours)

Apparent­
volume­of­
distribution 
(l/kg)

Clearance­
(ml/kg/
min)

Total­
bioavailability­
(%) References

Dog

IVDiazepam 0.25–3.2 0.29–6.1 Löscher and Frey (1981), Papich and Alcorn (1995), Musulin 
et al. (2011), Kukanich and Nauss (2012), Probst et al. (2013). 
(Loscher and Frey 1981; Papich and Alcorn 1995; Musulin 
et al. 2011; Kukanich and Nauss 2012; Probst et al. 2013)

Oral Löscher and Frey (1981). (Loscher and Frey 1981)74–100

Rectal Papich and Alcorn (1995). (Papich and Alcorn 1995)66–79

3–81.7–2.0Nasal  min Musulin et al. (2011). (Musulin et al. 2011)41–42

IVNordiazepam 0.2–0.62.2–6.6 Löscher and Frey (1981), Papich and Alcorn (1995), Musulin 
et al. (2011), Probst et al. (2013). (Loscher and Frey 1981; 
Papich and Alcorn 1995; Musulin et al. 2011; Probst 
et al. 2013)

1.753.2Rectal Probst et al. (2013). (Probst et al. 2013)

0.97.2–9.6Nasal Musulin et al. (2011). (Musulin et al. 2011)

IVOxazepam 2–2.13.5–6.4 Löscher and Frey (1981), Papich and Alcorn (1995), Musulin 
et al. (2011), Kukanich and Nauss (2012). (Loscher and 
Frey 1981; Papich and Alcorn 1995; Musulin et al. 2011; 
Kukanich and Nauss 2012)

1.8–2.16.9–7.8Nasal Musulin et al. (2011). (Musulin et al. 2011)

Cat

Diazepam IV 5.5 4.7 Cotler et al. (1984). (Cotler et al. 1984)

Nordiazepam IV 21 0.85 Cotler et al. (1984). (Cotler et al. 1984)

Horse

DiazepamAdult IV 6.5–22 Muir et al. (1982). (Muir et al. 1982)

Foal 4 
d old

Diazepam IV 5.11.6 Norman et al. (1997). (Norman et al. 1997)

Foal 
21 d 
old

Diazepam IV 8.62.7 Norman et al. (1997). (Norman et al. 1997)

Foal 
42 d 
old

Diazepam IV 3 7.3 Norman et al. (1997). (Norman et al. 1997)

Foal 
84 d 
old

Diazepam IV 8.42.5 Norman et al. (1997). (Norman et al. 1997)
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Table 6.3­ Midazolam and lorazepam pharmacokinetic in various species.

Drug Species
Route­of­
administration

Terminal­
half-­life­
(hours,­±SD)

Time­of­maximal­
concentration 
(min,­±SD)

Apparent­volume­
of­distribution­(l/
kg,­±SD)

Clearance­
(ml/kg/
min,­±SD)

Total­
bioavailability­
(%) References

DogMidazolam

IV 1–1.6 1 1.1–100 10.1–27 Court and Greenblatt (1992), Henry 
et al. (1998), Podell et al. (1998b), 
Schwartz et al. (2013). (Court and 
Greenblatt 1992; Henry et al. 1998; 
Schwartz et al. 2013)

IM 7–15 90 Court and Greenblatt (1992), Schwartz 
et al. (2013). (Court and 
Greenblatt 1992; Schwartz et al. 2013)

Oral (1 dog) 10 50–67 Court and Greenblatt (1992). (Court 
and Greenblatt 1992)

Rectal Schwartz et al. (2013). (SchwartzMost midazolam plasmatic concentrations were below the limit of quantification
et al. 2013)

Nasal 
atomizer

9.5 (plasma) 7.3 (plasma); 
27.8 (CSF)

Henry et al. (1998). (Henry et al. 1998)

Nasal drops 10.8 (plasma) 7.1 (plasma); 
16.3 (CSF)

Henry et al. (1998). (Henry et al. 1998)

HorseMidazolam

IVAdult 3.6–6.8 2.1–2.8 10.4–10.6 Hubbell et al. (2013). (Hubbell 
et al. 2013)

IVSheepMidazolam 0.79 ± 0.44 0.84 ± 21.20.33  ± 5.2 Simon et al. (2017). (Simon et al. 2017)

IM 27.6 ± 15.6 352 ± 148 Simon et al. (2017). (Simon et al. 2017)

IVDogLorazepam 5 (Podell et al. 1998b)

Nasal 3–9 Mariani et al. (2003). (Mariani 
et al. 2003)

Rectal Lorazepam plasmatic concentration was below the limit of quantification Podell et al. 1998b
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diazepam and 0.27 for midazolam). Combined with the dif-
ferences in metabolism, it explains how midazolam can 
have a longer Tmax than diazepam while still having a 
faster onset of action (Buhrer et al. 1990; Upton et al. 2001). 
Further, intranasal bioavailability of midazolam can be 
improved using an atomizer and, in theory, when adminis-
trating midazolam in its lipid-soluble form (Henry  1998; 
Zhang et al. 2002). A more recent study evaluated the clini-
cal efficacy of intranasal midazolam via a mucosal atomi-
zation device and compared it to rectal administration of 
diazepam for controlling status epilepticus before IV access 
is available (Charalambous et  al.  2017). The study con-
cluded that the midazolam via mucosal atomization is a 
quick, safe and effective first-line medication for control-
ling status epilepticus in dogs and appears superior to rec-
tal diazepam (Charalambous et al. 2017).

Protein Binding

Benzodiazepines are highly protein bound (e.g. midazolam 
96%). However, a direct correlation between unwanted 
CNS depression and low plasma protein concentrations 
(i.e. hypoalbuminemia) has only been demonstrated with 
benzodiazepines that have active metabolites also highly 
bound to plasma proteins (e.g. diazepam) (Muller  1977; 
Court and Greenblatt 1992). In those cases, a direct correla-
tion between the plasma protein binding and the biological 
half-life was also established (Muller 1977).

Metabolism

Most benzodiazepines need to be metabolized to a more 
water-soluble compound for efficient elimination. 
Metabolic pathways for benzodiazepines are drug and 
species-specific (see diazepam below). Diazepam and mida-
zolam undergo reduction (phase 1 metabolism – cytochrome 
P450) and glucuronidation (phase 2  metabolism) before 
being excreted in the urine. In contrast, lorazepam mainly 
undergoes only glucuronidation (Elliott  1976; Reves 
et al. 1985; Johnson et al. 2002; Vanderk et al. 1971). In con-
sequence, benzodiazepine metabolites may or may not be 
active, and the metabolite of a particular benzodiazepine 
may be active in one species and inactive in another. This 
variability in metabolite activity will significantly affect the 
duration of the benzodiazepines’ clinical effects.

Metabolism of benzodiazepines that undergo phase 
1 metabolism (i.e. diazepam and midazolam) is affected by 
the co-administration of some drugs that will affect the 
cytochrome P450. Those drugs include (but are not limited 
to) cimetidine, erythromycin, isoniazid, ketoconazole, pro-
pranolol, and valproic acid. They will partially inhibit the 
metabolism of diazepam and midazolam, potentially exac-
erbating pharmacologic effects (Hiller et  al.  1990; Long 

et al. 1997). Fentanyl can also reduce midazolam hepatic 
clearance and elimination half-life in humans by up to 30% 
and 50%, respectively (Hase et al. 1997). On the other hand, 
rifampin will accelerate the metabolism of diazepam in 
rabbits (Long et al. 1997).

Excretion

Midazolam renal clearance doesn’t seem to be affected by 
renal failure in humans (Vinik et  al.  1983). However, 
chronic use of diazepam can result in the accumulation of 
its active metabolites as the metabolites’ elimination half-
life exceeds that of the parent drug.

­Indications and Pharmacodynamic Effects

Hypnotic and Anxiolytic

Sedative effects are, at best, mild in most adult dogs, cats, and 
horses, and paradoxical effects such as excitement dysphoria 
and ataxia can be seen due to reduction in inhibition. In a few 
species (e.g. ruminants, swine, ferrets, rabbits, and many 
birds), benzodiazepines will produce excellent sedation as 
well as in the very young (e.g. foal of less than a month old), 
very sick (e.g. septic dog) and very old animals that will also 
show signs of CNS depression. In all cases, the sedative 
effects are more reliable when the benzodiazepine is admin-
istered as part of a balanced anesthesia protocol potentiating 
the effects of opioids and/or α-2 adrenergic agonists.

Anesthetic Sparing
Benzodiazepines decrease the minimum alveolar concen-
tration (MAC) of inhalant anesthetics (e.g. isoflurane, halo-
thane) in multiple species as well as potentiating the MAC 
reduction resulting from opioid administration (Hellyer 
et al. 2001; Matthews et al. 1990; Seddighi et al. 2011). It 
also decreases the drug (e.g. propofol, alfaxalone) require-
ments to induce anesthesia, although there are conflicting 
results in the literature in species in which benzodiazepines 
can induce excitement (Hopkins et al. 2014; Covey-Crump 
and Murison  2008; Dzikiti et  al.  2014; Santos Gonzalez 
et  al.  2013; Robinson and Borer-Weir  2015; Italiano and 
Robinson 2018; Liao et al. 2017; Muñoz et al. 2017; Zapata 
et al. 2018). In healthy dogs, administering midazolam after 
alfaxalone for co-induction of anesthesia lowers the inci-
dence of excitement while still reducing the alfaxalone dose 
requirement (Zapata et al. 2018).

Anticonvulsant and Central Nervous System Effects
Benzodiazepines are anticonvulsants; they block arousal 
and decrease seizure propagation and are the drug of 
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choice in status epilepticus as they cross the blood–brain 
barrier rapidly (Wauquier et  al.  1979; Podell  1995; 
Podell  1996; Bassett et  al.  2014). Preferably, benzodiaz-
epines will be administered IV, although rectal administra-
tion has been used historically to control cluster seizures 
(Podell et al. 1998a). Newer evidence indicates that intra-
nasal administration of midazolam controls seizures better 
than rectal administration of diazepam (Holsti et al. 2007; 
Charalambous et al. 2017).

Most CNS-depressant drugs decrease oxygen consump-
tion and have an associated auto-regulated proportional 
decrease in cerebral blood flow. With benzodiazepines, the 
reduction in oxygen consumption is even more significant, 
making the drug of particular interest in patients with 
intracranial diseases (Reves et  al.  1985; Hoffman 
et al. 1986).

Diazepam administered at clinical doses to dogs under-
going isoflurane anesthesia decreased the absolute power 
of their electroencephalogram (EEG) in theta, delta, alpha, 
and beta frequencies for at least three hours. As expected, 
the use of flumazenil antagonized this effect in all frequen-
cies (Greene et al. 1992).

Muscle Relaxation

Benzodiazepines provide reliable centrally mediated mus-
cle relaxation in veterinary medicine, and they are often 
co-administered with other anesthetic drugs that induce 
muscle rigidity (i.e. ketamine) (Riviere and Papich 2009). 
At supra-clinical (2 mg/kg) doses IV diazepam even caused 
ataxia and recumbency in dogs (Platt et al. 2000). The same 
can be seen in horses at doses around 0.2 mg/kg IV and 
above. However, they do not induce myorelaxation to the 
extent of neuromuscular blockers, and they are not consid-
ered adequate muscle relaxants for surgical procedures in 
human anesthesia (Stoelting et al. 2006). Neuromuscular 
blockers act at the neuromuscular junction level, allowing 
complete blockade, whereas benzodiazepines “only” 
potentiate GABA-mediated muscle relaxation at the level 
of the spinal internuncial neurons (Dretchen et al. 1971). 
There is conflicting evidence as to whether or not benzodi-
azepines potentiate the effects of neuromuscular blockers 
(Driessen et al. 1987; Hepaguslar et al. 2002).

Amnesic Effects

Benzodiazepines are consistently associated with a dose-
dependent amnesic and non-amnestic cognitive impair-
ment in humans (Tannenbaum et al. 2012). They induce 
severe anterograde amnesia (acquisition impairment) and 
affect retrograde amnesia altering retrieval processes in 
both humans and animals (Beracochea  2006). Judicious 
use of benzodiazepines during hospitalization could 

improve patient welfare, although benzodiazepines can, 
paradoxically, enhance retrieval memory processes in rats 
under stress (Harris and Westbrook  1998; Obradovic 
et al. 2004).

Appetite Stimulation

Benzodiazepines stimulate the intake of food, water, and 
salt, whereas inverse agonists have anorectic effects 
(Cooper and Estall  1985). Those effects have not been 
intensely studied in companion animals; however, they 
have been demonstrated in human and laboratory animals, 
and reports in some domestic species exist (e.g. cats, goats) 
(Center et al. 1996; Mereu et al. 1976; Van Miert et al. 1989). 
There is conflicting evidence regarding gastric emptying 
time, and they probably should not be used to treat ano-
rexia due to gastrointestinal (GI) stasis (Chandler 
et al. 1999; Steyn et al. 1997).

­Side Effects

Respiratory and Cardiovascular

Benzodiazepines have few respiratory and cardiovascu-
lar side effects. Ventilation is not affected at clinical 
doses, even although the respiratory rate may decrease. 
In dogs at clinical or supra-clinical doses, systemic arte-
rial, pulmonary arterial and central venous pressures, 
cardiac output, heart rate and regional coronary blood 
flow were not or were mildly affected by the administra-
tion of diazepam or midazolam (Jones et  al.  1979). 
Indirectly, by decreasing the amount of their co-induction 
anesthetic drugs necessary to induce anesthesia, they 
may benefit the cardiovascularly unstable patient. 
However, they will not mask and may exacerbate anes-
thetics’ respiratory and cardiovascular side effects 
(Hopkins et al. 2014).

Analgesic Effects

Although it has been demonstrated that GABA plays a role 
in mediating the transmission and perception of pain, 
there is no conclusive evidence for any analgesic effect of 
benzodiazepines (Enna and McCarson  2006). Further, 
enhancing activation of the GABAA receptor at the supra-
spinal level will inhibit descending anti-nociceptive path-
ways and exacerbate the response to nociceptive stimuli. 
Indeed, benzodiazepines can decrease the analgesic effi-
cacy of opioids and antagonism of the benzodiazepines 
with flumazenil enhances the opioid-induced analgesia 
(Gross et al. 1996; Gear et al. 1997; Kissin et al. 1990).
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Hepatic Necrosis
Acute fulminant hepatic necrosis has been associated with 
repeated oral administration of diazepam in cats. Although 
idiosyncratic hepato-toxicosis was suspected due to the rar-
ity of this complication, testing of serum transaminase 
activity within five days of treatment initiation of repeated 
diazepam administration is recommended (Center 
et al. 1996). In another report, the hepatic failure, secondary 
to oral diazepam administration, in a two-year-old cat for 
behavioral problems was treated successfully with intensive 
supportive care and five days of hospitalization (Park 2012).

Drug Interaction
Lidocaine metabolism is non-competitively inhibited by 
midazolam (Nagashima et al. 2005). In consequence, the 
combination of the two drugs could prolong the effects of 
lidocaine. The clinical significance of such interaction is 
unclear.

Dependence
The chronic use of benzodiazepines in animals can pro-
duce dependence. In dogs, studies have shown that with-
drawal from diazepam can induce many signs ranging 
from tremor, hot foot walking, rigidity and decreased food 
intake to tonic-clonic convulsions that were lethal in some 
dogs (McNicholas et al. 1983). The severity of those symp-
toms is dependent on the benzodiazepine used and its 
metabolites (Martin et al. 1990). Because benzodiazepine 
metabolism is species-specific, signs are also likely to vary 
depending on the species (Martin et al. 1990).

Aging
The long-term use of benzodiazepines in elderly human 
patients has been associated with an increased incidence of 
confusion in the post-operative period (Kudoh et al. 2004). 
Also, age-associated decreased liver function affects phase 
one metabolism (oxidation) more than phase two (glucuroni-
dation), and in this regard, lorazepam may be advantageous.

Laryngeal Function
No differences in arytenoid cartilage motion were seen imme-
diately after induction of anesthesia with diazepam (or mida-
zolam) plus ketamine, propofol, alfaxalone or thiopental in 
dogs or cats (Nelissen et  al.  2012; Jackson et  al.  2004). 
Nevertheless, the arytenoid motion may recover more quickly 
following thiopental induction compared to the diazepam-
ketamine combination in dogs (Jackson et al. 2004).

Propylene Glycol
The injectable formulations of diazepam and lorazepam 
include 40% and 79% propylene glycol, respectively. 
Propylene glycol is a hyperosmotic molecule that can 

induce pain and thrombophlebitis when administered IM 
and IV (in peripheral veins), respectively (Doenicke 
et al. 1994). It can also cause hemolysis when diazepam or 
lorazepam are administered at large doses or as a constant 
rate infusion (CRI). Lorazepam should also be diluted with 
an equal volume in sterile water, saline or dextrose 5% 
immediately before slow IV administration to decrease the 
incidence of phlebitis (Ativan®, Baxter Healthcare 
Corporation product information notice). However, less 
commonly used benzodiazepines have an antihemolytic 
effect on human erythrocytes (Terhaag and Bockisch 1976). 
Indeed, chlordiazepoxide, medazepam and oxazepam have 
a similar effect to chlorpromazine on human erythrocytes 
placed in hypotonic NaCl solution.

Pregnancy
The FDA classifies benzodiazepines as category D. There is 
an increased risk of congenital malformations associated 
with benzodiazepines during the first trimester of preg-
nancy; however, the potential benefits from its use may out-
weigh the risk. Also, the chronic use of benzodiazepines 
during late pregnancy increases the risk of CNS depressant 
effects and withdrawal symptoms during the post-natal 
period in newborns. Benzodiazepines and their metabolites 
will distribute into milk (Plumb 2015). The implications for 
veterinary patients are not fully understood, and those 
effects may be less with lorazepam (Plumb 2015).

­Diazepam Hydrochloride

Empirical formula: C16H13ClN2O
Chemical name (International Union of Pure and 

Applied Chemistry [IUPAC]): 7-chloro-1,3-dihydro-1-meth
yl-5-phenyl-2H-1,4-benzodiazepin-2-one. Structure: see 
Figure 6.1.

US veterinary labeled products: none. US human labeled 
products: Available as an oral tablet, oral solution, injecta-
ble solution and rectal gel.

Legal status: AU: S4, CA: Schedule IV, DE: Anlage III, 
NZ: Class C, UK: Schedule 4 (Subclass Controlled Drug 
Benz), US: Schedule IV. Diazepam is not intended for food-
producing animals (no established withdrawal time) and is 
classified as a class-2 substance by the Racing 
Commissioners International (Association of Racing 
Commissioners International [ARCI]).

Diazepam is often considered the benzodiazepine of ref-
erence. It is a colorless to light yellow crystalline compound. 
It is poorly water-soluble (Table  6.1) and, as previously 
mentioned, it requires propylene glycol to be solubilized. 
Most of the limitations of diazepam are due to its hyperos-
motic vehicle (unreliable absorption in any route other than 
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IV and pain on injection). It also has a much shorter dura-
tion of action in dogs and cats compared to horses (Table 6.2) 
and humans (elimination half-time of 20–50 hours), requir-
ing more frequent dosing (Barash 2009). In cats, repeated 
administration of diazepam has been associated with 
hepatic failure and death, and the authors recommended 
frequent testing of the serum transaminase activity (Center 
et  al.  1996). In dogs, diazepam anticonvulsant tolerance 
occurs after one week of continuous administration and 
diazepam serum concentrations are not directly related to 
its anticonvulsant effects. Its main metabolites (in decreas-
ing importance) nordiazepam (also known as desmethyldi-
azepam, 50% in cats), oxazepam and temazepam are active 
metabolites, although their anticonvulsant potency is 
around one third that of diazepam (Table 6.2) (Katzung 2004; 
Morgan et al. 2006). In horses, diazepam can induce excite-
ment, ataxia and recumbency. However, in the author’s 
experience, accidental administration of 0.1 mg/kg IV diaz-
epam to a horse diagnosed with West Nile virus induced 
sedation. The posology of diazepam in various species is 
summarized in Table 6.4.

Plastic bags and tubes commonly made with plasticized 
poly(vinyl chloride) (PVC) are often used for the 

administration of drugs. These plastics can absorb diaze-
pam and a partition coefficient of 300 has been reported 
(Treleano et  al.  2009). In another study, the sorption of 
diazepam by infusion sets reached 80% during slow infu-
sion (Winsnes et al. 1981). Consequently, injectable solu-
tions of diazepam should be stored in glass or polyolefin 
containers protected from light and stored at room tem-
perature. This sorption phenomenon is seen with diaze-
pam but not with midazolam or lorazepam (Martens 
et al. 1990).

Diazepam precipitates when combined with most other 
drugs, although diazepam and ketamine are often mixed 
before induction of anesthesia. There is no evidence if this 
combination is safe or leads to the formation of microcrys-
tals invisible to the naked eye.

­Midazolam Maleate

Empirical formula: C18H13ClFN3

Chemical name (IUPAC): 8-chloro-6-(2-fluorophenyl)-1-
methyl-4H-imidazo[1,5-a][1,4]benzodiazepine. Structure: 
see Figure 6.1.

Table 6.4  Posology of the most commonly used benzodiazepines in the perioperative period.

Effects Species Diazepam (mg/k Midazolamg)  (mg/kg) Lorazepam (mg/kg)

Sedation

Dogs and cats 0.1–0.5 IV 0.1–0.5 IV, IM, SQ 0.2–0.3 IV

0.2–1.0 intranasal

Ruminants 0.3–1.0 IV 0.2–1.0 IV, IM

Foals (<1  0.1–0.3 IVmonth) 0.1–0.3 IV

Pigs 0.3–1.0 IV 0.2–1.0 IV, IM

Rabbits, ferrets 0.5–1.0 IM

Birds 0.5–1.0 IM

Co-induction agent

Dogs and cats 0.1–0.5 IV 0.1–0.3 IV

Ruminants 0.1–0.5 IV 0.1–0.3 IV

Horses 0.05–0.1 IV 0.05–0.1 IV

Pigs 0.1–0.3 IV 0.1–0.3 IV

Rabbits, ferrets 0.1–0.5 IV 0.1–0.3 IV

Birds 0.1–0.5 IV

Anticonvulsant

Dogs and cats 0.5–1.0 IV0.5–2.0 IV, per rectum 0.2 IV, intranasal

Horses 0.05–0.4 IV 0.05–0.4 IV

Appetite stimulant

Cats 0.05 IV

Goat 0.06 IV
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US veterinary labeled products: none. US human labeled 
products: Available as syrup or an injectable solution.

Legal status: AU: S4, CA: Schedule IV, DE: Anlage III, 
NZ: Class C, UK: Schedule 3, US: Schedule IV. Midazolam 
is not intended for food-producing animals (no established 
withdrawal time) and is classified as a class-2 substance by 
the Racing Commissioners International (ARCI).

Although midazolam is often reported to be twice as potent 
as diazepam, its main advantage resides in the ability of its 
diazepine ring to reversibly hydrolyze and form open-ring 
benzophenone in mildly acidic environments (Figure  6.2). 
The good hydro-solubility seen at a pH ranging from 3 to 4 
(commercial preparation) allows the molecule to be solubi-
lized without propylene glycol and can be used more reliably 
IM or intranasally. The high lipid-solubility of midazolam at 
physiologic pH also means rapid transfer across the blood–
brain barrier for a fast onset of action. Combined with the 
fact that midazolam has very similar pharmacodynamics and 
is cheaper in certain countries than diazepam, midazolam 
has become very popular in veterinary medicine. The posol-
ogy of midazolam in various species is summarized in 
Table 6.4. Rectal administration of midazolam is not recom-
mended as it results in undetectable midazolam plasma con-
centration (Table 6.3) (Schwartz et al. 2013).

­Lorazepam

Empirical formula: C15H10Cl2N2O2

Chemical name (IUPAC): 7-chloro-5-(2-chlorophenyl)-3- 
hydroxy-1,3-dihydro-1,4-benzodiazepin-2-one. Structure: 
see Figure 6.1.

US veterinary labeled products: none. US human labeled 
products: Available as an oral tablet, oral solution or inject-
able solution.

Legal status: AU: S4, CA: Schedule IV, DE: Anlage III, 
UK: Schedule 4 (Subclass Controlled Drug Benz), US: 
Schedule IV. Lorazepam is not intended for food-producing 
animals (no established withdrawal time) and is classified 
as class-2 substance by the Racing Commissioners 
International (ARCI).

Lorazepam is rarely used in veterinary medicine and, to 
the author’s knowledge, is not used as part of a balanced 
anesthesia protocol. Although it is a more potent sedative 
and amnesic than diazepam or midazolam, it has a lower 
lipid solubility and a more prolonged onset of action 
(Stoelting et al. 2006; Barr et al. 2001; Healey et al. 1983). In 
humans, postoperative sedation with a continuous infu-
sion of lorazepam resulted in significant delays in emer-
gence compared to midazolam (Barr et al. 2001).

Lorazepam has been used as an adjunctive agent for 
treating separation anxiety in dogs (Sherman 2008). Its use 

as an anticonvulsant has been reported in small animals 
due to its increased duration of action and potential for bet-
ter bioavailability (when administered intranasally) com-
pared to diazepam (Mariani et  al.  2003). However, like 
midazolam, rectal administration of lorazepam resulted in 
immeasurable plasmatic concentration levels (Table  6.3) 
(Podell et al. 1998b). The posology of lorazepam in various 
species is summarized in Table 6.4.

In most species, Lorazepam metabolism differs from 
diazepam and midazolam. The principal metabolite in 
man, dogs, pigs, and cats is the glucuronide metabolite, but 
the rat produces other metabolites after small doses of 
lorazepam (Elliott 1976). Because the formation of loraze-
pam metabolites is mostly independent from hepatic 
microsomal enzymes, decreases in hepatic function or 
aging are less likely to prolong lorazepam elimination half-
time when compared to diazepam or midazolam (Stoelting 
et al. 2006). Also, a decrease in renal function will not affect 
the lorazepam metabolite effects as they are inactive 
byproducts.

Due to the high content of propylene glycol and benzyl 
alcohol in the injectable formulation, lorazepam should be 
diluted before administration, and repeated high doses or 
infusion should be used with caution.

­Remimazolam (also Known as CNS 7056)

Empirical formula: C21H19BrN4O2

Chemical name (IUPAC): methyl 3-[(4S)-8-bromo- 
1-methyl- 6-(pyridin-2-yl)- 4H-imidazo[1,2-a][1,4] 
benzodiazepin-4-yl]propanoate.

US veterinary labeled products: none. US human labeled 
products: Available as an injectable solution.

Legal status: CA: Schedule IV, DE: Anlage III, EU: Rx-
only, UK: Under Psychoactive Substances Act, US: R-Only. 
Lorazepam is not intended for food-producing animals (no 
established withdrawal time).

Remimazolam is a newer benzodiazepine that has 
recently been approved in human medicine (USA and Japan 
in 2020, and EU in 2021) for induction and maintenance of 
procedural sedation. As its name indicates, remimazolam 
combined the properties of two well-known sedative/anes-
thetic drugs (i.e. midazolam and remifentanil) (Goudra and 
Singh 2014). Remimazolam has similar pharmacodynamic 
effects to other benzodiazepines, with reported significantly 
reduced times to onset of sedation and recovery in phase 3 
clinical trials compared to midazolam (Lee and Shirley 2021). 
Remimazolam has an organ-independent metabolism simi-
lar to remifentanil. It is degraded by tissue carboxylesterases 
(predominantly type 1A) to CNS7054, which is subse- 
quently metabolized by hydroxylation and glucuronidation. 
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However, the pharmacokinetics of remimazolam are altered 
in patients with hepatic impairment, despite the limited 
metabolism by cytochrome P450 (Lee and Shirley 2021).

Remimazolam is a promising drug. However, to the 
author’s knowledge, there are no reports of the use of remi-
mazolam in companion animals.

­Flumazenil

Empirical formula: C15H14FN3O3

Molecular weight: 303.3 g/mol
Chemical name (IUPAC): Ethyl 8-fluoro-5-methyl-6-oxo- 

5,6-dihydro-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-
carboxylate. Structure: see Figure 6.1.

US veterinary labeled products: none. US human labeled 
products: Available as an injectable solution.

Legal status: Flumazenil is not an Food and Drug 
Administration (FDA) scheduled drug. Flumazenil is not 
intended for food-producing animals (no established with-
drawal time). Flumazenil has been shown to have an 
adverse effect on the developing fetus, but potential benefits 
may warrant use during pregnancy despite potential risks.

Flumazenil is a benzodiazepine derivative with a high 
affinity for benzodiazepine sites on the GABAA receptors. It 
has little intrinsic activity but reverses the effects of both 
benzodiazepine agonists and inverse agonists in a dose-
dependent manner. It does not reverse the effects of other 
drugs that bind to the GABAA receptor, such as propofol, 
alfaxalone and barbiturates. Still, it can improve the out-
come of animal and human patients with hepatic encepha-
lopathy (Grimm et  al.  1988; Laccetti et  al.  2000; Baraldi 
et  al.  1984; Bassett et  al.  1987). In humans, flumazenil 
undergoes extensive metabolism in the liver (phase one and 
phase two) with less than 0.2% recovered unchanged in the 
urine (Klotz 1988). Its relatively short duration of action is 
explained by its short half-life (0.7–1.3 hour), high plasma 
clearance (520–1300 ml/min) and the fact that its three 
known metabolites are inactive (Klotz  1988). Flumazenil 
also has a relatively low plasma protein binding (40%) when 
compared to other benzodiazepines (Klotz 1988).

In dogs, flumazenil serum levels reached a plateau 
within 4 minutes of submucosal administration of 0.2 mg 

of flumazenil (Oliver et al. 2000). In that study, the average 
maximum flumazenil serum level achieved was 8.5 ng/ml 
and decreased to −2 ng/ml by two hours. The bioavailabil-
ity of submucosal flumazenil was 101 ± 14% (Oliver 
et al. 2000).

In rabbits previously medicated with midazolam, IV 
flumazenil terminal half-life, plasma clearance and volume 
of distribution were 26.3 minutes [95%CI: 23.3–29.3], 
18.74 ml/minutes/kg [16.47–21.00] and 0.63 l/kg [0.55–0.71],  
respectively (Rousseau-Blass et  al.  2021). However, the 
duration of flumazenil action was not long enough to avoid 
a return of sedation in the majority of rabbits (Rousseau-
Blass et al. 2021).

Flumazenil is usually administered as an antagonist for 
benzodiazepines; however, its relatively high price often 
prevents routine clinical use. It is administered to effect IV, 
and most patients respond to doses between 0.01 and 
0.04 mg/kg in dogs and cats and 0.01 to 0.02 in horses. In 
dogs, the IM, rectal, submucosal, and sublingual routes 
have been shown to be viable alternatives; however, the 
onset of response following administration of flumazenil 
IV was significantly faster (1.7 minute) followed by the sub-
mucosal route (2.3 minutes) (Unkel et  al.  2006; Heniff 
et  al.  1997). Oral administration is not recommended as 
peak plasma concentrations are reached after one hour and 
decrease rapidly (Wala et al. 1988).

Flumazenil reverses EEG changes and the centrally 
mediated muscle relaxation induced by the benzodiaz-
epines but doesn’t impair cerebral blood flow auto-
regulation (Greene et  al.  1992; Keegan et  al.  1993; 
Artru 1989). The administration of flumazenil is not asso-
ciated with excitement, dysphonia, alterations in cardiores-
piratory functions, or increased MAC (Schwieger 
et al. 1989). However, flumazenil antagonizes the respira-
tory depression seen when combining benzodiazepine and 
opioids and antagonizes the fall of arterial blood pressure 
seen in cats after the administration of benzodiazepines 
(Gross et al. 1996; Driessen et al. 1987).

Flumazenil should be used with caution in patients with 
a history of seizures or chronic administration of benzodi-
azepine as it can precipitate seizures and trigger with-
drawal symptoms, respectively (Spivey  1992; Martin 
et al. 1990).
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Introduction

Opioids are considered to be the most effective class of 
drugs that provide analgesia in the face of severe pain, 
including the acute pain associated with surgery. They are 
commonly used in veterinary anesthesia to provide analge-
sia to treat preoperative, intraoperative, and postoperative 
pain, as well as to treat the intense pain caused by some 
disease processes, e.g. pleuritis, peritonitis and pancreati-
tis. Opioids are also frequently used in combination with 
sedatives for enhanced sedation, known as neuroleptanal-
gesia, or, with the addition of drugs like ketamine, as part 
of total injectable anesthetic techniques. Ultrapotent opi-
oids are used to sedate and/or immobilize free-roaming 
wildlife.

Mechanism of Action

Opioids act at opioid receptors which are found in many 
of the body’s tissues, including the central nervous 
system (CNS), the peripheral nervous system (sensory 
nerves), gastrointestinal (GI) system, urinary system, 
synovial membranes and macrophages. Opioid receptors 
are part of the G protein-coupled receptor family. 
Endogenous (e.g. endorphins) and exogenous (e.g. 
opioid drugs like morphine) ligands bind to opioid 
receptors, activating the Gα and Gβγ subunits which 
exert effects via second messenger systems. These effects 
lead to decreases in intracellular ionized calcium and 
inhibition of release of excitatory neurotransmitters like 
glutamate and substance P. Additionally, activation of G 
protein-coupled with inwardly rectifying potassium 
channels results in hyperpolarization of neurons and 
increased activation thresholds of nociceptive receptors. 
The overall impact is a reduction in the excitatory signal 
in the nociceptive pathway (Che et al. 2021).

Three main subtypes of opioid receptors have been 
identified. The mu, kappa, and delta subtypes correspond to 
the endogenous ligands endorphins, dynorphins, and 
enkephalins. A fourth opioid receptor subtype, the orphanin 
or nociceptin opioid receptor, that nociceptin binds to, has 
also been identified. The investigation of compounds that 
act as agonists at nociceptin receptors is ongoing, as they 
may produce analgesia with fewer side effects and decreased 
potential for addiction in people (El Daibani and Che 2022).

In dogs, polymorphism of the mu opioid receptor gene 
has been demonstrated (Hawley and Wetmore  2010). The 
impact of this has not been fully elucidated, however, it may 
be associated with dysphoria seen in certain breeds (Alaskan 
malamute, Siberian husky, Labrador retriever). Genetic pol-
ymorphism of the mu opioid receptor has also been found in 
horses, which is associated with increased opioid-induced 
locomotor side effects (Wetmore et al. 2016).

Opioid drugs are classified based on their activity at the 
opioid receptors (Table 7.1). They can be classified as ago-
nists (e.g. morphine), partial agonists (buprenorphine), 
agonist-antagonists, (e.g. butorphanol), or antagonists 
(e.g. naloxone).

Pharmacokinetics

Opioids are typically administered parenterally in the 
perianesthetic period. Opioids can be given by intravenous 
(IV), intramuscular (IM), and by subcutaneous (SC) 
injection. Additionally, some opioids are available in 
formulations that allow for transdermal (TD) application 
(topical buprenorphine for use in cats; fentanyl patches). 
Opioids are lipophilic drugs, and therefore well-absorbed 
from these routes, including when administered by mouth 
(PO). Orally administered opioids are subject to first-pass 
metabolism by the liver in animals, making this route 
of  administration much less effective, and therefore 
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infrequently used in veterinary anesthesia. Buprenorphine 
has been shown to be relatively well-absorbed in cats after 
oral transmucosal (OTM) administration between the 
cheek and the teeth, although bioavailability will be altered 
if it is swallowed or if some exits via the mouth, and can be 
impacted by mucosal intracellular enzymes and local 
pH. Buprenorphine and naloxone have been administered 
via the intranasal (IN) route in dogs. The large surface area 
and vascularity of the nasal mucosa promotes absorption, 
although drug can be lost due to sneezing or swallowing. 
Opioids can also be administered into joints. Lastly, opioids 
can be administered into the epidural space or intrathecally.

Distribution of opioids is a function of drug lipophilicity 
and regional blood flow. Lipophilicity of fentanyl, sufenta-
nil, and meperidine are significantly higher than for mor-
phine and hydromorphone, thus contributing to the more 
rapid onset and shorter duration of action of the former 
compared to the latter (Lötsch et al. 2013). The lower lipo-
philicity of a drug like morphine makes it a suitable option 
for epidural administration, as it will equilibrate with the 
systemic circulation at a relatively slow rate, thus remaining 
effective in the epidural space longer with fewer systemic 
side effects compared to parenteral administration. 

Additionally, P-glycoprotein (P-gp) transporters that form 
part of the blood-brain barrier are responsible for returning 
some opioids from the CNS to the systemic circulation 
against a concentration gradient (Tournier et al. 2011). A 
mutation of the ABCB1-­1Δ (formerly MDR1) gene that can 
decrease the function of the ABCB1-1Δ P-gp transporter in 
affected dogs of sheep-herding breeds may result in pro-
longed effects of butorphanol (Gramer et al. 2011; Grubb 
et al. 2020). Opioids readily cross the placental barrier.

Opioids undergo hepatic biotransformation via phase 1 
and/or phase 2 processes. Morphine, for example, is metab-
olized in dogs via glucuronidation, with the major metabo-
lite being morphine-3-glucuronide. In cats, only a small 
amount of morphine undergoes glucuronidation, and the 
major metabolite via sulfate conjugation is morphine-3-
ethereal sulfate (Garrett and Jackson 1979; Yeh et al. 1971). 
Unique among the opioids, remifentanil undergoes hydrol-
ysis by plasma esterases (Egan et al. 1993).

Elimination of opioid parent compounds and their 
metabolites occurs via renal and biliary excretion.

Pharmacokinetic parameters are given below in the sec-
tion on individual drugs.

Note that limited pharmacokinetic information is avail-
able for opioids in ruminants and pigs. Clinically, doses 
similar to those used in horses are often used for acute pain 
management. Clinicians should always consider whether 
use of drugs that do not have published withdrawal times is 
appropriate in animals that may enter the food supply.

Pharmacodynamics

Opioids are considered to be the most effective class of drugs 
to manage severe pain, including perioperative pain. In gen-
eral, opioids that are full mu opioid receptor agonists are 
associated with providing the greatest degree of analgesia, 
however, agonism of the mu opioid receptor is also associ-
ated with greater side effects. Many effects are common to 
most opioid agonists and are summarized in Table 7.2.

Nervous System Effects – Analgesia
As previously mentioned, opioid agonism at all opioid 
receptors decreases nociceptive signaling in the nervous 
system, both in the spinal cord and in supraspinal struc-
tures (periaqueductal grey matter, locus ceruleus, rostral 
ventromedial medulla), resulting in an antinociceptive, i.e. 
analgesic, effect (Stein 2018). The antinociceptive effects of 
opioids are well documented in animals (Houghton 
et al. 1991; Pieper et al. 2011; Chiavaccini et al. 2017; Love 
et al. 2015; Reed et al. 2019; Adami and Spadavecchia 2020). 
Administration of opioids peripherally, e.g. by intra-
articular (IA) injection, is also effective in producing anal-
gesia (Lindegaard et al. 2010; Day et al. 1995).

Table 7.1  Opioid receptors and their endogenous 
and exogenous ligands.

Mu opioid  
receptor

Kappa opioid 
receptor

Delta opioid 
receptor

Endogenous 
agonists

Endorphins
Dynorphins
Enkephalins

EnkephalinsDynorphins

MorphineAgonists
Hydromorphone
Methadone
Meperidine
Oxymorphone
Fentanyl
Sufentanil
Alfentanil
Remifentanil
Etorphine
Carfentanil
Thiafentanil

Butorphanol
Nalbuphine
Pentazocine
Meperidine
Etorphine

Morphine
Fentanyl
Pentazocine
Etorphine

Partial 
agonist

Buprenorphine

NaloxoneAntagonists
Naltrexone
Methylnaltrexone
Butorphanol
Nalbuphine
Pentazocine

Naloxone
Naltrexone

Naloxone
Naltrexone
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CNS Sedation and Excitation
Systemically administered opioids most commonly 
produce sedation (Monteiro et  al.  2008). Dysphoria and 
excitement can also occur, with some breed prevalence in 
dogs (e.g. so-called northern breeds, like the Siberian 
husky) (Hawley and Wetmore 2010). Horses and cats are 
more likely to show excitement than other species (Pascoe 
et  al.  1991; Benson and Thurmon  1987). At clinically 
effective doses of opioids, excitement is not commonly 
seen in cats (Steagall et  al.  2006). Combining a sedative 
with an opioid (neuroleptanalgesia) minimizes excitement.

Opioids can cause increased locomotor activity in horses 
(Pascoe et al. 1991). Administration of a sedative (e.g. ace-
promazine) or opioid antagonist (naloxone) diminishes or 
abolishes this behavior (Combie et al. 1981).

Ocular Effects
Opioids can cause miosis or midriasis. Miosis is the most 
common effect in dogs, with midriasis being more com-
monly seen in cats and horses (Sharpe and Pickworth 1985; 
Hamra et al. 1993). This is thought to be due to species dif-
ferences in effect at the Edinger-Westphal nucleus, which 

lies dorsal to the oculomotor nucleus in the midbrain. 
There is also conflicting evidence as to whether peripheral 
opioid receptors on the iris can impact pupil size (Murray 
et al. 1983).

Cardiovascular Effects
The most common effect of opioids on the cardiovascular 
system is bradycardia. This is a central effect, shown in 
dogs to be due to opioid receptor agonism in the nucleus 
ambiguus, located in the medulla oblongata, with resultant 
increased vagal output (Laubie et al. 1979). Opioid-induced 
bradycardia is therefore typically responsive to anticholin-
ergic therapy.

In dogs, morphine at doses of 0.6 mg/kg and higher 
when given IV, particularly if administered rapidly, causes 
histamine release from mast cells which can lead to hypo-
tension (Guedes et al. 2006; Schurig et al. 1978). The mag-
nitude of histamine release is not consistent among 
individual dogs (Guedes et al. 2006). The mechanism for 
histamine release is unclear. Administration of naloxone 
does not prevent histamine release, thus is not due to 
activity at opioid receptors. Morphine (0.5 mg/kg IM) 

Table 7.2  Effects of opioid receptor agonists.

Body system Mu opioid receptor Kappa opioid receptor Delta opioid receptor

Central nervous 
system and pupil

●● Supraspinal and spinal analgesia
●● Euphoria
●● Sedation
●● Dysphoria
●● Excitement
●● Miosis (dog)
●● Midriasis (cat, horse)
●● Increased locomotor activity (horse)

●● Supraspinal and 
spinal analgesia

●● Sedation
●● Miosis (dog)
●● Midriasis (cat, horse)

●● Supraspinal and 
spinal analgesia

Cardiovascular 
system

●● Bradycardia
●● Vasodilation due to histamine release 

(morphine, meperidine)

Respiratory system ●● Depression
●● Panting (dogs)
●● Antitussive

●● Antitussive

Gastrointestinal 
system

●● Emesis
●● Anti-emesis
●● Decreased motility
●● Decreased secretions
●● Increased pyloric sphincter tone
●● Colic (horses)

●● Anti-emesis
●● Decreased motility
●● Decreased secretions

●● Emesis

Urinary effects ●● Urinary retention
●● Increased bladder sphincter tone

Thermoregulation ●● Hypothermia
●● Hyperthermia (cats)

Integumentary ●● Pruritus
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administered to dogs with mast cell tumor disease did not 
result in cardiovascular changes compared to dogs with 
soft-tissue sarcomas (Curley et al. 2021). Meperidine and 
codeine also have the potential to cause histamine release 
(Blunk et al. 2004). Morphine (0.15 mg/kg IV followed by 
0.1 mg/kg/h IV) and butorphanol (0.05 mg/kg IV followed 
by 0.01 mg/kg/h IV) cause a similar amount of histamine 
release in horses (Duke-Novakovski et al. 2021).

Respiratory Effects
Supraspinal opioid receptor agonism results in respiratory 
depression. This is characterized by a decreased sensitivity 
of the ventilatory centers to PaCO2. For example, fentanyl 
(15 μg/kg IV) given to awake dogs and dogs sedated with a 
medetomidine infusion (1.5 μg/kg/h) resulted in an increase 
in PaCO2 and a decrease in pH in both groups, with a 
significant decrease in pO2 in the sedated dogs (Grimm 
et  al.  2005). Inhalant anesthetics and most injectable 
general anesthetics decrease minute ventilation, therefore 
concomitant opioid administration can be expected to exac-
erbate respiratory depression. Most patients under general 
anesthesia breathe an increased fraction of inspired oxygen, 
often with FiO2 = 1, therefore pCO2 may be elevated while 
pO2 remains within clinically acceptable limits. Opioids 
have also been shown to cause marked panting in dogs 
(Ryan et al. 2022).

Opioids have antitussive effects via depression of medul-
lary cough centers. Oral formulations of codeine, hydroco-
done, and butorphanol can be used to suppress coughing in 
dogs. Butorphanol given SC was 100 and 4 times more effec-
tive at reducing cough compared to codeine and morphine 
respectively (Cavanagh et al. 1976). In the same study, orally 
administered butorphanol was 15–20 times more effective 
than morphine, likely due to the significant first-pass effect 
when morphine is given enterally. In horses, neither 
codeine (0.6 mg/kg PO) nor butorphanol (0.02 mg/kg IV) 
were effective in reducing coughing in response to bron-
choalveolar lavage when given 2 hours and 20 minutes 
respectively prior to the procedure (Westermann et al. 2005).

Gastrointestinal Effects
Opioids can cause nausea and vomiting and can also have 
anti-emetic effects (Blancquaert et  al.  1986). This can be 
explained due to different effects at the chemoreceptor 
trigger zone (CTZ) located in the floor of the fourth 
ventricle, which has emetic effects and lies partly outside 
the blood-brain barrier (BBB), and the vomiting center 
(VC), which has anti-emetic function and lies within the 
BBB. Several mechanisms have been suggested as being 
responsible for nausea and vomiting, including increased 
vestibular sensitivity possibly mediated by kappa and delta 
opioid receptors in the inner ear, delayed gastric emptying 
and decreased intestinal motility, as well as stimulation of 

dopamine, mu opioid and delta opioid receptors in the CTZ 
(Smith and Laufer  2014). For example, opioid-induced 
nausea and vomiting can be ameliorated by prior 
administration of acepromazine, a dopamine antagonist 
and naloxone, an opioid antagonist at all opioid receptors 
(Valverde et  al.  2004; Takahashi et  al.  2007). Methadone 
causes less vomiting than morphine in dogs. This is likely 
due to it being more lipophilic than morphine, and 
therefore it distributes rapidly across the BBB to the 
VC. Morphine’s lower lipophilicity will result in it 
distributing more slowly across the BBB, with emetic 
effects mediated via the CTZ occurring before it penetrates 
to the VC (Blancquaert et al. 1986). Despite this difference 
in the two drugs, methadone can cause nausea and 
vomiting in dogs (Ryan et al. 2022). Methadone given every 
four hours to dogs after tibial plateau leveling osteotomy 
(TPLO) also caused nausea and vomiting, however, when 
methadone was given based on pain-scoring criteria, 
vomiting was decreased (Bini et al. 2018). This supports the 
clinical observation that emesis is more commonly seen 
when administering opioids to non-painful animals vs 
those that are painful (Pascoe  2000; KuKanich and 
Weise 2015b). Mu opioid agonists decrease the tone of the 
lower esophageal sphincter (LES), although meperidine 
resulted in a lower incidence of gastro-esophageal reflux 
compared to morphine in isoflurane-anesthetized dogs 
(Wilson et al. 2007). Many non-opioid factors decrease LES 
tone in cats and dogs, including administration of sedatives, 
atropine, IV anesthetic induction agents and inhalant 
anesthetics, as well as patient and procedure factors 
(Figueiredo 2022). Diminishing perioperative nausea and 
vomiting and regurgitation is an important goal in 
veterinary anesthesia, and the pharmacology of anti-
nausea, anti-emetic, and prokinetic drugs used in the 
perioperative period are discussed in Chapter 27.

Opioids that are mu opioid receptor agonists increase 
pyloric sphincter tone in dogs (McFadzean et  al.  2017). 
This contrasts with cats, where butorphanol and hydro-
morphone did not impact the passage of an endoscope 
through the pylorus (Smith et al. 2004).

Many factors can contribute to post-operative ileus, 
including the stress associated with anesthesia and surgery 
causing endogenous opioid release, duration of surgery, and 
type of surgery, with abdominal surgery more likely to result 
in ileus, and opioid administration (de Boer et al. 2017).

Systemic administration of mu opioid receptor agonists 
decreases propulsive peristalsis in the GI tract, resulting in 
delayed gastric emptying and ileus, which can lead to 
constipation. These effects are mediated by central as well as 
peripheral opioid receptors. In rats, mu opioid receptors in 
the lateral cerebral ventricle are associated with decreased 
gastric motility (Tsuchida et al. 2004). Opioid receptors are 
present throughout the GI tract and are found in submucosal 
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and mesenteric nerve plexuses (Sternini et al. 2004). Agonism 
of opioid receptors at these sites interferes with normal 
propulsive activity by decreasing the release of the 
neurotransmitters acetyl choline and substance P.

Post-operative ileus has been shown to last up to 72 hours 
in people, and clinical experience suggests that this is similar 
and well-tolerated in healthy cats and dogs (de Boer 
et al. 2017; KuKanich and Weise 2015b). In an experimental 
model of intestinal surgery without opioid use, dogs, and 
sheep had post-operative ileus for 24 and 72 hours (Bueno 
et al. 1978). Epidural administration of morphine resulted in 
shorter times to return to normal contractile activity in the 
proximal GI tract compared to IV morphine (Nakayoshi 
et al. 2007). In equids, opioid agonists (meperidine) and ago-
nist/antagonists (butorphanol, pentazocine) decrease intesti-
nal motility (Sojka et al. 1988). Other factors contribute to the 
development of postoperative ileus in horses including pres-
ence of a small intestinal lesion, preoperative nasogastric 
reflux, and duration of anesthesia, as well as use of alpha2 
agonists (Cohen et al. 2004; Merritt et al. 1998). The scientific 
literature presents conflicting information as to the risk of 
opioids, particularly full agonists, resulting in colic in horses. 
In one study, the risk of colic occurring after orthopedic sur-
gery in horses was four times greater than when butorphanol 
or no opioids were given (Senior et al. 2004). Another study 
showed no increased risk when morphine was given to 
horses anesthetized for MRI or non-abdominal surgery 
(Andersen et al. 2006). As with ileus, the risk of horses devel-
oping colic is multifactorial, and includes intrinsic factors 
(e.g. sex, age, and breed), use of antibiotics, recent changes in 
housing or diet and abdominal surgery (Gonçalves et al. 2002; 
Andersen et  al.  2006; Cohen et  al.  1999; Proudman 
et al. 2002). Despite this, it is prudent when using mu agonist 
opioids in equine anesthesia to closely monitor horses for 
signs of postoperative ileus and colic.

Urinary Effects
Epidural and intrathecal administration of morphine can 
lead to urinary retention, increased urinary sphincter tone 
and inhibition of micturition. Post-operative urinary 
retention after epidural morphine was observed in 7 of 242 
dogs (2.9%) and 2 of 23 cats (8.7%) (Troncy et al. 2002). In 
another study in dogs undergoing orthopedic surgery, 
urinary retention was lower with epidural (3%) compared 
to systemic administration of morphine (8%) (Peterson 
et al. 2014). Mu opioid receptor agonists decreased urine 
output (Anderson and Day  2008). This may be due to 
increased release of vasopressin (antidiuretic hormone) in 
the case of fentanyl, however, this was not the case with 
morphine (Biswai et  al.  1976; Robertson et  al.  2001). 
Agonism of kappa opioid receptors suppressed release of 
vasopressin leading to increased urine output (Leander 
et al. 1985).

Integumentary Effects
Intrathecal administration of morphine caused discomfort 
that the authors attributed to pruritus in 8% of dogs under-
going orthopedic surgery (Sarotti et  al.  2013). Epidural 
morphine did not result in pruritus in dogs (Naganobu 
et  al.  2004). Pruritus after intrathecal and epidural mor-
phine has been reported in cats, as well as after epidural 
morphine in horses (Gent et  al.  2013; Burford and 
Corley 2006). Signs of pruritus have also been noted follow-
ing intrathecal morphine administration in sheep (Wagner 
et al. 1996).

Thermoregulatory Effects
Opioids interrupt thermoregulatory processes via direct 
action at the hypothalamus, commonly resulting in hypo-
thermia in domestic animals. Post-operative hyperthermia 
can occur in cats after opioid administration (Posner 
et al. 2007; Posner et al. 2010). Morphine and hydromor-
phone have been shown to increase temperature in horses 
(Figueiredo et al. 2012, Reed et al. 2019).

Effect on Inhalant Anesthetic Requirement
Opioids have been shown to reduce the minimum alveolar 
concentration (MAC) of inhalant anesthetics in dogs in a 
dose-dependent fashion (Reed and Doherty 2018). Greater 
MAC reduction is seen with mu opioid receptor agonists 
compared to partial mu opioid receptor agonists, and 
kappa opioid receptor agonists produce only mild decreases 
in MAC. Mu opioid receptor agonists have also been shown 
to reduce MAC in cats, ruminants, and pigs (Machado 
et  al.  2018; Sayre et  al.  2015; Dzikiti et  al.  2011; Greene 
et al. 2004). In horses, morphine does not consistently have 
the same effect on MAC that is seen in other species, and at 
higher doses (2 mg/kg) increased MAC by 11% (Steffey 
et al. 2003).

Interactions with Sedatives
Combining sedatives like acepromazine and alpha2 ago-
nists with opioids (neuroleptanalgesia) enhances sedation 
(Gomes and Marques 2022; Corletto et al. 2005). Applying 
the principle of neuroleptanalgesia allows lower doses of 
both sedative and opioid to be used for sedation, which 
may decrease side effects of each individual drug used. 
However, when sedatives share similar side effects with 
opioids they may be exacerbated, e.g. bradycardia, respira-
tory depression and changes to GI motility seen with 
alpha2 agonists. Opioids are commonly used as part of 
combinations with ketamine and alpha2 agonists that, 
when administered IV or IM, produce heavy sedation or 
general anesthesia in cats, dogs, and pigs (Posner 
et al. 2020; De Monte et al. 2015). The degree of sedation 
and anesthesia produced in individuals of a species can 
vary considerably with these combinations, therefore, 
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close monitoring is advised so that interventions to sup-
port ventilation and cardiovascular function can be car-
ried out in a timely manner.

Interactions with Selective Serotonin 
Reuptake Inhibitors
Selective serotonin reuptake inhibitors (SSRIs), e.g. fluox-
etine, are used to treat a variety of behavioral disorders in 
animals. Meperidine, fentanyl and fentanyl derivatives act 
as weak SSRIs (Greenier et al. 2014). The use of these opi-
oids in patients receiving SSRIs is not contra-indicated, 
however, they could contribute to development of seroto-
nin syndrome (see Chapter 22).

Opioid Agonists
Opioid agonists have the ability to fully agonize the mu 
opioid receptor, and they may also act as agonists at kappa 
and delta opioid receptors. They are frequently referred to 
as mu agonists, or full agonists.

Morphine
Morphine was isolated from opium over 200 years ago, 
with the analgesic benefits of opium having been known 
for thousands of years (Wicks et al. 2021). The discovery of 
morphine’s structure and the ability to synthesize it led 
to  the development of other opioid drugs (Figure  7.1). 
Pharmacokinetic data for morphine are presented in 

Figure 7.1  Chemical structures of selected opioids.
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Table 7.3. As discussed earlier, morphine’s lipophilicity is 
relatively low, which can lead to a lag time (slower onset 
time) of up to 15 minutes, making it ideal for epidural 
administration as duration of action will be prolonged, 
e.g. 10–24 hours in dogs (Torske and Dyson 2000). A phar-
macokinetic/pharmacodynamic study assessing dose/
response to nociception using von Frey filaments in dogs 
showed that response to noxious stimulus was decreased 
for four hours following morphine 1 mg/kg IV (KuKanich 
et al.2005a). An oral formulation of extended-release mor-
phine had a bioavailability of 5.3% in dogs, therefore, this 
route of administration of morphine is not recommended 
(KuKanich et al. 2005b). Volume of distribution is lower in 
cats compared to dogs, and lower doses can be used 
(Table 7.4). In horses, elimination half-life is longer than in 
cats and dogs, therefore the recommended dosing interval 
is every eight hours. Morphine pharmacokinetics have 
been determined in calves receiving a 24 hour co-infusion 
of morphine, lidocaine, and ketamine (MLK) (Hartnack 
et al. 2020). Steady state serum concentration for morphine 
given at 4.8 μg/kg/h IV as part of the MLK co-infusion was 
likely not achieved in all calves in the study, due to the half-
life being 4.1 hours. Morphine has been used as part of an 

MLK co-infusion in dogs and horses (Muir et  al.  2003; 
Villalba et al. 2011). The loading dose of morphine prior to 
MLK in horses was 0.15 mg/kg IV. No significant side effects 
were noted in either study. In dogs, MAC reduction with 
morphine infusion alone and MLK were comparable, how-
ever in horses, MAC reduction from MLK in horses was not 
different from MAC reduction with lidocaine and ketamine. 
Morphine has also been placed into joints following arthros-
copy in dogs and horses. Analgesia from IA morphine was 
similar to epidural morphine after stifle arthrotomy in dogs, 
and similar to IA bupivacaine (Day et al. 1995; Sammarco 
et al. 1996). After elbow arthroscopy, IA morphine was not 
shown to improve outcome based on post-operative gait 
analysis (Gurney et al. 2012). OTM (buccal) administration 
of 0.5 mg/kg morphine in cats had an average bioavailabil-
ity of 36.6%, however, individual variation was high (range: 
12.7–49.5) (Pypendop et al. 2014).

Hydromorphone
Hydromorphone is a derivative of morphine (Figure 7.1), 
and by comparison has increased potency with generally 
similar effects but shorter elimination half-life in dogs, 
which may warrant more frequent dosing (Table  7.5) 

Table 7.3  Selected pharmacokinetic parameters for morphine in cats, dogs, and horses.

Species Dose (mg/kg) Route F (%) Cmax (ng/ml) Tmax (h) t1/2 Cl (ml/min/kg)V (l/kg)(h) References

0.5Dog
1.6

IV
Oral (extended 
release tablets)

—
5

135 (C0)
5

—
2

1.2
1.4

4.6
—

62.5
—

KuKanich et al. 
(2005b)

0.5
1
5

IV
IM
Rectal

—
119
19

—
185
51

—
0.08
0.5

1.6
1.4
1.6

7.2
6.8
7.5

85.2
91.2
92.6

Barnhart et al. (2000)

0.2Cat
0.2

IV
IM

—
—

—
120

—
0.25

1.3
1.6

2.6
1.7

24.1
13.9

Taylor et al. (2001)

0.05Horse
0.1

IV
IV

—
—

—
—

—
—

8.2
9.5

12.1
11.5

24.3
27.4

Hamamoto-Hardman 
et al. (2019)

0.1 IM — 31 34.94.51.50.31 Devine et al. (2013)

F, bioavailability, Cmax, maximum plasma concentration, Tmax, time to reach Cmax, t1/2, terminal elimination half-life, V, apparent volume of 
distribution, Cl, clearance, C0, concentration at time zero.

Table 7.4  Commonly used morphine dosages in cats, dogs, and horses.

Species IM (mg/kg)CRI (mg/kg/h)IV bolus (mg/kg) IA (mg/kg) Epidurala (mg/kg)

Dog 0.25–0.5 q 2–4  0.1–0.2h 0.25–1 q 2–4 h 0.1 mg/kg 0.1

Cat 0.1–0.3 q 2–4  0.05–0.1h 0.1–0.25 q 2–4  —h 0.1

0.1–0.15 q 8Horse  h 0.1 0.1–0.2 q 8 h 0.05 mg/kg 0.05–0.2b

IV, intravenous, CRI, IV constant rate infusion, IM, intramuscular, IA, intra-articular.
a Preservative-free morphine should be used for epidural administration; dose should be reduced to 1/3–1/2 of epidural dosage for intrathecal 
injection.
b Standard morphine preparation can be diluted in sterile saline to a volume of 10–30 ml to allow forward spread (Adapted from Natalini 2010  
© Elsevier).
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(KuKanich et  al.  2008a). In horses, the active metabolite 
hydromorphone-3-glucuronide has a much longer t1/2 than 
its parent compound after both IV (3.5 vs 0.32 hours) and 
IM (4.3 vs 0.45 hours) (Reed et al. 2020). This was also asso-
ciated with evidence of analgesia (increased thermal 
threshold) for 7–12 hours, and side effects such as excite-
ment for 1–2 hours and decreased fecal output for 8 hours. 
Commonly used clinical dosages are presented in Table 7.6.

Methadone
Methadone is a synthetic opioid (Figure 7.1) with similar 
potency to morphine, and exists as a racemic mixture. The 
D-enantiomer is an antagonist at N-methyl-d-aspartate 
receptors with possible weak agonism of opioid receptors, 
and the L-enantiomer is associated with opioid receptor 
agonism (Davis and Inturrisi  1999). Pharmacokinetics of 
methadone in dogs, cats, and horses are presented in 
Table 7.7. Elimination half-life in dogs was longer after IV 
methadone compared to IV morphine, although in horses, 
elimination half-life was shorter at one hour (Ingvast-
Larsson et  al.  2010). Pharmacokinetics for IV dosing 
of  methadone in cats have not been directly studied. 
Elimination half-life calculated for IV methadone in cats 
was similar to dogs, with a longer elimination half-life 
(10.4 hours) after IM dosing, and antinociception present 
for up to 6 hours (Slingsby et  al.  2016). Chloramphenicol 

decreases hepatic metabolism of methadone via inhibition 
of cytochrome P450 in dogs (KuKanich and KuKanich 2015a). 
Bioavailability in cats after OTM administration of 0.75 mg/kg 
methadone was 44.2% with a wide individual range 
(18.7–70.5%) (Ferreira et al.  2011). Methadone has similar 
side effects to other mu opioid receptor agonists and is less 
likely to cause vomiting in dogs (Blancquaert et al. 1986).

Table 7.5  Selected pharmacokinetic parameters of hydromorphone in dogs, cats, and horses.

Species Dose (mg/kg) Route F (%) Cmax (ng/ml) Tmax (h) t1/2 Cl (ml/min/kg)V (l/kg)(h) References

0.1Dog
0.1

IV
SC

—
—

32 (C0)
33

—
0.19

0.57
0.66

4.2
3.3

106.3
57.4

KuKanich et al. 
(2008a)

Cat 0.1 —IV  — — 24.62.91.6 Wegner and 
Robertson (2004)

0.04Horse
0.04

IV
IM

—
155

75 (C0)
20

—
0.13

0.32
0.45

1.1
—

79
—

Reed et al. 
(2020)

F, bioavailability, Cmax, maximum plasma concentration, Tmax, time to reach Cmax, t1/2, terminal elimination half-life, V, apparent volume of 
distribution, Cl, clearance, C0, plasma concentration at time zero.

Table 7.6  Dosages for selected mu agonist opioids in cats 
and dogs.

Opioid Species
Dosage (mg/kg) 
q 2–4 h CRI rate

Hydromorphone Dog

Cat

0.1–0.2 (IV or 
IM)
0.1 (IV or IM)

0.02–0.04 mg/kg/h

0.02–0.03 mg/kg/h

Methadone Dog

Cat

0.2–0.4 (IV)
0.2–1 (IM)
0.2–0.4 (IV)
0.2–0.6 (IM)
0.6 (OTM)

0.05–0.2 mg/kg/h

0.05–0.1 mg/kg/h

Meperidine Dog

Cat

5–10 (IM) 
q 1–3 h
3–5 (IM)

—
 
—

IV, intravenous, CRI, IV constant rate infusion, IM, intramuscular.

Table 7.7  Selected pharmacokinetic parameters of methadone in dogs, cats and horses.

Species Dose (mg/kg) Route F (%) Cmax (ng/ml) Tmax (h) t1/2 Cl (ml/min/kg)V (l/kg)(h) References

0.4Dog IV
SC

—
79

—
  19

—
1.2

3.9
9.2

9.2
—

27.9
—

Ingvast-Larsson et al. (2010)

0.3Cat
0.6

IVa

IM
—
—

—
105

—
1.1

4.6a

10.4
—
8

4.3a

9.1
Slingsby et al. (2016)

0.15Horse —IV  — — 80.71 Linardi et al. (2012)

F, bioavailability, Cmax, maximum plasma concentration, Tmax, time to reach Cmax, t1/2, terminal elimination half-life, V, apparent volume of 
distribution, Cl, clearance.
a Slingsby et al. (2016) calculated the values for t1/2 and V from data presented in work by Ferreira et al. (2011) (Adapted from Ferreira et al. 2011).
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Meperidine 
Meperidine (pethidine) is a synthetic opioid (Figure  7.1) 
with mu and kappa opioid receptor agonist activity (Trescot 
et al.  2008). Additionally, meperidine has been shown to 
have possible agonist activity at alpha2 receptors and 
antagonist activity at sodium channels (Höcker et al. 2008; 
Wagner et al. 1999). Pharmacokinetics have been studied 
in cats, dogs, and horses. Elimination half-life was less 
than 1 hour in dogs, and 3.4 hours in cats (Taylor et al. 2001; 
Ritschel et al. 1987). In horses, half-life after IM adminis-
tration was 3.1 hours, and antinociception to mechanical 
and thermal thresholds was not present (Hanafi et al. 2021). 
Meperidine causes histamine release more frequently in 
people than morphine, and histamine release has been 
shown to occur in dogs given meperidine (Flacke 
et al. 1987; Akcasu et al. 2009). In people, meperidine has 
been shown to precipitate serotonin syndrome when given 
with SSRIs (Tissot 2003). Unlike other mu opioid receptor 
agonists, meperidine has been shown to decrease cardiac 
output in dogs, with increases in heart rate seen due to an 
anticholinergic effect (Priano and Vatner  1981). Dosages 
for cats and dogs are given in Table 7.6.

Oxymorphone 
Oxymorphone is a derivative of hydromorphone. It is more 
potent than morphine, with similar duration of action and 
side effects in cats and dogs. Pharmacokinetics in cats 
showed a relatively short terminal half-life (1.5 hours) (Siao 
et  al.  2011). Bioavailability of oxymorphone after OTM 
administration was low (18.8%) (Pypendop et al. 2014). In 
dogs, the elimination half-life was 0.8 hours, and the inci-
dence of vomiting was low (KuKanich et al. 2008a,b). At 
the time of writing the injectable form is no longer availa-
ble in the USA.

Fentanyl 
Fentanyl is a synthetic opioid with a similar chemical 
structure to meperidine (Figure 7.1) and is approximately 
100 times more potent than morphine. It generally has a 
short half-life compared to previously discussed mu opioid 
receptor agonist and is frequently administered clinically 
as a continuous rate infusion (CRI). Pharmacokinetics of 
fentanyl given as a single IV bolus in cats, dogs, and horses 
are given in Table 7.8. Terminal elimination half-life was 
generally short, although slightly longer in cats. The same 
IV dose of fentanyl (4  μg/kg) given to conscious and 
isoflurane-anesthetized horses produced similar elimina-
tion half-life and volume of distribution, with a reduction 
in clearance of approximately 30% (Thomasy et al. 2007). 
Pharmacokinetics have also been reported in calves, pigs, 
alpacas, sheep, and goats, with plasma fentanyl concentra-
tions declining rapidly after administration of a single IV 

bolus (Smith et  al.  2018a,b; Egan et  al.  1999; Lovasz 
et  al.  2017; Ahern et  al.  2010; Carroll et  al.  1999). 
Recommended clinical dosages for fentanyl are given in 
Table  7.9. Fentanyl (2  μg/kg IV) can be used for co-
induction of anesthesia in dogs, allowing the induction 
dose of propofol to be reduced by 17% (Covey-Crump and 
Murison  2008). Fentanyl (2–5  μg/kg IV) can be co-
administered with midazolam (0.2 mg/kg IV) to induce 
anesthesia in compromised small animal patients, e.g. dogs 
in severe shock due to gastric dilatation/volvulus 
(Wong 1992; Figueiredo 2022).

Fentanyl is also available as a transdermal delivery 
system, or patch, in people, and it is frequently used in 
animals. Fentanyl patches are designed to deliver a specific 
dose of fentanyl per hour, ranging from 12 to 100  μg/h. 
Pharmacokinetics have been studied in dogs, cats, horses, 
pigs, calves, sheep, goats, llamas, and alpacas (Kyles 
et  al.  1998; Lee et  al.  2000; Skrzypczak et  al.  2022; 

Table 7.8  Selected pharmacokinetic parameters for fentanyl 
in dogs, cats, and horses.

Species
Dose 
(μg/kg) Route t1/2 (h) V (l/kg)

Cl (ml/
min/kg) References

Sano et al.77.910.50.8IV10Dog
(2006)

Cat   2.4IV7.2   Lee et al.19.82.6
(2000)

Horse   4 IV 1   0.37   Thomasy9.2
et al. (2007)

IV, intravenous, t1/2, terminal elimination half-life, V, apparent 
volume of distribution, Cl, clearance.

Table 7.9  Dosages for fentanyl and remifentanil* in dogs, cats, 
and horses.

SpeciesOpioid
IV bolus 
(μg/kg)

CRI  
(μg/kg/h) References

DogFentanyl
Cat
Horse

1–3
1–3
2–4

1–40a

1–40a

0.3–0.5

Grubb et al. (2020), 
KuKanich and 
Wiese (2015b)

Remifentanil Dog
Cat
Horse

—
—
—

10–20
12–24
  3–6

Seddighi et al. 
(2023), Machado 
et al. (2018), 
Benmansour and 
Duke-Novakovski 
(2013), Pallarols 
et al. (2020)

IV, intravenous, CRI, IV constant rate infusion.
a Dosage will vary depending on degree of pain, with acute surgical 
pain requiring higher doses, and post-operative pain requiring 
lower doses.
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Osorio Lujan et al. 2017; Smith et al. 2018a,b). In general, 
a lag time exists from placement of a fentanyl patch to 
reaching steady state plasma concentration, ranging from 
12 to 24 hours, with steady state concentrations lasting for 
2–3 days, and considerable individual variability in time-
to-peak plasma concentration. As with CRIs, once plasma 
concentrations have reached steady state, kinetics will be 
zero order, i.e. the amount of drug absorbed equals the 
amount of drug cleared per unit time. In dogs, the rate of 
delivery from fentanyl patches was lower than predicted, 
and resulted in plasma concentrations considered to be 
analgesic for 1–3 days (Kyles et al. 1998). Sedation scores 
were higher, vocalization occurred more frequently, and 
salivation and anorexia lasted longer after fentanyl patch 
placement compared to morphine epidural in dogs 
undergoing ovariohysterectomy (Pekcan and Koc  2010). 
No side effects were observed in cats when 
pharmacokinetics of a 25  μg/h patch (equivalent to 
delivery of 4.5–11.2  μg/kg/h of fentanyl) was conducted 
(Lee et al. 2000). Fentanyl was readily absorbed by the TD 
route in horses and was detected for up to 4 days in plasma, 
with no side effects (Skrzypczak et  al.  2022). In another 
equine study of TD fentanyl, side effects included increases 
in heart rate and respiratory rate (Thomasy et al. 2004). In 
pigs, TD fentanyl resulted in peak- plasma concentrations 
occurring between 6 and 36 hours, with no side effects 
being observed. Interestingly, placement of a subsequent 
patch in pigs did not result in consistent plasma 
concentrations, thus this modality may not be effective for 
providing analgesia longer than 2 days (Osorio Lujan 
et al. 2017). Time-to-peak plasma concentration in calves 
varied widely (4–48 hours). Side effects (vocalization, 
recumbency, excitement, tachycardia, hyperthermia, 
panting) were severe in two of four calves when delivery 
of TD fentanyl was 2  μg/kg/h, and moderate in two of 
three calves when delivery was 1 μg/kg/h. Removing the 
patch or administering naloxone resulted in the effects 
diminishing (Smith et al. 2018a,b).

Fentanyl Derivatives and Remifentanil
Alfentanil and sufentanil are fentanyl analogs. Alfentanil 
is less potent than fentanyl and has a shorter onset time. 
Sufentanil has a greater affinity for the mu opioid receptor 
compared to fentanyl with a similar onset time and is 
approximately 10 times more potent than fentanyl. 
Remifentanil has similar potency to fentanyl, with a rapid 
onset time similar to alfentanil. Its chemical structure is 
unique among the opioids in that it has an ester linkage 
and is degraded rapidly by plasma and tissue esterases to 
inactive compounds (Cohen and Royston 2001). Clinically, 
these opioids are given by CRI due to their short onset and 
offset. In the case of remifentanil and alfentanil, the 

short-offset means that, for animals likely to be in pain 
after surgery, additional analgesia will be required when 
the infusion is turned off.

Alfentanil reduces propofol requirements for mainte-
nance of anesthesia in dogs, and inhalant MAC in dogs, cats, 
and horses (Auckburally et al. 2008; Hall et al. 1987a,b; Ilkiw 
et al. 1997; Pascoe et al. 1993). Similarly, sufentanil reduces 
MAC in cats and dogs, as does remifentanil (Brosnan 
et al. 2020; Hall et al. 1987a,b; Seddighi et al. 2023; Ferreira 
et al. 2009; Benmansour and Duke-Novakovski 2013).

Ultra-Potent Agonists 
Etorphine, carfentanil, and thiafentanil are extremely 
potent opioids used alone, or in combination, with seda-
tives for sedation and immobilization of wild animals. 
These drugs should be handled with extreme caution, and 
safety precautions include never working alone with these 
drugs, and having antagonists available, as well as being 
able to communicate with medical personnel should inad-
vertent self-injection occur. Their use in anesthesia of wild-
life is reviewed elsewhere (Caulkett and Arnemo 2015).

Oral Opioid Agonist Drugs 
Oral bioavailability of opioids is poor in animals due to high 
first-pass hepatic metabolism. As such, they have limited 
use in the peri-anesthetic period in veterinary anesthesia. 
Codeine (methylmorphine) has a structure similar to mor-
phine with a methyl substitution (for hydroxyl) on the num-
ber 3 carbon atom which decreases first-pass metabolism in 
people, however, this is not the case in dogs, where a bioa-
vailability of 4% is reported (KuKanich 2010). Hydrocodone 
is a codeine derivative opioid agonist used in dogs mostly as 
an antitussive. Bioavailability in dogs is 19%, with some 
hydrocodone being metabolized to hydromorphone 
(KuKanich and Spade 2013). In another pharmacokinetic 
study, metabolism to the active M1 metabolite was low, and 
metabolism to hydromorphone was limited (Benitez and 
Roush  2015b). Orally administered extended-release 
hydrocodone provided inadequate analgesia in dogs under-
going TPLO, with 9/18 dogs requiring rescue analgesia 
compared to 2/18 dogs that received oral firocoxib 
(Heffernan et al. 2018). Hydrocodone is available as a com-
bined product with acetaminophen. This combination 
given orally, prior to TPLO surgery resulted in rescue anal-
gesia being required in 5/19 dogs (Benitez and Roush 2015a).

Opioid Partial Agonist
Buprenorphine 
Buprenorphine is a semi-synthetic opioid derived from 
thebaine, an opium alkaloid (Figure  7.1). It is about 25 
times more potent than morphine. Buprenorphine has a 
high affinity for the mu opioid receptor, however, does not 
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produce the maximal effects seen with full opioid agonists 
(Lewis 1985). Due to its high affinity, buprenorphine can 
prevent binding of full agonists and antagonists to the mu 
opioid receptor. Buprenorphine has a longer duration of 
action than morphine (four to eight  hours), and co-
administration of buprenorphine with full agonists is not 
recommended. Buprenorphine is available in an injectable 
form (0.3 mg/ml). Additionally, injectable buprenorphine 
at a high concentration (1.8 mg/ml) (Simbadol®) and trans
dermal buprenorphine solution combined with a permea-
tion enhancer (Zorbium®) are licensed in cats. Zorbium is 
available in two sizes, 0.4 ml containing 8 mg buprenor-
phine, and 1 ml containing 20 mg, with effects lasting up to 
four days. Special handling and wearing of  protective 
equipment to avoid accidental skin or eye exposure to 
Zorbium is essential, given the high concentration.

The pKa of buprenorphine is 8.24, and therefore in a 
more basic environment, such as the feline oral mucosa, 
OTM absorption is promoted due to more of the drug exist-
ing in its non-ionized state. Side effects of buprenorphine 
are similar to and generally less marked when compared to 
morphine.

Pharmacokinetics of buprenorphine given by IV, IM, and 
SC routes have been studied in several species (see 
Table 7.10). In general, elimination half-life is longer than 
morphine in cats and dogs, leading to longer dosing inter-
vals in small animal patients which can have advantages for 
post-operative care. In dogs, buprenorphine has also been 
given via the OTM and IN routes (Enomoto et  al.  2022). 
Bioavailability was 41% and 58% respectively, with a wide 
individual range. In cats, OTM bioavailability was 116%, 
although this may be inaccurate based on later findings that 
jugular sampling after OTM administration may overesti-
mate true plasma concentration (Robertson et al. 2003). The 

mean elimination half-life after 10, 30, or 50 mg/kg trans-
dermal buprenorphine solution was 78–90 hours, with 
peak-plasma concentration occurring between 2 and 
72 hours, and bioavailability was 16–22% (Freise et al. 2022). 
The extended half-life is attributed to the fact that the drug 
absorbed into the skin acts as a slow-release depot. In 
horses, pharmacokinetics of sublingual administration of 
buprenorphine (0.006 mg/kg) resulted in a longer elimina-
tion half-life and a similar duration of decreased intestinal 
borborygmi compared to IV administration (8.8 hours), 
with no horses showing signs of colic (Messenger 
et  al.  2011). In an equine model of lipopolysaccharide-
induced synovitis, buprenorphine was still detectable in 
synovial fluid 24 hours after intra-articular administration 
of 0.005 mg/kg (Steagall et al. 2020). Analgesic efficacy was 
not evaluated in that study, and in vitro, buprenorphine had 
dose-dependent cytotoxic effects on chondrocytes (Castro-
Cuellar et al. 2023). Clinically used dosages for buprenor-
phine are presented in Table 7.11.

Table 7.10  Selected pharmacokinetic parameters for buprenorphine in dogs, cats, and horses.

Species Dose (mg/kg) Route F (%) Cmax (ng/ml) Tmax (h) t1/2 Cl (ml/min/kg)V (l/kg)(h) References

0.02Dog
0.02a

0.02a

0.02a

IV
IV
IM
SC

—
—
63
40

—
35.9 (C0)
6.2
1.4

—
—
0.14
0.04

4
3.7
5.7

22

3.5
6.8

14.2
40.1

10.3
21.5
27.5
23.3

KuKanich and Allen 
(2014), Steagall et al. (2020)

0.01Cat
0.01
0.01

IV
IM
OTM

—
—
—

—
8.7
7.5

—
0.05
0.25

6.9
6.3
5.8

7.1
8.9
3.4

16.7
23.6

8.5

Taylor et al. (2001), 
Robertson et al. (2003)

0.005Horse
0.005

IV
IM

—
65

—
1.7

—
0.9

3.6
4.2

3
—

8
—

Davis et al. (2012)

F, bioavailability, Cmax, maximum plasma concentration, Tmax, time to reach Cmax, t1/2, terminal elimination half-life, V, apparent volume of 
distribution, Cl, clearance, IV, intravenous, IM, intramuscular, SC, subcutaneous, OTM, oral transmucosal, IN, intranasal.
a Buprenorphine 1.8 mg/ml was used (Simbadol®).

Table 7.11  Dosages for buprenorphine in dogs, cats, 
and horses.

Species

IV or IM 
bolus  
(mg/kg) OTM ReferencesSC

Dog

Cat

Horse

0.01–0.03 
q 4–8 h
0.01–0.03 
q 4–8 h
0.005–0.01

—

0.03–0.05 
q 8–12 h
—

—

0.24 mg/kga 
q 24 h
—

Grubb et al. 
(2020), KuKanich 
and Wiese (2015b)

IV, intravenous, IM, intramuscular, OTM, oral transmucosal, SC, 
subcutaneous.
a Buprenorphine 1.8 mg/ml (Simbadol®).
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Opioid Agonist-Antagonists
Agonist-antagonist opioids, sometimes referred to as 
“mixed” agonists, have agonist activity at kappa opioid 
receptors and antagonist activity at mu opioid receptors 
(Trescot et al. 2008).

Butorphanol 
Butorphanol is a synthetic opioid with kappa opioid recep-
tor agonist and mu opioid receptor antagonist activity 
(Figure 7.1). Butorphanol pharmacokinetics are presented 
in Table 7.12. In general, elimination half-life and therefore 
duration of action is shorter compared to morphine. 
Butorphanol may cause side effects typical of the opioid 
class of drugs, however, the effects tend to be mild.

In cats and dogs, butorphanol was not effective at provid-
ing sufficient analgesia after ovariohysterectomy (Warne 
et al. 2014; Gültiken et al. 2022). Butorphanol was also not 
effective as an analgesic for pain associated with shoulder 
arthrotomy in dogs (Mathews et al. 1996). In contrast, in a 
canine thermal nociceptive escape model, butorphanol 
(0.4 mg/kg IV) provided greater antinociception than 
buprenorphine (0.03 mg/kg IV). It is possible that thermal 
nociception does not truly represent pain associated with 
acute post-operative pain. It is also possible that butorpha-
nol may have weak partial agonist activity at the mu opioid 
receptor rather than being an antagonist (Trescot 
et al. 2008). Additionally, the short duration of action and 
frequent dosing interval for butorphanol argues against 
using it to manage moderate-to-severe peri-anesthetic pain 
in small animals (Bednarski  2015; Pascoe  2000). 
Bioavailability after administration of butorphanol 
0.4 mg/kg OTM to cats was relatively low at 37%, and 
plasma concentrations consistent with analgesic effect 
were not reached (Wells et al. 2008). Butorphanol has been 
identified as a substrate of the P-glycoprotein (P-gp) 

transporter in the CNS, and mutation of the ABCB1 P-­gp 
gene may result in sedation that is more pronounced and 
of longer duration in affected dogs (mostly sheep herding 
breeds) (Mealey et al. 2023). A 25% dose reduction is rec-
ommended for heterozygous dogs, and 50% reduction for 
homozygous dogs.

Elimination half-life after butorphanol 0.1 mg/kg IV is 
longer in horses compared to cats and dogs, with side 
effects (increased locomotor activity/excitement, increased 
heart rate, decreased intestinal borborygmi) lasting as long 
as six hours (Knych et al. 2013). In goats, pharmacokinetics 
are similar to small animas (Carroll et al. 2001). Lower dos-
ages and increased dosing intervals are therefore prudent 
in horses compared to other species (Table  7.13). 
Butorphanol has been shown to be efficacious for treating 
visceral pain in horses (Muir and Robertson 1985; Sellon 
et al. 2004). In another study, a single dose of butorphanol 
(0.1 mg/kg IV), as part of preanesthetic medication, pro-
vided insufficient analgesia after castration, with 19/20 
ponies requiring additional analgesia (Love et al. 2009).

Butorphanol (0.4 mg/kg IV) reduced isoflurane MAC in 
dogs by 20%, however, butorphanol 0.2 mg/kg IM did not 

Table 7.12  Selected pharmacokinetic parameters for butorphanol in dogs, cats, and horses.

Species Dose (mg/kg) Route F (%) Cmax (ng/ml) Tmax (h) t1/2 Cl (ml/min/kg)V (l/kg)(h) References

0.4Dog
0.25
0.25

IV
IM
SC

—
—
—

—
25
33

—
0.7
0.5

1.8
1.5
1.7

3.5
7.5
8.4

46.5
56.8
58.3

Springfield et al. (2022), 
Pfeffer et al. (1980)

Cat 1
0.4
0.4

IV
IM
OTM

—
—
24

—
132
34

—
0.35
1.1

2.9
6.3
5.2

3.9
7.6
15.6

18.4
12.9
35.3

Pypendop and Shilo-
Benjamini (2021)a, Wells 
et al. (2008)

0.1Horse
0.08
0.08

IV
IV
IM

—
—
37

—
—
99

—
—
0.11

5.9
7.8
0.6

1.4
1.1
0.6

11.5
4.6
12.4

Knych et al. (2013), Sellon 
et al. (2009)

IV, intravenous, IM, transdermal, SC, subcutaneous, F, bioavailability, Cmax, maximum plasma concentration, Tmax, time to reach Cmax, t1/2, 
terminal elimination half-life, V, apparent volume of distribution, Cl, clearance.
a Study performed in isoflurane-anesthetized cats.

Table 7.13  Dosages for butorphanol in dogs, cats, and horses.

SpeciesOpioid

IV or IM 
bolus  
(mg/kg)

CRI  
(mg/kg/h) References

Butorphanol Dog

Cat

Horse

0.2–0.4 
q1–4 h
0.2–0.4 
q1–4 h
0.01–0.04 q 
2–6 h

0.1–0.2

0.1–0.2

0.01–
0.025

KuKanich and 
Weise (2015b)

IV, intravenous, CRI, IV continuous rate infusion, IM, intramuscular.



­Introductio ﻿ 87

(Ko et al. 2000; Grimm et al. 2000). Doses of butorphanol 
from 0.2 to 0.8 mg/kg IV did not decrease halothane MAC 
in dogs (Quandt et  al.  1994). In cats, IV doses of 
butorphanol (0.08 mg/kg and 0.8 mg/kg) both decreased 
isoflurane MAC by 19% 60 minutes after administration, 
evidence that MAC reduction is likely not dose dependent 
(Ilkiw et al. 2002). A later study found a dose-dependent 
effect on isoflurane MAC when butorphanol was given at 
three different IV bolus doses/CRI rates, with reduction in 
MAC between 23% and 68% (Pypendop et  al.  2022). In 
ponies, butorphanol (0.022 and 0.044 mg/kg IV) tended to 
decrease MAC by a similar amount (10%), however, this 
decrease was not statistically significantly different from 
MAC of halothane alone (Matthews and Lindsay  1990). 
Goats given butorphanol 0.2 mg/kg IM prior to anesthesia 
had minimal cardiorespiratory or sedative effects and the 
induction dose of propofol was reduced by 22% (Dzikiti 
et al. 2009). Trace residues of butorphanol in bovine milk 
were present for 36 hours after a 0.045 mg/kg IV dose 
(Court et al. 1992).

Butorphanol can be used to reverse sedative (and other) 
effects of mu opioid agonists (Dyson et al. 1990).

Nalbuphine 
Nalbuphine is a semisynthetic opioid with relatively low 
lipophilicity and similar potency to morphine. Structurally, 
it is related to oxymorphone and naloxone (de Oliviera 
Frazílio et al. 2014). Like butorphanol, it is a kappa opioid 
receptor agonist and mu opioid receptor antagonist 
(Trescot et al. 2008). Pharmacologic studies in animals are 
relatively limited. Nalbuphine 0.5 mg/kg IV provided less 
sedation than an equipotent dose of butorphanol in dogs 
(Lester et al. 2003). Nalbuphine doses between 1 and 2 mg/kg 
produced mild sedation in dogs that was not dose-
dependent, and was enhanced by acepromazine, with min-
imal cardiorespiratory effects (Gomes and Marques 2022). 
Epidural administration of 0.3 and 0.6 mg/kg nalbuphine 
decreased isoflurane MAC by 26% and 38% respectively (de 
Oliviera Frazílio et al. 2014). In cats, IM sedation with nal-
buphine (0.5 mg/kg) and acepromazine (0.05 mg/kg) was 
mild, and similar to that seen with butorphanol (0.4 mg/
kg) and acepromazine (Costa et al. 2021). Pharmacokinetics 
have been described in conscious horses after 0.3 mg/kg 
nalbuphine (0.3 mg/kg) combined with xylazine (0.55 mg/kg) 
was given IV (Hammad et  al.  2022). Nalbuphine had a 
large volume of distribution and an elimination half-life of 
3.5 hours in that study. When given with xylazine, nal-
buphine extended the duration of sedation (45 minutes) 
compared to xylazine alone (30 minutes). Xylazine and nal-
buphine together produced antinociceptive effects as 
assessed by response to needle prick and electrical stimula-
tion for 15 minutes compared to xylazine alone (8 minutes).

Pentazocine 
Pentazocine is a derivative of benzomorphan and has 
antagonist (or possibly weak agonist) activity at mu opioid 
receptors while acting as an agonist at kappa and delta opi-
oid receptors.

The pharmacokinetics of pentazocine (2.5, 5, and 10 mg/
kg IM) during halothane anesthesia have been studied and 
fit a two-compartment model (Arakawa et al. 1979). Half-
life (1.2 hours) was similar regardless of dose and was not 
different from awake dogs that received 2.5 mg/kg IM. In 
dogs premedicated with atropine and pentazocine, the 
induction dose of propofol was reduced by 11% compared 
to atropine alone (Anandmay et  al.  2016). Pentazocine 
increases cardiac contractility in dogs, likely due to stimu-
lation of catecholamines from the adrenal medulla 
(Levitsky S  1971; Fukumitsu et  al.  1991). A few minutes 
after IV injection of pentazocine (1 or 2 mg/kg IV), renal 
blood flow decreased by approximately 80% with both 
doses, an effect which lasted for up to 15 minutes 
(Yamashiro 1978).

In horses, pentazocine (1 mg/kg IV) has a large volume 
of distribution (3  L/kg) and reached maximum plasma 
concentrations after 30 minutes. The elimination half-life 
is 2.3 hours, with duration of effect being approximately 
30 minutes (Tobin and Miller 1979). It is metabolized via 
glucuronidation and hydrolysis and excreted in the urine. 
In a cecal balloon colic model in horses, pentazocine 
provided analgesia for approximately 30 minutes that 
was  inferior to xylazine’s analgesic effects (Muir and 
Robertson 1985). Pentazocine had a minimal effect on the 
cardiorespiratory changes induced by the colic model. In 
another study, pentazocine (2.2 mg/kg IV) had an antinoci-
ceptive effect lasting 15–30 minutes. Side effects include 
increased locomotor activity and increased blood pressure 
in conscious horses. Similar to butorphanol, pentazocine 
decreased small intestinal motility in ponies (Sojka 
et al. 1988).

Opioid Antagonists
Opioid antagonists are used to reverse unwanted side 
effects of opioid agonists, and, at higher doses, the analge-
sia provided by opioid drugs as well as endogenous opioids 
will be reversed. Administering butorphanol may offer the 
advantage of reversing side effects (mu opioid receptor 
antagonism) while providing some analgesia (via kappa 
opioid receptor agonism).

Naloxone 
Naloxone acts as an antagonist at all opioid receptors. 
Elimination half-life is relatively short at 0.62 hours, and 
renarcotization was observed in 2/6 dogs two  hours 
after  naloxone was given IV to reverse oxymorphone 



Opioid Agonists and Antagonists88

(Wahler et al. 2019; Dyson et al. 1990). Bioavailability of IN 
administration of naloxone using a single-dose commer-
cial atomizer (4 mg total dose) was 32%, and lag time was 
short at 2.3 minutes. In the case of an emergency i.e. dur-
ing cardiopulmonary resuscitation, naloxone should be 
given at the full dose of 0.04 mg/kg IV (Fletcher et al. 2012). 
In non-emergent situations, it is prudent to administer 
antagonists to effect, which may result in reversal of side 
effects while maintaining some analgesia. Incremental 
doses of naloxone, e.g. 0.001 mg/kg q 1–5 minutes can be 
titrated until the desired effect is reached (KuKanich and 
Wiese 2015b).

Naltrexone 
Like naloxone, naltrexone is non-specific opioid 
antagonist. It has a longer duration of action and is most 
commonly used to reverse potent opioids used for wildlife 
immobilization. In cats, the duration of action of 
naltrexone was 1–2 hours, with a dose of 0.3 mg/kg IV 

reversing adverse behavior resulting from very high doses 
of remifentanil, while a dose of 0.6 mg/kg reversed 
dysphoria while maintaining antinociception (Pypendop 
et al. 2011).

Other Antagonists 
Methylnaltrexone, a derivative of naltrexone, has periph-
eral opioid antagonist activity. This offers advantages of 
decreasing peripheral side effects, e.g. decreased incidence 
of vomiting and GI motility, while maintaining central 
analgesic effects. Methylnaltrexone antagonized the GI 
effects of morphine in horses, and decreased morphine-
induced emesis in a dose-dependent fashion in dogs, 
although central effects of morphine were not reported 
(Boscan and Hoogmoed 2006; Foss et al. 1993).

Nalmefene, an opioid antagonist with long duration 
(elimination half-life of 8–11 hours in people and 3.6 hours 
in dogs) is no longer available (Wang et  al.  1998; Veng-
Pedersen et al. 1995).
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Introduction

Barbiturates are central nervous system (CNS) depressants 
that can be used for sedation, anesthesia, induced coma and 
even death in the form of euthanasia solutions. Thiopental 
was first introduced into human anesthesia in 1934 and revo-
lutionized the practice of anesthesia. Rapid barbiturate induc-
tion replaced the prolonged, unpleasant and often dangerous 
induction of general anesthesia with diethyl ether (Rathmell 
and Rosow  2015). Barbiturates have been used in human 
medicine for induction and maintenance of anesthesia, cere-
bral protection in at-risk patients and electroshock therapy 
(Vuyk et al. 2020). Since 2011, thiopental is no longer manu-
factured in the US and overseas manufacturers have stopped 
exporting to the US in protest at its use as part of the lethal 
injection “cocktail” for capital punishment (Woolston 2013). 
Although methohexital is still available in the US, and it pro-
vides a rapid return to consciousness, the high incidence of 
excitatory phenomena such as myoclonus and postoperative 
seizures has led to its replacement by propofol (Michic and 
Harris  2011). Barbiturate pharmacology is included in this 
textbook for several reasons, including the fact that these 
drugs are still widely used outside the US, exportation or US 
manufacture may resume, and perhaps most importantly, the 
pharmacokinetics and pharmacodynamics of barbiturates are 
the prototypes for comparison for most of the currently avail-
able IV anesthetics. Understanding the pharmacokinetics/
dynamics of drugs such as propofol, alphaxalone and etomi-
date is enhanced if the anesthetist understands the properties 
of barbiturates, to which they are often compared.

There are four barbiturates used in veterinary medicine. 
Phenobarbital is used as an anticonvulsant and pentobarbital, 
thiopental and methohexital are used as anesthetic agents. 
Thiamylal is very similar to thiopental in anesthetic effects 
and chemical structure, however, it is no longer available 
(Berry  2015). Historically, pentobarbital was the principal 
anesthetic agent in veterinary medicine, however, it has been 

replaced by shorter-acting injectable agents and inhalants. It 
may still be used as a sedative/anesthetic in patients being 
mechanically ventilated and in rodent laboratory animal situ-
ations (Plumb 2018b). Pentobarbital is also a major ingredient 
in many commercial euthanasia solutions. Until recently 
(early 2000’s), thiopental was the most commonly used inject-
able anesthetic used in veterinary medicine, however, cessa-
tion of manufacturing in the US has led to its replacement by 
other IV injectable agents such as propofol, ketamine/mida-
zolam and alphaxalone and the use of total IM anesthesia 
with dexmedetomidine-based protocols. Methohexital is the 
only anesthetic barbiturate still available in the US, however, 
it has been largely replaced by propofol for clinical use.

Physicochemical Characteristics

The classification of barbiturates as ultra-short, short, inter-
mediate and long acting is no longer recommended as it 
incorrectly associates a duration of action of a certain time 
interval, however, this nomenclature is still used in many 
anesthesia texts (Stoelting and Hillier  2006). Barbiturates 
are derived from barbituric acid, which is hypnotically inac-
tive and formed by malonic acid and urea. The substitutions 
on barbituric acid determine the physiochemical properties 
such as lipid solubility, onset and duration of action, meta-
bolic degradation and relative potency (Figure  8.1). 
Substitutions at the number 2 and 5 carbon atoms primarily 
result in barbiturates with CNS depressant, sedative and 
hypnotic effects and are used for clinical anesthesia 
(Berry 2015; Rathmell and Rosow 2015; Vuyk et al. 2020). 
Barbiturates are classified by their chemical structure as 
thiobarbiturates or oxybarbiturates. Thiobarbiturates (thio-
pental and thiamylal) have a sulfur atom at position 2 and 
oxybarbiturates (phenobarbital, pentobarbital, methohexi-
tal) have an oxygen atom at position 2 (Berry 2015; Rathmell 
and Rosow 2015; Vuyk et al. 2020). The sulfur atom imparts 
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greater potency and greater lipid solubility, thereby produc-
ing a more rapid onset of action and shorter duration of 
action. A good example of this is a comparison of thiopental 
with pentobarbital. Thiopental differs from pentobarbital 
only in the replacement of oxygen with a sulfur atom at car-
bon 2. However, this change results in the increased lipid 
solubility, faster onset of action, greater hypnotic potency 
and shorter duration, resulting in vast differences in the 
clinical use of the two drugs.

In general, modifications that increase the lipid solubility 
of the molecule will increase its potency while shortening the 
onset and duration of action. The addition of alkyl or aryl 
groups at position 5 of the barbituric acid ring imparts CNS 
depressant effects and the length of the side chain influences 
both potency and duration of action; longer side chains 
increase potency (Berry 2015; Posner 2018). Asymmetric car-
bon atoms in the side chains at position 5 results in D-isomers 
and L-isomers (twice as potent), however, barbiturates are 
supplied as racemic mixtures (Berry 2015; Posner 2018).

Methohexital is an oxybarbiturate that has a methyl 
group on the nitrogen atom which increases lipid solubil-
ity, making it more potent than thiopental and producing a 
faster onset of action. However, it also increases excitatory 

side effects and causes myoclonus and tremors during 
induction (Rathmell and Rosow 2015). Pentobarbital is an 
oxybarbiturate identical to methohexital with the excep-
tion of the methyl group and has a duration of action 4–8 
times that of thiopental in most species (Berry  2015). 
Phenobarbital has a phenyl group at the fifth carbon posi-
tron which increases the anticonvulsant but not hypnotic 
potency (Rathmell and Rosow 2015).

Barbiturates are acids, however, they are prepared as 
sodium salts which are very alkaline. The high alkalinity of 
the solution is bacteriostatic but caustic if given peri-
vascularly and will cause sloughing of tissue (Posner 2018). 
Thiopental and methohexital are both supplied as crystal-
line powders that can be reconstituted with either sterile 
water, normal saline or D5W to a 2.5% solution for thiopen-
tal and a 1% solution for methohexital (Plumb’s 2018a,c). 
Barbiturates cannot be reconstituted with lactated ringer’s 
solution or mixed with other acidic solutions as the decrease 
in alkalinity will result in precipitation of the barbiturate 
(Vuyk et al. 2020). Although reconstituted methohexital is 
stable for up to 6 weeks and thiopental solution is stable at 
room temperature for 3 days and for 7 days when refriger-
ated, current label recommendations are to discard unused 

Figure 8.1  The four barbiturates currently used in veterinary medicine result from substitutions at the number two and five carbons 
of barbituric acid. (Created by Nickolas H. Kraus using Latexian v1.2.7 for Mac Os x by Taco Software).
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portions within 24 hours due to the lack of preservative 
(Plumb’s 2018a,c). Thiopental has been used in a 1 : 1 mix-
ture with propofol, however, compatibility with other drugs 
depends on factors such as pH, concentration, temperature 
and diluent used and consultation with specific references 
or a pharmacist is advised (Plumb’s 2018c). Pentobarbital 
(generic) is available as a human labeled product as a 50 mg/
ml injectable solution (Plumb’s 2018b).

Pharmacokinetics

Physiologic and compartmental models have been used to 
describe barbiturate pharmacokinetics and both indicate 
rapid redistribution as the primary mechanism that termi-
nates the effects of a single induction dose (Vuyk et al. 2020). 
In the physiologic model, the drug mixes in the central 
blood compartment and is delivered to the tissues according 
to the perfusion of the tissue, the tissue affinity and the rela-
tive concentration in the blood and tissues (Berry  2015; 
Vuyk et  al.  2020). Rapid distribution occurs to highly 
perfused, low-volume tissues such as the brain, thereby 
inducing anesthesia (Figure 8.2). The concentration in the 

brain and blood decreases rapidly as the drug redistributes 
to less perfused tissues, such as skeletal muscle, thus termi-
nating the effect of an induction dose and allowing the 
patient to regain consciousness (Berry  2015; Vuyk 
et al. 2020). Adipose tissue uptake and metabolic clearance 
play only a minor role in termination of effect of a single 
induction dose due to the minimal perfusion ratio and slow 
rate of elimination (Vuyk et  al.  2015). In compartmental 
models, a single dose of thiopental or methohexital exhibits 
first-order kinetics where a constant fraction of drug is 
cleared from the body per unit of time. The compartmental 
pharmacokinetic model helps to explain the delay in recov-
ery with high or multiple doses or constant infusions of bar-
biturates in which termination of effect becomes 
increasingly dependent on the redistribution from adipose 
tissue and elimination by hepatic metabolism. The non-
linear zero-order Michaelis–Menten kinetics is due to 
receptor saturation and results in a constant amount of 
drug being cleared per unit of time (Vuyk et al. 2020). The 
context-sensitive half-time (the time for the plasma concen-
tration to decrease by 50%) after prolonged infusions of 
thiopental is long since reentry of the drug to the circulation 
from muscle and fat prevents plasma levels from decreasing 
(Rathmell and Rosow 2015).

The distribution of barbiturates is determined by their 
lipid solubility, degree of ionization and protein binding 
(Berry  2015). High-lipid solubility and a high degree of 
non-ionized drug results in rapid crossing of the blood–
brain barrier and rapid onset of action. Thiopental and 
methohexital are more lipid soluble than pentobarbital and 
therefore, have a more rapid onset of action. Barbiturates, 
in general, are highly protein bound. Only unbound drug 
can cross the blood brain–barrier; therefore, the greater the 
amount of unbound drug, the more rapid and greater the 
CNS effect. Protein binding of barbiturates parallels the 
lipid solubility of the non-ionized form since the ionized 
molecule is poorly lipid soluble (Stoelting and Hillier 2006). 
Thiobarbiturates are more highly protein bound than oxy-
barbiturates due to the sulfur substitution increasing affin-
ity for the hydrophobic portion of the protein. Hypoal- 
buminemia, displacement by other highly protein bound 
drugs such as aspirin or phenylbutazone or competitive 
binding inhibition in uremic patients all result in enhanced 
drug effect (Stoelting and Hillier  2006; Berry  2015). 
Neonates have also decreased protein binding which may 
be exacerbated by fetal acidosis during delivery. Elimination 
half-time is prolonged during pregnancy because of the 
increased protein binding of thiopental and greater volume 
of distribution (Stoelting and Hillier 2006).

The pKa (acid dissociation constant) and the pH of the 
environment determine the degree of ionization of barbi-
turates. The pKa is the pH at which barbiturates exist as 
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Figure 8.2  The percentage of thiopental in blood rapidly 
decreases as the drug moves from the blood to body tissues 
after an IV bolus. The time to achievement of peak tissue levels 
is a direct function of the tissue capacity for barbiturate relative 
to blood flow. A larger capacity or smaller blood flow results in a 
longer time-to-peak tissue levels. Most thiopental is initially 
taken up by the vessel-rich group (VRG) of tissues because of 
their high blood flow. The drug is then redistributed to muscle 
and, to a lesser extent, to fat. During this period, some thiopental 
is removed and metabolized by the liver and this removal is 
cumulative, unlike tissue removal. The rate of metabolism 
equals the early rate of removal by fat and the sum of these is 
similar to the amount of uptake by skeletal muscle. (From Vuyk 
et al. (2015) with permission).
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50% ionized and 50% non-ionized forms. Barbiturates pen-
etrate cell lipid layers in the non-ionized form; as blood 
becomes more acidic, more barbiturate drug exists in the 
non-ionized form leading to an increase in CNS penetra-
tion of the drug and clinical effect (Berry 2015). Metabolic 
changes in blood pH produce more pronounced effects on 
drug distribution than do respiratory changes. During met-
abolic changes, the intracellular pH in the brain remains 
relatively unchanged due to the inability of hydrogen ions 
to cross the lipid barrier and drug movement across the 
blood–brain barrier is increased. In contrast, ventilation-
induced changes in blood pH are associated with rapid dif-
fusion of carbon dioxide and therefore, similar changes in 
intracellular and extracellular pH, resulting in less net 
movement of drug (Stoelting and Hillier 2006).

Thiopental and methohexital have a rapid effect-site equi-
libration with maximal brain uptake within 30 seconds, 
resulting in CNS depression (Stoelting and Hillier  2006). 
This is followed by a decrease to ½ the peak concentration 
by redistribution from the brain to other tissues and causes 
rapid awakening from a single IV dose (Stoelting and 
Hillier 2006). By 30 minutes, only about 10% remains in the 
brain (Stoelting and Hillier  2006). Disappearance from 
plasma is divided into a rapid redistribution phase, a slow 
metabolic phase and a second redistribution phase (Reves 
et  al.  2009). Termination of effects is determined by the 
same factors that determine the rate of onset of action. 
Distribution from the CNS to plasma is determined by lipid 
solubility, protein binding and degree of ionization but lipid 
solubility is the most important (Stoelting and Hillier 2006). 
The initial high uptake of lipid-soluble drug into the brain 
and other highly perfused tissues causes the plasma con-
centration of barbiturate to decrease. This causes a reversal 
of the concentration gradient for the movement of drug 
between blood and tissues and results in rapid redistribu-
tion and awakening. The drug is redistributed from highly 
perfused CNS to well-perfused skeletal muscles which are 
the primary sites for initial redistribution. Equilibrium with 
skeletal muscles is reached in about 15 minutes after IV 
injection (Stoelting and Hillier 2006). Doses should be low-
ered in conditions of decreased skeletal muscle perfusion 
such as shock or decreased muscle mass (Stoelting and 
Hillier 2006). Tissue blood flow is also a major determinant 
of drug delivery to tissues and their ultimate distribution in 
the body and may be affected by changes in blood volume or 
distribution of blood flow to tissues (Stoelting and 
Hillier  2006). Hypovolemia or shock may decrease blood 
flow to skeletal muscles, whereas blood flow to the brain 
and heart are maintained resulting in increased cerebral 
and cardiac depression (Stoelting and Hillier 2006).

Barbiturate concentration continues to increase into the 
fat compartment 30 minutes after injection (Stoelting and 

Hillier 2006). Despite a high fat: blood partition coefficient 
(~11) for thiopental, the initial uptake into adipose tissue is 
slow due to low blood flow limiting delivery of drug to the 
tissue (Stoelting and Hillier 2006). Thus, redistribution to 
fat does not significantly affect early awakening. The elimi-
nation half-time is prolonged in obese patients compared 
with non-obese patients, due to an increased volume of dis-
tribution from excess fat storage sites. Large or repeated 
doses will result in a cumulative effect where adipose tis-
sue becomes a reservoir for maintaining plasma concentra-
tions. Therefore, thiopental should be dosed according to 
lean body mass and repeated doses should be avoided to 
prevent overdose and/or prolonged recovery (Stoelting and 
Hillier 2006). Repeated dosing or constant infusion results 
in a prolonged context-sensitive half time due to saturation 
of tissues. The reservoir of drug in skeletal muscle and fat 
re-enters the circulation, preventing the plasma concentra-
tion from decreasing. Termination of effect depends on the 
elimination of the drug from blood which becomes more 
dependent on metabolism (Reves et al. 2009). Sighthounds 
such as the whippet and irish wolfhound have small fat 
stores and are known to have very prolonged and rough 
recoveries from thiobarbiturates. Greyhounds are classi-
fied as sighthounds and are also deficient in the CYP450 
oxidative enzymes required for metabolism of thiobarbitu-
rates (Robinson et  al.  1986). Greyhounds can have 
extremely prolonged recoveries thus thiopental is not rec-
ommended for use in greyhounds. Greyhounds recover sig-
nificantly quicker from methohexital (Sams et al. 1985).

Metabolism

Redistribution from the brain to inactive tissues rather 
than hepatic metabolism is the most important determi-
nant of awakening following a single IV injection of barbi-
turates. Metabolism of thiopental is slow, with only 10–24% 
metabolized per hour. Although hepatic clearance of 
methohexital is 3–4 times faster than thiopental, early 
awakening from a single IV dose is still due to redistribu-
tion away from the brain to inactive tissue sites (Stoelting 
and Hillier  2006). With the exception of phenobarbital, 
barbiturates are metabolized in the liver. Metabolites are 
mostly inactive, water-soluble and excreted in the urine. 
Barbiturates are metabolized via four processes: 
(i)  Oxidation of the aryl, alkyl or phenyl groups at C5; 
(ii) N-dealkylation; (iii) Desulfuration of thiobarbiturates 
at C2 and (iv) Hydrolytic disruption of the barbituric acid 
ring (Stoelting and Hillier 2006; Vuyk et al. 2020). Oxidation 
of the C5 side chain is the most important step in terminat-
ing the pharmacologic activity of barbiturates and occurs 
in the hepatocyte endoplasmic reticulum (Stoelting and 



Barbiturates100

Hillier  2006). Drugs that induce oxidative microsomes 
enhance the metabolism of barbiturates. Oxybarbiturates 
are only metabolized in hepatocytes, whereas thiobarbitu-
rates have a small amount of extra-hepatic metabolism in 
the kidney and CNS (Stoelting and Hillier 2006; Rathmell 
and Rosow  2015). Thiopental is metabolized to hydroxy-
thiopental and carboxylic acid derivatives in the liver 
which are more water soluble and have little CNS activity 
(Stoelting and Hillier  2006). Metabolism of thiopental is 
99% complete, with only ~1% excreted unchanged in the 
urine (Stoelting and Hillier  2006; Rathmell and 
Rosow 2015). Clearance of thiopental is characterized by a 
low hepatic extraction ratio (0.15) and capacity-dependent 
elimination, making metabolism more dependent on 
hepatic enzyme activity rather than hepatic blood flow 
(Stoelting and Hillier 2006; Rathmell and Rosow 2015).

Methohexital is less lipid soluble than thiopental, there-
fore, more of the drug remains in the plasma and available 
for metabolism. Methohexital has a similar distribution 
half-life, volume of distribution and protein binding as 
thiopental, however, the elimination half-life is markedly 
different (4 hours for methohexital and 12 hours for thio-
pental) (Vuyk  et  al. 2020). This difference is due to the 
more rapid hepatic clearance rate which is three times that 
of thiopental (Stoelting and Hillier 2006; Vuyk et al. 2020). 
Methohexital has a hepatic extraction ratio (clearance to 
hepatic blood flow) of 0.5 indicating that the liver extracts 
50% of the drug presented to it in the circulation as com-
pared to thiopental which is 0.15 (Vuyk et al. 2020). This 
also means that clearance of methohexital is more depend-
ent on changes in cardiac output and hepatic blood flow 
than the clearance of thiopental (Stoelting and Hillier 2006; 
Reves et al. 2009). Methohexital is metabolized by oxida-
tion in the liver to an alcohol and N-dealkylation to form 
the inactive metabolite 4-hydroxymethohexital (Stoelting 
and Hillier 2006; Reves et al. 2009; Vuyk et al. 2020).

Most barbiturates are filtered by the renal glomeruli, but 
the high degree of protein binding limits filtration and high 
lipid solubility favors reabsorption of any filtered drug back 
into the circulation, accounting for the low amount (<1%) 
excreted unchanged in urine. In contrast, phenobarbital is 
less lipid soluble and less protein bound and renal excre-
tion accounts for 60–90% of drug elimination in the 
unchanged form (Stoelting and Hillier  2006; Reves  et  al. 
2009; Vuyk et al. 2020).

­Mechanism of Action

Barbiturate effects on the CNS include enhancement of 
synaptic action of inhibitory neurotransmitters and inhibi-
tion of synaptic actions of excitatory neurotransmitters. 
Gamma aminobutyric acid (GABA) is the major inhibitory 

neurotransmitter in the mammalian CNS and the GABAA 
receptor is the only site proven to be involved in barbiturate-
induced anesthesia (Vuyk et al. 2020). The GABAA recep-
tor is a chloride ion channel composed of at least five 
subunits with specific sites of action for GABA, barbitu-
rates, benzodiazepines, and other molecules (Vuyk  et  al. 
2020). At lower concentrations, interaction of barbiturates 
at the GABAA receptor increases the affinity of GABA for 
its binding site and decreases the rate of dissociation of 
GABA from the receptor. Both of these result in increased 
duration of the GABAA-activated opening of chloride 
channels and hyperpolarization, which increases the 
threshold of excitability of the post-synaptic cell mem-
brane and neuron (Vuyk et al. 2020). This enhancement of 
the action of GABA is considered responsible for the 
sedative-hypnotic effects. At higher drug concentrations, 
barbiturates can directly activate the chloride-ion channel 
associated with the GABAA receptor, acting as an agonist 
itself and is thought to be responsible for the anesthetic 
effects of barbiturates (Rathmell and Rosow  2015; 
Vuyk et al. 2020).

The second mechanism of action involves the inhibition 
of synaptic transmission of excitatory neurotransmitters 
such as glutamate and acetylcholine and are specific for 
synaptic ion channels (Rathmell and Rosow  2015; 
Vuyk et al. 2020). Thiopental may also exert effects on the 
N-methyl-D-aspartate  (NMDA)-glutaminergic system by 
decreasing extracellular glutamate levels in the CNS and 
inhibiting excitatory activities through inhibition of NMDA 
receptors (Reves et al. 2009; Vuyk et al. 2020).

Pharmacodynamics

Barbiturates, at appropriate doses, cause loss of conscious-
ness, amnesia and cardiovascular and respiratory depres-
sion. The amnesic effects are less pronounced compared to 
benzodiazepines. Studies indicate that barbiturates may 
lower the pain threshold, especially at lower plasma levels 
(Vuyk et al. 2020).

Effects on Cerebral Metabolism

Barbiturates cause a dose-related decrease in cerebral met-
abolic oxygen consumption rate (CMRO2), decreases aden-
osine triphosphate (ATP) consumption and protects during 
partial cerebral ischemia (Vuyk et al. 2020). The electroen-
cephalogram (EEG) shows progressive slowing until it 
becomes isoelectric and CMRO2 is ~50% of baseline. This 
decrease in CMRO2 parallels the portion of metabolic 
activity related to neuronal signaling and impulse traffic, 
particularly in cortical areas. This portion does not include 



­Pharmacodynamic ﻿ 101

basal metabolic function which can only be suppressed 
through hypothermia. Therefore, the effect of barbiturates 
on cerebral metabolism is maximized at a 50% reduction in 
CMRO2 which leaves the rest of metabolic energy for the 
maintenance of cellular integrity. Along with reduced 
CMRO2, there is an increase in cerebral vascular resistance 
and cerebral blood flow (CBF) and intra-cranial pressure 
(ICP) both decrease. However, the ratio of CBF to CMRO2 
remains unchanged since ICP decreases more than mean 
arterial pressure (MAP) and therefore, cerebral perfusion 
pressure (CPP) is preserved (Reves et al. 2009; Berry 2015; 
Vuyk et al. 2020). This increase in perfusion-to-metabolism 
ratio makes thiobarbiturates an appropriate drug choice for 
patients with intracranial disease, head trauma or a history 
of seizures (Stoelting and Hillier  2006; Berry  2015; 
Rathmell and Rosow  2015). In  contrast, methohexital is 
associated with generalized excitement, activation of epi-
leptic foci and seizures and should be avoided in patients 
with seizures.

Barbiturates can be used to treat patients with high ICP 
that are refractory to hyperventilation and drug-induced 
diuresis to lower ICP. However, significant hypotension 
occurs and improved outcome in head trauma has not been 
demonstrated (Stoelting and Hillier  2006; Rathmell and 
Rosow 2015). Effectiveness in metabolic suppression only 
occurs when the EEG is active, therefore, brain survival is 
not improved after global cerebral ischemia due to cardiac 
arrest with a flat EEG. Metabolic suppression by barbitu-
rates is more likely to improve outcome with incomplete or 
focal cerebral ischemia since the decrease in CMRO2 
exceeds that of CBF and provides protection to ischemic 
areas of the brain (Stoelting and Hillier 2006; Rathmell and 
Rosow  2015). However, these patients also have an 
increased requirement for inotropic support and moderate 
hypothermia may provide superior neuroprotection with-
out prolonging recovery.

Effects on Cardiovascular System

Cardiovascular effects of induction with barbiturates result 
from both central and peripheral effects. The mechanisms 
for the decrease in cardiac output associated with barbitu-
rate induction include direct negative inotropic effects due 
to a decrease in calcium influx into cells, decreased ven-
tricular filling caused by increased capacitance and a 
decrease in sympathetic outflow from the CNS (Vuyk et al. 
2020). However, the primary effect is peripheral vasodila-
tion through depression of the medullary vasomotor center 
and decreased CNS sympathetic nervous system (SNS) out-
flow. This results in increased capacitance, decreased 
venous return and ventricular filling, causing decreased 
cardiac output and blood pressure. Dose-related direct neg-
ative inotropic effects that are less pronounced than that 

caused by volatile anesthetics may be seen to be due to 
decreased calcium influx at sarcolemma sites (Reves 
et  al.  2009; Vuyk  et  al. 2020). A baroreceptor-mediated 
increase in SNS activity causes a compensatory increase in 
heart rate and myocardial contractility to compensate for 
the decrease in cardiac output and blood pressure. The car-
diac index and MAP are unchanged or slightly reduced in 
healthy patients (Vuyk et al. 2020). Hemodynamic changes 
are related to the infusion rate. Hypovolemic patients are 
less able to compensate for the peripheral vasodilation 
caused by barbiturates and may experience sustained 
decreases in venous return, cardiac output, and systemic 
blood pressure (Stoelting and Hillier 2006; Reves et al. 2009; 
Vuyk et al. 2015).

Healthy dogs exhibit similar cardiovascular responses 
with hypotension, decreased stroke volume and contractil-
ity which are compensated for by an increase in heart rate. 
Dogs and pigs require a smaller dose following significant 
hemorrhage, therefore, caution should be used in patients 
with dehydration, hypovolemia, anemia or cardiac disease. 
Cardiac dysrhythmias, particularly ventricular arrhyth-
mias, including bigeminy may be seen after induction of 
anesthesia with barbiturates. These may be due to the 
reflex SNS stimulation and/or hypercapnia or hypoxemia 
from respiratory depression and apnea (Berry  2015). 
Caution should be used when administering thiopental to 
patients with high sympathetic tone or pre-existing cardiac 
arrhythmias. Adequate premedication, preoxygenation 
and administration of lidocaine (2.0 mg/kg IV slowly over 
two minutes) can be administered as an adjunct prior to 
thiopental to reduce the thiopental dosage and incidence 
of ventricular arrhythmias. Vasodilation contributes to 
heat loss in anesthetized patients and also leads to splenic 
sequestration of red blood cells and decreased packed cell 
volume (Berry 2015; Posner 2018).

Effects on the Respiratory System

Barbiturates cause dose-dependent depression of the med-
ullary and pontine respiratory centers by decreasing sensi-
tivity to carbon dioxide. The correlation between EEG 
suppression and decreased minute ventilation provides evi-
dence for this mechanism of central depression (Vuyk 
et al. 2020). A high incidence of apnea can be seen, espe-
cially when used with other depressant drugs. After an 
induction dose of thiopental, peak respiratory depression 
occurs 1–1.5 minutes after administration (Vuyk et al. 2020). 
Apnea is usually short-lived (~30 seconds) and resumption 
of spontaneous ventilation is characterized by decreased 
frequency, tidal volume and minute ventilation. The venti-
latory pattern with thiopental has been described as “dou-
ble apnea” which is a period of initial apnea upon drug 
administration, followed by a few breaths with adequate 
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tidal volume and then followed by a longer period of apnea 
(Vuyk et al. 2020). Patients should be intubated and ventila-
tion assisted or controlled if necessary. Laryngeal and cough 
reflexes are depressed only at high doses, therefore, stimula-
tion of the upper airway by laryngoscopy or intubation may 
result in laryngospasm in prone species (Stoelting and 
Hillier 2006; Reves et al. 2009; Rathmell and Rosow 2015). 
Induction doses of methohexital also cause central respira-
tory depression and significantly decrease the slope of the 
ventilatory response to carbon dioxide. Maximal reduction 
in tidal volume occurs approximately one minute after 
administration. Although patients awaken within about 
five minutes, respiratory variables may take up to 15 min-
utes to return to baseline (Vuyk et  al.  2020). Therefore, 
patient oxygenation should be monitored and supplemen-
tation of oxygen provided where indicated.

Other Effects

Barbiturates produce minimal decreases in hepatic blood 
flow and do not affect post-operative hepatic or gastrointes-
tinal (GI) function, however, thiopental will decrease lower 
esophageal sphincter tone (Stoelting and Hillier  2006; 
Berry  2015). Barbiturates stimulate liver microsomal 
enzyme induction after 2–7 days of sustained administra-
tion (Stoelting and Hillier 2006; Rathmell and Rosow 2015; 
Berry  2015). Phenobarbital is the most potent hepatic 
enzyme inducer, causing a 20–40% increase in microsomal 
enzymes and doubling metabolism for up to 30 days. 
Phenobarbital is also used experimentally as an inducer of 
cytochrome p450 (CYP) enzyme systems in rodents, espe-
cially CYP2B. Phenobarbital is an inducer of CYP2B6, 
CYP2C9, CYP2C19 and CYP3A in human hepatocyte cul-
tures (Rathmell and Rosow  2015). Enzyme induction 
increases metabolism of barbiturates themselves, contrib-
uting to tolerance. It also increases the metabolism of other 
drugs such as anticoagulants, phenytoin and tricyclic anti-
depressants, as well as endogenous substances including 
corticosteroids, bile salts and vitamin K (Stoelting and 
Hillier 2006; Rathmell and Rosow 2015; Vuyk et al. 2020). 
Barbiturates cause modest decreases in renal blood flow 
and glomerular filtration rate (GFR) due to decreased car-
diac output and systemic blood pressure.

Barbiturates readily cross the placenta and a dynamic 
equilibrium exists between fetal and maternal plasma lev-
els. Peak umbilical vein concentrations occur within one 
minute after administration. Fetal plasma concentrations 
are significantly less than maternal plasma levels and the 
fetal brain is exposed to lower concentrations than are 
measured in the umbilical vein due to dilution and clear-
ance by the fetal liver (Stoelting and Hillier  2006). 
Thiopental results in more profound depression of neuro-
logic reflexes in puppies born via cesarean section 

compared to propofol (Berry  2015). Thiopental impairs 
neutrophil function and nuclear transcription factor kB 
which is a central regulator of the immune response. Long-
term use of high doses may be associated with bone-
marrow suppression, leukopenia and increased nosocomial 
infections (Stoelting and Hillier 2006).

Acute tolerance to barbiturates occurs more rapidly and 
of higher magnitude than can be attributed to induction of 
microsomal enzymes. Effective doses can be increased six-
fold which is twice that which can be accounted for by 
enzyme induction. Tolerance develops more for the seda-
tive effects than anticonvulsant and lethal effects, there-
fore, the therapeutic index decreases. Acute tolerance also 
develops to the effects on CMRO2. The degree of tolerance 
is directly related to physical dependence and the severity 
of withdrawal; abrupt discontinuation can cause compen-
satory CNS excitation (Stoelting and Hillier 2006).

Inadvertent arterial injection of thiopental results in 
intense vasoconstriction, pain and blanching of the skin 
along the distribution of the artery. Arteritis and micro-
embolism causing occlusion of arterial circulation is most 
likely due to precipitation of barbiturate crystals and can 
lead to gangrene and permanent nerve damage. The risk of 
vascular injury rises with increasing concentrations. 
Treatment includes dilution of the drug with saline, vaso-
dilators such as lidocaine or phenoxybenzamine to prevent 
arterial spasm and heparinization to prevent thrombosis 
(Stoelting and Hillier 2006; Reves et al. 2009; Rathmell and 
Rosow 2015; Vuyk et al. 2020). Barbiturate crystal deposi-
tion can also lead to venous thrombosis. The incidence is 
again related to the concentration of solution but is less of 
a concern than in arteries due to the increasing diameter of 
veins (Stoelting and Hillier 2006).

A transient urticarial rash has been reported in human 
patients and develops on the head, neck, and trunk. More 
severe reactions, such as facial edema, hives, bronchos-
pasm, and anaphylaxis, can occur. Anaphylaxis (antigen-
antibody interaction) occurs in patients with prior exposure 
but in the absence of prior exposure, the anaphylactoid 
reactions are thought to be caused by histamine release 
from mast cells (Stoelting and Hillier  2006; Reves 
et al. 2009; Rathmell and Rosow 2015; Vuyk et al. 2020).

­Clinical Use in Veterinary Medicine

Thiopental

Thiopental is no longer commercially available in the US 
and Canada. Where it is still available, it comes as a powder 
that can be reconstituted with sterile water, normal saline 
or 5% dextrose in water to a 2–2.5% (20 or 25 mg/ml) solu-
tion for small animals and a 2.5–5.0% solution in large 
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animals (Posner  2018; Plumb  2018c). It is incompatible 
with most drugs however, it is chemically stable as a 1 : 1 vol-
ume mixture with propofol for one week at room tempera-
ture and is bacteriocidal against Staphylococcus aureus, 
Escherichia coli and Pseudomonas aeruginosa and bacterio-
static against Candida albicans (Crowther  et  al. 1996; 
Lazar et al. 1998; Joubert et al. 2005). Anesthetic induction 
quality is similar to either drug alone but recovery time and 
quality are similar to propofol and superior to thiopental 
alone (Ko et al. 1999).

The volume of distribution of thiopental in rabbits, 
sheep  and dogs is 38.6 ± 10 ml/kg, 44.5 ± 9.1 ml/kg and 
38.1 ± 18.4 ml/kg, respectively (Ilkiw et al. 1991). The elim-
ination half-life is shortest in rabbits (43.1 ± 3.4 minutes), 
longest in sheep (251.9 ± 107.8 minutes) and intermediate 
in dogs (182.4 ± 57.9 minutes) (Ilkiw et al. 1991). In horses, 
thiopental has a rapid distribution phase with a half-life of 
1.4 ± 1.2 minutes in horses and 1.3 ± 0.7 minutes in ponies 
(Abass et al. 1994). Horses have a slightly shorter elimina-
tion half-life than ponies (147 ± 21 minutes vs. 222 ± 44 min-
utes), and there was no significant difference in clearance 
(Abass et al. 1994).

The induction dose in pre-medicated dogs and cats is 
6–10 mg/kg IV. Since a subinduction dose of thiopental 
tends to cause excitement, especially in non-premedicated 
patients, one quarter to one half of the calculated dose 
should be administered rapidly as a bolus to carry the 
patient through the excitement phase (Ko 2019). Additional 
amounts can be titrated to effect for endotracheal intuba-
tion (ET). The onset of action is approximately 20–30 sec-
onds. Patients that are premedicated or have a compromised 
physical status such as hypovolemia, hypoproteinemia, aci-
dosis or uremia will require a lower induction dose; slower 
administration over one minute may decrease cardiopul-
monary depression. Thiopental can be used for short-term 
immobilization; the duration of action is ~5–8 minutes or 
up to 15 minutes in premedicated dogs and cats (Ko 2019). 
Appropriate analgesia should be provided as barbiturates 
do not provide analgesia. Repeated dosing is not recom-
mended as this can result in prolonged rough recoveries 
(Ko 2019). Thiopental can also be used for laryngeal func-
tion examination since it has minimal effect on laryngeal 
function (Ko  2019). Perivascular injection can result in 
necrosis and sloughing of tissue in skin, therefore IV 
administration should always be via a meticulously placed 
IV catheter. Ventricular arrhythmias or bigeminy can occur 
with thiopental, therefore, avoid use in patients with car-
diac disease or arrhythmias. Electrocardiogram (ECG) 
should be placed prior to induction. Should arrhythmias 
occur, the patient should be intubated and ventilated with 
100% oxygen; lidocaine (2.0 mg/kg IV slowly over two min-
utes) can be administered if the arrhythmia persists 
(Ko 2019). Co-induction with lidocaine may decrease the 

incidence of ventricular arrhythmias and the induction 
dose of thiopental (Rawlings and Kolata 1983). Use of thio-
pental should be avoided in sighthound breeds of dogs due 
to their relative deficiency in hepatic microsomal enzymes 
and their low body fat resulting in prolonged and rough 
recoveries (>8 hours) (Berry 2015; Posner 2018; Ko 2019). 
Thiopental can be administered as a 1 : 1  mixture with 
propofol (propofol 2 mg/kg, 10 mg/ml and thiopental 5 mg/
kg, 25 mg/ml). Clinical experience with this mixture allows 
for more titration of induction doses and decreases the 
requirement of an initial bolus of induction agent to avoid 
excitement. A study comparing propofol or thiopental 
alone with a 1 : 1 mixture of propofol and thiopental found 
a similar quality of induction to propofol or thiopental 
alone but the recovery times and quality were similar to 
those of propofol and superior to those of thiopental 
(Ko et al. 1999).

Although the administration of barbiturates for anes-
thesia in horses has drastically decreased, they may still 
be used where available for induction, short-term main-
tenance and as an adjunct to inhalant anesthesia 
(Muir 2009). Methohexital and pentobarbital are not used 
for induction of anesthesia in horses. Thiopental can be 
administered as a bolus at 5–8 mg/kg in premedicated 
horses or 1–3 g of thiopental may be added to 1 l of 5% 
guaifenesin and administered rapidly to effect. Both 
induction and recovery can be associated with excite-
ment, therefore, appropriate sedation and well-trained 
staff should be available to assist during induction and 
recovery. Hypoventilation and apnea are common, there-
fore, intubation along with oxygen supplementation and 
a demand valve for intermittent positive pressure ventila-
tion should be available. Recovery to standing may be 
uncoordinated and sedation with acepromazine and/or 
an α-2 agonist facilitates a smoother recovery. A recent 
study compared induction with alphaxalone, ketamine or 
thiopental after premedication with medetomidine and 
midazolam in thoroughbred horses (Wakuno et al. 2017). 
Induction and recovery quality was not significantly dif-
ferent between protocols, however, alfaxalone and thio-
pental resulted in a significantly longer recovery time 
compared to ketamine (Wakuno et al. 2017).

Thiopental in 5% guaifenesin may also be used for induc-
tion in adult cattle. Six to 10 mg/kg IV given to unsedated 
patients will provide approximately 10–15 minutes of anes-
thesia (Riebold 2015). Use in swine is limited by the ability 
to procure IV access in larger individuals of this species.

Methohexital

Methohexital, although still available in the US, has been 
superseded by propofol for most indications. Where it is 
still available, it may be a useful agent for anesthetic 
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induction, especially in sighthounds. It is associated with 
very rough recoveries when used as a sole agent, therefore, 
premedication and continuation with gas anesthesia is 
recommended. The dose for premedicated dogs and cats is 
5.0 mg/kg IV with ~1/2 of the dose administered rapidly to 
avoid excitement, then to effect after ~30 seconds 
(Plumb  2018a). Profound respiratory depression may 
occur and the lethal dose is only 2–3 times the anesthetic 
induction dose. The human label contains a black box 
warning as a reminder of the importance of continuous 
monitoring of respiratory and cardiac function and avail-
ability of emergency resuscitative equipment and drugs 
(Plumb 2018a).

Pentobarbital Sodium

The duration of action pentobarbital (4–8 times thiopental) 
and its low therapeutic index has led to it being replaced 
with newer injectable anesthetics and inhalants in veteri-
nary medicine. It is no longer used in North America for 
anesthesia in dogs and cats, cattle, small ruminants and 

horses. It may still be used as an anesthetic in laboratory 
animals especially for non-survival procedures, as a seda-
tive for animals on mechanical ventilation and as a major 
component of euthanasia solutions (Berry  2015; 
Plumb 2018b). Pentobarbital is less lipid soluble than thio-
pental and methohexital, therefore, it does not cross the 
blood–brain barrier as rapidly and anesthetic induction is 
slower (30–60 seconds vs. 20–30 seconds for thiopental).

The constant rate infusion (CRI) dose for sedation in 
mechanically ventilated dogs and cats is 1–3 mg/kg/hour. 
It is recommended to change to a propofol CRI ~12 hours 
prior to weaning from the ventilator to avoid seizures and 
to allow pentobarbital plasma levels to decrease 
(Plumb 2018b). Pentobarbital may be used in patients with 
seizures intractable to benzodiazepines. Ruminants, espe-
cially sheep and goats, are reported to metabolize pento-
barbital very rapidly; goats have a half-life of about one hour 
compared to eight hours in dogs (Berry 2015; Plumb 2018b). 
Pentobarbital can be used for chemical restraint in small 
rodents/mammals administered either intraperitoneally or 
IV (Plumb 2018b).
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Introduction

Induction of anesthesia of most small and large animal 
species in veterinary medicine is typically carried out by 
intravenous (IV) injection of one or more agents that 
induce central nervous system (CNS) depression and facili-
tate orotracheal intubation. Ideal agents facilitate rapid 
loss of consciousness while maintaining acceptable cardi-
orespiratory function and are rapidly redistributed from 
the CNS to facilitate timely emergence. In pocket pets and 
laboratory rodents, IV injection is not always possible or 
practical, so agents that facilitate loss of consciousness via 
other routes of administration are used.

Propofol

Propofol is available commercially in three formulations: a 
1% aqueous lipid emulsion with no added preservatives, a 
1% aqueous lipid emulsion with 2% benzyl alcohol added 
to prolong shelf life, and a 1% microemulsion formulation 
with added surfactants designed to reduce potential side 
effects associated with the original lipid emulsion.

Mechanism of Action

Propofol is a non-barbiturate phenolic IV induction agent 
that is used widely in veterinary medicine. Its mechanism 
of action is via interaction with the gamma aminobutyric 
acid (GABAA) receptor, the binding site of the inhibitory 
neurotransmitter GABA (Ying and Goldstein 2005). When 
propofol interacts with the GABAA receptor, it appears to 
promote the continued binding of the GABA neurotrans-
mitter and, therefore, a hyperpolarization of the membrane 
(Concas et al. 1991). While GABA receptors are located in 
both the brain and spinal cord, research in humans 

suggests that the anesthetic effects of propofol are limited 
to a brain site of action (Kerz et al. 2001).

Pharmacokinetics

The pharmacokinetics of propofol have been described in 
dogs using a two-compartment model (Zoran et al. 1993). In 
the dog, it has a rapid uptake into the CNS and is quickly 
redistributed to other tissues allowing for a quick recovery 
(Zoran et al. 1993). As it is a highly lipophilic drug, it has a 
large volume of distribution, however, one study found that 
the volume of distribution was significantly smaller in the 
greyhound, owing likely to their relative lack of body fat 
(Zoran et al. 1993). Interestingly, greyhounds have a much 
lower clearance of propofol (54 ± 10 ml/kg/min) when com-
pared to mixed-breed dogs (114.8 ± 46 ml/kg/min) (Zoran 
et  al.  1993). In a smaller study using beagles and a non-
compartmental analysis, the clearance time fell compared 
with the rates published in the other study (76 ± 4 ml/min-
ute/kg) (Cockshott et al. 1992). In cats, propofol has been 
described with both a non-compartmental model and two-
compartment model (Cleale et  al.  2009; Griffenhagen 
et al. 2014). In one study, cats appeared to have a similar 
volume of distribution for propofol compared to dogs, how-
ever, their clearance appears to be much slower than dogs 
(1148 ± 228 ml/kg/hour for the macroemulsion formula-
tion) (Cleale et al., 2009). A second study showed a slightly 
smaller volume of distribution but was in agreement with a 
slower clearance rate. This is likely owing to the inefficient 
nature of hepatic conjugation in the cat. Pigs and rabbits 
both followed a two-compartment pharmacokinetic model 
with a rapid redistribution of propofol from the central com-
partment and relatively large volumes of distribution 
(Cockshott et al. 1992). The total body clearance of propofol 
from the pig was similar to the beagle dog. However, rabbits 
displayed extremely rapid clearance rates (337 ± 35 ml/min-
ute/kg) (Cockshott et al. 1992). Although the authors call 
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into question whether that is an over representation of the 
actual value, clearance appears to be very fast in the rabbit. 
Lastly, the rat has been studied using a three-compartment 
open model which showed a rapid uptake and redistribu-
tion of the drug with a longer elimination phase not unlike 
the dog and cat (Cockshott et al. 1992).

Metabolism

In humans, it has been established that propofol is metabo-
lized by both hepatic and extrahepatic routes and metabo-
lism in the dog is likely similar. Hepatic biotransformation 
of propofol in the dog is largely mediated by glucuronida-
tion to inactive metabolites. However, cytochrome P450-
mediated hydroxylation also appears to play a significant 
role in the dog (Simons et al. 1991; Court et al. 1999). It has 
been proposed that a relative deficiency in the cytochrome 
P450 enzymes (CYP2B11) responsible for this hydroxyla-
tion may explain the decreased clearance of propofol in 
greyhounds when compared to other dogs (Court et al. 1999; 
Hay Kraus et al. 2000). In addition to hepatic biotransfor-
mation, uptake and elimination at the lung has been 
described in the cat (Matot et al. 1993). The rat and rabbit 
also appear to rely on conjugation and elimination of inac-
tive metabolites in urine for the major route of propofol 
metabolism but there are definite species differences in the 
extent and enzymes involved (Simons et al. 1991).

Clinical Uses

Propofol is used in many species as a single IV injection for 
the induction of general anesthesia. Table 9.1 summarizes 
the species differences in dose recommendations for anes-
thetic induction. However, propofol inductions are recom-
mended in most species as “to effect”. Repeated doses have 
also been reported as the use of propofol in continuous rate 
infusion (CRI) or target-controlled infusion for mainte-
nance of general anesthesia or long-term sedation.

Effects on Organ Systems

Cardiovascular
Propofol administration can result in transient systemic 
hypotension due to systemic vasodilation and, to a lesser 
extent, reduction in myocardial contractility (Ilkiw et al. 1992; 
Wouters et  al.  1995). Despite changes in systemic vascular 
resistance, heart rate remains largely unchanged by propofol 
in dogs and horses (Whitwam et al. 2000; Muir et al. 2009b).

Respiratory
Post-induction apnea is the most reported respiratory con-
sequence with administration of propofol. The rate of 

administration is the most important factor in avoiding 
apnea, however, it can occur despite appropriate precau-
tions and provisions for endotracheal intubation (ET), and 
ventilation should always be available with propofol use. 
Hypercapnia and bradypnea have been reported in dogs 
breathing 100% oxygen after induction and maintenance 
with propofol while significant hypoxemia is reported in 
horses breathing room air (Robertson et  al.  1992; Muir 
et al. 2009b).

Central Nervous System
Propofol produces dose-dependent depression of the 
CNS. It is considered to be neuroprotective due to its ability 
to decrease intracranial pressure (ICP), cerebral metabolic 
oxygen demand, and cerebral perfusion pressure (CPP) in 
man and in dogs (Pinaud et al. 1990; Artru et al. 1992). At 
low to moderate doses, propofol preserves cerebral autoreg-
ulation. However, at high doses, this can be impaired due 

Table 9.1  Suggested induction drug doses for Propofol 
in various species.

Species IV dose References

4.7–6.9Dog  mg/kga Watkins et al. (1987), Morgan and 
Legge (1989), Weaver and 
Raptopoulos (1990), Watney and 
Pablo (1992), Geel (1991)

2.1–4.5 mg/kgb Weaver and Raptopoulos (1990), 
Morgan and Legge (1989), Watney 
and Pablo (1992), Geel (1991)

1.1–3.58 mg/kgc Covey-Crump and Murison 
(2008), Robinson and Borer-Weir 
(2013), Sanchez et al. (2013)

2.9 mg/kgd Covey-Crump and Murison (2008)

5–8.03Cat  mg/kga Geel (1991), Morgan and Legge 
(1989)

2.3–5.97 mg/kgb Geel (1991), Morgan and Legge 
(1989), Slingsby et al. (2014)

2.5–2.7 mg/kgc Robinson and Borer-Weir (2015)

Horses 0.4b,e–2 mg/kgb Frias et al. (2003), Mama et al. 
(1996), Posner et al. (2013), Jarrett 
et al. (2018)

3–6Sheep  mg/kg Lin et al. (1997), Waterman (1988)

2–5Swine  mg/kg Tendillo et al. (1996)

2–10Rabbit  mg/kg Cockshott et al. (1992)

3–10Rat  mg/kg Glen (1980)

3–25Mouse  mg/kg Glen (1980)

a Unpremedicated.
b Premedicated.
c Midazolam/benzodiazepine co-induction.
d Fentanyl co-induction.
e Ketamine co-induction.
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to significant decreases in CPP (Artru et al. 1992). Due to 
the decrease in electroencephalogram (EEG) activity seen 
with propofol administration it has been used as an anti-
convulsant agent in dogs (see Chapter  25) (Gommeren 
et al. 2010; Heldmann et al. 1999b).

Other Effects

Myoclonus has been reported with propofol administration 
in dogs and goats, however, its underlying mechanism is 
not understood (Cattai et  al.  2015; Pablo et  al.  1997). 
Although it is not well described in the literature, transient 
myoclonus is not an unusual phenomenon when propofol 
is administered to dogs. Propofol has been evaluated for 
suitability in canine cesarean section surgery and, despite 
transplacental drug transfer, results in viable puppies with 
appropriate cardiovascular variables and neurologic vigor 
(Luna et  al.  2004). Although propofol is reported to 
decrease intraocular pressure in people, induction doses of 
propofol cause transient increases in intraocular pressure 
when administered to dogs with normal intraocular pres-
sure (Costa et al. 2015; Hasiuk et al. 2014).

Prolonged infusions of propofol in humans can result in 
the development of Propofol Infusion Syndrome (PRIS). 
PRIS manifests as bradycardia, metabolic acidosis, rhabdo-
myolysis, hyperlipidemia, and an enlarged or fatty liver. 
The exact mechanism of this condition is not fully under-
stood but is believed to be related to impaired or inhibited 
mitochondrial function. PRIS has not been described in 
veterinary patients. However, organ toxicity and mitochon-
drial dysfunction has been described in rabbits after pro-
longed propofol infusion (Campos et  al.  2016; Ypsilantis 
et al. 2011; Ypsilantis et al. 2007).

Contraindications

Due to the potential for post-induction apnea, propofol use 
may be contraindicated in patients where ET may be diffi-
cult or contraindicated. There are conflicting reports sur-
rounding the suitability of propofol for repeated or 
continuous administration in cats due to the potential to 
cause red blood cell oxidative injury which results in the 
formation of Heinz bodies (Andress et  al.  1995; Baetge 
et al. 2020; Bley et al. 2007). Many current recommenda-
tions still state to avoid consecutive day dosing of propofol. 
However, a recent study highlighted the use of propofol 
CRIs for 24 hours to maintain manual ventilation in cats 
and reported a full recovery with no untoward effects 
(Boudreau et al. 2012). Propofol use has also been associ-
ated with an increased rate of wound infections in clean 
wounds in dogs potentially caused by injection of 
microbial-contaminated propofol (Heldmann et al. 1999a). 

There are some suggestions that propofol use should be 
avoided in patients with pancreatitis due to reports in the 
human literature of the development of pancreatitis after 
propofol use. However, no such report exists in the veteri-
nary literature.

Drug Interactions

Propofol (without benzyl alcohol) is physically compatible 
with 5% dextrose and thiopental, however, does not appear 
to have any adverse effects when mixed with saline, lac-
tated Ringer’s solution, midazolam, diazepam, fentanyl, or 
ketamine as its administration concurrently with these 
solutions have all been reported.

Alfaxalone

Alfaxalone is commercially available as a 1% cyclodextrin 
solution.

Mechanism of Action

Alfaxalone’s mechanism of action is comparable to that of 
propofol. Alfaxalone binds to the GABAA receptor which 
promotes the binding of the inhibitory neurotransmitter 
GABA and leads to inhibition of the post-synaptic neuron 
and, therefore, CNS depression (Weir et al. 2004).

Pharmacokinetics

The pharmacokinetics of the current formulation of alfax-
alone have been described in the dog, cat, horse, and rat 
using a non-compartmental model (Ferre et  al.  2006; 
Whittem et  al.  2008; Pasloske et  al.  2009; Goodwin 
et al. 2011; Goodwin et al. 2012; Lau et al. 2013). In dogs, 
horses, and rats, it has a large volume of distribution due to 
lipid solubility and rapid clearance (Ferre et  al.  2006; 
Goodwin et al. 2011; Lau et al. 2013; Pasloske et al. 2009). 
In dogs and horses, the t1/2 is approximately 30 minutes 
while it is about 17–19 minutes in the rat (Goodwin 
et  al.  2011; Lau et  al.  2013; Pasloske et  al.  2009; Ferre 
et  al.  2006). A study comparing greyhounds to beagles 
failed to demonstrate a meaningful difference in alfaxalone 
pharmacokinetics in the greyhound (Pasloske et al. 2009). 
Foals have a smaller Vd than the horse, likely due to a lower 
fat to water ratio in the foal compared to the adult horse as 
well as a reduced clearance likely due to decreased hepatic 
metabolic capabilities (Goodwin et al. 2012). The pharma-
cokinetics of alfaxalone in the cat demonstrate non-
linearity making their metabolism dose dependent. 
Alfaxalone has a large Vd in the cat with a t1/2 of 
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approximately 45 minutes and rapid clearance at clinically 
relevant doses (5 mg/kg). The t1/2 and clearance of this 
clinically relevant dose are slower than doses of 2 mg/kg or 
10 mg/kg in the dog. In addition, when cats are given a 
supraclinical dose of alfaxalone (25 mg/kg), the t1/2 
increases considerably while the clearance decreases sig-
nificantly. This pattern suggests that alfaxalone may accu-
mulate in the cat at higher doses or with continuous 
infusions (Whittem et al. 2008).

Metabolism

The metabolism of alfaxalone has been described in the 
dog and rat and is expected to be similar in other mamma-
lian species (Ferre et al. 2006; Celotti et al. 1997; Nicholas 
et al. 1981; Sear and McGivan 1981; Sear 1996). The alfax-
alone molecule is primarily metabolized via phase I and II 
hepatic biotransformation with inactive metabolites pri-
marily excreted in urine. The rapid hepatic metabolism has 
been suggested as the reason behind the short clinical 
duration of the anesthetic effect. Some additional metabo-
lism may occur via renal, pulmonary and cerebral routes 
and excretion in bile may be a secondary, less significant, 
mechanism of elimination.

Clinical Uses

Alfaxalone is used in many species as a single IV injection 
for the induction of general anesthesia. Table  9.2 

summarizes the species differences in dose recommenda-
tions for anesthetic induction. However, alfaxalone induc-
tions are recommended in most species as “to effect”. 
Repeated doses have also been reported as the use of alfax-
alone in CRI or target-controlled infusion for maintenance 
of general anesthesia or long-term sedation. Alfaxalone 
has also been described for use in koi, red-eared sliders, 
goats, bullfrogs, marmosets, tortoises, iguanas, axolotl, as 
well as anecdotal reports of its use in kangaroos, wallabies, 
and wombats.

Effects on Organ Systems

Cardiovascular
Alfaxalone produces dose-dependent decreases in arterial 
blood pressure and increases in heart rate in dogs and cats 
(Muir et al.  2008; Muir et al.  2009a). A study comparing 
propofol and alfaxalone induction demonstrated no signifi-
cant difference in the cardiovascular effects of the two 
drugs in dogs (Maney et  al.  2013). The cardiovascular 
effects of alfaxalone were found to be acceptable when 
used as an induction agent for dogs that have moderate to 
severe systemic disease (Psatha et al. 2011). In two studies 
on alfaxalone induction in dogs and cats less than 12 weeks 
of age, all cardiopulmonary parameters were maintained 
from baseline making it an acceptable induction agent in 
these juvenile patients (O’Hagan et  al.  2012b; O’Hagan 
et al. 2012a). Alfaxalone also appears to maintain cardio-
pulmonary parameters within an acceptable limit in horses 
(Keates et al. 2012; Goodwin et al. 2011). IM alfaxalone, in 
combination with butorphanol, provided good sedation 
with minimal effects on echocardiogram (ECG) measure-
ments in cats (Ribas et al. 2014).

Respiratory
Alfaxalone produces mild respiratory depressant effects 
with dose-dependent post-induction apnea being the 
most common effect in dogs and cats (Muir et al. 2008; 
Muir et  al.  2009a). In unpremedicated dogs, alfaxalone 
appears to be less likely than propofol to cause post-
induction apnea. However, studies with premedicated 
dogs demonstrated no difference between the two drugs 
with regard to the incidence of apnea (Keates and 
Whittem 2012; Amengual et al. 2013; Bigby et al. 2017a, b).

Central Nervous System
Alfaxalone produces dose-dependent depression of CNS 
activity. It is considered to be neuroprotective due to its 
ability to decrease cerebral metabolic oxygen demand, cer-
ebral blood flow, and therefore, ICP (Rasmussen 
et al. 1978). In addition, it preserves the sensitivity of the 

Table 9.2  Suggested induction doses for Alfaxalone for various 
species.

Species ReferencesIV dose

Dog 2–2.6 mg/kga Keates and Whittem (2012), Maney 
et al. (2013)

0.8–1.7 mg/kgb Pinelas et al. (2014), O’Hagan et al. 
(2012b), Amengual et al. (2013), 
Maddern et al. (2010)

4.2–5Cat  mg/kga Zaki et al. (2009), Kalchofner 
Guerrero et al. (2014)

2–2.7 mg/kga Bortolami et al. (2013), Zaki et al. 
(2009)

1Horses  mg/kgb Kloppel and Leece (2011), Keates 
et al. (2012)

2Sheep  mg/kga,b Andaluz et al. (2013), Walsh et al. 
(2012)

5Swine  mg/kg (IM) Santos Gonzalez et al. (2013)

2–10Rabbit  mg/kgb Navarrete-Calvo et al. (2014), Grint 
et al. (2008)

a Unpremedicated.
b Premedicated.
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cerebral autoregulatory functions to changes in carbon 
dioxide partial pressure in the blood (Sari et  al.  1976). 
When compared to propofol for induction of dogs undergo-
ing magnetic resonance imaging (MRI) of neurological 
conditions following a methadone premedication, alfax-
alone resulted in a poorer quality of recovery (Jimenez 
et al. 2012).

Other Effects

Myoclonus and tremors on recovery have been reported in 
dogs and cats with alfaxalone administration (Maney 
et al. 2013; Mathis et al. 2012). In addition, tremors during 
induction have been reported in horses (Keates et al. 2012). 
Alfaxalone causes a transient increase in intraocular pres-
sure followed by a decrease as well as a decrease in tear 
production (Costa et al. 2015). Alfaxalone has been evalu-
ated for suitability in canine cesarean section surgery and 
results in better neonatal vitality in the first 60 minutes 
than propofol (Doebeli et  al.  2013). When compared to 
propofol in the dog, recovery from anesthesia is prolonged 
with alfaxalone (Maney et al. 2013).

Contraindications

Due to the potential for post-induction apnea, alfaxalone 
use may be contraindicated in patients where ET may be 
difficult or contraindicated. The earlier formulation of 
alfaxalone (Saffan™) resulted in facial edema in cats and 
histamine release in dogs. However, these problems were 
later attributed to the cremophor carrier molecule of the 
formulation which is not present in the current alfaxalone 
formulation. Although not a specific contraindication, the 
use of alfaxalone as an IM induction agent in cats is not 
recommended due to poor quality of recovery (Grubb 
et al. 2013).

Drug Interactions

There are clinical reports of alfaxalone administration 
with  acepromazine, atropine, diazepam, midazolam, xyla-
zine, dexmedetomidine, as well as most opioids and non-
steroidal anti-inflammatory drugs (NSAIDs). Alfaxalone 
is also routinely administered with isotonic crystalloid fluids.

Dissociative Anesthetics (Ketamine 
and Tiletamine)

Ketamine is commercially available as a 10% racemic mix-
ture in the US. Tiletamine is available in combination with 
zolazepam (a benzodiazepine) and is supplied as a 

dehydrated powder reconstituted to a 100 mg/ml solution 
under the trade names of Telazol® or Zoletil® depending on 
the country of registration.

Mechanism of Action

Dissociative anesthetics exert their mechanism of action 
by  non-competitively antagonizing the N-methyl-D-
aspartate  (NMDA) receptor at the phencyclidine binding 
site which prevents glutamate binding and results in CNS 
depression in the limbic, thalamocortical, and reticular 
activating systems. In addition, they appear to have 
some  opioid receptor agonism and monoaminergic and 
cholinergic receptor antagonism.

Pharmacokinetics

Both ketamine and tiletamine are highly lipophilic mole-
cules that rapidly cross the blood–brain barrier which 
results in rapid establishment of therapeutic CNS concen-
trations. Racemic ketamine pharmacokinetics have been 
described in the dog, cat, horse, and calves using a two-
compartment model characterized by a rapid distribution 
phase (1.95–6.9 minutes) and a longer elimination 
phase  (42–78.7 minutes) after IV injection (Kaka and 
Hayton 1980; Hanna et al. 1988; Baggot and Blake 1976; 
Waterman 1984; Waterman et al. 1987; Kaka et al. 1979). 
IM injection in the cat resulted in peak plasma concentra-
tions after approximately 10 minutes (Baggot and 
Blake  1976). The clearance of S-ketamine has been 
reported as higher than the racemic mixture in humans 
resulting in faster elimination and more rapid recovery 
(Engelhardt 1997; Ihmsen et al. 2001). These findings have 
also been supported in Shetland Ponies (Larenza 
et al. 2008b; Larenza et al. 2007).

As tiletamine is only available in combination with 
zolazepam, its pharmacokinetics have not been widely 
studied due to the difficulty of assaying both drugs. In pigs, 
tiletamine has been described using a two-compartment 
model with zolazepam modeled with a one-compartment 
model (Kumar et al. 2014). When delivered IM, the plasma 
half-life of the parent drugs was 1.97 and 2.76 hours and 
the apparent clearance was 6.63 and 0.54 l/hour/kg respec-
tively for tiletamine and zolazepam indicating that tileta-
mine was cleared much faster than zolazepam in this 
species (Kumar et al. 2014). This agrees with a previously 
published review that indicated a more rapid clearance of 
tiletamine in dogs, cats, monkeys, and rats (Lin et al. 1993). 
However, according to the manufacturer package insert 
(Zoetis 2014), the duration of effect of tiletamine exceeds 
that of zolazepam in dogs while the reverse is true in cats. 
This is most likely explained by the presence of active 
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metabolites which may have different species-specific 
clearance rates.

Metabolism

Ketamine is metabolized to the active metabolite nor
ketamine via hepatic demethylation. Norketamine is 
approximately 10–30% as active as ketamine in rats and 
had an elimination half-life of nearly 10× that of the parent 
drug in calves (Leung and Baillie 1986; Waterman 1984). In 
most species, norketamine is further biotransformed then 
conjugated to glucuronide metabolites for excretion in 
urine (White et al. 1982). Potentially owing to deficiencies 
in glucuronidation in the cat, norketamine is excreted 
unchanged in urine (Hanna et al. 1988).

In pigs, tiletamine is biotransformed to desethyl tileta-
mine and zolazepam is metabolized to 8-desmethyl zolaz-
epam, 6-hydroxy zolazepam, and 1-desmethyl zolazepam 
(Kumar et al. 2014). Desethyl tiletamine is eliminated via 
urine and is cleared from the plasma more quickly than the 
parent tiletamine molecule. Although the activity of the 
three zolazepam metabolites is unknown, they are elimi-
nated very slowly compared to the parent molecule and 
based on the known activity of other benzodiazepine 
metabolites, it is assumed that they are likely to be active 
(Kumar et al. 2014).

Clinical Uses

Ketamine is registered for IM use in cats and non-human 
primates in the US. However, it is used extensively off label 
in multiple species via multiple routes of administration 
including IV, IM, subcutaneous, and oral. It is most com-
monly used as a single IV injection along with a muscle 
relaxant such as a benzodiazepine for induction of general 
anesthesia. However, it can be used for chemical restraint 
via other routes of administration and is often used as part 
of a total IV anesthesia maintenance protocol in horses.

More recently, S-ketamine use has been described in 
dogs, cats (domestic and Oncilla), horses, ponies, goats, 
pigs, and marmosets (Larenza et  al.  2008a; Larenza 
et  al.  2009a; Larenza et  al.  2009b; Casoni et  al.  2015a; 
Casoni et al. 2015b; Rossetti et al. 2008; Furtado et al. 2010; 
Jud et al. 2010; Bettschart-Wolfensberger et al. 2013; Lima 
et al. 2016). Clinical impression has generally been positive 
with smooth induction and more rapid recovery when 
compared to the racemic mixture although caution is given 
that specific recommendations regarding dosing are not 
available at this time. A recent study evaluating the relative 
potency of S-ketamine in comparison to the racemic drug 
found their potency to be equivalent in dogs (Casoni 
et al. 2015a). This is of particular interest given that many 

of the clinical studies comparing S-ketamine to racemic 
ketamine were designed on the premise that S-ketamine 
was more potent and, as such, lower doses were used. This 
discrepancy may provide explanation in some of the stud-
ies where inadequate anesthesia was achieved.

Telazol is registered for IM administration in dogs and 
cats in the US. However, it is also used extensively off label 
in multiple species via multiple routes of administration. 
It is most commonly given as a single injection for chem
ical restraint or induction of anesthesia (dose dependent) 
(Table 9.3).

As dissociative anesthetics are so commonly used in vet-
erinary medicine, suggested dosages and combinations for 
all species are well described in other literature and will 
not be covered extensively here.

Effects on Organ Systems

Cardiovascular
Dissociative anesthetics indirectly stimulate the cardiovas-
cular system under normal conditions via increases in cen-
tral sympathetic tone as well as norepinephrine reuptake 
inhibition (Wong and Jenkins 1974; Baraka et al. 1973). This 
results in increases in cardiac output, systemic blood pres-
sure, pulmonary arterial pressure, and myocardial oxygen 

Table 9.3  Suggested induction doses for Ketamine and Telazol 
for various species.

KetamineSpecies Telazol

5–10Dog  mg/kg IV 6 mg/kg IV

5–20 mg/kg IM 6–13 mg/kg IM

Cat 5–10 mg/kg IV

11–33 mg/kg IM 3–16 mg/kg IM

Horse 2–3 mg/kg IV 1–3 mg/kg IV

Cat 2–4tle  mg/kg IV 2–4 mg/kg IV

Sheep 2–4 mg/kg IV

22 mg/kg IM

S 2–4wine  mg/kg IV

10–20 mg/kg IM 6 mg/kg IM

Rabbits 10–60 mg/kg IV

20–80 mg/kg IM 30–60 mg/kg IMa

40–50Rats  mg/kg IV

40–100 mg/kg IM or IP 20–60 mg/kg IM

Mice 50 mg/kg IV

50–200 mg/kg IM or IP 80–100 mg/kg IM

a Do not use in New Zealand White rabbits (see contraindications). 
When drugs are given with other sedative agents, lower doses may be 
used.
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demand in dogs (Haskins et al. 1985). Dissociative anesthetic 
use should be avoided in patients with pathologic increases 
in sympathetic tone such as pheochromocytoma or hyper-
thyroidism. The direct effect of ketamine on the heart is neg-
ative inotropy which can become evident in patients with 
relative adrenal insufficiency or reduced sympathetic 
reserves due to illness (Diaz et al. 1976; Waxman et al. 1980).

Respiratory
Dissociative anesthetics have minimal effects on respiratory 
function under normal conditions and chemoreceptor 
responses to changes in plasma carbon dioxide and oxygen 
tension are maintained when ketamine is used as a solo 
agent (Soliman et  al.  1975). However, when dissociative 
agents are used with other CNS depressants, respiratory 
depression can occur. Administration of ketamine has been 
associated with a transient apneustic respiratory pattern of 
inspiratory breath holding but this pattern does not generally 
result in a change in minute ventilation (Jaspar et al. 1983).

Ketamine maintains laryngeal and pharyngeal reflexes. 
However, they may not be fully coordinated and, as keta-
mine also increases salivation, ET should be performed to 
provide a protected airway (Taylor and Towey 1971).

Finally, dissociative anesthetics cause bronchial smooth 
muscle relaxation and decrease resistance to breathing 
(Hirshman et al. 1979). Patients with obstructive lower air-
way diseases may benefit from dissociative anesthetic 
induction.

Central Nervous System
Dissociative anesthetics antagonize the NMDA recep-
tors in the CNS to produce dissociation of the thalamo-
cortical and limbic systems which results in altered 
consciousness but not unconsciousness (Reich and 
Silvay 1989).

Cerebral blood flow is increased with dissociative anes-
thesia due to vasodilation of cerebral blood vessels as well 
as increases in systemic blood pressure. The increase in 
cerebral blood flow leads to an increase in ICP which could 
be detrimental for individuals with intracranial lesions or 
traumatic brain injury (TBI). However, control of ventila-
tion appears to provide some degree of attenuation of this 
response (Pfenninger et al. 1985). Dissociative anesthetics 
also cause an increase in cerebral metabolic oxygen 
demand and should be avoided in patients with significant 
oxygen delivery compromise.

EEG tracings following administration of dissociative 
anesthetics demonstrate epileptiform patterns. However, 
there is also evidence that ketamine possesses anticonvul-
sive properties (Kayama 1982; Reder et al. 1980). In addi-
tion, recent work has demonstrated that the NMDA 
receptor plays a role in the pathophysiology of TBI and 

that antagonism of that receptor actually reduces neuronal 
degeneration and apoptosis after TBI (Han et al. 2009). At 
this time, the use of dissociatives in epileptic patients or 
patients with brain injuries remains controversial.

Emergency delirium can be seen with recovery from dis-
sociative anesthetics and can result in uncoordinated 
movements, thrashing, and vocalizing. These side effects 
can be minimized by administration of sedatives or other 
CNS depressant agents (White et al. 1982).

Other Effects

Muscle rigidity and myoclonus characterize dissociative 
anesthesia unless the agents are given concurrently with a 
muscle relaxant.

Dissociative anesthesia has traditionally been regarded as 
increasing intraocular pressure and suggestions have been 
made to avoid the administration of these agents in glau-
coma patients or ocular trauma cases (Hahnenberger 1976; 
Ferreira et al. 2013; Kovalcuka et al. 2013). However, some 
recent work in children failed to demonstrate an increase in 
intraocular pressure when ketamine was used at clinical 
doses ( 4 mg/kg) (Drayna et  al.  2012). In addition, no 
increase in intraocular pressure has been reported when 
Telazol was evaluated in both dogs and cats (Hahnenberger 
1976; Jang et al. 2015).

Dissociative anesthetics provide analgesia and anti-
hyperalgesia through antagonism of the NMDA receptor and 
likely through interactions with mu and kappa opioid recep-
tors within the CNS and the periphery. Ketamine has been 
shown to provide excellent analgesia in acute surgical pain 
situations when administered at sub-anesthetic dosages 
(Annetta et al. 2005). The NMDA receptor plays an important 
role in the phenomenon of central sensitization or wind-up 
and NMDA antagonists have been shown to minimize this 
effect when given pre-emptively and to attenuate the effects 
when given after central sensitization has occurred (Aida 
et  al.  2000; Castel et  al.  2013). Lastly, ketamine and other 
NMDA antagonists have been shown to be beneficial in the 
treatment of neuropathic pain in humans and rodent models 
(Guirimand et al. 2000; Kang et al. 2010; Chen et al. 2009).

Contraindications

Tiletamine has been reported to cause severe renal tubular 
necrosis in New Zealand White rabbits when administered 
at anesthetic doses (Brammer et  al.  1991; Doerning 
et al. 1992). The suggestion to avoid Telazol in all rabbits is 
extrapolated from these studies.

Table 9.4 summarizes the relative contraindications for 
administration of dissociative anesthetics classified by 
organ system.
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Drug Interactions

Administration of concurrent CNS depressants and seda-
tives can result in cardiovascular and respiratory depres-
sion. Concurrent use of chloramphenicol can prolong 
recovery from ketamine (Amouzadeh et al. 1989).

Etomidate

Although both the R(+) and S(−) enantiomers of etomi-
date exist, the R(+) form is considerably more potent and is 
the component of the commercially available product 
(Tomlin et al. 1998). Etomidate is available in a 2 mg/mL 
solution with a propylene glycol carrier molecule. 
Etomidate is supplied by a human anesthesia drug manu-
facturer and not labeled for use in veterinary species.

Mechanism of Action

Etomidate enhances the binding of the inhibitory neuro-
transmitter GABA at its receptor leading to hyperpolariza-
tion of post-synaptic neurons in the CNS (Olsen and Li 2011).

Pharmacokinetics

The pharmacokinetics of etomidate have been described in 
the cat using an open three-compartment model. The drug is 
rapidly redistributed from the brain (0.05 hours) and has an 
elimination half-life of 2.89 hours. Etomidate has a large vol-
ume of distribution at steady state (4.88 l/kg) with a clearance 

rate of 2.47 l/kg/hour (Wertz et al. 1990). The rapid redistri-
bution phase from the CNS into body tissues is responsible 
for a quick anesthetic recovery. In dogs, a two-compartment 
model has been used to describe etomidate with a fairly small 
volume of distribution (0.69 l/kg), slow clearance (0.006 l/
minute/kg), but short elimination half-life (0.56 hours) when 
a 50 mg dose (roughly 1.5 mg/kg) was administered IV 
(Zhang et al. 1998). Etomidate is approximately 75% bound to 
plasma proteins in the dog (Meuldermans and Heykants 
1976). In rats, etomidate is also modeled using a three-
compartment open model with rapid equilibration with 
brain tissue and rapid redistribution from the brain with a 
first phase half-life of 1.19 minutes (Lewi et al., 1976).

Metabolism

Etomidate is metabolized by ester hydrolysis in both the 
plasma and the liver. Plasma elimination is linear whereas 
hepatic metabolism appears to be non-linear and capacity 
limited (Lewi et al. 1976; Heykants et al. 1975). Hydrolysis 
is nearly complete and results in the formation of pharma-
cologically inactive metabolites which are largely excreted 
via urine (~85%) with the remainder excreted in bile. Less 
than 3% of etomidate is excreted unchanged.

Clinical Uses

Etomidate is not registered for use in veterinary patients in 
the US or abroad. It is most commonly used for its favora-
ble lack of cardiovascular effects. It is generally titrated to 
effect and allows for rapid ET. Myoclonus is common with 
etomidate administration and dosing should be preceded 
by administration of muscle relaxant agents. Table 9.5 pro-
vides a summary of suggested dosage ranges for etomidate 
in several small animal and laboratory species.

Effects on Organ Systems

Cardiovascular
Etomidate exerts little to no meaningful effects on the car-
diovascular system. In unpremedicated dogs receiving 
approximately 2.9 mg/kg IV there were no significant 
changes from baseline for heart rate, direct arterial blood 
pressures, systemic vascular resistance index, stroke vol-
ume index, cardiac index, contractility, and central venous 
pressure (Rodriguez et  al.  2012). In another study, dogs 
receiving midazolam followed by approximately 2 mg/kg 
of etomidate experienced no significant changes in heart 
rate or Doppler blood pressure from baseline values 
(Gunderson et  al.  2013). A study on humans with docu-
mented left ventricular dysfunction did show a significant 

Table 9.4  Relative contraindications to the use of dissociative 
agents for anesthetic induction.

Organ system Disease or condition

CNS Increased intracranial pressure
±Traumatic Brain Injury

Hypertrophic CardiomyopathyCardiovascular
Cardiac Failure
Systemic Hypertension
Tachyarrhythmias
Dysrhythmias

Oliguric or Anuric Renal DiseaseGenitourinary
(especially in cats)
Urethral Obstruction
Cesarean Section in Dogs

PhaeochromocytomaEndocrine
Hyperthyroidism

Ocular Glaucoma (or other causes of IOP)
Ocular Trauma
Deep Cornea Ulcers
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decrease in heart rate and blood pressure immediately fol-
lowing administration of etomidate. However, these values 
returned to baseline after intubation and were deemed 
clinically acceptable (Aghdaii et al. 2015).

Respiratory
Etomidate has minimal effects on respiratory function. In 
unpremedicated dogs, there were no significant changes 
from baseline in respiratory rate or end-tidal carbon diox-
ide measurements after IV etomidate administration 
(Rodriguez et  al.  2012). In people, post-induction apnea 
was reported in one study, however, it was also suggested 
that etomidate stimulated ventilation independently of 
carbon dioxide tensions and would be a suitable choice for 
induction of patients where maintenance of spontaneous 
ventilation was required (Choi et al. 1985).

Central Nervous System
Etomidate exerts its CNS depressant effects by promoting 
the binding of the inhibitory neurotransmitter GABA to the 
GABAA receptor (O’Meara et al. 2004). Etomidate adminis-
tration results in cerebral vasoconstriction causing decreases 
in cerebral blood flow and cerebral metabolic oxygen 
demand but maintains the cerebrovascular response to car-
bon dioxide (Renou et al. 1978; Cold et al. 1985). As there 
are no meaningful changes in mean arterial pressure, this 
results in maintenance of CPP (Cold et al. 1985). In study of 
brain trauma in people, etomidate use resulted in a signifi-
cant decrease in ICP (Bramwell et al. 2006).

Controversy surrounds the use of etomidate in seizure 
patients. A study comparing etomidate and thiopental in 

humans demonstrated similar EEG patterns with both 
drugs. However, seizures have been reported following use 
of etomidate (Ghoneim and Yamada  1977; Ebrahim 
et al. 1986). A recent human study demonstrated that eto-
midate administration resulted in epileptic high frequency 
oscillations and EEG spikes (Rampp et al. 2014).

Other Effects

Etomidate inhibits the enzyme 11-beta-hydroxylase which is 
an important step in the adrenal cortical pathway that con-
verts cholesterol into cortisol and aldosterone (Wagner 
et al. 1984). Inhibition is transient and has been reported to 
persist up to 6 hours in the dog and 5 hours in the cat (Dodam 
et  al.  1990; Moon  1997). Adrenocortical suppression of 
greater than 24 hours has been reported in critically ill peo-
ple and has been correlated with increased duration of 
mechanical ventilation and prolonged hospitalization 
(Absalom et al. 1999; Hildreth et al. 2008). While the adreno-
cortical suppression is of minor clinical relevance in most 
patients, the use of etomidate in patients with known adren-
ocortical dysfunction or relative adrenal insufficiency should 
be avoided. Etomidate may be used, however, in controlled 
Addison’s disease patients receiving cortisol supplementa-
tion as it does not interfere with the action of cortisol.

Etomidate does not provide any muscle relaxation and 
development of myoclonus on induction and recovery of 
anesthesia is well documented in both veterinary patients 
and humans. It is recommended that a muscle relaxant be 
administered either in the premedication or as a co-
induction agent when etomidate is used.

Early reports indicated that etomidate decreased intraoc-
ular pressure in normal eyes. However, a recent report in 
normal dogs indicated that the co-induction of midazolam 
and etomidate resulted in clinically significant increased 
intraocular pressure as well as miosis (Calla et  al.  1987; 
Gunderson et al. 2013).

Lastly, pain has been reported on injection of etomidate 
in veterinary and human patients. This is likely due to the 
propylene glycol carrier vehicle and administration of 
analgesics such as opioids or α-2 agonists as well as admin-
istration into a large vein or with IV fluids minimizes this 
effect. Pain on injection has been studied in humans where 
it was found that replacement of the propylene glycol car-
rier with a lipid emulsion greatly reduced the incidence of 
pain on injection (Doenicke et al. 1999).

Contraindications

While there are no specific contraindications for the use of 
etomidate in veterinary patients, as stated previously, use 
in epileptics and patients with adrenal insufficiency should 

Table 9.5  Suggested dosages for Etomidate in various species.

Species ReferencesIV dose

Dog 2–2.91 mg/kga Moon (1997), Clutton et al. (1997)

2–4 mg/kgb Suresh and Nelson (1985), 
Dominguez et al. (2013)

0.5–4 mg/kg Unreferenced range in many sources

2–3Cat  mg/kga Moon (1997), Wertz et al. (1990)

0.5–4 mg/kg Unreferenced range in many sources

0.2–0.9Pig  mg/
kgb

Clutton et al. (1997), Suresh and 
Nelson (1985)

2–4 mg/kg Unreferenced range in many sources

1Sheep  mg/kga Dominguez et al. (2013), Fresno et al. 
(2008)

23.7Mice  mg/kg 
(IP)

Gomwalk and Healing (1981)

a Unpremedicated.
b Premedicated.
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be with caution. In addition, several sources recommend 
caution in cats due to the potential for intravascular hemol-
ysis. However, no peer-reviewed literature appears to exist 
regarding this issue.

Drug Interactions

Administration with other CNS depressants can potentiate 
the effects of etomidate and, as such, it should always be 
administered “to effect”.

Miscellaneous Induction Agents

The agents listed below are mostly used in laboratory ani-
mal medicine although some also have historical signifi-
cance within the broader realm of veterinary anesthesia.

Chloral Hydrate

Chloral hydrate appears to exert its effects by binding to the 
GABA receptor. However, its exact mechanism of action 
remains unknown. IV injection in rats provides approxi-
mately 1–2 hours of stable anesthesia albeit at a light plane, 
but intraperitoneal injections have been reported to cause 
cardiovascular and respiratory depression as well as perito-
nitis and ileus (Sisson and Siegel  1989; Field et  al.  1993; 
Fleischman et  al.  1977). In addition, differing dosage 
requirements between strains have been reported (Sisson 
et al. 1991).

Historically, chloral hydrate was used for sedation and 
anesthesia of horses and cattle. However, it has a very 
narrow safety margin and doses necessary to produce 
anesthesia resulted in significant cardiorespiratory 
depression.

Chloral hydrate is available in combination with magne-
sium sulfate (a CNS depressant and muscle relaxant) and 
pentobarbital (a barbiturate anesthetic). This combination 
is not only used to maintain the benefits of both chloral 
hydrate and pentobarbital but also to reduce some of the 

unwanted side-effects. However, ileus has still been 
reported with this combination.

Alpha-Chloralose

Although the exact mechanism of action of alpha-
chloralose remains unknown, it is suspected to bind to the 
GABA receptor in the CNS. It produces prolonged anesthe-
sia at a light plane and provides no meaningful analgesia. It 
does not appear to affect baroreceptor or chemoreceptor 
reflexes which make it an ideal agent for long-term cardio-
pulmonary studies (Holzgrefe et al. 1987).

The onset of action after IV administration can be up to 
15 minutes so it is generally suggested to induce anesthesia 
with an alternative agent and administer alpha-chloralose 
for the maintenance stage where 8–10 hours of light anes-
thesia can be achieved. Generally, alpha-chloralose is only 
given for non-recovery procedures owing to very prolonged 
recovery times and the potential for seizure-like activity.

Intraperitoneal injection is not recommended due to 
pain and inflammation on injection.

Urethane

Urethane’s mechanism of action is not fully understood. 
However, a recent study in rats showed that it affected 
potassium channels to decrease neuron firing and did not 
exert any effect on GABA receptors (Sceniak and 
Maciver  2006). It produces long-acting anesthesia and 
maintains stable cardiovascular variables by stimulation of 
the sympathetic nervous system (Buelke-Sam et al. 1978; 
Janssen et al. 2004; Carruba et al. 1987). Respiratory func-
tion is generally good however, ventilation may be required 
in small mammals (Moldestad et al. 2009).

Urethane is no longer recommended for use as it has 
been shown to be mutagenic and carcinogenic and is listed 
on the National Institute of Health list of drugs that are 
anticipated to be human carcinogens (Field and Lang 1988). 
Personnel exposure can be via both direct and indirect (i.e. 
inhaled, etc.) contact.
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Introduction

The advent of the use of inhalant anesthetic agents in the 
mid-1800s changed the medical profession profoundly, as 
these volatile agents were able to produce unconsciousness 
and immobility, allowing procedures to be performed on 
patients without them experiencing acute pain or moving 
in response to surgery. Despite this breakthrough, the early 
inhalants were not without their drawbacks, including 
flammability and toxicity, leading to the search for agents 
that were safer for patients, and safer for medical personnel 
to administer.

Addition of a halogen molecule to aliphatic hydrocar-
bons and ethers proved to render compounds of interest 
nonflammable, and in the 1950s halothane, a halogenated 
hydrocarbon derived from alkane, was introduced into 
clinical medical practice. Despite its favorable chemical 
profile as a general anesthetic, halothane was shown to 
decrease the dose of epinephrine required to produce car-
diac arrhythmias, leading to continued investigation of 
compounds that might prove useful as inhalant anesthetic 
agents. Compounds with an ether linkage, i.e., having the 
general structure R-O-R′, either do not sensitize the myo-
cardium to epinephrine, or have a vastly reduced sensitiv-
ity not clinically relevant. Inhalants classified as aliphatic 
ethers currently used in the practice of veterinary anesthe-
sia include isoflurane, desflurane, and sevoflurane. Despite 
once being the most commonly used inhalant in the world, 
halothane is no longer available in the United States of 
America, however it is still in use in other countries. 
Several halogenated compounds used clinically in the past 
but withdrawn from general use for various reasons, most 
often due to toxicity, e.g. methoxyflurane, enflurane, will 
not be discussed.

Nitrous oxide (N2O) a gas discovered in the 1800s, is not 
commonly used in veterinary anesthesia outside of spe-
cialty anesthetic practice but is sometimes used as an 

adjunct for its analgesic properties so will be discussed 
later in the chapter. The modern inhalant anesthetic agents 
halothane, isoflurane, sevoflurane and, to a much lesser 
extent, desflurane form the mainstay of maintenance of 
general anesthesia in animals undergoing surgery and 
medical procedures. They are manufactured as volatile 
liquids, which are delivered to the patient via the breathing 
circuit of an anesthetic machine using precision, inhalant-
specific vaporizers in oxygen with or without other carrier 
gases (e.g. nitrogen, N2O, medical air). Coupled with 
endotracheal intubation, this method of delivery allows for 
precise concentrations to be delivered easily and adjusted 
relatively quickly in response to changes in patient status.

Chemical Structure

Chemical structures of the commonly used halogenated 
inhalant anesthetics are shown in Figure 10.1. In general, 
the presence of fluorine decreases flammability and 
increases molecular stability. Halothane is classified as a 
halogenated alkane derivative. In the ether group, isoflu-
rane is classified as a halogenated methyl ether, desflurane 
is a fluorinated methyl ethyl ether, and sevoflurane is a 
fluorinated methyl isopropyl ether. The chemical structure 
of the gas N2O is also given.

Physical and Chemical Properties 
of Inhalant Anesthetics

Several physical and chemical properties of inhalant anes-
thetics are summarized in Table 10.1.

Boiling point – The volatile anesthetic agents halothane, 
isoflurane and sevoflurane exist as liquids at room temper-
ature. Desflurane has a relatively low boiling point com-
pared to the other volatile agents, and it requires a different 
type of vaporizer that is pressurized to prevent it from boil-
ing at typical working temperatures. N2O exists as a gas at 
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room temperature and is therefore supplied in pressurized 
gas cylinders.

Vapor pressure – The term ‘vapor’ is used to describe the 
gas phase of a compound that is liquid at standard tem-
perature (20 °C) and pressure (1 atm or 760 mmHg). 
Within a closed container, i.e. the bottle the manufacturer 
supplies the inhalant in, or the vaporization chamber of 
an anesthetic vaporizer, and at a constant temperature, an 
equilibrium will be reached between the molecules in the 
gas phase (i.e. above the liquid) and the liquid phase. This 
equilibrium is termed the saturated vapor pressure, com-
monly referred to as the vapor pressure. Vapor pressure 
can be used to determine the maximum concentration 
that can be reached for the given compound. For 
example, the vapor pressure of isoflurane is 240 mmHg. 

The maximum concentration of isoflurane vapor in a 
closed space under standard conditions is therefore 
240/760 mmHg, or 31.5%. This is far in excess of concen-
trations required to produce clinical anesthesia, hence the 
necessity to use precision vaporizers that allow delivery of 
lower concentrations, typically up to 5% for isoflurane. As 
each volatile anesthetic has its own specific vapor pres-
sure, each agent requires a specific vaporizer calibrated for 
that specific agent. The vapor pressures of halothane and 
isoflurane are relatively close to each other and halothane 
vaporizers have been modified and relabeled for isoflu-
rane use. Using isoflurane in a halothane vaporizer with-
out professional modification is not recommended, 
although isoflurane output was only increased by a factor 
of between 1.08 and 1.15 compared to the output of 
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Figure 10.1  Chemical structures of inhalant anesthetics. Chemical structures of the gas N2O and the volatile anesthetics halothane, 
isoflurane, sevoflurane and desflurane. Source: Redrawn from images downloaded from National Center for Biotechnology Information 
(2023). PubChem Compound Summary for CID 948, Nitrous Oxide. Retrieved August 1, 2023 from https://pubchem.ncbi.nlm.nih.gov/
compound/Nitrous-Oxide. PubChem Compound Summary for CID 3562, Halothane. Retrieved August 1, 2023 from https://pubchem.
ncbi.nlm.nih.gov/compound/Halothane. PubChem Compound Summary for CID 3763, Isoflurane. Retrieved August 1, 2023 from  
https://pubchem.ncbi.nlm.nih.gov/compound/Isoflurane. PubChem Compound Summary for CID 5206, Sevoflurane. Retrieved August 1, 
2023 from https://pubchem.ncbi.nlm.nih.gov/compound/Sevoflurane. PubChem Compound Summary for CID 42113, Desflurane. 
Retrieved August 1, 2023 from https://pubchem.ncbi.nlm.nih.gov/compound/Desflurane.

Table 10.1  Selected physicochemical properties of halothane, isoflurane, sevoflurane, desflurane, and nitrous oxide.

Nitrous oxideDesfluraneSevofluraneIsofluraneHalothane

197Molecular weight (g/mol) 185 200 168 44

Boiling point (°C) 50 49 59 23 −89

Vapor pressure at 20 °C 
(mmHg)

244 240 170 669 Exists as a gas

mL vapor per mL liquid at 
20 °C

227 195 183 210 N/A

N/A, not applicable.

https://pubchem.ncbi.nlm.nih.gov/compound/Nitrous-Oxide
https://pubchem.ncbi.nlm.nih.gov/compound/Nitrous-Oxide
https://pubchem.ncbi.nlm.nih.gov/compound/Halothane
https://pubchem.ncbi.nlm.nih.gov/compound/Halothane
https://pubchem.ncbi.nlm.nih.gov/compound/Isoflurane
https://pubchem.ncbi.nlm.nih.gov/compound/Sevoflurane
https://pubchem.ncbi.nlm.nih.gov/compound/Desflurane
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halothane at low carrier gas flow rates and was lower than 
halothane at high gas flow rates (Steffey et al. 1983).

Vapor pressure is affected by ambient temperature. As 
temperature rises, the number of molecules having enough 
energy to move from the liquid phase to the gas phase 
increases, and vapor pressure rises. The opposite is true as 
temperature decreases. Agent specific vaporizers incorpo-
rate mechanisms to account for changes in ambient tem-
perature that are within typical working conditions.

During vaporization, it is the molecules with higher 
energy that leave the liquid phase. In doing so, the liquid 
becomes cooler. A significant amount of vaporization may 
cool the liquid enough to noticeably decrease vaporization. 
This is the case with desflurane, which requires use of a 
vaporizer that, in addition to being pressurized, is heated to 
overcome the evaporative cooling of the liquid that occurs 
due to vaporization.

Note that, since N2O exists as a gas at ambient tempera-
tures, its concentration can be 100% if it is inadvertently 
used as the sole carrier gas (see below for hazards of 
N2O use).

Degradation – The halogenated agents are generally very 
stable, and do not require preservatives. The exception is 
halothane, which may undergo spontaneous degradation 
to bromine, hydrobromic acid, chloride, hydrochloric acid, 
and phosgene. Halothane is therefore stored in opaque, 
amber-colored bottles and contains the preservative thy-
mol to prevent this. Thymol accumulates in vaporizers, 
which can make vaporizer output inaccurate and also 
interfere with movement of the dial. Thymol accumulation 
can be decreased by draining vaporizers of halothane 
weekly and by maintaining regular servicing of vaporizers 
(Rosenberg and Alila 1984).

Stability in soda lime – Sevoflurane undergoes degrada-
tion to several compounds (compound A through com-
pound E) (Wallin et al. 1975). Compound A – fluoromethy 
l-2,2-difluoro-L-(trifluoromethyl) vinyl ether  –  is nephro-
toxic to rats when administered via inhalation or perito-
neal injection and occurs via metabolism to nephrotoxic 
haloalkenes (Kharasch et al. 2005). Levels of compound A 
present in the breathing circuit during sevoflurane anes-
thesia in studies in people (O’Keeffe and Healy 1999) and 
dogs (Muir and Gadawski  1998) were found to be below 
toxic levels, even when relatively low flow rates of oxygen 
were used. In a study where pigs were anesthetized with 
sevoflurane and dessicated Baralyme® was used as the car-
bon dioxide absorbent, compound A rose to levels that 
would be considered toxic in people and rats, yet produced 
minimal renal injury based on kidney histology after two to 
four hours of anesthesia (Steffey et al. 1997). Rats appear 
to be unique in their susceptibility to compound A; nephro-
toxicity due to compound A anesthesia has not been defini-
tively reported in other animal species.

Carbon monoxide production can occur when desflu-
rane or isoflurane passes through dry absorbent that 
contains potassium or sodium hydroxide. The most likely 
clinical scenario for this to occur is when dry fresh gases 
are inadvertently left turned on, and flow though the 
absorbent for long periods of time (e.g. over a weekend 
when anesthesia machines are less likely to be in use) 
(Pearson et  al.  2001). In horses, carbon monoxide 
increased with both halothane and isoflurane within the 
anesthetic circle breathing system, however levels were 
not clinically significant (Dodam et al. 1999). In a study in 
pigs, desflurane and isoflurane delivered via a circle sys-
tem with purposely dried soda lime resulted in carbon 
monoxide levels of 5500 ppm (desflurane) and 800 ppm 
(isoflurane), despite using low-flow of carrier gases. 
Arterial carboxyhemoglobin was markedly elevated, with 
pigs of smaller size having higher concentrations 
(Bonome et al. 1999).

Mechanism of Action

Despite being discovered in the 1840s, and having been the 
subject of much research, the mechanism, or mechanisms, 
of action as to exactly how the inhalant anesthetics pro-
duce unconsciousness and immobility have not been fully 
elucidated. In terms of the general site of action, it has 
been demonstrated in a preferentially anesthetized goat 
brain model that immobility in response to painful stimuli 
is primarily mediated in the spinal cord, with unconscious-
ness being mediated in the brain (Antognini and 
Schwartz  1993). Traditional theories (the Meyer-Overton 
theory/critical volume hypothesis) hypothesized that all 
inhalant anesthetics work by the same mechanism. The 
proposed non-specific action on hydrophobic lipid compo-
nents of cells, given the presence of sufficient molecules at 
the cell membrane, is that distortion of the cell membrane 
would occur, and alter cellular function. With the advent in 
the 1960s of the concept of MAC, the observed linear rela-
tionship between the MAC and oil:gas partition coeffi-
cients of the inhalants and their oil:gas partition coefficients 
(Tables 10.2 and 10.3) favored the theory of a lipid-based 
mechanism of action common to all inhalant anesthetics. 
Evidence against this theory includes the fact that effects of 
inhalants on the lipid bilayer of the cell membrane are 
small, and unlikely to result in interference with produc-
tion of action potentials by cells (Franks and Lieb 1994). 
Additionally, inhalant anesthetics exist as stereoisomers, 
and potency of the enantiomers has been shown to be dif-
ferent, despite the fact that their lipid solubility is the same 
(Lysko et al. 1994). In the past several decades, researchers 
have generally moved away from the idea that multiple 
agents with diverse chemical structures share a non-
specific, lipid-based cellular mechanism, and have focused 
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on anesthetic-binding sites on specific receptor or ion 
channel proteins, as well as the likelihood that different 
aspects of anesthesia may be mediated by different mecha-
nisms (Campagna et al. 2003).

In simple terms, neurotransmission can be decreased 
either by increasing inhibitory mediators or decreasing 
excitatory mediators. The impact of inhalant anesthetics 
on several receptors that affect neurotransmission has been 
studied.

Enhancement of receptors that mediate inhibition of neu-
rotransmission – GABA and glycine are the most common 
inhibitory neurotransmitters in the brain and spinal cord 
respectively. Halogenated anesthetics have been shown to 
enhance the G-protein coupled GABAA and glycine recep-
tors, leading to an increase in inhibition of neurotransmis-
sion. In contrast, N2O has no effect on these receptors 
(Harrison et al. 1993; Mascia et al. 1996).

Reduction of excitatory neurotransmission – Glutamate is 
the most common excitatory neurotransmitter in the 
CNS. The ligand-gated glutamate receptors NMDA, AMPA, 
and kainite are all inhibited by the halogenated anesthet-
ics, thus reducing excitatory neurotransmission. N2O 
inhibits NMDA receptors, but not AMPA or kainite 
(Yamakura and Harris 2000; Kendig 2002). Inhalant anes-
thetics also inhibit some subtypes of voltage-gated Na+ 
channels, decreasing release of glutamate (Shiraishi and 
Harris 2004).

Inhibition of neuronal nicotinic acetylcholine receptors 
by inhalant anesthetics is thought to contribute to amnesia 
and memory changes in people but does not result in 
immobility (Violet et al. 1997; Flood et al. 1997).

Two-pore-domain potassium (K2P) receptors/ion chan-
nels regulate resting potential of the cell. Some of the K2P 
channels within this group are potentiated by inhalant 
anesthetics, including the TASK-3 receptor associated with 
regulating natural sleep (Franks 2006; Pang et al. 2009).

Solubility
Inhalant anesthetic solubility has been thoroughly exam-
ined, and solubilities for the inhalants are typically 
expressed as partition coefficients (see Table 10.2, adapted 

from Steffey et al. 2015 and Flood 2022). Partition coef-
ficients represent the ratio of the concentration at equilib-
rium in the two substances being compared. If the partition 
coefficient is 1, then the anesthetic is equally soluble in 
both substances. If the partition coefficient is 2, then the 
anesthetic is twice as soluble in the first substance, and if 
the partition coefficient is 0.5, then the anesthetic is twice 
as soluble in the second substance. As a general rule, the 
partition coefficients for all comparative pairings decrease 
in the following order: halothane > isoflurane > sevoflu-
rane > desflurane > N2O. Partition coefficients differ 
among different species, and have been reported in cats, 
dogs, ruminants, horses, rats and rabbits, with goats having 
values most similar to those reported in people (Soares 
et al. 2012). Species differences in hemoglobin, red blood 
cell membrane structure, albumin structure, and concen-
tration of plasma triglycerides are possible causes for these 
differences.

Potency
The concept of minimal alveolar concentration (MAC) has 
been used to assess and compare the potency of inhalant 
anesthetics since its introduction in the 1960s. MAC is 
defined as the minimum alveolar anesthetic concentration 
at which 50% of subjects respond to a supramaximal nox-
ious stimulus (Merkel and Eger  1963). MAC studies are 
performed with no other drugs present, so the MAC of an 
inhalant is therefore equivalent to a 50% effective dose 
(ED50). ED95 is approximately 1.3 x MAC. MAC has been 
determined in many species (Steffey et al. 2015). Ranges of 
MAC values reported for the commonly anesthetized 
domestic species are given in Table 10.3. In general, MAC 
for a specific inhalant, with the exception of N2O in people, 
is similar regardless of species. Differences in reported 
MAC values for a given inhalant in the same species are 
likely due to differences in methodology and the small 
numbers of animals used in each study given that, within a 
species, individual MAC can vary. MAC is additive, i.e. 
delivering 0.5 MAC of isoflurane and 0.5 MAC of sevoflu-
rane is equivalent to delivering 1 MAC of either agent. This 
concept is used to extrapolate the MAC of N2O.

Table 10.2  Selected partition coefficients for inhaled anesthetics in people.

Partition coefficient Halothane Isoflurane Sevoflurane Desflurane Nitrous oxide

Blood:gas 2.54 1.46 0.69 0.42 0.46

Brain:blood 1.9 1.46 1.7 1.3 1.1

Muscle:blood 3.4 2.9 3.1 2.0 1.2

Fat:blood 51.1 44.9 47.5 27.2 2.3

Oil:gas 224 98 55 18.7 1.4
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The concept of MAC is used to determine derivatives 
of MAC with different end-points, for example, MAC-
awake (the point at which a person responds to a verbal 
command) which is about 0.5 x MAC in people (Flood 2022). 

The MAC derivatives MAC-no movement (MAC-NM) and 
MAC-blunt adrenergic response (MAC-BAR) are useful in 
that they mimic the desired clinical result of inhalant anes-
thesia, i.e. a patient that does not move and has minimal 

Table 10.3  Range of MAC values (%) reported in the commonly anesthetized domestic species for halothane, isoflurane, sevoflurane, 
desflurane and nitrous oxide.

Species Halothane Isoflurane Sevoflurane Desflurane Nitrous oxide

Dog 0.86–0.931,2 0.9–1.53,4 2.10–2.365,6 7.2–10.37,8 188–2979,10

Cat 0.99–1.1911,12 1.28–2.2113,14 2.58–3.4115,16 9.79–10.2717,16 25518

Horse 0.88–1.0519,20 1.31–1.6419,21 2.31–2.8422,23 7.02–8.0224,25 20526

Cattle 0.7627 1.1428 2.1229 – 22327

Sheep 0.9730 1.5830 2.7431 8.60–9.8132,33 –

Goat 1.3034 1.20–1.5035,34 2.3336 – –

Pig 0.9–1.2537,38 1.45–2.0439,40 1.97–2.6637,41 10.0040 162–27742,38

1 Eger et al. (1965b).
2 Himes (1977)
3 Johnson et al. (2019).
4 Schwartz et al. (1989).
5 Scheller et al. (1990).
6 Kazama and Ikeda (1988).
7 Doorley (1988).
8 Hammond et al. (1994).
9 Eger et al. (1965a).
10 Young and Sawyer (1980).
11 Webb and McMurphy (1987).
12 Drummond et al. (1983).
13 Ilkiw et al. (1997).
14 Pypendop and Ilkiw (2005).
15 Doi et al. (1998).
16 Barter et al. (2004).
17 McMurphy and Hodgson (1995).
18 Steffey et al. (1974).
19 Steffey et al. (1977).
20 Bennett et al. (2004).
21 Steffey et al. (2000).
22 Aida et al. (1994).
23 Steffey et al. (2005a).
24 Tendillo et al. (1997).
25 Steffey et al. (2005b).
26 Steffey and Howland (1978b).
27 Steffey and Howland (1979).
28 Cantalapiedra et al. (2000).
29 Araújo et al. (2017).
30 Palahniuk et al. (1974).
31 Columbano et al. (2018b).
32 Sayre et al. (2015).
33 Columbano et al. (2018a).
34 Antognini and Eisele (1993).
35 Antognini and Schwartz (1993).
36 Hikasa et al. (1998).
37 Lerman et al. (1990).
38 Weiskopf and Bogetz (1984).
39 Lundeen et al. (1983).
40 Eger et al. (1988).
41 Manohar and Parks (1984).
42 Eisele et al. (1985).
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autonomic response in response to a procedure. MAC-NM 
and MAC-BAR, in addition to MAC-extubation (MAC-
EXT) have been evaluated in dogs anesthetized with isoflu-
rane, and sevoflurane (Seddighi et  al.  2023; Murahata 
et  al.  2018; Ebner et  al.  2013). MAC-EXT has also been 
evaluated for desflurane in dogs (Lopez et al. 2009). MAC-
BAR has been determined in cats for halothane and isoflu-
rane, and in sheep for sevoflurane (Schmeling et al. 1999; 
March and Muir 2023; Barletta et al. 2020). MAC-NM has 
been investigated in sevoflurane-anesthetized ponies 
receiving morphine and dexmedetomidine infusions 
(Gozalo-Marcilla et al. 2014). MAC-BAR is typically 20–40% 
higher than the MAC of a given inhalant, with marked 
variation among individuals, and MAC-NM is in the range 
of 10–20% higher than MAC. MAC-EXT in dogs occurs at 
0.3–0.4 x MAC (Reed and Doherty 2018).

Due to MAC being determined in the absence of other 
drugs, MAC studies can be performed to determine the 
impact of drugs and physiologic conditions on inhalant 
requirement. Physiologic factors and pharmacologic agents 
which influence MAC are generally consistent regardless 
of species (Table 10.4). An exception is opioids in horses. 
Morphine given at 0.25 and 2 mg/kg IV increased MAC of 
isoflurane by 5% and 11% respectively, which was attrib-
uted to central nervous system (CNS) stimulation (Steffey 
et  al.  2003). Within that study, the effect on MAC was 
inconsistent; MAC increased in three horses, decreased in 
one horse, and was unchanged in two horses given the 

higher dose of morphine. In another study from the same 
research group, using the same conditions and methodol-
ogy to determine MAC, morphine was given to halothane-
anesthetized horses at 0.1 and 0.2 mg/kg IV immediately 
after xylazine at 0.5 mg/kg IV. Neither dose of morphine 
impacted MAC compared to xylazine alone, which 
decreased MAC by approximately 20% (Bennett et al. 2004). 
In contrast, isoflurane MAC was reduced by 49% when 
horses received a co-infusion of lidocaine and ketamine, 
and by 53% when morphine was added to the co-infusion 
at 0.1 mg/kg/h following a 0.15 mg/kg bolus (Villalba 
et al. 2011).

Pharmacokinetics
Inhalant anesthetic agents are administered via the lungs 
where they diffuse across a series of concentration gradi-
ents from the anesthetic vaporizer to the tissues. In the 
lung, inhalant anesthetics diffuse from the alveoli into 
pulmonary capillaries, and arterial blood then transports 
the anesthetic to the central nervous system (CNS) and 
other tissues, with the goal being to maintain a partial 
pressure in the CNS that maintains an adequate depth of 
anesthesia for the procedure the patient is undergoing. On 
cessation of administration of inhalant from the anes-
thetic machine, the process is reversed. Elimination occurs 
primarily via the lungs, although some agents do undergo 
metabolic biotransformation. The key partial pressure of 
an inhalant anesthetic is that in the alveoli (PA). The brain 

Table 10.4  Factors that influence MAC.

Increases MAC Decreases MAC No effect on MAC

Patient Increasing age
Pregnancy

Gender

Physiologic Hyperthermia
Hypernatremia

Hypothermia
Hyponatremia
MAP <50 mmHg
PaO2 < 40 mmHg

Anesthetic metabolism
Hyper- or hypokalemia
MAP >50 mmHg
PaO2 > 40 mmHg
PaCO2 15–95 mmHg

Pharmacologic Ephedrine
Morphine in horses
Physostigmine

Acepromazine
Alpha2 agonists
Opioids
Benzodiazepines
Ketamine
Lidocaine
Nitrous oxide
Maropitant
Gabapentin

Anticholinergics

Other Duration of anesthesia

The impact of patient and physiologic factors, and pharmacologic drug classes on MAC.
MAP, mean arterial blood pressure; PaO2, arterial partial pressure of oxygen; PaCO2, arterial partial pressure of carbon dioxide.
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is part of the vessel-rich group of organs, and the partial 
pressure at the brain rapidly equilibrates with the PA. At 
steady state, the partial pressure at the brain (and other 
tissues) is in equilibrium with the PA of the anesthetic, 
which can be measured in clinical practice using a gas 
analyzer. The partial pressure of an anesthetic gas is 
related to concentration (expressed in % volume) as fol-
lows: concentration = partial pressure / ambient pressure, 
where, for practical purposes, ambient pressure is consid-
ered to be 760 mmHg.

Anesthetic uptake – Several factors determine the PA of 
inhalant anesthetics and fall into two main categories: 
increased delivery of anesthetic vapor to the alveoli, and 
decreased removal of anesthetic from the alveoli.

Increased delivery of anesthetic to the lungs can be 
achieved by increasing the inspired concentration, and by 
increasing alveolar ventilation. The inspired concentration 
is affected by the percentage selected on the vaporizer, the 
volume of the anesthetic breathing system, and the materi-
als the breathing system and machine are made of, as the 
inhalants are soluble in rubber and plastic to some degree. 
Breathing system type is important  – a non-rebreathing 
system has a relatively small total volume and delivers 
almost entirely fresh gases to the patient during inspira-
tion, therefore, the concentration dialed on the vaporizer 
will be very close to the inspired concentration. Contrast 
this with a rebreathing system, which has a much larger 
volume, where oxygen (and other carrier gases) and inhal-
ant anesthetics from expired gas are recirculated. Fresh gas 
flow rates at the start of inhalant anesthesia are considera-
bly higher than those required for maintenance when 
using rebreathing systems. This ensures that the volume of 
gas in the anesthetic breathing system, which contains no 
inhalant at the start of anesthesia, is rapidly exchanged 
with gas that contains inhalant anesthetic in order for a 
rapid rise in the PA to occur. The higher the inspired partial 
pressure, the faster the rate of rise of the PA. This is known 
as the concentration effect (Eger  1963). This is demon-
strated in Figure 10.2, where the rate of rise of N2O in the 
alveoli is more rapid compared to desflurane. While desflu-
rane has a lower blood:gas partition coefficient than desflu-
rane, N2O is delivered at much higher concentrations (up 
to 70% of the total carrier gas).

Increasing alveolar ventilation increases delivery of 
inhalant to the lungs leading to a rise in PA. Conversely, 
decreases in alveolar ventilation will slow the rate of rise. 
Use of a mechanical ventilator typically increases alveolar 
ventilation, and therefore PA. Hypoventilation is common 
following intravenous anesthetic induction, and as anes-
thetic depth increases.

Uptake of anesthetic vapor from the lungs in pulmonary 
arterial blood is determined by solubility of the anesthetic, 

cardiac output, and the difference between the PA and the 
partial pressure in the pulmonary venous blood. 

Inhalant anesthetics with low blood:gas solubility are 
associated with a more rapid equilibration in the tissues, as 
the low blood:gas solubility supports a rapid rate of rise of 
PA, and therefore partial pressure in the CNS (Figure 10.2). 
Low blood:gas solubility is also advantageous during the 
maintenance phase of anesthesia as changes to inhaled 
partial pressures will be reflected quickly in the PA, allow-
ing for tighter control of anesthetic depth. When the 
administration of inhalant is terminated, anesthetic will be 
eliminated more quickly due to a rapid decrease in PA com-
pared to agents with higher blood:gas solubilities.

The rate of rise of the PA of an inhalant increases as car-
diac output decreases. Higher cardiac output removes 
inhalant from the lung faster, slows the rise of the PA, and 
slows induction. Induction of anesthesia with inhalants in 
compromised patients, e.g. via nasotracheal intubation in 
foals, should therefore be done cautiously as the PA can rise 
more rapidly than in healthy patients.

The alveolar-venous partial pressure difference is great-
est when the anesthetic vaporizer is first turned on, as 

1.0

0.8

0.6

0.4

F
A
/F

I

0.2

0.0
0 10 20

Minutes of administration

30

N2O

Desflurane

Sevoflurane

Isoflurane

Halothane

Figure 10.2  Time course of the rate of rise of inhalant 
anesthetics in the alveoli toward inspired concentration (FA/FI). 
The rate of rise of the alveolar concentration (FA) toward the 
inspired concentration (FI) expressed as the ratio FA/FI is 
determined by the solubility of the inhalant in blood, as well as 
the delivered concentration of the inhalant. Source: Redrawn 
from Yasuda et al. (1991).
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there is no inhalant in the blood. As inhalant anesthesia 
progresses, the difference will decrease due to the venous 
partial pressure rising. If, at any point, the venous partial 
pressure equals the PA, then uptake will stop. The vessel-
rich group of tissues, which includes the brain, receive the 
majority of cardiac output despite comprising approxi-
mately 10% of body mass. This tissue group therefore equil-
ibrates more rapidly than the other tissue groups. The 
muscle group, which has an intermediate blood supply 
under anesthesia, receiving 10–15% of cardiac output, typi-
cally takes several hours to reach equilibrium. Fat receives 
a very small proportion of cardiac output, and inhalants 
are very soluble in this tissue, therefore it takes even longer 
for this vessel-poor tissue to equilibrate, and is unlikely to 
occur in clinical patients, even those anesthetized for more 
than a few hours.

Elimination  – The inhalants are unique drugs in that 
they are largely eliminated via the lungs. Similar to the fac-
tors that determine anesthetic uptake, elimination is essen-
tially the same process in reverse. Clearance of (and 
recovery from) inhalant anesthetic is directly proportional 
to alveolar ventilation, and inversely proportional to car-
diac output and the blood:gas solubility. If the patient 
remains connected to the anesthetic breathing system 
clearance, as with uptake, may take longer. This can be 
overcome by increasing the oxygen flow rate to assist with 
wash out of the inhalant from the breathing system. 
Duration of anesthesia can impact elimination, as it may 
take longer to eliminate inhalant from adipose tissue (Eger 
and Saidman  2005). In the initial period of recovery, the 
arterial partial pressure will be higher than that in the mus-
cle and fat groups, and they may take up additional anes-
thetic for a short time. This may be more noticeable during 
recovery from halothane and isoflurane anesthesia. The 
impact on recovery time from sevoflurane and desflurane, 
which have much lower blood:gas solubilities, has minimal 
clinical impact.

Context-sensitive half-time  – The impact of anesthetic 
duration on the time it takes to make changes to the partial 
pressure of inhalant in the vessel-rich group can be mod-
eled using computer simulation (Eger and Shafer 2005). In 
essence, the longer the duration of anesthesia, and the 
larger the decrease desired in partial pressure at the vessel-
rich group, the longer it will take to reach the new concen-
tration. Blood:gas solubility is an important factor; the 
longer the duration of anesthetic administration, the 
longer it will take for an anesthetic gas like isoflurane, with 
a higher blood:gas solubility, to reach target partial pres-
sures compared to a gas like desflurane, which has the low-
est blood:gas solubility. This type of modeling can be used 
to predict when a patient will wake up from inhalant anes-
thesia. At the time of writing, and to the best of the authors’ 

knowledge, modeling of this kind has not been investi-
gated in animals.

Metabolism – While the majority of inhalant anesthetic 
delivered during anesthesia is removed via the lungs, tissue 
metabolism of halogenated inhalants does occur. Tissue 
metabolism of inhalants has mostly been studied in people. 
The liver is the main site of metabolism where inhalants 
initially undergo oxidation and/or hydrolysis via cytochrome 
P450 enzymes prior to conjugation. (Martin  2010) 
Metabolites are excreted in bile or urine. Halothane under-
goes the most extensive metabolism (up to 46%) (Carpenter 
et  al.  1986), followed by sevoflurane (up to 5%) (Holaday 
and Smith  1981), isoflurane (0.2%) (Holaday et  al.  1975), 
and desflurane (0.02%) (Sutton et  al.  1991). N2O has not 
been shown to undergo tissue metabolism.

Pharmacodynamics of the Volatile Anesthetics
Central nervous system  – Effects on cerebral metabolic 
rate – Volatile anesthetics cause a dose-dependent decrease 
in cerebral metabolic rate of oxygen consumption (CMRO2) 
(Madsen et  al.  1987; Scheller et  al.,  1988; Young  1992). 
Halothane has been shown to decrease CMRO2 less when 
compared to isoflurane (Drummond et al. 1986; Todd and 
Drummond 1984) Isoflurane causes a marked decrease in 
CMRO2 in dogs at 0.4 MAC (Eger 1981).

Effect on cranial blood flow and cerebral perfusion pres-
sure – Inhalants cause a dose-dependent decrease in cere-
brovascular resistance, resulting in increased CBF, although 
this may be somewhat counteracted as CMRO2 is decreased. 
This increase in CBF results in an increase in the volume of 
blood within the cranium and, as a result, intracranial pres-
sure (ICP) increases. Of the inhalants, halothane causes the 
greatest increase in CBF, likely as a result of its lesser impact 
on decreasing CMRO2. Cerebral perfusion pressure (CPP) is 
defined as being equal to mean arterial blood pressure 
(MAP) minus ICP. Since inhalants decrease MAP in a dose-
dependent fashion, and tend to increase ICP, CPP is gener-
ally decreased by inhalant anesthetics. Under normal 
physiologic conditions, i.e. in conscious patients, cerebro-
vascular autoregulation maintains a stable CBF despite 
changes in CPP, which can occur due to e.g. exercise or 
changes in ICP. This is achieved by either dilation or con-
striction of cerebral blood vessels. Inhalant anesthetics 
interfere with this mechanism as dose increases, and at 1.5 x 
MAC autoregulation is absent (Strebel et al. 1995).

Effect on intracranial pressure  – Inhalant anesthesia 
decreases ventilation in a dose-dependent manner, result-
ing in hypercarbia, which causes vasodilation, thus con-
tributing to increased ICP. This can effectively be 
counteracted by instituting hyperventilation to mild 
hypocapnia in small animals. In horses, however, ICP 
increased under isoflurane anesthesia and, despite initially 
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being lower in ventilated horses, over time was not differ-
ent regardless of mode of ventilation (Brosnan et al. 2003, 
Brosnan et al. 2008).

Effects on brain activity  – The electroencephalogram 
(EEG) in conscious people is characterized by low-
amplitude, high-frequency waves. Inhalant effects on the 
EEG in animals vary depending on the inhalant used, by 
species, and among individuals within a species. In people 
and dogs, the EEG progressively changes under isoflurane 
anesthesia as the delivered anesthetic concentration rises, 
with an initial increase in frequency, followed by a 
decrease in frequency. As concentration increases further 
(around 1.5 x MAC), a pattern of burst suppression is 
observed, where the waveform shows intermittent isoelec-
tric periods. A completely isoelectric EEG (“flat line”) is 
indicative of deep anesthesia. In another study in dogs, 
burst suppression with isoflurane and sevoflurane 
occurred at 2.17 x MAC and 2.14 x MAC respectively 
(Scheller et al. 1990). Increasing isoflurane concentration 
resulted in depressed activity on the EEG in cats, however, 
activity was variable in individuals, with burst suppres-
sion sometimes occurring at concentrations below MAC, 
and isoelectric EEG patterns seen in some cats at clinically 
relevant concentrations (1.8–2.5%) (March et al. 2003). In 
horses anesthetized with halothane or isoflurane, a high 
amount of individual variability can occur, burst suppres-
sion did not occur with halothane, and the presence of 
epileptiform-like discharges was noted with both inhal-
ants (Williams et al. 2016).

Ocular effects – Intraocular pressure (IOP) can increase 
during inhalant anesthesia. This is not a direct effect on the 
eye; inhalants dose-dependently decrease ventilation, and 
the rise in the partial pressure of arterial carbon dioxide 
(PaCO2) seen in spontaneously breathing animals can 
increase IOP (Duncalf and Weitzner  1963). Tear produc-
tion is decreased during inhalant anesthesia, and in some, 
but not all, studies, lasted up to 24 hours after the anes-
thetic event (Herring et al. 2000; Shepard et al. 2011).

Cardiovascular system – Effects on cardiac output, heart 
rate and arterial blood pressure – Cardiac output (CO) can 
be decreased in a dose-dependent fashion by inhalant 
anesthetics due to a reduction in stroke volume (SV), 
although if there is a simultaneous decrease in systemic 
vascular resistance (SVR) then CO may be less affected 
(Klide 1976; Steffey and Howland 1978a; Merin et al. 1991). 
Of the four volatile inhalants discussed, halothane causes 
the greatest decrease in CO.

Heart rate tends to increase when an inhalant is the sole 
anesthetic agent compared to pre-anesthetic values in dogs 
(Pagel et al. 1991; Mutoh et al. 1997).

Arterial blood pressure decreases in a dose-dependent 
fashion. This is largely due to decreases in CO that result 

from decreased SV but can also be due to decreased SVR as 
a result of vasodilation.

Halothane sensitizes the myocardium to epinephrine-
induced ventricular arrhythmias. In contrast, the other 
volatile inhalants are much less arrhythmogenic (Joas and 
Stevens 1971; Weiskopf et al. 1989; Hikasa et al. 1996).

Respiratory system – As with most inhalant effects, venti-
lation is depressed in a dose-dependent manner. In sponta-
neously breathing animals, as the percentage inhalant 
delivered increases, tidal volume decreases. At the same 
time, respiration rate may increase, although this does not 
compensate enough to maintain normocapnia. If the per-
centage of inhalant delivered is further increased, respira-
tory arrest occurs. The point at which respiratory arrest 
occurs can be expressed as the apneic index (%  inhalant 
where apnea occurs/MAC). The apneic index varies among 
species and inhalants (Table  10.5); (Steffey et  al.  1977; 
Galloway et  al.  2004; Regan and Eger  1967; Steffey and 
Howland 1977).

Hepatic effects – Since inhalant anesthetics decrease car-
diac output, liver blood flow is also decreased. This can 
result in decreased clearance of drugs, and hepatic enzymes 
may increase after anesthesia. For example, clearance of 
lidocaine in anesthetized horses is decreased by approxi-
mately 50% compared to conscious horses (Feary 
et  al.  2005). In cases of severe hypotension leading to 
decreased oxygen delivery to hepatocytes, necrosis can 
occur. Of the volatile agents discussed here, halothane has 
been associated with liver toxicity in animals (O’Brien 
et al. 1986; Gaunt et al. 1984).

Renal effects – Similar to the liver, reductions in cardiac 
output during inhalant anesthesia may decrease renal 
blood flow, glomerular filtration rate and urine production. 
Sevoflurane biotransformation in the kidneys can result in 
an increase in serum inorganic fluoride, however, this does 
not appear to lead to nephrotoxicity (Driessen et al. 2002).

Effect on insulin – Inhalant anesthetics have been shown 
to decrease insulin secretion in people and rabbits (Tanaka 
et al. 2005; Tanaka et al. 2009).

Musculoskeletal effects – Generally, inhalant anesthetics 
produce skeletal muscle relaxation. They have been shown 
to potentiate neuromuscular blockade (Nagahama 
et al. 2006). In susceptible individuals, inhalant anesthetics 
can trigger malignant hypothermia (MH), with halothane 
having a greater likelihood of doing so than the other inhal-
ants discussed here. In veterinary medicine, MH is seen 
most commonly in pigs, but suspected cases of MH have 
been reported in other species (Brunson and Hogan 2004; 
Thomson et al. 2014; Hall et al. 1972; Aleman et al. 2005).

Pharmacodynamic considerations for clinical use of 
inhalants – Up to this point in the chapter, the pharmaco-
dynamics of inhalants when used as sole anesthetic agents 



Inhalant Anesthetic Agents132

have been considered. In clinical veterinary anesthetic 
practice, it is rarely the case that inhalants are used alone. 
Sedatives, analgesics, injectable anesthetics and other 
adjuncts to anesthesia and analgesia are frequently used 
as part of anesthetic protocols, which often results in 
decreased concentrations of inhalant being required, 
referred to as MAC sparing. MAC sparing can result in 
decreased effects of the inhalant, as their effects are dose 
dependent, which can be beneficial (e.g. blood pressure 
effects may be lessened). Where a pharmacodynamic 
effect of a drug with MAC sparing properties is similar to 
that of inhalants, there may be no decrease in effect, or 
effects could be additive, e.g. hypotension with aceproma-
zine, or decreased CO with alpha2 agonists (Grasso 
et al. 2015).

The impact of mode of ventilation during inhalant 
anesthesia should also be factored in when considering 
the pharmacodynamic effects of inhalants. Inhalant anes-
thesia causes hypoventilation, which is characterized by 
increased PaCO2. Elevated PaCO2 can cause an increase 
in sympathetic tone, which could act to maintain higher 
blood pressure, although if PaCO2 is above 95 mmHg, it 
causes CNS depression. In local tissue beds, elevated CO2 
causes vasodilation. Many anesthetized veterinary 
patients require ventilatory support and, in some species, 
this is routinely necessary (horses, ruminants). The main 
impact of controlled ventilation is to decrease CO, and 
therefore blood pressure, by reducing venous return as a 
result of positive intrathoracic pressure. Additionally, 
PaCO2 will decrease, removing the effect on sympa-
thetic tone.

Nitrous Oxide
N2O differs from the volatile anesthetics in that it exists as 
a gas at 20 °C, therefore it does not need to be vaporized. 
N2O is supplied in pressurized tanks and is administered as 
a percentage of fresh gas flow (FGF) to the anesthetic 
machine. As discussed earlier, N2O has low potency as an 
inhaled anesthetic, and cannot produce general anesthesia 
on its own. It is used as a MAC sparing adjunct at concen-
trations no higher than 70% of the total FGF in order to 

avoid delivering a gas mixture that could result in hypox-
emia. N2O has some unique pharmacokinetic and pharma-
codynamic effects that impact its clinical use.

Second gas effect – When an anesthetic gas has signifi-
cantly slower uptake than one of the carrier gases, a con-
centration effect occurs, known as the second gas effect. 
This is notable when N2O, which has a very low blood:gas 
partition coefficient (0.46), is used with an inhalant like 
methoxyflurane, which has very slow uptake (blood: gas 
partition coefficient of 12). The first gas, N2O, diffuses 
more rapidly into the bloodstream from the alveoli. The 
gases that are then drawn into the alveoli are in propor-
tion to the original gases, and the PA of the second gas, 
methoxyflurane, (and oxygen) increases. Anesthetic gases 
with very low blood:gas solubility such as sevoflurane and 
desflurane render the second gas effect clinically 
insignificant.

Closed gas spaces – Any closed gas space in the body that 
contains air, 80% of which is nitrogen (N2) will increase in 
size and/or pressure when N2O is administered. N2O is car-
ried to the closed air space and diffuses from a region of 
high to a region of low partial pressure (i.e. from outside 
the closed air space to inside it). N2 is transferred out of 
that space more slowly than N2O enters as N2 is much less 
soluble in blood than N2O (blood:gas partition coefficients 
at 37°C for N2O and N2 0.47 and 0.015 respectively). The 
increase in volume and/or pressure of the air space will 
increase with N2O concentration and duration of exposure, 
and can have serious consequences, e.g. rapid expansion in 
the size of a pneumothorax.

For that reason, N2O is contraindicated for use in patients 
with closed gas spaces in the body, e.g. pneumothorax, gas-
tric dilation/volvulus, gas-filled intestines. Endotracheal 
tube cuffs inflated with air will also increase in volume and 
pressure.

Diffusion hypoxia – N2O has a very low blood:gas solubil-
ity, therefore at the end of an anesthetic episode where it 
has been in use, it diffuses very rapidly out of the body into 
the alveoli. If this occurs in a large enough volume, N2O 
will displace other gases, including oxygen, in the lung. If 
the patient is breathing room air at this stage of recovery, 
displacement will lead to a drastic decrease in the alveolar 
partial pressure of oxygen and result in hypoxia. This phe-
nomenon is known as diffusion hypoxia and can be avoided 
by leaving the patient connected to oxygen for the first 
5–10 minutes of recovery (Sheffer et al. 1972).

Analgesia  – N2O has analgesic properties. The exact 
mechanism for analgesia has not been fully elucidated. 
There is evidence that N2O acts as a partial inhibitor at 
the N-methyl-D-aspartate receptor, inhibits low-voltage 
calcium channels, and is a weak opioid agonist, all of 
which may contribute to its analgesic action (Kalmoe 
et al. 2020).

Table 10.5  Apneic index in cats, dogs and pigs.

DesfluraneSevofluraneIsofluraneHalothane

3.52.52.9Dog 2.4

Cat 2.4

2.32.6Horse

Pig 1.6

Apneic index in commonly anesthetized domestic animals. Apneic 
index = % inhalant at which apnea occurs/MAC of the inhalant.
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Cardiorespiratory effects – The impact of N2O on cardi-
orespiratory function is low compared to the volatile inhal-
ants. N2O has a direct depressant effect on the myocardium, 
and a stimulating effect on the sympathetic nervous system 
(Fukunaga and Epstein 1973). Clinically, this may result in 
minimal change to, or an increase in, blood pressure. An 
increase in sympathetic tone could predispose to develop-
ment of arrhythmias.

N2O does not cause significant depression of ventilation. 
It should be used cautiously or not at all in patients with 
impaired oxygenation.

The Future of Inhalant Anesthetics
All volatile inhalants are greenhouse gases, as they persist 
in the atmosphere for several years, and in the case of des-
flurane, decades. European Union legislation proposes to 
ban or restrict desflurane use by 2026, so the future of this 
inhalant is uncertain (Hendrickx et al. 2022). While total 
injectable anesthesia has a lower calculated carbon foot-
print than inhalant anesthesia, it is likely that isoflurane 
and sevoflurane will remain the mainstay of general anes-
thesia for the foreseeable future (Sherman et al. 2012).
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Introduction

Non-­steroidal anti-­inflammatory drugs (NSAIDs) are drugs 
other than steroids that are widely used in both human and 
veterinary medicine to treat fever, inflammation, and pain. 
Many veterinary NSAIDs are approved in companion ani-
mals specifically for the management of pain and inflamma-
tion associated with osteoarthritis and perioperative pain. In 
horses, NSAIDs are a staple of in-­hospital and ambulatory 
management. In food and fiber animals, the use of NSAIDs 
can be beneficial but the regulations set out by the US Food 
and Drug Administration (FDA) must be strictly adhered to. 
Veterinarians assume legal responsibility when using 
NSAIDs off-­label in these animals. Importantly, ketoprofen 
was recently approved for use in certain beef and dairy cattle 
in the US, thus expanding the available approved analgesics 
in this species. Off-­label use has also been investigated and is 
common in veterinary species.

NSAIDs specifically affect the synthesis of prostaglan-
dins (PGs) from arachidonic acid (AA) by targeting 
cyclooxygenase (COX) enzymes. Synthesis of PGs is wide-
spread throughout the body and is essential to maintain-
ing homeostasis in addition to contributing to the 
inflammatory process. The potential for accidental inges-
tion due to widespread use and the possibility of adverse 
effects even at labeled doses mean that it is important for 
veterinarians to understand the basic mechanisms of 
action, labeled and off-­label uses, and expected side effect 
profiles of these drugs.

Pharmacology

In veterinary species, NSAIDs are commonly administered 
orally, intravenously (IV), intramuscularly (IM), and, in 
some cases, subcutaneously or transdermally. Absorption 
after oral administration is variable among species and 

individuals but is often high compared to other orally 
administered medications. As a result, oral bioavailability 
is typically high (90%+), with peak plasma concentrations 
often achieved one to four hours after ingestion. Most 
NSAIDs are weak acids, leading to absorption in the stom-
ach and upper gastrointestinal (GI) tract. The acidic pH of 
the stomach results in the majority of the drug being 
unionized and lipophilic, leading to effective absorption 
through the lipid membrane of gastric cells. Consumption 
of food or concurrent administration of gastroprotectants 
may prolong absorption, leading to lower peak plasma con-
centrations but little change in bioavailability. In the pres-
ence of food or gastroprotectants, more drug is absorbed in 
the small or large intestine. As administered dose increases, 
there is potential for more drug to remain in the hydro-
philic, ionized form in the stomach, resulting in prolonged 
absorption and a smaller increase in peak plasma concen-
trations than expected.

NSAIDs are typically highly bound to plasma proteins, 
primarily albumin. Such high affinity for protein binding 
results in a relatively low volume of distribution. This is an 
important factor when considering coadministration with 
other drugs that are protein-­bound, which may be dis-
placed by the NSAID, as well as therapeutic dosing regi-
mens in patients with hypoalbuminemia. Either scenario 
may result in an unintentionally high plasma concentra-
tion of a prescribed drug. Despite a limited volume of dis-
tribution, NSAIDs are typically effective at specific sites 
(such as synovial structures) after systemic administration. 
As weak organic acids, NSAIDs easily lose a hydrogen ion 
in plasma and become lipophilic, in which form they effi-
ciently cross into the CNS and exhibit effects on the brain 
and spinal cord (Lees et  al.  2004). The acidic nature of 
NSAIDs means that they tend to accumulate in sites where 
pH is lowered by inflammation, an advantageous charac-
teristic given that such sites are often the therapeutic target 
of administration.

Craig Willette
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Metabolism of NSAIDs occurs primarily via hepatic bio-
transformation and renal excretion. Some NSAIDs first 
undergo hydroxylation or oxidation in the liver, and many 
are conjugated in the liver with glucuronic acid in a process 
called glucuronidation. It is of note that cats and other feli-
dae have a significantly lower capacity for glucuronidation 
than other veterinary species (Van Beusekom et al. 2013). 
As a result, NSAID half-­life can be significantly prolonged 
and plasma concentrations will reach higher levels than an 
equivalent dosage in other species. This can make cats 
especially susceptible to NSAID toxicity from accidental 
ingestion, or as a result of overdose from a well-­intentioned 
owner. Following breakdown of the primary drug, metabo-
lite elimination is primarily via excretion by the kidneys or 
GI tract in the bile, with a fraction of parent drug excreted 
prior to metabolism. In some cases, primary metabolites 
are further broken down prior to elimination. Elimination 
half-­life varies greatly among NSAIDs, from as little as 
one hour (e.g. ketoprofen) to as long as one to two days (e.g. 
piroxicam). A short time-­to-­peak plasma concentration, 
combined with a short half-­life, is optimal for treatment of 
acute pain. NSAIDs with longer half-­lives are more well-­
suited to the treatment of chronic pain. The significant role 
played by both the liver and kidneys in the elimination of 
NSAIDs warrants careful consideration in patients with 
renal or liver disease.

­Mechanism of Action

NSAIDs inhibit the activity of COX enzymes which bind 
AA to produce prostaglandins. COX enzymes include the 
isoforms COX-­1 and COX-­2, and the more recently 
described COX-­3. COX-­1 and COX-­2  metabolize AA 
released from membrane phospholipids to produce the 
cyclic endoperoxides PGG2 and PGH2. The end-­products 
of PGG2 and PGH2 are tissue-­specific, including throm-
boxane (TX)A2, PGE2, and PGI2. Leukotrienes are also a 
product of AA metabolism via lipoxygenase (LOX); LOX 
activity is not directly affected by NSAID administration. 
Leukot­rienes and the end products of PGG2 and PGH2 are 
collectively known as eicosanoids. TX is produced in plate-
lets and contributes to platelet aggregation and clot forma-
tion. PGs predominantly act locally (autocrine, paracrine) 
for a short period of time. Elimination within minutes of 
production means that eicosanoid activity requires con-
stant production. COX-­1 is constitutively expressed and is 
essential for many homeostatic mechanisms including 
maintenance of cardiovascular function, hemostasis, and 
blood flow to the GI mucosa and kidneys. COX-­2 is signifi-
cantly upregulated in response to inflammation and shear 
stress, although it also serves some homeostatic functions. 

It is a significant factor in the maintenance of chronic 
inflammation and the development of central sensitiza-
tion (Chen et al. 2013). Less is known about the specific 
functions of COX-­3, but evidence suggests it may be an 
important binding target for the therapeutic effects of 
acetaminophen in veterinary species (Chandrasekharan 
et al. 2002).

Classification

NSAIDs can be classified by chemical structure or COX iso-
form selectivity. The chemical structure of most NSAIDs is 
comprised of an acidic moiety with an aromatic functional 
group, resulting in the relatively predictable absorption 
and distribution characteristic of weak acids. When 
grouped by chemical structure, NSAIDs can be separated 
into carboxylic acids or enolic acids, with the remaining 
COX-­2 selective NSAIDs being grouped by a similar mech-
anism of action. Carboxylic acids include aspirin, carpro-
fen, and etodolac. Enolic acids include meloxicam and 
phenylbutazone. COX-­2 selective NSAIDs include coxibs, 
such as firocoxib and robenacoxib. NSAIDs are commonly 
distinguished clinically by their inhibition of COX isoforms 
and plasma half-­life (duration of effectiveness). They pri-
marily function either as isoform selective COX-­2  inhibi-
tors, or as isoform non-­selective inhibitors of both COX-­1 
and COX-­2. This inhibition is further classified as competi-
tive, non-­competitive, or mixed reversible. Aspirin, a sali-
cylic acid derivative, differs from other commonly used 
NSAIDs in that it is a non-­competitive irreversible COX 
inhibitor. Acetaminophen is often considered along with 
the NSAIDs, but its lack of anti-­inflammatory properties 
despite analgesic and anti-­pyretic effects means that 
it is not.

Adverse Effects

Gastrointestinal

The most reported side effects after NSAID administration 
are gastrointestinal (GI) in nature. Vomiting, soft stool or 
diarrhea, and loss of appetite are possible manifestations 
seen in companion animals. Gastric and intestinal ulcera-
tion and, in the case of horses, right dorsal ulcerative colitis 
(RDUC) are more serious manifestations. Gastric ulcera-
tion is thought to be a result of impairment of the constitu-
tive expression of COX-­1 in gastric epithelial cells, which 
produces PGI2 and PGE2. These prostaglandins maintain 
mucosal blood flow, inhibit gastric acid secretion, and pro-
mote secretion of the intestinal mucus layer. Without the 
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mucoid layer, the acidic nature of the stomach may break 
down gastric epithelial cells. Further, blood flow to the GI 
tract may be altered by COX-­1  inhibition, impairing the 
ability of the intestine to heal the developed lesions. COX-­2 
also contributes to the production of PGI2 and PGE2, and it 
may be necessary for healing of mucosal cells affected by 
ulceration. Ulcerative colitis in horses is most often associ-
ated with the administration of phenylbutazone, but its 
occurrence is also possible after treatment with other 
NSAIDs. RDUC is presumed to occur through a similar 
process as in other species, but it is only theorized as to why 
these lesions localize to the right dorsal colon (Karcher 
et al. 1990). Despite the widespread use of phenylbutazone 
in horses, the clinical manifestation of ulcerative colitis is 
rare. Upper GI endoscopy may often reveal some level of 
ulcerative gastritis in patients chronically administered 
NSAIDs, or in patients experiencing acute toxicity. 
Complications include discomfort and inappetence, rang-
ing to diarrhea, anemia, and potentially death if significant 
hemorrhage or sepsis/endotoxemia develop.

Kidney

Blood flow to the renal cortex and medulla is locally medi-
ated in part by COX enzymatic activity. COX-­2 derived 
PGE2 and PGI2 both increase renal medullary blood flow 
and act to increase glomerular filtration rate (GFR) through 
local vasodilation (Hao and Breyer  2007). Prostaglandins 
derived from COX-­1 contribute to sodium excretion in the 
collecting ducts, while increased medullary blood flow 
from products of COX-­2 promote pressure diuresis and 
reduced Na+ retention. Many other factors contribute to 
maintenance of renal perfusion, providing redundancy in a 
healthy animal. When these systems are compromised, 
prostaglandins become more important for maintaining 
renal perfusion and preventing cellular damage. Healthy 
patients administered a course of NSAIDs at clinically 
appropriate doses rarely show renal side effects. However, 
chronic NSAID use, NSAID toxicity, or NSAID use in the 
face of renal compromise can cause significant kidney 
damage. When a patient has developed azotemia as a result 
of renal damage, the benefits and disadvantages of NSAID 
administration are apparent. There remains much debate 
on NSAID administration to patients with conditions that 
may cause azotemia in the future, such as the challenges to 
renal blood flow encountered under general anesthesia, or 
when there is a question of subclinical renal compromise.

Coagulation

TXA2, a major product of COX-­1 activity in platelets, con-
tributes to platelet aggregation and clot formation. 

COX-­1  inhibitors impair TXA2 production, thus impair-
ing coagulation. Aspirin, an acetylated salicylic acid, 
binds COX-­1 irreversibly, leading to impairment of plate-
let function for the duration of the life of the platelet 
(Patrono et  al.  2001). Other COX-­1  inhibitors have less 
impact on coagulation due to the reversible nature of 
their binding. Impairment of coagulation is a major con-
tributing factor in the hemorrhage that may follow severe 
GI ulceration. The discontinuation of aspirin prior to 
elective surgery to avoid complications related to hemor-
rhage is common practice. COX-­2 selective drugs, such as 
the coxibs, do not significantly inhibit the production of 
TxA2, but they do inhibit the production of PGI2 and 
PGE2. PGI2 is important in the inhibition of platelet 
aggregation, and both PGI2 and PGE2 contribute to renal 
maintenance of blood pressure. Thus, the overall effect of 
COX-­2 selective NSAID administration is to promote 
coagulation. This is less of a concern in veterinary species 
but is the primary reason COX-­2 selective NSAIDs are 
often avoided in human patients who are at higher risk 
for infarction.

Liver

NSAID toxicity may lead to elevated liver enzymes as a 
result of cellular damage, and potentially altered hepatic 
function in severe cases; however, this is relatively rare at 
recommended doses. Carprofen has been reported to cause 
hepatocellular toxicity in a case series of 21 dogs (MacPhail 
et al. 1998). An investigation of long-­term carprofen admin-
istration in dogs demonstrated no adverse effects when 
compared with a placebo (Raekallio et al. 2006). As with 
other adverse effects, dosage likely plays a significant role 
in hepatotoxicity. Acetaminophen is not an NSAID but is 
often considered along with them when discussing analge-
sic management. NAQPI, a reactive metabolic byproduct 
of acetaminophen, is normally produced in low enough 
numbers that conjugation with reduced glutathione (GSH) 
is sufficient to eliminate it safely. When GSH becomes satu-
rated, as in acute overdose or chronic liver failure, NAQPI 
then reacts with local hepatocellular tissue which can lead 
to hepatocellular necrosis (Graham et al. 2005). Recently, a 
two-­week course of acetaminophen was demonstrated to 
produce no elevation in liver enzymes at clinical doses in 
horses (Mercer et al. 2020). Hepatotoxicity due to acetami-
nophen is more likely in cats and other felidae which have 
a limited ability to metabolize drugs via glucuronidation, 
leading to more NAQPI production; there is no clinically 
safe dose of acetaminophen in cats. If a patient survives a 
hepatotoxic event, discontinuation of NSAIDs, combined 
with supportive care, is expected to ultimately reverse asso-
ciated liver damage.
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­Interaction with Steroids

Corticosteroids are administered clinically as replacements 
for adrenal dysfunction in Addison’s disease or, most com-
monly, for their significant anti-­inflammatory and immu-
nosuppressive activity. Like NSAIDs, corticosteroids are 
metabolized by the liver and excreted by the kidneys. 
Corticosteroids affect multiple enzymatic pathways, 
include COX and LOX. The shared activity, metabolism 
and excretion between corticosteroids and NSAIDs can 
amplify therapeutic effects. Correspondingly, the adverse 
effects may also be amplified by concurrent administra-
tion. Thus, administration of NSAIDs and corticosteroids 
to the same patient warrants careful consideration. Patients 
administered both steroids and NSAIDs are at significant 
risk for GI irritation and ulceration. Ultimately, GI perfora-
tion and hemorrhage are possible serious outcomes. While 
there may be therapeutic benefit to the combination of 
these two drug classes in the treatment of specific condi-
tions, it is prudent to monitor appetite and for other signs 
of GI upset.

Acetaminophen

Acetaminophen is a phenol that has anti-­pyretic and anal-
gesic properties, but its minimal anti-­inflammatory activity 
means that it is not classified as an NSAID. Nonetheless, 
acetaminophen is routinely considered when discussing 
NSAIDs. Acetaminophen may often be considered when 
developing an analgesic regimen for a patient already on 
an NSAID, or in a patient in which the renal and GI side 
effects of traditional NSAIDs wish to be avoided. Its low 
cost, availability, and typically minimal-­to-­mild side effect 
profile can be advantageous in clinical use.

Acetaminophen can be administered orally or, less often 
in veterinary medicine, IV. After oral administration, aceta-
minophen is primarily absorbed in the proximal small 
intestine. As a result, time to reach peak plasma levels can 
be affected by gastric emptying time. In horses, this charac-
teristic has been used to measure gastric emptying time 
(Doherty et  al.  1998). Absorption after oral absorption is 
not significantly different between fasted and fed dogs 
(Sartini et al. 2021). Bioavailability after IM administration 
averages 71% in goats (10 mg/kg) and a t1/2-­corrected 105% 
in dromedary camels (5 mg/kg) (Ali et  al.  1996). More 
recently, San et al. (2019) demonstrated much lower peak 
plasma concentrations (0.96 μg/ml) after a similar dose of 
4 mg/kg IM to Bactrian camels (compared with 4.05 μg/ml 
demonstrated by Ali et  al. in dromedaries). Presumably 
this equates with a lower bioavailability in Bactrian camels, 
although an IV dose was not administered for comparison 

by San et al. (2019). Following absorption, a large amount 
of acetaminophen remains unbound in plasma, with very 
little bound to protein. As a weak acid, it easily crosses into 
cells via passive diffusion, and can cross the blood–brain-­
barrier. Half-­life of elimination is relatively short, typically 
less than two hours, the exception being horses, in which a 
half-­life of elimination of over four hours has been demon-
strated (Neirinckx et  al.  2010; Mercer et  al.  2020; Sartini 
et al. 2021). After one single IV administration of 20 mg/kg 
in adult female labrador dogs, plasma concentrations were 
detectable up to eight hours after administration (Sartini 
et al. 2021). Similarly, detectable plasma levels approached 
eight hours in beagles and galgo Español (Spanish grey-
hound) dogs after 20 mg/kg administered IV (Serrano-­
Rodríguez et  al.  2019); detectable plasma concentrations 
lasted closer to six hours after 10 mg/kg IV in this study. 
The results of Serrano-­Rodríguez et  al. (2019) indicate 
some breed differences in acetaminophen metabolism in 
dogs. After IV administration in dromedary camels, aceta-
minophen is detectable for up to three hours, compared 
with less than an hour in goats (Ali et al. 1996). This can be 
attributed to a more rapid clearance in goats than in cam-
els. In Bactrian camels, a more advanced liquid chromatog-
raphy system combined with a slower clearance (9.9 ml/
kg/min vs. 21.9 ml/kg/min in dromedaries) resulted in 
detectable plasma concentrations for up to 24 hours (San 
et al. 2019). This dramatic difference is a clear example of 
how species pharmacokinetics can affect dosing require-
ments. Metabolism occurs in the liver, where acetami-
nophen primarily undergoes conjugation with glucuronic 
acid and sulfuric acid, forming acetaminophen glucuron-
ide and acetaminophen sulfate, respectively. Several per-
oxidases and cytochromes in the liver metabolize 
acetaminophen to a lesser extent via oxidation, the prod-
ucts of which (primarily NAPQI) can cause toxicity. At 
clinical doses in small animals, the oxidative metabolites of 
acetaminophen are produced in low enough numbers that 
hepatotoxicity is rare. A small amount is excreted 
unchanged in the urine.

Acetaminophen produces its clinical effects by binding 
and inhibition of multiple receptors. Its targets include the 
COX enzymes 1 and 2, where it non-­selectively acts at the 
peroxide site. There is debate over its effects on a more 
recently discovered COX enzyme, COX-­3, but this interac-
tion may play a significant role in its effects in veterinary 
species (Chandrasekharan et al. 2002). COX-­3 expression 
has been demonstrated in canine brain tissue. As peroxide 
concentrations increase with inflammation, the COX 
inhibitory activity of acetaminophen is reduced, which 
results in minimal anti-­inflammatory effects. Inhibition of 
5-­HT-­3 and PgE2 receptors centrally, as well as its effects on 
PGE2 and substance P peripherally, are likely the reason for 
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the primary analgesic and antipyretic effects of the drug 
(Graham et al. 2013).

Use of acetaminophen in veterinary species is extra-­
label in the US. It may be prescribed by veterinarians for 
the treatment of mild pain or fever, or as an adjunct to 
other, more effective analgesics. Its effectiveness has been 
demonstrated in the treatment of post-­surgical pain in 
dogs (Hernandez-­Avalos et al. 2020). It may also be used 
in the clinical treatment of osteoarthritis in dogs, but no 
clinical studies have been performed on its effectiveness 
for this indication. In horses, there is some evidence that 
acetaminophen is an effective adjunct analgesic for ortho-
pedic pain when combined with other medications 
(Tavanaeimanesh et al. 2018).

In contrast to traditional NSAIDs, the adverse effects of 
acetaminophen rarely involve the kidneys or GI tract. 
Accidental ingestion or overdose by well-­intentioned owners 
is common in companion animals. In dogs, acetaminophen 
toxicity primarily involves hepatic damage. Less likely is 
some degree of hemolytic anemia and depressed bone mar-
row function (Salem et al. 2010). At clinical doses, hepatotox-
icity is rare and idiosyncratic. In cats, acetaminophen is 
contraindicated due to their reduced ability to metabolize 
acetaminophen via glucuronidation; as a result, more of the 
highly reactive oxidative metabolite NAQPI is produced, 
which can cause significant hepatotoxicity. Little is known 
about the adverse effects of acetaminophen in pregnant or 
lactating veterinary species. In people, only a very small 
amount of acetaminophen is present in lactating mothers’ 
milk (National Library of Medicine (US)  2022). Due to its 
limited anti-­inflammatory effects, acetaminophen is unlikely 
to perpetuate the adverse effects of steroids.

Aspirin

Aspirin (acetylsalicylic acid, ASA) is a derivative of sali-
cylic acid. ASA was first used by Mering in 1893. Soon 
thereafter it was being tested by the pharmaceutical com-
pany Bayer for widespread use. Willow bark, which con-
tains salicylic acid, had been used for centuries to relieve 
fevers and pain. After investigations prompted by the irri-
tating nature of salicylic acid, aspirin was the first salicylic 
acid derivative developed for human use. Aspirin is a non-­
selective inhibitor of COX-­1 and COX-­2, exhibiting its 
effects by irreversibly acetylating the catalytic subunits of 
these enzymes.

Aspirin is administered orally in veterinary species. It is 
available as a tablet or capsule for companion animals, and 
as a paste, bolus or liquid concentrate for horses, cattle and 
poultry. Like other NSAIDs, aspirin is absorbed in the 
stomach and proximal GI tract with relatively high 

bioavailability. Coatings, buffers or prolonged-­release for-
mulations that can be found in human aspirin products 
may alter oral bioavailability. Absorption is slightly pro-
longed in horses and cattle relative to cats and dogs. The 
acidic nature of aspirin means that it is relatively well-­
absorbed in the stomach and proximal small intestine, 
where local activity may potentiate adverse effects. Aspirin 
primarily reaches systemic circulation in its unmetabo-
lized form, but a portion is hydrolyzed by esterases in the 
gastric mucosa and hepatic portal circulation (first-­pass 
effect) to reach the systemic circulation as salicylic acid, 
the primary active metabolite of aspirin. Upon reaching 
systemic circulation, aspirin may also be converted to sali-
cylic acid or two other primary salicylates via deacetylation 
by esterases in red blood cells, or by spontaneous hydroly-
sis in the plasma. Aspirin and the primary salicylates pro-
duced by aspirin metabolism are widely distributed 
throughout the body, including crossing the placental bar-
rier and into the CSF. Protein binding of salicylic acid is 
high, giving the metabolites of aspirin the potential to com-
pete with other medications for protein binding sites in the 
plasma, including other NSAIDs. Salicylic acid is metabo-
lized via glucuronidation in the liver and excreted in the 
urine. Half-­life of aspirin is very short (<1 hour in most 
species), and half-­life of its metabolites is also relatively 
short at clinical doses (four to six hours). The glucuronide 
deficiency present in cats and other Felidae produces a sig-
nificantly longer half-­life of up to 37.5 hours (Gupta 2018). 
In an investigation of aspirin resistance in healthy dogs, 
Haines et al. (2019) sampled plasma concentrations up to 
three hours after administration of 4 mg/kg orally. Plasma 
concentrations were nearing the lower levels of detection 
at three hours after administration, although a variation in 
aspirin esterase activity of up to 15-­fold. This is consistent 
with evidence of aspirin tolerance in horses (Roscher 
et al. 2017). First recognized in humans, aspirin resistance 
is likely affected by individual genetics, with clinical doses 
failing to produce inhibition of platelet function, although 
the complete mechanisms are still poorly understood.

Aspirin differs from its metabolites in its COX selectivity 
and reversibility of binding. Prior to its metabolism, aspi-
rin binds COX-­1 and COX-­2 irreversibly, inhibiting their 
production of prostaglandins and, importantly, TxA2. Due 
to the short half-­life of aspirin, many cells in which COX 
enzyme activity is inhibited by aspirin can produce more 
COX enzymes following aspirin metabolism that are then 
unaffected. Platelets differ from most cells in that they 
have little ability to synthesize new proteins; they are thus 
significantly affected by aspirin binding in the portal cir-
culation, where its concentrations are high prior to expo-
sure to systemic circulation. Aspirin binding ultimately 
results in irreversible inhibition of platelet function with 
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demonstrable prolongation of hemostasis; new platelets 
must be formed to recover hemostatic function. This inhi-
bition may be cumulative as aspirin continues to affect 
newly formed platelets. Discontinuation requires time for 
hemostatic function to recover as platelet turnover occurs. 
Salicylic acid, in contrast to aspirin, is a reversible inhibi-
tor of COX that may also interfere with upregulation of 
COX-­2 during inflammation. The metabolites of aspirin 
have very limited effects on platelet function. Accordingly, 
the antithrombotic effects of aspirin are of longer duration 
than its effects on inflammation and pain.

Veterinary aspirin is labeled for anti-­pyretic and mild 
analgesic use in cattle, horses, sheep, swine, dogs, and 
poultry. A major indication that is not on the label is for its 
antithrombotic activity in conditions that can promote 
thromboembolism (e.g. immune-­mediated hemolytic 
anemia, protein-­losing nephropathy) (Lunsford and 
Mackin 2007; Robinson and Sprayberry 2009). In dogs, the 
use of low-­dose aspirin has been shown to correlate with 
improved outcome in the treatment of immune-­mediated 
hemolytic anemia (Weinkle et al. 2005).

Aspirin has a high margin of safety in most species, with 
cats and other Felidae being the notable exception. The 
prolonged half-­life of aspirin in cats means that accumula-
tion can occur if dosed too often; a typical dosing regimen 
is 10–25 mg/kg every two to three days (Gupta 2018). The 
adverse effect profile of aspirin is relatively predictable 
between species, with gastric and intestinal ulceration 
being by far the most common. Emesis, hyporexia, and 
melena may accompany these lesions. Depression, restless-
ness, seizures, and coma due to salicylate toxicity have 
been reported in severe cases in dogs and cats, likely a 
result of hypoventilation, hypoglycemia, and acidosis 
(Gupta 2018). As with most NSAIDs, there is limited data 
on the toxicity of aspirin during pregnancy and lactation, 
although several studies suggest that very high doses can 
cause birth defects in rats (Cook et al. 2003). Further, aspi-
rin crosses easily into milk, and it is known that animals 
metabolize aspirin more slowly in the first month of life 
(Gupta  2018). It is reasonable, then, to exercise caution 
when considering aspirin administration to pregnant or 
lactating animals. Aspirin is not approved for use in ani-
mals by the FDA, therefore its use is extra-­label in all vet-
erinary species in the US.

Carprofen

Carprofen is a propionic acid derivative available in both 
oral and subcutaneous injectable formulations for dogs. In 
the US, carprofen is one of the archetypal NSAIDs for man-
agement of pain and inflammation in dogs.

After oral administration, carprofen is absorbed in the 
stomach and proximal GI tract with bioavailability >90% 
(McKellar et al. 1990). After subcutaneous administration, 
peak plasma concentration is lower and half-­life prolonged 
compared to oral administration, but ultimately drug expo-
sure is bioequivalent (Clark et al. 2003). At clinical doses, 
peak plasma concentrations are achieved one to three 
hours after administration, and half-­life is approximately 
eight hours. A single oral dose of carprofen in dogs at 4 mg/
kg resulted in detectable plasma concentrations for up to 
24 hours (Mckellar et al. 1994). As with most other NSAIDs, 
carprofen is highly protein-­bound (99%+), with a low vol-
ume of distribution (Carprofen Package Insert  2020). 
Concurrent administration with other protein-­bound med-
ications or administration to patients with hypoalbumine-
mia warrants careful consideration. Metabolism occurs 
primarily in the liver via glucuronidation, with 70–80% 
eliminated in the feces and 10–20% excreted renally.

Carprofen inhibits COX-­1 and COX-­2 activity, with 
in vitro evidence of higher affinity for COX-­2, although this 
selectivity was lower in canine whole blood than in canine 
cell lines (Brideau et  al.  2001; Ricketts et  al.  1998). The 
clinical relevance of this in vitro affinity is unknown. The 
accepted mechanism of action of carprofen is its inhibition 
of prostaglandin synthesis secondary to COX inhibition, 
leading to anti-­pyretic, anti-­inflammatory, and analgesic 
effects. There is evidence that COX inhibition is not the 
only mechanism of action of carprofen in some species 
(Delatour et al. 1996).

In the US, carprofen is labeled for the treatment of 
inflammation and pain associated with osteoarthritis and 
for postoperative analgesia following soft-­tissue and ortho-
pedic surgery in dogs. The labeled dosage is 4.4 mg/kg once 
per day or 2.2 mg/kg twice per day.

Long-­term administration of carprofen is well-­tolerated 
in dogs (Raekallio et al. 2006). The adverse effects of car-
profen administration are most commonly GI, including 
mucosal ulceration, vomiting, and diarrhea. Altered GI 
permeability with subsequent protein loss is possible. 
Carprofen is often co-­administered with gastroprotectants 
to protect against ulceration, but recent evidence suggests 
that co-­administration with omeprazole may not be benefi-
cial, with the potential to promote dysbiosis (Jones 
et  al.  2020). Adverse effects associated with greater drug 
exposure include hepatocellular toxicity (MacPhail 
et al. 1998) and renal damage. Altered renal blood flow due 
to COX inhibition must always be considered in compro-
mised patients. A single report of dermatitis and immune-­
mediated hematologic disorders in a Neapolitan mastiff 
associated with carprofen has been published (Mellor 
et al. 2005). The safety of carprofen in pregnant or lactating 
dogs has not been established, although there is evidence 
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in dairy cattle that it does not affect pregnancy and is poorly 
excreted in milk (Ludwig et al. 1989, Heuweiser et al. 2010). 
Carprofen is only FDA approved for use in dogs in the 
US. Its use in all other species is extra-­label.

Deracoxib

Deracoxib is a coxib-­class NSAID available for oral admin-
istration to dogs in the US. It is available both as a tablet 
and a powder. It was the first coxib approved for use in dogs 
and is still routinely used today.

Deracoxib is absorbed in the stomach and proximal small 
intestine. It exhibits >90% bioavailability with a volume of 
distribution of 1.5 l/kg. Bioavailability is highest when 
administered with food. In plasma, deracoxib is >90% 
bound to plasma protein. Time-­to-­peak concentration in 
dogs is approximately two hours, with a dose-­dependent 
elimination half-­life approximating three hours at clinical 
doses (Deracoxib Package Insert 2021). The longest dura-
tion of detectable plasma concentrations in dogs is not 
published. In cats, after a single oral dose of 1 mg/kg, 
plasma concentrations of deracoxib were detectable for up 
to 60 hours (Gassel et al. 2006). Metabolism in dogs is pri-
marily via hepatic biotransformation, with the majority of 
metabolites and parent drug excreted in feces. Some metab-
olites are excreted renally. No parent drug is excreted in 
urine. Deracoxib is a selective COX inhibitor, with signifi-
cantly higher affinity for COX-­2 than COX-­1. COX-­1 activ-
ity was not inhibited in  vitro at clinical dosages of 
2–4 mg/kg/day (Deracoxib Package Insert 2021). Selective 
inhibition of COX-­2 decreases production of inflammatory 
prostaglandins primarily upregulated by COX-­2  while 
maintaining constitutive production of gastroprotective 
and pro-­thrombotic prostaglandins produced by COX-­1. 
This is thought to produce the desired analgesic and anti-­
inflammatory effects of NSAIDs without the adverse GI 
effects commonly seen with non-­selective COX inhibitors.

Deracoxib is labeled for the treatment of postoperative 
inflammation and pain after orthopedic surgery or dental 
procedures, and for the treatment of inflammation and 
pain due to osteoarthritis in dogs. Its effectiveness in pro-
viding analgesia has been demonstrated in dogs undergo-
ing both soft-­tissue surgery and dental procedures, as well 
as in an experimentally induced synovitis model (Bienhoff 
et  al.  2011; Bienhoff et  al.  2012; Millis et  al.  2002). The 
product label specifically designates that it should not be 
used in cats. A significant extra-­label use of deracoxib in 
dogs is for the treatment of cancer. Deracoxib has been 
shown to have anti-­tumor effects in vivo in the treatment of 
canine transitional cell carcinoma (McMillan et al. 2011), 
as well as synergistic anti-­proliferative effects when 

combined with doxorubicin to treat canine mammary 
tumor cell lines in vitro (Bakirel et al. 2016).

Deracoxib is typically well tolerated in systemically 
healthy dogs. The adverse effects of deracoxib are primarily 
GI at clinical doses. Vomiting, melena, weight loss, GI 
edema, and ulceration were observed in dogs administered 
25–100 mg/kg/d for 10–11 days (6 to 25× labeled dosage), 
without evidence of renal damage. No dogs died in that 
study (Deracoxib Package Insert 2021). In healthy dogs at 
1.5 mg/kg/day (in the dose range for treatment of osteoar-
thritis), deracoxib was demonstrated to have no difference 
in vomiting or gastric lesions when compared to a placebo, 
and significantly less gastric mucosal damage and vomit-
ing when compared to aspirin at 25 mg/kg every eight hours 
(Sennello and Leib 2006). A case report series of three dogs 
developing proximal duodenal perforation after initiation 
of 2–3 mg/kg per day deracoxib for postoperative pain after 
orthopedic surgery has been published (Case et al. 2010). 
Altered renal blood flow due to COX inhibition must 
always be considered in azotemic or compromised patients. 
Safety of deracoxib in pregnant or lactating dogs has not 
been evaluated. Use of deracoxib in any species other than 
dogs is considered extra-­label.

Etodolac

Etodolac is an acetic acid derivative developed for human 
use. It is available as a capsule and in various forms of 
extended-­release tablets. Etodolac is manufactured for 
canine use in 150–500 mg tablets.

Data on the pharmacokinetics of etodolac in dogs is 
limited; until recently, veterinarians had to rely on bioa-
vailability studies meant to validate use in humans (Kraml 
et al. 1984). In overnight fasted dogs, etodolac at 15–22 mg/
kg reaches maximum plasma concentrations in less than 
an hour (Baek  2019). Kraml et  al. (1984) demonstrated 
that administration of etodolac with food prolongs absorp-
tion in dogs but does not alter bioavailability of the drug. 
Coadministration with sucralfate prolonged absorption 
and reduced Cmax but bioavailability was not affected. 
Unpublished data from studies performed for FDA 
approval of EtoGesic® indicate that etodolac exhibits 
nearly 100% bioavailability (EtoGesic® Freedom of 
Information Summary 1998). In plasma, etodolac is highly 
bound to plasma proteins (>99%), primarily albumin, 
resulting in a relatively low volume of distribution. It is 
metabolized in the liver; metabolites of glucuronidation 
and hydroxylation have been identified. The specific 
enzymes responsible for metabolism of etodolac are not 
yet known. Following metabolism, etodolac is primarily 
excreted via bile into the feces. Some primary drug is 
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renally excreted, although glucuronide metabolites of 
etodolac have not been detected in urine (Cayen 
et al. 1981). Recent data has demonstrated a long half-­
life of elimination of almost 40 hours (Baek  2019). 
Cayen et al. (1981), in contrast, described a half-­life of 
10 hours in dogs. The difference may be attributable to 
differences in technology and/or duration of monitor-
ing of plasma drug levels; Baek (2019) was able to detect 
plasma levels for up to 24 hours after a single oral dose. 
Sampling was not continued beyond this point. Etodolac 
exerts its clinical effects primarily by inhibition of the 
COX isoenzymes. There is some disparity in published 
literature as to the COX selectivity of etodolac in dogs, 
ranging from non-­selective (Streppa et  al.  2002) to 
COX-­2 selective (Wilson et al. 2004). It has been demon-
strated to be COX-­2 selective in humans and is widely 
thought of as a COX-­2 selective NSAID. It may also 
influence inflammation via inhibition of macrophage 
chemotaxis (Budsberg et al. 1999).

Etodolac is FDA approved for the treatment of pain and 
inflammation associated with osteoarthritis in dogs. Dogs 
with hip-­joint osteoarthritis, treated with etodolac for 
eight days displayed improved ground reaction forces in a 
dose-­dependent manner (Budsberg et al. 1999). It has also 
been shown to limit the progression of experimentally 
induced temporomandibular joint osteoarthritis in dogs, 
when compared with a placebo (Miyamoto et  al.  2007). 
Despite its widespread clinical use, further studies on the 
efficacy of etodolac in managing pain and inflammation 
in dogs are warranted. Etodolac has also been demon-
strated to reduce pain associated with navicular syndrome 
as evaluated by force-­plate analysis, when administered 
once per day to chronically lame horses (Symonds 
et al. 2006).

The adverse effects of etodolac are primarily GI in 
nature, with vomiting, weight loss, hypoproteinemia, and 
fecal abnormalities reported. GI ulceration is evident in 
some dogs at clinical doses (15 mg/kg per day) following 
six months of administration. As dosage increases to three 
to five times the clinical dosage (40–80 mg/kg) adverse 
effects become more severe, and chronic administration at 
the highest doses resulted in the death of some dogs 
(EtoGesic® Freedom of Information Summary 1998). 
Etodolac has also been reported to be associated with kera-
toconjunctivitis sicca (KCS) in dogs, with an incidence rate 
of about 1 in every 2000 dogs treated (Klauss et al. 2007). 
KCS is a minor safety concern in any dog administered an 
anti-­inflammatory agent. As with all NSAIDs, renal and 
hepatotoxicity must be considered in compromised ani-
mals. There is no information on the efficacy or safety of 
etodolac in pregnant or lactating dogs. The use of etodolac 
in horses and other species is extra-­label.

Firocoxib

Firocoxib is a second-­generation member of the coxib 
NSAIDs available specifically for veterinary use. It is the 
first coxib approved for use in horses and the second in 
dogs. It is available as an oral paste and tablet and IV solu-
tion in horses, and as an oral tablet in dogs.

The pharmacokinetics of firocoxib have been studied 
more in the horse than in the dog. In fasted dogs, the 
time-­to-­peak plasma concentration is one hour, which is 
prolonged to five hours when administered with food, 
without affecting bioavailability. In fasted horses admin-
istered the paste formulation, time-­to-­peak plasma con-
centration is four hours (Kvaternick et  al.  2007). In fed 
horses, time-­to-­peak plasma concentration was six hours 
for the tablet and 9–10 hours when administered paste 
(Knych et  al.  2014). Manufacturer data comparing the 
paste and tablet formulation in horses determined a Tmax 
of 0.25–4 hours for the paste and 0.25–12 hours for the 
tablet formulation, with significant individual variability. 
The relatively short Tmax for both species indicates 
absorption in the proximal GI tract. Upon absorption, 
bioavailability is approximately 38% in dogs and 79% in 
horses. Firocoxib is highly protein-­bound (96%+), with a 
relatively high volume of distribution of 1.7 l/kg in horses, 
2.3 l/kg in dromedary camels (Wasfi et al. 2015), and 4.6 l/
kg in dogs. Firocoxib undergoes hepatic metabolism with 
elimination of metabolites primarily via the feces in the 
dog and via urine in the horse. The parent drug does not 
undergo significant excretion prior to metabolism. 
Dromedary camels metabolize firocoxib relatively 
quickly, with a terminal half-­life of 5.75 hours. A terminal 
half-­life of eight hours has been demonstrated in dogs, 
compared to a relatively slow 30–45 hours in horses. The 
long terminal half-­life in horses means that bioaccumula-
tion can occur, with steady state concentrations achieva-
ble after oral administration after 6 to 10 consecutive days 
of treatment (Letendre et  al.  2008; Knych et  al.  2014). 
There is no evidence of bioaccumulation in the dog, with 
detectable plasma concentrations approaching zero 
24 hours after a single IV administration (McCann 
et al. 2004). While bioaccumulation seems unlikely, Wasfi 
et al. (2015) recommend a withdrawal period of seven days 
prior to racing to ensure zero detectable plasma levels in 
dromedary camels.

Firocoxib is a selective COX-­2 inhibitor, with high selectiv-
ity for COX-­2 over COX-­1 demonstrated in  vitro in both 
canine and equine whole blood (Kvaternick et  al.  2007). 
Theoretically, COX-­2 selectivity inhibits prostaglandin pro-
duction in response to inflammation, without significantly 
affecting constitutively produced prostaglandins necessary 
for normal GI, cardiovascular, and renal function. The result 
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should be an NSAID with fewer adverse effects at doses that 
produce clinical analgesic, antipyretic, and anti-­inflammatory 
activity. It is labeled for the control of pain and inflammation 
associated with osteoarthritis in horses, and for the control of 
pain and inflammation associated with osteoarthritis, ortho-
pedic, and soft-­tissue surgery in dogs. In both species, dosing 
is labeled at once daily. Specifically, it is labeled once daily as 
needed for osteoarthritis, and once daily for three days for 
postoperative pain in dogs. In horses, administration of any 
formulation should not exceed once daily for 14 consecutive 
days. The efficacy of firocoxib has been demonstrated in both 
dogs and horses. Specifically, it has been demonstrated to 
have analgesic efficacy in the treatment of osteoarthritis in 
horses equivalent to that of phenylbutazone (Doucet 
et al. 2008; Orsini et al. 2012). In dogs, its analgesic efficacy 
has been demonstrated in dogs clinically affected by arthritis 
and following soft-­tissue and orthopedic surgery (Pollmeier 
et al. 2006; Kondo et al. 2012; Davila et al. 2013).

The adverse effects of firocoxib in dogs are relatively 
uncommon when used as labeled. When they occur, 
adverse effects are primarily GI (vomiting, anorexia, diar-
rhea). Azotemia is possible in a small percentage of dogs 
after chronic administration, with more serious renal dam-
age or hepatic damage less likely. A clinical study evaluat-
ing the long-­term safety of firocoxib in dogs demonstrated 
very few side effects over the course of one year at the 
labeled dose of 5 mg/kg once daily; one dog died of duode-
nal perforation after administration of twice the recom-
mended dose (Autefage et  al.  2011). When administered 
for 14 or fewer days in horses at the labeled dose of 0.1 mg/
kg per day, adverse effects are rare in systemically healthy 
horses. In manufacturer safety studies, as dosage or dura-
tion of treatment increased beyond label recommenda-
tions, horses developed oral ulceration, renal damage, and 
elevation of hepatic enzymes. Even at 12.5× the labeled 
dose (1.25 mg/kg/day) for 92 days, death did not occur in 
these safety studies (DailyMed 2020a). The safety and effi-
cacy of firocoxib in pregnant or lactating horses and dogs 
has not been investigated.

Flunixin Meglumine

Flunixin Meglumine is an NSAID widely used across mul-
tiple veterinary species, particularly in food and fiber ani-
mals. It is available in the US in multiple formulations for 
transdermal, subcutaneous, intramuscular, oral, and IV 
administration. In accordance with the popularity of flun-
ixin, a relatively high number of publications investigating 
its pharmacokinetics and pharmacodynamics in veterinary 
species are available.

As with other NSAIDs, the bioavailability of flunixin var-
ies widely by species and route of administration. 
Transdermal administration typically results in the lowest 
bioavailability of the various routes. In Holstein calves, bio-
availability reached 48% after transdermal administration 
(Kleinhenz et al. 2016). In Boer goats and Huacaya alpacas, 
transdermal flunixin bioavailability was closer to 25% 
(Reppert et al. 2019a,b) while, in mature sows, administra-
tion of a pour-­over (transdermal) formulation of flunixin 
resulted in only about 1.5% bioavailability (Cramer 
et al. 2019). Reppert et al. (2019a,b) advised against trans-
dermal administration in alpacas after demonstrating 
lower Cmax, longer Tmax a lower volume of distribution and 
more rapid clearance than after transdermal administra-
tion to goats or calves. Transdermal administration of flun-
ixin has been investigated in horses, but bioavailability was 
not determined, and a transdermal formulation is not cur-
rently available for use in horses (Knych et  al.  2021). 
Subcutaneous administration has been investigated in cat-
tle (Kissell et al. 2012) and goats (Smith et al. 2020), with 
high bioavailability (89%+) in both species. IM administra-
tion results in relatively high bioavailability of approxi-
mately 85% in cattle (Kissell et al. 2012), >99% in piglets 
(Kittrell et  al.  2020), 76% in mature swine (Pairis-­Garcia 
et al. 2013), 70% in sheep (Welsh et al. 1993), 79% in dairy 
goats (Königsson et al. 2003), and likely close to 100% in 
horses (Dyke et al. 1997). After oral administration, flun-
ixin is absorbed in the proximal GI tract. Bioavailability 
after oral administration ranges from 22% in mature swine 
(Kissell et  al.  2012) to as high as 86% in horses (Soma 
et  al.  1988). There is evidence that administration to fed 
versus fasted horses prolongs absorption, resulting in lower 
peak plasma concentrations without altering bioavailabil-
ity (Welsh et al. 1992).

Upon reaching the blood, flunixin is highly protein-­
bound (99%) in plasma, with a relatively high volume of 
distribution. It is a lipid-­soluble weak acid, so it readily 
leaves plasma to enter peripheral tissues, and it concen-
trates in areas of inflammation (Lees and Higgins  1984). 
After a single IV administration, plasma levels of flunixin 
were detectable for up  48 hours in greyhounds (1 mg/kg, 
Morris et  al.  2019) and alpacas (2.2 mg/kg, Reppert 
et al. 2019a,b). Following a single oral administration, and 
regardless of dose, plasma concentrations were detected up 
to 24 hours after administration in beagles (McKellar 
et al. 1989). Flunixin administered at 2.2 mg/kg IV to horses 
produced alpha, beta, and lambda half-­lives of 0.61, 1.5, 
and 6.0 hours, respectively (Soma et al. 1988). In cattle, a 
harmonic mean elimination half-­life after 1.1 mg/kg IV 
approached 3.5 hours (Kissell et al. 2012). In llamas, a sin-
gle IV dose at 2.2 mg/kg IV resulted in a rapid half-­life of 
elimination of 1.47 hours, with a lower clearance and lower 
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volume of distribution than had been demonstrated in 
other large animal species (Navarre et  al.  2001). At the 
same IV dose, terminal t1/2 was 4.5 hours in alpacas 
(Reppert et al. 2019a,b). Regardless of the method of half-­
life description, there is a consistency in the area under 
the curve (AUC) representing metabolism of flunixin 
among species in that there is an acute, rapid phase fol-
lowed by a prolonged phase in which plasma levels drop 
more slowly. Presumably, this is attributable to rapid redis-
tribution. Accordingly, plasma half-­life and total body 
clearance can vary significantly by species and individual, 
and, due to its concentration at sites of activity, use of 
pharmacokinetic parameters to estimate dosing intervals 
may result in underestimation of its duration of effective-
ness. While plasma concentration-­over-­time curves are 
available for most investigated species, species specifics of 
organ metabolism largely remain undetermined. 
Metabolism, as with other NSAIDs, is primarily via hepatic 
biotransformation, with elimination of metabolites in the 
bile and urine. In cattle, elimination of metabolites is pri-
marily in bile (Kopcha and Ahl  1989). In horses, the 
majority of metabolite is excreted via the urine (Soma 
et al. 1988). A small fraction of parent drug is excreted pri-
marily in the bile or kidneys.

Flunixin is a non-­selective NSAID, with similar levels of 
inhibition of COX-­1 and COX-­2 in vitro (Beretta et al. 2005). 
As a result, it has anti-­inflammatory, analgesic, and antipy-
retic properties. Its effects have been demonstrated in a 
wide range of species. Flunixin is labeled for the treatment 
of visceral pain associated with colic disorders and the 
treatment of inflammation and pain associated with mus-
culoskeletal disorders in horses. In beef and dairy cattle, it 
is labeled for the control of pyrexia respiratory disease, 
endotoxemia, and mastitis, and for the control of inflam-
mation in endotoxemia. In swine, flunixin is specifically 
labeled for the treatment of pyrexia associated with swine 
respiratory disease. Flunixin is widely used for its effective-
ness in the suppression of the adverse effects of endotox-
emia (Shuster et al. 1997). Recent evidence suggests that 
firocoxib may provide similar levels of analgesia with supe-
rior control of endotoxemia in horses undergoing postop-
erative treatment for small intestinal strangulating 
obstruction (Ziegler et al. 2019). The efficacy of flunixin in 
the treatment of pain and/or inflammation has been dem-
onstrated in multiple species, including chickens (Hocking 
et  al.  2005), sheep (Paull et  al.  2007), cattle (Currah 
et  al.  2009), horses (Gobbi et  al.  2020) and pigs (Pairis-­
Garcia et al. 2015).

The adverse effects of flunixin administration are similar 
to those of other NSAIDs. A comparative study in horses in 
1993 demonstrated that flunixin administration can cause 
gastric ulceration, specifically in the glandular region, as 

well as renal medullary necrosis (MacAllister et al. 1993). 
Neonatal foals treated with 0.55– 6.6 mg/kg IV daily for 
six days developed GI ulcerations and diarrhea, with no clin-
ically significant hematologic or biochemical abnormalities 
detected (Carrick et al. 1989). At 3.3–5.5 mg/kg IV (3–5× the 
clinical dose) for nine days (3× the maximum duration) in 
cattle, some cattle developed hematuria or blood in the 
feces. No adverse effects were seen at 1.1 mg/kg for nine days 
Prevail® Package Insert 2021. A rare, but significant adverse 
effect is the possibility of development of bacterial (often 
clostridial) myositis in horses. In a case series of 37 horses 
with clostridial myonecrosis over 15 years at two university 
veterinary hospitals, 17 of the cases were attributable to the 
IM or perivascular (one case) administration of flunixin 
(Peek et al. 2003). For this reason, most clinicians do not rec-
ommend the IM use of flunixin in horses, despite its labeling.

The adverse effects of flunixin during the periparturient 
period and lactation have been heavily investigated in cat-
tle. Flunixin metabolites are detectable in the milk of dairy 
cattle after systemic administration; the labeled withdrawal 
time is 36 hours after last administration. In cows with 
mastitis, however, violative residues were detected in the 
milk of 8 of 10 cattle 36 hours after administration and in 3 
of 10 cattle after 60 hours (Kissell et al. 2015). In the peri-
parturient period, a study of 1265 cattle demonstrated 
increased risk of stillbirth in cattle treated before calving, 
and increased risk of retained placenta and the accompa-
nying adverse effects in cattle treated with flunixin imme-
diately after calving. As a result, the authors recommend 
against the use of flunixin within 24 hours of parturition in 
dairy cattle (Newby et al. 2017). In early pregnancy mares, 
flunixin alters embryo motility, presumably by altering 
uterine prostaglandin production, which may affect mater-
nal recognition of the conceptus (Okada et al. 2019). The 
safety of administration of flunixin in pregnant mares has 
not specifically been investigated.

The flunixin label specifically states that it is not intended 
for use in dry dairy cows or in veal calves. The use of flun-
ixin in cats and dogs in the US is off label and, given the 
availability of other NSAIDs specifically labeled for use in 
these animals, would be difficult for a veterinarian to justify.

Grapiprant

Grapiprant is one of the most recently available NSAIDs on 
the market. Unlike traditional NSAIDs, grapiprant targets 
a specific prostanoid receptor rather than inhibiting the 
COX enzymes. It is available as an oral tablet for adminis-
tration in dogs.

After oral administration, grapiprant is quickly absorbed, 
reaching maximum plasma concentrations in dogs in 
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approximately two hours. In fasted cats, Tmax was approxi-
mately one to two hours, with bioavailability approaching 
40% (Lebkowska-­Wieruszewska et al. 2017), while in exer-
cised thoroughbreds Tmax was 1.5 hours (Knych et al. 2018). 
In dogs, bioavailability is estimated to be at least 80% 
(DailyMed 2018). Administration of grapiprant with food 
reduces oral bioavailability in dogs, with reduction in 
peak plasma concentrations by a factor of 4, and a roughly 
50% reduction in total AUC (representative of total drug 
exposure). After absorption, grapiprant is roughly 95% 
bound to protein. A single IV or oral dose of 0.5 or 2 mg/kg 
produces detectable plasma levels in labrador dogs for 24 
and 36 hours, respectively (Lebkowska-­Wieruszewska 
et  al.  2017). Importantly, in collies, detectable plasma 
concentrations appear to be similar after a single oral 
dose of 2 mg/kg grapiprant, but exposure (maximum 
plasma concentrations) reached more than three times that 
observed in labradors after administration of the same oral 
dose (Heit et al. 2021). Elimination is via hepatic metabo-
lism and excretion in the bile, urine, and feces, with the 
majority eliminated in the bile. Plasma half-­life is roughly 
4.6–5.7 hours in dogs, 4–5 hours in cats, and 5.8 hours in 
horses, with the majority of the dose excreted by dogs in 
the first three days. At the recommended once-­daily dosing 
in dogs, little to no accumulation is expected (DailyMed 
2018). Four grapiprant metabolites have been identified; 
their activity is unknown.

The activity of grapiprant is different from the prototypi-
cal COX inhibition effected by most NSAIDs. Grapiprant is 
a member of the priprant class of NSAIDs, drugs that spe-
cifically target specific prostanoid activity by antagonizing 
their receptors. PGE2 is a prostanoid that exhibits its physi-
ologic effects by binding four different receptors: EP1, EP2, 
EP3, and EP4. Grapiprant specifically antagonizes the EP4 
receptor that is bound by PGE2. The EP4 receptor mediates 
mucus secretion in the stomach and small intestine, acid 
secretion in the stomach, inhibition of small intestinal 
motility, inhibition of large intestinal cytokine expression 
(Takeuchi et  al.  2010), and the antinatriuretic effect of 
PGE2 in the kidney (Nasrallah et  al.  2014). Gastric ulcer 
healing is also mediated by PGE2 binding to EP4 (Hatazawa 
et al. 2007). The desirable clinical effects of EP4 receptor 
antagonism are likely due to its role as the primary media-
tor of sensory neuron sensitization and inflammation pro-
moted by PGE2 (Nakao et  al.  2007; Murase et  al.  2008). 
Thus, grapiprant has the potential for anti-­inflammatory 
and analgesic effects. It is worth noting that EP4 receptors 
are present in canine cardiac tissue (Castleberry et al. 2001), 
although cardiovascular side effects of grapiprant adminis-
tration have not been demonstrated.

Publications evaluating the clinical efficacy of grap-
iprant indicate that it may provide analgesia to dogs 

affected by osteoarthritis. A multisite clinical study in 
which owners evaluated pain at home with a pain scale 
demonstrated improvement in outcomes when compared 
to a placebo (Rausch-­Derra et al. 2016). Dogs had been pre-
viously diagnosed with osteoarthritis and were treated 
with grapiprant once daily at 2 mg/kg. In a model of 
induced osteoarthritis in dogs, a single dose of firocoxib 
provided superior analgesia to a single dose of grapiprant, 
which did not differ from untreated controls (de Salazar 
Alcalá et al. 2019). Both drugs were administered at labeled 
doses; analgesia was evaluated by visual scale and weight-­
bearing analysis. In another induced synovitis study, dogs 
were administered four total doses of carprofen, grap-
iprant, or another EP4 antagonist. Two doses were admin-
istered before induction of synovitis and two after. 
Improvement in lameness was evaluated in the same way 
as Salazar Alcalá et al. Grapiprant provided inferior anal-
gesia to the other two drugs; there was no control group 
(Budsberg et  al.  2019). In an early rat study, an ED50 of 
4.7 mg/kg was determined in the treatment of inflamma-
tory pain (Murase et al. 2008). Similarly, in a rabbit model 
of inflammatory pain, a single IV dose of 2 mg/kg grap-
iprant provided an analgesic effect (De Vito et al. 2017). It 
is possible that superior analgesia could be provided to 
dogs at dosages higher than 2 mg/kg/day PO.

Grapiprant is labeled in the US for the control of pain 
and inflammation associated with osteoarthritis in dogs. It 
does not currently have any other clinical indications. 
Long-­term safety has been evaluated in both dogs and cats. 
In a study of 24 healthy cats over 28 days, daily administra-
tion of up to 15 mg/kg PO resulted in no gross, histologic or 
clinical adverse effects (Rausch-­Derra and Rhodes  2016). 
In dogs, daily administration of up to 50 mg/kg PO for 
nine months resulted in a higher rate of soft or mucoid 
feces than a control group, with mild changes in serum 
total protein and albumin that resolved within 30 days of 
discontinuation. One dog developed mild ileal mucosal 
regeneration after 50 mg/kg PO for nine months, with no 
other gross or histologic lesions found in any dogs (Rausch-­
Derra et  al.  2015). In the multisite clinical study of dogs 
treated for osteoarthritis, dogs administered grapiprant 
were more likely than controls to develop occasional vom-
iting (17.5% vs. 6.25%; Rausch-­Derra et al. 2016). In dogs, 
homozygous for the MDR1 gene mutation, which alters 
brain penetration and biliary excretion of some drugs, gra-
piprant administered at 2 mg/kg PO for 28 days resulted in 
greater drug exposure but was otherwise well-­tolerated, 
with similar occurrence of vomiting in treated dogs (Heit 
et al. 2021). The safety of grapiprant in pregnant, nursing 
or breeding animals has not been evaluated. Grapiprant is 
labeled only for use in dogs; it is not currently recom-
mended for use in other species.
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Ketoprofen

Ketoprofen is a non-­selective COX-­inhibiting NSAID avail-
able as an injectable solution for the treatment of cattle and 
horses in the US. In other countries, ketoprofen is also 
marketed for the treatment of acute (perioperative) pain in 
dogs and cats. It is provided as a racemic mixture of S(+) 
and R(−) stereoisomers.

Ketoprofen is labeled for IV injection but other routes 
have been investigated in multiple species. Ketoprofen 
exists in two enantiomeric forms, and the specific enanti-
omer can have a significant effect on the pharmacokinetics 
of the drug in different species. Commercially, veterinary 
ketoprofen is only available as a racemic mixture. Oral bio-
availability has been investigated in a range of species and 
is typically reported as almost completely bioavailable in 
cats (Lees et al. 2003), dogs (Schmitt and Guentert 1990), 
and pigs (Raekallio et al. 2008). In horses, in contrast, oral 
bioavailability ranges from 50% (Landoni and Lees 1995) to 
88% (Knych et  al.  2016) depending on the formulation 
administered, and likely the fed/fasted state of the horse. 
The subcutaneous absolute bioavailability has not been 
investigated in cattle. Absorption after oral, subcutaneous, 
and IM administration is typically rapid: Tmax ranges from 
0.34 hours in horses administered the injectable solution 
orally (Knych et al. 2016) to one hour in pigs administered 
the solution IM or an oral powder PO (Raekallio et al. 2008). 
After absorption, ketoprofen is eliminated via hepatic bio-
transformation, with first-­pass metabolism likely for spe-
cific enantiomers (Neirinckx et  al.  2011). Elimination 
half-­life varies from minutes in sheep (Arifah et al. 2001), 
goats (Arifah et al. 2003), and horses (Knych et al. 2016) to 
one to three hours in cats (Lees et al. 2003), dogs (Serrano-­
Rodríguez et al. 2014), pigs (Raekallio et al. 2008) and cat-
tle (De Koster et al. 2021). In llamas, half-­life after a single 
4.4 mg/kg IV administration is approximately 5.4 hours 
(Navarre et al. 2001b), like that of camels which approaches 
4.2 hours (Alkatheeri et al. 1999). Half-­life can vary signifi-
cantly by specific enantiomer. The S(+) enantiomer half-­
life is longer than or equivalent to that of the R(−) 
enantiomer in most species (Navarre et al. 2001a; Neirinckx 
et al. 2011). It is likely advantageous that the (S)(+) enanti-
omer is a more potent COX-­inhibitor, with the R(−) enan-
tiomer often irreversibly inverting to S(+) to some degree 
(Landoni et al. 1997). A single IV administration of keto-
profen to beagle dogs produced detectable plasma concen-
trations of S(+) for up to 12 hours at both 1 and 3 mg/kg 
(Serrano-­Rodríguez et  al.  2014). Significant inversion of 
the R(−) enantiomer to S(+) does not appear to occur in 
llamas (Navarre et al. 2001a). A predominance of R(−) was 
demonstrated in dromedary camels; the authors also dem-
onstrated significant effects of gender (male vs. female 

camels) on pharmacokinetics (Al Katheeri et al. 2000). A 
similar predominance of R(−) was demonstrated in sheep 
(Delatour et al. 1993). Renal elimination accounts for the 
majority of metabolite excretion in most species, with a 
small amount of parent drug also detectable in urine (Sams 
et al. 1995, Neirinckx et al. 2011).

The clinical effects of ketoprofen are due to non-­selective 
inhibition of the COX enzymes. The resulting decrease in 
prostaglandin production leads to its anti-­inflammatory, 
anti-­pyretic, and analgesic effects. In the US, ketoprofen is 
labeled for the treatment of inflammation and pain associ-
ated with musculoskeletal disorders in horses, and for the 
treatment of pyrexia associated with Bovine Respiratory 
Disease (BRD) in beef heifers, beef steers, beef calves 
two months of age and older, beef bulls, replacement dairy 
heifers, and dairy bulls (DailyMed 2021). The effectiveness 
of ketoprofen in the treatment of pyrexia has been demon-
strated in cattle (De Koster et al. 2021; DailyMed 2021) and 
in cats (Glew et al. 1996). Its effectiveness in the treatment 
of musculoskeletal disease has been demonstrated in 
horses (Owens et al. 1995), pigs (Mustonen et al. 2011), cat-
tle (Alsaaod et al. 2019), and dogs (Grisneaux et al. 1999). 
Other indications in which the effectiveness of ketoprofen 
has been demonstrated include the treatment of platelet 
activating factor-­induced lung injury in calves (Van De 
Weerdt et al. 1999), pain associated with soft-­tissue surgery 
in cats (Slingsby and Waterman-­Pearson  1998), chronic 
mastitis in cattle (Zecconi et  al.  2018) and dehorning in 
calves (Mills et al. 2020; Duffield et al. 2010). There is indi-
cation that ketoprofen can improve recovery from left dis-
placed abomasum (LDA) (Newby et  al.  2013a) and 
parturition (Kovacevic et al. 2019) in cattle.

The adverse effects of ketoprofen administration are sim-
ilar to those of other non-­selective COX-­inhibiting NSAIDs. 
Animal safety studies were performed prior to the market-
ing of ketoprofen in the US. Cattle were administered 
3–15 mg/kg per day for nine days. At the labeled dose of 
3 mg/kg, a small degree of renal tubular damage was noted 
after nine days, three times longer than the labeled dura-
tion. No other clinical or hematologic abnormalities were 
noted. A dose-­dependent development of abomasal ulcers 
was seen as the dose was increased to 15 mg/kg. At up to 
11 mg/kg (five times the labeled dosage) for 15 days (three 
times labeled duration) horses developed no clinical 
adverse effects. Renal, GI, and hepatic adverse effects 
developed in a dose-­dependent manner as 15-­ and 25-­fold 
overdoses were administered (DailyMed  2021). Horses 
administered 2.2 mg/kg every eight hours for a total of 
12 days developed lesions of the glandular portion of the 
stomach, with no evidence of renal damage (MacAllister 
et  al.  1993). Dogs administered ketoprofen for 28 days at 
the labeled dose for the treatment of osteoarthritis 
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developed prolonged (although still clinically normal) buc-
cal mucosal bleeding times, decreased GFR, and evidence 
of gastric lesions (Monteiro et al. 2019). The effects of keto-
profen on pregnancy, fertility, lactation, or fetal health have 
not been investigated in horses or cattle. It is specifically 
labeled as not for use in reproducing animals over one year 
of age, dairy calves, or veal calves, lactating dairy cattle or 
calves less than two months of age. The use of ketoprofen 
in species other than cattle or horses in the US is extra-­label.

Meloxicam

Meloxicam is a COX-­2 selective NSAID available as an 
injectable solution for dogs and cats and as an oral solution 
for dogs in the US. It should be administered only as a sin-
gle dose in cats.

Meloxicam has approximately 100% bioavailability after 
oral and subcutaneous administration to dogs and cats 
(DailyMed 2020c). In other species, bioavailability ranges 
from 76% after oral administration to the llama (Kreuder 
et  al.  2012) to 100% in pre-­ruminant calves (Coetzee 
et  al.  2009). Other species investigated include rabbits 
(Fredholm et  al.  2013), goats (Wani et  al.  2013), horses 
(Vander Werf et  al.  2012; Mendoza et  al.  2019), camels 
(Wasfi et al. 2012) and miniature pigs (Busch et al. 1998). 
Upon absorption, meloxicam protein binding reaches 
97%+ (DailyMed 2020c; Mendoza et al. 2019). Hepatic bio-
transformation is the most important route of elimination 
for meloxicam, with very little parent drug excreted in any 
species (Busch et  al.  1998). Volume of distribution at 
steady-­state is relatively low due to high protein-­binding 
and is lowest in dromedary camels (Wasfi et  al.  2012). 
Half-­life of elimination is relatively long in companion 
animals compared to many other NSAIDs, approaching 
15 hours in the cat and 24 hours in the dog (DailyMed 
2020c). After a single oral administration of 0.31 mg/kg to 
beagle dogs, plasma concentrations were detectable for up 
to four days, although they appeared to fall below esti-
mated effective levels of 100 ng/ml between 48 and 
72 hours after administration (Yuan et  al.  2009). Llamas 
demonstrate a similar half-­life of elimination to compan-
ion animals, at 22 and 17 hours after oral and IV adminis-
tration, respectively (Kreuder et  al.  2012). The authors 
concluded that a single dose of 1 mg/kg meloxicam IV 
administered to llamas could potentially produce thera-
peutic plasma concentrations for up to three days. An even 
longer terminal t1/2 has been reported in dromedary cam-
els of 40.2 hours (Wasfi et al. 2012); clearance in this spe-
cies was extremely low at less than 2 ml/kg/hr. Half-­life is 
shorter in other investigated species, ranging from five to 
eight hours in goats, pigs, horses, and rabbits in the 

aforementioned studies. As can be inferred, the availabil-
ity of different formulations for oral administration and 
species differences can affect rate of absorption as well as 
rate of elimination. Both the kidneys and biliary tract play 
a significant role in excretion of meloxicam metabolites in 
most species.

Meloxicam has significant selectivity for the inhibition 
of COX-­2 over COX-­1. As a result, it preferentially inhibits 
upregulation of inflammatory prostanoids over those nec-
essary for homeostasis, theoretically providing a greater 
safety profile than COX non-­selective NSAIDs. This inhibi-
tion is what leads to the anti-­inflammatory, antipyretic, 
and analgesic effects of meloxicam. In the US, meloxicam 
is labeled for the control of pain and inflammation associ-
ated with osteoarthritis in dogs and the control of postop-
erative pain and inflammation associated with soft-­tissue 
and orthopedic surgery in cats. Extra-­label indications 
include the treatment of pain and inflammation associated 
with soft-­tissue and orthopedic surgery in dogs, and in food 
and fiber animals and horses, for which it is used in other 
countries around the world.

The efficacy of meloxicam in the treatment of canine 
osteoarthritis has been demonstrated (Doig et  al.  2000). 
Likewise, perioperative analgesia following soft-­tissue 
(Gassel et  al.  2005; Carroll et  al.  2005) and orthopedic 
(Speranza et al. 2015) surgery in cats is evident after melox-
icam administration. Extra-­label indications in food and 
fiber animals, as well as horses, are many. In horses, melox-
icam was demonstrated to be comparable to phenylbuta-
zone for the treatment of musculoskeletal disease (Olson 
et  al.  2016b), and effective in the treatment of post-­
castration pain (Olson et al. 2015), and perioperative pain 
associated with orthopedic surgery (Walliser et  al.  2015). 
There is some evidence that meloxicam is superior to phe-
nylbutazone for the treatment of inflammatory pain, while 
phenylbutazone is superior for the treatment of mechani-
cal pain in horses (UCVM Class of 2016 et al. 2017). The 
efficacy of meloxicam has also been demonstrated in calves 
(Theurer et al. 2012; Olson et al. 2016a), adult cattle (Newby 
et  al.  2013b; Swartz et  al.  2018), goats (Ingvast-­Larsson 
et al. 2011), and sheep (Colditz et al. 2019). IM administra-
tion of meloxicam to piglets at similar doses, however, does 
not appear to alleviate pain due to surgical castration 
(Viscardi and Turner 2018).

The adverse effects of meloxicam are of greatest concern 
in cats. The veterinary meloxicam label contains a black 
box warning that reads: “Warning: Repeated use of meloxi-
cam in cats has been associated with acute renal failure 
and death. Do not administer additional injectable or oral 
meloxicam to cats.” (DailyMed  2020c). The most likely 
adverse effects in cats include azotemia and renal failure, 
followed by anorexia, vomiting, and diarrhea (GI), lethargy 
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and depression, and anemia. Target safety and repeated 
oral dosing studies performed prior to meloxicam approval 
led to GI and renal side effects, and death in two of nine 
cats subject to repeated dosing. GI signs and renal adverse 
effects were also seen in safety studies in dogs when melox-
icam was administered at 1, 3, and 5 times the labeled dose 
(DailyMed 2020c). There appears to be good clinical safety 
of meloxicam when administered to horses and foals at 
clinical doses (D’Arcy-­Moskwa et  al.  2012; Raidal 
et al. 2013; Vander Werf et al. 2012), although as the dose 
increases, renal and GI side effects become apparent (Noble 
et al. 2012). Meloxicam does not appear to increase the risk 
of fetal membrane retention in cows (Newby et al. 2014). 
Tissue residues have been investigated in beef calves; a 
21-­day withholding period appears to be appropriate after 
repeated administration (Coetzee et al. 2015). The safety of 
meloxicam in pregnant, breeding, or lactating dogs or cats 
has not been evaluated. Due to a small safe therapeutic 
window, administration of meloxicam only at labeled or 
previously published doses is recommended.

Phenylbutazone

Phenylbutazone is a pyrazolone derivative available for use 
in horses and dogs in the US. It is supplied as a powder, 
paste, and tablets for oral administration, and as a solution 
for IV administration. It was originally developed in 1948, 
well before purification of the COX enzyme in 1976. Due to 
the nature of pharmacology knowledge at the time of its 
development, the use of phenylbutazone became wide-
spread in human and veterinary medicine without signifi-
cant information regarding its pharmacokinetics and 
pharmacodynamics. Phenylbutazone is no longer approved 
for use in human medicine.

The absorption of phenylbutazone after oral administra-
tion to horses is significantly affected by the presence of 
feed, as well as by inter-­ and within-­individual variability. 
After oral administration to horses, bioavailability ranges 
from 69% to 91%. When administered to fasted horses, an 
expected single peak plasma concentration occurs four to 
six hours after administration. When administered with 
feed, an initial small peak occurs within the first two hours, 
followed by a larger maximum peak concentration 
10–12 hours after administration. This is thought to be due 
to phenylbutazone binding to the fibrous component of the 
equine diet, which is later released for absorption by diges-
tion in the large colon (Maitho et al. 1986; Lees et al. 1986a; 
Lees and Toutain 2013). Absorption in the large colon in 
the horse is thought to be a primary cause for one of phe-
nylbutazone’s most concerning side effects; RDUC 
(Karcher et al. 1990). Bioavailability in cattle varies greatly 

from 41 to 95% after oral administration (De Backer 
et al. 1980), and in llamas oral bioavailability approaches 
70% (Navarre et  al.  2001). Upon absorption, phenylbuta-
zone is ≥98% bound to plasma protein, resulting in a rela-
tively small volume of distribution (Lees et  al.  1986b). 
Metabolism of phenylbutazone is primarily via hepatic 
biotransformation, with excretion of metabolites in the 
urinary and biliary tracts. The primary metabolite of 
­phenylbutazone is oxyphenbutazone, which also has anti-­
inflammatory and analgesic activity (Lees et  al.  1986b); 
although the relative significance of phenylbutazone 
metabolite activity is unknown, their presence likely pro-
longs the clinical activity of the drug. Little is known about 
the plasma disposition of phenylbutazone in dogs, how-
ever, a single IV administration of 30 mg/kg IV to racing 
greyhounds produced detectable plasma concentrations of 
phenylbutazone at 24 hours, but not at 48 hours (Mills 
et al. 1995). Half-­life of elimination varies greatly among 
treated species; it is less than two hours in the pig (Hvidberg 
and Rasmussen  1975), two and seven hours after IV and 
oral administration, respectively, in llamas (Navarre 
et  al.  2001b), 12.5 hours in dromedary camels (Kadir 
et al. 1997), 50–60 hours in calves aged four to five months 
(Arifah and Lees 2002), and greater than 200 hours in neo-
natal calves (Semrad et al. 1993). Clearly, age can signifi-
cantly affect phenylbutazone clearance (Eltom et al. 1993). 
While co-­administration with gentamicin in horses does 
not affect phenylbutazone pharmacokinetics, it signifi-
cantly alters the pharmacokinetics of gentamicin by 
decreasing half-­life of elimination and volume of distribu-
tion (Whittem et al. 1996), an example of how concurrent 
administration of highly protein-­bound drugs should be 
considered carefully.

The clinical effects of phenylbutazone as an anti-­
inflammatory, anti-­pyretic, and analgesic agent are attrib-
utable to its inhibition of COX enzyme activity (Higgins 
et  al.  1984; Lees and Higgins 1987; Beretta et  al.  2005). 
Phenylbutazone is specifically labeled for the relief of 
inflammatory conditions associated with the musculo-
skeletal system in horses. Its long history of use in horses 
and the resulting knowledge of its clinical effects at spe-
cific doses and dosing intervals, as well as its relative safety 
when dosed according to labeling, make it one of the most 
widely prescribed anti-­inflammatory medications in 
horses to this day. Phenylbutazone may also be used to 
treat pain and inflammation associated with musculoskel-
etal disease in dogs, although the availability of numerous 
other NSAIDs for dogs has made this practice relatively 
uncommon. The use of phenylbutazone in food-­producing 
animals is controversial; the possibility of human expo-
sure to phenylbutazone residues in treated animals is a 
significant concern. The anti-­inflammatory activity of 
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phenylbutazone in the horse has been demonstrated 
(Higgins et  al.  1984; Lees and Higgins 1987). Phenylb
utazone is an effective analgesic agent in the treatment of 
musculoskeletal disease in horses (Foreman et al. 2008). 
There does not seem to be a dose-­dependent increase in its 
effectiveness beyond the labeled dose (Hu et al. 2005). In 
the treatment of specific musculoskeletal disorders, the 
effectiveness of phenylbutazone may be equivalent to flu-
nixin meglumine (Erkert et al. 2005), despite a widespread 
belief that phenylbutazone provides superior activity in 
the treatment of musculoskeletal disorders while flunixin 
is thought to be superior for treatment of soft-­tissue condi-
tions. Phenylbutazone also provides comparable analgesia 
to that of butorphanol for castration of young horses (Sanz 
et al. 2009).

The adverse effects of phenylbutazone, like other 
NSAIDs, primarily involve the GI, renal, and, less often, 
hepatic systems. During peak phenylbutazone use in 
humans, some fatalities were reported in people despite 
appropriate clinical use. As concern for its adverse effects 
grew, the use of phenylbutazone in people declined, and 
along with its use in food-­producing animals became far 
less common. In a toxicity study in horses, phenylbutazone 
administration at three times the daily dose for 12 days 
resulted in ulceration of the glandular portion of the stom-
ach, edema of the small intestine and erosions and ulcera-
tion in the large colon. Renal crest necrosis was present in 
each of the three horses administered phenylbutazone 
(MacAllister et al. 1993). The pathogenesis underlying the 
development of glandular gastric lesions in horses does not 
appear to involve alterations in PGE2 production (Pedersen 
et  al.  2018). At 8.8 mg/kg/day (twice the current labeled 
dose rate) for 21 days, horses developed evidence of protein-­
losing nephropathy and alterations in volatile fatty acid 
production and blood flow to the right dorsal colon 
(McConnico et  al.  2008). The safety of phenylbutazone 
administration to pregnant, lactating or breeding horses or 
dogs has not been evaluated.

The use of phenylbutazone in female dairy cattle 
20 months of age or older is specifically prohibited by the 
US. FDA.

Piroxicam

Piroxicam is an oxicam derivative NSAID primarily used in 
the treatment of cancerous tumors in dogs and cats. It is 
available as generic capsules, chews, and liquid for oral 
administration in the US.

After oral administration, piroxicam reaches 100% bioa-
vailability in dogs (Galbraith and McKellar 1991) and aver-
ages 80% bioavailability in cats (Heeb et al. 2003). In human 

plasma, piroxicam is 99%+ bound to plasma protein 
(Piroxicam Package Insert  2019). The relatively low vol-
ume of distribution in dogs (0.29 l/kg) and cats (0.48 l/kg) 
suggest similarly high plasma protein binding in these spe-
cies (Galbraith and McKellar  1991; Heeb et  al.  2003). 
Metabolism of piroxicam occurs via hepatic biotransfor-
mation primarily through hydroxylation. A small amount 
of parent drug is excreted in urine, with metabolites found 
in both feces and urine. Evidence for enterohepatic recircu-
lation has been demonstrated in dogs, cats, and people. 
This may explain the relatively long half-­life of the drug, 
approaching 14 hours in cats (Heeb et al. 2005), and as high 
as 43 and 40 hours in dogs, respectively (Hobbs and 
Twomey 1981; Galbraith and McKellar 1991). After a sin-
gle 0.3 mg/kg IV administration in the dog, plasma concen-
trations were equal to 50% of the initial plasma 
concentration 48 hours after administration. It remained 
detectable in plasma 72 hours after a single administration, 
with 47% of thromboxane B2 inhibition demonstrated at 
this time. Similar results were demonstrated after oral 
administration (Galbraith and McKellar 1991). The authors 
suggested that daily dosing may lead to accumulation. 
Indeed, in people, piroxicam accumulates after daily dos-
ing, typically reaching steady-­state at 7–12 days (FDA 2021).

Piroxicam is a COX-­2 selective NSAID. The anti-­
inflammatory, anti-­pyretic, and analgesic effects of piroxi-
cam are due to its COX inhibition. Piroxicam selectivity for 
COX-­2 has been demonstrated in dogs. At concentrations 
that inhibit 50% (IC50) of COX activity, the COX-­2 selectiv-
ity of piroxicam is similar to that of meloxicam. At IC80, 
meloxicam becomes more selective for COX-­2 while piroxi-
cam approaches equal COX-­1 and COX-­2 selectivity 
(Streppa et al. 2002). The pharmacodynamics behind the 
anti-­tumor activity of piroxicam in  vivo when combined 
with chemotherapeutic agents are not clearly understood.

The use of piroxicam in any veterinary species in the US 
is off label. While the clinical effects of piroxicam mean 
that it could be used as an anti-­inflammatory, analgesic 
agent for the treatment of osteoarthritis, meloxicam has 
been demonstrated to have similar efficacy with a superior 
adverse effect profile (Dequeker et  al.  1998). As a result, 
piroxicam is primarily used as an anti-­neoplastic agent in 
combination with chemotherapeutics. The anti-­tumor 
activity of piroxicam has been demonstrated in dogs with 
urinary bladder TCC (Mohammed et al. 2003), oral malig-
nant melanoma and oral squamous cell carcinoma (Boria 
et  al.  2004). There is evidence that piroxicam is also an 
effective anti-­tumor agent in cats (DiBernardi et al. 2007; 
Spugnini et al. 2008). Feline lymphocytic-­plasmacytic gin-
givitis stomatitis has also been effectively treated with 
piroxicam in combination with bovine lactoferrin (Hung 
et al. 2014).
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The use of piroxicam as an anti-­tumor agent means that 
it may be administered for a longer duration in veterinary 
patients than other NSAIDs used for the treatment of acute 
inflammation or pain. The longer an animal is exposed to a 
drug, at equivalent dose and dosing intervals, the more 
likely they are to develop toxicity. The adverse effect profile 
of dogs treated with piroxicam and cisplatin in one study 
included mild azotemia that resolved with discontinuation 
of cisplatin, mild GI toxicosis in two of 20 dogs, and severe 
GI toxicosis in one dog that resolved with treatment (Boria 
et al. 2004). Early investigation of piroxicam administered 
in combination with cisplatin for the treatment of canine 
bladder TCC led to a dose-­dependent, clinically significant 
renal toxicity (Mohammed et al. 2003). In a retrospective 
study of 73 cats administered piroxicam at clinical doses 
for various neoplasms, 29% of cats were reported to experi-
ence adverse effects, the majority of which were mild and 
transient. In eight of the 73 cats, piroxicam was discontin-
ued due to significant adverse effects, with azotemia being 
a significant concern (Bulman-­Fleming et  al.  2010). An 
investigation into the acute toxicity of piroxicam due to 
overdose in various monogastric animals demonstrated GI, 
hepatic, renal, and neurologic adverse effects culminating 
in death (Saganuwan and Orinya 2016). The pharmacology 
of piroxicam has not been investigated in breeding, preg-
nant or lactating dogs or cats. Use of piroxicam in all veteri-
nary species is off label in the US.

Robenacoxib

Robenacoxib is a COX-­2 selective NSAID available as a tab-
let, injectable solution, and powder for reconstitution for 
use in dogs and cats in the US. It is one of the more recently 
developed NSAIDs for use in companion animals.

The pharmacokinetics of robenacoxib have been investi-
gated in both the dog and the cat. After subcutaneous 
administration, bioavailability of robenacoxib in cats aver-
ages 69%. The presence of food in the stomach significantly 
affects bioavailability of oral administration in cats; after 
12 hours of fasting oral bioavailability approached 49%, 
whereas bioavailability when administered with food is 
only 10% (King et  al.  2013). The authors recommended 
either subcutaneous administration, or administration 
with little to no food in cats. Bioavailability is somewhat 
higher in dogs, averaging 88% after subcutaneous adminis-
tration, 62% with feed and 84% after fasting (Jung 
et al. 2009). Time-­-­to-­peak plasma concentration is short in 
both species indicating rapid absorption, ranging from 
15 minutes after oral administration to fed dogs to 90 min-
utes after oral administration in cats. Protein-­binding in 
plasma is ≥98%, coinciding with a low steady-­state volume 

of distribution of 0.24 l/kg in dogs. After IV administration 
of 1 mg/kg, robenacoxib was detectable for six hours in 
plasma; after oral and subcutaneous administration of the 
same dose, plasma concentrations were detected up to 
eight hours after administration in some dogs (Jung 
et  al.  2009). Metabolism of robenacoxib occurs primarily 
via hepatic biotransformation, with minimal parent drug 
excretion. The majority of the metabolites are excreted via 
the fecal route, with some eliminated in the urine 
(DailyMed  2020b). Terminal half-­life of elimination is 

1 hour in dogs and one to two hours in cats.
The anti-­inflammatory and analgesic effects for which 

robenacoxib is prescribed are due to COX inhibition and 
subsequent reduction in production of prostaglandins. 
Robenacoxib has been shown to have high selectivity for 
COX-­2  in both cats (Giraudel et  al.  2009; Pelligand 
et al. 2014) and dogs (King et al. 2010). King et al. (2010) 
compared the COX selectivity of robenacoxib to that of 
meloxicam, carprofen, deracoxib, and other NSAIDs in 
dogs. Of the NSAIDs investigated, robenacoxib was found 
to have the greatest selectivity for COX-­2. Robenacoxib is 
specifically labeled for the treatment of postoperative pain 
and inflammation associated with orthopedic surgery, 
ovariohysterectomy, and castration in cats ≥4 months of 
age, and for the control of pain and inflammation associ-
ated with soft-­tissue surgery in dogs ≥4 months of age 
(DailyMed 2020b). In cats administered three robenacoxib 
doses perioperatively, robenacoxib provided sufficient 
analgesia after ovariohysterectomy (Sattasathuchana 
et al. 2018). In a multisite study, 96 cats were administered 
either a single dose of meloxicam or robenacoxib before 
induction of anesthesia for soft-­tissue or orthopedic sur-
gery; robenacoxib was found to have superior analgesic 
efficacy (Kamata et  al.  2012). It is noteworthy that the 
majority of surgeries in that study were ovariohysterecto-
mies. A later multisite study of 147 cats demonstrated non-­
inferior efficacy of robenacoxib compared to meloxicam 
for the treatment of perioperative pain associated with 
orthopedic surgery (Speranza et  al.  2015). Robenacoxib 
is also non-­inferior in efficacy compared to ketoprofen in 
the treatment of musculoskeletal disorders (Giraudel 
et al. 2010; Sano et al. 2012), with Sano et al. (2012) report-
ing superior efficacy as compared to ketoprofen in owners’ 
assessment of activity and the human/animal relationship. 
The efficacy of robenacoxib for its labeled indications was 
further confirmed with a large multi-­center study of 349 
cats (King et  al.  2016a). In dogs, analgesic efficacy in a 
model of acute joint inflammation was non-­inferior to 
meloxicam (Schmid et al. 2010). Robenacoxib is also effec-
tive in the treatment of canine osteoarthritis, with similar 
efficacy and tolerability when compared to carprofen over 
a three-­month treatment period (Reymond et al. 2012).
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Robenacoxib has been demonstrated to have relatively 
high safety margins in comparison to administration of 
other NSAIDs. In preclinical trials, the most common 
adverse effects were incisional infection, dehiscence or 
bleeding in cats, and mild GI signs in cats and dogs 
(DailyMed 2020b). Robenacoxib has been shown to have 
no effect on GFR in cats (King et al. 2016b) or dogs (Panteri 
et  al.  2017) when administered orally at 2 mg/kg for 
seven days. King et  al. (2011) demonstrated no adverse 
effects of robenacoxib on the kidney, liver or GI tract when 
administered at up to 5× (10 mg/kg) the clinical dose 
orally for six months to healthy young beagle dogs. Toutain 
et al. (2018) published similar results. In cats administered 
up to 10 mg/kg orally for up to 42 days, no adverse effects 
were demonstrated clinically or histologically (King 
et al. 2012). In the clinical efficacy trial comparing robena-
coxib to carprofen for the treatment of canine osteoarthri-
tis, some dogs developed mild GI signs when administered 

2 mg/kg orally for 12 weeks (Reymond et  al.  2012). It is 
unknown whether these adverse events are related to 
robenacoxib administration. Toutain et  al. (2017) also 
demonstrated that the oral and subcutaneous formula-
tions may be safely interchanged in healthy young dogs 
over a series of 20-­day cycles. Preclinical trials demon-
strated some subcutaneous tissue inflammation and 
necrosis when subcutaneous injections were repeatedly 
administered over periods longer than three days. Long-­
term administration of robenacoxib may prolong the QT 
interval; cardiovascular health should be monitored 
(DailyMed 2020b). A single IV dose of robenacoxib does 
not appear to have significant adverse cardiovascular 
effects in healthy adult dogs (Desevaux et al. 2017). The 
safety of robenacoxib has not been investigated in breed-
ing, pregnant or lactating cats or dogs. Use of robenacoxib 
for more than three days, or in species other than cats and 
dogs is off label in the US.
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Pharmacology of Local Anesthetics

Local anesthetics are membrane-stabilizing agents. The 
resting membrane potential of most nerve cells is −60 to 
−90 mV. Nerve cells at rest are more permeable to potas-
sium ions, and the potassium ion concentration inside the 
cell is approximately 30 times greater than the concentra-
tion outside the cell. When the nerve is active, sodium 
channels are triggered to open, and sodium permeability 
increases so the membrane potential becomes less nega-
tive. If the membrane potential increases enough, addi-
tional sodium channels open and a wave of depolarization 
is propagated along the length of the axon.

When local anesthetic drugs are injected near the site of 
desired action, they diffuse to nerve cells or nociceptors. 
They cross cell membranes and bind to sodium channels. 
Local anesthetics stabilize the membranes preventing the 
depolarization process and initiation or conduction of 
impulses.

Local anesthetic drugs are weak bases, which dissociate 
into ionized and un-ionized forms in water. The ionized 
form of the drug is more water-soluble than the unionized 
form. Local anesthetics are purchased as acidic solutions, 
so the majority of the drug is in the ionized form. Once 
injected into a milieu with a more neutral pH (7.4), the 
amount of the unionized (neutral) form increases. The un-
ionized (neutral) form is lipid soluble and diffuses rapidly 
through cell membranes to reach the sodium channels 
(onset of action). Once the local anesthetic reaches the site 
of action (sodium channel), the ionized (charged) form is 
responsible for its activity. Thus, the non-ionized form of 
the drug crosses the cell membrane, and the ionized drugs 
blocks sodium channels. The ratio of ionized to un-ionized 

forms depends on the pKa of the drug and the pH of the 
environment. The pKa determines the degree of ionization 
and onset of action. As the pKa of the local anesthetic is 
increased, less free diffusible drug at tissue pH (7.4) is 
available, delaying the onset of action. For example, the 
pKa of bupivacaine is higher than that of lidocaine (8.1 vs. 
7.6), making bupivacaine slower in onset of action.

The effectiveness of local anesthetics is also affected by 
the tissue pH. The local environment depends to some 
degree on the blood supply. Local anesthetics are less effec-
tive in an acidic environment, such as tissue with infection 
and swelling (pH  =  3), because there is less uncharged 
drug present. Other factors that affect activity include pro-
tein binding and lipid solubility. As the protein binding of 
a drug is increased, the duration of the anesthetic effect is 
prolonged. For example, lidocaine is more protein bound 
than procaine (80% vs. 6%) so it has a longer duration of 
action. As the lipid solubility of a drug increases, its potency 
and toxicity are also increased. Bupivacaine is more lipid 
soluble than lidocaine, thus it is more potent and poten-
tially more toxic.

Neural Blockade

In veterinary medicine, local anesthetics are most fre-
quently injected near nerves in order to block conduction of 
impulses through the nerve. Local anesthetic blockade can 
affect sensory function, autonomic function, motor func-
tion or combinations of all three. Many nerves are mixed 
nerves, which contain fibers of varying diameters and 
amounts of myelin (e.g. trigeminal, facial, vagus). The fib-
ers are positioned at various places within the nerve sheath.

Turi K. Aarnes
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Nerve Classification

Nerves fibers are classified as large or small, depending on 
their diameter. Myelin acts like insulation allowing the 
energy of the nerve impulse activity to be conserved so that 
the impulse travels farther and at greater speeds. The more 
myelin, the harder it is to block nerve conduction. Large 
nerve fibers have a myelin sheath and are not as easily 
blocked by local anesthetics, and small nerve fibers have 
little to no myelin and are readily blocked.

Peripheral nerves can be classified according to size. In 
general, the larger the nerve the more difficult it is to block.

Nerve Blockade

Pain and temperature are blocked before touch and motor 
function. A dog with regional anesthetic blockade (e.g. 
brachial plexus block, epidural block) can be pain free and 
still have movement of the limb (differential blockade). 
Human patients feel no pain in their paralyzed arms or 
legs after regional anesthetic blockade (e.g. brachial plexus 
blocks, epidural blocks). We assume that animals are ade-
quately anesthetized if they don’t move after a surgical 
stimulus.

Nerve fibers located on the outer side of the nerve (man-
tle fibers) supply the more proximal parts of the body (e.g. 
shoulder, pelvis). Nerve fibers located in the center of the 
nerve (core fibers) supply the more distal parts of the body 
(e.g. fingers and toes). Anesthetic blockade progresses from 
mantle to core. Shoulders and pelvis become anesthetized 
first, digits become anesthetized last. Spread of anesthesia 
may take up to 20 minutes. Recovery from blockade occurs 
from the mantle to the core, because of the larger blood 
supply around the nerve, so sensation returns first in the 
shoulder and pelvis. The patient is fully recovered if the 
sensation in the digits returns.

Other Factors that Influence Local 
Anesthetic Activity

Other factors that influence local anesthetic activity 
include the dose of the anesthetic agent (large volume of 
drug improves diffusion speeding up onset of action), addi-
tives, site of injection, and pregnancy.

Additives

Additives that influence local anesthetic activity include 
vasoconstrictors, hyaluronidase, sodium bicarbonate, and 
liposomes. Drugs such as epinephrine or the α-2 agonists 
cause vasoconstriction, which reduce vascular absorption 
thus prolonging the duration of the local anesthetic effect. 
Because vasoconstrictors decrease blood flow, they should be 
added with caution when utilizing in end-arterial areas such 
as tails or ears as tissue necrosis could occur. Addition of epi-
nephrine to lidocaine decreased the chondrotoxicity of lido-
caine following 30-minute exposure (Di Salvo et al. 2016).

Hyaluronidase is an enzyme that break down hyaluronic 
acid in tissues. Hyaluronidase facilitates the spread of local 
anesthetic, speeding up the onset of action and broadening 
the effect. Hyaluronidase also enhances systemic absorp-
tion reducing duration and potential increasing toxicity.

Sodium bicarbonate can be combined with some local 
anesthetic drugs, which will result in alkalinization of local 
anesthetic solution, which shortens the onset of neural block-
ade, enhances the depth of sensory and motor blockade, and 
increases the spread of epidural blockade. Alkalinization 
increases the percentage of local anesthetic existing in the 
lipid soluble form that is available to diffuse across lipid cel-
lular barriers. Adding sodium bicarbonate will speed the 
onset of peripheral nerve block and epidural block by three to 
five minutes. However, the addition of sodium bicarbonate to 
some local anesthetics can result in precipitation.

Liposomes are vesicles consisting of bilayers of phospho-
lipid surrounding an aqueous phase. The phospholipid can 
act as a barrier to drug diffusion from the liposome, effec-
tively resulting in a slow-release preparation with a pro-
longed duration of action (Mashimo et  al.  1992). 
Incorporation of local anesthetics into liposomes also 
decreases toxicity. Liposome formulations are available. A 
new liposome encapsulated bupivacaine has been approved 
for use in dogs and cats in which bupivacaine has been 
incorporated into biodegradable microcapsules to prolong 
the duration of action (see bupivacaine below).

Site of Injection

Intrathecal administration has the shortest activity. 
Peripheral nerve blocks have the longest activity.

Table 12.1  Nerve Classification based on size, ease of 
blockade, type of nerve, and primary function.

Primary functionNerveEase of blockSize

Resistant toLarge
block

A- motoralpha

A- pressurbeta e

A-gamma proprioception

A- pain, temperdelta ature

B preganglionic, 
sympathetic

Easily blocked C painSmall
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Pregnancy

Duration of ester-linked local anesthetics may be pro-
longed due to decreased plasma cholinesterase activity. 
Increased spread and depth of an epidural or spinal 
(intrathecal) local anesthetic is also reported, due to 
mechanical factors and hormone changes.

Toxicity of Local Anesthetics

Toxicity of local anesthetic relates to the concentration of 
local anesthetic in the systemic circulation based on the 
dose, absorption rate, and metabolism. The clinical signs 
and order of appearance (from first to last) are seizures (or 
convulsions), apnea, hypotension, and death. The toxic 
effects of local anesthetic are typically related to their 
plasma concentration. Pharmacokinetics are altered 
(clearance is reduced) in animals following convulsions 
suggesting prolongation of a toxic effect (Arthur 
et  al.  1988a; Copeland et  al.  2008b). However, toxicity 
effects may be blunted by general anesthesia, resulting in 
differences in hemodynamic and CNS effects even at the 
same dosages (Copeland et al. 2008a). Chondrocyte toxic-
ity has been reported with all of the local anesthetics and 
their intra-articular use has decreased in recent years 
while infiltration use remains a mainstay of veterinary 
practice.

Allergic reactions are rare, despite frequent use. It is esti-
mated that less than 1% of all adverse reactions to local anes-
thetics are due to allergic reactions (humans). Most adverse 
responses that are attributed to allergic reactions are instead 
manifestations of excess plasma concentrations.

Chemical Structure of Local Anesthetics 
and Classification of Local Anesthetics

All clinically used local anesthetics have a similar chemical 
structure consisting of a lipophilic aromatic ring, and inter-
mediate chain (with either ester or amide linkage), and a 
hydrophilic secondary chain (Figure  12.1). Lipophilicity 
may influence the pharmacokinetics of different local 
anesthetics based on the route of administration (e.g. epi-
dural) and the octanol: water partition coefficient (Nava-
Ocampo and Bello-Ramirez 2004).

Ester-Linked Local Anesthetics

Ester-linked local anesthetics are rapidly metabolized by 
enzymes in the blood (pseudocholinesterase, procaine 
esterase). The ester-linked local anesthetic drugs typically 

have a short anesthetic duration (usually less than one 
hour), but allergic reactions have occurred (rare). Examples 
of ester-linked local anesthetics include cocaine, procaine, 
chloroprocaine, proparacaine, and benzocaine. The ester-
linked local anesthetics are not commonly used in veteri-
nary anesthesia.

Amide-Linked Local Anesthetics

Amide-linked local anesthetics are metabolized by the 
liver. The amide-linked local anesthetic drugs typically 
have an intermediate (2 hour) or longer (8 hour) anesthetic 
duration. Examples of amide-linked local anesthetics 
include lidocaine, mepivacaine, bupivacaine, and 
ropivacaine.

EMLA cream is a Eutectic Mixture of Local Anesthetics: 
lidocaine and prilocaine. A eutectic mixture is one in which 
the individual components are soluble in each other and 
the resulting compound has a lower melting point than the 
separate components. A 50 : 50 (weight: weight) mixture of 
lidocaine powder and prilocaine powder forms an oil that 
penetrates intact skin better than either drug alone. There 
is prolonged time to effect (approximately 60 minutes). 
There is also a potential for methemoglobinemia formation 
and so EMLA should not be used in cats. EMLA was as 
effective as infiltration of 2% lidocaine for episioplasty in 
mares (Erkert et al. 2005).

Figure 12.1  Chemical structure of local anesthetics.

Table 12.2  Commonly used local anesthetic in veterinary 
medicine.

Drug DurationOnset
Suggested dose 
(infiltration)

5–15Lidocaine   1–2min   <10hr  mg/kg

Mepiv 5–10acaine   <42–2.5 hrmin  mg/kg

R 5–15opivacaine   2.5–4min   <4hr  mg/kg

Bupiv 20–30acaine   2.5–6min   <4hr  mg/kg
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Lidocaine
Lidocaine has an intermediate potency and duration 
(approximately two hours). The pharmacokinetics of intra-
venous (IV) lidocaine are discussed in Chapter  20. 
Lidocaine is metabolized in the liver to two active 
metabolites in the horse: glycinexylidide and monoethylg-
lycinexylidide as well as inactive metabolites, such as 
3-hydroxylidocaine, 4-hydroxylidocaine, dimethylamine, 
and 4-hydroxydimethylalinine (Dirikolu et  al.  2000). 
Elimination is via urinary excretion (Dirikolu et al. 2000; 
Dickey et al. 2008). The metabolites in cattle are unknown 
(Cox et al. 2011).

IV lidocaine has been demonstrated to cause a dose-
dependent reduction in the MAC of sevoflurane and isoflu-
rane in dogs (Matsubara et  al.  2009; Muir et  al.  2003; 
Wilson et  al.  2008), horses (Dzikiti et  al.  2003; Rezende 
et  al.  2011; Villalba et  al.  2011), and goats (Doherty 
et  al.  2007). Pharmacokinetics of IV lidocaine demon-
strated higher serum concentrations in sevoflurane-
anesthetized horses compared with awake horses following 
administration of a 1.3 mg/kg IV loading dose and infusion 
of 50 mcg/kg/min, likely due to changes in volume of dis-
tribution and clearance (Freary et al. 2005). Lidocaine may 
increase intestinal motility following IV administration 
(Guschlbauer et  al.  2011). Lidocaine has been found in 
milk following lidocaine infiltration for surgery in cows 
(Sellers et al. 2009; Puente and Josephy 2001). Significant 
placental transfer occurs in pregnant ewes and lidocaine 
should be administered with caution during pregnancy 
(Kennedy et al. 1990).

Lidocaine has long been the mainstay of local anesthetic 
techniques in veterinary medicine due to its ubiquity in 
practice, it is inexpensive, and complications are 
uncommon.

Topical patches containing 5% lidocaine are utilized to 
desensitize skin following surgical incisions. Following 
72 hours of patch application, dogs and cats had lidocaine 
accumulation in the skin and low plasma lidocaine concen-
trations (Ko et al. 2007; Ko et al. 2008; Valverde et al. 2004; 
Weiland et al. 2006). Systemic lidocaine absorption was also 
low following 5% lidocaine patch placement in horses 
(Bidwell et al. 2007).

Mepivacaine
Mepivacaine has intermediate potency and prolonged 
duration (approximately 2.5 hours) compared to lidocaine. 
Mepivacaine is supplied as a racemic mixture of two enan-
tiomers (R and S). The major metabolite of mepivacaine in 
the horse is 3-hydroxymepivacaine, which is excreted in 
urine (Harkins et al. 1999a).

Mepivacaine is more commonly used in a clinical setting 
in equine practice compared with small animal practice. It 

is used for tissue infiltration blocks (Crandall et al. 2020), 
intraarticular administration (Adler et al. 2020), and nerve 
blockade (Harcourt et al. 2021).

Ropivacaine
Ropivacaine has a higher potency and longer duration 
compared with lidocaine and a similar onset as lidocaine. 
Ropivacaine is supplied as a single enantiomer (S). Due to 
the potential for cardiac toxicity, ropivacaine should not be 
administered intravenously.

In comparison to bupivacaine, ropivacaine is less potent 
(approximately 60%) (Capogna et  al.  1999). Ropivacaine 
has been associated with lower toxicity and less motor 
blockade than bupivacaine (Brockway et al. 1991), possible 
related to the formulation as the single S enantiomer. The 
major urinary metabolite in horses was determined to be 
3-hydroxyropivacaine (Harkins et al. 2001).

Clinical use of ropivacaine in veterinary medicine 
includes for local blockade of nerves (Harkins et al. 2001), 
regional blockade (Skarda and Muir  2003; Ganidagli 
et  al.  2004), epidural and spinal administration (Arujo 
et al. 2012), “splash” blockade and surgical site infiltration 
(Nicacio et al. 2020; de OL Carapeba et al. 2020), and tissue 
blockade (Cicirelli et al. 2022) in many veterinary species.

Short-term ropivacaine use may result in less chondro-
toxicity in equine chondrocytes compared with mepiv-
acaine (Silva et al. 2019) but, in a later study, viability of 
chondrocytes and fibroblast-like synoviocytes was 
decreased following ropivacaine exposure (Adler 
et  al.  2021). Bovine chondrocyte viability was negatively 
affected following ropivacaine exposure (Lo et al. 2009) but 
there was little effect on bovine tenocytes following expo-
sure to 0.5% ropivacaine (Piper et  al.  2012). Ropivacaine 
may also be associated with decreased toxicity following 
accidental IV administration due to a more rapid decrease 
in plasma concentrations compared with bupivacaine 
(Arthur et al. 1988b).

Bupivacaine
Bupivacaine has a higher potency and longer duration 
compared with lidocaine, but time to onset tends to be pro-
longed. Bupivacaine is supplied as a racemic mixture for 
two enantiomers: d-bupivacaine [R(+)-bupivacaine] and 
l-bupivacaine [S(−)-bupivacaine] for clinical administra-
tion. While pharmacokinetic differences exist in the differ-
ent racemates, only the racemic mixture of bupivacaine is 
available clinically (Derossi et  al.  2005; Mather et  al. 
1994).  In the horse, bupivacaine is metabolized to 
3-hydroxybupivacaine which is excreted in urine (Harkins 
et al. 1999a, Harkins et al. 1999b).

Bupivacaine has been evaluated for intraarticular admin-
istration, and was associated with rapid dilution and a 
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concomitant drop in synovial fluid concentrations suggest-
ing that chondrocyte damage from intraarticular adminis-
tration would be minimal (Barry et al. 2014). Intermittent 
infusion of bupivacaine into surgical wounds in dogs was 
associated with systemic absorption but not anesthesia of 
the wound (Hardie et al. 2011). Bupivacaine is most often 
used for infiltration blocks of nerves, for dentistry proce-
dures, epidural and subarachnoid administration, and 
wound infiltration due to its prolonged duration of action.

A liposome encapsulated formulation of bupivacaine 
has been approved for use in people, and also recently for 
use in dogs and cats. The safety of the liposome encapsu-
lated formulation has been evaluated in pre-clinical stud-
ies in dogs which determined that the safety of this 

formulation may be superior to that of the traditional 
bupivacaine formulation following IV, intraarterial, 
intrathecal, and epidural administration (Joshi et al. 2015). 
Incisional administration of the liposome encapsulated 
formulation dogs and rapids showed no adverse effects, 
although granulomatous inflammation was noted in one-
third of the rabbits (Richard et al. 2011). Similarly, granu-
lomatous inflammation was also associated with its use 
for peripheral nerve block (brachial plexus) in rabbits and 
dogs, with a lower maximum plasma concentration com-
pared with bupivacaine solution (Richard et al. 2012). In 
horses, this formulation was evaluated for perineural 
injection and was not associated with prolonged analgesia 
(Le et al. 2020).
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Introduction

Anticholinergics occur naturally in several plant species in 
high concentrations, including deadly nightshade (Atropa 
belladonna), henbane (Hyoscyamus niger), and Datura spe-
cies. The tropane alkaloids from these plants (atropine, 
hyoscyamine, and scopolamine) are toxic to many species 
in relatively low concentrations (Lee 2007). The isolation 
of the atropine molecule in the 1830s was a landmark dis-
covery for two reasons: first, it could then be used much 
more safely in clinical medicine, and second it was essen-
tial to performing research that identified the important 
parasympathetic neurotransmitter acetylcholine (Lee 2007). 
Glycopyrrolate, initially approved to treat gastric ulcers in 
people in 1961, was approved in injectable form for intra-
operative use in 1975 (Chabicovsky et  al.  2019). The 
anticholinergic drugs atropine and glycopyrrolate are fre-
quently used in the perianesthetic period in veterinary med-
icine to prevent bradycardia, treat bradyarrhythmias, 
decrease airway secretions, prevent or diminish vagal 
reflexes, and for their parasympatholytic action when revers-
ing neuromuscular blockade with drugs like neostigmine 
that have undesirable cholinergic effects (see Chapter 17).

­Mechanism of Action

Anticholinergics competitively antagonize acetylcholine at 
postganglionic muscarinic cholinergic receptors in the par-
asympathetic nervous system. Five subtypes of muscarinic 
receptor are known to exist, and are classified as M1–M5 
(Caulfield & Birdsall 1998). Muscarinic receptors are part 
of the family of G protein coupled receptors, and can acti-
vate multiple G proteins within the same cell (Karakiulakis 
and Roth  2012). The muscarinic receptors can be placed 
into two groups based on the primary G protein to which 

they couple. The odd-numbered receptors M1, M3, and M5 
are excitatory. They couple with Gq/11-type proteins and 
generally activate cellular mechanisms via phospholipase 
C, which produces diacyl glycerol and inositol triphos-
phate; these second messengers result in an increased con-
centration of intracellular ionized calcium. The 
even-numbered M2 and M4 receptors are inhibitory. They 
couple with Gi/o-type proteins and result in inhibition of 
adenylyl cyclase, which decreases cyclic adenosine 
monophosphate (AMP) within cells (Caulfield and 
Birdsall 1998). M1, M2, and M3 receptors can also activate 
protein kinase (Rosenblum et al. 2000). Muscarinic recep-
tors are present in virtually all tissues, with different recep-
tor subtypes generally having a tissue-specific anatomic 
distribution, and physiologic response (Table  13.1) 
(Eglen 2012; Saternos et al. 2018; Cuevas and Adams 1997; 
Croy et al. 2016; Raffa 2009).

Chemical Structure 
and Pharmacokinetics

Atropine

Atropine, manufactured as atropine sulfate, is a racemic 
mixture of l- and d-hyoscyamine. The l-isomer is responsi-
ble for the majority of pharmacologic activity. The atropine 
molecule consists of a tropic acid ester-linked to an organic 
base, yielding a lipid-soluble tertiary amine (see Figure 
13.1) (National Center for Biotechnology Information 
2022a), which easily crosses the blood–brain and blood–
placenta barriers (Proakis and Harris 1978).

Onset of action at the M2 receptor (increased heart rate) 
is rapid after intravenous (IV) and intramuscular (IM) 
atropine administration in dogs, with effects apparent at 
approximately one and five minutes after injection, 

Phillip Lerche
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Figure 13.1  Chemical structure of atropine (left) and glycopyrrolate (right).

Table 13.1  Muscarinic receptor subtypes, predominant response, tissue location, and physiologic 
responses.

Receptor
Predominant 
response Tissue location Physiologic response

M1 CNSStimulation Modulates cognitive functioning 
(e.g. learning, memory)
Analgesia

Cardiovascular ↑ heart rate
↑ inotropy
Vascular tone modulation

Gastrointestinal ↑ Gastric secretions
↑ Salivation

M2 CardiovascularInhibition ↓ Heart rate
↓ AV conduction (and associated 
AV block)
↓ Inotropy
Vasodilation

M3 CNSStimulation Insulin homeostasis
Emesis

Ocular Mydriasis

Gastrointestinal ↑ Gastric secretions
↑ Salivation
↑ Peristalsis

Bronchoconstriction,Airway smooth muscle ↑ secretions

Cardiovascular Vasodilation

M4 CNSinhibition Modulates locomotion
Dopamine regulation

Heart Modulates high-voltage-activated 
Ca2+ channels
Modulates K+ channels

M5 CNSstimulation Dopamine regulation

AV, atrioventricular; CNS, central nervous system; SA, sinoatrial.
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respectively, with a duration of 30 minutes (Hendrix and 
Robinson 1997). Other body systems are generally affected 
for one to several hours, although mydriasis after topical 
administration can persist for up to three days.

Hypovolemia induced by controlled hemorrhage 
decreased volume of distribution, but not other pharma-
cokinetic parameters, after IM administration of atropine 
when compared to normovolemic dogs (Smallridge 
et al. 1989). Compared to euthyroid dogs, the presence of 
hypothyroidism reduced clearance of atropine, and 
resulted in increased bioavailability and peak plasma con-
centrations after IM administration (Paret et al. 1911). The 
pharmacokinetics of atropine administered to dogs 
endotracheally and endobronchially have been reported 
(Paret et  al.  1911). Times to peak plasma concentration 
were shorter than one minute in both cases. Peak plasma 
concentration was higher, half-life was longer (39 ± 5 vs. 
28 ± 9 minutes), and clearance was slower after endobron-
chial administration when compared to endotracheal 
administration.

Atropine is hydrolyzed to tropic acid by atropine esterase 
activity in the plasma. Atropinase levels vary considerably 
among species. Rabbits have been shown to have high lev-
els of atropinase, which may render typical clinical doses 
ineffective in this species, however, this enzyme is not pre-
sent in high concentrations in all rabbits (Harrison 
et al. 2000). Tropic acid has been detected in the plasma of 
dogs, goats, pigs, and people in much smaller quantities 
than seen in rabbits after the addition of atropine in vitro, 
suggesting either very low levels of atropinase, or metabo-
lism via other esterases (Harrison et al. 2000). In dogs, up 
to 90% of atropine is excreted by the kidney unchanged 
(Albanus et al. 1968). Cats and rats metabolize atropine via 
hepatic esterases (Godeaux and Tønnsen 1949).

Glycopyrrolate

Glycopyrrolate, also known as glycopyrronium bromide, 
is a synthetic quaternary ammonium compound consist-
ing of a mandelic acid ester-linked to an organic base 
(Figure  13.1) (National Center for Biotechnology 
Information 2022b). As it has low lipid solubility, it does 
not cross the blood–brain or blood–placenta barriers 
(Proakis and Harris 1978).

The onset of action of glycopyrrolate is slightly slower 
than that of atropine, usually occurring within a few min-
utes. In awake dogs, the cardiovascular effects of glycopyr-
rolate have been shown to last for about 60 minutes, which 
is longer than those seen with atropine (Lemke  2001). 
Following IV injection, glycopyrrolate distributes rapidly 
to the vessel-rich group of tissues, except the brain. 
Glycopyrrolate undergoes hepatic metabolism in mice and 
rats, however, in dogs and people liver metabolism is more 
limited (Chabicovsky et  al.  2019). Liver metabolism is 
likely a function of hydroxylation and hydrolysis, with the 
main metabolite being M9 (2(RS)-2-cyclopentyl-2-
hydroxy-2-phenylacetic acid), which has not been shown 
to have muscarinic activity. In species where biotransfor-
mation is low, glycopyrrolate is mostly excreted unchanged 
in urine.

Pharmacodynamics

Both atropine and glycopyrrolate are relatively nonselec-
tive in their binding to muscarinic receptor subtypes. As a 
general rule, muscarinic receptors in salivary, cardiac, 
bronchial and ocular tissues are more sensitive to these 
drugs compared to responses seen other tissue groups. 
Atropine and glycopyrrolate differ in the response seen in a 
specific tissue type at clinically used doses. The degree of 
response is compared in Table 13.2 (Lerche 2015).

Central nervous system: Unlike glycopyrrolate, atropine 
crosses the blood–brain barrier. It is theoretically possible 
that atropine may cause sedation by blocking M1 receptors, 
however, the low doses used clinically do not produce 
noticeable sedation.

Cardiovascular system: M2 receptors in the sinoatrial 
node, the atrioventricular node, and the atrial myocardium 
mediate cardiac anticholinergic effects. Systemic adminis-
tration of atropine and glycopyrrolate blocks M2 receptors, 
which usually leads to an increase in heart rate, accelera-
tion of conduction through the electrical pathway of the 
heart, and increased contraction of the atria. Cardiac 
arrhythmias can occur following atropine administration 
(Muir  1978). At lower doses, bradycardia and second-
degree atrioventricular block may be seen (Richards 
et al. 1989). This transient effect is likely caused by presyn-
aptic M1 receptors being blocked, which results in an 

Table 13.2  Effects of atropine and glycopyrrolate on saliva production, heart rate, smooth muscle, and the eye (Lerche, 2015).

Drug Antisialagogue effects Smooth muscle relaxationHeart rate increase Ocular effects

Atropine + + + + + + + +

+ +Glycopyrrolate + + + No effect
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increase in acetylcholine release, leading to further slowing 
of heart rate (Wellstein and Pitschner 1988). This usually 
resolves spontaneously, and can also can be overcome by 
administering an additional dose of the anticholinergic 
drug. A relatively high dose of atropine in sheep (0.08 mg/
kg) has been shown to cause bradycardia (Clutton and 
Glasby 2008).

Heart rate can sometimes exceed the normal range after 
anticholinergic administration, resulting in sinus tachycar-
dia or other tachyarrhythmias. This is usually short-lived, 
typically resolving within 20–30 minutes. Drastic increases 
in heart rate can result in sudden increases in cardiac work 
and myocardial oxygen consumption, and a decrease in 
cardiac output. These effects may be undesirable in patients 
with cardiac disease.

Respiratory system: Antagonism of M2 and M3 receptors 
results in bronchodilation and decreased airway secretions. 
Bronchodilation decreases airway resistance, however, ana-
tomic dead space ventilation increases, resulting in a decrease 
in alveolar ventilation if tidal ventilation stays the same (West 
and Luks  2021). This could potentially contribute to the 
development of hypoxemia, however, since most patients 
under anesthesia are intubated and breathing oxygen-
enriched gases, it is unlikely to have any clinical impact.

Ocular effects: Topical application of atropine to the cor-
nea blocks the action of acetylcholine in cholinergic fibers 
innervating the circular muscles of the iris, resulting in 
mydriasis, and the ciliary muscle, resulting in cycloplegia 
in sheep, goats, cats, and horses (Ribeiro et  al.  2013; 
Whelan et  al.  2011; Stadtbäumer et  al.  2006; Davis 
et al. 2003; Mughannam et al. 1999). This is also the case 
with glycopyrrolate in rabbits (Varsanno et  al.  1996). 
Intraocular pressure (IOP) increases in cats after topical 
application of anticholinergics due to drainage angle clo-
sure (Stadtbäumer et  al.  2006), however, this does not 
occur in sheep and horses (Ribeiro et al. 2013; Mughannam 
et al. 1999). Atropine and glycopyrrolate both decrease tear 
production (Ludders and Heavner 1979; Arnett et al. 1984).

Topical glycopyrrolate induces mydriasis and cyclople-
gia in rabbits (Varsanno et  al.  1996), while systemic 
administration to dogs had minimal effects (Frischmeyer 
et al. 1993).

Gastrointestinal tract: Acting by blocking M3 receptors, 
glycopyrrolate and atropine decrease saliva production 
in monogastrics. Anticholinergic administration for anti-
sialagogue effects in ruminants is contra-indicated as 
saliva becomes viscous and thickens to the point where it 
may result in obstruction of the laryngopharynx. 
Blockade of M3 receptors in the gastrointestinal (GI) 
tract may lead to ileus. Motility was decreased for up to 
30 minutes in dogs and more than six hours in horses fol-
lowing glycopyrrolate administration (Short et al. 1974; 

Singh et al. 1997). Development of colic postoperatively 
in horses is multifactorial and antimuscarinic drug 
administration may be a contributing factor. Of 17 horses 
that received glycopyrrolate intraoperatively, one subse-
quently showed signs of colic (Gonçalves et  al.  2002; 
Dyson et  al.  1999). Anticholinergics are therefore not 
routinely used in horses (Ducharme and Fubini  1983), 
and, like in ruminants, are reserved for treating brady-
cardia. In monogastric animals, anticholinergics can 
decrease lower esophageal sphincter function, increasing 
the risk of gastroesophageal reflux and associated com-
plications such as aspiration pneumonia, esophagitis, 
and esophageal stricture (Roush et al. 1990).

Role in cardiopulmonary–cerebral resuscitation (CPR): – 
CPR guidelines for cats and dogs published in 2012 state 
that atropine can be administrated after every second basic 
life support cycle, i.e. every four minutes, particularly when 
asystole or pulseless electrical activity is thought to have 
occurred as a result of high vagal tone (Fletcher et al. 2012). 
The longer onset time of action of glycopyrrolate precludes 
its use for CPR.

Dose ranges for anticholinergics are presented in 
Table 13.3.

­Use with Other Drugs

In clinical veterinary anesthetic practice, anticholinergics 
are frequently mixed in the same syringe with other water-
soluble drugs (e.g. acepromazine and opioids) in preanes-
thetic medication combinations for their ability to prevent 
and counteract parasympathetic effects encountered in the 
perianesthetic period. Bradycardia is a common side effect 
of general anesthesia, and may be due to direct drug effects 
(opioids, alpha2 agonists), decreases in sympathetic tone 
(general anesthetics) or vagally-mediated reflexes. The use 
of anticholinergics to treat bradycardia associated with 

Table 13.3  Doses of anticholinergics (Lerche, 2015; 
Flecknell, 2016).

AtropineAnimal Glycopyrrolate

0.005–0.01 (IV or IM)0.02–0.04 (IV or IM)Cats and dogs

0.02–0.04Horses 0.0025–0.005

0.04–0.08Ruminants 0.0025–0.005

Pigs 0.04–0.08 0.0025–0.005

—Rabbits  0.01 (IV)
0.1 (IM or SC)

Doses for anticholinergics in mg/kg. Route of administration is IV 
except where noted. IV, intravenous; IM, intramuscular; SC, 
subcutaneous.



﻿  ­Reference 175

alpha2 agonists should be considered in light of the under-
lying mechanism. If bradycardia occurs secondary to a 
baroreceptor response as a result of vasoconstriction and 
high blood pressure, increasing the heart rate in the face of 
this increased afterload has the potential to decrease car-
diac output while simultaneously increasing myocardial 
oxygen consumption (Lemke et al. 1993). Cardiac output is 
usually not significantly improved when dogs are sedated 
with dexmedetomidine and atropine compared with dex-
medetomidine alone. Use of atropine with alpha2 agonists 
did not improve cardiac output and caused arrhythmias in 

dogs (Monteiro et  al.  2009). No benefit was noted when 
cats were sedated with dexmedetomidine and atropine ver-
sus dexmedetomidine alone, however, cardiac output was 
not evaluated in that study (Monteiro et al. 2009).

Several groups of drugs commonly used in the peri-
anesthetic period directly decrease GI activity (anticholin-
ergics, opioids, alpha2 agonists), and these effects may be 
additive. 

Electing to use an anticholinergic as part of an anesthetic 
protocol should be done after weighing the overall impact 
on the patient.
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Introduction

Analeptic drugs stimulate the central nervous system. This 
is accomplished by blocking inhibition or enhancing exci-
tation. Analeptic drugs used in veterinary medicine today 
include doxapram and the methylxanthines (caffeine, the-
ophylline, and aminophylline). Their original use was to 
provide CNS stimulation in the face of CNS depression but 
this use has fallen out of favor due to their lack of specific-
ity and side effects. Doxapram and methylxanthines are 
used to stimulate respirations especially in apnea of pre-
maturity in human infants and foals. The most common 
clinical use of doxapram is to evaluate airway function by 
stimulation of the arytenoids following dose-dependent 
depression by anesthetic drugs.

Doxapram

Evidence exists that doxapram has action both peripherally 
and centrally with the ultimate effect being concentration 
dependent. The peripheral effect is to act on chemorecep-
tors to stimulate respirations. This is accomplished mainly 
by an increase in tidal volume but can also be accompanied 
by an increase in respiratory rate. This increase in minute 
ventilation is accompanied by an increase in oxygen con-
sumption. Doxapram also acts centrally. It was discovered 
that animals anesthetized with phenobarbital became 
responsive following doxapram 5 mg/kg IV and awake ani-
mals given the same dose had seizures. Early clinical stud-
ies in humans noted increased respiratory rate and tidal 
volume in patients anesthetized with inhalants with a res-
piratory alkalosis noted on arterial blood gas and a mild 
increase in blood pressure. Centrally, faster awakening 
from inhalants was noted which led to its recommendation 
to be used with patients with central nervous system (CNS) 
or respiratory depression (Stephen and Talton 1964).

Early studies in dogs who underwent spinal cord tran-
section at C2 found the effect of doxapram was abolished, 
yet effects persisted with cutting of the vagus nerve sug-
gesting activity at the respiratory centers in the brainstem 
(Ward and Franko 1962). Increased brainstem inspiratory 
and expiratory neuronal activity has been observed in 
response to doxapram (Funderburk et  al.  1966). Recent 
work found direct input on the brainstem, specifically a 
rhythm generating center called the pre-Bötzinger com-
plex (Kruszynski et al. 2019), which is important in the 
generation of eupnea and gasping (Lieske et  al.  2000). 
Numerous researchers have also found increased respira-
tions through stimulatory action on the carotid and aortic 
chemoreceptors (Kato and Buckley  1964; Hirsh and 
Wang 1974; Mitchell and Herbert 1975). Research into the 
membrane currents of carotid glomus cells, the primary 
chemosensing cell in the carotid body, has revealed a role 
for TWIK-related acid sensitive K+ channels (TASK) and 
big potassium (BK) channels (voltage dependent and 
calcium-activated) (Peers  1991), with both hypoxia and 
doxapram appearing to inhibit these potassium channels. 
This inhibition causes depolarization of the cell and an 
influx of calcium through voltage-gated calcium channels 
which lead to neurotransmitters generating action poten-
tials on carotid sinus nerve afferents to increase ventila-
tion (Peers et  al.  2010). TASK channels were further 
investigated and doxapram was found to specifically 
inhibit TASK-1 and TASK-3 channels in a dose-dependent 
manner (Cotton et al. 2006).

The ventilation stimulus following doxapram 1 mg/kg IV 
is comparable to hypoxemia with a PaO2 of 38 mmHg in 
humans (Stoelting’s p. 360).

Adult horses receiving a 1.1 mg/kg IV doxapram bolus 
show a short duration of effect likely due to redistribution 
out of the brain and plasma and display an elimination 
half-life of two to three hours (Wernette et al. 1986; Sams 
et  al.  1992). The drug has a high extraction ratio with 

Caitlin Tearney

14

CNS Stimulants



CNS Stimulants178

clearance dependent on liver blood flow (Sams et al. 1992). 
Mean serum concentrations of doxapram in anesthetized 
neonatal foals were 1127 ng/ml (low dose: 0.5 mg/kg, 
0.03 mg/kg/min) and 3246 ng/ml (high dose: 0.5 mg/kg, 
0.08 mg/kg/min) (Giguère et  al.  2007) which are similar 
to  the therapeutic range of concentrations in infants 
(1500–4000 ng/ml) (Huon et al. 1998). A short duration of 
action due to a short elimination half-life and a rapid bio-
transformation to keto-doxapram which has a faster elimi-
nation rate than doxapram was confirmed in newborn 
lambs (Bairam et al. 1990).

Metabolism

Doxapram is rapidly metabolized and blood levels decline 
rapidly after a bolus, and low concentrations are excreted 
unchanged in the urine in dogs and horses (Pitts et al. 1973; 
Sams et al. 1992). The major metabolite is keto-doxapram 
which is a less potent respiratory stimulant (Bairam 
et al. 1990).

Clinical Use

In humans, clinical uses are slim as newer techniques and 
safer options have replaced its use. Doxapram is given to 
patients with chronic obstructive pulmonary disorder to 
maintain ventilation during oxygen supplementation as 
they rely on a hypoxic drive to breathe. In the past, it has 
been used when weaning a patient from mechanical venti-
lation and has been proposed for humans with obstructive 
sleep apnea. During the post-operative period, it can coun-
teract both respiratory and CNS depression of opioids with-
out reversing analgesia although its action is short lived. 
Doxapram has been shown to arouse patients following 
barbiturates, volatile anesthetics, nitrous oxide, and benzo-
diazepines (Yost  2006). It has utility in decreasing post-
operative shivering, although minor (Komatsu et al. 2005). 
Premature apneic neonates in the ICU given doxapram can 
avoid intubation and ventilation with efficacy similar to 
commonly used methylxanthines (Henderson-Smart and 
Steer  2004), although undesirable side effects similar to 
caffeine and an increase in blood pressure have also been 
noted. Doxapram has been recommended for infants unre-
sponsive to methylxanthines alone.

Foals affected by hypoxic–ischemic encephalopathy lose 
chemoreceptor sensitivity in the respiratory center result-
ing in apnea and severe respiratory acidosis. Pharmacological 
stimulation of respiration has been attempted with both 
doxapram and methylxanthines (Giguère et  al.  2007). 
In  this study, healthy neonatal foals were deeply anes
thetized with isoflurane to achieve hypercapnia (ETCO2 
70–80 mmHg), treatment with both low- and high-dose 

doxapram (low dose: 0.5 mg/kg loading dose, 0.03 mg/kg/
min for 20 minutes, high dose: 0.5 mg/kg loading dose, 
0.08 mg/kg/min for 20 minutes) increased respiratory rate, 
minute ventilation, arterial blood pH, and PaO2 and 
decreased PaCO2 significantly compared to saline control 
and caffeine citrate treatments [(10 mg/kg [5 mg/kg caffeine 
base/kg] given once in the low-dose group and repeated for 
the high dose)]. Doxapram also significantly increased arte-
rial blood pressure. The authors noted respiratory depres-
sion from inhalant anesthesia may differ from the 
respiratory sequala of ischemic CNS damage.

Findings on the effects of doxapram on respiration are 
similar in a study on awake, healthy neonatal calves (Bleul 
and Bylang 2012) where a dose of doxapram 40 mg (0.9 mg/
kg) IV increased respiratory rate, minute ventilation, and 
PaO2 and decreased PaCO2 for 90 minutes although maxi-
mal effect was seen at one minute post treatment. Lambs 
exhibited a similar increase in minute ventilation after 
doxapram 2.5 mg/kg IV (Bairam et al. 1990). Cats anesthe-
tized with pentobarbitone given doxapram 0.25 mg/kg/min 
for 15 minutes showed increased ventilation and decreased 
ETCO2 (Bopp et al. 1979).

Infusions of doxapram to stimulate ventilation to over-
come the respiratory depression of halothane anesthesia in 
ponies has been studied (Taylor 1990). A dose of 0.05 mg/
kg/min was found to stimulate ventilation without causing 
arousal under anesthesia.

Laryngeal paralysis is a common pathology in dogs and 
one in which the diagnosis requires direct visualization of 
the larynx or laryngoscopy. This requires a light plane of 
anesthesia which itself can affect laryngeal function and 
cause respiratory depression in a dose dependent fashion. 
To offset these effects, doxapram has been used to increase 
intrinsic laryngeal motion and respiratory effort (Miller 
et al. 2002). The anesthetic protocol in this study consisted 
of glycopyrrolate, acepromazine, butorphanol, and propo-
fol. Doxapram significantly increased the average area of 
the rima glottis during both inspiration and expiration. 
Doses of 1.1 and 2.2 mg/kg have been used to evaluate 
laryngeal function in dogs (Miller et  al.  2002; Tobias 
et al. 2004). Numerous other studies have used a variety of 
anesthetic protocols, a recent review found 67% of studies 
evaluated used doxapram as a respiratory stimulant and it 
successfully increased laryngeal motion in 75% of these 
studies (Ranninger et al. 2020). Dogs with laryngeal paraly-
sis given doxapram can exhibit paradoxical motion of their 
arytenoids secondary to the Bernoulli effect of increased 
negative airway pressure. This finding was also noted in 
normal dogs who had good laryngeal motion prior to 
receiving doxapram IV (Radkey et al. 2018).

The use of doxapram for neonatal resuscitation is con-
troversial (Traas  2008). Use was initially advocated in a 
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non-controlled study of puppies delivered via cesarean 
section given doxapram IV via the umbilical vein 
(Holladay 1971). Effects of doxapram have been shown to 
be diminished in hypoxic brains of lambs (Bamford 
et al. 1986) so it is unlikely to be beneficial in the apneic 
newborn. Resuscitation efforts should focus on warming, 
stimulating, reversal of anesthetic drugs, with a focus on 
supporting airway, breathing, and circulation before other 
emergency drugs are used.

Doxapram does have a wide margin of safety. In humans, 
a mild pressor effect exists suspected to be due to release of 
catecholamines (Abelson et al. 1996). An increase in blood 
pressure has been noted following doxapram given to hypo-
tensive or hypovolemic patients (Kim et al. 1971). However, 
a second study noted no change in hemodynamics when 
given to patients following thoracic surgery (Laxenaire 
et al. 1986). Effects seem to vary based on volume state. In 
euvolemic conscious dogs given 1.5 mg/kg doxapram IV, 
cardiac output increased by 15% but following hemorrhage 
to produce hypovolemia, cardiac output increased by 72% 
mainly due to an increased stroke volume (Kim et al. 1971). 
Healthy dogs anesthetized with medetomidine, propofol, 
and remifentanil showed a mild increase in arterial blood 
pressure following bolus and constant rate infusion (CRI) of 
doxapram compared to control (2 mg/kg bolus, 67 mcg/kg/
min) (Yun and Kwon 2015). Potential for arrhythmias and 
effects on QT interval seem to be greater in infants, espe-
cially if premature (Maillard et al. 2001). Attempts to induce 
ventricular arrhythmias in dogs were unsuccessful follow-
ing doxapram 4 mg/kg IV despite conditions of hypercap-
nia, halothane or cyclopropane anesthesia, and epinephrine 
IV (Huffington and Craythorne 1966).

Awake humans given doxapram have reported dyspnea. 
The increase in minute ventilation via increases in tidal 
volume and respiratory rate is well documented across spe-
cies and discussed above. More in-depth respiratory 
mechanics have been investigated in horses where 
0.3 mg/kg IV doxapram decreased airway compliance and 
increased airway resistance in horses with both normal 
and abnormal lungs (Aguilera-Tejero et al. 1997).

CNS excitation, anxiety, and panic are reported in peo-
ple. Seizures can occur when 20–40 times the dose that is 
required to stimulate respirations is given (Funderburk 
et al. 1966). Continuous infusions which are given to main-
tain respiratory stimulations can produce signs of CNS 
stimulation (hypertension, tachycardia, cardiac arrhyth-
mias, vomiting, hyperthermia). To investigate the effect of 
doxapram on cerebral blood flow, doxapram was injected 
into the cerebral circulation in instrumented goats. This 
resulted in a reduction in cerebral blood flow independent 
of blood carbon dioxide levels (Miletich et  al.  1976). 
However, this study conflicts with others, when doxapram 

was administered at 1 mg/kg IV a reduction in cardiac out-
put, heart rate, and blood pressure, although very briefly 
(30 seconds) was also recorded. Preterm infants treated 
with doxapram because they were unresponsive to caffeine 
showed an increase in cerebral oxygen requirement and 
decrease cerebral blood flow assessed using Doppler sonog-
raphy (Roll and Horsch 2004; Dani et al. 2006).

Doxapram’s effects as a non-selective CNS stimulant 
have been investigated in dogs sedated with acepromazine 
0.05 mg/kg IM (Zapata and Hofmeister  2013). Doxapram 
1.25 and 2.5 mg/kg IV 30 minutes after acepromazine 
decreased sedation scores for at least 30 minutes with no 
significant difference in sedation scores between the two 
groups suggesting it has a ceiling effect on CNS stimulation 
(Zapata and Hofmeister 2013). Panting was noted in male 
dogs receiving the higher dose of doxapram.

The ability of doxapram to speed elimination of inhaled 
anesthetics via increased minute ventilation and poten-
tially improve recovery has recently been investigated in 
horses. A small, randomized, crossover, blinded, prospec-
tive study compared two doses of doxapram (0.1 and 
0.2 mg/kg) plus xylazine 0.2 mg/kg IV at recovery following 
90 minutes of isoflurane anesthesia and found no differ-
ence in time to sternal, time to standing, or quality of 
recovery between groups, or compared to xylazine alone, 
or to saline control (Midon et al. 2022).

The LD50 is 72 mg/kg IV in rats manifesting in hyperac-
tivity, tremors, and seizures as well as salivation, diarrhea, 
vomiting, urination, and defecation (Ward et al. 1968).

The current formulation contains benzyl alcohol as a 
preservative so its use should be avoided in populations 
with known sensitivities (premature neonates, high doses 
in felines). In patients with thoracic disease due to a 
mechanical disorder (flail chest, pneumothorax) or restric-
tive lung disease (pulmonary fibrosis) doxapram could 
potentially worsen respiratory fatigue and not improve 
ventilation (Yost 2006).

Use caution in patients receiving sympathomimetics or 
monoamine oxidase inhibitors due to potential for com-
pounding cardiovascular stimulation.

Methylxanthines

Methylxanthines improve ventilation by direct stimulation 
of the respiratory center increasing sensitivity to carbon 
dioxide, improvement of diaphragmatic contractility, and 
antagonism of actions of adenosine (neurotransmitter that 
causes respiratory depression) facilitating release of cat-
echolamines (Comer et  al.  2001; Stark  2004). Caffeine is 
the preferred agent for treatment of apnea in premature 
infants. IV caffeine to apneic infants, neonatal lambs, and 
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cats resulted in significant increases in minute ventilation 
and tidal volume, without changing respiratory rate 
(Aranda et  al.  1983; Mazzarelli et  al.  1986; Bairam 
et al. 1992). Clinical use of caffeine in veterinary medicine 
is limited.

Pharmacokinetic studies of oral caffeine in adult horses 
have revealed a bioavailability of 39%, peak serum levels in 
2 hours, and a half-life of 10–21 hours (Greene et al. 1983; 
Aramaki et al. 1991; Schumacher et al. 1994). Extrapolating 
from clinical experience in infants led to the common rec-
ommendation of caffeine 10 mg/kg orally then 2.5–3 mg/kg 
orally once daily in foals (Vaala and Palmer 1998). However, 
based on the foal study (Giguère et al. 2007) where caffeine 
did not affect hypercapnia in neonatal foals under inhalant 
anesthesia and PK data in horses, it is unlikely these recom-
mendations are clinically effective. A follow-up retrospec-
tive analysis of foals affected with suspect hypoxic–ischemic 
encephalopathy showed treatment with doxapram to have a 
more significant decrease in PaCO2 than in foals treated 
with caffeine despite higher dosing of caffeine, loading dose 
of 7.5–12 mg/kg PO then 2.5–5 mg/kg once daily (Giguère 
et al. 2008). However, in this retrospective study, foals in the 
doxapram group had significantly lower baseline arterial 
pH and HCO3

−.
Side effects of methylxanthines in infants include tachy-

cardia, GI dysfunction, agitation, and irritability (Comer 
et  al.  2001). Methylxanthines primarily undergo liver 
metabolism by hepatic cytochrome P450. The major 
metabolite of caffeine is theophylline.

Theophylline is more active than caffeine as an adenosine 
receptor antagonist and, at high concentrations, inhibits 
phosphodiesterase. The drug also has anti-inflammatory 
properties including reducing chemical mediators in mast 
cells, decreasing cytokine expression in T-lymphocytes and 

macrophages, and reducing recruitment of neutrophils 
(Barnes 2013). The combinations of these actions result in 
smooth muscle relaxation and bronchodilation. This drug 
was once commonly used for treatment of asthma in people. 
The use of theophylline as a bronchodilator has largely been 
replaced by a more selective class of drugs with fewer 
adverse effects, the β 2 adrenergic agonists. Therapeutic 
plasma concentrations of theophylline are believed to be 
5–20 mcg/ml (extrapolated from humans), although toxicity 
can be seen within these doses and includes arrhythmias, 
CNS excitement, seizures, and GI irritation. Dogs appear to 
be more resistant to adverse effects until higher plasma con-
centrations are reached (Shibata et al. 2000). Recent work 
suggests therapeutic plasma concentrations in dogs to be 
5–30 mcg/ml (Reinhart et  al.  2021). In a clinical study of 
dogs with collapsing trachea, mean plasma concentrations 
of theophylline were 11.67 mcg/ml with a dosage range of 
7.5–30 mg/kg (Jeung et al. 2019). Adverse signs in this study 
consisted of diarrhea, dyspnea, tremor, and anorexia. 
Theophylline undergoes enterohepatic recirculation.

Clinical use today is mainly restricted to management of 
collapsing trachea in dogs and chronic bronchitis in dogs 
and cats. It is also used clinically to prevent diaphragmatic 
fatigue (Rozanski 2014), and as a positive chronotrope in 
patients with bradycardia such as sick sinus syndrome (Fox 
et  al.  1999). Available formulations of theophylline have 
been limited due to decline of use in human medicine, but 
recent compounded products evaluated in dogs appear to 
be well absorbed and have shown favorable pharmacoki-
netic properties (half-life 8.85 hours) with a recommended 
dose of 10 mg/kg every 12 hours orally (Cavett et al. 2019; 
Reinhart et al. 2021). Some inter-individual variation did 
exist in the studies which may warrant therapeutic drug 
monitoring with clinical use.
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Muscle relaxants affect skeletal muscle tone and function and 
include two major therapeutic groups: neuromuscular block-
ers and centrally acting muscle relaxants. Neuromuscular 
blockers interfere with transmission at the neuromuscular 
end plate and do not have central nervous system (CNS) activ-
ity. “Centrally acting” muscle relaxants act at the level of the 
cortex, brainstem, or spinal cord. The neuronal signals gener-
ated in motor neurons that cause muscle contraction are 
dependent on the balance of synaptic excitation and inhibi-
tion that the motor neuron receives. Central muscle relaxants 
work by either enhancing the level of inhibition or reducing 
the level of excitation. Inhibition is enhanced by increasing 
the actions of endogenous inhibitory substances such as 
gamma-aminobutyric acid  (GABA). Higher brain centers, 
including the cerebrum, cerebellum, and medulla oblongata, 
control activity in the ventral horn cells of the spinal cord 
which stimulate motor neurons and cause contraction.

Centrally acting muscle relaxant drugs used in veteri-
nary medicine, such as guaifenesin and benzodiazepines, 
produce muscle relaxation by selectively depressing trans-
mission of impulses at the internuncial or inter-neurons of 
the spinal cord, brainstem, and subcortical regions of the 
brain (Figure 15.1). The relaxation produced by centrally 
acting relaxants is not as profound as that produced by 
peripherally acting muscle relaxants. Other anesthetic 
agents that provide muscle relaxation include α2-
adrenoceptor agonists, anticonvulsants such as gabapentin 
and pregabalin and inhalant anesthetics. These compounds 
are reviewed elsewhere in the text.

Guaifenesin

Guaifenesin (glyceryl guaiacolate, [GG]) was originally 
derived from the Guaiacum genus of trees and has been 
used as a therapeutic agent for more than 80 years 

(Pang 2015). Historically, it was used in humans both as an 
anesthetic agent and in the management of tetanus but is 
currently only used as a cough expectorant (Pang 2015). It 
was introduced as an alternative to succinylcholine for 
anesthesia in the horse in 1949 and has been used in the 
US since 1965. At therapeutic doses, it was found to relax 
skeletal muscles without significant effects on the respira-
tory muscles or diaphragm compared to succinylcholine 
(Muir  2009; Posner  2018). Although the mechanism of 
action remains largely unknown, early evidence suggests 
that it acts centrally by depressing or blocking nerve 
impulse transmission at the internuncial neuron level of 
the subcortical areas of the brain, brainstem, and spinal 
cord (Funk  1970; Muir  2009; Pang  2015; Posner  2018; 
Plumb 2018a). GG produces effects similar to benzodiaz-
epines, decreasing transmission at the level of the inter-
nuncial or inter-neurons of polysynaptic reflexes at the 
level of the spinal cord (Posner 2018). It relaxes laryngeal 
and pharyngeal muscles, allowing for easier oral tracheal 
intubation. A prominent feature is the ability to decrease 
impulse transmission in the internuncial neurons of the 
spinal cord without significantly impairing respiratory 
ventilation (Muir 2009). Guafenesin produces recumbency 
and some sedative-hypnotic effects by binding to specific 
inhibitory neurotransmitter receptor sites in the reticular 
formation, brainstem and subcortical areas of the brain 
activated by GABA (Plumb 2018a). However, it does not 
cause unconsciousness nor provide analgesia sufficient for 
painful stimuli. When used alone, animals may obtain 
recumbency, but surgical anesthesia is not attained. 
Guaifenesin is still used as an adjunct anesthetic, usually 
co-administered with ketamine with or without an α-2 
agonist, for its sedative and muscle relaxation properties in 
equine, ruminant and camelid species. It can be used as an 
adjunct for both induction and total or partial intravenous 
(IV) anesthesia. It smooths induction and recovery as well 
as decreases the amount of other induction drugs required.

Bonnie L. Hay Kraus

15

Centrally Acting Muscle Relaxants



Centrally Acting Muscle Relaxants184

Guaifenesin is a white crystalline powder compatible 
with sterile water or D5W. Currently, there are no commer-
cially available injectable products marketed in the 
US. Therefore, the only way to obtain an injectable agent is 
by compounding from USP grade powder by pharmacies 
with the appropriate facilities and procedures 
(Plumb  2018a). It is recommended that compounding 
pharmacies use the formula of the previously available 
commercial products (per ml): Guaifenesin (50 mg), dex-
trose (50 mg), propylene glycol (20 mg), dimethyl aceta-
mide (50 mg), edetate disodium (0.75 mg), and water for 
injection or another validated formula (Plumb  2018a). 
Although a 10% solution is stable at room temperature for 
one week, it is recommended that the solution be prepared 
freshly prior to use (Plumb 2018a). Precipitation can occur 
at 22 °C (72 °F) which can be eliminated by warming and 
agitation. Guaifenesen is not a controlled substance and is 
approved as a skeletal muscle relaxant for use in horses. Its 
use in production animals is extra-label with a withdrawal 
time of 48 hours for milk and three days for meat 
(Posner 2018).

Guafenesin has a concentration-related risk of hemoly-
sis. Concentrations greater than 5% cause clinically signifi-
cant hemolysis in cattle (Wall and Muir  1990). Glucose 

solutions are reported to protect the red blood cell against 
the hemolytic effects of GG. Equine RBCs are less suscepti-
ble to the hemolysis, occurring at concentrations exceeding 
15%, however, a high incidence of jugular vein thrombosis 
is associated with concentrations greater than 5% (Herschl 
et al. 1992). Stabilized 15% guaifenesin solutions available 
in some countries may be less likely to cause hemolysis in 
horses but may still be associated with jugular vein throm-
bosis (Lerche 2013). Urticarial reactions can be observed in 
horses administered high GG concentration (10–15%) of 
either commercially available or compounded solutions 
(Muir  2009). The mechanism is unknown. Perivascular 
injection causes tissue damage resulting in inflammation, 
tissue swelling, thrombophlebitis and sloughing 
(Muir 2009; Pang 2015).

Guaifenesin has a reported therapeutic index of two to 
four times the dose required to produce recumbency in 
horses (Funk  1970). Clinical signs of overdose include 
opisthotonus, irregular/apneustic breathing, nystagmus, 
hypotension, and muscle rigidity and occur at an average 
dose of 180 mg/kg (Funk  1973; Plumb  2018a). The toxic 
signs may be attributed, in part, to the catechol compound 
formed during biotransformation of GG as it is known to 
produce convulsions followed by paralysis and death 

Figure 15.1  Higher brain centers control muscle activity through the ventral horn cells of the spinal cord. Central muscle relaxants, 
including guafenesin and benzodiazepines, increase the inhibitory effects of GABA thereby decreasing transmission at the level of the 
inter-nuncial or interneurons of the ventral horn of the spinal cord. (modified using Adobe Illustrator, attributed to Bill Connelly 
(http://en.wikipedia.org/wiki/Muscle_relaxant#/media/File:Spasticity2.svg), link to licence site at CreativeCommons Attribution-
ShareAlike: http://creativecommons.org/licenses/by-sa/3.0/)

http://en.wikipedia.org/wiki/Muscle_relaxant#/media/File:Spasticity2.svg
http://creativecommons.org/licenses/by-sa/3.0/
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caused by respiratory and circulatory failure (Davis and 
Wolf 1970). Treatment of toxicity should be based on sup-
portive care until plasma levels decrease. The veterinary 
label indicates that physostigmine is contraindicated in 
horses receiving guafenesin but no explanation of the 
actual interaction is noted (Plumb  2018a). Other anti-
cholinesterase agents may also be contraindicated.

When GG is administered as a single agent, recumbency 
occurs in two minutes and lasts approximately six minutes. 
Sedation has a duration of 15–30 minutes and muscle 
relaxation persists for 10–20 minutes (Plumb  2018a). IV 
GG undergoes rapid equilibration in 5–10 minutes, fol-
lowed by a longer elimination phase. GG is metabolized by 
the liver where it is conjugated with glucuronide and 
excreted in the urine (Muir 2009). Catechol is an interme-
diary compound. Plasma half-life in ponies and horses is 
~60–80 minutes (Davis and Wolf 1970; Hubbell et al. 1980). 
There is a significant gender difference in the half-lives of 
ponies; where males have a T1/2 of ~85 minutes and female 
T1/2 is ~60 minutes (Davis and Wolf 1970). The half-life in 
donkeys is also longer because of lower clearance 
(Matthews et al. 1997).

When administered as a single agent, GG has minimal 
cardiovascular effects. At clinical doses, guaifenesin does 
not significantly affect ventilation, heart rate (HR), pulmo-
nary arterial pressure and cardiac output (CO) (Hubbell 
et al. 1980; Muir 2009). Arterial blood pressure decreases 
but only minimally so. Cardiac contractility is not decreased 
and may slightly increase after recumbency. Heart rate, 
cardiac contractile force, right atrial pressure, pulmonary 
arterial pressure, and CO remain unchanged, however, a 
transient decrease in blood pressure is observed (Hubbell 
et al. 1980). Xylazine decreases the dose of GG required for 
recumbency, however, it also causes a decrease in HR, CO, 
respiratory rate (RR) and further decreases in blood pres-
sure and the partial pressure of arterial oxygen (PaO2) 
(Hubbell et  al.  1980). Horses maintained in the upright 
position have minimal blood gas alterations; the arterial 
partial pressure of carbon dioxide (PaCO2) remains 
unchanged. However, after induction to lateral recum-
bency, RR increases but minute volume and PaO2 decrease 
and with continued infusion; PaCO2 significantly increases 
leading to acidosis (Schatzmann et al. 1978). A high inci-
dence of apnea occurs when GG is infused before a bolus of 
barbiturate for induction and may be avoided by co-
administration of barbiturate or ketamine with GG 
(Hubbell et  al.  1980). Serum chemistry and hematologic 
values remain unchanged as long as solutions below those 
that induce hemolysis are used. Laryngeal and pharyngeal 
muscles become relaxed, facilitating intubation of the tra-
chea. The additional CNS depression and muscle relaxa-
tion provided by guaifenesin may allow for smaller doses of 

more cardiovascular depressing drugs, therefore preserv-
ing cardiovascular function. GG crosses the placental bar-
rier producing concentrations ~30% of that found in the 
maternal circulation, but foals reportedly do not show 
signs of significant depression (Hubbell et  al.  1980). 
Guaifenesin does not predispose to premature delivery or 
abortion in the mare (Muir 2009). Detrimental effects on 
pregnant animals have not been reported but fetal move-
ments are suppressed in cattle.

Although the approved dose in horses is 2.2 ml/kg 
(110 mg/kg), significantly less is used when GG is adminis-
tered with other CNS depressants (Posner  2018). 
Guaifenesin is most commonly used as a co-induction 
agent for anesthesia induction and/or as part of a total IV 
anesthesia or partial IV anesthesia regimen for mainte-
nance of anesthesia after induction. GG helps in producing 
a smooth induction and recovery from anesthesia as well 
as decreases the doses of other drugs. The primary disad-
vantage in using GG is the large volume required to pro-
duce relaxation. The recommended adjunct induction dose 
of 30–50 mg/kg (~300–500 ml of a 5% solution) requires use 
of large-bore IV catheters and a method for rapid adminis-
tration such as a pressure bag. Typical use for equine 
induction includes premedication with an α-2 agonist or 
phenothiazine, with or without an opioid. After the horse is 
sedated, guaifenesin is rapidly infused using pressurization 
until marked sedation and muscle relaxation is achieved 
which is clinically evident by buckling of the limbs. GG is 
then discontinued or slowed and the induction agent is 
administered. Ketamine at 2.2 mg/kg (or thiopental where 
available) can be administered as a bolus and recumbency 
usually occurs within 60 seconds. For compromised patients, 
the dose of α-2 agonist should be reduced and guaifenesin 
is administered initially at a slower rate to create the desired 
level of sedation and to allow adequate time for the cen-
tralization of cardiac output. Since guaifenesin has a slow 
onset of action, this initial slow rate of administration 
avoids making the patient overly ataxic while waiting for 
centralization (Plumb 2018a). Guaifenesin is then rapidly 
infused using pressurization until marked sedation and 
muscle relaxation is achieved evidenced by buckling of 
front limbs and lowered head carriage. The ketamine bolus 
dose may be reduced in compromised patients or the calcu-
lated induction dose may be added to the infusion bag of 
GG to allow better titration of induction doses.

More recently, GG has been used as an adjunct prior to 
induction with the newer injectable anesthetic agents 
propofol and alfaxalone. In unpremedicated healthy adult 
horses, GG (70–90 mg/kg IV) was able to decrease the 
adverse anesthetic induction events (excitation, myotonus, 
paddling, rigidity) associated with propofol induction in 
horses (Brosnan et  al.  2011). Preliminary trials with 
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alfaxalone induction after premedication with an α-2 ago-
nist alone resulted in excitation and uncontrolled induc-
tions (Goodwin et  al.  2011,  2019). The addition of GG 
(35 mg/kg IV) in horses premedicated with acepromazine 
0.03 mg/kg and xylazine 1.0 mg/kg IV prior to induction 
with alfaxalone (1.0 mg/kg) significantly improved induc-
tion quality to good–excellent (Goodwin et al. 2011, 2019). 
Induction quality was evaluated as good to excellent (4–5 
out of 5) and recoveries were also assessed as good 
(Goodwin et al. 2011, 2019).

Guafenesin is also frequently used as part of total or par-
tial IV anesthetic regimens. It is usually combined in 
“Triple Drips” that also contain ketamine and an α-2 ago-
nist (xylazine, detomidine, romifidine, medetomidine, or 
dexmedetomidine) and are reviewed elsewhere 
(Lerche  2013; Valverde  2013) (Table  15.1). The standard 

“GKX” recipe contains GG (50 mg/ml, 5%), ketamine 
1–2 mg/ml (use 2 mg/ml for longer or more painful proce-
dures) and xylazine 0.5 mg/ml. The triple drip CRI is 
administered at a rate of 1.5–2.2 ml/kg/hour (75–110 mg/
kg/hr) but can be higher when administered “to effect” 
depending on the procedure, patient response, and keta-
mine concentration (Plumb  2018a). The average dose at 
which clinical signs of overdosage can occur is 180 mg/kg 
(1.8 l of 5% GG for 500 kg horse) (Funk 1973). Therefore, 
time and dose should be limited to ~1 hour and 1–1.5 l of 
5% GG to avoid GG toxicity. Horses should be intubated 
and provided oxygen supplementation via demand valve or 
nasal insufflation of oxygen at a rate of 10–15 l/min when 
available to counter the respiratory depression and decrease 
in PaO2 associated with GG and recumbency. Recovery 
after guaifenesen administration is generally uneventful 
with horses rolling into a sternal position and standing in 
one or two attempts.

In cattle, guaifenesin produces muscle relaxation and 
ataxia at dose of ~50 mg/kg (Lin  2014a). Significant 
decreases in arterial pressure and respiratory acidosis were 
observed in buffalo calves administered guaifenesin. 
However, the dose was quite high at 165 mg/kg (Singh 
et  al.  1981). Guaifenesin can be used alone at doses of 
15–25 mg/kg IV for standing sedation in large ruminants 
and camelids (Lin  2014a). The dose should be carefully 
titrated to avoid excessive muscle relaxation and recum-
bency; analgesics should be administered for painful pro-
cedures or conditions. Triple drip contains GG, ketamine, 
and xylazine and can be used for induction and short-term 
(<30–60 minutes) maintenance of anesthesia in large and 
small ruminants, calves, and camelids (Table  15.1). 
Camelids are less sensitive to xylazine and therefore, the 
dose of xylazine should be higher. GKX (GG 5%, ketamine 
1.0 mg/ml, xylazine 0.1 mg/ml) was compared to isoflurane 
for induction and maintenance of anesthesia in 
2–26-day-old calves ventilated on 100% oxygen (Kerr 
et  al.  2007). A smooth induction was accomplished with 
~0.5 ml/kg of GKX and calves were maintained with 
~2.5 ml/kg/hr for laparoscopic bladder surgery (Kerr 
et  al.  2007). Heart rate was significantly lower but blood 
pressure was significantly higher in the GKX group com-
pared to the isoflurane group, however, there were no sig-
nificant differences in cardiac index nor blood gas values 
(Kerr et al. 2007). GKX (GG 5%, ketamine 1.0 mg/ml, xyla-
zine 0.1 mg/ml) has also been used to induce (~1.2 ml/kg) 
and maintain (~2.6 ml/kg) Suffolk sheep (Lin et al. 1993). 
There were no significant differences in heart rate or non-
invasive blood pressure from baseline. Intubation and sup-
plementation with 100% oxygen is recommended to 
counter respiratory depression resulting in high partial 
pressure of carbon dioxide (PaCO2) and low partial 

Table 15.1  “Triple Drip” can be used for total intravenous or 
partial intravenous anesthesia after induction in horses and for 
induction and/or maintenance in cattle, small ruminants, 
camelids, and swine. Due to species and breed variation 
in sensitivity to xylazine, it is important to adjust 
the concentration and rate of administration accordingly.

TIVA/PIVA preparation
Final 
concentration Infusion rate

Equine triple drip

GKX
Add 50 gm GG to 1.0 l 5% 
dextrose, 1–2 gm ketamine, 
500 mg xylazine

G: 50 mg/ml
K: 1–2 mg/ml
X: 0.5 mg/ml

1–2 ml/kg/hr

GKD
Same as above, substitute 
20 mg detomidine for 
xylazine

D: 20 mg/mL 1 – 2 mL/kg/hr

Bovine triple drip

GKX
Add 50 gm GG to 1.0 l 5% 
dextrose, 1–2 gm ketamine, 
50–100 mg xylazine

G: 50 mg/ml
K: 1–2 mg/ml
X: 0.05–
0.1 mg/ml

Induction:
0.5–1.0 ml/kg
Maintenance: 
1–2 ml/kg/hr

Sheep
Same as Bovine, except only 
1.0 gm ketamine

Camelid
Same as Bovine, except 
100–250 mg xylazine

X: 0.1 – 
0.25 mg/ml

Swine triple dripa

Add 50 gm GG to 1.0 l 5% 
dextrose, 1–2 gm ketamine, 
xylazine 1.0 gm 
(1000 mg = 10 ml)

G: 50 mg/ml
K: 1–2 mg/ml
X: 1.0 mg/ml

Induction: 
0.5–1.0 ml/kg
Maintenance: 
1.0–2.0 ml/kg/
hr

a Note: swine xylazine dose 2× horse and 10× bovine dose.
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pressure of oxygen (PaO2) (Lin et al. 1993). Triple drip can 
be used in properly restrained adult cattle without premed-
ication and induction of anesthesia is smooth with good 
muscle relaxation. Tracheal intubation is recommended to 
prevent aspiration of ruminal contents. Supplementation 
with O2 (10–15 l/min) during prolonged procedures may 
help prevent hypoxemia caused by hypoventilation and 
recumbency. Recovery to standing usually occurs within 
40–45 minutes after discontinuation of the infusion 
(Lin 2014a).

Guaifenesin is not used routinely in dogs due to the large 
volume requirement. It has been combined with xylazine 
and ketamine in situations where inhalant anesthesia is 
unavailable. The GKX mixture is made with 2.0 ml of 5% 
ketamine and 1.25 ml of 2% xylazine added to 100 ml of 5% 
guaifenesin and infused at 2.2 ml/kg IV (Benson et al. 1985; 
Mezerová et al. 1992).

Benzodiazepines

Benzodiazepines, as a group, provide five pharmacologic 
effects in slightly varying degrees: sedation and hypnosis, 
anxiolysis, anterograde amnesia, anti-convulsant activity, 
and spinal-cord-mediated skeletal muscle relaxation 
(Rathmell and Rosow  2015; Vuyk et  al.  2020). 
Benzodiazepines were first discovered in the 1950s and 
chlordiazepoxide (Librium) was the first benzodiazepine 
patented (Posner 2018; Vuyk et al. 2020). Diazepam was syn-
thesized in 1963 and used for induction of anesthesia in 
human medicine and oxazepam (Seresta), which is a metab-
olite of diazepam, also became available (Vuyk et al. 2020). 
Lorazepam (Ativan) became available in the 1970s in an 
attempt to produce a more potent benzodiazepine. 
Midazolam (Versed, Dormicum) was synthesized in 1976 
and became the first benzodiazepine primarily used for 
anesthesia (Vuyk et al. 2020). Remimazolam is a new ultra-
short-acting benzodiazepine that is rapidly degraded in the 
plasma by nonspecific esterases and is presently undergoing 
phase III trials (Vuyk et  al.  2020). Benzodiazepines are 
widely prescribed in human medicine for anxiety and sleep 
disturbances and have added to addiction concerns world-
wide. Ongoing research is focused on the neural mecha-
nisms of the reward-related effects of benzodiazepines, 
which appear related to the α-2 and α-3 subunits of GABAA 
receptors (Vuyk et al. 2020). The common benzodiazepines 
used in human anesthesia include midazolam (the most 
common), diazepam, lorazepam, and temazepam (Vuyk 
et al. 2020). Midazolam is classified as short-acting, loraze-
pam and temazepam as intermediate and diazepam as long-
acting, according to their metabolism and plasma clearance 
(Vuyk et al. 2020). In veterinary medicine, benzodiazepines 
are used for their anti-convulsant properties (diazepam, 

midazolam, clonazepam, and clorazepate), management of 
behavioral issues (diazepam, clorazepate, alprazolam, loraz-
epam, oxazepam, and orazepam) and as adjuncts in veteri-
nary anesthesia (diazepam, midazolam, lorazepam, and 
zolazepam). This discussion will focus on the use of benzo-
diazepines in veterinary anesthesia, however, reference to 
other uses will be included where appropriate. The benzodi-
azepine effects of sedation/hypnosis, anxiolysis, and spinal-
cord-mediated skeletal muscle relaxation contribute to their 
beneficial use as anesthetic adjuncts. In humans, benzodiaz-
epines also have an antegrade amnesic effect which is even 
more potent than the sedative effects. Stored information 
(retrograde amnesia) is not altered (Rathmell and 
Rosow  2015). Although difficult to assess in animals, the 
antegrade amnesic properties may be especially useful in 
veterinary patients, where the recognition of fear and anxi-
ety associated with veterinary visits and procedures has 
recently gained significant concern and attention.

Benzodiazepines produce their pharmacologic effects by 
facilitating the actions of GABA at the GABAA receptor 
(Figure 15.2). GABA is the primary inhibitory neurotrans-
mitter in the CNS. GABAA is a large macromolecule that 
has α, β, and γ subunits and separate binding sites (Rathmell 
and Rosow  2015). The benzodiazepines do not directly 

Figure 15.2  GABAA receptor is a ligand-gated chloride channel 
with separate binding sites for GABA, benzodiazepines, 
barbiturates, propofol and neurosteroid anesthetics. 
Benzodiazepines interact with the site between the α and γ 
subunits and enhances the binding of GABA which increases 
chloride conductance and hyperpolarizes the post-synaptic cell 
membranes.
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activate GABAA receptors but bind at their specific site and 
then allosterically enhance the affinity to GABA which 
increases chloride conductance and hyperpolarizes the 
post-synaptic cell membrane. This renders it resistant to 
excitation which is the mechanism by which benzodiaz-
epines exert their effects (Rathmell and Rosow 2015; Vuyk 
et al. 2020). The α-subunit (α1, α2, α3, α5) and β-subunit 
must be co-expressed with the γ subunit for the GABAA 
receptors to be sensitive to benzodiazepines (Mohler 2014). 
The GABA binding site is located between the α- and β-
subunits. Benzodiazepines do not bind to the same recep-
tor site on the GABAA receptor complex as GABA. They 
bind to distinct benzodiazepine binding sites situated at 
the interface between the α- and γ-subunits of α- and γ-
subunit containing GABAA receptors. Also, they do not 
activate the receptor directly, but allosterically enhance the 
affinity of the receptors for GABA. This causes a greater 
frequency of channel openings, increased chloride con-
ductance and hyperpolarization of the post-synaptic cell 
membrane leading to less excitation of the post-synaptic 
neurons. Hyperpolarization and resistance to excitation is 
presumed to be the mechanism by which benzodiazepines 
produce anxiolysis, sedation, amnesia, anti-convulsant and 
skeletal muscle relaxant effects (Rathmell and Rosow 2015). 
The GABAA receptor has a pentameric structure that is 
built from 18 or more subunits (Vuyk et al. 2020). Different 
combinations of the pentameric structure occur in differ-
ent parts of the brain. The α subunit occurs in six isoforms 
(α1–α6) (Vuyk et  al.  2020). The four subtypes of 
benzodiazepine-sensitive GABAA receptors are distin-
guished by their α subunits: α1, α2, α3, and α5 which show 
distinct expression patterns in the CNS (Mohler 2014). The 
GABAA subtypes mediate the different pharmacologic 
effects of benzodiazepines. α-1 subunits containing GABAA 
receptors are important for the sedative, anti-convulsant, 
anti-grade amnesia, and dependence actions (Mohler 2014). 
Muscle relaxation is mediated via α2 subunits (Vuyk 
et al. 2020). Anxiolysis is mediated by α2 and α3 at high 
receptor occupancy (Mohler 2014). α2 subunit containing 
receptors are also thought to be involved in pain suppres-
sion through α2 spinal receptors (Mohler  2014). The α1 
containing GABAA receptors are the most abundant recep-
tor subtypes, accounting for approximately 60% of GABAA 
receptors in the human brain (Mohler 2014). α-2 subunits 
containing receptors have a more restricted distribution, 
principally in the hippocampus and amygdala. The α5-
containing GABAA receptors are primarily extra-synaptic 
and are responsible for modulation of the resting mem-
brane potential (Rathmell and Rosow 2015). The benzodi-
azepine receptors are found in highest numbers in the 
cerebral cortex, cerebellum, hippocampus, substantia 
nigra, inferior colliculus and olfactory bulb, whereas lower 

numbers of receptors are found in the striatum, lower 
brainstem, and spinal cord (Reves et  al.  2009; Vuyk 
et al. 2020). In addition to GABA and benzodiazepine bind-
ing sites, the GABAA receptor contains separate binding for 
barbiturates, etomidate, propofol, neurosteroids, and alco-
hol. Since these compounds all act on a single receptor, 
albeit at different binding sites, they can produce synergis-
tic effects to increase GABAA receptor-mediated inhibition 
in the CNS. This synergy is also the basis for pharmaco-
logic cross-tolerance with these drugs (Rathmell and 
Rosow 2015).

Based on their effects at the benzodiazepine binding site 
on the GABAA receptor, compounds may be classified as 
agonists, partial agonists, antagonists, partial inverse ago-
nists and inverse agonists. Agonists increase binding affin-
ity of GABA opening the chloride channel leading to 
agonist effects such as sedation, anxiolysis or anti-
convulsant actions. Inverse agonists decrease the amount 
of chloride current generated by GABAA receptor activa-
tion and decrease inhibitory GABAnergic synaptic trans-
mission leading to CNS excitation. Agonists, such as 
midazolam, shift the GABA concentration-response curve 
to the left whereas inverse agonists shift the curve to the 
right. Both these effects are blocked by antagonists such as 
flumazenil at the benzodiazepine binding site. In the 
absence of an agonist or inverse agonist for the benzodiaz-
epine binding site, antagonists do not affect GABAA recep-
tor function (Reves et al. 2009).

­Pharmacokinetics – Human

Differences in onset and duration of action of benzodiaz-
epines are due to differences in potency (which is related to 
receptor-binding affinity), lipid solubility (the ability to 
cross the blood–brain barrier and redistribute to peripheral 
tissues) and pharmacokinetics (uptake, distribution, 
metabolism, and elimination). All benzodiazepines are 
highly lipid soluble and highly protein bound; hypoalbu-
minemia may result in enhanced clinical effects (Rathmell 
and Rosow 2015). The plasma disappearance curves of all 
benzodiazepines can be described by a two- or three-
compartment model (Vuyk et  al.  2020). Protein binding 
and volumes of distribution are very similar for the differ-
ent benzodiazepines; however, the clearance is signifi-
cantly different for specific drugs and between species. 
Factors that may influence the pharmacokinetics include 
age, gender, race, enzyme induction and hepatic or renal 
disease (Vuyk et al. 2020). Pharmacokinetics of benzodiaz-
epines are also influenced by obesity as the volume of dis-
tribution increases as the drug diffuses from plasma to fat. 
Although clearance is not affected, elimination half-lives 
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are prolonged due to the increased volume of distribution 
and the delay in drug returning to the plasma in obese 
patients (Vuyk et al. 2020). Additional factors may contrib-
ute to increased “sensitivity” of elderly patients to benzodi-
azepines since pharmacokinetics are minimally altered 
(Vuyk et al. 2020).

Midazolam has a unique solubility profile due to its fused 
imidazole ring. It has pH-dependent solubility: it is water 
soluble as formulated in its buffered acidic medium (pH 
~3.5) but is highly lipid soluble at normal physiologic 
pH. Midazolam has a higher lipid solubility resulting in 
faster onset and shorter duration of action compared to 
diazepam. It also has a higher affinity for benzodiazepine 
receptors, making it three to six times as potent as diaze-
pam (Reves et al. 2009; Rathmell and Rosow 2015).

­Metabolism – Humans

In general, benzodiazepines are metabolized by two types 
of reactions. Phase I oxidase reactions form metabolites 
that are still pharmacologically active, although this varies 
with specific metabolites. Phase II reactions are conjuga-
tion reactions, primarily with glucuronide. Glucuronidation 
is a very important mechanism in the elimination of ben-
zodiazepines because it inactivates the metabolites, makes 
them more water soluble and accelerates their renal excre-
tion (Driessen et al. 1987).

Midazolam is rapidly distributed after IV administration, 
with a distribution half-life of 6–15 minutes; it is highly pro-
tein bound (94–98%) (Vuyk et al. 2020). The hepatic extrac-
tion ratio is intermediate (0.3–0.44), thus, metabolic 
clearance may be susceptible to changes in both hepatic 
enzyme activity and blood flow (Vuyk et  al.  2020). The 
elimination half-life is 1.7–3.5 hours and plasma clearance 
ranges from 5.8–9.0 ml/kg/min, higher than other benzodi-
azepines (Vuyk et al. 2020). Midazolam is metabolized by 
CYP3A4 and CYP3A5 hepatic microsomal isoenzymes to 
form 1-hydroxymethylmidazolam (the primary metabolite) 
and 4-hydroxymidazolam (Rathmell and Rosow  2015; 
Vuyk et al. 2020). The 1-hydroxymethylmidazolam metabo-
lite has about half the activity of the parent compound. It is 
rapidly conjugated with glucuronide and then subsequently 
eliminated by the kidney (Rathmell and Rosow 2015). The 
glucuronide metabolite has significant pharmacologic 
activity, especially if present in high concentrations as in 
patients with renal insufficiency or critically ill patients. 
Metabolism of midazolam may be decreased with co-
administration of other drugs that inhibit CYP450 enzymes 
such as cimetidine, erythromycin, calcium channel block-
ers, and antifungal drugs leading to increased CNS depres-
sion (Rathmell and Rosow  2015). Fentanyl is also 

metabolized by CYP3A and therefore co-administration of 
these drugs may influence hepatic clearance (Rathmell and 
Rosow 2015).

Diazepam has a large volume of distribution (0.7–4.7 l/
kg) and a plasma clearance of 0.2–0.5 ml/kg/min and is 
highly protein bound (Vuyk et al. 2020). The elimination 
half-life is prolonged, averaging ~40 hours in healthy indi-
viduals (Rathmell and Rosow 2015). The pharmacokinetics 
of diazepam are affected by liver dysfunction, age, and obe-
sity (Vuyk et  al.  2020). Hypoalbuminemia increases the 
unbound fraction of diazepam and can increase drug-
related side effects (Rathmell and Rosow 2015). Metabolism 
is mediated primarily by CYP2C19 and CYP3A4 hepatic 
microsome enzymes to N-desmethyldiazepam which has 
pharmacodynamic properties similar to diazepam but has 
a much slower elimination half-life of 48–96 hours. Thus, 
plasma concentrations of the parent drug diazepam 
decrease more rapidly than the pharmacologically active 
metabolite which can accumulate with chronic use 
(Rathmell and Rosow 2015). N-desmethyldiazepam is fur-
ther metabolized to oxazepam which is also pharmacologi-
cally active and a lesser amount is metabolized to 
temazepam (Rathmell and Rosow 2015; Vuyk et al. 2020). 
These active metabolites can prolong the drug effects. 
These metabolites are then conjugated with glucuronic 
acid and excreted in the urine (Rathmell and Rosow 2015).

Lorazepam is a more potent sedative and amnesic than 
midazolam and diazepam, whereas its effects on ventila-
tion, cardiovascular variables and skeletal muscle relaxa-
tion are similar to the other benzodiazepines (Rathmell 
and Rosow 2015). Lorazepam has a slower onset of action 
and a longer duration of action due, in part, to the lower 
lipid solubility and slower passage in and out of the CNS 
(Rathmell and Rosow  2015). After IV administration, 
effects occur within 1–2 minutes but peak effect does not 
occur until 20–30 minutes and may last 6–30 hours 
(Rathmell and Rosow 2015). This slow onset of action lim-
its its usefulness for induction of anesthesia or as an anti-
convulsant. The extended duration of action may delay 
emergence from sedation/anesthesia and weaning from 
mechanical ventilation. Lorazepam has a large volume of 
distribution (0.8–1.3 l/kg) and a clearance of 0.8–1.8 ml/kg/
min and is highly protein bound. Lorazepam is conjugated 
with glucuronic acid in the liver to form inactive metabo-
lites that are excreted by the kidneys. This differs from 
midazolam and diazepam which both have pharmacologi-
cally active metabolites. The elimination half time is 
~14 hours; ~80% of lorazepam is excreted as lorazepam glu-
curonide. Hepatic glucuronidation is slower than the oxi-
dative reactions of the CYP enzymes, however, it is less 
likely to be influenced by age or drugs that affect the 
CPY450 enzymes (Rathmell and Rosow 2015).
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­Dog Metabolism

Midazolam is rapidly and widely distributed from the cen-
tral compartment after IV administration, has a mean vol-
ume of distribution of 3.0 l/kg and a clearance of 27 ml/kg/
min (Court and Greenblat 1992). It is highly protein bound 
(94–97%) and plasma elimination is ~77 minutes which is 
significantly faster compared to humans (1.9–2.5 hours). 
Midazolam is very rapidly and completely absorbed follow-
ing IM administration in dogs. Peak levels of midazolam are 
reached within 10–15 minutes and systemic availability val-
ues are greater than 90% at doses of 0.5 mg/kg but IM avail-
ability decreases to ~50–70% at 0.2 mg/kg (Court and 
Greenblat 1992; Schwartz et al. 2012). Oral administration 
results in peak plasma concentrations within 10 minutes 
and a bioavailability of 69%. Rectal administration in dogs 
yields very low systemic availability (Court and 
Greenblat 1992; Schwartz et al. 2012). Due to its high lipid 
solubility at normal body pH, it rapidly crosses the blood–
brain barrier resulting in a fast onset of action (Court and 
Greenblat 1992; Schwartz et al. 2012). Although hydroxy-
lated and glucuronidated metabolites have been identified 
in dog plasma and the glucuronide conjugates have been 
identified in dog urine, only small quantities of hydroxy-
lated midazolam are measurable (Court and Greenblat 1992). 
The elimination half-life of hydroxylated metabolites is very 
short (only ~11 minutes) which suggests they undergo rapid 
glucuronidation in dogs (Court and Greenblat  1992). In 
contrast to humans, excretion of hydroxylated and conju-
gated metabolites in urine of dogs appears to be low (<5% of 
dose after seven hours) suggesting an extra-renal route of 
metabolite elimination, perhaps through the bile (Court 
and Greenblat  1992). Midazolam is metabolized in the 
liver by CYP450 isoenzymes CYP2B11 and CYP3A and its 
elimination may be affected by co-administration of other 
drugs that inhibit these enzymes such as ketoconazole and 
medetomidine (Baratta et  al.  2009; KuKanich and 
Hubin 2010).

­Diazepam

In dogs, diazepam (2.0 mg/kg) has a terminal half-life 
of  ~80 minutes and is primarily converted to 
N-desmethyldiazepam (nordiazepam) in both in-­vivo and 
in-­vitro studies and to a smaller extent to temazepam in 
in-­vitro studies (Schwartz 1965; Vree et al. 1979; Chenery 
et  al.  1987; Seddon 1989). Nordiazepam is slowly elimi-
nated (t1/2 = 10 hours) by hydroxylation to oxazepam which 
is conjugated with glucuronide and has a t1/2 of ~8 hours 
(Vree et al. 1979). Nordiazepam and temazepam are cata-
lyzed primarily by CYP2B11 and CYP3A12, respectively 

and temazepam is also further biotransformed to oxaze-
pam by CYP2B11 (Shou et al. 2003; Lu et al. 2005).

­Cats

Midazolam hydroxylated metabolites (1- and 4- 
hydroxymidazolam) have been found to be metabolized by 
CYP3A isoenzymes and female cats have lower CYP3A 
activity than male cats (Shah et  al.  2007). Midazolam 
hydroxylation is significantly decreased by ketoconazole, a 
known CYP3A inhibitor (Shah et al. 2009). A recent study 
evaluated the pharmacokinetics of midazolam (0.3 mg/kg 
IV) and its presumed major metabolite 1-hydroxymidazolam 
in cats anesthetized with sevoflurane (Dholakia et al. 2020). 
The elimination half-life was ~79 minutes and the clear-
ance rate was 11.4 ml/kg/min which is consistent with 
those reported for other species (Dholakia et al. 2020). Peak 
plasma concentrations of 1-hydroxymidazolam occurred 
within 15 minutes. Elimination of this metabolite, which is 
known to be an active metabolite in humans, occurred at a 
much slower rate with plasma concentrations still present 
at six hours (Dholakia et  al.  2020). This is in contrast to 
metabolism in dogs, where 1-hydroxymidazolam is rapidly 
conjugated with glucuronide (Court and Greenblat 1992). 
One cat in the study did not produce any measurable 
1-hydroxymidazolam, indicating that there may be individ-
ual pharmacogenetic variability even within species 
(Dholakia et  al.  2020). Although 1-hydroxymidazolam 
undergoes glucuronidation in dogs and humans, the meta-
bolic pathway for 1-hydroxymidazolam in cats has not been 
described. Currently, there is no specific evidence regarding 
the glucuronidation of commonly used benzodiazepines 
such as midazolam, diazepam or alprazolam (Schillings 
et al. 1975; Court 2013). However, despite the well-known 
feline deficiency in UDP-glucuronosyltransferase (UGT) 
enzymes, cats are able to conjugate lorazepam as efficiently 
as other species (Court 2013).

­Diazepam

In in-­vivo studies in cats, approximately 50% of diazepam is 
biotransformed to N-desmethyldiazepam (nordiazepam) 
and a smaller amount is converted to temazepam (Colter  
et al. 1984; Driessen et al. 1987). Diazepam has a total body 
clearance of 4.7 ml/kg/min and is eliminated relatively 
quickly with a t1/2 of 210 minutes, indicating that formation 
of nordiazepam is a rapid process in the cat (Driessen et al. 
1987). Elimination of the parent compound is approxi-
mately six times that of nordiazepam (0.85 ml/kg/min). 
The elimination half-life of nordiazepam is approximately 
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21 hours, which is over four times slower than diazepam. 
Nordiazepam can be further hydroxylated to form oxaze-
pam but this is a very slow process in the cat (Driessen et al. 
1987). Glucuronide conjugates were found in very small 
amounts, even after eight hours, indicating that cats have 
poor ability to glucuronidate hydroxylated benzodiazepine 
metabolites.

A more recent in-­vitro study using feline and canine 
hepatic microsomes showed some quantitative differences in 
metabolite formation in cats. Although incubations with a 
concentration range of diazepam resulted in formation of 
both nordiazepam and temazepam, cat-liver microsomes 
mainly produced temazepam, whereas dog microsomes 
produced relatively more nordiazepam (van Beusekom 
et  al.  2015). The decreased formation of nordiazepam and 
oxazepam in feline-liver microsomes compared to dogs may 
suggest that differences exist in the feline CYP2B ortholog 
gene expression and/or substrate interactions. The formation 
of nordiazepam and oxazepam was much lower in this in-­
vitro study using liver microsomes compared to plasma levels 
found in previous in-­vivo studies, suggesting extra-hepatic 
biotransformation (Colter et  al.  1984; Driesson et  al.  1987; 
van Beusekom et  al.  2015). A high formation of the 
R-temazepam was observed in feline-liver microsome incu-
bations, however, the S-temazepam and both isoforms of 
oxazepam were formed with much lower affinity and capac-
ity compared to canine-liver microsomes (van Beusekom 
et al. 2015). Since oxazepam is conjugated by UGT2B15 and 
UGT2B7 in humans, this may give further evidence to low 
activity of these UGT homolog activities in the cat. The 
authors also suggest that the conjugation of temazepam in 
cats may be dependent on UGT1A3  in cats (Court and 
Greenblat 2000; van Beusekom et al. 2015). Differences in the 
pattern of phase I metabolites and low glucuronidation 
capacity increases the risk of accumulation of diazepam and 
its metabolites in the liver cells which may result in inhibi-
tion of the bile acid efflux system and accumulation of bile 
within hepatocytes and may contribute to the clinical obser-
vation of drug-induced liver injury in cats (van Beusekom 
et al. 2015). Decreasing the dose and especially increasing the 
dosing interval may reduce the incidence of this side effect.

­Horses – Midazolam

Midazolam, administered at 0.05 and 0.1 mg/kg IV to adult 
horses has a rapid onset of action (within five minutes), 
likely due to its high lipid solubility and brain uptake 
(Hubbell et al. 2013). It has a large volume of distribution 
(>2 l/kg) and a high plasma clearance of ~10 ml/kg/min. 
The doses of 0.05 and 0.1 mg/kg have median terminal half-
lives of 216 and 408 minutes, respectively. Cardiorespiratory 

parameters do not change significantly. Also, sedation 
scores did not change and horses exhibited signs of agita-
tion, ataxia, and weakness (Hubbell et al. 2013). The meta-
bolic pathways have not been elucidated in horses.

­Alpacas – Midazolam

After administration of midazolam (0.5 mg/kg) IV or IM, 
the median maximal plasma concentrations were 1394 and 
411 ng/ml, respectively (Aarnes et al. 2013). The distribu-
tion half-life was ~19 minutes after IV administration and 
41 minutes after IM administration and the elimination 
half-lives were 98 minutes for IV and 234 minutes for IM 
administration (Aarnes et al. 2013). Total clearance after IV 
administration was 11.3 ml/kg/min and steady state vol-
ume of distribution was 525 ml/kg/min (Aarnes et al. 2013). 
Peak onset of sedation occurs in less than one minute after 
IV administration. Midazolam is well absorbed after IM 
administration with a bioavailability of 92% (Aarnes 
et  al.  2013). Mean heart rate and respiratory rates both 
increased after IV administration. Midazolam provides 
moderate levels of sedation when used as a sole agent in 
alpacas without signs of agitation or excitation. Alpacas 
assume sternal or lateral recumbency after IV administra-
tion, whereas they become quieter and more approachable 
within 15 minutes of IM administration, making IM 
administration particularly useful in animals that are dif-
ficult to handle or restrain (Aarnes et al. 2013).

­Pharmacodynamics

Benzodiazepines decrease cerebral metabolic oxygen 
requirement (CMRO2) and cerebral blood flow in a dose-
related manner and maintain the ratio of CBF to CMRO2 
(Vuyk et al. 2020). Cerebral vasomotor responsiveness to car-
bon dioxide is preserved with midazolam and patients with 
decreased intracranial compliance display little to no change 
in intracranial pressure (ICP) (Rathmell and Rosow 2015).

Midazolam, diazepam, and lorazepam increase the sei-
zure threshold of local anesthetics and increase survival 
in mice exposed to lethal doses of local anesthetics. 
Benzodiazepines increase the seizure threshold to local 
anesthetics (Vuyk et al. 2020).

Benzodiazepines produce dose-related centrally medi-
ated respiratory depression. They flatten the respiratory 
response curve to carbon dioxide and also depress 
hypoxic ventilatory drive (Rathmell and Rosow  2015; 
Vuyk et al. 2020). The peak onset of respiratory depres-
sion occurs in about three minutes, is directly related to 
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rate of administration and lasts 60–120 minutes. The 
incidence of apnea at induction is similar to thiopental 
but the duration of respiratory depression is longer with 
benzodiazepines. Other respiratory depressant drugs 
increase the incidence of apnea and respiratory depres-
sion, especially opioids which have an additive or supra-
additive (synergistic) effect on respiratory depression 
(Reves et  al.  2009; Rathmell and Rosow  2015). 
Benzodiazepines affect the muscular tone and may 
increase the risk of upper airway obstruction (Rathmell 
and Rosow 2015; Vuyk et al. 2020).

Benzodiazepines have mild but dose-related hemody-
namic effects, which are primarily lowered arterial blood 
pressure due to decreased systemic vascular resistance 
(Rathmell and Rosow 2015; Vuyk et al. 2020). Heart rate, 
ventricular filling pressures and cardiac output are main-
tained (Vuyk et al. 2020). Benzodiazepines maintain rela-
tively stable hemodynamics through preservation of 
homeostatic reflex mechanisms. Recent studies using heart 
rate variability indicate a biphasic effect of benzodiaz-
epines on autonomic neurocardiac regulation (Vuyk 
et al. 2020). Vagal tone is first decreased and then the car-
diac pacemaker decreases after IV doses (Vuyk et al. 2020). 
Benzodiazepines do not inhibit the sympathetic response 
and subsequent increases in heart rate, blood pressure or 
ICP invoked by laryngoscopy and intubation (Rathmell 
and Rosow 2015; Vuyk et al. 2020).

­Reproductive/Nursing Safety

Diazepam, but not midazolam, has been implicated in 
causing congenital abnormalities in humans when admin-
istered during the first trimester of pregnancy 
(Plumb 2018b, 2018d). Infants born to mothers receiving 
large doses of benzodiazepines prior to delivery can have 
respiratory depression, impaired thermoregulation and dif-
ficulty feeding. Infants may exhibit withdrawal symptoms 
if the mother was chronically administered benzodiaz-
epines (Plumb  2018b). The significance in veterinary 
patients is unclear. However, caution should be used in the 
use of these drugs in the first trimester of pregnancy and 
should occur only when the benefit outweighs the possible 
risks (Plumb 2018b). In humans, the FDA categorizes diaz-
epam as a category D for use during pregnancy indicating 
there is evidence of human fetal risk but the potential ben-
efit in pregnant women may be acceptable despite the 
potential risk (Plumb 2018b). Studies of lorazepam in ani-
mals generally suggest that the drug is safe for use during 
pregnancy at usual doses (Plumb 2018c). A study in mice 
administered 400 times the dose produced offspring with 
an increased incidence of cleft palate (Plumb  2018c). 

Benzodiazepines and their metabolites are excreted into 
milk and may cause CNS effects in nursing neonates. 
The  significance of these effects in veterinary patients is 
unclear but caution should be used during the first trimes-
ter of pregnancy and in lactating/nursing animals 
(Plumb 2018b, 2018d).

­Drug Interactions

Ketoconazole, which is an inhibitor of CYP3A12 microso-
mal enzymes decreases the elimination of midazolam in 
dogs (KuKanich and Hubin  2010). Using cloned canine 
p450 cytochromes, medetomidine has been demonstrated 
to be an extremely potent inhibitor of CYP2B1 and may 
affect the clearances of both midazolam and ketamine 
which are CYP2B11 substrates with high intrinsic clear-
ances (Baratta et al. 2009). Healthy dogs treated with flu-
conazole and subsequently anesthetized with ketamine 
(7.0 mg/kg) and midazolam (0.25 mg/kg) had a signifi-
cantly longer time to standing and the clearance of both 
ketamine and midazolam were significantly slower (~50%) 
and the area under the curves were approximately twofold 
higher (Berke et al. 2019). Horses treated with fluconazole 
for fungal keratitis had significantly longer anesthesia 
recovery times (109 vs. 50 minutes) when midazolam was 
used as part of the anesthetic-induction protocol compared 
to an anesthetic-induction protocol without midazolam 
(Krein et al. 2014).

­Veterinary Medicine – Uses 
and Specific Agents

The primary benzodiazepine drugs used in veterinary anes-
thesia are midazolam and diazepam (Table 15.2). Currently, 
midazolam has largely replaced diazepam in veterinary 
anesthesia due to better availability and lower cost. 
Benzodiazepines are used as premedication sedatives and 
co-induction agents. The degree to which they provide seda-
tion is dependent on the specific species, patient age and 
physiologic status. In general, benzodiazepines produce 
greater sedative effects in pediatric (neonatal foals, dogs, 
and cats <3 months of age) and geriatric patients, whereas 
they can cause paradoxical excitement in healthy adults. 
Comparatively, benzodiazepines provide more reliable seda-
tion, even when used as a sole agent in small ruminants and 
camelids of any age. Benzodiazepines are useful premedica-
tions and co-induction agents in debilitated and critically ill 
patients due to their minimal effect on cardiovascular 
depression. An additional advantage is the ability to antago-
nize their effects with flumazenil (0.02–0.1 mg/kg IV).
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­Midazolam

Midazolam is used in veterinary patients for its sedative, 
anxiolytic, and muscle relaxant properties as an anesthetic 
premedication or co-induction agent in a variety of veteri-
nary species. It does not provide predictable sedation on its 
own in dogs, cats or horses but may provide adequate seda-
tion in goats, alpacas, rabbits, ferrets, some avian species, 
and swine. Patients may become sedate or dysphoric and 
excited. Cats may be more prone to the “disinhibition” or 
excitement effects than dogs. Midazolam provides more 
predictable sedation when combined with other drugs 
such as opioids, dexmedetomidine, ketamine, or aceprom-
azine. Sedation is also more reliable in neonatal/pediatric, 
geriatric and critically ill (“very young, old or sick”) veteri-
nary patients. Benzodiazepines typically cause sedation 
and recumbency in small ruminants, depending on dose 
and patient status. Unlike in humans, it cannot be used 
alone for anesthetic induction.

­Dosages and Usage

Dogs

When administered alone, healthy dogs exhibit muscle 
weakness, ataxia but minimal sedation and may display 
paradoxical excitement or agitation and hyper-
responsiveness (Court and Greenblat  1992). Therefore, 
midazolam is usually combined with an opioid for anes-
thetic premedication and usually reserved for use in pedi-
atric, geriatric or debilitated patients. It can also be used as 

a co-induction agent to provide muscle relaxation and 
reduction of induction agent.

Sedation Protocols:

1)	 Midazolam (0.3 mg/kg) + either butorphanol (0.3 mg/
kg) or morphine (0.3 mg/kg) IM did not cause clinically 
relevant changes in echocardiographic (ECG) variables 
in healthy dogs. Therefore, these combinations may be 
used for sedation of uncooperative dogs during ECG 
evaluation (Possidonia et al. 2021).

2)	 Midazolam (0.3 mg/kg) combined with medetomidine 
(10 or 20 mcg/kg) did not provide adequate sedation for 
routine radiologic diagnostics compared to butorphanol 
(0.3 mg/kg) combined with medetomidine at the same 
doses (Le Chevallier et al. 2018).

Premedication: 0.1–0.3 mg/kg IM or IV is used most com-
monly in combination with opioids.

1)	 Midazolam (0.2 mg/kg) combined with alfaxalone 
(2.0 mg/kg) and butorphanol (0.4 mg/kg) IM produced 
reliable sedation in healthy young adult dogs with no 
significant effects on heart rate, cardiac output, or oxy-
gen delivery. However, recovery quality was poor 
(Murdock et al. 2020).

2)	 Midazolam (0.5 mg/kg) combined with alfaxalone 
(1.0 mg/kg) and methadone (0.5 mg/kg) in healthy dogs 
resulted in significantly less sedation and was approxi-
mately five times more likely to show excitement than 
dogs premedicated without midazolam. Therefore, it is 
not recommended to add midazolam to an IM combina-
tion of methadone and alfaxalone in healthy dogs 
(Micieli et al. 2019).

Table 15.2  Differences between diazepam and midazolam (Plumb 2018b, 2018d; Ko 2019).

Characteristic Diazepam Midazolam

Formulation Formulated with propylene glycol Water soluble but lipid soluble at body pH

Absorption Rapidly with IV, slow with IM Rapid IV or IM

Pain on injection Yes with IM injection Less pain with IM injection

Compatibility
(Plumb 2018b, 2018d)

●● Not recommended to mix with other 
drugs due to precipitation and 
microcrystal formation

●● Adsorbs to plastic; do not store in 
plastic syringes, IV bags/tubing

●● compatible with: D5W, LRS, normal 
saline, atricurium, atropine, 
buprenorphine, butorphanol, cefuroxime, 
ciprofloxacin, fentanyl, gentamicin, 
glycopyrrolate, hydromorphone, 
ketamine, meperidine, metoclopramide, 
morphine, nalbuphine, ondansetron, 
promethazine, sufentanil, scopolamine

●● incompatible with: dexamethasone SP, 
heparin, pantoprazole, pentobarbital, 
ranitidine

Cost Currently more expensive due to 
decreased manufacturing

Less expensive due to increased 
manufacturing and availability of generic 
formulations
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3)	 Midazolam (0.2–0.3 mg/kg) added to medetomidine 
(5–10 mcg/kg) IV in healthy dogs resulted in a high inci-
dence of undesirable behavioral effects including agita-
tion, excitement, restlessness, aggression and 
vocalization, which was different from pre-sedation and 
did not have a sparing effect on the propofol induction 
dose (Le Chevallier et al. 2019).

4)	 Midazolam (0.3 mg/kg) IM does not enhance the 
sedation provided by dexmedetomidine (5 mcg/kg) and 
does not decrease the induction dose of propofol in 
healthy dogs (Canfran et al. 2016).

5)	 Midazolam (0.25 mg/kg) IM to healthy dogs caused 
behavioral changes including pacing, restlessness, 
chewing/licking, excitement, panting, and vocalization 
that were not ameliorated by acepromazine (0.03 mg/
kg) or methadone (0.75 mg/kg) (Simon et al. 2014).

6)	 Midazolam (0.5 mg/kg) added to acepromazine 
(0.05 mg/kg) and morphine (0.5 mg/kg) IM resulted in 
more intense sedation and provides the greatest propo-
fol sparing effects in healthy dogs compared to premedi-
cation with acepromazine + morphine or midazolam + 
morphine (Monteiro et al. 2014).

Co-induction Agent:

1)	 Midazolam (0.2 mg/kg) combined with ketamine 
4.0 mg/kg can be used for induction of anesthesia.

2)	 Midazolam (0.2–0.4 mg/kg) can be administered as a 
co-induction agent to reduce the dose of propofol by 
~20–47%. It is best to administer the midazolam after 
administration of 1.0 mg/kg of propofol to avoid excite-
ment and to maximize the propofol sparing effect. 
Diazepam at the same doses does not have the same 
propofol sparing effect (Robinson and Borer-Weir 2013; 
Sanchez et al. 2013; Hopkins et al. 2014).

3)	 Midazolam (0.2 mg/kg) significantly decreased (46%) 
the induction and maintenance dose (32%) of alfax-
alone in healthy dogs (Bustamante et al. 2020).

4)	 Midazolam (0.4 mg/kg IV) administered after 0.5 mg/kg 
of alfaxalone in healthy client-owned dogs that were 
premedicated with acepromazone (0.02 mg/kg) and 
methadone (0.3 mg/kg) had a significant dose-sparing 
effect on the dose of alfaxalone required for intubation. 
Although there were no significant differences in HR 
or BP, post-induction apnea was significantly more 
prevalent in dogs receiving midazolam (Miller 
et al. 2019).

5)	 Midazolam (0.3 or 0.5 mg/kg) administered after 
0.5 mg/kg of alfaxalone IV to healthy dogs premedi-
cated with acepromazine (0.01 mg/kg) and methadone 
(0.2 mg/kg) significantly decreased the total induction 
dose of alfaxalone and improved the ease of endotra-
cheal intubation (ET) (Italiano and Robinson 2018).

6)	 Midazolam (0.25 mg/kg) IV administered after an initial 
dose of 0.5 mg/kg of alfaxalone in healthy dogs premed-
icated with acepromazine (0.02 mg/kg) and morphine 
(0.4 mg/kg) significantly decreased the total induction 
dose of alfaxalone. Administering midazolam prior to 
the administering an initial dose of alfaxalone resulted 
in a significant increase in the incidence of excitement 
and did not have a sparing effect on the induction dose 
of alfaxalone. However, there was no significant differ-
ence in cardiorespiratory values between groups (Zapata 
et al. 2018).

7)	 Midazolam (0.3 mg/kg IV) after premedication with ace-
promazine (0.02 mg/kg), hydromorphone (0.1 mg/kg), 
and alfaxalone (0.25 mg/kg) IM significantly decreased 
the total induction dose of alfaxalone in healthy client-
owned dogs, however, differences in cardiopulmonary 
variables were minor (Munoz et al. 2017).

8)	 Midazolam (0.2 mg/kg) IV significantly decreased the 
propofol target controlled infusion dose required for ET 
in healthy client-owned dogs premedicated with ace-
promazine (0.03 mg/kg) and morphine (0.2 mg/kg) IM 
compared to saline control or lidocaine (2.0 mg/kg). 
However, there were no significant differences in car-
diopulmonary variables (Minghella et al. 2016).

Critical Patient Premedication/Induction: Due to the 
minimal cardiovascular effects of opioids and benzodiaz-
epines, they provide a good option for induction protocol 
for critical and severely debilitated patients. Fentanyl 
5.0–10.0 mcg/kg slowly over two to five minutes followed 
by midazolam 0.2 mg/kg. If desired, lidocaine 2.0 mg/kg IV 
slowly over two minutes can be administered prior to fenta-
nyl administration. Due to the likelihood of bradycardia 
and hypoventilation during this prolonged induction pro-
cess, ECG, blood pressure, and SpO2 should be monitored 
and oxygen supplementation provided. Patients can be 
arousable and stimulated by noise and movement but the 
majority of patients can be intubated with careful handling.

1)	 Midazolam (0.3 mg/kg IV) significantly decreases the 
total propofol induction dose (1.1 vs. 1.9 mg/kg) in criti-
cally ill dogs (ASA >3). However, no significant differ-
ences were found in cardiorespiratory variables 
(Aguilera et al. 2020).

Constant Rate Infusion (CRI): Midazolam CRI can be 
used as part of a sedation/analgesia protocol for dogs main-
tained on assisted ventilation in the intensive care 
unit (ICU).

1)	 A comparison of two protocols for ventilation in the 
ICU: midazolam (0.5 mg/kg/hour) + morphine (0.6 mg/
kg/hour) or fentanyl (18 mcg/kg/hr) + medetomidine 
(1.0 mcg/kg/hour) or propofol (2.5 mg/kg/hr). Both 



­Dosages  and Usag ﻿ 195

protocols were effective in facilitating mechanical venti-
lation in healthy dogs. Both protocols caused a reduc-
tion in cardiac index due to bradycardia, however, there 
was no negative effect on oxygen delivery and global tis-
sue perfusion (Ethier et al. 2008).

Cats

When administered alone, healthy cats exhibit minimal 
sedation and may display paradoxical excitement or aggres-
sion therefore, it is usually combined with ketamine. If 
used as a premedication in geriatric or debilitated patients, 
midazolam is usually combined with an opioid analgesic.

Premedication: Midazolam (0.1–0.3 mg/kg) IV, IM can be 
used in combination with opioids. Doses of 0.1–0.5 mg/kg 
IV, IM can be used in combination with ketamine 
3.0–10 mg/kg. Ketamine causes sympathetic stimulation 
resulting in tachycardia and increased blood pressure, pro-
fuse salivation, and airway secretions necessitating co-
administration of an anti-cholinergic with this 
combination, emergence delirium with uncoordinated 
movements of the head and neck, vocalization and agita-
tion can occur during recovery, risking patient injury, or 
requiring sedation.

1)	 Midazolam (0.2 mg/kg) added to hydromorphone 
(0.1 mg/kg) and alfaxalone (1.5 mg/kg) IM produces 
more profound sedation and greater ease of IV catheter 
placement in healthy client-owned cats compared to IM 
hydromorphone and alfaxalone alone (Wheeler 
et al. 2021).

2)	 Intra-nasal administration  – midazolam 0.5 mg/kg +  
ketamine 14 mg/kg administered intranasally (IN) 
showed no difference in time to onset or duration of 
sedation compared to the same doses administered 
IM. The time to sternal recumbency was significantly 
shorter for IN administration (~22 vs. 32 minutes). 
Behavioral reaction to IN administration was sneezing/
snorting compared to excessive vocalization in response 
to IM administration. Intra-nasal administration may 
provide a less painful and less stressful invasive route of 
administration of this drug combination (Marjani 
et al. 2015).

Co-induction Agent: Midazolam (0.2 mg/kg) combined 
with ketamine 4.0 mg/kg for anesthesia induction.

1)	 Midazolam (0.08 mg/kg) IV allowed smooth ET in 50% of 
healthy cats after premedication with dexmedetomidine 
(3 mcg/kg), methadone (0.3 mg/kg) IM followed by alfax-
alone (0.25 mg/kg) IV (Lagos-Carvajal et al. 2019).

2)	 Midazolam (0.2–0.5 mg/kg) and diazepam (0.3–0.5 mg/
kg) both significantly reduce the propofol dose required 

for ET in cats when administered after 2 mg/kg of 
propofol IV (Robinson and Borer-Weir 2015).

Constant Rate Infusion: Midazolam CRI can be used as 
part of a sedation/analgesia protocol for cats maintained 
on assisted ventilation in the intensive care unit.

Fentanyl (10 mcg/kg/hr) and midazolam (0.5 mg/kg/hr) 
plus one of the following:

Ketamine (5.0 mg/kg/hr) or propofol (0.1 mg/kg/min) or 
ketamine (2.5 mg/kg/hr) + propofol (0.05 mg/kg/min)

Cardiovascular stability and recovery times were most 
favorable with the protocol using a combination of propo-
fol and ketamine. Recoveries are prolonged 0.5–2.0 hours 
for extubation and 10–36 hours until standing/walking in 
healthy cats (Boudreau et al. 2012).

Rabbits, Rodents, Small Mammals: Difficulty obtaining 
IV access in small mammals and rodents often necessitates 
using combinations of drugs via SC, IM, or TN routes rather 
than IV titration to achieve the necessary objective. Inability 
or difficult intubation requires balancing sedation needs 
with respiratory depression. Midazolam provides good 
sedation in rabbits and small mammals and, when used 
alone, has minimal effect of the cardiovascular and respira-
tory systems. Therefore, it may decrease the adverse effect 
profile of co-administered drugs when used as an adjunct 
for sedation, premedication or total injectable anesthesia 
since it allows lower doses of other drugs and is reversible.

Sedation or Pre-anesthetic: Midazolam 0.5–5 mg/kg can 
be administered IV, IM, SC, or transnasally. It is usually 
combined with other drugs such as α-2 agonists, opioids, 
and/or ketamine.

1)	 For sedation or anesthetic premedication, midazolam 
(2.0 mg/kg) can be combined with butorphanol (0.3 mg/
kg) or buprenorphine (0.03 mg/kg) to facilitate IV cath-
eter access for anesthetic induction (Schroeder and 
Smith 2011).

2)	 Lower doses of midazolam (0.2 mg/kg) can be com-
bined with dexmedetomidine (25 mcg/kg) or ketamine 
(30 mg/kg) to facilitate diagnostic procedures such as 
abdominal ultrasound (Bellini et al. 2014).

3)	 A combination of dexmedetomidine (0.1 mg/kg), mida-
zolam (2.0 mg/kg), and butorphanol (0.2 mg/kg) admin-
istered via transnasal catheter provides deep sedation 
and analgesia within approximately one minute of 
administration and lasting for 45–60 minutes. This pro-
tocol is appropriate for diagnostics or minor surgery in 
healthy rabbits (Santangelo et al. 2016). Oxygen supple-
mentation and monitoring of blood pressure and SpO2 
is highly recommended.

4)	 Gastric and small intestinal transit times were significantly 
longer in rabbits administered ketamine (15 mg/kg) and 
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medetomidine (0.25 mg/kg) IM (despite reversal with 
atipamazole) compared to IM administration of keta-
mine (15 mg/kg) and midazolam (3.0 mg/kg) (Botman 
et al. 2020).

5)	 Midazolam (1.0 mg/kg) combined with alfaxalone 
(6.0 mg/kg) IM has an onset of sedation of two to 
five minutes and provides approximately 60 minutes of 
sedation in healthy rabbits (Bradley et al. 2019).

Rodents: Inhalant anesthetics are commonly used for 
induction and maintenance of general anesthesia in both 
laboratory and pet rodents. Disadvantages include a lack 
of analgesia and, when used alone, the necessity for high 
doses thus potentiating adverse effects. A recent study 
used midazolam 2.5 mg/kg and butorphanol 2.0 mg/kg 
for premedication prior to isoflurane inhalant anesthe-
sia. Premedication decreased the minimum alveolar con-
centration (MAC) of isoflurane by 32% and provided a 
more stable respiratory rate and SpO2 with few adverse 
effects compared to isoflurane alone (Tsukamoto 
et al. 2016).

Horses

Benzodiazepines are rarely used as a sole agent in horses 
and are usually combined with tranquilizers, opioids and/
or combined with dissociative anesthetics for induction of 
anesthesia.

Clinical doses (0.05–0.1 mg/kg) of diazepam or mida-
zolam have minimal cardiorespiratory effects (Hubbell 
et al. 2013). Respiratory rate, tidal volume, blood gas vari-
ables, heart rate, cardiac output, and mean arterial pres-
sures do not change but ataxia, muscle fasiculations, and 
recumbency may be observed. Ataxia and recumbency can 
be seen with doses greater than 0.1 mg/kg (Hubbell 
et al. 2013). Diazepam has a relatively long plasma half-life 
(7–21 hours) compared to midazolam (median terminal 
half-life 216–408 minutes) (Hubbell et  al.  2013). Muscle 
relaxation and concomitant ataxia are not desirable effects 
during equine anesthetic recovery, therefore, the shorter 
duration of action of midazolam may be advantageous in 
equine patients. Midazolam is currently being used as a 
substitute for diazepam at equal dose rates in equine anes-
thesia based on current drug availability and decreased 
cost of generic midazolam formulations.

­Sedation in Neonatal Foals

Foals less than one month of age can be sedated with 
0.1–0.2 mg/kg IV to produce recumbency for non-painful 
procedures.

Co-induction Agent in Horses: The recommended dose 
of midazolam or diazepam for co-induction with ketamine 
is 0.05–0.1 mg/kg.

1)	 Induction with propofol (0.5 mg/kg) and ketamine 
(3.0 mg/kg) provides better recovery and may be prefer-
able for short procedures (<60 minutes) compared to 
induction with midazolam (0.1 mg/kg) and ketamine 
(3.0 mg/kg) (Jarrett et al. 2018).

2)	 Co-induction with midazolam (0.06 mg/kg) IV in ponies 
sedated with detomidine (2.0 mcg/kg) and induced with 
ketamine (2.2 mg/kg) improved induction scores, intu-
bation and surgical relaxation and required fewer addi-
tional rescue anesthetic administration compared to 
detomidine and ketamine alone. Time to sternal and 
standing was longer in ponies receiving midazolam, but 
there was no difference in the quality of recovery 
(Allison et al. 2018).

3)	 Horses treated with fluconazole for fungal keratitis have 
significantly longer anesthesia recovery times (109 vs. 
50 minutes) when midazolam is included as part of the 
anesthetic induction protocol compared to a protocol 
without midazolam (Krein et al. 2014).

Total Intravenous Anesthesia (TIVA):

1)	 A combination of ketamine (3.0 mg/kg/hr), medetomi-
dine (5mcg/kg/hr), and midazolam (0.1 mg/kg/hr) can 
be used as part of a balanced anesthesia regimen to 
maintain anesthesia in horses for routine castration. 
This protocol provided good surgical conditions; recov-
eries were good with the horses standing in ~30 minutes 
(Cunneen et al. 2021).

2)	 Recovery scores were significantly better for weanling 
horses for computed tomography (CT) administered the 
TIVA regimen of ketamine (3 mg/kg/hr) + medetomi-
dine (5 mcg/kg/hr) + midazolam (0.1 mg/kg/hr) com-
pared to the same protocol using guafenesin (100 mg/
kg/hr) instead of midazolam. However, there were no 
significant differences in cardiopulmonary variables or 
recovery times (Pratt et al. 2019).

3)	 A TIVA regimen of midazolam (25 mg), ketamine 
(650 mg), and xylazine (325 mg) added to a 500 ml bag of 
0.9% saline can be used for short-term TIVA in horses 
for a variety of procedures including: castration, bone 
marrow aspirate, wound debridement/flushing, cast 
application, etc. Recovery scores were good with horses 
standing at ~30 minutes after discontinuation (Aarnes 
et al. 2018).

4)	 The addition of midazolam (0.06 mg/kg/hr) to horses 
receiving romifidine bolus (0.03 mg/kg) followed by 
romifidine CRI (0.05 mg/kg/hr) had improved condi-
tions for standing dental surgery with decreased 
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chewing and tongue activity, however, horses were sig-
nificantly more ataxic than with romifidine alone or 
romifidine with butorphanol (Muller et al. 2017).

Camelids

Midazolam (0.5 mg/kg) IV or IM provides moderate levels 
of sedation when used as a sole agent in alpacas without 
signs of agitation or excitation. Alpacas assume sternal or 
lateral recumbency after IV administration, whereas they 
become quieter and more approachable within 15 minutes 
of IM administration, making IM administration particu-
larly useful in animals that are difficult to handle or restrain 
(Aarnes et al. 2013).

Small Ruminants

Midazolam (0.3 mg/kg IV or 0.4–0.6 mg/kg IM) produces 
10–20 minutes of recumbency; increasing the dose to 
1.2 mg/kg increased the duration of recumbency to 30 min-
utes (Lin 2014b).

1)	 Midazolam (0.3 mg/kg) IM alone or in combination 
with butorphanol (0.3 mg/kg) IM produces a degree of 
sedation that significantly reduces the dose of alfax-
alone required for induction of general anesthesia in 
goats, without causing any major adverse cardiorespira-
tory effects (Dzikiti et al. 2014).

Diazepam

Diazepam has been the most widely used benzodiazepine 
in veterinary medicine. However, as in human medicine, 
use of midazolam may be supplanting diazepam due to the 
availability of cost-effective generic formulations, a solubil-
ity profile that allows administration via multiple routes 
and shorter elimination half-time. Diazepam is insoluble in 
water and parenteral formulations contain 40% propylene 
glycol (Posner and Burns 2009). Therefore, it should not be 
mixed with other drugs (ketamine is the exception) or given 
IM since it is poorly absorbed and irritating to tissues. In 
dogs, the elimination half-life of diazepam is ~3 hours, 
active metabolites nordiazepam and oxazepam peak within 

two hours and have elimination half-lives of three to six 
hours (Plumb 2018b). In cats, the elimination half-time of 
diazepam is 5.5 hours but that of nordiazepam may be as 
long as 21 hours (Plumb 2018b). In horses, the elimination 
half-life ranges from 7 to 22 hours; hydroxylated metabo-
lites are rapidly conjugated with glucuronide and are not 
detectable in plasma (Plumb 2018b). Diazepam is not a reli-
able sedative in most species but it can be administered to 
decrease the dose of induction agents or to decrease the 
MAC of inhalant by 20–30% in dogs and horses.
Co-Induction:

1)	 Midazolam 0.3 and 0.5 mg/kg and diazepam 0.4 mg/kg 
co-administered at anesthetic induction allow alfaxalone 
dose reduction in healthy dogs. Use of benzodiazepines 
improved the ease of ET (Italiano and Robinson 2018).

2)	 Midazolam or diazepam (0.06 mg/kg) can be used inter-
changeably as a co-induction agent with ketamine 
(2.2 mg/kg) in ponies sedated with detomidine (20 mcg/
kg) and undergoing field castration. Surgical conditions 
were good with either drug, and time to standing was 
not significantly different with minimal ataxia (De Vries 
et al. 2015).

Small Ruminants
Diazepam (0.25–0.5 mg/kg) IV produces standing sedation 
without analgesia (Lin 2014b).

Flumazenil

Flumazenil is the only benzodiazepine receptor antagonist 
available for clinical use and is used to reverse the sedative 
and muscle relaxant effects of benzodiazepines. It is highly 
selective and has a strong affinity but minimal intrinsic 
activity and will reverse the sedative and muscle relaxant 
effects of benzodiazepines. Doses of 0.008–0.04 mg/kg can 
be administered via IV, IM, submucosal, ET, or rectal routes 
in dogs. In horses, the recommended dose for foals and 
adults is 0.01–0.02 mg/kg IV (Posner and Burns  2009). 
However, titration of much smaller doses are effective in 
reversing residual effects of clinical doses. The elimination 
half-life in dogs is 0.4–1.3 hours, significantly shorter than 
benzodiazepines and their active metabolites. Caution 
should be used in patients receiving tricyclic antidepressants 
as fatal arrhythmias may develop (Posner and Burns 2009).
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Introduction

Skeletal muscle contraction is dependent on the interaction 
between A-alpha nerve fibers and muscle fibers. When 
depolarization reaches the nerve terminal, an influx of 
Ca2+ mobilizes acetylcholine (ACh), which is stored in 
synaptic vesicles after being synthesized by the neuron. 
ACh is then released into the synaptic space (or synaptic 
cleft) of the neuromuscular junction (NMJ) (Figure 16.1) 
(Rahamimoff et al. 1980). Nicotinic acetylcholine receptors 
(nAChR) are ionic channels situated primarily in the folds 
of the synaptic space. These receptors are activated when 
two molecules of ACh interact with specific binding sites. 
The activated nAChR undergoes a conformational change 
that allows an influx of Na+, which depolarizes the end-
plate terminal (Auerbach  2015). Adjacent voltage-gated 
Na+ channels are then activated and the action potential 
propagates along the muscle fiber. This is the signaling of 
muscle contraction. The action of ACh in the NMJ termi-
nates almost immediately and free ACh is hydrolyzed by 
the acetylcholinesterase (AChE) enzyme (Booij et al. 1981). 
Neuromuscular blocking agents (NMBAs) relax the skele-
tal musculature by interrupting the normal process of neu-
romuscular transmission described above. NMBAs may act 
as agonists (depolarizing) or competitive antagonists (non-
depolarizing) agents at the nAChR.

NMBAs are unique among drugs used during general 
anesthesia in that they do not produce sedation, hypnosis 
or analgesia (Smith and Brown 1947); NMBAs are admin-
istered solely to produce transient muscle relaxation 
(paralysis) as an adjunct of general anesthesia. This spe-
cific effect is useful to improve surgical conditions, prevent 
sudden movement, or aid tracheal intubation and mechan-
ical ventilation. The lack of effects in the central nervous 
system (CNS) implies that other agents must be used to 
produce hypnosis, analgesia and/or amnesia, and that the 

equipment and skills required to intubate and ventilate 
must be available.

Despite the limited effects of NMBAs, these agents can 
play a vital role in balanced anesthetic protocols. Inclusion 
of NMBAs typically results in a decrease in the dose of gen-
eral anesthetics administered, as the hypnotic dose of gen-
eral anesthetics is substantially lower than the dose required 
to prevent movement (i.e. MACawake < MAC) (Stoelting 
et  al.  1970). Consequently, the cardiovascular depressant 
effects of volatile anesthetics can be reduced (Kumazawa 
and Merin  1975; Kazama and Ikeda  1988; Conzen 
et al. 1989). However, the use of NMBAs is accompanied by 
its own potential risks, such as the risk of residual paralysis; 
this potential problem will be addressed in Chapter  17. 
NMBAs can be classified according to their mechanism of 
action (depolarizing and non-depolarizing agents); chemi-
cal structure (benzylisoquinolines and aminosteroids); and 
duration of action (short, intermediate and long).

General Concepts and Nomenclature 
Regarding NMBAs

Potency is measured by the dose that reduces the evoked 
muscular contraction by 50% (ED50) or 95% (ED95). 
Dosing can be referred to in terms of multiples of the ED95 
(e.g. 2 × ED95). The onset time is the time interval between 
administration of the agent and > 95% depression of the 
evoked muscle contraction. Clinical (or surgical) blockade 
is commonly defined as the period of complete blockade, 
until force of contraction returns to 10% (some authors will 
allow 25%) of baseline. Recovery from neuromuscular 
blockade is a gradual process, not an all-or-none phenom-
enon. The recovery index represents the slope (or speed) of 
recovery, and it is the time interval between 25% and 75% 
recovery of the evoked muscular response. More details on 
monitoring are provided below.

Manuel Martin-Flores and Daniel M. Sakai
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Monitoring of Neuromuscular Function

Monitoring is integral to the clinical use of NMBAs, and is 
required for assessing depth of blockade, redosing, or 
deciding whether pharmacologic reversal is needed before 
emergence from general anesthesia. Moreover, monitor-
ing is necessary to avoid residual neuromuscular block-
ade. Several monitoring modalities exist, but they all share 
the same principle: stimulation of a motor nerve with a 
peripheral nerve stimulator, and evaluation of the evoked 
response. Commonly, the ulnar or peroneal (fibular) 
nerves are used in animals (Figure 16.2). It is important 
that the stimulus be supramaximal, so that decreases in 
response can be attributed to the effects of the agent, and 
not a decrease in the magnitude of the stimulus. 
Supramaximal current also ensures that all muscle fibers 
are recruited during stimulation. The evoked response can 
be evaluated in several ways: muscular twitches can sim-
ply be observed or palpated. This subjective evaluation can 
easily be performed, however it cannot detect intermedi-
ate and shallow levels of residual neuromuscular blockade 

(Martin-Flores et al. 2008). The gold standard for measur-
ing evoked responses is mechanomyography (MMG) 
(Figure 16.3), where the isometric force of contraction is 
measured. Alternatively, acceleromyography (AMG) or 
electromyography (EMG) can be used as surrogates. Both 
AMG and EMG are better suited for clinical use.

Although several patterns of stimulation exist, train-of-
four (TOF) is the one most commonly used in a clinical 
setting. The main advantage of TOF stimulation is that no 
baseline value is required: every TOF acts as its own con-
trol. A fade (progressive decrease in response magnitude) 
during TOF can be measured in the presence of non-
depolarizing neuromuscular blockade (Figure 16.4). In the 
absence of neuromuscular blockade, all four responses to 
TOF stimulation are equal; the TOF ratio (T4/T1)  =  1.0. 
A TOF ratio < 1.0 indicates that neuromuscular transmission 
is decreased. As blockade becomes deeper, all responses to 
TOF will disappear. Clinical (surgical) blockade usually 
requires that ≤1 response to TOF is present. A TOF 
ratio ≥ 0.9 is typically used in people to indicate that 

Figure 16.1  The neuromuscular junction. The motor neuron, muscle cell, and Schwan cell are shown. Acetylcholine (ACh) is produced 
and stored by the nerve cell and released into the synaptic cleft. Nicotinic acetylcholine receptors (nAChRs) are found primarily in the 
muscle cell, although presynaptic receptors are also found in the nerve cell. Under normal circumstances, the interaction between ACh 
and nAChR results in muscular activation. Neuromuscular blocking agents prevent this process.
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Figure 16.2  Illustration of motor nerves commonly used for peripheral nerve stimulation. The ulnar nerve (UN) and peroneal nerve 
(PN) are indicated. Stimulating subcutaneous needles or cutaneous patches can be placed over these nerves for stimulation. Isometric 
force of contraction of the innervated muscles (mechanomyography; MMG), electrical activation of those muscles (electromyography; 
EMG), or peak acceleration of the evoked movements (acceleromyography; AMG), can be used to quantify the response (Source: Lauren 
D. Sawchyn, DVM, CMI).
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Figure 16.3  Time-course representation of the onset and offset of nondepolarizing neuromuscular blockade measured with train-of-
four (TOF) stimulation every minute. The blue bars (first in a pair) represent the magnitude of the first twitch (T1) of the TOF and the 
pink bars (second in a pair) represent the TOF ratio (T4/T1). Administration of the NMBA occurs at minute 4. Note that values are 
expressed as percentages rather than absolute measurements. T1 is measured as the percentage change from baseline, while the TOF 
ratio is calculated within each train. A dashed horizontal line indicates 100% and shows that recovery occurs earlier (30 minutes) for T1 
than for TOF ratio (47 min in this case), making the latter a more sensitive indicator of residual blockade. Similar traces can be obtained 
with acceleromyography (AMG), mechanomyography (MMG), or electromyography (EMG)..
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recovery of neuromuscular function is sufficient for extu-
bation (Lien and Kopman 2014).

Depolarizing Neuromuscular Blocking Agents

Succinylcholine (SCh) is the only depolarizing NMBA in 
clinical use. It is composed of two ACh molecules linked at 
the acetyl group (Castillo and De 1950).

Mechanism of action – When SCh binds with the nAChR, 
it causes an initial depolarization; SCh is an agonist to the 
nAChR. Since SCh is not hydrolyzed by the AChE enzyme, 
the interaction between SCh and the nAChR is much 
longer (minutes) than that of the natural neurotransmitter, 
ACh (<1 ms). The initial depolarization produced by SCh 
manifests as muscular fasciculations (Meadows  1971) 
which are caused by a desynchronized depolarization of 
muscle membranes. These fasciculations are short lived 
(typically <1 minute) and are followed by a longer period 
of flaccid relaxation. This relaxation is the result of the pro-
longed interaction between SCh and the nAChR, which 
renders the receptor inactive to ACh. The effects of SCh are 
terminated once the drug diffuses out of the NMJ into the 
systemic circulation and is metabolized by plasma cho-
linesterase (Appiah-Ankam and Hunter 2004). Despite the 
many drawbacks of SCh (see below), this agent remains in 
clinical use due to its fast onset and short duration of 
action. These characteristics make SCh a unique agent, and 
a useful one as an aid for intubation, especially during 
rapid sequence induction.

Metabolism - Succinylcholine is rapidly hydrolyzed in 
plasma to succinylmonocholine, succinic acid and 

choline, by the pseudocholinesterase (or butyrylcholinest-
erase) enzyme, a protein synthesized by the liver. The neu-
romuscular blocking effects of succinylmonocholine are 
substantially less than those of SCh (estimated 1/20 to 
1/80), and hence this metabolite does not substantially 
contribute to neuromuscular blockade (Foldes et al. 1954). 
The efficiency of this enzyme is such that most of the SCh 
(90%) administered is hydrolyzed before it reaches the 
neuromuscular junction (Gissen et  al.  1966). The AChE 
enzyme present in the NMJ does not hydrolyze SCh. The 
fast hydrolysis in the plasma decreases the plasma concen-
tration of SCh and creates a concentration gradient, so 
that SCh diffuses back to the systemic circulation. The 
decrease in SCh at the NMJ leaves more nAChR available, 
terminating neuromuscular blockade (Appiah-Ankam 
and Hunter 2004).

Genetic mutations resulting in atypical forms of the 
pseudocholinesterase enzyme can gravely increase the 
duration of action of SCh, as the activity of the atypical 
enzyme is much lower. The duration of action can 
increase up to 4 h or more, instead of the expected 
5–15 minutes in healthy patients (Soliday et  al.  2010). 
Severe hepatic disease can also increase the duration of 
action of SCh, as the pseudocholinesterase enzyme is pro-
duced by that organ (Birch et al. 1956). Prolonged dura-
tion of SCh, due to a reduced concentration of regular 
pseudocholinesterase enzyme, is treated with plasma 
transfusion. Pseudocholinesterase levels, and the activity 
of the pseudocholinesterase enzyme can be assessed peri-
anesthetically, in patients at risk, by measuring the dibu-
caine number (DN). In short, the DN is the percentage of 

Figure 16.4  Response to train-of-four (TOF) stimulation during non-depolarizing neuromuscular block. Prior to injection of the 
NMBA, no fade during TOF is observed (left). A progressive fade (TOF ratio <1.0) and disappearance of responses occurs during onset 
of neuromuscular block. A progressive reappearance of the responses occurs as neuromuscular transmission is restored. A TOF ratio of 
1.0 should be measured when complete recovery of neuromuscular function occurs (right).
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the enzyme’s activity inhibited by dibucaine (Kalow and 
Staron 1957).

Clinical use – In veterinary anesthesiology, orotracheal 
intubation is commonly achieved without the use of relax-
ants, therefore SCh is seldom used. The same characteris-
tics that have kept this agent in clinical use when humans 
are anesthetized (fast onset and short duration) might not 
provide any advantages when animals require neuromus-
cular blockade. Intermediate-acting non-depolarizing 
NMBAs are more frequently used when animals are anes-
thetized. Notwithstanding some species-specific differ-
ences, SCh generally produces a short duration of 
neuromuscular blockade. In dogs, SCh 0.3 mg/kg will con-
sistently produce neuromuscular blockade of approxi-
mately 20–30 minutes (Cullen et  al.  1980) (Martin-Flores 
et al. 2015b). In cats and horses, SCh-induced blockade is 
of shorter duration, and better resembles what is observed 
in people. Doses as low as 0.15 mg/kg will commonly pro-
duce neuromuscular blockade in horses lasting approxi-
mately 5–10 minutes. Similar results have been observed in 
cats (Martin-Flores M and Sakai DM, unpublished obser-
vations) and rats (Ginsburg et al. 1971). A dose of 1 mg/kg 
administered to cats produced apnea that lasted no more 
than 15 minutes (Rex 1971). Larger doses are used in pigs; 
3 mg/kg produced complete paralysis with a recovery 
time < 15 minutes (Loughren et al. 2014).

Effects on Organ Systems

Cardiovascular system  –  SCh can interact as an agonist 
with cardiac muscarinic receptors and precipitate bradyar-
rhythmias (sinus bradycardia, junctional rhythm and 
sinus arrest). However, interaction of SCh with sympa-
thetic autonomic ganglia can produce the opposite effect 
by increasing the concentration of circulating catechola-
mines. Therefore, tachycardia and arterial hypertension 
might also occur. In pentobarbital-anesthetized dogs, 
hemodynamic parameters were not significantly altered 
when doses of 5 and 15 mg/kg of SCh were administered 
(Länsimies et  al.  1971). However, Leighton (1971) 
described a consistent decrease in arterial blood pressure, 
but stable cardiac output, after administration of 4 mg/kg 
of succinylcholine to dogs. It should be noted that those 
doses are supraclinical, and complete neuromuscular 
blockade can be achieved with 0.3 mg/kg IV. No arrhyth-
mias were observed when 0.3 mg/kg was used in healthy 
or myopathic dogs, however, a small and short-lived 
decrease in arterial blood pressure was reported in two 
myopathic dogs (Martin-Flores et  al.  2015b). In 

halothane-anesthetized horses, SCh 0.3 mg/kg resulted in 
mild increases in heart rate and arterial blood pressure 
(Benson et al. 1979). However, 0.1 mg/kg produced severe 
tachycardia when administered to ponies (Hildebrand and 
Howitt 1983).

Central nervous system and eye – Although SCh has no 
direct effect on CNS function or vision, intracranial 
(Minton et  al.  1986) and intraocular hypertension (Chiu 
et  al.  1999) have been reported in humans with its use. 
SCh increased intracranial pressure (ICP) in cats and dogs 
(Cottrell et al. 1983; Lanier et al. 1986), and caused a steep 
increase in extraocular muscle tension and intraocular 
pressure (IOP) in cats and rabbits (Collins and 
Bach-y-Rita 1972).

Other – SCh administration can result in increases in 
the circulating levels of histamine (Ertama 1978), which 
can in turn result in flushing, urticaria, arterial hypoten-
sion and bronchospasm (Moss  1995). SCh-induced 
hyperkalemia has also been reported and it can be severe 
when the drug is used in patients with muscle trauma 
(Cairoli et  al.  1982) or motor neuron defects (Stone 
et al. 1970). In those patients, the use of SCh might be 
contraindicated. A recent study in a small group of dogs 
with centronuclear myopathy did not detect exaggerated 
increases in K+ after SCh was administered (Martin-
Flores et al. 2015b).

Interactions with other drugs – Neostigmine, an AChE 
inhibitor agent commonly used to reverse non-depolarizing 
neuromuscular blockade also produces substantial inhibi-
tion of plasma cholinesterase. As a result, the duration of 
action of SCh is increased when neostigmine is adminis-
tered during recovery from SCh. A similar effect is observed 
in animals intoxicated with organophosphates (Himes 
et al. 1967).

Contraindications  –  SCh is contraindicated in hyper-
kalemic animals and those with myopathy, muscle trauma 
or burns due to the risk of life-threatening hyperkalemia. It 
is also prudent to avoid SCh in animals with arrhythmias 
or those at risk of having elevated intracranial or intraocu-
lar pressures. SCh is a known trigger of malignant hyper-
thermia and should be avoided in animals in which 
mutations responsible for that syndrome are confirmed or 
suspected.

Regrettably, SCh has been used in the past to immobi-
lize unsedated horses or used as a sole agent for euthana-
sia. This practice is inhumane, as paralysis is not 
accompanied by depression of the CNS, and it is discour-
aged and condemned by the AVMA (www.avma.org) and 
these authors.

https://www.avma.org
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Non-depolarizing Neuromuscular 
Blocking Agents

Non-depolarizing NMBAs are used with much more fre-
quency in veterinary anesthesiology than depolarizing agents.

Mechanism of action – All non-depolarizing agents share 
the same mechanism of action; non-depolarizing blockers 
are competitive antagonists of ACh at the nAChR.

When a molecule of a non-depolarizing NMBA binds to 
one of the two α-subunits of the nAChR, it renders this 
receptor unavailable to ACh. When enough nAChRs are 
bound with non-depolarizing NMBA, the influx of cations 
into the membrane is insufficient, and therefore, depolari-
zation does not occur. As a result, skeletal muscular con-
traction is effectively prevented. It is estimated that at least 
70% of the receptors need to be blocked before a decrease in 
neuromuscular transmission is measured (Waud and 
Waud 1972). This is to say, the number of available nAChR 
in the NMJ greatly exceeds the number required for effec-
tive neuromuscular transmission and evidences the wide 
safety margin of neuromuscular transmission. Once >70% 
of nAChR are occupied by the NMBA, further administra-
tion of the agent will produce measurable decreases in force 
of contraction. There are two clinical implications that 
follow this principle: (i) the priming technique consists 
of  administering a small dose of a non-depolarizing 
NMBA. This first dose is designed to occupy a proportion of 
receptors so that only minimal (or no) measurable neuro-
muscular blockade occurs. A second dose is administered 
later with the intent of blocking the remaining “active” 
receptors, that is, those in which neuromuscular transmis-
sion now relies upon. The objective with the priming tech-
nique is to hasten the onset time of an otherwise slow-acting 
drug. Priming was used more commonly with slow acting 
drugs, such as pancuronium (Doherty et al. 1985). (ii) The 
second implication is that re-dosing an NMBA will produce 
an increasingly greater effect if the same amount of drug is 
given. Even when the effects of a first dose of an NMBA dis-
sipate, it is expected that a number of receptors will still be 
occupied. A second dose of the NMBA will then act on the 
remaining “active” receptors and produce a greater inter-
ruption of neuromuscular transmission.

Metabolism and excretion of the non-depolarizing NMBA 
will result in a decrease in the plasma concentration of the 
agent, followed by a decrease in its concentration at the 
NMJ. When a sufficient amount of NMBA is removed from 
the NMJ, neuromuscular transmission is restored. However, 
because non-depolarizing NMBAs are competitive antago-
nists, reversal can be enhanced pharmacologically. This is 

commonly achieved with the use of AChE inhibitor agents 
(neostigmine and edrophonium) and it is the subject of 
Chapter 17.

Metabolism – While all non-depolarizing NMBAs share 
the same mechanism of action, metabolism of the two 
major chemical families of non-depolarizing NMBAs differ 
substantially.

Benzylisoquinolinium compounds in clinical use include 
atracurium and cisatracurium. Other agents such as miva-
curium might be available in some countries.

Atracurium undergoes both enzymatic and non-
enzymatic degradation. Enzymatic hydrolysis depends on 
nonspecific plasma esterases while non-enzymatic degra-
dation occurs spontaneously at normal pH and tempera-
ture, a process named Hoffman elimination. Both pathways 
are independent from hepatic or renal function, which 
allows for atracurium to be infused with little accumulation 
(Ward and Weatherley 1986). Decreases in temperature will 
delay non-enzymatic degradation, however, it is unlikely 
that changes in pH encountered in clinical practice would 
produce a noticeable effect on duration of atracurium. 
Moreover, pH changes also affect ester hydrolysis but in the 
opposite direction, so that a delay in Hoffman elimination 
might be counterbalanced by an increase in enzymatic 
activity. It is estimated that enzymatic hydrolysis accounts 
for two thirds of the overall degradation process (Fisher 
et al. 1986).

Laudanosine is a byproduct of atracurium degradation, 
whether it occurs by enzymatic or non-enzymatic path-
ways (Agoston et al. 1992). Laudanosine has no neuromus-
cular blocking effects but it is a CNS stimulant at high 
concentrations. In rabbits, high laudanosine plasma con-
centrations increased MAC by 23–30% (Shi et  al.  1985). 
Unlike atracurium, excretion of laudanosine depends pri-
marily on hepatic function; 70% of laudanosine is excreted 
through the bile, and 30% through urine (Ward and 
Weatherley 1986). Therefore, while severe hepatic disease 
will not affect the duration of action of atracurium, biliary 
obstruction may result in increased levels of circulating 
laudanosine. Laudanosine, but not atracurium, was 
increased in plasma during an anhepatic phase of surgery 
in pigs (Pittet et al. 1990).

Cisatracurium is degraded by Hoffman elimination 
similar to atracurium, but it does not undergo enzymatic 
degradation (Welch et al. 1995). Like atracurium, elimina-
tion of cisatracurium does not depend on hepatic or renal 
function (Kisor et al. 1996). The higher potency of cisatra-
curium means that lower doses are used. As a result, less 
laudanosine is formed during degradation.
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Mivacurium, also a non-depolarizing benzylisoquino-
linium agent, is hydrolyzed by the pseudocholinesterase 
enzyme, similarly to SCh (Savarese et al. 1988). Accordingly, 
low enzymatic activity, or atypical pseudocholinesterase 
enzyme will result in prolongation of neuromuscular 
blockade (Cerf et al. 2002).

Aminosteroid NMBAs in clinical use are vecuronium, 
rocuronium, and pancuronium, although the latter is used 
with much less frequency. Clearance of aminosteroid 
NMBAs relies on organ function and hence, hepatic and/or 
renal disease can noticeably delay clearance and prolong 
their duration of action.

Vecuronium is only minimally metabolized by the liver, 
and it is excreted through the bile (46%) and kidneys (7.5%) 
(Upton et  al.  1982). An active metabolite (3-OH) which 
retains about 80% of the neuromuscular blocking potency is 
formed during biotransformation. Prolonged administration 
and/or decreases in hepatic and renal function can contrib-
ute to the accumulation of vecuronium and its active metab-
olite (Wright et al. 1994). Hepatic metabolism of pancuronium 
is also limited, however, excretion of this agent occurs 
primarily through the kidneys (40–60%) and secondarily 
through the bile (11%). An active (3-OH) metabolite can also 
contribute to prolongation of neuromuscular blockade dur-
ing prolonged infusions or repeated doses (Miller and 
Roderick 1978). Rocuronium does not undergo metabolism 
and is excreted primarily by the liver and secondarily by the 
kidneys (Proost et al. 1997). Liver disease affects elimination 
(van Miert et al. 1997), but kidney disease only marginally 
decreases it (Della Rocca et al. 2003). The absence of active 
metabolites (Muir et  al.  1989) suggests that rocuronium is 
more suitable for infusions than its predecessors.

Clinical use and pharmacokinetics – Non-depolarizing 
NMBAs are used in veterinary anesthesia to permit 
mechanical ventilation, improve surgical conditions 
during thoracotomy, laparotomy, fracture repairs or 

ophthalmic surgeries (Auer and Moens  2011; Briganti 
et al. 2015) and to prevent sudden movements that could 
result in lesions. By producing immobility, these agents 
also participate in balanced anesthetic protocols, allow-
ing a reduction in the dose of general anesthetics, and 
commonly resulting in less cardiovascular depression 
(Kumazawa and Merin  1975; Kazama and Ikeda  1988; 
Conzen et  al.  1989). Less frequently, non-depolarizing 
blockers are used during induction of anesthesia to facili-
tate tracheal intubation (Moreno-Sala et al. 2013).

Recommended doses and approximated duration of 
action of several NMBAS in selected species are described 
in Table 16.1.

Unlike SCh, most non-depolarizing agents are 
intermediate-acting drugs, with effects lasting somewhere 
between 20 and 45 minutes. The onset time of these drugs 
is also slower than that of SCh; 1–5 minutes must elapse 
before complete blockade is attained, depending on the 
agent and the dose administered. In general, larger doses 
will result in faster onset and longer duration of action. 
Longer-acting drugs (also characterized by a slow onset) 
such as pancuronium, are rapidly losing popularity in 
anesthesiology. This chapter will emphasize the character-
istics of modern, intermediate-acting agents commonly 
used in veterinary anesthesia.

Non-depolarizing NMBAs are quaternary ammonium 
compounds. The positive charge on the chemical structure 
renders the molecule insoluble in lipid, therefore there is 
minimal transfer of NMBAs across the blood–brain barrier 
and placenta. In people, the non-depolarizing NMBAs 
have low volumes of distribution (31–278 ml/kg), and elim-
ination half-times that vary between 2 and 78 minutes 
(Flood et  al.  2015). The characteristics of hepatic, enzy-
matic or Hoffmann biotransformation and the biliary or 
renal excretion of NMBAs and its metabolites are specific 
for each agent and are described below.

Table 16.1  Recommended doses and approximate duration of action of NMBAs in selected species.

Succinylcholi Atracuriumne RocuroniumVecuroniumMivacuriumCisatracurium

DurationDoseDurationDoseDurationDoseDurationDoseDurationDoseDurationDose

0.6 2217–750.05300.10.05–0.15 20–4020–400.220–300.3Dog

0.2–0.6 15–20270.05120.080.06 20–3020–400.25–100.15Cat

0.05–0.01 30–400.07–0.15 20–605–100.15Horse NA Not 
recommended

0.2–0.6 20–65

300.5Sheep 0.04 15 NA 0.25 40150.2 NA

451.6–2.0Pig 3 15 NA 0.67 60.6–1 20110.27

Rabbit 0.1–0.2 NA 200.160.04 40140.05 NA 0.07a 5

a ~ED50. NA: data not available. Doses are in mg/kg and duration in minutes.
Data compiled from scientific literature and clinical experience of the authors.
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Benzylisoquinolines

As a group, benzylisoquinolines are characterized by their 
capacity to release histamine (at large doses) and for being 
susceptible to extra-hepatic metabolism.

Atracurium besylate is composed of a mixture of ten 
steroisomers, is likely the most commonly used NMBA in 
domestic animals, and there is extensive collective experi-
ence with this agent in dogs, cats, and horses. Atracurium 
is an intermediate-acting agent; clinical neuromuscular 
blockade lasts approximately 20 minutes, and complete 
recovery from atracurium occurs approximately 30–45 min-
utes after injection, depending on the dose administered 
and the presence of factors that might affect speed of recov-
ery (i.e. body temperature).

In humans, the ED95 of atracurium approximates 0.2 mg/
kg (Basta et al. 1982). The onset time ranges between three 
and five minutes. In dogs, the ED95 is approximately 
0.12 mg/kg (Hughes and Chapple  1981) but doses up to 
0.6 mg/kg can be found in the literature (Jones et al. 1983). 
Increasing the dose of atracurium carries a higher risk of 
histamine release. In cats, 0.12 mg/kg approximated the 
ED50, while 0.25 mg/kg produced 99% twitch depression 
(Hughes and Chapple  1981; Sutherland et  al.  1983). 
However, in a different study on the same species, the 
ED95  was estimated at ~0.1 mg/kg, with an onset of 
four minutes and a duration of 12 minutes (Wastila 
et al. 1996). Discrepancies between potency studies may be 
due to differences in methodology and, more specifically, in 
how neuromuscular transmission was measured, or what 
anesthetic agents were used. In these authors’ experience, 
atracurium 0.2 mg/kg consistently produces neuromuscu-
lar blockade in dogs and cats under inhalational anesthesia. 
In horses, doses as low as 0.07 mg/kg have shown to pro-
duce complete blockade (Hildebrand and Arpin  1988). 
However, a more recent experiment showed that at least 
one response during TOF stimulation could be observed 
even after 0.15 mg/kg was administered (Martin-Flores 
et  al.  2008). Because reversal of neuromuscular blockade 
can be problematic in horses (see Chapter 17), it is probably 
a safe course of action to evaluate the response to a low dose 
of atracurium, and then increase the dose incrementally if 
complete blockade is not achieved. Neuromuscular trans-
mission after 0.15 mg/kg in horses required approximately 
one hour to be restored spontaneously, however, in one 
horse it took 110 minutes (Martin-Flores et al. 2008).

While the dose of atracurium does not vary substantially 
among many domestic species, larger doses are used in 
pigs; the ED95 was estimated between 1.1 and 2.0 mg/kg 
(Pittet et al. 1990; Shorten and Gibbs 1993).

Cisatracurium is a stereoisomer of atracurium. Cisatra
curium is a more potent agent and it does not cause 

histamine release; this is possibly its most important clinical 
advantage over atracurium and other benzylisoquinolines.

Cisatracurium was recently examined in dogs under iso-
flurane anesthesia (Sakai et al. 2015). While the ED95 was 
not calculated as part of that study, cisatracurium 0.05 mg/kg 
produced ~95% twitch depression, suggesting that the 
ED95 might approximate that dose. The onset time for that 
dose ranged between three and five minutes in most dogs. 
Clinical blockade lasted 10–20 minutes, and complete spon-
taneous recovery occurred 25–30 minutes after injection 
(Sakai et  al.  2015). Cisatracurium was also evaluated in 
dogs with portosystemic shunts and compared with healthy 
animals (Adams et  al.  2006). Onset time after a dose of 
0.1 mg/kg was ~3 minutes, and neuromuscular blockade 
lasted ~30 minutes, regardless of whether dogs had shunts 
or not. In other words, the presence of a portosystemic 
shunt did not affect the time-course of cisatracurium.

In cats, the ED95 of cisatracurium was estimated at 
0.06 mg/kg (Wastila et al. 1996). Cisatracurium at a dose of 
0.075 and 0.1 mg/kg reliably produced neuromuscular 
blockade in isoflurane-anesthetized horses (Tutunaru 
et  al.  2019), while doses of 0.05 produced blockade in  
5/8 horses. Pilot data (Martin-Flores M; data not published) 
suggests that complete neuromuscular blockade can be 
attained in isoflurane-anesthetized horses with 0.05 mg/kg.

While atracurium and cisatracurium are considered 
intermediate-acting NMBAs, mivacurium is a shorter act-
ing agent in people. An evaluation of mivacurium in dogs 
however, revealed that the agent is actually intermediate to 
long acting in this species (Smith et al. 1999). In that study, 
doses of 10, 20, and 50 μg/kg produced complete blockade 
lasting ~30 minutes for the lowest dose, and over 2 hours for 
the highest dose. The observation that mivacurium pro-
duces longer blockade in dogs than in humans is in accord-
ance with results obtained with SCh in dogs, where duration 
of action is also longer than in people. In closer agreement 
with observations in people, duration of mivacurium block-
ade in sheep is short. Clutton and Glasby 1998 showed that 
recovery from 0.2 mg/kg mivacurium in sheep required 
only 15 minutes. That dose is also within the range of doses 
used in clinical practice in humans (Vanlinthout et al. 2014). 
In cats, spontaneous restoration of neuromuscular function 
after the administration of 1.5 × ED95 (0.08 mg/kg) mivacu-
rium required ~12 minutes (Savarese et al. 2004).

Currently, mivacurium is unavailable in the United States.

Aminosteroids

As a group, aminosteroid agents are characterized by their 
cardiovascular stability. These agents do not typically 
release histamine. Pancuronium, vecuronium and rocuro-
nium are examples of aminosteroid agents.
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Vecuronium is an intermediate-acting monoquaternary 
aminosteroid. It is structurally similar to pancuronium. 
Vecuronium is devoid of cardiovascular effects and does 
not release histamine at clinically relevant doses (Morris 
et al. 1983). Vecuronium has been extensively used in small 
animals. In dogs, the ED90 of vecuronium has been 
reported at 0.09 mg/kg (Bom et al. 2009), however, a dose 
of 0.05 mg/kg has been shown to produce complete block-
ade under clinical settings (Kariman and Clutton  2008). 
Moreover, a small bolus of 0.025 mg/kg produced ~80% 
twitch depression in isoflurane anesthetized dogs (Martin-
Flores et al. 2014).

The onset time after 0.05 mg/kg in dogs was close to two 
minutes, with a clinical duration (absence of response to 
neurostimulation) of ~17 minutes (Kariman and Clutton 
2008). In a different experiment in beagles, vecuronium 
0.05 mg/kg produced a longer duration of action; the period 
of clinical neuromuscular blockade (to return of 25% of 
twitch height) was just over 30 minutes, and the time to 
complete recovery of neuromuscular transmission was 
~75 minutes (Martin-Flores et  al.  2015c). Lorenzutti et  al. 
(2014) showed that when a dose of 0.1 mg/kg was adminis-
tered to isoflurane-anesthetized dogs, time to return of the 
second twitch during TOF stimulation was ~25 minutes. 
Complete recovery (without reversal) was reached ~43 minutes 
after injection of vecuronium. Taken together, data suggest 
that periods of 20–30 minutes of complete blockade, and 
45–75 minutes until complete return of neuromuscular 
function are to be expected after 0.05–0.1 mg/kg are used.

There is far less literature on the use of vecuronium in 
cats. In pentobarbital-anesthetized cats, the ED90 was esti-
mated at 22.5 μg/kg (Michalek-Sauberer et  al.  2000). The 
onset time after that dose was slow (mean 5 minutes) and 
was almost halved when 2 x ED90 was administered (mean 
2.8 minutes) (Michalek-Sauberer et  al.  2000). Recovery 
after 2 × ED90 required approximately 27 minutes.

Little information also exists in horses. A study in a small 
number of isoflurane-anesthetized horses investigated the 
effects of 25, 50, and 100 μg/kg vecuronium (Martin-Flores 
et  al.  2012a). In those animals, no effect was measured 
from the smallest dose. A median twitch depression of 25% 
was produced with a dose of 50 μg/kg, however, complete 
spontaneous return of neuromuscular function required 
~45 minutes. A dose of 100 μg/kg produced ~95% twitch 
depression with a slow onset time (3.5 minutes). After that 
dose, recovery of neuromuscular transmission required 
more than two hours, even when edrophonium was admin-
istered. It appears that, in horses, vecuronium has the abil-
ity to produce long-lasting neuromuscular blockade.

The effects of vecuronium in sheep are also noteworthy. 
While doses of at least 50 μg/kg are commonly administered 
in humans and dogs, as little as 25 μg/kg produces complete 

block in sheep (Clutton and Glasby  1998). Duration of 
blockade after that dose was ~40 minutes. A dose–response 
study in sheep suggested that the ED95 might be as low as 
13 μg/kg in this species (Martin-Flores et al. 2012b).

As occurs with benzylisoquinolinium agents, pigs are 
also resistant to aminosteroid NMBAs. The ED90 of vecuro-
nium in pigs ranges between 75 and 100 μg/kg (Muir and 
Marshall 1987; Proost et al. 2008). Doses of 0.4–0.6 mg/kg 
have been used in pigs for research purposes (Grong 
et  al.  2015). In a recent study involving isoflurane-
anesthetized pigs, boluses of vecuronium 1 mg/kg were 
administered to maintain surgical relaxation. No cardiovas-
cular effects were noted from that dose, and redosing with 
the same dose (guided by peripheral nerve stimulation) 
occurred at <20-minute intervals due to reappearance of 
responses to fibular nerve stimulation (Cisternas et al. 2015).

Rocuronium is a weaker non-depolarizing aminoster-
oid agent with a faster onset than vecuronium. The ED90 
of rocuronium in dogs was estimated at 0.18 mg/kg (Cason 
et al. 1990; Bom et al. 2009). This lower potency compared 
with vecuronium might be, at least in part, responsible for 
rocuronium’s faster onset time. For equipotent doses (e.g.  
1 × ED95) a larger number of molecules of rocuronium is 
administered, which might facilitate diffusion into the 
NMJ. A similar observation can be made when atracurium 
and cisatracurium are compared (Mellinghoff et al. 1996). 
Due to its cardiovascular stability and relatively short onset 
time, large doses of rocuronium are commonly used in 
humans during rapid sequence inductions. In dogs, the 
onset time after 0.3 mg/kg was two minutes (Auer  2007). 
That time was halved when the dose was doubled in one 
study (Auer 2007) and it was measured at a mean of 37 sec-
onds in a different study using 0.6 mg/kg (Mosing 
et  al.  2012). The duration of complete blockade after  
0.3 and 0.6 mg/kg was ~14 and 22 minutes, and complete 
recovery occurred at ~24 and 32 minutes after injection, 
respectively (Auer  2007). Alderson et  al. (2007) investi-
gated the effects of an infusion of rocuronium (0.5 mg/kg 
followed by 0.2 mg/kg/h). They found that recovery times 
increased and the duration of the infusion was longer, sug-
gesting that, at this rate, some accumulation may occur.

In cats, rocuronium 0.6 mg/kg had an onset time of 
~45 seconds (Auer and Mosing 2006), and the time of sur-
gical blockade approximated 13 minutes. Complete recov-
ery was achieved 20 minutes after injection. In a recent 
study (Martin-Flores et  al.  2016), complete blockade in 
propofol anesthetized cats was achieved with as little as 
0.2 mg/kg of rocuronium. Clinical duration of neuromus-
cular blockade was ~10 minutes after 0.2 mg/kg and 
18 minutes after 0.6 mg/kg. Rocuronium was readily 
reversed with neostigmine in all cats, once the evoked 
response had returned to >25%.
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In horses, rocuronium was evaluated at doses of 0.2, 0.4 
and 0.6 mg/kg (Auer et al. 2007). Onset times (2.7, 2.3, and 
1.5 minutes, respectively) were shorter than those obtained 
with vecuronium 100 μg/kg (3.5 minutes) (Martin-Flores 
et  al.  2012a). Complete blockade was produced with 0.4 
and 0.6 mg/kg; 0.2 mg/kg produced ~90% depression. 
Complete recovery occurred at ~17 minutes with the low-
est dose and 65 minutes with the highest one.

The ED90 of rocuronium in pigs is ~0.6 mg/kg; signifi-
cantly higher than in other species (Proost et  al.  2008). 
Doses of ~3 mg/kg have been used to achieve complete 
blockade in pigs (Madsen et al. 2015).

Effects on organ systems – Unlike SCh, non-depolarizing 
NMBA used at clinical doses are not associated with 
arrhythmias (other than tachycardia with pancuronium or 
secondary to histamine release with benzylisoquinolines) 
or changes in ICP or IOP. Non-depolarizing NMBAs do not 
trigger malignant hyperthermia, nor do they produce 
hyperkalemia.

Interactions with other drugs – Certain antibiotics, most 
noticeable the aminoglycosides (i.e. gentamicin), can 
potentiate neuromuscular blockade by inhibiting the pre-
synaptic release of ACh and by decreasing nAChR sensitiv-
ity to ACh (Singh et  al.  1978). The same is true with 
inhalational anesthetics; Nagahama et  al. (2006) showed 
that the infusion rate required to maintain a TOF count of 
one in dogs was lower with inhalational agents (both 

isoflurane and sevoflurane) than with propofol, that is, 
inhalational anesthesia potentiated neuromuscular block-
ade. Similarly, increases in Mg2+ can prolong the duration 
of neuromuscular blockade (Martin-Flores et al. 2011).

Novel Non-depolarizing NMBAs

Research in non-depolarizing NMBAs has recently focused 
on two objectives: the development of an agent with fast 
onset and short duration that could replace SCh, and a 
novel method to promptly and completely reverse neuro-
muscular blockade. The development of novel cysteine-
inactivated agents (olefinic isoquinolinium diesters) might 
fulfill both needs. Gantacurium is a fast-acting, ultrashort 
agent. The rapid inactivation is the result of two processes; 
inactivation by cysteine adduction and pH-sensitive 
hydrolysis. In cats, duration to complete recovery from 5 × 
ED95 of gantacurium was ~7 minutes. The duration of 
apnea after that dose was <3 minutes (Martin-Flores 
et al. 2015a). CW002 is a related intermediate-lasting com-
pound. In dogs, 3 × ED95 of CW002  had an onset of 
2.6 minutes and a duration of ~45 minutes (Heerdt 
et al. 2015). However, upon injection of L-cysteine, neuro-
muscular function is promptly restored (Heerdt et al. 2015). 
Injection of L-cysteine is devoid of the undesirable effects 
associated with the use of AChE inhibitors.
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Introduction

Non-­depolarizing neuromuscular blocking agents (NMBAs) ­
interrupt neuromuscular transmission by acting as com-
petitive antagonists of acetylcholine (ACh) at the nicotinic 
ACh receptors (nAChR) of the neuromuscular junction 
(NMJ) (see Chapter  16). Consequently, reversal of non-­
depolarizing neuromuscular block can be enhanced by 
increasing the local concentration of ACh. As mentioned 
in Chapter 16, depolarizing block cannot be reversed.

Acetylcholinesterase (AChE) inhibitors, such as neostig-
mine or edrophonium, are commonly used to aid faster 
recovery from neuromuscular blockade, and to avoid resid-
ual neuromuscular blockade after extubation. Mounting 
evidence in people and domestic animals shows that even 
low levels of neuromuscular block can produce serious 
consequences; accordingly, pharmacologic reversal of non-­
depolarizing blockade with AChE inhibitors is practiced 
with increasing frequency.

Mechanism of action  –  Neostigmine and edrophonium 
are the most commonly used acetylcholinesterase inhibitor 
agents (Jones et  al.  2015). AChE inhibitors reduce the 
activity of the AChE enzyme at the NMJ. Under normal 
conditions, AChE hydrolyzes ACh into choline and acetate. 
Choline is recycled back into the nerve cell and used to syn-
thetize new ACh. AChE enzyme is found in high concen-
trations at the NMJ (see Figure  16.1), and it is a very 
effective enzyme; it is estimated that 50% of the ACh 
released to the synaptic cleft is hydrolyzed before it reaches 
the nAChR (Rosenberry  1975; Naguib et  al.  2002). By 
reducing the activity of AChE, neostigmine and edropho-
nium allow for the concentration of ACh to increase. 
Accumulation of ACh at the NMJ competes with the 
NMBA and reverses any residual neuromuscular block. In 
other words, AChE inhibitors enhance reversal of blockade 

through an indirect mechanism. The indirect nature of this 
mechanism is important in understanding the limitations 
of reversal of neuromuscular blockade.

The maximal concentration of ACh that can be reached 
at the NMJ depends on the rate of synthesis and release of 
ACh. Once all of the AChE enzyme is completely inhibited, 
a ceiling effect is reached. However, the maximal (poten-
tial) concentration of a NMBA is limitless; it depends on 
how much is administered. This extreme hypothetical situ-
ation is useful to understand why deep neuromuscular 
blockade cannot readily be antagonized with AChE inhibi-
tors. Simply put, the concentration of ACh that can be 
reached at the NMJ will be insufficient to compete for the 
nAChR against a very high concentration of a NMBA. ­
Reversal of neuromuscular block with AChE inhibitors is 
therefore limited to speeding up the already ongoing 
­process of spontaneous recovery.

The intimate mechanism of AChE inhibition differs 
between neostigmine and edrophonium. The AChE 
enzyme has two active subsites: an anionic site and an 
esteratic site (Naguib et  al.  2002; Wilson and 
Bergmann  1950). Neostigmine (and also pyridostigmine, 
which has been used with less frequency to reverse neuro-
muscular block) inhibits the activity of the AChE enzyme 
by producing a reversible carbamyl-­ester complex at the 
esteratic site; it competes with ACh as substrate for that 
site. The newly formed carbamylated AChE is unable to 
hydrolyze ACh until the carbamate-­enzyme bond is bro-
ken. The carbamate-­enzyme bond has a half-­life that 
ranges between 7 and 30 minutes (Wilson 1955).

Edrophonium does not have a carbamyl group; instead, 
it inhibits the AChE enzyme by an electrostatic bond to 
the anionic site. This bond prevents ACh from interacting 
with AChE and allows its accumulation at the 
NMJ. The edrophonium-­AChE bond is not a true chemical 
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bond, therefore the nature of this interaction is weaker and 
can be reversed by ACh, making edrophonium a weaker 
inhibitor agent. The half-­life of the interaction is less than 
0.5 minute (Wilson  1955). This might explain the lower 
efficiency in reversing neuromuscular blockade when 
compared with neostigmine (Rupp et al. 1986).

Pharmacokinetics and metabolism – In humans, the phar-
macokinetics of neostigmine and edrophonium do not differ 
substantially. Like NMBAs, these drugs have ­relatively lim-
ited volumes of distribution (0.7–1.0 l/kg) and an elimina-
tion half-­time of 1–2 hours (Ansermino et al. 1996; Cronnelly 
and Morris 1982). Between 50% and 75% of neostigmine and 
edrophonium are excreted through the kidneys, therefore 
renal failure substantially delays elimination (Cronnelly and 
Morris 1982). Kidney disease may also delay elimination of 
the NMBA, however, the effect on NMBA elimination 
appears to be smaller than on neostigmine. As a result, 
recurarization (where the patient shows signs of NMB 
returning despite prior reversal) from delayed elimination 
of NMBAs, as a consequence of ­kidney disease, is unlikely. 
In addition to renal excretion, AChE inhibitors undergo 
hepatic metabolism. Active and inactive metabolites are 
formed through this process, but studies in dogs show that 
these metabolites do not ­contribute to antagonism of neuro-
muscular blockade (Hennis et al. 1984).

Hypothermia (body temperature less than 34.5 °C) delays 
the onset time of neostigmine in people. Muscle blood flow 
is decreased with hypothermia and this is probably respon-
sible for delaying the onset of neostigmine (Heier 
et al. 2002). The clearance, maximum effect and duration 
of action are not affected by hypothermia. A longer time of 
reversal should be expected in hypothermic animals.

Clinical Use  –  Restoration of neuromuscular function 
occurs spontaneously as the plasma concentration of the 
NMBA decreases through redistribution, biotransformation 
and excretion. However, recovery times can vary substan-
tially between individuals and can be affected by several 
factors, such as body temperature, electrolyte concentration 
and drug interactions. Hence, simply relying on expected 
recovery times to assume return of adequate neuromuscu-
lar function can result in animals being extubated with sub-
stantial levels of residual paralysis. Neostigmine and 
edrophonium are used routinely to enhance or accelerate 
reversal from non-­depolarizing neuromuscular blockade.

Pharmacologic reversal of neuromuscular blockade is 
practiced to avoid residual paralysis. While the evidence of 
the negative impact of residual paralysis in animals is still 
scarce, an abundant body of evidence has been collected in 
humans. Residual neuromuscular blockade, even if mild, 
increases the incidence of negative respiratory events in the 
early post-­anesthesia period, such as hypoxia and upper air-
way obstruction (Murphy et  al.  2011). Moreover, 

experiments in volunteers show that mild levels of residual 
blockade predispose to tracheal aspiration of solids 
(Eriksson et al. 1997; Sundman et al. 2000) and blunt the 
ventilatory response to hypoxia (Eriksson et  al.  1992; 
Eriksson et al. 1993). These low levels of residual block can-
not be diagnosed without the aid of an objective monitor 
(Martin-­Flores et al. 2008). In addition, return of spontane-
ous ventilation does not indicate that neuromuscular func-
tion has been restored to adequate levels, and using that as 
an indicator to judge whether reversal from neuromuscular 
block is necessary can lead to erroneous decisions (Martin-­
Flores et al. 2014). A train-­of-­four (TOF) ratio ≥ 0.9 is com-
monly accepted as an indicator of ­adequate recovery of 
neuromuscular transmission (see Figure 16.4). However, it 
was recently shown in dogs that neuromuscular blockade 
of some laryngeal muscles lasts longer than blockade of the 
limbs, where it is commonly monitored (Sakai et al. 2014). 
Even when the TOF ratio (measured at the pelvic limb) has 
returned to 0.9, residual block persists at the larynx. As a 
consequence, AChE inhibitors are administered routinely 
to prevent residual block.

Several factors can affect the efficacy of AChE inhibitors; 
of greatest importance are the AChE inhibitor agent used, 
its dose, and the depth of neuromuscular block at the time 
of reversal, all of which affect the outcome. In addition, the 
NMBA used might also impact efficacy of reversal. 
Neostigmine has been used in dogs in various doses (from 
0.0125 to 0.2 mg/kg), and under various conditions 
(Jones  1990). Two recent studies in dogs evaluated the 
effects of depth of neuromuscular block at time of reversal, 
and the effects of neostigmine dose, on time of reversal. 
Neostigmine 0.04 mg/kg was administered when either 
two or four responses had spontaneously returned from 
vecuronium-­induced block. Recovery was faster when 
administration occurred when four responses were visible 
(Lorenzutti et al. 2014). A dose finding study showed that 
recovery was not only faster, but also less variable as the 
dose of neostigmine increased from 0.02 to 0.04 and 
0.07 mg/kg (Martin-­Flores et  al.  2017). In some of those 
dogs, recovery required 10–12 minutes when either a low 
dose of neostigmine was used, or when neostigmine was 
administered early during recovery from vecuronium. 
Larger doses and administration at shallower blockade 
resulted in recovery times of approximately five minutes. 
In a different study, neostigmine 0.04 mg/kg was adminis-
tered when two responses of the TOF had returned from 
cisatracurium blockade. Recovery time after neostigmine 
required 10–15 minutes (Martin-­Flores et al. 2015). These 
combined data underline the slow time-­to-­peak of neostig-
mine and point out that this interval can be reduced by 
administering larger doses, or by attempting reversal at 
more superficial depths of block.
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In contrast to neostigmine, edrophonium has a short 
onset. The time-­to-­peak of edrophonium in humans receiv-
ing tubocurarine was 0.8–2.0 minutes when administered 
at 90% twitch depression (surgical blockade). The time-­­
to-­peak for neostigmine was 7–11 minutes (Cronnelly 
et al. 1982). Edrophonium was also faster than neostigmine 
for antagonizing vecuronium-­induced blockade in humans 
(Ferguson et  al.  1980). Despite its faster onset, edropho-
nium has been shown to be less effective under some cir-
cumstances. For example, it was found that edrophonium 
was unpredictable for reversing neuromuscular blockade 
when <3 responses to TOF could be elicited in humans 
recovering from pancuronium-­blockade (Kopman  1979). 
When neostigmine and edrophonium were compared for 
antagonism of profound blockade (T1 < 5%), recovery was 
faster and less variable with neostigmine (Rupp et al. 1986). 
Reversal with edrophonium was equal to neostigmine 
when either the dose was increased to 1.0 mg/kg, or when 
blockade was more shallow (Rupp et al. 1986). In dogs and 
cats, doses of edrophonium of 0.5–1.0 mg/kg are frequently 
used, with the lowest dose likely being the most commonly 
used one. The combined data in humans suggest that 
despite its slow onset, neostigmine might be more reliable 
as a reversal agent when profound neuromuscular block is 
present or when long-­lasting NMBAs are used.

There are fewer reports of AChE inhibitors in cats. A 
small dose of edrophonium (0.25 mg/kg) was useful to 
completely and quickly reverse vecuronium-­induced 
blockade when administered at 90–100% twitch depres-
sion. However, that same dose was insufficient to reverse 
pancuronium, underscoring the limitations of edropho-
nium to reverse profound blockade from a longer lasting 
relaxant (Baird et al. 1982). Increasing the dose of edropho-
nium to 0.5–0.75 mg/kg produced faster reversal, and it was 
concluded that edrophonium 0.6 mg/kg was equipotent to 
neostigmine 0.05 mg/kg for reversing vecuronium (Baird 
et al.  1982). That study suggested that doses of edropho-
nium between 0.5–1.0 mg/kg and neostigmine at approxi-
mately 0.05 mg/kg are likely to be useful in clinical 
scenarios. These authors routinely use edrophonium 
0.5 mg/kg or neostigmine 0.02–0.04 mg/kg to reverse neu-
romuscular block in the clinical setting.

Both neostigmine and edrophonium have been studied 
in horses. A dose-­response study in horses, under moder-
ate pancuronium or gallamine block, suggested that doses 
of neostigmine between 0.03–0.04  might be sufficient to 
restore neuromuscular function. Atropine (0.01 mg/kg) 
was administered prior to the AchE inhibitor (Klein 
et  al.  1983). Neostigmine (0.04 mg/kg) and edrophonium 
(1 mg/kg) were successfully used to antagonize 
pancuronium-­induced block in anesthetized horses 
(Hildebrand and Howitt  1984). In this case, both AchE 

inhibitors were administered without atropine or glycopyr-
rolate (see cardiovascular effects below). Bradycardia was 
observed after edrophonium but not after neostigmine. 
The onset of edrophonium was faster. Lower doses have 
been used to reverse shallow block; neostigmine 0.007 mg/
kg was administered to horses recovering from rocuronium 
(Auer et al. 2007). A recent study showed some limitations 
of edrophonium to restore neuromuscular function in 
horses receiving vecuronium (Martin-­Flores et  al.  2012) 
Table 17.1.

Effects on organ systems – Acetylcholinesterase inhibitors 
increase the circulating levels of ACh; the effects on other 
organs are primarily the result of this effect. Most noticea-
bly, the use of AChE inhibiting agents is associated with 
bradyarrhythmias and gastrointestinal (GI) activation. As a 
general rule, to avoid these effects, the administration of 
AChE inhibitors is preceded by (or administered simulta-
neously with) atropine or glycopyrrolate. Due to its slower 
onset time, glycopyrrolate appears to better match the 
time-­course of neostigmine. Atropine can be used safely 
with either AChE inhibitor agent. In dogs and cats, doses 
of atropine between 0.02–0.04 are commonly administered 
prior to reversal with neostigmine (Lorenzutti et al. 2014; 
Adams et  al.  2006). Glycopyrrolate 0.01 mg/kg has also 
been used in dogs to prevent bradycardia from neostigmine 
04 mg/kg (Martin-­Flores et al. 2015).

In horses, AChE inhibitors have been administered with 
and without the use of atropine. When atropine was omit-
ted, increased defecation, flatulence, salivation, and 
increased airway secretions were noticed (Hildebrand and 
Howitt 1984).

Physostigmine is a tertiary amine AChE inhibitor that 
permeates through the blood–brain-­barrier. It has been 
used to treat central anticholinergic syndrome in people 
(Moos 2007), and to improve recovery quality in horses by 

Table 17.1  Doses of neostigmine and edrophonium (and 
anticholinergic agents) commonly used in several domestic 
species.

Edrophonium (mg/kg)Neostigmine (mg/kg)

Dogs and 
cats

0.02–0.07 with atropine 
0.02–0.04 or 
glycopyrrolate 0.01

0.5–1 mg/kg with 
atropine 0.02 mg/kg

Horses 0.007–0.04 with or 
without atropine 0.01

0.2–1.0 with or without 
atropine 0.01 mg/kg

Rabbits 0.05 with atropine 0.01 NA

Sheep 0.05 with atropine 0.08 0.5–1.0 with atropine 
0.04–0.08

Anticholinergic drugs are usually administered prior to the AChE 
inhibitor agent.
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decreasing emergence delirium (Wiese et  al.  2014). The 
potential use of physostigmine for reversing neuromuscu-
lar block in veterinary medicine is currently unknown.

Novel agents  –  Important advances have been made to 
improve the way neuromuscular block can be reversed. As 
described above, reversal with AChE inhibitors has several 
limitations: the mechanism by which reversal occurs is 
indirect, which results in a ceiling effect determined by the 
rate of release of quanta. As a result, profound neuromus-
cular block cannot be reversed. Moreover, due to the unde-
sirable side effects of AChE inhibitors, anticholinergic 
agents are commonly administered. The resultant changes 
in cardiovascular function might be deleterious to many 
patients. Unwanted GI effects may also occur both from 
the AChE inhibitor or the anticholinergic agent; this is of 
particular importance in horses.

Sugammadex presents a new concept to restore neuro-
muscular function. This agent is currently approved in 
more than 50 countries. Sugammadex is a modified ­
γ-­cyclodextrin that selectively binds to rocuronium (and 
also vecuronium) (Adam et al. 2002). Sugammadex encap-
sulates rocuronium in its lipophilic cavity; the new com-
plex (sugammadex-­rocuronium) has no neuromuscular 
blocking properties. By “capturing” rocuronium, the 
plasma concentration of free rocuronium is drastically and 
quickly decreased, so that neuromuscular function is 
restored (Bom et al. 2002). The sugammadex-­rocuronium 
complex is then excreted by the kidneys. Sugammadex is 
devoid of direct effects on cholinergic transmission. Since 
sugammadex was specifically designed to encapsulate 
rocuronium, it is currently classified as a selective relaxant 
binding agent (SRBA). Due to its ability to quickly render 
rocuronium (and vecuronium) devoid of effects, sugam-
madex can re-­establish neuromuscular transmission with 
little delay, even in the presence of profound neuromuscu-
lar block. Mosing et al. (2010) showed that sugammadex 

could reverse profound rocuronium-­induced block in 
ponies in <4 minutes. In dogs, sugammadex restored func-
tion from profound rocuronium or vecuronium-­induced 
block in <2 minutes (Mosing et al. 2012). These results are 
a substantial improvement from the results that could be 
obtained with neostigmine or edrophonium. Moreover, 
there is no need to administer anticholinergic drugs, an 
advantage that might prove especially important in patients 
with cardiac disease, or in horses.

Calabadion has recently been proposed as a new alter-
native for reversing NMBAs (Hoffmann et  al.  2013). 
Calabadion is a member of the cucurbit[n]uril family. This 
molecular container has a high affinity for both aminoster-
oid and benzylisoquinoline NMBAs (Ma et al. 2012), and 
pre-­clinical studies have shown that it can quickly and 
completely reverse rocuronium and cisatracurium block in 
rats (Hoffmann et  al.  2013). Calabadion might therefore 
offer the unique opportunity to bind several NMBAs and 
promptly re-­establish neuromuscular function.

The newly developed neuromuscular blocking agents, 
gantacurium and CW002, are susceptible to cysteine 
adduction (Heerdt et  al.  2015). Interaction with cysteine 
renders these NMBAs inactive and terminates neuromus-
cular block. Studies in different animal models show that 
CW002 has an intermediate duration of action, but that the 
effects can be terminated upon injection of L-­cysteine. In 
dogs, administration of 9 × ED95 of CW002 produced neu-
romuscular block for approximately 75 minutes. That dura-
tion was reduced to <5 minutes when cysteine was 
administered (Sunaga et  al.  2010). These novel cysteine-­
inactivated NMBAs might offer two advantages for the 
practice of clinical anesthesia: An ultrashort-­acting drug 
(gantacurium) that does not require reversal, or an inter-
mediate acting agent (CW002), in which reversal could be 
performed at any time regardless of depth of blockade, by 
injecting L-­cysteine.
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Introduction

The autonomic nervous system regulates homeostasis and 
the body’s response to stress, and as such is responsible for 
regulating systemic blood pressure. It is comprised of the 
sympathetic nervous system (SNS) and the parasympathetic 
nervous system (PNS), which work in tandem to regulate 
organ function. Many drugs used in the peri-anesthetic 
period can decrease SNS output. These include benzodiaz-
epines, particularly when combined with mu opioid receptor 
agonists, alpha2 adrenoceptor agonists, injectable anesthetic 
induction agents (propofol, barbiturates) and inhalant anes-
thetics (halothane, isoflurane, sevoflurane) (Neukirchen 
and Kienbaum 2008).

In addition to direct effects of anesthetic drugs on the 
cardiovascular system, a reduction in sympathetic tone 
during anesthesia can contribute to unfavorable hemody-
namics (decreased myocardial contractility, bradycardia, 
hypotension). Inadvertent sympathetic blockade by local 
anesthetics can also decrease sympathetic output, resulting 
in hypotension (Peters et al. 1990). Additionally, hypoten-
sion is known to contribute to the development of 
anesthesia-related myopathy in horses (Grandy et al. 1987).

Bradycardia is most frequently treated with drugs 
having  parasympatholytic effects, i.e. anticholinergics 
(see Chapter 13). Drugs with agonist activity at sympathetic 
adrenergic receptors (adrenoceptors) are commonly used 
intraoperatively to treat hypotension (mean arterial blood 
pressure <60–70 mmHg) that is anesthetic drug-induced or 
due to disease states (e.g. congestive heart failure, cardio-
myopathy, autonomic dysfunction, sepsis), as well as 
during cardiopulmonary resuscitation (CPR). These drugs 
are called sympathomimetics, and include endogenous 
catecholamines, synthetic catecholamines and synthetic 
non-catecholamines.

­Mechanism of Action and Main Effects

Like the PNS, the neurotransmitter in preganglionic 
sympathetic fibers is acetyl choline. Postganglionic fibers 
in the SNS store norepinephrine (noradrenaline) in synaptic 
vesicles and are referred to as adrenergic (noradrenergic) 
fibers. Adrenoceptors are stimulated by the endogenous 
catecholamines dopamine, epinephrine (adrenaline) and 
norepinephrine (noradrenaline). These three catecholamines 
share a common biosynthetic pathway (Flatmark  2000). 
Phenylalanine is transformed to L-tyrosine, which in turn, is 
transformed to L-dopa, from which dopamine is synthe-
sized. Dopamine is a precursor for norepinephrine and 
epinephrine synthesis (see Figure 18.1). When stimulated, 
adrenergic fibers release norepinephrine, which interacts 
with adrenoceptors in the synaptic cleft. Cessation of 
action is mostly due to reuptake of norepinephrine, with 
some being metabolized. Additionally, epinephrine and 
norepinephrine are released via sympathetic activation of 
the adrenal medulla, in which case, they are considered to 
act as hormones rather than neurotransmitters.

Adrenergic receptors are G protein-coupled receptors 
and are divided into alpha and beta adrenoceptors with 
subtypes alpha1, alpha2, beta1, beta2, and beta3. Alpha1 and 
alpha2 adrenoceptors are further divided into alpha1A, 
alpha1B, alpha1D, alpha2A, alpha2B, and alpha2C subtypes 
(Skelding and Valverde 2020; Motiejunaite et al. 2021).

Alpha1 adrenoceptors are coupled to excitatory Gq pro-
teins and are located in the smooth muscle of the vascula-
ture, including the coronary artery. Via activation of 
phospholipase C and inositol triphosphate, intracellular 
calcium increases resulting in vasoconstriction. Alpha1 
adrenoceptors located in the heart increase inotropy.

Alpha2 adrenoceptors are coupled to Gi proteins and 
cause inhibition by deactivating adenylyl cyclase thus 
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preventing activation of phosphokinase A. They are 
present in the central nervous system (CNS) where they 
cause sedation, analgesia, and decrease sympathetic tone. 
In the vasculature, including coronary blood vessels, alpha2 
adrenoceptors cause vasoconstriction. They are also pre-
sent on platelets (mediation of platelet aggregation) and in 
the Islets of Langerhans in the pancreas (inhibition of 
insulin release). See Chapter 4 for a discussion of alpha2 
adrenoceptor subtypes.

Beta1 adrenoceptors located in the heart couple with 
excitatory Gs proteins, exerting their action by increasing 
adenylyl cyclase, cyclic AMP, and protein kinase A. This 
results in increases in inotropy (contractile force of myo-
cytes), chronotropy (heart rate), dromotropy (conduction 
through the atrioventricular node), and lusitropy (rate of 
myocyte relaxation).

Beta2 adrenoceptors also couple with Gs proteins. The 
effect on bronchial and vascular smooth muscle is relaxa-
tion. Beta2 receptors in the heart contribute to increases in 
inotropy and chronotropy, as well as coronary artery 
vasodilation.

Beta3 adrenoceptors are located in adipose tissue and are 
associated with lipolysis and associated thermogenesis. 
The general effect of sympathetic activation is an increased 

metabolic rate. In the heart, beta3 adrenoceptors are acti-
vated when sympathetic tone is high (e.g. due to congestive 
heart failure). Agonism of beta3 adrenoceptors has been 
shown to be cardioprotective through decreasing inotropy, 
possibly acting as an endogenous beta receptor blockers 
(Niu et al. 2012).

Dopamine receptors have five subtypes, D1 through D5 
(Beaulieu and Gainetdinov  2011). D1 and D2 receptors 
are relevant to mediation of vascular tone. D1 receptors are 
found post-synaptically in several vascular beds (renal, 
mesenteric) as well as in coronary and cerebral blood 
vessels. They couple with Gs proteins. D2 receptors are 
found pre-synaptically, couple with Gi proteins, and inhibit 
adenylyl cyclase and norepinephrine release.

Vasopressin (antidiuretic hormone) acts at vasopressin 
receptors (V1A, V1B, and V2, which correlate to an alternate 
classification of V1, V2, and V3) which are coupled to Gq 
proteins. Vasopressin receptors are not sympathetic recep-
tors. They are included here because V1A receptors on 
blood vessels cause vasoconstriction. V1B receptors located 
in the pituitary regulate mood and behavior, while V2 
receptors in the kidney promote water reabsorption 
(Zeynalov et al. 2020).

Location and effects of sympathetic and vasopressin 
receptors are given in Table 18.1. Drugs that have predomi-
nantly beta1 adrenoceptor activity are frequently referred 
to as inotropes, while drugs that primarily increase blood 
pressure by causing vasoconstriction, i.e. acting predomi-
nantly on vascular alpha adrenoceptors or vasopressin 
receptors, are called vasopressors (or pressors). Alpha2 
adrenoceptors are included in Table 18.1, and this class of 
drugs is discussed in detail in Chapter 4.

Adrenoceptors can become desensitized or downregulated 
in the face of increased release of endogenous catechola-
mines (adrenergic overdrive) as occurs with congestive 
heart failure and septic shock (Wallukat 2002; Landry and 
Oliver 2001).

­Catecholamines – Structure 
and Pharmacokinetics

Endogenous and exogenous sympathomimetics share the 
common structure of a catechol ring, which is comprised 
of a benzene ring with hydroxyl groups attached at C3 
and  C4. Amine side chains are attached at C1, therefore 
sympathomimetics sharing these two characteristics are 
referred to as catecholamines (Cannon 1983; Murrell 2015; 
Motiejunaite et al. 2021).

The onset of, and duration of action of most catechola-
mines is very short, typically in the range of a few minutes 
when given intravenously (IV). They are therefore frequently 

Figure 18.1  The latter portion of the pathway of endogenous 
catecholamine synthesis.
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administered IV by constant rate infusion (CRI) for their 
hemodynamic effects during anesthesia. Boluses of epi-
nephrine are used to treat severe anaphylaxis and during 
CPR (Odunayo et al. 2021; Fletcher et al. 2012). Ephedrine 
and phenylephrine have longer durations of action 
(10–20 minutes) and can also be given as bolus doses.

The action of catecholamines is terminated mostly due 
to reuptake by active transport mechanisms that ultimately 
return them to neuronal storage vesicles, which frequently 
involve intracytoplasmic metabolism (Eisenhofer et al. 2004). 
A small fraction of catecholamines undergo biotransforma-
tion to metabolites that are then excreted via the urine. In 
people, biotransformation is relatively complex with several 
possible pathways (Eisenhofer et al. 2001). The majority of 
catecholamine biotransformation is via initial deamination 
in the sympathetic neurons via monoamine oxidase (MAO). 
The resulting aldehyde intermediates are then transformed 
to alcohol or acid metabolites by aldehyde reductase (AR) or 

aldehyde dehydrogenase (AD). These intermediary alcohol 
and acid metabolites can be further metabolized by MAO, 
catechol-O-methyltransferase (COMT), AR, and AD. The 
final metabolites, produced in the  liver, are homovanillic 
acid (dopamine) and vanillylmandelic acid (epinephrine 
and norepinephrine), which, along with other intermediary 
metabolites, are excreted in urine.

Exogenous catecholamines can undergo pulmonary 
clearance. In newborn lambs, approximately 25% of circu-
lating norepinephrine and 10% of epinephrine was removed 
by the lungs (Smolich et  al.  1997). In dogs, pulmonary 
clearance was similar (25% and 14% for norepinephrine 
and epinephrine, respectively), and occurred due to neu-
ronal uptake of catecholamines within the lung, as well as 
via non-neuronal mechanisms (Eisenhofer et  al.  1992). 
Non-neuronal pulmonary clearance can be attributed to 
uptake into endothelial cells with metabolism by MAO and 
COMT (Gillis and Pitt 1982).

Table 18.1  Location and effects of adrenergic, dopamine and vasopressin receptors.

Receptor G-protein Location Effect

Alpha1 adrenergic Gq Vasculature
Heart

Vasoconstriction
↑ Inotropy
Coronary artery vasoconstriction

Alpha2 adrenergic Gi CNS
Heart
Vasculature
Platelets
Pancreas

Sedation, analgesia, ↓ sympathetic tone
Coronary artery vasoconstriction
Vasoconstriction
↑ Aggregation
↓ Insulin release

Beta1 adrenergic Gs Heart ↑ Inotropy
↑ Chronotropy
↑ Dromotropy
↑ Lusitropy

Beta2 adrenergic Gs Bronchi
Heart
 
 
Vasculature
Platelets
Hepatocytes

Bronchodilation
↑ Inotropy
↑ Chronotropy
Coronary artery vasodilation
Vasodilation
↓ Aggregation
Glycogenolysis

D1 dopamine Gs CNS
Vasculature

Modulates the extrapyramidal system
Vasodilation

D2 dopamine Gi CNS
 
Vasculature

↓ Norepinephrine release
↓ Pituitary hormone release
Vasodilation

V1A vasopressin Gq Vasculature Vasoconstriction

CNS, central nervous system.
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­Endogenous Catecholamines

Epinephrine (Adrenaline)

Epinephrine has a relatively indiscriminate adrenergic 
receptor profile and is an agonist at alpha and beta adreno-
ceptors (see Table 18.2). As such, it is not usually used for 
cardiovascular support during anesthesia, as drugs with 
more specific receptor profiles are preferred. Epinephrine 
is used to prolong the action of local anesthetics (see 
Chapter 12), to treat severe anaphylaxis, and during CPR 
(Odunayo et al. 2021; Fletcher et al. 2012). See Table 18.3 
for recommended dosing of catecholamines.

Cardiovascular Effects
At lower doses (0.01 mg/kg IV) beta adrenergic effects result 
in increased cardiac output (beta1), coronary dilation, and 
decreased systemic vascular resistance (beta2). At higher doses 
(0.1 mg/kg IV) epinephrine also has alpha adrenergic effects 
resulting in increases in systemic vascular resistance. CRIs of 
epinephrine increased heart rate, systemic blood pressure, car-
diac index and oxygen delivery in a dose-dependent fash-
ion in cats (Pascoe et al. 2006). As with all catecholamines, 
epinephrine is pro-arrhythmogenic. In dogs, epinephrine 
(0.3–0.9  μg/kg/min IV) increased mean arterial blood pres-
sure and caused ventricular arrhythmias (Deterling et al. 1954).

Ketamine, and xylazine plus ketamine decreased the 
arrhythmogenic dose of epinephrine in dogs (Wright et al. 
1987). Compared to other inhalants, halothane sensitizes 
the myocardium to epinephrine-induced arrhythmias in 

most domestic species (Sumikawa et al. 1983; Bednarski and 
Majors 1986; Lees and Tavernor 1970; Rezakhani et al. 1977; 
Zahed et al. 1977; Stowe et al. 1988).

During CPR
High doses of epinephrine used during CPR in people 
resulted in an increase in rates of return to spontaneous 
circulation (ROSC) (Vandycke and Martens 2000). Survival 
to discharge was not different compared to a lower dose. 
In small animals, low-dose epinephrine (0.01 mg/kg IV) is 
preferred. High-dose epinephrine (0.1 mg/kg IV) should 
only be used if ROSC has not been achieved after prolonged 
CPR (Fletcher et al. 2012). Cardiopulmonary arrest results 
in increased circulating epinephrine in dogs, and it is 
recommended that administration of epinephrine be limited 
to every second advanced life support cycle in order to avoid 
overdosing (Huyghens et al. 1991; Fletcher et al. 2012). The 
resuscitation dose of epinephrine in horses is lower than in 
small animals – 0.003–0.005 mg/kg (Muir 2009).

Other Effects
Epinephrine infusion increased packed cell volume in cats, 
likely due to splenic contraction (alpha1 adrenergic effect) 
(Pascoe et al. 2006). In the same study, body temperature 
increased due to a thermogenic effect.

Norepinephrine (Noradrenaline)

Norepinephrine acts at alpha1, alpha2, and beta1 adreno-
ceptors, with no beta2 activity (Table 18.2) Norepinephrine 

Table 18.2  Receptor profiles of sympathomimetic drugs and vasopressin at clinical dosages.

Drug

Receptor activity

Alpha1 Alpha2 Beta1 Beta2 D1/D2 V1A

Epinephrine low dose
Epinephrine high dose

0
++

0
++

+++
+++

++
++

0
0

0
0

Norepinephrine +++ +++ ++ 0 0 0

Dopaminea +++ ++ ++ + +++ 0

Isoproterenol 0 0 +++ +++ 0 0

Dobutamine 0/+ 0 +++ + 0 0

Phenylephrine +++ 0 0 0 0 0

Ephedrine ++ ++ + + 0 0

Vasopressin 0 0 0 0 0 ++

Alpha1, alpha2, beta1, beta2, adrenoceptors; D1, D2, dopamine receptors; V1A, vasopressin receptor. 0, no activity; +, ++, +++, relative increases 
in activity.
a Receptor activity of dopamine is dose and individual dependent, with alpha adrenoceptor effects typically occurring at high infusion rates 
(10–20 μg/kg/min).
Source: Table adapted from the following sources: (Muir 2009; Schauvliege and Gasthuys 2013; Murrell 2015; Skelding and Valverde 2020; 
Motiejunaite et al. 2021; Congdon 2022; Lorenzo 2022).
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is used to manage hypotension due to decreased systemic 
vascular resistance as a result of drug effects (e.g. inhalant 
anesthetics) or diseases that result in excessive vasodilation 
(e.g. septic shock).

Pharmacodynamics
Norepinephrine causes a greater degree of vasoconstriction 
compared to epinephrine, while increases in contractility 
are less. Increases in blood pressure can cause decreased 
heart rate due to baroreceptor reflex. Norepinephrine 
(0.05–0.3  μg/kg/min IV) effectively maintained normo-
tension in isoflurane-anesthetized cats (Kobluk and 
Pypendop 2022). In dogs, norepinephrine (0.3–0.9 μg/kg/
min IV) increased mean arterial blood pressure and 
caused ventricular arrhythmias (Deterling et al. 1954). In 
an isoflurane-induced hypotension model, norepinephrine 
increased blood pressure and cardiac output while reduc-
ing the heart rate, with the most effective dose being 

0.44  μg/kg/min IV (Henao-Guerrero et  al.  2023). In a 
canine endotoxic shock model, norepinephrine (0.5–1 μg/kg/
min IV) increased blood pressure, cardiac index and 
oxygen delivery (Bakker and Vincent 1993). Norepinephrine 
increased cardiac index, oxygen delivery and systemic vas-
cular resistance during isoflurane-induced hypotension in 
1–4-day old foals (Valverde et  al.  2006). In 8–14-day old 
foals, norepinephrine increased mean arterial blood pres-
sure, heart rate, partial pressure of oxygen, and systemic 
vascular resistance index, while cardiac index was not 
significantly different from the baseline (Craig et al. 2007). 
In isoflurane-anesthetized horses, norepinephrine increased 
blood pressure, and did not change GI perfusion (Dancker 
et al. 2018).

Other Effects
In sheep, where anesthesia was being maintained with a 
propofol CRI, a norepinephrine infusion dose-dependently 

Table 18.3  Recommended dosages for sympathomimetics and vasopressin in small animals and horses during CPR and for 
treatment of hypotension during anesthesia.

Indication and main actions Drug
Dose (IV)
Dogs and cats

Dose (IV)
Horses

CPR Vasoconstriction

↑ Inotropy

↑ Chronotropy

Epinephrine — 0.001–0.005 mg/kg

Epinephrine low dose 0.01 mg/kg —

0.1Epinephrine high dose  mg/kg —

Vasoconstriction Vasopressin 0.8 U/kg —

Hypotension ↑ Inotropy Dobutamine 1–10 μ 0.5–5g/kg/min μg/kg/min

↑ Inotropy
↑ Chronotropy

5–10Dopamine low dose μ 1–5g/kg/min μg/kg/min

10–20Dopamine high doseVasoconstriction μ —g/kg/min

↑ Inotropy Isoproterenol 0.001–2 μ —g/kg/min

Vasoconstriction
↑ Inotropy
↑ Chronotropy

Ephedrine 0.06–0.2 mg/kg
10–20 μg/kg/min

0.03–0.06 mg/kg

Vasoconstriction
↑ Inotropya

↑ Chronotropya

Norepinephrine 0.05–2 μ 0.05–1g/kg/min μg/kg/min

PhenylephrineVasoconstriction 1–5 μg/kg
0.5–3 μg/kg/min

0.01–0.02 mg/kg
0.25–2 μg/kg/min

Vasopressin 0.1–0.6 U/kg
1–5 mU/kg/min

0.3–1 mU/kg/minb

Bradycardia due to sinus 
node dysfunction

↑ Chronotropy
↑ Inotropy
Vasodilation

Isoproterenol 0.001–2 μ —g/kg/min

CPR, cardiopulmonary resuscitation.
a At higher doses.
b In foals.
Source: Adapted from Muir (2009), Fletcher et al. (2012), Schauvliege and Gasthuys (2013), Murrell (2015), and Skelding and Valverde (2020).
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increased cardiac output, and decreased propofol plasma 
concentration (Myburgh et  al.  2001). This is likely as a 
result of increased hepatic blood flow causing an increased 
clearance of propofol.

Dopamine

Dopamine has dose-dependent activity at adrenergic and 
dopamine receptors. It is commonly used in cats and dogs 
to manage hypotension during anesthesia (see Table 18.3).

Pharmacodynamics
At lower doses (1–3  μg/kg/min IV) dopamine receptor 
effects predominate resulting in vasodilation and diuresis. 
As the dose range increases to 3–10  μg/kg/min IV, beta 
adrenergic effects tend to dominate, resulting in increases 
in chronotropy and inotropy. Above 10 μg/kg/min IV alpha 
adrenergic effects result in vasoconstriction and increased 
systemic vascular resistance (Murrell  2015). This general 
pattern is not consistent and, in people, there is considera-
ble individual variation in plasma concentrations achieved 
from a given dose (MacGregor et  al.  2000). Dopamine 
should therefore be titrated to effect.

In a canine model of isoflurane-induced hypotension 
that initially targeted a mean arterial pressure of 50 mmHg, 
dopamine increased blood pressure and cardiac index in a 
dose-dependent manner (Rosati and Dyson 2007). In that 
study, dopamine at 7 μg/kg/min IV achieved a mean blood 
pressure of 70 mmHg, however, the heart rate was not 
increased at that dose. Dopamine was effective at increasing 
mean arterial pressure in dogs anesthetized for orthopedic 
surgery when given at 10 μg/kg/min IV, but not at 5 μg/kg/
min IV (Chen et al. 2007). The effects of acepromazine, an 
alpha1 adrenergic antagonist, administered at 0.03 mg/kg 
IV prior to isoflurane anesthesia on dopamine infusion has 
been investigated (Monteiro et  al.  2007). Cardiac output 
increased when dopamine was administered at 5  μg/kg/
min IV, however blood pressure did not increase due to 
decreased systemic vascular resistance. Dopamine at 
15  μg/kg/min IV increased blood pressure largely due to 
increased cardiac output. In that same study, when dopa-
mine was given without acepromazine, systemic vascular 
resistance was reduced when dopamine at 5 and 10 μg/kg/
min IV was infused. This was likely due to dopamine recep-
tor agonism, thus demonstrating that there can be overlap 
of beta1 adrenoceptor and dopamine receptor agonism at 
these doses of dopamine. Unexpected acute bradycardia 
and hypotension associated with dopamine infusion in 
dogs have been attributed to activation of the Bezold-
Jarisch reflex, a vagal response which can result from acute 
increases in cardiac contractility (Tsompanidou et al. 2007). 

Treatment with atropine and cessation of the dopamine 
infusion combined with an IV fluid bolus resulted in 
improved hemodynamics.

In cats, heart rate, blood pressure and inotropy increased 
when dopamine was administered at 10  μg/kg/min IV 
(Pascoe et  al.  2006). Systemic vascular resistance did not 
increase in that study, even when the dose was 15 μg/kg/
min IV, with oxygen delivery and cardiac output increases 
noted starting at 5  μg/kg/min IV. When dopamine was 
administered to isoflurane-anesthetized cats with hyper-
trophic myopathy, dose-dependent increases in mean arte-
rial pressure, heart rate, and cardiac index were observed 
starting at 5 μg/kg/min IV (Wiese et al. 2012). Additionally, 
oxygen delivery was increased when 10  μg/kg/min IV 
dopamine was administered, and ventricular premature 
complexes were seen in all cats in the study. Dopamine at 
25 μg/kg/min IV was ineffective at increasing blood pres-
sure to 70 mmHg in isoflurane-anesthetized cats that also 
received a vatinoxan infusion, and a vatinoxan infusion 
with a low infusion rate of dexmedetomidine (Kobluk and 
Pypendop 2022).

Similar to other species, dopamine at 10 μg/kg/min IV 
increased mean arterial pressure, heart rate and cardiac 
index in ponies anesthetized with halothane (Lee et al. 1998). 
In the same study, dopamine at 20 μg/kg/min IV caused 
arrhythmias and muscle tremors. Dopamine at 4 μg/kg/min 
IV resulted in increases in cardiac output, heart rate, and 
decreases in aortic mean blood pressure in halothane-
anesthetized horses (Young et al. 1998). In another study, 
dopamine at 5 and 10 μg/kg/min increased cardiac output 
whereas a 3 μg/kg/min IV dose did not (Swanson et al. 1985). 
Further, peripheral resistance decreased only with the 
5 μg/kg/min IV dose, and heart rate did not increase during 
any dose. In a model of endotoxemia in halothane-
anesthetized horses, dopamine at 5 μg/kg/min IV increased 
cardiac output and prevented hypotension, and had no 
effect on the development of hypoxemia and metabolic aci-
dosis (Trim et al. 1991). Dopamine 5–6 μg/kg/min IV was 
effective in restoring normal sinus rhythm in foals that 
developed second-degree atrioventricular block during 
halothane anesthesia that was not atropine responsive 
(Whitton and Trim 1985).

In anesthetized, instrumented pigs dopamine at 
15 μg/kg/min IV resulted in a 20% increase in mean blood 
pressure and a 30% increase in heart rate, with no change 
in systemic vascular resistance (Priebe et al. 1995). Global 
and splanchnic oxygen delivery was increased compared 
to the baseline. In addition to expected increases in mean 
arterial pressure, dopamine increased cerebral blood 
flow  and intracranial pressure in awake and isoflurane-
anesthetized sheep (Myburgh et al. 2002).
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Other Effects
Like norepinephrine, dopamine decreased propofol 
concentrations in sheep (Myburgh et al. 2001).

Synthetic Catecholamines

Isoproterenol (Isoprenaline)

Isoproterenol is a synthetic catecholamine that is structur-
ally related to epinephrine. It is a potent beta adrenoceptor 
agonist that is devoid of alpha adrenoceptor effects.

Pharmacodynamics
Beta1 adrenoceptor agonism results in increases in heart 
rate, and inotropy (Nagao et al. 1984). Beta2 adrenoceptor 
agonism results in decreased arterial blood pressure due to 
vasodilation, and decreased airway resistance as a result of 
bronchodilation (Boncyk et  al.  1984). It is rarely used in 
clinical veterinary anesthesia due to its hypotensive effects. 
Due to its chronotropic effects, isoproterenol is recom-
mended as an option for treating bradycardia in patients 
with sinus node dysfunction where the risk of coronary 
ischemia is low (Kusumoto et al. 2019). Isoproterenol has 
been used to increase heart rate in a cat anesthetized with 
isoflurane that developed transient third-degree atrioven-
tricular block (Sunahara et al. 2021).

Dobutamine

Dobutamine is a derivative of isoproterenol. It was devel-
oped to retain the inotropic effects while decreasing the 
chronotropic, arrhythmogenic and vasodilatory effects of 
isoproterenol (Tuttle and Mills  1975). The structure of 
dobutamine is presented in Figure 18.2. Dobutamine is a 
racemic mixture of stereoisomers. The (+)-isomer is a 
strong beta1 and beta2 adrenoceptor agonist, while acting 
as an alpha adrenoceptor antagonist. The (−)-isomer is a 
strong alpha1 adrenergic agonist and a weak beta1 adrener-
gic agonist. Cardiovascular effects of dobutamine are 
therefore a result of the combined effects of the isomers, 
with the main effect being increased inotropy due to beta1 
and alpha1 adrenoceptor agonism on myocytes. Systemic 
vascular resistance is often unchanged as a result of the 
opposing effects of alpha and beta2 effects on the vascula-
ture. Additionally, since the isomers have the same affinity, 
the (+)-isomer will act as a partial alpha1 adrenoceptor 
antagonist although, clinically, this action is likely to be 
weak due to the high efficacy of the (−)-isomer at the 
alpha1 adrenoceptor. The cardiac alpha1 adrenoceptor 
effects of the (−)-isomer combined with the beta1 effects of 
both isomers can explain the selectivity for inotropy over 

chronotropy of the racemic mixture (Ruffolo and 
Yaden 1983). Chronotropy is evident at higher doses.

Pharmacodynamics
Similarly to dopamine, in a canine model of isoflurane-
induced hypotension that initially targeted a mean arterial 
pressure of 50 mmHg, dobutamine increased heart rate 
and cardiac index in a dose-dependent manner (Rosati and 
Dyson 2007). Mean arterial pressure also increased, how-
ever, the effect was not as marked as with dopamine, and 
even at the high dose (8 μg/kg/min IV) a target mean arte-
rial pressure of 70 mmHg was not reached, largely due to a 
decrease in systemic vascular resistance. There was also no 
benefit when co-infusing dobutamine (2  μg/kg/min IV) 
and dopamine (7 μg/kg/min IV). In another study in dogs, 
using a model  of isoflurane-induced hypotension, dobu-
tamine (5–15 μg/kg/min IV) increased cardiac output and 
oxygen delivery and decreased systemic vascular resist-
ance, but was not successful in achieving a mean arterial 
blood pressure of 65 mmHg (Henao-Guerrero et al. 2023). 
The  arrhythmogenic dose of dobutamine in halothane-
anesthetized dogs was 10 μg/kg/min IV, and dobutamine 
was less arrhythmogenic than epinephrine and dopamine 
during pentobarbital anesthesia (Bednarski and Muir 1985). 
In a canine model of mitral valve insufficiency, dobutamine 
was effective in combating depression of myocardial 
contractility associated with isoflurane anesthesia (Goya 
et  al.  2018). Systolic aortic blood pressure increased at 
doses of dobutamine above 4 μg/kg/min IV, however, mean 
aortic blood pressure only increased in that model when 
dobutamine was administered at 8 μg/kg/min IV.

In cats, dobutamine dose-dependently increased heart 
rate and cardiac index with a decrease in systemic vascular 
resistance and no statistically significant change in mean 
arterial pressure, although mean arterial pressure remained 
above 70 mmHg when infusion rates were ≥5 μg/kg/min IV 
(Pascoe et al. 2006).

Dobutamine is a first-line treatment for anesthesia-
induced hypotension in horses, improving blood pressure 
via its positive inotropic effect (Muir 2009; Schauvliege and 
Gasthuys  2013). Dobutamine increases inotropy, cardiac 
output, and arterial blood pressure in horses anesthetized 
with halothane, isoflurane, and sevoflurane (Swanson 
et  al.  1985; Dancker et  al.  2018; Ohta et  al.  2013). 
Dobutamine has variable effects on systemic vascular 
resistance, including decreases, increases, or no change 
(Dancker et  al.  2018; Schauvliege and Gasthuys  2013). 
Whether chronotropic effects are noted with dobutamine 
also varies among studies, and bradyarrhythmias, most 
commonly a baroreceptor reflex response to increasing arte-
rial pressure, and tachycardia, a direct chronotropic effect, 
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are also seen, particularly at higher doses (3–5 μg/kg/min IV). 
Dobutamine improved systemic hemodynamics as well as 
GI tract microperfusion (Dancker et al. 2018). Compared to 
dopamine, and phenylephrine, dobutamine was most 
consistent in improving intramuscular blood flow, includ-
ing blood flow to muscles of the dependent limb in later-
ally recumbent ponies (Lee et  al.  1998). In a model of 
isoflurane-induced hypotension (mean arterial pressure of 
30–34 mmHg) in 1–5-day old foals, dobutamine (4 and 
8  μg/kg/min IV) increased cardiac index, stroke volume 
index, heart rate, systemic vascular resistance and oxygen 
delivery in a dose-dependent manner (Valverde et al. 2006). 
In 8–14-day old foals, dobutamine (2.5–10 μg/kg/min IV) 
increased cardiac index, stroke volume index and heart rate, 
arterial blood pressure increases were mild, and systemic 
vascular resistance decreased (Craig et al. 2007). Dobutamine 
increased packed cell volume in horses anesthetized with 
inhalant anesthetics (Hellyer et al. 1998).

Synthetic Non-catecholamines

Phenylephrine (m-­Synephrine, Neosynephrine)

Phenylephrine has a chemical structure similar to epineph-
rine, however, due to the lack of a 4-hydroxyl group on the 
benzene ring it is classified as a non-catecholamine 

(Figure 18.2) It is metabolized via deamination, sulfation 
and glucuronidation, with its main metabolites being 
phenylephrine 3-O-sulfate, m-hydroxymandelic acid, and 
phenylephrine 3-O-β-D-glucuronide which are excreted in 
the urine (Ibrahim et al. 1983). In people, the half-life is 
longer than for the catecholamines at two to three hours 
(Hengstmann and Goronzy 1982).

At clinical doses, phenylephrine is a pure alpha1 agonist, 
resulting in  vasoconstriction. Arterial vasoconstriction 
increases systemic vascular resistance and systemic blood 
pressure. This increase in afterload may lead to a bradycardia 
due to a baroreceptor reflex. Increased afterload decreases 
cardiac output, although venous constriction promotes 
increases in venous return which contributes to improved 
cardiac output (Rebet et al. 2016). Norepinephrine is pre-
ferred over phenylephrine as the vasopressor of choice in 
cases of septic shock (Silverstein and Beer 2015). It may be 
advantageous in patients that are refractory to norepineph-
rine, when side effects (e.g. arrythmias) of norepinephrine 
are severe, or in patients with hypertrophic obstructive 
cardiomyopathy (Kislitsina et  al.  2019). In horses with 
colic due to nephrosplenic entrapment of part of the large 
colon, phenylephrine can be administered as an IV bolus to 
shrink  the size of the spleen (Hardy et  al.  1994,  2000). 
Phenylephrine can be given to horses intranasally to 
decrease nasal congestion that frequently develops during 
general anesthesia (Lukasik et al. 1997).

Figure 18.2  Chemical structures of selected 
sympathomimetic drugs.
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Pharmacodynamics

Phenylephrine (3–6  μg/kg/min IV) increased blood 
pressure, decreased heart rate, and did not cause arrhyth-
mias in dogs (Deterling et al. 1954). A high dose of phe-
nylephrine (50  μg/kg/min IV) caused hypertension and 
ventricular arrhythmias in isoflurane- and halothane-
anesthetized dogs (Tucker et al. 1974). Administration of 
propranolol abolished the ventricular arrhythmias, indi-
cating that phenylephrine at extremely high doses has 
beta1 adrenoceptor activity. The use of phenylephrine-
containing eyedrops resulted in increased arterial blood 
pressure in dogs, likely due to systemic absorption (Martin-
Flores et al. 2010).

In cats, a phenylephrine infusion increased mean arte-
rial pressure, cardiac index, stroke volume index, systemic 
vascular resistance index, and packed cell volume, with no 
changes in heart rate (Pascoe et  al.  2006). The positive 
inotropic effects of phenylephrine in cats is likely due to 
cardiac alpha1 adrenoceptor agonism (Rodrigues-Pereira 
and Wagner  1975). In cats with hypertrophic myopathy, 
similar effects on blood pressure were noted, however, 
cardiac output was not changed (Wiese et al. 2012).

In sevoflurane-anesthetized horses, phenylephrine 
increased blood pressure but decreased cardiac output due 
to increased systemic vascular resistance (Ohta et al. 2013). 
Phenylephrine decreased blood flow to the GI tract and 
did not improve muscle blood flow in anesthetized horses 
(Dancker et  al.  2018; Lee et  al.  1998). An infusion of 
phenylephrine (2 μg/kg/min) increased blood pressure 
to  targeted levels within 10 minutes, and blood pressure 
remained within clinically acceptable parameters for 
90 minutes after the end of the infusion (Fantoni et al. 2013).

Phenylephrine has traditionally been used to decrease 
the size of the spleen in horses presenting with colic due to 
nephrosplenic entrapment prior to jogging, as well as prior 
to rolling in anesthetized horses (Baker et al. 2011; Gillen 
et al. 2019). These strategies are used to avoid the need for 
abdominal surgery. Phenylephrine can also be given dur-
ing anesthesia for colic surgery to make surgical correction 
of entrapment easier (Hardy et  al.  2000). A recent meta-
analysis showed that medical resolution of nephrosplenic 
entrapment (rolling, jogging) was not more likely to occur 
if phenylephrine was administered, although none of 
the studies included in the analysis were prospective rand-
omized trials (Gillen et  al.  2019). Phenylephrine can be 
used at a low infusion rate alongside dobutamine for its 
alpha effects (Schauvliege and Gasthuys 2013).

As mentioned above, phenylephrine (4–6 ml) has been 
used intranasally to decrease upper airway obstruction 
due to congestion of mucosae that occurs when horses are 

recumbent during anesthesia (Lukasik et  al.  1997). 
Equipment to establish a patent airway in horses recovering 
from anesthesia should always be available regardless of 
whether phenylephrine is used in recovery.

Cardiovascular effects of phenylephrine in pigs are simi-
lar to those seen in other species (Cannesson et al. 2012).

Ephedrine

Ephedrine (L-ephedrine) is an alkaloid found in many 
plants of the Ephedra genus. It can also be chemically syn-
thesized, and its anti-hypotensive and bronchodilatory 
effects have been known for over a century (Chen 1927). 
Ephedrine acts mostly indirectly by competitively reducing 
norepinephrine reuptake from adrenergic nerve endings 
at  all alpha and beta adrenoceptors. It exerts some of its 
effects through direct adrenoceptor agonism (Inchiosa 2011; 
Stohs et al. 2020). Due to its indirect action, onset may take 
several minutes, and the duration of action is sustained for 
up to 20 minutes. Tachyphylaxis may be seen with repeat 
doses of ephedrine as a result of depletion of vesicular 
norepinephrine (Liles et  al.  2006). Norephedrine is the 
main metabolite of ephedrine, and both it and the parent 
compound are excreted in urine. Due to its lipophilicity, 
ephedrine readily crosses the blood-brain barriers and can 
cause CNS excitement (Kalix 1991). General cardiovascu-
lar effects due to ephedrine’s alpha and beta adrenoceptor 
activity include increased blood pressure and increases 
in heart rate.

In isoflurane-anesthetized dogs ephedrine (0.1 mg/kg 
IV) increased mean arterial pressure, cardiac index, stroke 
volume and oxygen delivery (Wagner et  al.  1993). 
Cardiovascular effects of ephedrine in another study in 
isoflurane-anesthetized dogs were similar, although the 
dose-dependent duration of action was shorter, likely due 
to premedication with acepromazine (Chen et al. 2007). 
A higher dose (0.25 mg/kg) also increased systemic vascu-
lar resistance with decreased heart rate, and the effects 
lasted longer. The dose required to cause ventricular 
arrythmias during inhalant anesthesia in dogs is rela-
tively high (0.8–4 mg/kg IV) (Tucker et  al.  1974). 
Ephedrine (0.1 mg/kg IV) was more effective at increasing 
blood pressure than crystalloid or colloid fluid adminis-
tration in isoflurane-anesthetized dogs that were premed-
icated with acepromazine (0.05 mg/kg IV) (Sinclair and 
Dyson 2012). Inclusion of ephedrine with premedication 
in dogs and cats delayed the onset of anesthetic-related 
hypotension by  40 and 25 minutes respectively (Egger 
et al. 2009). Ephedrine increased the minimum alveolar 
concentration (MAC) of halothane in dogs by 50% (Steffey 
and Eger 1975).
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Ephedrine (0.06 mg/kg IV) increased cardiac output, 
stroke volume and systolic arterial blood pressure in 
horses  that were anesthetized with two different end-tidal 
concentrations of halothane (Grandy et al. 1989). In horses 
anesthetized with isoflurane, an ephedrine infusion 
(20 μg/kg/min IV) cardiac index, systemic vascular resist-
ance and heart rate increased, and the targeted increase 
in  blood pressure was reached in 10 minutes (Fantoni 
et al. 2013). In that study, after the infusion was discontin-
ued, blood pressure remained elevated compared to the 
baseline for 90 minutes. In another study comparing 
ephedrine and dobutamine infusions, results were similar 
(Garcia Filho et al. 2023). Interestingly, the time to correct 
blood pressure to 70 mmHg in that study did not differ 
from dobutamine. Tachyphylaxis was not observed in 
either infusion study, however, the duration of observation 
of effect was short (10–15 minutes). In addition to improv-
ing arterial pressure and cardiac index, ephedrine also 
increased intramuscular blood flow in the dependent and 
non-dependent forelimb of halothane-anesthetized ponies 
(Lee et al. 2002).

Like other sympathomimetics with beta adrenoceptor 
activity, ephedrine has thermogenic and lipolytic effects 
(Astrup et al. 1995).

Vasopressin (Arginine Vasopressin, 
Anti-­Diuretic Hormone)

Vasopressin is an endogenous nonapeptide neurohormone 
synthesized in the hypothalamus and stored in the poste-
rior pituitary gland. It is released in response to increased 
osmolarity and marked decreases in blood pressure and 
blood volume (Mitra et al. 2011). It is included here since 
exogenous vasopressin (8-arginine vasopressin) is used 
to treat hypotension that is refractory to intervention with 
sympathomimetics (septic shock), and it may have benefits 
during CPR (Park and Yoo  2017; Fletcher et  al.  2012). 
Vasopressin can also enhance the actions of other pressors 
(Holmes et al. 2001). Vasopressin acts at G protein-coupled 
vasopressin receptors, which have three subtypes (Holmes 
et al. 2001). V1A (also classified as V1) receptors are located 
on vascular smooth muscle and cause vasoconstriction. V2 
receptors in the kidney are responsible for vasopressin’s 
antidiuretic effect. V1B (or V3) receptors are found in the 
pituitary gland and likely play a role in regulation of adren-
ocorticotropic hormone, body temperature regulation and 
memory. Vasopressin also binds to oxytocin receptors 
which are present in vascular smooth muscle and the 
uterus. The release of endogenous vasopressin is mediated 
by osmoreceptors, which are very sensitive to small 
changes  in osmolarity of extracellular fluid (Baylis and 

Robertson 1980). Vasopressin release is much less sensitive 
to decreases in mean arterial blood pressure and plasma 
volume, with release of vasopressin requiring respective 
decreases of 20–30% and 8–10% of blood pressure and 
blood volume (Park and Yoo 2017). Vasopressin has a half-
life of 24 minutes, with clearance via the kidney and tissue 
peptidase (Baumann and Dingman 1976). At the time of 
writing, the cost of vasopressin has fluctuated considerably, 
having, at one time, cost approximately US$ 200/ml. This 
may make vasopressin financially nonviable as a treatment 
option in many veterinary patients.

In a hemorrhagic shock model in isoflurane-anesthetized 
dogs, vasopressin (0.4 U/kg IV) administered prior to crystal-
loid fluid resuscitation restored systolic arterial blood pres-
sure, cardiac output, and oxygen delivery, and was more 
effective than when given after fluid resuscitation (Yoo et al. 
2007). This is in contrast to an isoflurane anesthetic-induced 
hypotension model (mean arterial pressure <45 mmHg) in 
euvolemic dogs where vasopressin did not increase blood 
pressure to target levels (>65 mmHg) despite increases in 
systemic vascular resistance and decreased cardiac output 
and oxygen delivery (Henao-Guerrero et al. 2023).

Vasopressin was less effective than norepinephrine and 
dobutamine at improving cardiovascular parameters in 
an  isoflurane-induced hypotension model in euvolemic 
neonatal foals (Valverde et  al.  2006). See Table 18.3 for 
recommended dosing of vasopressin.

Use in CPR
In a randomized, blinded, study in dogs, return of sponta-
neous circulation was similar between vasopressin and 
epinephrine (Buckley et al. 2011). Vasopressin (0.8 U/kg IV) 
can be used either in place of epinephrine or given every 
second cycle of basic life support (Fletcher et al. 2012).

Use in Septic Shock
Sepsis can lead to vasodilatory shock and lactic acidosis. In 
addition to other vasodilatory mediators like nitric oxide, 
lactic acidosis activates ATP-sensitive potassium channels 
on vascular smooth muscle (Landry and Oliver  2001). 
This  leads to hyperpolarization of the smooth muscle 
fibers, which prevents intracellular calcium from increasing, 
making catecholamines like norepinephrine much less 
effective at treating hypotension. Increased plasma con-
centrations of norepinephrine that are present as part of 
the autonomic stress response to sepsis can also downregu-
late adrenoceptors, further decreasing the effectiveness of 
norepinephrine. Additionally, significant hypotension causes 
endogenous vasopressin to be released in large amounts 
initially. In the face of continued severe hypotension, 
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depletion of vasopressin stores occurs, as synthesis of 
vasopressin takes a few hours. Administering vasopressin 
to patients with septic shock can be effective in treating 
severe hypotension for two main reasons. Firstly, since 
endogenous stores are depleted, administering vasopressin 
will have vasoconstrictive action at V1A receptors, and sec-
ondly, vasopressin inactivates ATP-sensitive potassium 
channels, thus enhancing the effects of norepinephrine in 
vascular smooth muscle.

Selective Beta2 Adrenoceptor Agonists

Agents that have selective beta2 adrenoceptor activity are 
used for their effect of relaxing bronchiolar smooth muscle.

Albuterol (Salbutamol)

Albuterol is a short-acting beta2 adrenoceptor agonist 
effective in relieving bronchospasm. In people given IV 
albuterol, it is eliminated by renal clearance and metabo-
lism to 4’-O-sulphate which is excreted in urine (Morgan 
et al. 1986). Inhaled albuterol is used to treat horses with 
recurrent airway obstruction, with minimal side effects 
(Derksen et  al.  1999). Albuterol is supplied as a metered 
dose inhaler that delivers 90 μg per depression of the 
inhaler. When delivered at 90 μg per 45 kg (2 μg/kg, rounded 
up) into the breathing system of the anesthetic machine at 
the start of patient inhalation in halothane- and isoflurane-
anesthetized horses, PaO2 was significantly increased 
20 minutes after drug administration that lasted up to 1 hour, 
accompanied by a decrease in PaCO2 (Robertson and 
Bailey  2002). No undesirable cardiovascular effects were 
noted in that study, whereas Casoni, et al. reported tachy-
cardia and profuse sweating in five horses after inhaled 
albuterol administration (Casoni et al. 2014). Ventricular 
tachycardia was observed in one horse, and variable 
changes in blood pressure, with all horses recovering 
uneventfully. Inhaled albuterol improved PaO2 in 
isoflurane-anesthetized horses breathing a reduced frac-
tion of inspired oxygen (FiO2 = 0.5). The effect lasted for 
40 minutes, with tachycardia and sweating noted in some 
horses (Clark-Price et al. 2022). The side effects of sweating 
and increased heart rate are likely due to systemic absorp-
tion of albuterol, which acts at beta2 adrenoceptors in the 
heart and on sweat glands. Albuterol treatment in anesthe-
tized horses resulted in a small but significant decrease in 
serum potassium (Loomes 2021). Albuterol administration 
can result in hypokalemia due to beta2 adrenoceptor 
mediated sodium/potassium ATPase pump activity moving 

potassium from the extracellular to the intracellular space. 
No sequelae of hypokalemia were observed, and the 
clinical impact remains unclear.

Albuterol attenuated histamine-induced bronchocon-
striction in halothane-anesthetized dogs (Tobias and 
Hirshman 1990). Albuterol administered with ipratropium 
(an anticholinergic bronchodilator), but not albuterol 
alone, decreased the bronchoconstriction response to 
broncho-alveolar lavage in cats (Kirschvink et al. 2005).

Terbutaline

Terbutaline is a short-acting synthetic selective beta2 
agonist used to treat bronchoconstriction. In people, 
it  is  excreted unchanged in the urine, and can also be 
metabolized to sulfate and glucuronidate conjugates 
(Domínguez-Romero and García-Reyes  2013). In cats, 
bronchospasmolytic effects have been demonstrated 
after  both IV and inhaled administration of terbutaline 
(Andersson  1976). In one study in cats, terbutaline 
(0.01 mg/kg2) given BID or TID 12–24 hours prior to bron-
choscopy, with the final dose given 2–4 hours prior to induc-
tion of anesthesia had fewer overall complications (Johnson 
and Drazenovich  2007). In another study, terbutaline-
treated cats had a lower incidence of desaturation during 
bronchoscopy (Tucker and MacFarlane 2019).

Terbutaline (2 μg/kg IV) given to horses anesthetized 
with guaifenesin-ketamine-xylazine did not improve 
oxygenation, and was associated with decreased blood 
pressure and increased heart rate (Arcaro et al. 2017).

Drug Interactions

Tricyclic antidepressants (TCAs), e.g. amitriptyline, act 
by  inhibiting norepinephrine reuptake inhibition (see 
Chapter 22 for details). This results in an increase in nor-
epinephrine activity in the synaptic cleft of adrenergic 
nerve fibers. Ephedrine, which acts indirectly by competi-
tively reducing norepinephrine reuptake, can cause severe 
hypertension when given with TCAs, and should be 
avoided. Direct-acting sympathomimetics should be given 
cautiously if needed to provide hemodynamic support 
(Peck et al. 2010).

MAOs metabolize catecholamines, therefore MAO 
inhibitors, e.g. selegiline, can result in elevations in cat-
echolamine neurotransmitters. The indirect-acting sympa-
thomimetic ephedrine should not be used at the same time 
as MAOs (see Chapter 22). If needed, direct-acting sympa-
thomimetics can be used at two thirds of the typical dose 
(Wells and Bjorksten 1989).
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Introduction

Systemic hypertension can be classified as situational, sec-
ondary or idiopathic. While situational hypertension can be 
due to environmental or temporary stressors (i.e. being hos-
pitalized) and normally the animal is otherwise normoten-
sive, secondary hypertension defines a persistent increase 
in blood pressure pathologically caused by a disease, toxic 
substance or iatrogenically. Lastly, idiopathic hypertension 
occurs in the absence of a disease process, and it is often 
referred as primary hypertension (Acierno et al. 2018).

Antihypertensive drugs have multiple sites of action but, 
in general, they decrease blood pressure by regulating the 
autonomic nervous system, the renin–angiotensin–aldos-
terone system (RAAS) or by causing peripheral vasodila-
tion. The classes of drugs commonly used to treat systemic 
hypertension include sympatholytics, angiotensin convert-
ing enzyme (ACE) inhibitors, angiotensin receptor block-
ers, calcium channel blockers and vasodilators (Acierno 
et al. 2018; Oparil et al. 2018), other drugs are discussed 
later in this chapter for completeness.

Sympatholytic Drugs

These are drugs inducing vasodilation by acting on adren-
ergic receptors, preventing the actions of sympathomi-
metic amines on adrenergic receptors. This class of drug 
can be subdivided depending on whether a drug is selective 
at α- or β-adrenergic receptors, while others have combined 
α- or β- adrenergic receptor antagonism. It is important to 
recognize that although most sympatholytic drugs are 
antagonists at the adrenergic receptors, α2-agonists are an 
exception to this.

Selective α1-Adrenergic Receptor Antagonists

These drugs prevent the activation of the α1-adrenergic 
receptor prevent the activation of the Gq protein phospho-
lipase C and subsequent synthesis of diacylglycerol (DAG) 
and 1,4,5-inositol triphosphate (IP3) which, in turn, inhib-
its intracellular Ca2+ increase in the vascular smooth mus-
cle, ultimately leading to a decrease in arterial and venous 
vascular resistance and reduction in blood pressure (Kellar 
et al. 1984; Singal et al. 2004; Han et al. 2018).

Prazosin
Prazosin is a highly selective postsynaptic α1-receptor 
antagonist (Oates et al. 1977; Adams 1984). Prazosin can be 
administered either orally or intravenously (IV), but the 
oral formulation is the only one commercially available at 
the moment. A significant decrease in blood pressure has 
been reported after IV administration in cats and dogs 
(Ramage 1984; Fischer et al. 2003). The recommended dos-
ages are 0.5–2 mg/kg q8–12h PO in dogs and 0.25–0.5 mg/
cat q24h PO in cats (Acierno et  al.  2018). Patients with 
chronic kidney disease have an increased drug sensitivity, 
therefore, dosages should be reduced (Lameire and 
Gordts 1986; Aronoff et al. 2007).

The lack of activity on the presynaptic α2-receptor, pre-
serves the negative feedback regulating norepinephrine 
release in the synaptic cleft, therefore no significant reflex 
increase in heart rate and cardiac output is evoked (Langer 
et al. 1977; Saeed et al. 1982). This makes the use of prazo-
sin favorable in reducing cardiac workload in congestive 
heart failure, (Atwell 1979; Antani et al. 1991).

Prazosin and other selective α1-adrenoceptor antagonists 
are used to treat hypertension (rarely as first-line [Heran 
et al. 2012]), benign prostatic hypertrophy as well as neuro-
genic and non-neurogenic urinary bladder outflow 
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obstruction in humans (Lepor  1990; Foglar et  al.  1995; 
Donohoe et al. 2005). Prazosin has also been investigated 
for a wide variety of conditions including treatment of 
post-traumatic stress disorder (PTSD) (Reist et  al.  2021), 
alcoholism (Simpson et  al.  2015), cytokine release syn-
drome (Staedtke et al. 2018) and it has been shown to sig-
nificantly reduce the mortality rate after Indian red 
scorpion (Mesobuthus tamulus) sting (Bawaskar and 
Bawaskar 2011; Pandi et al. 2014).

Although prazosin can be used as an antihypertensive 
treatment in dogs and cats (Massingham and Hayden 1975; 
Fischer et al. 2003; Acierno et al. 2018), prazosin is mainly 
used for the treatment of vesico-urethral reflex dyssyner-
gia (VURD), otherwise known as “detrusor-urethral dys-
synergia” or “functional urethral obstruction”, in these 
species (Díaz Espiñeira et al. 1998; Haagsman et al. 2013). 
VURD is a condition caused by inappropriate activation of 
α1-receptors in the smooth muscle of bladder neck and 
proximal urethra; their contraction during micturition 
leads to dysuria. Additionally, its use has also been recom-
mended for treatment of urinary retention in dogs with 
supra-sacral spinal cord lesions in order to reduce sphinc-
ter tone (Granger et al. 2020), although some studies did 
not show a significant effect in that patient population 
(Barnes et al. 2019). There is contrasting evidence about 
prazosin rather than phenoxybenzamine decreasing the 
incidence of recurrent urethral obstruction in cats 
(Eisenberg et  al.  2013; Hetrick and Davidow  2013). 
Prazosin has also been investigated to increase limb perfu-
sion in horses affected by laminitis, with poor results 
(Galey et al. 1990).

Due to its long duration of action and lack of titratability, 
prazosin is not currently used for the management of blood 
pressure under anesthesia, nonetheless, the reader should 
be familiar with its effects when anesthetizing a patient 
receiving prazosin therapy. While, in the past, veterinary 
literature has anecdotally suggested to withhold prazosin 
12–24 hours before induction of anesthesia to decrease the 
risk of hypotension during the anesthetic event 
(Murrell 2017), recommendations in human medicine sug-
gest otherwise (Hollevoet et al. 2011), although, because of 
the low quality of evidence on which these recommenda-
tions are based (Halperin et al. 2016), the reader is invited 
to evaluate the risk/benefit of discontinuing prazosin 
before general anesthesia on a case-by-case basis.

Prazosin as well as terazosin and doxazosin have been 
used to perioperatively hemodynamically stabilize patients 
with pheochromocytoma in humans and in veterinary 
medicine (Knapp and Fitzgerald 1984; Hull 1986; Maher 
and McNiel 1997; Fang et al. 2020).

Phenoxybenzamine, a non-competitive, non-selective 
α1- and α2-receptor antagonist, further discussed below, is 

more commonly used in pheochromocytoma patients 
(Spencer 2020), hypertensive crisis and inadequate blood 
pressure control have been reported when patients were 
treated with prazosin alone (Nicholson et al. 1983; Knapp 
and Fitzgerald 1984).

Prazosin has a low (38%) bioavailability after oral 
administration in dogs (Rubin et  al.  1979), lower than 
what is reported in humans (57%) (Vincent et al. 1985). 
Prazosin undergoes extensive first-pass hepatic metabo-
lism, with only 6% being excreted unchanged in the urine 
(Taylor et  al.  1977). The elimination half-time is about 
2.5 hours in dogs, while this and its bioavailability are 
increased in patients with congestive heart failure (Jaillon 
et  al.  1979; Rubin et  al.  1979), that is not the case in 
patients with renal dysfunction (Lowenthal et al. 1980). 
P-glycoprotein 1, has been reported as the major prazosin 
efflux transporter, therefore an interference in patients 
with ABCB1 (previously referred as multidrug resistance 
mutation 1 [MDR1]) mutation could be speculated 
(Janani 2020) and care should be taken in adjusting dos-
ages in these patients.

Several side effects have been reported in human medi-
cine, including lethargy, headache, nausea, dizziness, 
postural hypotension, syncope and exaggerated hypoten-
sion during epidural anesthesia (Lepor  1990; Lydiatt 
et al. 1993; Kirsten et al. 1998). The veterinary literature is 
limited in this regard; lethargy occurred in a dog receiving 
prazosin (Haagsman et  al.  2013), while another study 
with six Beagle dogs reported the same, but the incidence 
in the prazosin group was not different than that in the 
placebo group (Fischer et  al.  2003). Lethargy, ptyalism, 
diarrhea and anorexia have been reported in cats (Reineke 
et al. 2017).

Terazosin and Doxazosin
Similarly to prazosin, these α1-receptor antagonist have been 
used for the treatment of hypertension, VURD in both 
human and veterinary medicine, as well as delayed micturi-
tion in dogs with thoracolumbar spinal cord injury 
(Ramage  1984; Luther et  al.  1986; Chancellor et  al.  1993; 
Bennett et  al.  2000; Haagsman et  al.  2013; Skytte and 
Schmökel 2018). Their effects and side effects appear to be 
similar to prazosin, there is not enough evidence to support a 
significantly different efficacy between them (Heran 
et  al.  2012), but they have a significantly longer half-life 
(11 hours terazosin; 9–12 hours doxazosin) (Jønler et al. 1994; 
Akduman and Crawford  2001). Lethargy, ataxia, nausea, 
diarrhea, vomiting and dyspnea have been reported in dogs 
undergoing a six-week treatment with terazosin (Haagsman 
et al. 2013). As with prazosin, dosages should be decreased in 
patients with chronic kidney disease, due to an increased 
drug sensitivity.
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Non-Selective α1- and α2-Adrenergic 
Receptor Antagonists

Drugs in this class have antihypertensive action due to their 
antagonism at the α1-adrenergic receptor, while their antag-
onism at the presynaptic α2-adrenergic receptors neutralize 
the norepinephrine negative feedback. The result is an 
increased norepinephrine release from the presynaptic 
nerve endings, which then stimulates β1-adrenergic recep-
tors in the heart potentially causing an increase in heart rate 
and cardiac output (Langer et al. 1977; Saeed et al. 1982).

The non-selective blockade including the presynaptic α2-
receptor, neutralizes the norepinephrine negative feed-
back, resulting in higher norepinephrine being released 
from the presynaptic nerve endings, potentially causing a 
reflex increase in heart rate and cardiac output (Langer 
et al. 1977; Saeed et al. 1982).

Phenoxybenzamine
Phenoxybenzamine is a haloalkylamine derivative, which irre-
versibly alkylates the α-adrenergic receptors (Vardanyan and 
Hruby  2006), providing long-acting, non-competitive, non-
selective α1- and α2-receptor antagonism. Phenoxybenzamine 
has two stereoisomers R- and S-phenoxybenzamine 
(Portoghese et al. 1971), but it is commercially available only as 
a racemic mixture. Phenoxybenzamine can be administered 
either orally or IV, but the oral formulation has been demon-
strated to be poorly available in humans (Hoffman and 
Lefkowitz  1980). The recommended dosages are 0.25 mg/kg 
q8-12h or 0.5 mg/kg q24h PO in dogs; 2.5 mg/cat q8-12h or 
0.5 mg/cat q24h PO in cats (Acierno et al. 2018) and 1 mg/kg 
q24h IV or 0.7 mg/kg q6h PO in horses (Papich 2021).

Phenoxybenzamine is used for the perioperative hemody-
namic stabilization of pheochromocytoma and paragangli-
oma in patients before surgery in both humans (Russell 
et  al.  1998; Wachtel et  al.  2015; Naranjo et  al.  2017; Fang 
et al. 2020) and veterinary patients (Maher and McNiel 1997). 
A pheochromocytoma is a tumor arising from chromaffin 
cells, in the adrenal medulla, that commonly produces one 
or more catecholamines, but, in some rare instances, these 
tumors can be biochemically silent (Lenders et  al.  2014). 
Paragangliomas, also called chemodectomas, on the other 
hand, are tumors derived from chromaffin cells outside the 
adrenal medulla (Lenders et  al.  2014; Galac and 
Korpershoek 2017). Phenoxybenzamine’s longer duration of 
action and its ability to provide a non-competitive blockade 
make it a more favorable choice for the perioperative man-
agement of these patients, compared to selective α1-
adrenergic receptor antagonists like prazosin, avoiding the 
risk of hypertension in case of a spike in catecholamine 
plasma concentration (Knapp and Fitzgerald  1984; 
Hull 1986; Fang et al. 2020).

Dosages ranging from 0.1 mg to 2.5 mg/kg q12h PO in 
dogs undergoing presurgical treatment for pheochromo-
cytoma have been reported, one study used a median dose 
of 0.6 mg/kg q12h PO for 20 days (Herrera et al. 2008), and 
another one suggested 2.5 mg/kg q12h PO for at least 
14 days (Kyles et  al.  2003). Another source suggested 
starting at 0.25 mg/kg q12h and increasing the dosage in a 
stepwise approach over the span of two to three weeks, 
until the final dosage of 1 mg/kg is reached, or side effects 
occur (Spencer  2020). Unfortunately, there is currently 
insufficient evidence to suggest an ideal dosage for pre-
surgical treatment of pheochromocytoma in veterinary 
medicine.

Presurgical treatment with phenoxybenzamine for 
20 days before adrenalectomy significantly decreased mor-
tality in dogs (Herrera et al. 2008), and has been shown to 
improve cardiovascular stability and reduce mortality in 
humans (Russell et al. 1998; Wachtel et al. 2015). Recently, 
there has been some debate in the human literature on 
whether presurgical treatment with phenoxybenzamine is 
needed, mainly due to limited evidence, significant adverse 
effects of the α-adrenergic antagonists and availability of 
short-acting drugs that may be used to treat hypertension 
during anesthesia (Shao et  al.  2011; Lafont et  al.  2015; 
Wachtel et al. 2015; Groeben et al. 2017; Isaacs and Lee 2017; 
Neumann et  al.  2019). Hypertension during surgery has 
been reported in several cases including patients with bio-
chemically silent pheochromocytoma not receiving preop-
erative management (Song et  al.  2011; Kota et  al.  2012; 
El-Doueihi et al. 2019). The North American Neuroendocrine 
Tumor Society and the Endocrine Society recommend pre-
paring patients with pheochromocytomas or paraganglio-
mas, including the normotensive or biochemically silent 
ones, using phenoxybenzamine starting 10–14 days before 
surgery (Chen et al. 2010; Lenders et al. 2014). Ultimately, it 
has been suggested to be a collaborative decision with anes-
thetist and surgeon, taking into consideration the patient’s 
cardiovascular status and intraoperative risks (Lenders 
et al. 2014; Isaacs and Lee 2017).

If blood pressure cannot be controlled by the sole means 
of a non-selective α-adrenergic receptor antagonist, a 
calcium channel blocker (e.g. doxazosin, amlodipine) is 
commonly added when treating patients with pheochro-
mocytoma (Wimpole et  al.  2010; Lenders et  al.  2014). 
β-blockers are used in addition to phenoxybenzamine to 
control arrhythmias and tachycardia occurring during 
surgery for pheochromocytoma removal. I is important to 
recognize that phenoxybenzamine blocks only α- adrener-
gic receptors, therefore as other α1-adrenergic antagonists, 
it may decrease the incidence of arrhythmias but it does 
not prevent them (Claborn and Szabuniewicz 1973; Wiersig 
et al. 1974; Benfey 1993; Myklejord 2004).
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Phenoxybenzamine has been used to treat functional 
urethral obstruction in humans, dogs, and cats (Abrams 
et al. 1982; Moreau 1982; Oliver 1983; Barsanti et al. 1996; 
Díaz Espiñeira et al. 1998; Lane et al. 2000). Due to the 
availability of selective α1-adrenergic receptor antago-
nists, the higher cost, and the potential carcinogenicity of 
phenoxybenzamine its use for functional urethral obstruc-
tion is nowadays considered obsolete (and off-label) in 
humans and veterinary patients (Lepor  1990; Breslin 
et al. 1993; Carruthers 1994; Jønler et al. 1994; Granger 
et al. 2020).

In horses, phenoxybenzamine has been suggested as a 
promising treatment for laminitis (Boosman and Németh 1988; 
Hood et al. 1993), as well as non-responsive diarrhea (Hood 
et al. 1982; Hunt and Gerring 1985), with mixed results.

The pharmacokinetic information for phenoxyben-
zamine is limited. In humans, it has a very low oral bioa-
vailability ranging between 20% and 30% (Hoffman and 
Lefkowitz 1980) and, an half-life of about 24 hours when 
administered IV, while its half-life after oral administra-
tion is unknown (WellSpring Pharmaceutical Corporation 
[FDA Label] 2008). Phenoxybenzamine is metabolized by 
the liver and excreted in urine and bile (Mercury 
Pharmaceuticals Ltd [FDA Label] 2021). Phentolamine is 
highly lipophilic, therefore fat accumulation has been 
hypothesized (Adams 2009), but there is evidence of the 
contrary (Knapp and Fitzgerald 1984). The specific mech-
anism of action of phenoxybenzamine, creating a strong 
covalent bond with the α-adrenergic receptors, leads to a 
prolonged onset of action, it has been reported that as lit-
tle as three days, and up to 25 days may be required to 
achieve an optimal preoperative management in humans 
(Russell et al. 1998; Zhu et al. 2010). Its duration of action 
is linked to the synthesis of new α-adrenergic receptors, 
and there is some evidence of different rate of recovery of 
α1 and α2-adrenergic receptors effects (Hamilton 
et  al.  1984), where its effects can last up to four days 
(Hoffman and Lefkowitz 1980; WellSpring Pharmaceutical 
Corporation [FDA Label] 2008) but, in a study mean arte-
rial pressure, was not significantly different from baseline 
after only 24 hours after phenoxybenzamine administra-
tion (Hamilton et al. 1984).

Persistent hypotension following pheochromocytoma 
removal has been reported. This is due to the mechanism 
of action of phenoxybenzamine (Nickerson 1962; Hamilton 
et  al.  1984; Ramachandran and Rewari  2016), therefore, 
the anesthetist should plan accordingly for intra- and post-
operative blood pressure support. Some veterinary litera-
ture suggests stopping administration of phenoxybenzamine 
48 hours prior to surgery (Murrell  2017), while human 
guidelines suggest continuing treatment the day of surgery 
(Hollevoet et al. 2011).

As for all the non-selective α1- and α2-adrenergic receptor 
antagonists, phenoxybenzamine can cause a reflex increase 
in heart rate and cardiac output due to the non-selective 
blockade, including the presynaptic α2-receptor, resulting 
in higher norepinephrine release from the presynaptic 
nerve endings (Langer et al. 1977; Saeed et al. 1982).

Postural hypotension with reflex tachycardia and 
arrhythmias, tiredness and dizziness have been reported 
with the use of phenoxybenzamine (Mulvihill-Wilson 
et  al.  n.d.; Caine et  al.  1976; Jønler et  al.  1994; Eri and 
Tveter  1995). While human literature suggests a higher 
incidence and severity of side effects including hypoten-
sion and dizziness, associated with non-selective α-
antagonists compared to selective α1-adrenergic receptor 
antagonists (Mulvihill-Wilson et al. n.d.; Caine et al. 1976; 
Jønler et al. 1994; Eri and Tveter 1995), a small study in six 
Beagle dogs found that phenoxybenzamine had less 
impact on blood pressure compared to prazosin (Fischer 
et al. 2003).

The availability of selective α1-adrenergic receptor antag-
onists, the higher cost and the potential carcinogenicity of 
phenoxybenzamine made its use for functional urethral 
obstruction obsolete in humans (Lepor  1990; Breslin 
et  al.  1993; Carruthers  1994; Jønler et  al.  1994; Lane 
et al. 2000). The mutagenic activity of phenoxybenzamine 
has been demonstrated in  vitro and in mice, moreover 
repeated use in laboratory animals has been associated with 
peritoneal, intestinal, and lung tumors and its mutagenicity 
(Hoffman and Lefkowitz  1980; Fischer et  al.  2003; 
WellSpring Pharmaceutical Corporation [FDA Label] 2008).

Phentolamine
Phentolamine is a short-acting, competitive, non-selective 
α1- and α2-receptor antagonist.

Phentolamine can be administered IV, IM, submucosally 
and when used for treatment of extravasation of vasopres-
sors, locally in the affected area of interest (Septodont Inc 
[FDA Label] 2016; West-Ward Pharmaceuticals Corp [FDA 
Label] 2018).

In human medicine, phentolamine is used in the man-
agement of hypertensive crisis due to β-blockade without 
adequate α-blockade or for patients with pheochromocy-
toma who have not been pretreated with phenoxyben-
zamine, as well as for prophylactic treatment before 
pheochromocytoma removal (McMillian et al. 2011; West-
Ward Pharmaceuticals Corp [FDA Label]  2018; Yu 
et al. 2018; Fang et al. 2020).

Intraoperative hypertension during adrenalectomy for 
pheochromocytoma removal was successfully managed in 
dogs, administering a loading dose of 0.1 mg/kg IV fol-
lowed by a constant rate infusion at a rate of 1–2 μg/kg/min 
IV (Kyles et al. 2003).
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Phentolamine is the only treatment approved by the FDA 
for norepinephrine extravasation, although some alterna-
tives have been evaluated (Plum and Moukhachen  2017). 
It is also recommended to treat and prevent tissue necrosis 
after extravasation of dopamine, epinephrine, phenyle-
phrine and sympathomimetic vasopressors in general 
(Cooper  1989; Bey et  al.  1998; Peberdy et  al.  2010). No 
description of this use is currently available in the veterinary 
literature. The recommended doses for this treatment in 
adult humans are 5–10 mg of phentolamine diluted in 10 ml 
of saline injected into the area within 12 hours of vasopres-
sors extravasation (Reynolds et al. 2014). On the other hand, 
in human pediatric patients, it is suggested to titrate subcu-
taneously 1–7.5 ml of phentolamine at a concentration of 
0.5 mg/ml in the involved area (Aribit et  al.  2000; Özalp 
Gerçeker et al. 2018; Hackenberg et al. 2021).

Phentolamine is also FDA approved for reversal of local 
anesthesia containing a vasoconstrictor for some dental 
procedures in humans, shortening the median time to 
return of sensation by up to 60% (Tavares et al. 2008).

Not surprisingly, phentolamine has also been evaluated 
for functional urethral obstruction in dogs, and it has with 
the greatest effect on the urethra of all the α-adrenergic 
receptor antagonist, while having the least impact on the 
cardiovascular system (Poirier et  al.  1988).Unfortunately, 
its use is non practical due to its short duration of action 
(Rosin and Ross 1981).

Phentolamine has also been experimentally demon-
strated to reduce frequency of ventricular premature com-
plexes in dogs after coronary artery occlusion and 
reperfusion (Stewart et al. 1980).

The pharmacokinetic information for phentolamine is 
limited. In humans, it has a very fast onset of action (one to 
two minutes), a duration of action of 10–30 minutes 
(Chobanian et al. 2003) and a half-life of about 19 minutes 
when administered IV (West-Ward Pharmaceuticals Corp 
[FDA Label]  2018). Phentolamine is metabolized by the 
liver and only 13% of the drugs is excreted unchanged in the 
urine (West-Ward Pharmaceuticals Corp [FDA Label] 2018).

As for all the non-selective α1- and α2-adrenergic receptor 
antagonists, phentolamine can cause an increase in heart 
rate and cardiac output due to the blockade of the presynap-
tic α2-adrenergic receptor (Langer et  al.  1977; Saeed 
et  al.  1982). The reported side effects in humans include 
tachycardia, vomiting and headache (Chobanian et al. 2003). 
In addition, phentolamine may elicit angina pectoris or myo-
cardial infarction in patients with coronary artery disease 
(Grossman et al. 1998). β-blockers can be used to manage the 
compensatory tachycardia elicited by phentolamine.

Oral administration of very high doses of phentolamine 
to pregnant mice and rats during the period of organogen-
esis resulted in skeletal immaturity, decreased offspring 
growth and lower rate of implantation, but no 

malformations or embryofetal deaths were observed 
(Septodont Inc [FDA Label] 2016). It is important to recog-
nize that these studies were performed with doses at least 
20 times the recommended dose and, treating the pheo-
chromocytoma is of paramount importance for the mother 
and fetus (Schenker and Chowers  1971; Schenker and 
Granat 1982). Therefore, the reader is invited to evaluate 
the risk/benefit of using phentolamine in pregnant patients 
on a case-by-case basis.

α2-Adrenergic Receptor Agonists

Drugs in this class are widely used in veterinary medicine 
to provide sedation and analgesia, and can be reversed with 
administration of antagonists. These drugs act as agonists 
at the α2-adrenergic receptor, activating the Gi protein thus 
inhibiting adenylate cyclase and the cAMP dependent 
pathway. This results in Ca2+-channels closure in the pre-
synaptic nerve ending which prevents the increase in intra-
cellular Ca2+ necessary to release norepinephrine, thus 
decreasing sympathetic outflow, heart rate, contractility 
and systemic vascular resistance and consequently reduc-
ing blood pressure. Several α2-adrenergic receptor subtypes 
have been identified, the clinically observed initial hyper-
tensive phase is mediated by the agonist interaction with 
the α-2B subtype receptors found in the vascular smooth 
muscle, while the secondary hypotensive phase is medi-
ated by activation of the α-2A which, together with α-2C 
receptor subtypes, are mainly located in the central nerv-
ous system (CNS) (Link et al. 1996; MacMillan et al. 1996; 
Buerkle and Yaksh 1998; Altman et al. 1999).

α2-adrenergic receptor agonists are not considered first-
line therapy for hypertension, due to their sedative side 
effects, which are mediated by the activation of the α-2A 
receptor subtype (Lakhlani et al. 1997). A more complete 
description of these drugs can be found elsewhere in 
the book.

Angiotensin Converting Enzyme 
(ACE) Inhibitors

Angiotensin II is a hormone which causes arteriolar vaso-
constriction, sympathetic stimulation, water reabsorption 
and promotes the synthesis of aldosterone and vasopressin. 
When renal perfusion is decreased, the renin–angiotensin–
aldosterone hormone system is triggered, this regulates 
blood pressure by altering systemic vascular resistance, as 
well as water retention. Angiotensin I is the result of the 
angiotensinogen conversion performed by renin, which is 
produced by the kidney in response to a decreased in perfu-
sion. Angiotensin I is then converted to angiotensin II by 
ACEs in lungs capillaries as well as in endothelial and kidney 
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epithelial cells (Kierszenbaum 2007). ACE inhibitors block 
the conversion of angiotensin I to angiotensin II (Soffer 1976) 
while also stopping the hydrolyzation of bradykinin (BK) a 
vasodilator, and N-acetyl-seryl-aspartyl-lysyl-proline (Ac-
SDKP), a peptide with anti-inflammatory functions (Hrenak 
et al. 2015; Caballero 2020). The resulting bradykinin poten-
tiation can lead to further vasodilation and natriuresis 
(Taddei and Bortolotto  2016). ACE inhibitors are mainly 
used to treat hypertension and congestive heart failure.

ACE inhibitors decrease glomerular efferent arteriolar 
resistance, normalizing the glomerular transcapillary 
hydrostatic pressure therefore decreasing proteinuria in 
patients with glomerulonephritis (Brown et al. 2001, 2003; 
King et al. 2006; Mizutani et al. 2006; Sent et al. 2015). The 
high incidence of chronic kidney disease and proteinuria in 
hypertensive dogs make ACE inhibitors a common and 
ideal initial therapy choice in this patient population 
(Acierno et al. 2018). While ACE inhibitors can be consid-
ered as a first-line therapy in dogs, this is not the case for 
cats (Acierno et al. 2018), due to their possible limited effi-
cacy and worsening of renal function during treatment in 
this species (Brown et  al.  2001; Sent et  al.  2015; Lavallee 
et al. 2017). No effects on renal function have been demon-
strated in dogs during long-term treatment with ACE inhib-
itors (Atkins et al. 2002). The ACE inhibitors most commonly 
used in veterinary medicine are benazepril and enalapril.

The oral bioavailability of benazepril and enalapril range 
between 20% and 40% in dogs, with a peak plasma concen-
tration in about 40 minutes and have an elimination half-
life of 40–60 minutes (Lefebvre et al. 2007). Benazepril it is 
partially metabolized by the liver which is advantageous in 
animals with renal dysfunction compared to enalapril 
which relies almost exclusively (95%) on renal excretion 
(Lefebvre et  al.  2007). Hepatic clearance of benazepril is 
markedly higher in cats (85%) compared to dogs (55%) 
(Lefebvre et al. 2007).

Due to the risk of severe hypotension during general 
anesthesia in both human and veterinary patients receiv-
ing ACE inhibitors, it is recommended to withhold ACE 
inhibitors for 24 hours before general anesthesia (Coriat 
et al. 1994; Bertrand et al. 2001; Ishikawa et al. 2007; Uechi 
et al. 2007; Coleman et al. 2016a). A recent cohort study in 
a large number of humans withholding ACE inhibitors 
and angiotensin II receptor blockers before surgery was 
associated with a decreased risk of death and vascular 
events in the postoperative period (Roshanov et al. 2017).

Anorexia, diarrhea, vomiting, lethargy, hypotension, and 
hyperkalemia have been reported in dogs receiving ACE 
inhibitors (Sisson 1995). Additionally, ACE inhibitors can 
cause azotemia in some patients, especially if concurrently 
receiving diuretics, moreover acute worsening of azotemia 
has been reported with concurrent administration of ACE 
inhibitors and angiotensin receptor blockers. Therefore, it 

is imperative that renal parameters should be closely moni-
tored in these patients (Roudebush et  al.  1994; Group 
CS  1995; Ettinger et  al.  1998; Brown et  al.  2001; King 
et al. 2006). The combination of ACE inhibitors and other 
antihypertensive drugs may exacerbate their hypotensive 
effect (Mignat and Unger  1995). Nonsteroidal anti-
inflammatory drugs (NSAIDs) may reduce the efficacy of 
ACE inhibitors (Sahloul et al. 1990). Moreover, the combi-
nation of ACE inhibitors with NSAIDs may potentially 
lead to nephrotoxicity and renal insufficiency (Seelig 
et al. 1990; Shionoiri 1993). Although there is no report in 
veterinary medicine, lithium toxicity has been reported in 
humans receiving concomitant ACE inhibitors. The mech-
anism behind this interaction remains unknown, nonethe-
less, it is recommended to carefully monitor these patients 
(Shionoiri 1993). Lastly, ACE inhibitors can cross the pla-
centa and have the potential of causing potentially fatal 
perinatal complications, therefore, they should be avoided 
in pregnant animals (Hanssens et al. 1991).

Benazepril

The recommended dosages are 0.5 mg/kg q12-24h PO and 
it can be increased up to a maximum of 2 mg/kg per day in 
dogs. It has been recommended to decrease the starting 
dose to 0.25 mg/kg in azotemic dogs (Brown et  al.  2013; 
Acierno et al. 2018; Spencer 2020). The dosages for cats are 
0.5 mg/kg q12h PO (Acierno et al. 2018).

Enalapril

The recommended dosages are 0.5 mg/kg q12-24h PO and 
it can be increased up to a maximum of 2 mg/kg per day 
in dogs. It has been recommended to decrease the starting 
dose to 0.25 mg/kg in azotemic dogs (Brown et al. 2013; 
Acierno et al. 2018; Spencer 2020). The dosages for cats 
are 0.5 mg/kg q24h PO (Acierno et  al.  2018). Although 
enalapril has been experimentally used in horses, there 
are no clinically recommended doses for this species at 
the moment.

Angiotensin II Receptor Blockers

Angiotensin II receptors are G protein-coupled receptors. 
AT1 is responsible for the vasoconstrictive effects, while 
AT2 has multiple beneficial effects, including potentially 
limiting cardiac remodeling, although this has been 
debated in the literature and not all of its functions are 
entirely clear (D’Amore et  al.  2005; Schnermann and 
Castrop 2013). Angiotensin II receptor blockers such as tel-
misartan and losartan, the most commonly used in 
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veterinary species, have high affinity for the AT1 receptor 
which allows for a reduction in blood pressure while main-
taining normal bradykinin levels, as opposed to ACE inhib-
itors which, due to their different mechanism of action, 
can cause an increase in bradykinin levels over time (Tom 
et al. 2002; Taddei and Bortolotto 2016).

Telmisartan

Telmisartan is an angiotensin II receptor blocker, used to 
manage hypertension and proteinuria in cats with chronic 
kidney disease (Sent et al. 2015; Glaus et al. 2019), and it is 
more effective than benazepril or losartan in this species 
(Jenkins et al. 2015). Telmisartan has been reported to be 
as an effective antihypertensive agent as amlodipine in 
humans with chronic kidney disease (Nakamura 
et al. 2018), while there are veterinary reports of using tel-
misartan as a second-line treatment in dogs where amlodi-
pine or a combination of amlodipine and benazepril failed 
(Caro-Vadillo et al. 2018; Kwon et al. 2018). A recent trial 
found telmisartan to be a potential first-line therapy to 
manage dogs with proteinuria (Lourenço et al. 2020), and 
it has been previously reported as a second-line treatment 
in dogs refractory to ACE inhibitors (Bugbee et al. 2014). 
The recommended dosage is 1 mg/kg q24h PO in both cats 
and dogs (Acierno et al. 2018).

The oral bioavailability of telmisartan is about 33% in cats, 
peak plasma level was reached in about 15–30 minutes, 
telmisartan is highly lipophilic and highly protein bound 
(98% in dogs). Telmisartan is mainly metabolized by the liver 
and largely excreted in bile, with an elimination half-life of 
about five hours in dogs and 8.5 hours in cats (Wienen 
et al. 2000; Boehringer Ingelheim Vetmedica Inc. [FDA FOI 
Summary] 2018)

Losartan

Losartan is an angiotensin II receptor blocker, the active 
drug metabolite (E-3174) is 10–40 times more potent than 
losartan. This is responsible for the antihypertensive effect. 
Dogs produce a limited amount of E-3174 (Christ et al. 1994). 
Losartan is also less efficacious than telmisartan in cats, and 
no better than placebo in cats and dogs (Brown et al. 2013; 
Coleman et al. 2014; Jenkins et al. 2015). The recommended 
dosages are 0.5–1 mg/kg q24h PO, while it has been recom-
mended to reduce the dose to 0.125–0.25 mg/kg q24h PO in 
azotemic dogs (Brown et al. 2013).

The oral bioavailability of losartan ranges between 23% 
and 33% in dogs, peak plasma level was reached in about 
one hour and it is mainly metabolized by the liver and 
cleared by biliary excretion, with an elimination half-life of 
about 2.5 hours (Christ et al. 1994).

Similarly to ACE inhibitors, it is recommended to with-
hold angiotensin II receptor blockers for 24 hours or more, 
before induction of general anesthesia in human patients, 
due to the risk of severe or refractory hypotension in these 
patients (Wolf and McGoldrick  2011; Nabbi et  al.  2013; 
Mets 2015; Hojo et al. 2020). The combination of angioten-
sin II receptor blockers and ACE inhibitors could increase 
the risk of side effects and worsening of kidney function 
(Misra and Stevermer 2009).

Hypotension, hypersalivation, weight loss, diarrhea, leth-
argy, anemia, and vomiting have been reported in cats receiv-
ing telmisartan (Boehringer Ingelheim Vetmedica Inc. [FDA 
FOI Summary] 2018). No side effects have been reported in 
dogs receiving telmisartan in the existing literature (Schierok 
et  al.  2001; Bugbee et  al.  2014; Coleman et  al.  2016b; 
Caro-Vadillo et al. 2018; Konta et al. 2018; Kwon et al. 2018).

Calcium Channel Blocker

Amlodipine

Amlodipine is a dihydropyridine class, long-acting cal-
cium blocker. It inhibits calcium entry from L-type 
voltage-gated calcium channels in the vascular smooth 
muscle, preventing contraction and causing vasodilation 
(Clusin and Anderson  1999). Amlodipine also has an 
inhibitory effect on N-type calcium channels, located pre-
synaptically on neurons, decreasing norepinephrine 
release (Hirning et al. 1988; Westenbroek et al. 1992; Gohil 
et al. 1994; Elliott et al. 1995). This may be the reason for 
the comparatively lower increase in heart rate observed 
after amlodipine administration compared to other dihy-
dropyridines (Furukawa et al. 1997). N-type calcium chan-
nels are also nociceptive signaling and, when blocked, 
may produce analgesic effects (Brose et  al.  1997; Suh 
et al. 1997). The doses to obtain good analgesia are usually 
quite large and not devoid of significant side effect, mak-
ing this a more a theoretical than clinical consideration 
(Brose et al. 1997).

The effect of amlodipine on the sympathetic nervous 
system has been debated in the human literature. Some 
studies reported a decrease, while others reported an 
increase in sympathetic nerve activity; the latter seems to 
be the case in hypertensive patients (Leenen et al. 2001; 
Toal et al. 2012). The antihypertensive effectiveness seems 
to overcome the risk of sympathetic activation (Toal 
et al. 2012).

Amlodipine, as well as ACE inhibitors and angiotensin II 
receptor blockers, is one of the most commonly used anti-
hypertensive agents. Calcium channel blockers such as 
amlodipine are a first-line treatment for cats with systemic 
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hypertension while, as discussed in a previous paragraph, 
RAAS inhibitors such as ACE inhibitors and angiotensin II 
receptor blockers are first-line treatments for systemic 
hypertension in dogs (Huhtinen et  al.  2015; Acierno 
et al. 2018). Moreover, the combination of amlodipine and 
RAAS blocking agents is particularly useful in dogs with 
severe systemic hypertension, when systolic blood pressure 
is above 200 mmHg (Acierno et al. 2018).

Amlodipine is commercially available as an oral formu-
lation while a less efficacious transdermal formulation has 
been investigated in cats (Helms 2007). The recommended 
dose for amlodipine is 0.1–0.25 mg/kg q24h PO and it can 
be increased up to a maximum of 0.5 mg/kg in both cats 
and dogs, alternatively, it could be dosed as 0.625–1.25 mg/
cat q24h PO (Acierno et al. 2018).

There is no current evidence that administration of cal-
cium channel blockers significantly increases anesthetic 
risk complications (Merin  1987; Schlanz et  al.  1991). 
Therefore, perioperative medications guidelines in humans 
suggest continuing calcium channel blockers.

The oral bioavailability of amlodipine is 88% in dogs, it is 
extensively metabolized by the liver with only 5% of the 
drug excreted unchanged in the urine. The elimination 
half-life of amlodipine is about 30 hours in dogs (Stopher 
et al. 1988; Burges et al. 1989).

Hypotension, heart rate changes, lethargy, appetite, and 
weight loss are reported side effects of amlodipine. Dose-
dependent gingival hyperplasia has also been reported in 
dogs, cats and humans, the mechanism of action is 
unknown, but several have been suggested (Thomason 
et al. 2009; Kaur et al. 2010; Desmet and van der Meer 2017). 
Moreover, the effects of neuromuscular blocking agents 
can be potentiated when calcium channel blockers are 
administered (Wolf and McGoldrick 2011).

β-Adrenergic Receptor Blockers

β-blockers (e.g. atenolol) may be useful to control heart rate 
in some tachycardic hypertensive cats (e.g. those with 
hyperthyroidism), but have negligible antihypertensive 
effect in such patients and therefore should not be used as 
a sole agent for the management of hypertension 
(Henik 1997; Maggio et al. 2000; Henik et al. 2008).

Vasodilators

Vasodilators such as hydralazine, nitroprusside and 
nitric oxide can be used as an antihypertensive and a 
description of this class of drugs can be found elsewhere 
in the book.

Others

Acepromazine

Acepromazine is a phenothiazine commonly used for seda-
tion in many veterinary species. It decreases blood pressure 
by antagonizing α1-adrenergic receptors. Oral administra-
tion could be used to manage hypertensive dogs, at the rec-
ommended dose of 0.5–2 mg/kg q8h PO in dogs and cats 
(Acierno et al. 2018). There are no reports of long-term use, 
and sedation. A more complete description of aceproma-
zine can be found elsewhere in the book.

Magnesium Sulfate

Magnesium sulfate is commonly used for constipation, 
magnesium deficiency, torsade de pointe and ventricu-
lar tachycardia in small and large animals. Although 
not commonly used for this purpose, it is important to 
recognize that magnesium sulfate is also an effective 
arteriolar dilator with a sympatholytic effect. Multiple 
mechanisms of action seem to be involved including the 
blockade of on L-type calcium channels and calcium-
dependent potassium channels on the vascular smooth 
muscle (Murata et al. 2016) and blockade of N-type and 
L-type calcium channels at adrenergic nerve terminals, 
hence inhibiting catecholamine release (Nakaigawa 
et al. 1997; Nakayama et al. 1999; Shimosawa et al. 2004; 
Elsharnouby and Elsharnouby  2006). The recom-
mended dose for magnesium sulfate is 40 mg/kg fol-
lowed by a continuous infusion of 15–30 mg/kg/h (Fang 
et al. 2020)

Diuretics

There is a high incidence of chronic kidney disease in the 
hypertensive dog population (Acierno et  al.  2018), diu-
retics could cause dehydration, which could have detri-
mental consequences on this subset of population. 
Therefore, contrary to human patients, diuretics are not 
the first-choice drugs for antihypertensive treatment in 
veterinary patients, but they should be considered in 
hypertensive animals with a clinically significant volume 
overload (Acierno et al. 2018; Oparil et al. 2018). In this 
regard, furosemide, a loop diuretic at a dose of 2–4 mg/kg 
q12-24 h PO, hydrochlorothiazide, a thiazide diuretic at a 
dose of 1–4 mg/kg q8-24h PO and spironolactone, an 
aldosterone antagonist at a dose of 1.0–2.0 mg/kg q12h 
have been recommended in aiding hypertension treat-
ment in dogs and cats (Acierno et al. 2018). A more com-
plete description of these drugs can be found elsewhere 
in the book.
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Introduction

Cardiac arrhythmias are common in the perianesthetic 
period. Therefore, when considering treatment, detailed 
knowledge of the pharmacologic properties of antiar-
rhythmic drugs is vital for successful management of 
anesthetized patients. A practical approach to choosing 
antiarrhythmic therapy incorporates knowledge of the 
drug’s mechanism of action, known clinical efficacy, phar-
macokinetics, adverse effects, drug interactions, and 
hemodynamic effects. However, deciding if/when to inter-
vene is perhaps just as important as choosing which anti-
arrhythmic drug to intervene with. This decision should 
always be tailored to the individual patient. In the author’s 
opinion, this decision should be primarily based on clini-
cal signs and functional/hemodynamic consequences of 
the arrhythmia and not necessarily based on the quantity 
or morphology of the abnormal beats. In human medi-
cine, there is a noticeable trend toward avoiding antiar-
rhythmic drug therapy, primarily due to proarrhythmic 
and sudden death risk, and thus implantable devices and 
ablation therapy are on the rise (Nattel et al. 2013). It is 
ultimately unknown whether veterinary medicine will fol-
low suit, but drug therapy currently remains the most 
clinically feasible option and will likely remain so in the 
perianesthetic period. This chapter will specifically dis-
cuss antiaarrhythmic therapies in addition to the more 
vascular selective (dihydropyridine [DHP]) calcium chan-
nel blockers (CCBs).

­General Properties of Antiarrhythmic Drugs

Classification of Antiarrhythmic Drugs

Drugs used for the management of tachyarrhythmias are 
traditionally classified according to the Vaughn-Williams 
classification scheme, which categorizes a drug into one 

of four major classes based on its blocking effects of car-
diac sodium (class I), potassium (class III), and calcium 
channels (class IV), and β-adrenergic receptors (class II) 
(Table 20.1). Unfortunately, the Vaughn-Williams classifi-
cation scheme significantly oversimplifies drug effects. 
Antiarrhythmic drug effects are often complex and 
depend on numerous factors such as tissue type, degree of 
acute or chronic tissue injury, heart rate, membrane 
potential, ionic composition of the extracellular space, 
and genetics (Miller and Zipes 2012). An alternate, more 
elaborate classification scheme (Sicilian gambit classifi-
cation) was created and is based on arrhythmogenic 
mechanism and vulnerable parameters of arrhythmias 
for which drugs may be selected (European Society of 
Cardiology 1991). However, the arrhythmogenic mecha-
nism (i.e. triggered activity, enhanced automaticity, or 
reentry) is rarely determined with certainty in veterinary 
species. Thus, current classification schemes may not 
provide ideal guidance in determining which drug to 
select to treat a specific cardiac arrhythmia. Some prefer 
an alternate division of drugs used chiefly in the therapy 
of supraventricular tachyarrhythmias (e.g. diltiazem) and 
those used predominantly for ventricular tachyarrhyth-
mias (e.g. lidocaine) (Nattel et al. 2013). Yet, this classifi-
cation is also flawed by oversimplification of drug effects. 
Due to its simplicity and usefulness for communication, 
the Vaughn-Williams classification scheme will be used 
throughout this chapter.

Use Dependence

Some antiarrhythmic drugs exhibit greater antiarrhythmic 
effect at higher heart rates and prolonged periods of stimu-
lation, a drug characteristic called use dependence (Miller 
and Zipes 2012). This is a desirable trait in the setting of 
managing tachyarrhythmias, as the higher the heart rate, 
the more life-threatening a tachyarrhythmia tends to be. 

Lance C. Visser
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Table 20.1­ Drugs used for treatment of tachyarrhythmias.

Class MOAa Drug Clinical use Dose Hemodynamic­ Half-­lifeeffects ­ Adverse(hours) Elimination ­effects

++NaIA +- blocker; 
Prolongs RT

H: 0.5–2SVA (and VA)Quinidine  mg/kg quinidine 
gluconate IV; 0.1–0.2 mcg/
kg/min CRI
22 mg/kg quinidine sulfate 
PO by NGT, don’t exceed six 
doses PO q2

++Cardiodepressant; 
vasodilation

Numerous, GI upset,LiverH: 6–8
proarrhythmia

D: 4–10VA and SVAProcainamide  mg/kg IV slow; 
25–50 mcg/kg/min CRI
C: 1–2 mg/kg IV slow; 
10–20 mcg/kg/min
H: 1 mg/kg/min, up to 
20 mg/kg total dose

+Cardiodepressant; 
vasodilation

See quinidine (lessKidneyD, H: 3
frequent)

IB +Na+- blocker of 
diseased tissue; 
Shortens RT

Lidocaine VA D: 2 mg/kg IV; 50–100 mcg/
kg/min CRI
C: 0.2–1 mg/kg IV; 
10–15 mcg/kg/min CRI
H: 0.25–0.5 mg/kg IV slow; 
0.02–0.05 mg/kg/min CRI

Minimal; prolonged 
clearance; cardiodepressant 
in cats

D, H: 1
C: 1.5

Nausea, GI upset,Liver
neurologic (C and H are 
sensitive)

Mexiletine VA D: 4–6 Minimalmg/kg PO q8 See lidocaineLiverD: 4–7

Phenytoin VA H: 5–10 mg/kg IV Minimal H: 8 Excitement,Liver
recumbency (H)

+++ NaIC +- 
blocker; 
Unchanged RT

SVA (and VA)Flecainide D: 1–2 mg/kg PO q8–12
H: 1–2 mg/kg IV at 0.2 mg/
kg/min
or 4 mg/kg PO q2 for 4–6 
doses

Proarrhythmia, suddenKidneyH: 4–5++Cardiodepressant
death

SVA (and VA)Propafenone H: 0.5–2 mg/kg in 5% 
dextrose IV slow

ProarrhythmiaLiverH: 1–2++Cardiodepressant

(Continued)
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Class MOAa Drug Clinical use Dose Hemodynamic­ Half-­lifeeffects ­ Adverse(hours) Elimination ­effects

+++Beta-II  
blockers

D and C: 0.02–0.06SVA (and VA)Propranolol  mg/kg IV 
slow
H: 0.03–0.1 mg/kg IV slow

Hypoglycemia,LiverD, H: 1–2+++Cardiodepressant
bronchial constriction, 
cardiodepressant

D and C: 0.05–0.2SVA (and VA)Esmolol  mg/kg IV; 
50–200 mcg/kg/min CRI

D, C: 10 Plasmamin
esterases

Cardiodepressant

Atenolol SVA D and C: 0.2–1 mg/kg
PO q12

KidneyD, C: 4–5

Metoprolol SVA Liver

+++KIII +- D: 3–5SVA and VAblocker Amiodarone  mg/kg IV slow
H: 5 mg/kg IV over 1 hr, then 
0.83 mg/kg over 23 hrs

Numerous (see text)LiverD, H: 60Minimal/+cardiodepressant

D and C: 1–3VA (and SVA)Sotalol  D: 5Minimal/+cardiodepressantmg/kg PO q12 Rare, proarrhythmiaKidney

Nodal CaIV 2+-  
blocker

Diltiazem SVA D and C: 0.1–0.2 mg/kg IV 
slow; 1–4 mcg/kg/min
H: 0.125 mg/kg IV slow

++Cardiodepressant; 
vasodilation

D, C: 2–3
H: 1.5

CardiodepressantLiver

Other Na+–K+ pump 
blocker; 
vagomimetic

SVADigoxin  + D: 0.003HF  mg/kg PO q12
H: 0.0022 mg/kg IV q12

Bradycardia D: 15–50
H:17–20

GI upset, proarrhythmiaKidney

MOA = mechanism of action; + = mild potency; ++ = moderate potency; +++ = marked potency; RT = repolarization time; SVA = supraventricular tachyarrhythmias; VA = ventricular 
tachyarrhythmias; HF = heart failure; D = dog; C = cat; H = horse (refer to the text for other species); GI = gastrointestinal; CRI = constant rate infusion; NGT = nasogastric tube.
a Drug mechanisms are oversimplified. Refer to the text for details and additional effects.

Table 20.1­ (Continued)
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During times of slower heart rates, a greater proportion of 
receptors become drug free. Use dependence correlates 
with the rapidity of onset–offset kinetics of drug binding to 
its receptor, which accounts for some of the differences 
among sodium channel blocking drugs (class I).

Reverse use dependence is also possible and occurs when 
a drug exhibits a greater antiarrhythmic effect at slower 
heart rates. This may be an undesirable trait because the 
antiarrhythmic effect is lessened during tachycardia. 
Reverse use dependence often occurs in drugs that prolong 
repolarization (e.g. sotalol).

Proarrhythmia

Virtually all antiarrhythmic drugs have the potential to 
induce or exacerbate cardiac arrhythmias (proarrhythmia) 
(Anderson  1990). Although the frequency of proarrhyth-
mia is unknown in veterinary species, 5–10% of humans 
receiving antiarrhythmic drugs experience proarrhythmic 
events (Miller and Zipes  2012). Circumstances that may 
increase the likelihood of proarrhythmia, include high 
doses of antiarrhythmic drugs, congestive heart failure, 
high-dose diuretics, depressed myocardial function, 
hypokalemia or hypomagnesemia (Moise  1999). Some of 
the sodium (class I) and potassium (class III) channel 
blocking drugs have the greatest likelihood of inducing 
tachyarrhythmias and proarrhythmic sudden death, 
whereas the beta-blockers (class II) and CCBs (class IV) 
may induce bradyarrhythmias.

­Class I Antiarrhythmic Drugs

The class I antiarrhythmic drugs chiefly block fast sodium 
channels decreasing sodium influx during phase 0 of the 
action potential. This reduces the rate of rise of action 
potential upstroke (Vmax), which thereby decreases con-
duction velocity. These drugs work best in cells dependent 
on fast sodium channels for their action potential, i.e. non-
nodal tissue, including normal and ischemic Purkinje cells 
and myocardial tissue. Many of the drugs in this class are 
local anesthetics and most fail to function adequately in 
the setting of hypokalemia. Class I drugs are subclassified 
(IA, IB, IC) according to their effects on repolarization.

Class IA Drugs

In addition to reducing conduction velocity in normal and 
abnormal cardiac tissue (class I effect), these agents also 
lengthen action potential duration by prolonging repolari-
zation (class III effect). This mild class III effect lengthens 
the effective (or absolute) refractory period during which 

no stimuli can evoke an action potential. Many drugs 
within this subclass also possess a vagolytic effect. The 
kinetics of onset-offset sodium channel blocking is consid-
ered intermediate (seconds) within this subclass (Miller 
and Zipes 2012).

Quinidine
Mechanism of action – Quinidine is considered the proto-

typical class IA antiarrhythmic drug and produces a pro-
found decrease in sodium influx through fast sodium 
channels during phase 0 of the action potential. This 
results in a decrease in cardiac electrical impulse con-
duction velocity. Quinidine also prolongs action poten-
tial duration (class III effect), which results in a marked 
prolongation of the effective refractory period. It is 
important to note that quinidine’s antiarrhythmic effi-
cacy is highly dependent on serum potassium concen-
trations. Hyperkalemia decreases resting membrane 
potential, which reduces sodium transmembrane con-
ductance and the conduction velocity of the action 
potential. Thus, quinidine’s effect of reducing impulse 
conduction is enhanced in the setting of hyperkalemia. 
Conversely, hypokalemia counteracts the depressant 
effects of quinidine on conduction velocity. Quinidine 
antagonizes cholinergic receptors (vagolytic effect), 
which may increase sinus node automaticity and AV 
node conduction. This is particularly important when 
considering quinidine for treatment of atrial fibrillation 
(see clinical use), as ventricular rate may markedly 
increase. Pre-treatment with drugs to slow AV node con-
duction can be considered.

Pharmacokinetics and metabolism – Quinidine is avail-
able in oral and intravenous (IV) formulations, although 
the oral formulation is most frequently utilized. Species–
specific pharmacokinetic data is available for the dog 
(Clohisy and Gibson 1982; Neff et al. 1972), rabbit (Ueda 
and Nickols 1980), horse (McGuirk et al. 1981b), and cow 
(McGuirk et  al.  1981a). Quinidine is highly (>80%) 
protein-bound and has a large volume of distribution. Its 
oral formulation is rapidly absorbed and reaches peak 
effect within one to two hours of administration. In dogs, 
it has a half-life of five to six hours and reaches steady 
state in approximately 24 hours (Neff et al. 1972; Clohisy 
and Gibson 1982). Reported serum half-lives in other spe-
cies include six to eight hours in horses, five to six hours 
in pigs, approximately one hour in goats, and two hours in 
cows, cats, and rabbits (Plumb  2008). It is partially 
excreted by the kidneys and metabolized by the liver.

Clinical use – Quinidine can be utilized to treat supraven-
tricular or ventricular arrhythmias. In small animal spe-
cies, its clinical use is rare due to the availability of safer 
and more effective alternatives. However, in large 
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animal species, it is often a first-line therapy for 
supraventricular tachyarrhythmias (e.g. atrial fibrilla-
tion) and, in some cases, ventricular tachyarrhythmias 
(Boon 2011). Oral (via nasogastric tube) or IV formula-
tions may be used in horses, whereas IV administration 
is solely used in cattle (Reef and McGuirk 2009).

Effect on patients under general anesthesia – Quinidine 
can have profound hemodynamic effects when adminis-
tered at therapeutic doses, which may affect a patient’s 
cardiovascular status, particularly under general anes-
thesia. These effects include decreased contractility, 
vasodilatation, and hypotension, and may be exacerbated 
in patients with underlying cardiac disease or heart fail-
ure. The vasodilatory effects of quinidine are mediated by 
α1- and α2-adrenergic receptors (Schmid et al. 1974).

Side (other) effects – Side effects are well documented in 
dogs and horses and can potentially be extrapolated to 
other species. Side effects include gastrointestinal (GI) 
upset (colic, diarrhea, inappetence), ataxia, weakness, or 
signs of hypersensitivity reaction such as swelling of the 
nasal mucosa and upper airways (horses) and urticaria. 
Thrombocytopenia is a potential concern in humans. 
Potential signs of toxicity include widening of QRS com-
plexes and Q-T interval prolongation, circulatory col-
lapse, seizures, and sudden death. Therapeutic drug 
monitoring can be performed if side effects or signs of 
toxicity are noted.

Contraindications – Quinidine should be avoided in 
patients with myasthenia gravis (due to its vagolytic effect), 
in the setting of pre-existing cardiac conduction disorders 
(AV block and bundle branch blocks), and in patients with 
uncorrected hypokalemia or acid-base derangements. As 
previously mentioned, caution is advised when quinidine 
is administered to animals with concurrent structural car-
diac disease or heart failure. Caution is also advised in 
patients with concurrent renal or hepatic disease, which 
may induce drug accumulation and signs of toxicity.

Drug interactions – Quinidine has numerous drug inter-
actions, which largely stem from its inhibition of the 
hepatic microsomal enzyme cytochrome p450. Thus, 
numerous drugs that also rely on cytochrome p450 for 
metabolism (e.g. antacids) may alter (increase or 
decrease) quinidine serum levels. Quinidine also has a 
well-known interaction with digoxin. It displaces digoxin 
from its binding sites and reduces renal clearance thereby 
potentiating toxicity. Concurrent use of other class I or 
class III antiarrhythmic drugs should be avoided.

Procainamide
Mechanism of action – Procainamide has nearly identi-

cal antiarrhythmic properties to those of quinidine (see 
above) and its electrophysiologic effects are also highly 

dependent on extracellular potassium concentration. 
Although documented in the dog (Pearle et  al.  1983), 
procainamide’s vagolytic effects appear to be minimal 
and the least of the class IA drugs (Miller and Zipes 2012).

Pharmacokinetics and metabolism –Only parenteral 
formulations will be discussed due to the declining avail-
ability of oral formulations. Parenteral administration 
(IM/IV) results in nearly immediate action that is widely 
distributed to the tissues. Protein binding is relatively low 
(15% in dogs). Plasma half-life in dogs(Dreyfuss 
et al. 1971; Papich et al. 1986a, 1986b) and horses (Ellis 
et  al.  1994) is relatively short at approximately three 
hours. With the exception of dogs (Papich et al. 1986b), 
procainamide is metabolized by the liver to an active 
metabolite, N-acetylprocainamide, which partly prolongs 
action potential duration (class III effect) and is excreted 
by the kidneys directly proportional to creatinine.

Clinical use – Like quinidine, procainamide features a 
broad spectrum of antiarrhythmic efficacy but has fewer 
side effects. It demonstrates antiarrhythmic properties 
in atrial and ventricular tissue and therefore can be used 
for supraventricular and ventricular tachyarrhythmias. 
It is most commonly utilized for acute cardioversion of 
ventricular tachyarrhythmias refractory to lidocaine and 
can be considered for acute onset supraventricular tach-
yarrhythmias (e.g. atrial flutter or fibrillation).

Effect on patients under general anesthesia – 
Depressed cardiac contractility, vasodilation, and hypo-
tension are potential concerns in anesthetized patients 
but to a lesser extent than quinidine. These effects are 
exacerbated by rapid IV infusions. Procainamide’s vaso-
dilatory mechanism is unclear. Anesthetics appear to 
alter procainamide pharmacokinetics (Orszulak-
Michalak 1995) (see drug interactions).

Side (other) effects – Dose-related side effects are similar 
to but less frequent than quinidine (see above). Doses 
should be reduced in patients with renal disease.

Contraindications – Similar to quinidine (see above).
Drug interactions – Procainamide does not interact with 

digoxin but drug interactions are otherwise similar to 
quinidine (see above). In rabbits, midazolam appears to 
decrease procainamide plasma concentration and 
enhances elimination (Orszulak-Michalak et al. 2002a), 
whereas injectable anesthetics, including propofol and 
ketamine, appear to prolong drug clearance times 
(Orszulak-Michalak 1995).

Class IB Drugs

These drugs produce little-to-no effect on phase 0 of the 
action potential in normal cardiac tissue but target and sig-
nificantly decrease conduction velocity in diseased or 
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ischemic cardiac tissue that tend to be partially depolarized 
(Nattel et  al.  2013). Class IB drugs also shorten action 
potential duration (accelerate repolarization) in normal tis-
sue, which can be proarrhythmic. Class IB drugs are noto-
riously ineffective against atrial arrhythmias probably due 
to their very rapid onset-offset kinetics (milliseconds) of 
sodium channel binding coupled with the already short-
ened action potential of the atrial myocardial tissue (Nattel 
et al. 2013).

Lidocaine
Mechanism of action – In contrast to the class IA drugs, 

lidocaine shortens repolarization, lacks a vagolytic 
effect, and exhibits no effect on normal cardiac tissue 
but selectively decreases cardiac electrical conduction 
velocity in diseased/ischemic cardiac tissue (see above). 
Despite shortening repolarization, lidocaine paradoxi-
cally lengthens the effective refractory period whereby 
no stimulus can propagate an action potential. It also 
reduces phase 4 (diastolic) depolarization and thus is 
efficacious against arrhythmias due to increased auto-
maticity. Lidocaine exhibits use dependence. Like the 
class IA antiarrhythmics, lidocaine’s efficacy is depend-
ent on extracellular potassium concentration, with 
decreased efficacy noted with hypokalemia.

Pharmacokinetics and metabolism – Species–specific 
pharmacokinetic data for lidocaine is available for rab-
bits (Orszulak-Michalak et  al.  2002b), cats (Thomasy 
et  al.  2005), horses (Feary et  al.  2005), dogs (Maes 
et al. 2007; Wilcke et al. 1983), pigs (Satas et al. 1997), 
and birds (chickens) (Da Cunha et al. 2012). Lidocaine is 
only used parenterally and is rapidly and extensively dis-
tributed to the tissues. Its onset of action should be 
within two minutes and duration of action is only 
10–20 minutes. It is moderately protein bound (primar-
ily α1-acid glycoprotein). Lidocaine is rapidly and exten-
sively metabolized by the liver, which can be significantly 
affected by liver function and blood flow, and passive 
congestion. Thus, dose reduction should be considered 
in patients with hepatic disease and heart failure due to 
delayed clearance. Lidocaine’s elimination half-life is 
around 30 minutes in anesthetized chickens, 60 minutes 
in dogs, horses and pigs, and 100 minutes in cats and 
rabbits.

Clinical use – Across species, lidocaine is often considered 
the first-choice therapy for acute treatment of ventricular 
tachyarrhythmias due to its safety, minimal hemody-
namic effects, and efficacy. It is usually ineffective against 
supraventricular tachyarrhythmias (Johnson et al. 2006). 
One exception to note is vagally-mediated (often perian-
esthetic) atrial fibrillation (Moise et  al.  2005; Pariaut 
et al. 2008).

Effect on patients under general anesthesia – At thera-
peutic antiarrhythmic doses, lidocaine has negligible 
hemodynamic effects in most species. However, in anes-
thetized cats, lidocaine was found to exhibit cardiode-
pressant effects (Pypendop and Ilkiw  2005). Lidocaine 
infusions have been shown to reduce minimum alveolar 
concentration of inhalant anesthetics in horses, rodents, 
rabbits, dogs, cats, and small ruminants (Schnellbacher 
et  al.  2013). Conversely, anesthesia/anesthetics have 
been shown to affect the pharmacokinetics of lidocaine 
in rabbits (Orszulak-Michalak et  al.  2002b), horses 
(Feary et  al.  2005), dogs (Boyce et  al.  1978), and cats 
(Thomasy et al. 2005). Anesthetics, likely via decreased 
hepatic blood flow, secondary to reduced cardiac output, 
slows metabolism and prolongs elimination half-life.

Effects on organ systems (CV, Resp, central nervous 
system [CNS]) – Lidocaine may also be utilized as a 
local anesthetic, adjunct analgesic agent, intestinal pro-
motility agent, and as a scavenger of reactive oxygen 
species.

Side (other) effects – Side effects of lidocaine are often 
dose-related and include CNS signs of ataxia, depression, 
tremors, and seizures. Nausea, vomiting, and anorexia 
are not uncommon but usually transient. Cats and horses 
are particularly sensitive to the CNS side effects and 
therefore doses are reduced accordingly. Hypotension is 
possible if administered too rapidly.

Contraindications – Contraindications are minimal but 
include uncorrected hypokalemia, severe liver dysfunc-
tion, and concurrent bradyarrhythmias such as advanced 
AV block.

Drug interactions – Avoid use with other class I drugs. 
Use with propranolol should also be avoided as it 
decreases hepatic blood flow thereby increasing risk of 
toxicity. Midazolam has been shown to increase elimina-
tion and reduce the half-life of lidocaine in rabbits 
(Orszulak-Michalak et al. 2002b).

Mexiletine
Mechanism of action – Mexiletine can be considered the 

oral equivalent of lidocaine with the same mechanism 
of action.

Pharmacokinetics and metabolism – Mexiletine is only 
available orally and is rapidly absorbed from the gut. The 
majority of the drug is excreted by the kidney and 
metabolized by the liver, which is influenced by hepatic 
blood flow (Prescott et  al.  1977). Plasma half-life is 
approximately four to seven hours, and renal excretion is 
prolonged by alkaline urine (Muir et al. 1999).

Clinical use – Mexiletine is used for chronic oral therapy 
of ventricular tachyarrhythmias and its use is primarily 
limited to dogs. Although expected, a positive response 
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to lidocaine may not always translate to a positive 
response to mexiletine (Moise 1999). Combination ther-
apy with beta-blockers may increase effectiveness.

Side (other) effects – Similar to lidocaine. Mexiletine 
should be administered with food to attempt to decrease 
side effects.

Drug interactions – Atropine, antacids, and opiates may 
reduce the rate of oral absorption. Mexiletine may 
reduce the metabolism of theophylline thereby increas-
ing risk of toxicity.

Other pharmacologic properties are similar to lidocaine.

Phenytoin
Pharmacokinetics and metabolism – Pharmacokinetic 

data is limited but phenytoin is orally absorbed and 
metabolized by the liver and partially renally excreted. 
Half-life is eight hours in horses (Plumb 2008).

Clinical use – Clinical efficacy of oral phenytoin therapy 
has been demonstrated in horses with ventricular ectopy 
refractory to other antiarrhythmic drugs and may be 
considered accordingly (Wijnberg and Ververs  2004). 
Phenytoin is also used for management of seizures and 
neuromuscular disease in horses.

Side (other) effects –Toxicity can cause excitement and 
recumbency in horses (Wijnberg and Ververs 2004).

Other pharmacologic properties are similar to lidocaine.

Class IC Drugs

Class IC drugs are the most potent inhibitors of the fast 
sodium channels and thus markedly depress conduction 
velocity. They have no effect on repolarization. Class IC 
drugs have received a bad reputation in humans due to 
proarrhythmic tendencies, particularly in those with struc-
tural heart disease (The Cardiac Arrhythmia Suppression 
Trial (CAST) Investigators 1989; Siebels et al. 1993). Thus, 
similar concerns have surfaced in veterinary medicine and 
these drugs are often reserved for refractory cases (Dembek 
et al. 2014). Class IC drugs have the slowest onset and off-
set kinetics (10 seconds) of the class I drugs (Miller and 
Zipes 2012).

Flecainide
Mechanism of action – Flecainide has marked depres-

sant and use-dependent effects on the fast sodium chan-
nel, which results in prolongation of the QRS. However, 
this prolongation is not uniform because flecainide 
shortens Purkinje fiber action potentials but prolongs 
action potentials in ventricular muscle (Miller and 
Zipes 2012). These disparate effects are thought to con-
tribute to flecainide’s potential proarrhythmic effects.

Pharmacokinetics and metabolism – There is limited 
pharmacokinetic data on flecainide, except in horses 
(Ohmura et al. 2000, 2001). It is available in an oral and IV 
formulation and the oral formulation reaches peak effect 
within one hour. The liver metabolizes flecainide into two 
active but less potent metabolites. It is renally excreted 
with a plasma half-life of approximately four to five hours 
in the horse.

Clinical use – In horses, flecainide can be considered for 
cardioversion of refractory atrial fibrillation, with the 
oral formulation demonstrating more favorable results 
(van Loon et  al.  2004; Risberg and McGuirk  2006). It 
may also be considered for supraventricular and ventric-
ular tachyarrhythmias resistant to other treatments in 
horses and dogs, although published canine data is 
lacking.

Effect on patients under general anesthesia – 
Flecainide depresses myocardial function and should be 
used with caution in patients with systolic dysfunction 
and in patients under general anesthesia.

Side (other) effects – Side effects of the drug include 
proarrhythmia, collapse, sudden death, and depressed 
myocardial function.

Contraindications – Flecainide should be used with cau-
tion in patients with systolic dysfunction and in patients 
already receiving negative inotropic drugs.

Drug interactions – Digoxin increases plasma levels of 
flecainide. Concurrent use with other negative inotropic 
drugs and other class I drugs should be avoided.

Propafenone
Mechanism of action – Propafenone’s mechanism of 

action is similar to other class IC drugs, with the excep-
tion that it is a very weak beta-blocker (1/40 of the beta-
blocking properties of propranolol) (Greenberg 
et al. 1989). Propafenone also decreases diastolic (Phase-4) 
depolarization in Purkinje fibers and decreases AV node 
conduction.

Pharmacokinetics and metabolism – Oral formula-
tions appear to be slowly absorbed but elimination half-
life is rapid (one to two hours) in horses (Puigdemont 
et  al.  1990). The drug is metabolized by the liver and 
metabolites may contain varying degrees of the parent 
compound.

Drug interactions – Propafenone increases digoxin levels 
and quinidine may inhibit the metabolism of propafenone. 
Concurrent use with other negative inotropic drugs and 
other class I drugs should be avoided.

Other pharmacologic properties are similar to 
flecainide.
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­Class II Antiarrhythmic Drugs

The class II antiarrhythmic drugs are the β-adrenergic 
receptor blockers (β-blockers). β-adrenergic stimulation 
commonly exacerbates abnormal cellular physiology, 
which can initiate or worsen tachyarrhythmias. Conse-
quently, their antiarrhythmic mechanisms are primarily 
indirect and “cardioprotective” by blocking catecholamine 
enhancement of arrhythmias and improving cellular elec-
trophysiology, respectively. By reducing myocardial oxygen 
consumption, β-blockers may reduce myocardial ischemia 
and fibrosis, a potential proarrhythmic nidus. Antiarrhyth-
mic effects of β-blockers are largely dependent upon pre-
vailing sympathetic tone. β-blockers may be useful for 
supraventricular tachyarrhythmias for multiple reasons. 
For example, they increase conduction time through the 
atrioventricular (AV) node thereby increasing the time the 
AV node is refractory to depolarization. Thus, β-blockers 
may convert some supraventricular tachyarrhythmias (i.e. 
those reliant on the AV node to maintain the arrhythmia) 
to sinus rhythm or decrease the number of depolariza-
tions reaching the ventricles in other supraventricular 
tachyarrhythmias (i.e. those that do not rely on the AV 
node to maintain the arrhythmias) such as atrial fibrilla-
tion. Clinical experience has revealed that beta-blockers 
may not be as effective for ventricular tachyarrhythmias 
when administered as monotherapy but they may act in a 
synergistic and beneficial manner when combined with 
class IA or IB drugs (Meurs et al. 2002). All beta-blockers 
may induce bradyarrhythmias and are potent negative 
inotropes, an important consideration in the peri-
anesthetic period. Thus, caution is advised when these 
drugs are used in animals with bradyarrhythmias and 
impaired myocardial function. The mechanism of action, 
side effects, and clinical use of beta-blockers are relatively 
consistent and specific drug selection is primarily based 
upon desired pharmacokinetics, drug interactions, and 
availability.

Propranolol

Mechanism of action – Propranolol is the prototypical 
beta-blocker. It is a relatively short-acting nonselective 
(antagonizes β1 and β2 adrenergic receptors) beta-
blocker. Propranolol and other beta-blockers decrease 
sinus rate, AV node conduction, and the rate of atrial 
and ventricular premature depolarizations.

Pharmacokinetics and metabolism – Propranolol is 
available in both oral and IV formulations. Oral absorp-
tion is rapid and it is highly protein bound, making the 
drug widely distributed to the tissues. There is an 

extensive first-pass effect, hence the difference in oral 
versus IV doses. The liver extensively metabolizes pro-
pranolol and hepatic clearance is proportional to hepatic 
blood flow. The reported half-life is relatively short 
(<2 hours) in dogs and horses (Plumb 2008).

Effect on patients under general anesthesia – As a non-
selective beta-blocker and, in addition to decreasing inot-
ropy and blood pressure (via reduced CO), propranolol 
increases systemic vascular resistance and contraction of 
bronchial smooth muscle (β2 effects on smooth muscle).

Side (other) effects – In addition to the typical side effects 
of beta-blockers, the β2 effects of propranolol should be 
considered. Propranolol has the potential to induce 
hypoglycemia and bronchial spasm.

Contraindications – Propranolol should be avoided in 
patients with overt liver disease, heart failure, bradyar-
rhythmias, lower airway disease/bronchospasm, and 
hypoglycemia.

Drug interactions – Antacids and fluoxetine may decrease 
the effectiveness of propranolol. Lidocaine may impair 
propranolol clearance. Propranolol may prolong the 
hypoglycemic effects of insulin.

Esmolol

Mechanism of action – Esmolol is an IV-only ultra-short 
acting selective (β1 effects only) beta-blocker.

Pharmacokinetics and metabolism – Esmolol is rapidly 
(terminal half-life of 10 minutes) metabolized by plasma 
esterases to an inactive metabolite in dogs and cats 
(Plumb 2008). Thus, esmolol is usually administered as 
an IV bolus (loading dose) followed by a constant rate 
infusion (CRI). Steady state blood levels occur within 
five-minutes if a bolus is administered (Plumb 2008).

Clinical use – Esmolol is often the preferred IV beta-
blocker in small animals as can be titrated to effect.

Effect on patients under general anesthesia – Loading 
doses should be used cautiously in patients under gen-
eral anesthesia due to potent hypotensive and cardiode-
pressant effects.

Drug interactions – Concurrent use with morphine may 
raise plasma esmolol concentration (Turlapaty et al. 1987).

Atenolol

Mechanism of action – Atenolol is a popular cardioselec-
tive β1-receptor-blocker used in small animals. 
Compared to propranolol, dosing interval and side 
effects are less frequent.

Pharmacokinetics and metabolism – Atenolol is a 
water-soluble, oral-only beta-blocker with equal potency 
compared to propranolol. Bioavailability is 80–90% in 
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dogs and cats and it is rapidly absorbed with peak 
absorption occurring in two to three hours (McAinsh 
and Holmes  1983; Quinones et  al.  1996; Macgregor 
et al. 2008). Low protein binding (10%) is noted and CNS 
distribution is absent. Half-life for dogs and cats is 
approximately four to five hours but beta-blocking effect 
persists for approximately 12 hours. Atenolol is elimi-
nated unchanged in the urine.

Clinical use – Atenolol is most commonly used for chronic 
oral therapy of supraventricular arrhythmias in small 
animals. Increased efficacy against ventricular tachyar-
rhythmias is noted when combined with class IB drugs 
such as mexiletine. Atenolol is also commonly used for 
medical management of ventricular outflow tract 
obstructions. For example, atenolol is commonly admin-
istered to dogs with severe pulmonic stenosis, which 
may affect an anesthetic protocol prior to balloon pul-
monary valvuloplasty.

Effect on patients under general anesthesia – Additive 
cardiodepressant and hypotensive effects may be noted 
when combined with anesthesia.

Contraindications – Atenolol should be used cautiously 
or dose-reduced in patients with renal insufficiency. 
Although less likely to cause problems given its β1-
selectiveness, atenolol should still be used with caution 
in animals with lower airway / bronchospastic disease.

Drug interactions – Avoid with other cardiodepressant or 
hypotensive drugs.

Metoprolol

Mechanism of action – Metoprolol is a cardioselective 
(β1-specific) beta-blocker used for chronic oral therapy in 
small animals. With the exception of lipid solubility and 
hepatic elimination, metoprolol’s clinical and pharmaco-
logic characteristics are nearly identical to atenolol.

­Class III Antiarrhythmic Drugs

Class III antiarrhythmic drugs prolong repolarization and 
action potential duration. This is accomplished by blocking 
the repolarizing potassium current, which prolongs phase 
2 or 3 of the action potential and the effective (or absolute) 
refractory period during which no stimuli can evoke a 
response. A potential concern with these drugs is that they 
inevitably prolong the QT interval which, coupled with 
hypokalemia, hypomagnesemia, or bradycardia may pre-
dispose to torsades de pointes, a life-threatening polymor-
phic ventricular tachycardia (Nattel et al. 2013). Drugs in 
this class often possess additional antiarrhythmic 

properties and thus are said to be “broad-spectrum” antiar-
rhythmics. Pure class III drugs (ibutilide, dofetilide) exist 
but experience is very limited in veterinary medicine.

Amiodarone

Mechanism of action – Amiodarone blocks repolarizing 
potassium channels and thus markedly prolongs action 
potential duration with an associated increase in refrac-
tory period in all cardiac tissues. Therapeutic doses 
decrease sinus rate and AV node conduction, potentially 
explained by amiodarone’s weak calcium channel block-
ing (class IV) effect. Amiodarone also possesses a power-
ful use dependent class I (sodium channel blocking) 
antiarrhythmic effect in ventricular muscle. Lastly, ami-
odarone noncompetitively blocks α- and β-adrenergic 
receptors (class II effect), explaining its weak vasodila-
tory actions. Thus, amiodarone has properties of all anti-
arrhythmic drug classes (Miller and Zipes  2012). 
Amiodarone is structurally related to thyroxine, has 
high iodine content, and blocks the conversion of thy-
roxine (T4) to triiodothyroxine (T3).

Pharmacokinetics and metabolism – Amiodarone is 
available in parenteral and oral formulations. It pos-
sesses bizarre pharmacokinetic properties, which have 
been studied in dogs (Abdollah et al. 1990) and horses 
(De Clercq et al. 2006; Trachsel et al. 2004). Amiodarone 
is highly protein bound (96% in horses). Its oral bioavail-
ability is low and without a loading oral dose onset of 
action may take weeks. IV onset of action is generally 
within one to two hours. The liver extensively metabo-
lizes amiodarone into the active metabolite desethylami-
odarone. Amiodarone is highly lipophilic, widely 
distributed, and may accumulate in selective tissues 
including fat, lung, liver, skin, and the heart. Elimination 
half-life is exceedingly long and is approximately 
2.5 days in horses and dogs. Renal excretion of the drug 
is negligible.

Clinical use – Amiodarone is a potent, broad-spectrum 
antiarrhythmic whose clinical use is hindered by its 
numerous side effects (particularly with chronic oral 
therapy). Indications include refractory life-
threatening ventricular tachyarrhythmias and man-
agement (and prevention) of supraventricular 
tachyarrhythmias such as atrial fibrillation. 
Amiodarone is preferred over lidocaine for malignant 
ventricular tachycardia or fibrillation that is refractory 
to electrical defibrillation during cardiopulmonary 
resuscitation (Fletcher and Boller 2013).

Effect on patients under general anesthesia – 
Amiodarone’s hemodynamic effects appear to be mild in 
healthy anesthetized dogs (Bicer et al. 2000) but reduced 
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myocardial function and vasodilation should be consid-
ered possible.

Side (other) effects – Side effects associated with acute IV 
administration of amiodarone are thought to be rela-
tively few including skin reactions, GI upset and injec-
tion site pain. Of note, acute adverse skin reactions and 
hypotension secondary to IV amiodarone, specifically 
the formulation containing the solvent polysorbate 80, 
have been noted in dogs (Cober et al. 2009). In contrast, 
side effects related to chronic/oral administration are 
numerous and may include, GI upset, hepatopathy, 
thrombocytopenia, thyroid dysfunction, corneal depos-
its, and positive Coombs’ tests with many more adverse 
effects reported in humans. Some adverse effects are 
reversible after discontinuation.

Drug interactions – Drug interactions are numerous and 
consultation with a formulary is advised. In general, co-
administration with other antiarrhythmic drugs is ill-
advised. Of note, anesthetics and fentanyl may 
perpetuate bradycardia and hypotension.

Sotalol

Mechanism of action – Sotalol is a racemic mixture of 
dextro and levo (l) isomers that prolongs repolarization 
(class III effect), with l-sotalol possessing nonselective 
beta-blocking properties (class II effect). Prolongation of 
repolarization is mediated through blocking of repolar-
izing potassium channels and is greater at slower rates 
(reverse use dependence). This occurs in atrial and ven-
tricular tissue and thus increase in refractoriness is 
noted in both tissues. Prolongation of action potential 
duration with possibly increased calcium influx may 
explain why the negative inotropic (class II) effect is less 
than expected (Nattel et al. 2013). Sotalol’s beta-blocker 
properties may cause a decrease in sinus rate and AV 
node conduction. Beta-blocking potency is thought to be 
approximately 30% of propranolol.

Pharmacokinetics and metabolism – The oral formula-
tion is rapidly absorbed with peak effect usually by two 
hours post-ingestion and it is not metabolized (Schnelle 
and Garrett 1973). Protein binding is negligible. The drug 
is water-soluble and excreted unchanged by the kidneys. 
Dose reduction is required in patients with renal disease. 
In dogs, the elimination half-life is five hours.

Clinical use – Sotalol is a popular oral antiarrhythmic 
drug in small animals that is used primarily for chronic 
management of ventricular tachyarrhythmias. Sotalol 
may also be used by some clinicians to manage supraven-
tricular tachyarrhythmias and, specifically, may be used 
to prevent recurrence of atrial fibrillation.

Effect on patients under general anesthesia – Although 
clinical significance of sotalol’s negative inotropic effect 
is debated, it should be used with caution in patients 
with reduced cardiac function and in anesthetized 
patients (Seidler et al. 1999).

Side (other) effects – Side effects are rare but stem from 
sotalol’s nonselective beta-blocker properties (reduced 
myocardial function, bronchoconstriction, bradyar-
rhythmias) and the prolongation of repolarization (QT 
prolongation) and its associated possible proarrhythmic 
effect (early afterdepolarizations).

Contraindications – Sotalol should be used with caution 
in patients with depressed cardiac function, QT prolon-
gation, bradyarrhythmias, and asthma. Dose reduction 
is advised in patients with renal disease.

Drug interactions – Avoid with concurrent use of 
drugs that prolong QT interval (e.g. class IA or III 
drugs) and that have negative chronotropic and 
inotropic properties.

­Class IV Antiarrhythmic Drugs

The class IV antiarrhythmics consist of the non-DHP cal-
cium channel blocking drugs diltiazem and verapamil, 
which antagonize the L-type (“long-lasting” inward) cal-
cium channels in cardiac cell membranes. These drugs 
selectively target cardiac cells (with some carry over to 
smooth muscle) whereas the DHP CCBs (amlodipine; dis-
cussed later) target vascular smooth muscle cells. Given 
that the L-type calcium channels are partly responsible for 
depolarization of sinoatrial and AV nodal tissue and for ini-
tiating myocardial cell contraction, these channels play a 
pivotal role in regulating cardiac electrical and mechanical 
activity. Class IV drugs act as antiarrhythmics by drastically 
slowing AV node conduction in a use-dependent manner by 
increasing the refractoriness of nodal tissue. Thus, they are 
predominantly used for management of supraventricular 
tachyarrhythmias. Like class II drugs, class IV drugs may 
induce bradyarrhythmias and depress myocardial function 
due to their direct effect on myocardial L-type calcium 
channels during phase 2 of the action potential (excitation-
contraction coupling). Verapamil is rarely used in veteri-
nary species and will not be discussed in detail.

Diltiazem

Mechanism of action – The primary mechanism of 
action is blockage of L-type (slow) calcium channels, 
with the most notable effects in nodal tissue. With higher 
doses, blockage of smooth muscle calcium channels and 
subsequent systemic vasodilation may be noted.
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Pharmacokinetics and metabolism – Diltiazem comes 
in several formulations including IV and oral formula-
tions, of which an extended-release form is available. 
Specific pharmacokinetic data are available in dogs 
(Yeung et al. 2001), cats (Johnson et al. 1996), and horses 
(Schwarzwald et  al.  2006). The drug has an almost 
immediate onset of action when administered IV. The 
liver rapidly and nearly completely metabolizes 
diltiazem. Half-life in dogs and cats is two to three hours 
and is approximately 90 minutes in horses.

Clinical use – Non-DHP CCBs are primarily used for 
heart rate (by decreasing AV node conduction) or rhythm 
control (by interrupting reentry circuits that involve the 
AV node) in supraventricular tachyarrhythmias.

Effect on patients under general anesthesia – CCBs 
should be expected to have additive depressant effects on 
the cardiovascular system in patients under general 
anesthesia, including bradycardia, reduced contractility 
and vasodilation.

Side (other) effects – In general, side effects are associ-
ated with cardiodepression (bradyarrhythmias, 
decreased myocardial function and hypotension). IV 
administration must be slow and given over at least two 
minutes. Also, IV lines should be “flushed” slowly fol-
lowing administration.

Contraindications – Caution is advised in patients with 
bradyarrhythmias and reduced myocardial function.

Drug interactions – Diltiazem may increase benzodiaze-
pine levels and concurrent use with beta-blockers should 
be avoided.

­Additional Antiarrhythmic Therapies

Digoxin

Mechanism of action – Digoxin is a digitalis glycoside 
with weak positive inotropic properties (via sodium-
potassium pump inhibition) and antiarrhythmic proper-
ties that involve baroreceptor sensitization and increased 
parasympathetic tone. The clinically desired conse-
quence of which is usually prolongation of AV conduc-
tion and increased refractoriness of the AV node.

Pharmacokinetics and metabolism – Digoxin is one of 
the oldest and widely used cardiac medications across 
veterinary species. The parenteral formulation is rarely 
used and is becoming more difficult to acquire. Peak 
serum levels are usually noted 90 minutes post-ingestion, 
but following an initial dose, peak effect may not be for 
six to eight hours (Plumb 2008). Relatively low protein 
binding (20–30%) occurs. Digoxin undergoes minimal 
metabolism and is excreted by the kidneys. Thus, doses 

should be adjusted accordingly in patients with renal 
insufficiency. Elimination half-lives are long and varia-
ble and consist of 15–50 hours in dogs, 30–170 hours in 
cats, 17–20 hours in horses, and approximately 7 hours 
in cattle and sheep (Plumb 2008).

Clinical use – Digoxin is most often used for chronic ther-
apy of supraventricular tachyarrhythmias (i.e. atrial 
fibrillation), particularly in patients with heart failure. 
In dogs, it is rarely used as a sole agent for this purpose. 
Its clinical use for chronic inotropic support in heart fail-
ure has markedly declined with the advent of other safer 
and effective drugs (pimobendan).

Effect on patients under general anesthesia – Digoxin’s 
adverse hemodynamic effects are likely minimal but 
bradycardia may be noted.

Side (other) effects – Given digoxin’s narrow therapeutic 
window, side effects may be common and primarily 
consist of GI upset and proarrhythmia (tachy- or 
bradyarrhythmia).

Contraindications – Digoxin should only be administered 
to normokalemic animals. Hyperkalemia displaces 
digoxin from its binding site and blunts its effects whereas 
hypokalemia exacerbates digoxin toxicity. Digoxin should 
be avoided in patients with ventricular tachyarrhythmias. 
Breeds susceptible to the multidrug resistance mutation 
1(MDR1) mutation are at higher risk for digoxin toxicity, 
as p-glycoprotein pump transportation occurs.

Drug interactions – Drug interactions are numerous and 
consultation with a formulary is advised (Plumb 2008). 
Interactions relevant to the reader include that digoxin 
serum levels may be increased by amiodarone, anticho-
linergics, diazepam, high-dose furosemide, omeprazole, 
and quinidine.

Electrolytes – Magnesium and Potassium

Throughout this chapter maintenance of normokalemia 
has been emphasized, as potassium derangements can 
exacerbate proarrhythmic effects of certain antiarrhythmic 
drugs, particularly class I and class III drugs (El-Sherif and 
Turitto  2011). As a general consideration, most antiar-
rhythmic drugs are potentially toxic during hyperkalemia 
and either ineffective or progressively proarrhythmic in the 
setting of hypokalemia.

Hypomagnesemia may directly or indirectly induce ven-
tricular tachyarrhythmias, although the exact mechanism is 
unclear (El-Sherif and Turitto 2011). Magnesium is vital for 
sodium–potassium pump function, cellular electrolyte 
homeostasis, and potassium channel function, which may 
affect action potential duration and resting membrane 
potential (El-Sherif and Turitto 2011). Magnesium is also a 
physiologic L-type CCB that may shorten action potential 
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duration. Derangements in action potential duration and 
resting membrane potential may be conducive to tachyar-
rhythmias. Therefore, magnesium supplementation, par-
ticularly in the setting of hypomagnesemia, may be safe and 
potentially effective adjunct therapy for tachyarrhythmias.

Thus, serum electrolyte monitoring (particularly potas-
sium, magnesium, and calcium) is strongly advised par-
ticularly at initiation of antiarrhythmic drug therapy.

­Dihydropyridine Calcium 
Channel Blockers

Mechanism of action – The DHP L-type CCBs primarily 
differ from diltiazem and verapamil in their vascular 
smooth muscle selectivity. Their major action is arterial 
dilation and afterload reduction with less calcium chan-
nel antagonism in cardiac and nodal tissue. Nifedipine is 
considered the first-generation DHP CCB. Its half-life is 
relatively short and thus longer acting second-generation 
CCBs such as amlodipine were formulated. Amlodipine 
is the DHP CCB predominantly used in veterinary spe-
cies and thus nifedipine with not be discussed further. 
Clevidipine is a relatively new ultra-short acting IV DHP 
CCB with a rapid onset of action (Ericsson et al. 1999; de 
Wolff et  al.  2000). The author has very limited experi-
ence with this drug but has used the human starting 
dose of 1 mcg/kg/min titrated to effect to help manage 
refractory congestive heart failure in dogs.

Pharmacokinetics and metabolism – Amlodipine is 
only available in an oral formulation and its 

pharmacologic profile has only been evaluated in dogs 
(Burges et al. 1989). The drug is slowly but completely 
absorbed (with 88% bioavailability) with peak plasma 
concentrations (and peak arterial dilation) occurring 
between six and nine hours, post-administration. The 
drug exhibits a high degree of protein binding (+90%). 
Amlodipine gradually but extensively undergoes hepatic 
metabolism. Its plasma half-life is long at 30 hours in 
dogs and steady state is achieved after four to seven days 
of dosing (Burges et al. 1989).

Clinical use – Amlodipine is the treatment of choice for 
chronic therapy of moderate-to-severe systemic hyper-
tension in dogs and cats. Amlodipine is also occasionally 
used in dogs for refractory heart failure secondary to 
degenerative mitral valve disease (afterload reduction).

Effect on patients under general anesthesia – Arterial 
vasodilation and hypotension, coupled with the possibil-
ity of a reflex-mediated tachycardia, should be antici-
pated in anesthetized patients. Mild negative inotropic 
effects are possible.

Side (other) effects – Aside from overzealous arterial 
vasodilation (hypotension, weakness, collapse, lethargy) 
and a reflex-mediated tachycardia, chronic side effects 
may include azotemia, peripheral edema, activation of 
the renin-angiotensin-aldosterone system (with higher 
doses), and gingival hyperplasia.

Contraindications/Drug interactions – Amlodipine is 
contraindicated in hypotensive animals and should be 
used with caution with other drugs that may reduce 
blood pressure (diuretics, beta-blockers, non-DHP CCBs, 
vasodilators, etc.)
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Introduction

Vascular tone is a key determinant of blood pressure and 
organ perfusion, making the control of vascular tone criti-
cal to organ function in both health and disease. Nitric 
oxide (NO) is thought to be the major effector molecule 
responsible for the modulation of arterial and venous 
tone (Ignarro et  al.  1987; Palmer et  al.  1987). Since the 
initial discovery of this pathway, much has been learned 
about the biological functions of NO and its role in vari-
ous tissues (Moncada and Higgs 1993). NO is synthesized 
in the endothelium from the amino acid l-arginine in a 
series of reactions catalyzed by nitric oxide synthase 
(NOS), with the constitutive version of NOS (eNOS or 
NOS3) being the dominant isoform under normal condi-
tions. NO then diffuses out of the endothelial cell and 
enters nearby smooth muscle cells and activates soluble 
guanylate cyclase, leading to decreased intracellular cal-
cium and smooth muscle relaxation. Considering this 
understanding of NO function, drugs can manipulate this 
mechanism and produce vasodilation by providing an 
exogenous source of NO or by prolonging the effects of 
endogenous NO (Figure  21.1). Drugs and dosages are 
listed in Table 21.1.

Nitroglycerin

Nitroglycerin, also known as glyceryl trinitrate (GTN), is 
an organic nitrate ester with a three carbon chain. The 
chemical synthesis of nitroglycerin was first described by 
Italian chemist Ascanio Sobrero in 1847 (Sobrero  1847). 
Nitroglycerin is available in several formulations including 
ointments, patches, tablets, and injectable solutions.

Mechanism of Action

Nitroglycerin exerts its biological effects by serving as an 
exogenous source of NO. The metabolic activation and 
release of NO is thought to occur in association with the 
plasma membrane of vascular smooth muscle cells, how-
ever, the exact mechanism has yet to be fully elucidated 
(Chung and Fung 1990). Once NO is liberated, it activates 
soluble guanylate cyclase which, in turn, catalyzes the con-
version of guanosine triphosphate (GTP) to cyclic guano-
sine monophosphate (cGMP). The increased levels of cGMP 
results in decreased intracellular calcium and decreased 
myosin light chain kinase activity ultimately leading to 
smooth muscle relaxation (Ignarro and Gruetter 1980).

Pharmacokinetics

The pharmacokinetics of nitroglycerin in conscious and 
pentobarbital anesthetized dogs is similar and has been 
described using a two-compartment open model (Miyazaki 
et al. 1982). After intravenous (IV) bolus administration to 
awaken dogs, there is a bi-exponential decrease in plasma 
concentrations characterized by a rapid initial decrease 
with a half-life of approximately 30 seconds, followed by a 
slower terminal phase with a half-life of approximately 
five minutes. The nitroglycerin plasma concentration simi-
larly decreased after 30 minutes of a nitroglycerin constant 
rate infusion (CRI) in pentobarbital anesthetized dogs. 
Nitroglycerin clearance is high and exceeds cardiac output 
(CO). However, clearance has also been observed to be 
highly variable and appears to be both animal and dose 
dependent (Lee et al. 1990, 1993). In conscious dogs, the 
nitroglycerin clearance has been shown to decrease with 
increasing doses administered as an IV bolus. When a CRI 
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was administered to conscious dogs it took approximately 
60 minutes for nitroglycerin plasma levels to reach steady 
state, however, there was marked variability in the observed 
average steady-state plasma concentrations between dogs 
due to the high variability in clearance. In dogs, the oral 
bioavailability of nitroglycerin is reported to be low at only 
1.5%, with oral administration resulting in detectable 
plasma concentrations for only a brief period of time.

In barbiturate anesthetized sheep, steady-state plasma 
concentrations of nitroglycerin were achieved approxi-
mately 20 minutes after beginning a CRI and dropped rap-
idly after the infusion was discontinued. The nitroglycerin 
plasma concentration declined in a bi-exponential manner 
with a terminal half-life of less than four minutes that 
appeared to be independent of CRI rate (Cossum 
et  al.  1986). The nitroglycerin was highly cleared at all 
doses investigated, however, there was no consistent rela-
tionship between dose and clearance observed. In sheep 
blood, nitroglycerin was found to be moderately protein 
bound with approximately 60% being bound to plasma pro-
teins. The oral bioavailability was also low in sheep and 
was estimated to be less than 3%.

The pharmacokinetics of nitroglycerin in hamsters, rats, 
guinea pigs, ferrets, and rabbits has been described using 
first-order kinetics for an open one-compartment model 
(Ioannides et al. 1982). For these laboratory animals, there 
was a correlation between the plasma half-life of 
nitroglycerin and body weight; following administration of 
0.75 mg/kg IV, the shortest mean half-lives were observed in 
hamsters (3.7 ± 0.4 minute) while the longest were seen in 
rabbits (12.2 ± 2.5 minute). In rats, the half-life was also 
affected by route of administration and sex of the animal. In 
barbiturate anesthetized rats, the mean half-life was signifi-
cantly longer in females vs. males (7.7 ± 1.2 vs. 4.4 ± 0.7 min, 
respectively). These effects of species and sex on pharma-
cokinetics were thought to be due to differences in the 
hepatic enzymes responsible for nitroglycerin metabolism. 

Table 21.1  Reported doses and uses of select vasodilating drugs.

Drug Dose Route ContextSpecies References

1–40Nitroglycerin  mcg/kg/min IV Kamijo et al. (1994), AchielLeft sided CHFCanine
et al. (2020)

2% ointmentNitroglycerin
2.5 cm/10 kg

Trans- Preload rCaninedermal Parameswaran et al. (1999)eduction

0.5–8.5Nitroprusside  mcg/kg/min IV ICU settingCanine Tinker and Michenfelder (1976)

1–4Sildenafil  mg/kg q12 hr
or
1-3 mg/kg
q8 hr

PO Canine PH Akabane et al. (2020), Bach 
et al. (2006), Brown et al. 
(2010), Saetang and 
Surachetpong (2020)

0.625–2.5Sildenafil  mg/kg PO Sheep PH Weimann et al. (2000)

0.25–1Sildenafil  mg/kg over 
15 min, followed by 
0.3 mg/kg/hr for 30 min

IV PHCanine Dias-Junior et al. (2005a, 2005b)

Nitric oxide Pulse delivery:
First 30–45% of 
inhalation, delivering
~39 ppm NO

HypoxEquineInhaled emia during 
anesthesia

Nyman et al. (2012), Grubb 
et al. (2013)

Abbreviations: Congestive heart failure (CHF). Pulmonary hypertension (PH). Intravenous (IV). Per Os (PO).

Figure 21.1  Mechanism of action for select vasodilating drugs.
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Sublingual administration to rats more than doubled the 
mean half-life (14.3 ± 3.4 minute) while oral administration 
increased it more than fourfold (30 ± 011 minute). The bio-
availability of nitroglycerin in rats with sublingual adminis-
tration was found to be high at 96%, however, it was less 
than 5% with oral administration.

Metabolism

Nitroglycerin is rapidly metabolized to 1,2-glycerol dini-
trate (1,2-GDN), 1,3-glycerol dinitrate (1,3-GDN), and 
inorganic nitrite in varying amounts by the hepatic enzyme 
glutathione organic nitrate reductase (Needleman and 
Hunter  1965). Both 1,2-GDN and 1,3-GDN are active 
metabolites capable of producing cardiovascular effects, 
however, the magnitude of these effects are approximately 
one-tenth of GTN (Lee et al. 1990). In pentobarbital anes-
thetized rats, the metabolites’ concentrations peaked 
within two to four minutes of GTN IV bolus administration 
(Johnson et al. 1972). In sheep and dogs, the 1,2-GDN has 
been reported to be the major metabolite produced during 
this first step (Miyazaki et al. 1982; Cossum et al. 1986; Lee 
et al. 1990, 1993). However, oral administration may result 
in increased levels of 1,3-GDN (Lee et  al.  1990). Small 
amounts of these dinitrate metabolites are excreted by the 
kidney in varying degrees depending on species; rats 
excrete mainly 1,2-GDN with some 1,3-GDN, while rab-
bits excrete only 1,3-GDN (DiCarlo et al. 1968; Bogaert 
et  al.  1969). Glutathione organic nitrate reductase then 
catalyzes the conversion of the GDN metabolites to glyc-
erol mononitrate (GMN) and inorganic nitrite, however 
this second step at occurs at a much slower rate (Needleman 
and Hunter 1965). In dogs, the terminal half-lives of 1,2-
GDN and 1,3-GDN are similar and have been reported to 
be approximately 40–50 minutes (Miyazaki et  al. 1982; 
Lee et  al.  1990,  1993). The GMN produced is the major 
metabolite excreted in urine (Needleman et al. 1971).

Clinical Use

William Murrel was the first to report on the medical use of 
nitroglycerin in 1879, when he described its sublingual and 
oral administration for the treatment of angina pectoris in 
humans (Murrel  1879). Both transdermal and IV GTN 
therapy have been recommended in dogs for acute preload 
reduction during emergency treatment of congestive heart 
failure (CHF) secondary to degenerative mitral valve dis-
ease (Parameswaran et al. 1999; Keene et al. 2019; Achiel 
et  al.  2020). Transdermal nitroglycerin therapy has also 
been recommended for the acute treatment of grass-
induced laminitis in horses and ponies (Hinckley 
et al. 1996a, 1996b).

Effect on Patients Under General Anesthesia

Given its cardiovascular effects, GTN administration may 
potentiate any vasodilation produced by anesthetic agents 
and other drugs administered in the perioperative period. 
In addition, the patient’s anesthetic depth and/or cardio-
vascular status may not allow an appropriate autonomic 
response to prevent any hypotension. Continuous blood 
pressure monitoring should be used for careful titration of 
GTN to achieve the desired mean arterial pressure (MAP).

Effects on Organ Systems

Cardiovascular System
The overall cardiovascular effects of GTN are the result of 
smooth muscle relaxation in various circulatory beds and 
any autonomic reflexes that occur in response to these 
changes in vascular tone. Nitroglycerin administration 
decreases systemic vascular resistance (SVR) in a dose-
dependent manner (Kadowitz et al. 1981), which may be 
manifested as decreased systemic arterial blood pressures 
and concomitant increases in heart rate (Vatner et al. 1972; 
Commarato et al. 1973; Chen et al. 1979; Lee et al. 1993; 
Morse and Rutlen 1994). Under these conditions of reduced 
afterload, CO may increase significantly above pretreat-
ment values as a result of reflex increases in heart rate and 
inotropy (Vatner et  al.  1972; Morse and Rutlen  1994). 
Smooth muscle relaxation in venous circulation increases 
capacitance and alters blood volume distribution, charac-
terized by venous pooling in splanchnic circulation, which 
is thought to be the primary means of preload reduction 
(Chen et al. 1979; Morse and Rutlen 1994; Parameswaran 
et  al.  1999). Under conditions of left sided CHF, these 
reductions in preload and afterload resulting from GTN 
treatment have been observed to significantly improve left 
ventricular performance (Kamijo et al. 1994). Left ventric-
ular peak systolic and end-diastolic pressures are reported 
to decrease, while mean right atrial and left atrial pressures 
have been observed to decrease or remain unchanged with 
GTN treatment (Vatner et al. 1972; Kadowitz et al. 1981; 
Kamijo et al. 1994; Manohar 1995). Nitroglycerin is also a 
potent coronary vasodilator, producing a significant 
decrease in coronary vascular resistance and an increase in 
mean coronary blood flow (Vatner et  al.  1972); coronary 
arterial–venous oxygen difference decreases as a result of 
increased blood flow and oxygen delivery. Pulmonary 
vascular resistance (PVR) and mean pulmonary arterial 
pressure (MPAP) also decrease with GTN administration 
in a dose-dependent fashion (Kadowitz et  al.  1981; 
Manohar 1995).

Tachyphylaxis may develop from repeated GTN adminis-
tration. The resulting shift in the dose response curve and 
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magnitude of any producible cardiovascular effects appear 
to be affected by both the dose and duration of GTN treat-
ment (Needleman 1970). Repeated administration of GTN 
may also render other vasodilating nitrates ineffective 
(Crandall 1933).

Respiratory System
Hypoxic pulmonary vasoconstriction (HPV) is inhibited by 
GTN administration (D’Oliveira et  al.  1981; Kadowitz 
et al. 1981). When alveolar hypoxia is present, GTN may 
worsen gas exchange by increasing blood flow to non-
ventilated lung regions resulting in significantly decreased 
arterial oxygen tension (PaO2) and hypoxemia.

Central Nervous System
Infusions of GTN may cause dose-dependent increases in 
intracranial pressure (ICP) due to cerebral vasodilation, 
and any increase in ICP becomes more pronounced when 
the ICP is already elevated prior to treatment with GTN 
(Morris et  al.  1982). The combination of increased ICP 
with the potential for reductions in MAP could signifi-
cantly decrease cerebral perfusion pressure, thus GTN is 
contraindicated in patients with elevated ICP.

Other Effects
Some investigators have reported increased hoof perfusion 
and improved lameness scores with GTN treatment in 
horses suffering from laminitis (Hinckley et al. 1996a, 1996b; 
Eades et al. 2006). However, others have reported conflicting 
results and did not observe a significant effect of GTN on 
hoof perfusion (Hoff et al. 2002; Gilhooly et al. 2005).

Contraindications
GTN is contraindicated in patients with elevated ICP, sig-
nificant hemorrhage or hypovolemia, hypotension, peri-
cardial tamponade, or restrictive cardiomyopathy. In 
addition, GTN is not currently recommended for the acute 
management of feline CHF (Luis Fuentes et al. 2020).

Drug Interactions
Chronic treatment with phenobarbital causes induction of 
the enzyme organic nitrate reductase, this may signifi-
cantly increase the clearance of GTN and its metabolites 
(Needleman et  al.  1971; Lee and Belpaire  1972). The 
vasodilating effects of GTN may be enhanced by the con-
current administration of other vasodilating drugs. The 
anti-coagulant effects of heparin may be impaired by IV 
GTN therapy (Becker et al. 1990). GTN absorption into IV 
infusion lines may cause substantial reductions in the dose 
actually delivered to the patient; non-absorption infusions 
sets will require significantly lower infusion rates of GTN 
to produce a given effect (Yuen et al. 1979).

Nitroprusside

Sodium nitroprusside (SNP) is an inorganic compound com-
posed of an iron atom in its ferrous state at the center of five 
cyanide (CN) groups and a single NO group. It was initially 
discovered in 1849, however, SNP did not receive significant 
attention from the medical community until the 1950s and it 
eventually got FDA approval in 1974 for the control of severe 
hypertension (Ivankovich et al. 1978). It is formulated with 
0.9% NaCl and supplied in single-use vials at a concentration 
of 0.5 mg/ml. Vials should be protected from light as SNP is 
susceptible to significant photodegradation and cyanide 
(CN) is a product of this process (Arnold et al. 1984).

Mechanism of Action

SNP spontaneously decomposes to release NO, thus it 
functions as a prodrug providing an exogenous source of 
NO causing smooth muscle relaxation and vasodilation via 
activation of soluble guanylate cyclase (Page et  al.  1955; 
Ivankovich et al. 1978).

Pharmacokinetics

The dog has been deemed an adequate model for the study-
ing the effects of SNP, thus most of the pharmacokinetic 
information available has been described in this species. 
No significant amount of SNP is likely absorbed following 
oral administration, making the IV route required for any 
therapeutic effects (Page et al. 1955). Due to the brief life of 
the prodrug molecule in circulation, most investigations 
instead focus on the fate of SNPs major metabolites, CN 
and thiocyanate (SCN), due to their potential for toxicity 
(Schulz 1984). In conscious dogs, when an SNP CRI was 
administered for one hour and titrated to maintain a 20% 
decrease in blood pressure, the whole blood CN concentra-
tion more than doubled (Behnia et  al.  1978). The maxi-
mum CN concentrations observed were only a small 
percentage of that needed to cause signs of CN toxicity and 
levels returned to baseline within an hour of ending the 
infusion. When the same SNP doses were administered to 
the dogs under halothane anesthesia, the increase in whole 
blood levels of CN were significantly lower compared to 
awake conditions and there was no significant difference in 
SCN levels. Upon entering circulation, the decomposition 
of SNP is extremely rapid, the half-life in rats is approxi-
mately two minutes (Höbel and Raithelhuber 1976).

The released CN rapidly accumulates in red blood cells 
(RBCs) and accounts for more than 98% of the CN found in 
whole blood (Vesey et al. 1979). In barbiturate and nitrous 
oxide anesthetized dogs, the peak plasma CN concentration 
occurred 5–10 minutes after a SNP bolus (1 mg/kg IV), 
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and the peak RBC CN concentration occurred within 20 min-
utes and both returned to baseline within three to four hours 
of injection (Vesey et al. 1979). The SCN concentration grad-
ually increased in a linear fashion and peaked approximately 
2.5 hours post SNP bolus. When the SNP was administered 
as a CRI (1.5 mg/kg/hr IV) both the plasma and RBC CN 
concentrations peaked at the end of the 60-minute infusion. 
Plasma and RBC CN concentrations then decreased rapidly 
during the first hour after stopping the infusion and both 
returned to baseline values within two to three hours. CN 
blood levels associated with toxicity were not achieved 
despite the high doses of SNP used in this investigation, 
likely due to the short duration of the CRI. The plasma SCN 
gradually increased during the CRI and peaked approxi-
mately two hours after ending the infusion. In humans, the 
half-life of SCN is approximately three days and is signifi-
cantly prolonged with renal disease (Schulz et al. 1979).

Long duration and high-dose infusions of SNP have been 
investigated in dogs to model the effects of SNP in an inten-
sive care setting (Tinker and Michenfelder  1976). Dogs 
were maintained with pancuronium and 70% nitrous oxide 
while being mechanically ventilated. Investigators found 
that dogs could safely be administered SNP at 0.5 mg/kg/hr 
(8.3 mcg/kg/min) for 48 hours without any adverse effects. 
Whole blood CN levels rapidly increased during the first 
hour and then plateaued at a steady state concentration of 
less than 2 mcg/ml for the duration of the infusion. The 
plasma SCN concentration increased linearly throughout 
the duration of infusion. In dogs that received higher doses 
of SNP, 0.75 or 1 mg/kg/hr, the whole blood CN concentra-
tion quickly increased in a linear fashion; all dogs devel-
oped CN toxicity and none survived beyond 38 hours of 
infusion. Signs of toxicity developed after approximately 
20 hours of SNP CRI when whole blood CN concentrations 
reached 5–7 mcg/ml and death occurred at concentrations 
of 7–10 mcg/ml. The CN toxicity was characterized by pro-
gressive increases in mixed venous oxygen and the devel-
opment of severe metabolic acidosis that eventually led to 
an isoelectric electroencephalogram (EEG) and/or hemo-
dynamic collapse. Interestingly, dogs were able to maintain 
whole blood CN levels below 3 mcg/ml and avoid meta-
bolic acidosis despite high-dose SNP infusions if they were 
simultaneously administered thiosulfate CRIs.

Metabolism

The specific pathways involved in the metabolism of SNP 
have been heavily researched and debated for almost 
100 years (Page et al. 1955; Tinker and Michenfelder 1976; 
Ivankovich et  al.  1978; Vesey et  al.  1979; Friederich and 
Butterworth  1995). The current general understanding is 
that SNP interacts with oxyhemoglobin in a non-enzymatic 

reaction to rapidly yield methemoglobin and an unstable 
SNP intermediate that then immediately decomposes to 
release NO and five CN ions. The fate of these liberated CN 
ions is crucial since any significant accumulation of CN 
can lead to toxicity, which may be fatal. The overwhelming 
majority of the CN released will be converted to SCN in the 
liver; this step requires thiosulfate as a sulfur donor and is 
catalyzed by the mitochondrial enzyme rhodanese. The 
availability of thiosulfate appears to be the rate limiting 
factor for this pathway of CN metabolism. The SCN is then 
excreted by the kidney, making this the major route of 
elimination. A portion of CN will react with the methemo-
globin to yield cyanomethemoglobin, which then accumu-
lates in erythrocytes. Some of the CN may bind to the ferric 
ion in the mitochondrial cytochrome oxidase system which 
inhibits oxidative phosphorylation and produces the cellu-
lar hypoxia that is the underlying mechanism for CN toxic-
ity. Providing exogenous sources of thiosulfate or 
hydroxocobalamin have been reported to be effective treat-
ments for CN toxicity (Reade et al. 2012).

Clinical Use

In humans, SNP was first used clinically for the manage-
ment of hypertension (Page et al. 1955). SNP has also found 
routine use for the emergent treatment of left-sided CHF 
and for controlled hypotension during surgery in an effort 
to minimize hemorrhage.

Effect on Patients Under General Anesthesia

Inhalant anesthesia potentiates the vasodilating effects of 
SNP and reduces the dose required to achieve a given 
decrease in blood pressure (Bedford 1978, 1979).

Increasing concentrations of expired anesthetic may also 
decrease or abolish any sympathetic response to SNP 
induced hypotension (Bloor et  al.  1989). As a result, the 
administration of SNP to patients under general anesthesia 
may cause profound hypotension, making continuous 
blood pressure monitoring and careful titration of SNP 
and/or any anesthetics critical for patient safety.

Effects on Organ Systems

Cardiovascular System
SNP administration produces arteriolar vasodilation result-
ing in dose-dependent decreases in SVR and MAP, with 
effects occurring rapidly and persisting for only a few min-
utes after IV bolus or discontinuation of CRI (Pagani 
et al. 1978; Pouleur et al. 1980; Kadowitz et al. 1981; Voss 
et al. 1985). The magnitude of reduction in SVR for a given 
dose is more profound during conditions of elevated 
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arterial tone. Significant decreases in MAP may be accom-
panied by a marked reflex tachycardia that resolves shortly 
after stopping the infusion (Pagani et al. 1978). The vasodi-
lation produced during SNP administration has also been 
observed to have differing effects on the blood flow to vari-
ous organs; coronary blood flow had the largest relative 
increase, mesenteric and iliac blood flow showed moderate 
increases, and renal blood flow was minimally increased 
(Pagani et al. 1978). SNP also increases venous capacitance 
and alters blood volume distribution, as indicated by a sig-
nificant downward shift of the venous return curve with-
out changing the slope (Pouleur et  al.  1980; Bower and 
Law 1993). PVR and MPAP both decrease with increasing 
doses of SNP, and the effects on PVR are more significant 
when there is some degree of pulmonary vasoconstriction 
(Kadowitz et al. 1981). The SNP induced vasodilation sig-
nificantly decreases LV end-diastolic pressure in both nor-
mal hearts and those with LV dysfunction (Pagani 
et al. 1978; Saito et al. 1978; Pouleur et al. 1980; Hamaguchi 
et al. 1992). Left ventricular contractility has been reported 
to increase transiently after beginning an SNP CRI, while 
both LV end systolic and end-diastolic diameters remained 
significantly reduced for the duration of the SNP infusion.

The overall effects of SNP on CO are highly dependent 
on the pretreatment levels of arterial tone, venous tone, 
myocardial status, and the degree of baroreceptor response 
to any decreases in MAP, thus a wide range of effects on 
CO have been reported for SNP (Pagani et al. 1978; Saito 
et al. 1978; Pouleur et al. 1980; Kadowitz et al. 1981; Voss 
et  al.  1985; Hamaguchi et  al.  1992). In conscious dogs, 
with normal myocardial function, the combination of 
decreased SVR and a marked increase in heart rate pro-
duce a significant increase in CO during the initial 
five minutes of SNP infusion (Pagani et al. 1978). In anes-
thetized dogs, both increases and decreases in CO have 
been observed with SNP administration (Kadowitz 
et al. 1981; Voss et al. 1985; Hamaguchi et al. 1992). Under 
conditions of normal baseline arterial tone, CO may 
decrease with SNP administration in patients with normal 
hearts as venous return decreases, while CO increases in 
patients with decreased LV function as the decrease in 
venous return and afterload improve cardiac performance. 
When a normal myocardium is facing elevated afterload, 
then CO may increase with SNP administration.

In chloralose and urethane anesthetized dogs, SNP was 
observed to have significant anti-arrhythmic properties in 
the context of ischemia induced ventricular arrhythmias 
(Gönczi et al. 2009).

Respiratory System
Under conditions of normal oxygenation, SNP appears to 
have minimal effect on the respiratory system. Bolus or 

CRI administration of SNP did not significantly change 
PaO2 in spontaneously breathing barbiturate anesthetized 
dogs (Kadowitz et  al.  1981). High-dose SNP CRIs for 
48 hours also did not significantly alter PaO2 or arterial car-
bon dioxide tensions (PaCO2) in dogs when mechanically 
ventilated with a mix of 30% oxygen and 70% nitrous oxide 
(Tinker and Michenfelder 1976). However, SNP adminis-
tration may blunt or abolish HPV and could significantly 
worsen ventilation perfusion (V/Q) matching and decrease 
PaO2 during conditions of alveolar hypoxia (Hill et al. 1979; 
D’Oliveira et al. 1981; Parsons et al. 1981). In barbiturate 
anesthetized dogs with left-sided atelectasis that were 
mechanically ventilated with 100% oxygen, SNP treatment 
increased the shunt fraction enough to produce a 40% 
reduction in PaO2 (Colley and Cheney 1977).

Central Nervous System
SNP administration may impair cerebral autoregulation 
and increase ICP, thus it should not be used in patients 
with elevated ICP (Cottrell et  al.  1978; Weiss et  al.  1979; 
Thiagarajah et al. 1985).

Other Effects

The effects of SNP administration during cardiopulmonary 
resuscitation (CPR) have recently been explored in several 
animal models of cardiac arrest. The SNP-based protocols 
resulted in increased intracranial blood flow, increased 
return of spontaneous circulation, improved neurologic 
outcomes, and improved short-term survival compared to 
standard CPR protocols (Yannopoulos et  al.  2011,  2017; 
Schultz et  al.  2012). Additional investigations will likely 
determine the clinical utility of SNP-based CPR as more 
information is revealed.

SNP infusions may cause hypothyroidism due to the 
effects of CN and SCN on thyroid function (Philbrick 
et al. 1979).

Platelet function may be impaired during SNP adminis-
tration, however, any dysfunction is rapidly reversed 
when the infusion is discontinued (Mehta and Mehta 
1980; Rovin et al. 1993; Harris et al. 1995).

Contraindications

Profound hypotension and/or CN toxicity can result from 
SNP administration. SNP is contraindicated in patients 
with elevated ICP, hypotension, significant hemorrhage or 
hypovolemia, or any conditions where decreasing venous 
return would worsen cardiovascular status. In patients 
with reduced glomerular filtration rates, the maximum 
dose of SNP should be decreased accordingly due to risk of 
SCN accumulation and toxicity. Monitoring SCN levels 
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should be considered in patients with renal impairment or 
those patients on high infusion rates of SNP for extended 
periods of time (Morris et al. 2017).

Drug Interactions

The vascular effects of SNP can be additive to those of 
other drugs producing vasodilation. Continuous blood 
pressure monitoring is critical for dose titration and avoid-
ing excessive hypotension.

Sildenafil

Sildenafil is a nitrogen containing heterocyclic compound 
that was initially synthesized by Pfizer in 1989 as an 
intended therapy for angina, however, early clinical trials 
yielded disappointing results and the future of this drug 
became uncertain (Goldstein et al. 2019). Clinical develop-
ment of sildenafil was almost discontinued until it was 
realized that sildenafil had potential for treating erectile 
dysfunction (ED) in men, after which the development of 
the drug took an entirely new direction. Sildenafil gained 
initial FDA approval in 1998 for the treatment of ED and is 
available in tablets, oral suspension, and an injectable 
formulation.

Mechanism of Action

Sildenafil is a selective phosphodiesterase-5 (PDE-5) inhib-
itor and exerts its biologic effects by prolonging the half-life 
of the second messenger molecule cGMP, resulting in 
selective smooth muscle relaxation in tissues with a high 
proportion of PDE-5 (Terrett et al. 1996).

Pharmacokinetics

Non-compartmental analysis has been used to describe 
select pharmacokinetic parameters for sildenafil in mice, 
rats, rabbits, and dogs (Walker et al. 1999). In mice after IV 
administration, sildenafil was highly cleared (91 ml kg/min), 
had a volume of distribution of 1 l/kg, and the elimina-
tion half-life was less than one hour. With oral adminis-
tration, there was a significant first-pass effect, the 
bioavailability was 17% and time-to-peak concentration 
was 30 minutes. In mice, sildenafil was highly protein 
bound at 94%. In rats, the pharmacokinetics were gender 
dependent; male rats’ clearance of sildenafil was almost 
four times faster than female rats (48 vs. 13 ml/kg/min). 
In female rats, the volume of distribution was nearly dou-
ble (2.0 vs. 1.1 l/kg) and the elimination half-life was six 
times longer (1.9 vs. 0.3 hour) compared to male rats. Oral 

administration resulted in greater bioavailability in 
female rats (44% vs. 23%), with much higher peak plasma 
concentrations achieved in less time compared to those 
reported in male rats. In rats, 95% of sildenafil was pro-
tein bound. In rabbits, only oral administration was inves-
tigated, with peak plasma concentrations observed 
two hours after administration. The terminal elimination 
half-life was 1.8 hours and the sildenafil was 91% pro-
tein bound.

In dogs, the clearance of sildenafil was similar to that of 
the female rat (12 ml/kg/min), however, dogs had a longer 
mean elimination half-life of 5.2 hours due to a larger mean 
volume of distribution (5.2 l/kg) attributed to only 86% of 
the drug being protein bound. In dogs, oral administration 
had a mean bioavailability of 54% and the peak plasma 
concentration was achieved in about one hour. Ideally, 
sildenafil should be administered in a fasted state, as 
administration to dogs with a meal has been shown to 
cause significant decreases in peak plasma concentration 
and bioavailability (Akabane et al. 2018). Rectal adminis-
tration of sildenafil has also been investigated in healthy 
dogs (Yang et al. 2018). Compared to oral administration of 
the same dose, rectal administration produced 50% lower 
peak plasma concentrations and also halved the area under 
the curve (AUC). Rectal administration at five times the 
dose resulted in similar peak plasma concentrations, time-
to-peak plasma concentration, and elimination half-life 
compared to oral administration. However, the AUC was 
more than double. The authors concluded that further 
investigations are needed to determine the optimal dose of 
sildenafil for rectal administration.

In thoroughbred horses, oral administration of sildenafil 
required relatively high doses (5 mg/kg) in order to pro-
duce mean plasma concentrations considered to be thera-
peutic in humans (Colahan et al. 2010). The time needed to 
reach peak plasma concentrations was approximately 
three hours.

Metabolism

Sildenafil’s excretion is entirely dependent on hepatic 
metabolism involving the cytochrome P450 enzymes and 
requires NADPH (Walker et al. 1999). The performance of 
the cytochrome P450 system has been documented to be 
gender dependent in rats and this explains the marked dif-
ference in the observed pharmacokinetics between male 
and female rats (Kato and Yamazoe  1992). The metabo-
lism of sildenafil is complex and involves five major 
pathways  including aliphatic hydroxylation, pyrazole 
N-demethylation, piperazine N-demethylation, piperazine 
oxidation, or piperazine N,N-deethylation. Any adminis-
tered sildenafil is ultimately excreted as small amounts of 
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at least 16 different metabolites, with 87–98% of the 
administered dose being excreted within five days of 
administration in all species studied (Walker et al. 1999). 
Of the excreted metabolites, approximately 80–90% were 
found in the feces while only small amounts were present 
in urine.

Clinical Use

Sildenafil was initially FDA approved for treatment of ED 
in men, and since has also been approved for the treatment 
of pulmonary hypertension (PH) in humans. In veterinary 
medicine, sildenafil has mainly been used for the manage-
ment of PH in dogs (Bach et al. 2006; Brown et al. 2010; 
Kellum and Stepien 2007; Toyoshima et al. 2007). Recently, 
there have been reports of sildenafil therapy for more non-
traditional uses including the medical management of 
intracardiac heartworm infections, congenital megaesoph-
agus, and myxomatous mitral valve degeneration (MMVD) 
(Kijtawornrat et  al.  2017; Pirintr et  al.  2017; Quintavalla 
et al. 2017; Tjostheim et al. 2019).

Effect on Patients Under General Anesthesia

Sildenafil administration may cause significant systemic 
vasodilation and associated hemodynamic changes in 
anesthetized patients. Supratherapeutic doses of sildena-
fil (3 mg/kg IV over 10 minutes) administered to halothane- 
anesthetized dogs produced transient decreases in SVR 
lasting 10–20 minutes that were accompanied by reflex 
increases in heart rate and inotropy that prevented any 
hypotension (Sugiyama et  al.  2001). Similar changes in 
SVR, HR, and CO have been observed in dogs anesthe-
tized with enflurane and nitrous oxide after receiving a 
1 mg/kg IV sildenafil bolus (Yoo et al. 2002). In ketamine-
xylazine anesthetized rabbits, an IV bolus of sildenafil 
(0.7 mg/kg) produced transient yet marked reductions in 
MAP resulting in hypotension, while oral administration 
(1.4 mg/kg) only produced mild yet sustained reductions 
in MAP that persisted for the entire 60 minute observation 
period (Ockaili et al. 2002). Significant increases in car-
diac index (CI) with a minimal change in MAP were 
observed in propofol-anesthetized pigs following oral 
sildenafil administration, indicating that SVR had 
decreased compared to baseline values (Kleinsasser 
et al. 2001). In sufentanil- and α-chloralose-anesthetized 
dogs breathing a hypoxic mixture, sildenafil administra-
tion caused both systemic and pulmonic vasodilation that 
decreased MAP and MPAP both by approximately 12%; 
these effects on systemic circulation were not significantly 
different than those of a SNP CRI (Fesler et al. 2006).

Effects on Organ Systems

Cardiovascular System
Sildenafil’s vasodilating effects are generally considered 
to be selective for the pulmonary vasculature due to its 
high concentration of PDE-5 (Corbin et  al.  2005). 
Interestingly, when pressure vs. flow curves were used to 
assess the hemodynamic effects of sildenafil in dogs, 
there was no selectivity observed for pulmonary vs. sys-
temic circulation (Fesler et  al.  2006). The authors con-
cluded that most of the apparent pulmonary selectivity 
reported in other studies was likely the result of differ-
ences in baroreceptor-mediated reflexes present in sys-
temic vs. pulmonary circulation. Indeed, in most of the 
literature, sildenafil appears to have minimal impacts on 
systemic hemodynamics in awake animals. In conscious 
healthy dogs, oral sildenafil administration (3 mg/kg) did 
not produce any significant changes in MAP or heart rate 
(HR). However IV bolus administration of even low 
doses can result in transient decreases in MAP and reflex 
tachycardia (Kim et al. 2005; Zhao et al. 2006). No signifi-
cant effects on HR or MAP were observed in dogs with 
naturally occurring MMVD receiving sildenafil treat-
ment (1–3 mg/kg BID to TID) for short- or long-term 
therapy (Kijtawornrat et  al.  2017; Saetang and 
Surachetpong  2020). Compared to the placebo group, 
sildenafil-treated horses (5 mg/kg PO) had significantly 
higher HR during submaximal exercise and during recov-
ery, which was attributed to modest peripheral vasodila-
tion caused by sildenafil treatment (Colahan et al. 2010). 
In a pig model of acute pulmonary embolism, sildenafil 
produced a 30% decrease in SVR that was accompanied 
by an increased CO and no change in MAP (Schultz 
et al. 2020).

Sildenafil does not appear to have significant effects on 
pulmonary circulation when baseline PVR and MPAP are 
normal (Kleinsasser et al. 2001; Yoo et al. 2002; Dias-Junior 
et al. 2005a). When pretreatment PVR and MPAP are ele-
vated, sildenafil can produce marked decreases in PVR and 
MPAP with minimal effects on systemic circulation, as sev-
eral animal models of PH have demonstrated. In a canine 
model of chronic embolic PH, sildenafil administration (1, 
2, or 4 mg/kg PO BID) significantly reduced PVR and 
MPAP in a dose-dependent fashion without any significant 
effects on HR, SVR, or CO (Akabane et al. 2020). The 4 mg/
kg dose decreased PVR by over 50% and decreased MPAP 
by 33% without any adverse effects. In a model of acute 
pulmonary embolism using xylazine ketamine anesthe-
tized dogs, sildenafil infusions resulted in dose-dependent 
decreases in PVRI and MPAP without any significant 
changes in HR, MAP, SVRI, or CI (Dias-Junior 
et  al.  2005a,  2005b). The high sildenafil infusion dose 
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(1 mg/kg IV over 15 minutes followed by 0.3 g/kg/hr for 
30 minutes) decreased MPAP by 47% and PVRI by over 50% 
with the peak effects observed 45 minutes after finishing 
the infusion (Dias-Junior et al. 2005a). In dogs with natu-
rally occurring PH, sildenafil therapy has been reported to 
significantly reduce severity of clinical signs and improve 
quality of life (Bach et al. 2006; Brown et al. 2010; Saetang 
and Surachetpong 2020).

Oral administration of sildenafil produced dose-dependent 
decreases in MPAP and PVR in awake sheep with acute PH 
induced via a thromboxane A2 analog infusion (Weimann 
et  al.  2000). Maximum pulmonary vasodilation was 
achieved within 15 minutes of sildenafil treatment and 
maintained for the entire 90 minute observation period. 
The highest dose investigated (2.5 mg/kg PO) reduced 
MPAP by 43% and PVR by 45% without having any signifi-
cant effects on SVR or CO. The same model of acute PH 
was also used to show that nebulized sildenafil was effec-
tive in producing selective pulmonary vasodilation without 
effecting CO, SVR, or MAP (Ichinose et  al.  2001). 
Unfortunately, these reductions in PVR and MPAP were 
short lived with nebulization.

In exercising thoroughbreds sildenafil administration 
(5 mg/kg PO) had no effect on exercise-induced increases 
in MPAP or the occurrence of exercise-induced pulmonary 
hemorrhage (Colahan et al. 2010).

Sildenafil appears to cause minimal electrocardiogram 
(ECG) changes in most circumstances and may even be 
anti-arrhythmic under certain conditions. In conscious 
healthy dogs, oral sildenafil administration (3 mg/kg) did 
not produce any significant changes in PR interval, QRS 
duration, or QT interval (Kim et al. 2005). Long-term silde-
nafil therapy in dogs with naturally occurring MMVD also 
did not result in any significant ECG changes (Kijtawornrat 
et al. 2017). Sildenafil administration at up to 3 mg/kg IV 
did not significantly alter the PR interval, QRS width, QT 
interval, QTc, effective refractory period, or post-
repolarization refractoriness in halothane-anesthetized 
dogs (Sugiyama et al. 2001). In chloralose urethane anes-
thetized dogs, sildenafil administration (2 mg/kg PO) 
24 hours prior significantly prolonged the QT interval and 
reduced both number and severity of ischemia-induced 
ventricular arrhythmias (Nagy et al. 2004).

Respiratory System
Multiple inert gas analysis showed that sildenafil 
administration significantly altered respiratory function 
in propofol-anesthetized pigs that were mechanically 
ventilated with 21% oxygen (Kleinsasser et  al.  2001). 
Approximately 30 minutes after sildenafil treatment (0.65, 
1.3, or 2.6 mg/kg PO), there were significant alterations in 

V/Q matching in all treatment groups; blood flow to areas 
of normal V/Q decreased and intrapulmonary shunt flow 
increased. The alveolar-arterial oxygen gradient increased 
while PaCO2 and arterial pH remained unchanged. There 
were no significant changes to dead-space ventilation, air-
way pressures, or compliance.

In a model of acute pulmonary embolism using xylazine-
ketamine anesthetized dogs, sildenafil infusions did not 
significantly change PaO2. However, sildenafil treatment 
had protective effects on the lung and was able to mitigate 
the amount of oxidative stress induced by the pulmonary 
embolism (Dias-Junior et al. 2005a). Lung protective effects 
of sildenafil have also been demonstrated in a saline lavage-
induced model of acute lung injury (Kosutova et al. 2018). 
Lung injury was produced in tiletamine-zolazepam anes-
thetized rabbits by repetitive saline lavage until compliance 
was less than 30% of baseline and the PaO2 was less than 
200 mmHg, which corresponds to a PaO2 to FiO2 ratio of 
less than 200 and more than meets the criteria for acute 
lung injury (Bernard et  al.  1994). Sildenafil treatment 
(1 mg/kg IV) significantly improved compliance and gas 
exchange resulting in increased PaO2, decreased PaCO2, 
and decreased shunt fraction. Sildenafil also attenuated 
lung injury by reducing neutrophil accumulation and 
decreasing pro-inflammatory cytokine production that 
resulted in decreased epithelial apoptosis, decreased 
alveolar-capillary membrane damage, and decreased edema.

Sildenafil nebulization did not significantly change 
PaO2, PaCO2, or shunt fraction in awake sheep spontane-
ously breathing 60–70% oxygen during acute PH induced 
by a thromboxane A2 analog (Ichinose et al. 2001).

Central Nervous System
Several animal models have been used to investigate the 
central nervous system (CNS) effects of sildenafil. In rats 
subjected to cerebral ischemia, sildenafil enhanced neuro-
genesis and improved neurologic function (Zhang 
et  al.  2002,  2006). Sildenafil also significantly improved 
neurologic recovery in a mouse model of subarachnoid 
hemorrhage (Han et  al.  2012). Neuroprotective effects of 
sildenafil have also been observed with rabbits in the con-
text of acute spinal cord injury (Kara et al. 2015). Animal 
models investigating its impact on the seizure threshold 
have yielded conflicting results, with sildenafil reported to 
have both pro-convulsant and anticonvulsant effects (Riazi 
et al. 2006; Nieoczym et al. 2018).

Other Effects

Phosphodiesterase plays a significant role in the regulation 
of cellular activity in a variety of cell types, thus the effects 
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of PDE-5 inhibition with sildenafil have been investigated 
in several body systems. Animal models of ischemia and 
reperfusion injury have reported sildenafil to have cardio-
protective and renoprotective effects (Ockaili et  al.  2002; 
Choi et al. 2009; Zahran et al. 2019). Sildenafil has inhibi-
tory effects on smooth muscle activity in the esophagus, 
the lower esophageal sphincter, the stomach, and the small 
intestine (Zhang et  al.  2001; Zhu et  al.  2007; Xu and 
Chen 2006). Immune function, both in health and disease, 
has also been shown to be altered by sildenafil in multiple 
animal models (Kniotek and Boguska 2017).

Contraindications

Sildenafil should not be administered to animals being 
treated with organic nitrates, as it may cause excessive 
decreases in MAP.

Drug Interactions

The hypotensive effects of SNP or NTG are markedly 
increased by the concurrent administration of sildenafil, 
thus sildenafil should not be administered with nitrates 
(Schwemmer et al. 2001; Yoo et al. 2002). Any drugs that 
inhibit cytochrome P450 enzyme system have the potential 
to decrease the clearance of sildenafil and increase the 
AUC as well as the potential for adverse effects (Kim 
et al. 2005; Bae et al. 2009).

Nitric Oxide

NO is a gas that can be inhaled in small concentrations to 
produce selective pulmonary vasodilation. The exogenous 
NO may be sourced from either a compressed gas cylinder 
containing a mix of NO and nitrogen or produced using 
special equipment that generates NO from air using pulsed 
electrical discharges (Yu et al. 2015).

Mechanism of Action

Inhaled NO serves as a direct source of NO that diffuses 
into the vascular smooth muscle cells and activates soluble 
guanylate cyclase. The resulting increase in intracellular 
levels of cGMP leads to smooth muscle relaxation (Ignarro 
and Gruetter 1980).

Pharmacokinetics

The uptake of NO from the alveoli is dependent on res-
piratory rate, tidal volume, deadspace volume, and 
pulsed vs. continuous administration (Heinonen 

et al. 2000; Martin et al. 2014). Fractional uptake of NO 
decreases and NO accumulation in the breathing circuit 
occurs with prolonged pulses, pulses in the later part of 
inspiration, or with continuous administration. Pulsed 
delivery during the first third of inspiration is the most 
efficient method of delivery, with uptake of NO being as 
high as 92% (Heinonen et  al.  2002; Grubb et  al.  2013). 
The disappearance of NO from plasma is then extremely 
rapid, if not instantaneous. Due to the challenges of 
direct NO measurement, investigations instead focus on 
downstream nitrogen oxide species (Viinikka  1996; 
Horton and Schiefer 2019). In rats, inhaled NO adminis-
tration produced significant increases in plasma nitrate 
levels, with the majority being cleared in the urine dur-
ing the first 24 hours after administration (Yoshida 
et al. 1980).

Metabolism

Once inhaled NO diffuses into the pulmonary vessels, it 
enters RBCs and interacts with oxyhemoglobin to yield 
nitrate and met-hemoglobin (Yoshida et al. 1980). The NO 
may also react with oxygen gas in the lung and form NO2, 
which is extremely toxic to cells and can cause pulmonary 
edema and respiratory failure leading to death (Greenbaum 
et al. 1967). Given this information, there is concern for 
the potential of met-hemoglobinemia and NO2 toxicity 
with prolonged inhaled NO administration or when 
administering high concentrations. Delivery of NO into 
the endotracheal tube (ET) vs. other parts of the breathing 
circuit and using pulsed as opposed to continuous admin-
istration will minimize NO2 production (Breuer 
et al. 1997; Heinonen et al. 2002). Adverse effects have not 
been reported when using appropriate dosing and moni-
toring, even with long-term administration (Barst 
et al. 2012).

Clinical Use

Inhaled NO was FDA approved in 1999 for the treatment of 
hypoxic respiratory failure in neonates with evidence of 
PH. In veterinary medicine, inhaled NO is primarily used 
for treating hypoxemia in anesthetized horses. Inhaled NO 
has not yet found widespread clinical use in veterinary 
medicine due to the cost and availability of the specialized 
equipment required.

Effect on Patients Under General Anesthesia

Inhaled NO has been shown to improve oxygenation and 
V/Q matching in anesthetized animals without producing 
any significant effects on systemic hemodynamics 
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(Heinonen et al. 2001, 2002; Nyman et al. 2012; Wiklund 
et al. 2017, 2020). Inhaled delivery of NO produces selective 
vasodilation in the ventilated regions of lung, resulting in 
blood-flow redistribution with increased blood flow to these 
ventilated areas of lung and decreased right-to-left shunt-
ing. These changes in blood flow occur without any signifi-
cant effects on PAP, CO, or SVR. The ability to improve 
oxygenation is affected by mode of ventilation, CO, and 
how NO is administered (Heinonen et al. 2002; Auckburally 
et  al.  2019). Spontaneously breathing horses experienced 
significantly greater improvements in oxygenation com-
pared to mechanically ventilated horses, and mechanically 
ventilated horses may only benefit from inhaled NO when 
MAP is maintained above 70 mmHg with dobutamine. 
Pulsed administration is also only efficacious when it occurs 
during the first half of the inspiratory phase. Any observed 
improvements in oxygenation will be maintained as long as 
the inhaled NO continues to be administered during anes-
thesia, as the beneficial effects quickly dissipate when it is 
discontinued (Nyman et al. 2012).

Effects on Organ Systems

Cardiovascular System
Once inhaled NO enters the blood, it is rapidly inacti-
vated by its reaction with hemoglobin, thus limiting its 
cardiovascular effects to pulmonary circulation (Frostell 
et  al.  1991). In the absence of elevated PVR, treatment 
with inhaled NO does not produce any significant changes 
in PVR or PAP (Frostell et  al.  1991; Lester et  al.  1999; 
Kästner et al. 2005). When inhaled NO is administered in 
the context of increased PVR, several animal models have 
demonstrated dose-dependent decreases in PVR and 
PAP. Inhaled NO significantly attenuated the increase in 
PVR and PAP caused by administration of a thromboxane 
analog to sheep and foals (Fratacci et  al.  1991; Lester 
et  al.  1999). In neonatal foals, inhaling 80 ppm NO was 
also able to reverse the PH produced by breathing a 
hypoxic gas mixture. The ability of inhaled NO to inhibit 
HPV has also been described in sheep, dogs, and pigs 
(Frostell et al. 1991; Romand et al. 1994; Emil et al. 1996). 
Tachyphylaxis has not been reported, even when used for 
long-term treatment of PH (Barst et al. 2012).

Respiratory System
In addition to the improvements in oxygenation and V/Q 
matching described above, inhaled NO has also been 
reported to have bronchodilating effects. Similar to its 
effects on lungs with normal PVR, inhaled NO does not 
significantly alter respiratory mechanics in animals with-
out bronchoconstriction (Högman et al. 1993). In Guinea 
pigs, rabbits, and swine with methacholine-induced 

bronchoconstriction, inhaled NO acted as a potent bron-
chodilator and was able to markedly decrease airway resist-
ance and improve compliance (Dupuy et al. 1992; Högman 
et al. 1993; Putensen et al. 1995).

Central Nervous System
Inhaled NO at 50 ppm does not alter cerebral blood flow, 
autoregulation, or ICP under normal conditions (Terpolilli 
et al. 2012, 2013). In an animal model investigating ischemic 
brain damage with mice and sheep, inhaled NO at 50 ppm 
acted as a selective vasodilator in areas of low perfusion and 
significantly increased blood flow to the ischemic area, 
reduced infarct size, and improved neurologic outcome 
(Terpolilli et al. 2012). Beneficial effects of inhaled NO were 
also observed in a model exploring traumatic brain injury 
(TBI) in mice, where inhaled NO for 24 hours was reported 
to reduce ICP, selectively increase blood flow to trauma-
tized tissue, reduce lesion size, and improve neurologic out-
come without any adverse effects (Terpolilli et al. 2013).

Other Effects

Breathing 20 ppm of NO during CPR may offer improved 
blood flow, increased survival rates, and improved neuro-
logic outcomes in multiple animal models of cardiac arrest 
(Brücken et al. 2015; Derwall et al. 2015). Inhaled NO has 
also been reported to reduce the complications associated 
receiving RBCs after a prolonged period of storage (Baron 
et al. 2012, 2013). Platelet function and coagulation may be 
impaired by inhaled NO (Högman et al. 1994; Kermarrec 
et al. 1998).

Contraindications

In humans, inhaled NO is contraindicated in preterm neo-
nates who are normally dependent on right-to-left shunt-
ing of blood (INOMAX 2013).

Drug Interactions

The bronchodilating effects of terbutaline and inhaled NO 
are additive (Dupuy et  al.  1992). Nebulized sildenafil 
administration can potentiate the pulmonary vasodilating 
actions of inhaled NO (Ichinose et al. 2001).

Conclusions

Pharmacologic manipulation of blood pressure with an 
exogenous source of NO occurred 100 years before we 
knew about the role of NO in regulating vascular tone. 
Although NO was initially investigated for its role in the 
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cardiovascular system, advances in technology are making 
inhaled NO delivery more feasible and its potential treat-
ment for a variety of respiratory disorders is being explored. 
In addition, a more recent understanding of the impor-
tance of NO in immunity and neurologic function will 

likely provide new applications for therapeutics that 
manipulate the NO pathway. As drug development strate-
gies shift to creating NO mimetic molecules and novel NO 
donors, we will surely see new vasodilating agents find 
their way into the clinic.
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Introduction

Over 10 years ago, it was estimated that 40% of companion 
animals in the US had behavior disorders (Amat et al. 2009; 
Martinez et al. 2011). Aggression in dogs or inappropriate 
urination in cats, for example, are the most common rea-
sons why adult animals are relinquished to animal shelters 
(Salman et al. 1998). Luckily, successful treatment of some 
behavior problems can occur with a combination of accu-
rate diagnoses, behavior modification programs, environ-
mental management and pharmacologic therapy.

Because of the prevalence of behavior problems, it is not 
unusual that patients presenting for anesthesia are receiv-
ing one or more behavior-modifying drugs. These patients 
may pose challenges related to the behavior disorder itself 
(e.g. separation anxiety, aggression) or co-morbidities asso-
ciated with the condition requiring anesthesia and surgery 
(e.g. electrolyte abnormalities, hypovolemia). It is also 
important to understand the physiologic effects these drugs 
may have during the perianesthetic period to manage the 
anesthetists’ expectations and preparations for potential 
complications during this time.

Selective Serotonin Reuptake 
Inhibitors (SSRIs)

Mechanism of Action

The effect of serotonin (5-hydroxytryptamine; 5HT) is 
determined by the amount available to bind to 5HT recep-
tors on the post-synaptic membrane (Isbister and 
Buckley 2005) and autoreceptors on the pre-synaptic mem-
brane which act as negative feedback to serotonin release 
(Mohammad-Zadeh et  al.  2008). Serotonin that is not 
bound to 5HT receptors is removed from the synaptic cleft 
by binding to a selective serotonin transporter, which then 

moves it into the pre-synaptic cytosol where it is metabo-
lized by monoamine oxidase (MAO) or repackaged into 
synaptic vesicles (Cerrito and Raiteri  1979). The mecha-
nism of action of SSRIs is the pre-synaptic inhibition of the 
reuptake of synaptic serotonin within the central nervous 
system (CNS) allowing an increase in available serotonin 
for neurotransmission at 5HT1A receptors.

Clinical Use

The most commonly used SSRIs in veterinary medicine are 
fluoxetine, paroxetine, sertraline and citalopram. 
Conditions treated include separation anxiety, compulsive 
disorders, phobias and fear- and anxiety-induced aggres-
sion in dogs and compulsive disorders, impulsive behav-
iors, aggression and urine marking in cats. In horses, 
fluoxetine has been used to decrease libido in breeding ani-
mals (Sherman and Papich 2009).

Metabolism

All SSRIs are metabolized in the liver to variably active 
metabolites and excreted through the kidneys or elimi-
nated in bile (Crowell-Davis  2006a). Doses should be 
reduced in patients with hepatic and renal disease.

Fluoxetine is metabolized to an active metabolite, norfluox-
etine. Citalopram is metabolized to less active metabolites, 
demethylcitalopram, di-demethylcitalopram, citalopram-N-
oxide and an inactive deaminated proprionic acid. Evidence 
suggests that cats metabolize citalopram slower than other 
species (rats and dogs) (Lainesse et al. 2007). Some data sug-
gests that dogs convert citalopram to its metabolites more 
than humans (Forest Laboratories, Inc.  2002). In humans, 
paroxetine is metabolized to many inactive metabolites 
(SmithKline Beecham Pharmaceuticals  2004). Sertraline is 
metabolized to a less active N-desmethylsertraline (Tremaine 
et al. 1989).
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Pharmacokinetics

Pharmacokinetics differ with each SSRI and species exam-
ined. In dogs, fluoxetine has an elimination half-life of 
3–13 hours; norfluoxetine has an elimination half-life of 
33–64 hours. Cats have a longer reported half-life of 47 and 
55 hours for fluoxetine and norfluoxetine respectively 
(Ciribassi et al. 2003). In humans, paroxetine has a long half-
life of 10 days (SmithKline Beecham Pharmaceuticals 2004). 
The half-lives of citalopram, demethylcitalopram and di-
demethylcitalopram in humans are 1.5, 2, and 4 days 
respectively (Pollock  2001). Sertraline is extensively pro-
tein bound (97%). The clearance of sertraline is greater 
than 35 ml/min/kg in both rats and dogs (Tremaine 
et al. 1989).

Effects on Organ Systems

Serotonin is released from platelets in response to vascular 
injury. It causes platelet aggregation and local vasocon-
striction to promote coagulation. Since platelets do not 
have the ability to synthesize serotonin, it can become 
depleted during surgical procedures, resulting in eventual 
impaired coagulation (McCloskey et  al.  2008; Andrade 
et al. 2010). The degree of impairment seems to be corre-
lated with the degree of serotonin reuptake inhibition in 
humans (Meijer et  al.  2004). More research is required 
before determining the clinical relevance of SSRIs and 
intraoperative hemorrhage in veterinary species.

Patients receiving SSRIs most commonly experience 
sedation and decreased appetite. Other side effects include 
tremors, constipation, diarrhea, nausea, irritability or agi-
tation, insomnia, hyponatremia and seizures (Fitzgerald 
and Bronstein 2013; Crowell-Davis 2006a). All SSRIs can 
potentially cause arrhythmias through inhibition of L-type 
Ca2+ currents and attenuation of outward K+ currents 
(Park et al. 1999).

Other Effects

Paroxetine has mild anticholinergic effects and may induce 
stool and urine retention (Landsberg et al. 2013). In dogs 
receiving supra-clinical doses, mydriasis, elevations in liver 
enzymes, hindlimb weakness, hyperactivity and anorexia 
may occur (Davies and Kluwe 1998). A syndrome of inap-
propriate antidiuretic hormone release has been reported 
in humans with the use of SSRIs (Rosner 2004).

Serotonin Syndrome

Serotonin syndrome is a potentially fatal complication 
most commonly occurring from an overdose of an SSRI or 

from a drug interaction when two or more drugs that alter 
serotonin levels are combined. Symptoms most commonly 
include CNS depression, agitation, hyperreflexia, myo-
clonus, shivering, vomiting, diarrhea, incoordination, 
hyperthermia and tremors (Peck et  al.  2010; Pugh 
et al. 2013). Serotonin syndrome may also cause cardiovas-
cular effects such as bradycardia, tachycardia, arrhythmias 
and changes in blood pressure (Pugh et  al.  2013). If not 
treated, serotonin syndrome can result in seizures, rhabdo-
myolysis, renal failure, coma and death.

Contraindications

Many SSRIs are excreted through milk. Some have been 
shown to decrease feeding in neonates and should only be 
used in lactating females when the benefits outweigh the 
risks. Caution should be used in diabetic patients, as 
administration and withdrawal of SSRIs can exacerbate 
glucose abnormalities (Sanders et  al.  2008). Decreased 
libido is a side effect of fluoxetine and its use should be 
limited to non-breeding animals.

Drug Interactions

Drug interactions seen with administration of SSRIs are 
with drugs that also inhibit serotonin reuptake, for exam-
ple, monoamine oxidase inhibitors (MAOIs; Gillman 2005). 
Avoid the use of SSRIs in patients receiving drugs that 
affect serotonin levels such as tramadol, meperidine, pethi-
dine and other antidepressants (Peck et al. 2010). There is 
speculation that all phenylpiperidine opioids (fentanyl, 
meperidine, tramadol, alfentanil, sufentanil, remifentanil) 
can act as weak SSRIs (Greenier et al. 2014). Fluoxetine, 
paroxetine and sertraline competitively inhibit some 
cytochrome p450 enzymes (Crowell-Davis 2006a; Sherman 
and Papich 2009; Landsberg et al. 2013). Patients receiving 
fluoxetine or paroxetine may have the potential for 
increased plasma concentration of drugs highly dependent 
upon hepatic metabolism or drugs that also inhibit 
cytochrome p450 enzymes (CYP). Examples include ben-
zodiazepines, beta blockers, ketoconazole, trazodone, war-
farin, tricyclic antidepressants (TCAs) and MAO-Is as well 
as barbiturates, phenothiazines, tramadol, methadone, and 
codeine (Crowell-Davis 2006a; Landsberg et al. 2013). The 
interference with methadone results in a significant 
increase in the plasma levels of methadone in dogs 
(Kukanich and Cohen  2011). The interference with the 
normal metabolism of codeine to morphine by inhibiting 
the cytochrome p450 enzyme, CYP2D6, can result in inad-
equate analgesia (Becker  2008). Concurrent use of non-
steroidal anti-inflammatory drugs (NSAIDs) or 
anticoagulants may increase the risk of bleeding in surgical 
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patients due to the interference of platelet function seen 
with high doses of SSRIs (Bromhead and Feeney  2009; 
Peck et al. 2010).

Effects on Patients under General Anesthesia

Administration of SSRIs should never be discontinued 
abruptly. Since the risks of SSRIs to anesthetized patients 
are relatively low, their use should be continued through 
the perianesthetic period with special consideration given 
to potential drug interactions. It is not currently recom-
mended to avoid the use of phenylpiperidine opioids in 
patients receiving SSRIs, but rather, increase awareness of 
the potential for serotonin syndrome. Recommendations 
on the use of methadone in patients receiving SSRIs 
requires further research.

Tricyclic Antidepressants

Mechanism of Action

The primary mechanism of the behavioral modification 
effects of TCAs is the inhibition of the pre-synaptic reup-
take of serotonin and norepinephrine within the CNS. This 
is achieved by blocking transporters responsible for the 
reuptake of these neurotransmitters into the pre-synaptic 
cytosol, allowing for an increase in activity within the syn-
apse. TCAs may also affect several other receptors. Some 
have antihistaminic, anticholinergic and anti-α1-
adrenergic effects. These effects will vary, depending upon 
which TCA is being administered (Table 22.1).

Clinical Use

The most commonly used TCAs are amitriptyline and clo-
mipramine. Doxepin and imipramine are also available, 
although their use among veterinary practitioners is less 

common. TCAs are used to treat separation anxiety, aggres-
sion, compulsive disorders and anxiety in dogs. In cats, 
they are used to treat aggression, psychogenic alopecia, 
anxiety and feline lower urinary tract disease (FLUTD). 
TCAs have also been used successfully in several cases as 
an adjunctive treatment for neuropathic pain (Cashmore 
et al. 2009; Micó et al. 2006).

TCAs are also used in other species. In one reported case, 
clomipramine was used, in combination with xylazine, to 
collect semen from a stallion with a radius fracture (Turner 
et al. 1995). More recently, a combination of imipramine 
and xylazine was successful at improving induced ejacula-
tion rates in eight stallions (McDonnell 2001). There is a 
potential that TCAs are misused as doping agents in com-
petition horses (Hagedorn et  al.  2002). TCAs have also 
been used in birds for feather-picking disorders with little 
success (Seibert et  al.  2004; Juarbe-Díaz  2000). Digging 
behavior and aggressive behaviors have been treated in 
rodents (Gao and Cutler 1994).

Metabolism

TCAs are metabolized via the liver’s CYP pathway in dem-
ethylation, hydroxylation and glucuronide conjugation reac-
tions. Metabolism of amitriptyline results in the formation 
of the active metabolite nortriptyline. Both amitriptyline 
and nortriptyline are excreted in the urine. Caution should 
be used in patients with renal disease or hepatic disease 
(Landsberg et al. 2013). Clomipramine is absorbed quickly 
from the gastrointestinal (GI) tract and has extensive first-
pass metabolism (King et al. 2000a). It is metabolized to an 
active metabolite, desmethylclomipramine which has a half-
life of approximately 2.4 hours (King et  al.  2000a,  2000b; 
Hewson et al. 1998). In dogs and rats, the majority of excre-
tion is through bile and the remainder is excreted by the kid-
neys (Crowell-Davis 2006b). Cats metabolize clomipramine 
at a much slower rate than both dogs and rats and may need 
lower doses (Lainesse et al. 2007).

Table 22.1  Tricyclic antidepressants work by inhibiting the presynaptic reuptake of serotonin and norepinephrine within the central 
nervous system (CNS). They also affect several other receptors. These effects will vary depending upon which drug is administered.

Drug

Receptors affected

NE 5-HT Alpha 1 Alpha 2 H1 Cholinergic

Amitriptyline ± ++ +++ ± ++++++++

+Clomipramine +++++ 0 + ++

Doxepin +++ ++ 0 +++ ++

Imipraminea + + ++ 0 + ++

Potter (1984), Potter et al. (1995), Crowell-Davis (2006b), Horowitz and Mill (2010), Landsberg et al. (2013).
a In addition to these effects, imipramine also inhibits MAO activity (Egashira et al. 1999).
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Pharmacokinetics

TCAs are highly protein bound (Bromhead and 
Feeney 2009). The pharmacokinetics of clomipramine and 
amitriptyline have been described in dogs. After oral 
doses, clomipramine is extensively protein bound (96%), 
and peak concentrations occur within 1–3 hours (King 
et  al.  2000a; Crowell-Davis  2006b). The average plasma 
elimination half-life is reported to be between 2 and 
21 hours depending upon whether the dog was fasted 
(King et al. 2000a, 2000b; Hewson et al. 1998). The termi-
nal half-life becomes shorter with repeated doses (King 
et  al.  2000b). Clearance of clomipramine is rapid at 
23.3 ml/kg/min (Sherman and Papich 2009). After intrave-
nous (IV) administration of clomipramine, elimination 
half-life is two hours and plasma clearance is 1.4 l/h/kg 
(King et al. 2000a).

The pharmacokinetics of oral amitriptyline has also been 
reported in the dog. After oral administration of amitripty-
line in dogs, peak concentration is reached after two hours 
(Kukes et  al.  2009). In dogs that receive an oral dose of 
4 mg/kg, terminal half-life is four hours and the bioavaila-
bility only 6% (Norkus et al. 2015a). These results led to a 
follow-up study examining a higher dose (mean dose 8 mg/
kg) and the effect of fasted versus non-fasted dogs. In that 
study, bioavailability in fasted dogs after receiving 8 mg/kg 
was extremely variable ranging from 58% to 91% (Norkus 
et al. 2015b).

Metabolism of imipramine results in two active metabo-
lites, desipramine and norimipramine. In humans, it has a 
half-life of 5–30 hours (Potter et al. 1995; Nelson 2004). In 
cattle, imipramine has a terminal elimination half-life of 
approximately 140 minutes (Cordel et al. 2001).

Effects on Organ Systems

TCAs have a narrow therapeutic index and can activate 
many receptor types. Most notable adverse effects of TCAs 
are from the cardiovascular, adrenergic and CNS effects. 
TCAs can increase heart rate through their anticholinergic 
effects (Peck et  al.  2010) or decrease heart rate through 
reflex responses secondary to their α-1 adrenergic effects 
as well as through the depletion of norepinephrine 
(Johnson 1990). These effects may also lead to orthostatic 
hypotension and hypotension while under general anes-
thesia. Healthy dogs receiving clinically relevant doses of 
TCAs will have normal electrocardiograms (ECGs) (Reich 
et al. 2000); however, more serious effects on the cardio-
vascular system can be seen in cases of accidental over-
dose. Excitation and agitation may occur, progressing to 
seizures, respiratory depression, coma, ventricular fibrilla-
tion and death (Johnson 1990). TCAs are thought to have 

membrane-stabilizing actions by disruption of the 
sodium/potassium pump leading to increases in the 
refractory period, decreases in conduction velocity and 
decreases in ventricular automaticity. The summation of 
these effects precludes the development of arrhythmias. 
Sinus tachycardia, atrioventricular block, widening of the 
QRS complex, QT prolongation and hypertension can 
occur, progressing to ventricular arrhythmias, and hypo-
tension (Johnson 1990; Peck et al. 2010). A cardiac assess-
ment is recommended prior to treatment with TCAs 
(Sherman and Papich 2009).

Other Effects

Side effects associated with TCAs may include sedation, 
vomiting, miosis, mydriasis, blurred vision, xerostomia and 
other anticholinergic effects such as urinary retention, 
delayed gastric emptying and decreased intestinal peristal-
sis and constipation (Johnson 1990; Crowell-Davis 2006b; 
Sherman and Papich 2009).

Contraindications

TCAs are contraindicated in patients with underlying car-
diac disease, glaucoma and those unable to handle poten-
tial urinary retention. They should not be given to patients 
receiving an MAOI. Amitriptyline and clomipramine cross 
the placenta and are excreted in milk; they should not be 
used in pregnant or lactating patients.

Drug Interactions

Patients who have been treated with TCAs may have 
altered responses to several drugs given during anesthesia, 
including anticholinergics, catecholamines and anesthetic 
drugs. Because TCAs have anticholinergic effects, the use 
of drugs that also have anticholinergic effects (ketamine, 
meperidine, pancuronium) may be addictive (Hines and 
Marschall 2008; Bromhead and Feeney 2009). These poten-
tial adverse effects are most common during the beginning 
of treatment with TCAs. An increase in the likelihood of 
postoperative agitation is also possible; agitation is less 
likely to occur with glycopyrrolate as it does not cross the 
blood–brain barrier. Hypertension and arrhythmias may 
result from the use of indirect acting sympathomimetics 
(e.g. ephedrine) in conjunction with TCAs due to the ele-
vated level of norepinephrine available to bind to post-
synaptic adrenergic receptors (Hines and Marschall 2008; 
Peck et  al.  2010). Ventricular arrhythmias can develop if 
hypercapnia occurs during inhalant anesthesia, particu-
larly halothane (Bromhead and Feeney 2009). Patients may 
have increased anesthetic requirements secondary to 
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increased neurotransmitter availability in the CNS (Hines 
and Marschall  2008). TCAs may augment the analgesic 
and respiratory depressant effects of opioids as well as the 
sedative and depressant effects of barbiturates and doses of 
these drugs may need to be decreased to avoid potential 
adverse effects (Stoelting and Hillier 2006a).

Effect on Patients under General Anesthesia

Administration of TCAs should not be discontinued 
abruptly. Since the risks of TCAs to anesthetized patients 
are relatively low, their use should be continued through 
the perianesthetic period with special consideration given 
to potential drug interactions. A treatment plan for hypo-
tension, should it occur, is necessary.

Monoamine Oxidase Inhibitors (MAOIs)

Mechanism of Action

MAO are a group of enzymes responsible for the catabo-
lism of several neurotransmitters within the CNS includ-
ing dopamine, norepinephrine, epinephrine, serotonin, 
tyramine, phenylethylamine and exogenous amines from 
food or drugs. MAO-A is primarily responsible for the 
oxidative deamination of norepinephrine, epinephrine, 
dopamine and serotonin, while MAO-B catabolizes pheny-
lethylamine, tyramine, dopamine and exogenous sub-
stances, although species differences do exist (Crowell- 
Davis 2006c; Peck et al. 2010). For example, dopamine is a 
substrate of both MAO-A and MAO-B in primates but not 
in rats (Glover et  al.  1977; O’Carroll et  al.  1983; Kato 
et al. 1986; Paterson et al. 1991).

Drugs that inhibit MAO, MAOIs, interfere with both 
MAO-A and MAO-B by irreversibly inactivating them. This 
leads to an increase in these neurotransmitters available for 
release. These effects are not limited to the CNS but 
increase in neurotransmitters (e.g. norepinephrine) and 
also in the peripheral autonomic nervous system (Stoelting 
and Hillier 2006a).

Selegiline (L-deprenyl) is the most common MAOI 
given to veterinary patients. At low doses, it is selective 
for the irreversible inhibition of MAO-B. Selegiline most 
likely works by increasing available dopamine due to 
inhibition of reuptake and metabolism and by increasing 
phenylethylamine (Sherman and Papich 2009; Landsberg 
et  al.  2013). It also activates superoxide dismutase and 
catalase, which are responsible for removing free radicals 
(Landsberg et  al.  2013). Selegiline also inhibits pr-
esynaptic catecholamine receptors, inhibits the uptake of 
catecholamines, induces release of catecholamines from 

their intraneuronal stores and stimulates action potential-
transmitter release coupling (Knoll et al. 1996).

Clinical Use

Selegiline is administered to both dogs and cats with cogni-
tive dysfunction (Landsberg 2006). Selegiline is also used 
in dogs to treat sleep conditions and pituitary-dependent 
hyperadrenocorticism, although consistent evidence 
regarding efficacy in the latter is lacking. Its use in other 
species in limited, however, it is considered to have a high 
abuse potential in race horses to increase their perfor-
mance (Dirikolu et al. 2003).

Metabolism

Selegiline is metabolized to desmethylselegiline, levoam-
phetamine and levomethamphetamine. Desmethylse
legiline is believed to possess some MAO-B inhibitory 
properties, although to a lesser extent than that of sele-
giline (Mahmood  1997). Excretion occurs through the 
kidneys.

Pharmacokinetics

In humans, the pharmacokinetics of selegiline have been 
reported (Mahmood  1997) and are extremely variable. 
Time-to-peak concentrations is less than one hour. The 
clearance of selegiline exceeds hepatic blood flow suggest-
ing extrahepatic metabolism. The elimination half-life is 
approximately 1.5 hours. The pharmacokinetics of sele-
giline have also been reported in dogs (Mahmood 
et  al.  1994). Terminal half-life, volume of distribution of 
the central compartment, and systemic clearance of sele-
giline were approximately 60 minutes, 6.5 l/kg, and 156 ml/
min/kg, respectively. After oral administration, selegiline 
appeared to be absorbed rapidly with peak concentrations 
reached in 25 minutes. The absolute bioavailability of sele-
giline in the dog was approximately 8%. In mice, selegiline 
is well absorbed after oral administration; however, it has 
an extensive first-pass effect and had only 25% bioavailabil-
ity (Magyar et al. 2007).

Effects on Organ Systems

Effects on most organ systems when used at clinically rel-
evant doses are minimal. Patients may experience orthos-
tatic hypotension. Adverse effects are notable with 
overdoses. Signs associated with overdose are caused by 
excessive sympathetic nervous system activity, such as 
tachycardia, mydriasis and hyperthermia. This can pro-
gress to seizures and coma.
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Other Effects

Gastrointestinal (GI) upset, hyperactivity and restlessness 
can occasionally be a side effect of selegiline administra-
tion. Species differences exist in regard to the amount of 
MAO-A and MOA-B present, therefore, the efficacy and 
side-effect profile of MAOIs in one species may be very dif-
ferent from another.

Contraindications

Selegiline should not be administered to patients receiving 
other antidepressants (TCAs, SSRIs), ephedrine, phenyl-
propanolamine, topical amitraz (potential MAO inhibitor) 
or other MAOIs.

In humans receiving MAO-A or mixed MAO inhibitors, 
eating foods that have high levels of tyramine in them (e.g. 
cheese, chicken liver, chocolate) can cause acute hyperten-
sion. At clinically relevant doses of selegiline in dogs, this 
does not occur, however, using cheese regularly as a treat 
for dogs is not recommended due to the potential for varia-
tion in enzymes (Crowell-Davis 2006c).

Drug Interactions

Serotonin syndrome may develop when combining this 
drug with various other drugs including TCAs, SSRIs and 
other MAOIs. Administration of meperidine, pethidine and 
dextromethorphan to humans and rats receiving MAOI 
therapy can result in an excitatory response (agitation, skel-
etal muscle rigidity) due to enhanced serotonin activity 
(Marley and Wozniak 1985; Bromhead and Feeney 2009). 
Administration of any opioid with MAOIs may result in a 
depressive response (hypotension, respiratory depression 
and coma) presumably due to slowed breakdown of opioids 
by N-demethylase inhibition (Bromhead and Feeney 2009). 
The incidence of other opioids causing adverse events in 
patients receiving MAOIs is less common (Insler et al. 1994). 
Similar to TCAs, a profound pressor effect may be seen after 
administration of both indirectly and directly acting sympa-
thomimetics (Pavy et al. 1995; Peck et al. 2010). Concurrent 
use of acepromazine, α-2 adrenergic agonists and opioids 
with selegiline is discouraged (Crowell-Davis  2006c). 
Possible drug interactions have also been observed in dogs 
receiving metronidazole, prednisone, and trimethoprim 
sulfa (Crowell-Davis 2006c).

Effect on Patients under General Anesthesia

Due to the additional norepinephrine present, patients may 
have exaggerated response to drugs with sympathomimetic 
effects such as ketamine, meperidine, pancuronium and 

indirect acting vasopressors (e.g. ephedrine). If hypotension 
during anesthesia should occur, drugs with direct-acting 
effects (i.e. phenylephrine) as well as decreases in the dos-
age by 66% are recommended (Wells and Bjorksten 1989; 
Hines and Marschall  2008). Patients may have increased 
anesthetic requirements secondary to increased neuro-
transmitter availability in the CNS (Stoelting and Hillier 
2006a). Ideally, selegiline administration should be slowly 
discontinued in patients requiring anesthesia.

Atypical Antidepressants and Miscellaneous 
Behavior-Modifying Drugs

Benzodiazepines

Mechanism of Action
Benzodiazepines exert their effects through actions on the 
gamma-aminobutyric-acid-A (GABAA) receptor, specifi-
cally, the α-subunits on the GABAA receptors. There, benzo-
diazepines enhance the affinity of the receptor for GABA, 
leading to an increase in chloride conductance and hyper-
polarization of the post-synaptic cell membrane. This ulti-
mately results in anxiolysis (α-2 subunits) and sedation (α-1 
subunits) (McKernan et  al. 2000). Midazolam and diaze-
pam are two commonly used benzodiazepines adminis-
tered during the perianesthetic period. Midazolam’s chronic 
use for behavioral disorders in veterinary patients is limited, 
however, and the use of midazolam and diazepam in this 
context are covered elsewhere in this text. The benzodiaz-
epines used for the chronic management of behavioral dis-
orders include alprazolam, clonazepam, clorazepate, 
diazepam, flurazepam, lorazepam and oxazepam.

Clinical Use

The use of benzodiazepines in chronic behavioral therapy is 
considered for fear or anxiety disorders, including fear 
aggression, separation anxiety and noise phobias in dogs 
and some forms of feline inappropriate urination and pre-
dation behaviors in cats (Landsberg et  al.  2013). 
Benzodiazepines are also used for feather-picking behaviors 
in birds, foal rejection due to fear in mares and inhibition of 
sexual behavior in stallions (McDonnell et  al.  1987; 
Seibert 2007; Wong et al. 2015). Alprazolam has a fast onset, 
short duration of action (three hours) and high potency and 
is often the benzodiazepine chosen for acute fear and panic 
(Horwitz and Mill 2010; Landsberg et al. 2013).

Metabolism

Most benzodiazepines are metabolized by the liver and 
excreted mainly through the kidneys or secondarily in bile, 
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although species variations exist. Clorazepate is metabo-
lized to its active metabolite, nordiazepam, in the stomach 
prior to absorption (Ballenger 1998; Forrester et al. 1990). 
Diazepam is metabolized to the active metabolite, nordiaz-
epam (Forrester et al. 1990; Ballenger 1998). Nordiazepam 
is further metabolized to oxazepam (3-hydroxynordiazepam) 
and p-hydroxynordiazepam (Ruelius et  al.  1965). 
Alprazolam is metabolized to relatively inactive metabo-
lites, 4-hydroxyalprazolam and α-hydroxyalprazolam. 
Oxazepam and lorazepam are metabolized directly via 
Phase II conjugation in the liver to inactive compounds; 
there are no active metabolites (Ballenger 1998).

Pharmacokinetics

The pharmacokinetics of diazepam in the dog and cat 
have been reported (Löscher and Frey  1981; Cotler 
et al. 1984). The half-life of diazepam in dogs is less than 
one hour and clearance is in excess of hepatic blood flow 
at 57–60 ml/min/kg after rectal administration (Papich 
and Alcorn  1995). The half-life of diazepam in cats is 
5.5 hours and clearance is 4.7 ml/min/kg (Cotler 
et al.  1984). In both dogs and cats, the metabolites have 
much longer half-lives. Nordiazepam has a half-life of 
2.2–2.8 hours and 21.3 hours for dogs and cats, respec-
tively (Cotler et  al.  1984; Papich and Alcorn  1995). In 
horses, the half-life of diazepam and nordiazepam are 
7–22 and 18–28 hours, respectively (Crowell-Davis 2006d). 
In dogs receiving clorazepate, peak nordiazepam levels are 
reached within 98 minutes with a single dose and the elim-
ination half-life is 6–9 hours minutes (Forrester et al. 1990; 
Brown and Forrester 1991). Lorazepam in dogs has a half-
life of less than one hour and a systemic clearance of 
19.3 ml/min/kg (Sherman and Papich 2009). The pharma-
cokinetics of a single dose of alprazolam has been evalu-
ated in horses (Wong et al. 2015). Maximum concentrations 
were reached in three hours (range 1–12). Low levels of 
the metabolite, α-hydroxyalprazolam were also found.

Effects on Organ Systems

Benzodiazepines cause little change in cardiovascular 
parameters and have little effect on ventilation in most vet-
erinary species. The exception is non-human primates, in 
which they can cause dose-dependent respiratory depres-
sion, especially when combined with opioids.

A decrease in inhalational anesthetic requirements is 
achieved with the use of benzodiazepines (Seddighi 
et al. 2011). Benzodiazepines produce decreases in the cer-
ebral metabolic rate of oxygen consumption and cerebral 
blood flow. There is little to no change in intracranial pres-
sure (ICP) with the use of these drugs.

Other Effects

Paradoxical excitement, transient agitation and disinhibi-
tion leading to increased aggression can occur. Oral admin-
istration of diazepam has been associated with idiopathic 
hepatic necrosis in cats (Levy et al. 1994; Center et al. 1996). 
Other side effects include ataxia, increased appetite and 
muscle relaxation (Crowell-Davis 2006d; Horwitz and Mill 
2010). Patients requiring chronic benzodiazepine adminis-
tration can become physically dependent and develop tol-
erance (Horwitz and Mill 2010).

Contraindications

Benzodiazepines are excreted through milk and pass 
through the placenta; these drugs are generally avoided in 
pregnant or lactating patients (Crowell-Davis 2006d). The 
use of benzodiazepines in patients with aggression is con-
troversial because of the loss of inhibition of aggressive 
behavior and variability between patients. Caution should 
be used in patients with decreased hepatic or renal function.

Drug Interactions

Drugs also known to cause CNS depression may be addic-
tive if given concurrently with benzodiazepines. Examples 
include other antidepressants, acepromazine, α-2 adrener-
gic agonists, opioids, induction agents and inhalant anes-
thetics (Hayashi et al. 1994; Seddighi et al. 2011; Monteiro 
et al. 2014).

Effect on Patients under General Anesthesia

In general, benzodiazepines should be continued through 
the perianesthetic period.

Trazodone

Mechanism of Action
Trazodone is classified as a serotonin (5HT2A) antagonist at 
low doses and a weak serotonin reuptake inhibitor at 
higher doses (Stahl 2009). It also acts as an antagonist at 
histaminic and post-synaptic α-1 adrenergic receptors.

Clinical Use

Trazodone is used as an adjunct to treat generalized anxi-
ety, separation anxiety, and phobias in dogs (Gruen and 
Sherman 2008). It has been used successfully to promote 
calming and reduce anxiety in hospitalized patients or 
those requiring postoperative confinement (Gruen and 
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Sherman  2008; Gruen et  al.  2014; Gilbert-Gregory 
et  al.  2016). Recently, researchers have begun to identify 
the feasibility of rectal administration of trazodone in dogs 
(O’Donnell et  al.  2020). Anesthetists may consider this 
route during anesthesia to assist with hospital-induced 
stress and anxiety during the post-anesthetic time period. 
Trazodone has also been successfully used in cats in simi-
lar clinical scenarios (Stevens et al. 2016). The use of trazo-
done for sedation in equids has been reported with variable 
success (Knych et  al.  2017; Davis et  al.  2018; Moss 
et  al.  2021). Finally, trazodone administration has been 
evaluated in healthy pigeons (Desmarchelier et al. 2019).

Metabolism

In species that have been studied, trazodone is metabolized 
by the liver via CYP to an active metabolite, meta-chloro-
phenyl piperazine (mCPP), which functions as a serotonin 
agonist. Its levels within the CNS are less than 10% of tra-
zodone, itself, and antagonist actions overwhelm those of 
mCPP (Stahl 2009).

Pharmacokinetics

The pharmacokinetics of oral and IV trazodone has been 
reported in dogs (Jay et al. 2013). Bioavailability after oral 
administration is 85% and the mean elimination half-life is 
approximately 166 minutes. Maximum plasma concentra-
tions were reached after 445 minutes. After IV administra-
tion, the elimination half-life is 169 minutes, volume of 
distribution is 2.5 l/kg and total body clearance is 11 ml/
min/kg. The pharmacokinetics of rectal trazodone has also 
been reported (O’Donnell et al. 2020). When administered 
rectally in dogs, maximum plasma concentrations were 
reached in 15 minutes and were on average, 1 μg/ml. The 
volume of distribution and clearance corrected for bioa-
vailability were 10.3 l/kg (7.37–14.4 l/kg), and 639 ml/kg/h 
(594–719 ml/kg/h), respectively. The elimination half-life 
was 12 hours. Sedation was common; the maximum extent 
of sedation was observed 30 minutes after trazodone 
administration.

In horses, the pharmacokinetics of trazodone has been 
reported for oral and IV routes (Knych et al. 2017; Davis 
et al. 2018). For oral dosages of 4, 7.5, and 10 mg/kg, termi-
nal phase half-life was approximately seven hours (Knych 
et al. 2017; Davis et al. 2018). When given IV at 1.5 mg/kg, 
total clearance was 6.85 ± 2.80 ml/min/kg, volume of distri-
bution at steady state was 1.06 ± 0.07 l/kg, and elimination 
half-life was 8.58 ± 1.88 hours (Knych et al. 2017).

In healthy pigeons, a much higher dose (30 mg/kg orally) 
is required to achieve the therapeutic levels described in 
humans (0.13–2.2 mcg/ml) (Desmarchelier et  al.  2019). 

At this dose, the time to maximum serum concentration or 
the maximum serum concentration could not be identified 
in this study because of rapid absorption in the first 
30 minutes. The mean elimination half-life, however, is 
reported as approximately twice that of dogs (335 minutes).

Effects on Organ Systems

In humans, trazodone has a very low risk of significant 
adverse effects over a wide dose range. Less anticholinergic 
effects are seen than with TCA administration (Bryant and 
Ereshefsky 1982). Dogs may develop transient sinus tachy-
cardia after IV administration of 8 mg/kg (Jay et al. 2013). 
Priapism is a rarely reported complication in dogs (Murphy 
et al. 2017). Some horses administered IV trazodone expe-
rience side effects such as sweating, aggression, excitation, 
ataxia and tremors that were plasma concentration depend-
ent (Knych et al. 2017). Horses given oral trazodone may 
experience over-sedation, tremors and transient arrhyth-
mias (Davis et  al.  2018). Pigeons that receive 30 mg/kg 
orally do not experience any adverse effects nor do they 
become sedate (Desmarchelier et al. 2019).

Contraindications

Few contraindications exist to using trazodone at clinically 
relevant doses. Patients with a history of glaucoma or those 
receiving MAOIs should not receive trazodone. Horses 
undergoing general anesthesia should not receive trazo-
done at doses that cause ataxia, as it may impact recovery.

Drug Interactions

In humans, trazodone inhibits CYP2D6; caution should be 
used when given in combination with SSRIs that also 
inhibit CYP enzymes (fluoxetine, paroxetine) but their 
concurrent use has been used successfully, albeit cau-
tiously, in dogs (Gruen and Sherman  2008). In addition, 
trazodone should be used with caution with other drugs 
that affect serotonin levels.

Effect on Patients under General Anesthesia

Administering trazodone in dogs two hours prior to anes-
thesia induction, reduces the mean alveolar concentration 
(MAC) of isoflurane by an average of 17% without impact-
ing hemodynamic parameters (Hoffman et  al.  2018). 
In  dogs under anesthesia, trazodone at cumulative IV 
doses up to 44.3 mg/kg did not significantly depress any 
measured index of cardiac conduction but did decrease 
heart rate and prolong the Q-Tc interval (Byrne and 
Gomoll  1982), a measure of delayed ventricular 
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repolarization, making them more susceptible to arrhyth-
mias. Dogs may experience hypotension, to a similar degree 
as acepromazine, while under general anesthesia (Murphy 
et al. 2017). Aside from equid patients, trazodone adminis-
tration at clinically relevant doses can be continued during 
the perianesthetic period.

Buspirone

Mechanism of Action

Buspirone is a full agonist at pre-synaptic serotonin recep-
tors (5HT1A) and a partial agonist at post-synaptic receptors. 
These effects result in decreased serotonin synthesis and 
inhibition of neuronal firing and a decreased serotonin 
turnover (Eison 1989). Buspirone also acts as a dopamine 
antagonist at dopamine D2 receptors (Peroutka 1985) and as 
a partial agonist at α-1 adrenergic receptors (Howland 2015).

Clinical Use

Buspirone is considered a mild anxiolytic and is therefore 
most commonly used in conjunction with SSRIs and TCAs. 
It has been used in the treatment of mild chronic fears and 
anxieties as well as urine marking and increasing affiliative 
social behavior in cats (Horwitz and Mill 2010). It has been 
used in horses for the treatment of equine self-mutilation 
syndrome, however, must not be used in performance 
horses (Dodman et al. 2004).

Pharmacokinetics

The pharmacokinetics of buspirone have been described 
in  humans (Gammans et  al.  1986; Mahmood and 
Sahajwalla 1999). Buspirone given orally is well absorbed but 
undergoes first-pass metabolism. Bioavailability is low at just 
4% (Mahmood and Sahajwalla 1999). The half-life varies con-
siderably in healthy humans, from 2 to 33 hours. Clearance of 
buspirone is prolonged in humans with cirrhosis and renal 
disease. One veterinary source suggests that buspirone has a 
short elimination half-life and must be administered several 
times per day (Sherman and Papich 2009).

Metabolism

Buspirone is partially metabolized by CYP enzymes in the 
liver to the active metabolite, 1-pyrimidinylpiperazine as 
well as several inactive metabolites (Crowell-Davis 2006e). 
Metabolites are excreted in the urine. In horses, measura-
ble amounts of the parent drug can also be found in urine 
(Stanley 2000).

Effects on Organ Systems

At clinically relevant doses, there are no cardiovascular or 
respiratory effects with buspirone administration (Hanson 
et al. 1986).

Other Effects

The most common side effects in humans are dizziness, 
headaches, nausea, insomnia, nervousness and fatigue 
(Newton et al. 1982).

Contraindications

In humans, buspirone is contraindicated in patients with 
severe renal or hepatic failure.

Drug Interactions

Buspirone should not be given with MAOIs (Crowell-
Davis 2006e) or other drugs that affect serotonin levels. In 
humans, co-administration of buspirone with verapamil, 
diltiazem, erythromycin and itraconazole (drugs metabo-
lized by CYP) results in elevated levels of buspirone 
(Mahmood and Sahajwalla 1999).

Effect on Patients under General Anesthesia

There are no known adverse effects on patients undergoing 
general anesthesia, although they may be possible given 
buspirone’s similar mechanisms of action to other 
behavior-modifying drugs.

β-Adrenergic Antagonists

Mechanism of Action

β-adrenergic antagonists are uncommonly used as 
behavior-modifying drugs in veterinary patients. Their 
use in the management of heart disease and how this 
impacts anesthesia is covered elsewhere. Propranolol is a 
nonselective, competitive β-adrenergic receptor antago-
nist. It equally and reversibly antagonizes β1 and β2 recep-
tors ameliorating the sympathetic symptoms of anxiety. 
Like many other drugs, propranolol is used as a racemic 
mixture. The pharmacodynamic effects of propranolol 
are mediated primarily by the (−) stereoisomer which is 
100 times more potent than the (+) stereoisomer (Whelan 
et  al.  1989). Pindolol is another β-adrenergic receptor 
antagonist used for behavior modification that may also 
have inhibitory actions on serotonin neurons (leading to 
disinhibition).
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Clinical Use

Propranolol is used to decrease the physiologic signals of 
fear such as tachycardia, tachypnea and GI upset. It is usu-
ally used in combination with other psychotropic medica-
tions in the treatment of fear, anxiety and phobias. Pindolol 
is not used as a stand-alone therapeutic but administered 
with other antidepressant drugs (e.g. TCAs); however, evi-
dence suggests it may not be effective for anxiety symptoms 
in humans (Stein et al. 2001).

Pharmacokinetics

In humans, there is considerable variation in the pharma-
cokinetics due to wide variations in the magnitude of hepatic 
first-pass metabolism (Shand 1976). It is extensively protein 
bound (90–95%) and the elimination half-life is 2–3 hours 
(Shand 1976; Frisk-Holmberg et al. 1981). The bioavailabil-
ity of an oral dose of propranolol in the dog is reported to be 
approximately 27% (Tse et al. 1980). The time-to-peak con-
centration is 1.7 hours and the plasma elimination half-life is 
2.7 hours (Tse et al. 1980). In the cat, propranolol clearance, 
volume of distribution and elimination half-life is 31 ml/
min/kg, 1.6 l/kg, and 35 minutes, respectively (Weidler 
et al. 1979). In comparison to other species, cats are able to 
clear propranolol from the plasma faster than primates but 
slower than both rats and dogs (Weidler et  al.  1979). In 
horses, propranolol is 70% bioavailable and has a plasma 
half-life of two hours (Aramaki et al. 2000).

Metabolism

Propranolol is metabolized in the liver via oxidation and 
conjugation reactions. One of the major metabolites, 
4-hydroxypropranolol, has equal β-antagonist and 
membrane-stabilizing efficacy as the parent drug (Fitzgerald 
and O’Donnell 1971), but the elimination half-life is short.

Effects on Organ Systems

β-adrenergic antagonists cause bradycardia due to their 
effect on β1 receptors. By the same mechanism, they decrease 
myocardial contractility resulting in decreased cardiac out-
put. Antagonism of β2 receptors causes increases in systemic 
vascular resistance, including coronary vascular resistance. 
Overall, there is a decrease in myocardial oxygen demand 
(Olson et al. 1976) such that the increase in resistance seen 
in coronary vessels is not detrimental to the patient. Β-
adrenergic antagonists will increase airway resistance due to 
actions on β2 receptors (Macdonald et al. 1967). β-adrenergic 
antagonists cross the blood–brain barrier and can cause leth-
argy and fatigue with chronic therapy (Wilcox et al. 1984).

Other Effects

β antagonists prevent glucose recovery during periods of 
sustained hypoglycemia due to decreased hepatic and renal 
glucose production (Cersosimo et  al.  1998). Because the 
distribution of potassium is influenced by sympathetic 
nervous system activity, the β-adrenergic antagonists will 
inhibit uptake of potassium into cells and may cause eleva-
tions in plasma potassium (Swenson 1986). Sodium reten-
tion may occur in patients receiving propranolol due to 
alterations in intra-renal hemodynamics secondary to 
decreased cardiac output. Thrombocytopenia has been 
associated with chronic β-adrenergic agonist treatment 
(Stoelting and Hillier 2006b).

Contraindications

Beta blockers are contraindicated in patients with existing 
bradycardia, congestive heart failure not caused by tachy-
cardia, hypovolemia, diabetes or chronic obstructive air-
way disease (Stoelting and Hillier 2006b).

Drug Interactions

Propranolol will slow the clearance of amide local anes-
thetics (e.g. bupivacaine, mepivacaine, ropivacaine) by 
decreasing both hepatic blood flow and metabolism 
(Saranteas et  al.  2003). Caution is recommended when 
using local anesthetics in patients receiving propranolol. 
Because propranolol and fentanyl are both basic lipophilic 
amines, pulmonary first-pass uptake of fentanyl in patients 
receiving propranolol may be decreased (Roerig et al. 1989). 
Halothane increases concentrations of (−) propranolol by 
stereoselective inhibition of metabolism (Whelan 
et  al.  1989). Diltiazem administration increases the bioa-
vailability of propranolol by approximately 50–60% 
(Lankford et al. 1994). Using propofol in patients that are 
receiving propranolol results in changes in propranolol 
clearance and protein binding; the end result is a 65% 
decrease in the clearance of propranolol (Perry et al. 1991). 
The administration of phenobarbital and phenytoin to 
dogs receiving propranolol will have a decrease in the 
unbound fraction of the drug due to elevated α-1 acid gly-
coprotein binding and an increase in the volume of distri-
bution (Bai and Abramson 1982).

Effect on Patients under General Anesthesia

The clearance of propranolol is largely dependent on 
hepatic extraction and thus hepatic blood flow. Any cir-
cumstance that decreases blood flow to the liver will 
decrease clearance and prolong the elimination half-life of 
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propranolol (Breckenridge et al. 1973). Excessive myocar-
dial depression can occur if an overdose or relative over-
dose of β-adrenergic antagonists is given. Successful 
treatment of bradycardia may include administering atro-
pine, isoproterenol, dobutamine, glucagon or calcium 
chloride (Stoelting and Hillier 2006b). The use of dopa-
mine to treat hypotension caused by bradycardia is not uni-
versally recommended because α-adrenergic-induced 
vasoconstriction is likely with the doses required to over-
come the beta blockade (Stoelting and Hillier 2006b). 
Current recommendations from the American Heart 
Association are to continue beta blockers for patients 
already receiving them as long-term therapy. If a patient is 
to begin treatment with a beta-blocker, this should begin 
well in advance of anesthesia to decrease adverse effects 
(Fleisher et al. 2014).

Clonidine

Mechanism of Action

Clonidine is a centrally acting partial α2-adrenergic agonist 
(220 : 1 α2 to α1). Sedative effects of clonidine are due to 
actions on α2a receptors in the CNS resulting in inhibition 
of norepinephrine release within the pontine locus 
ceruleus. Clonidine also exerts actions on the imidazoline 
receptor.

Clinical Use

Clonidine, an antihypertensive agent in humans, is used to 
block autonomic responses to anxiety in veterinary 
patients. It is also used in the treatment of fear and territo-
rial aggression, noise and storm phobias and nocturnal 
barking. Doses are given 1/2–2 hours prior to the event, up 
to twice daily (Landsberg et al. 2013).

Metabolism

In humans, clonidine is metabolized by CYP enzymes with 
a majority of metabolism achieved via the CYP2D6 enzyme.

Pharmacokinetics

In humans, an oral dose of clonidine has a rapid distribu-
tion reaching peak concentrations in less than two hours 
(Lowenthal  1980). It has moderate bioavailability (75%) 
and long elimination half-life of 8–15 hours (Davies 
et al. 1977; Anavekar et al. 1982). The pharmacokinetics of 
oral clonidine in dogs differs slightly. When given a 
225- mcg tablet, peak concentrations are reached in about 

one hour with an elimination half-life around two hours 
(Xu et al. 2016). A sustained release (SR) mini-tablet has 
been designed and pharmacokinetics have also been 
reported for dogs. In this SR formulation, when given 
225 mcg orally, the time-to-maximum concentration is 
2.8 hours with an elimination half-life of 2.4 hours (Xu 
et al. 2016). Pharmacokinetics of IV clonidine have been 
reported in rats as well as cats, although this data has little 
clinical relevance with regard to behavior-modification 
therapy (Paalzow and Edlund 1979).

Effects on Organ Systems

Clonidine has effects on peripheral α2b receptors that are 
responsible for mediating vasoconstriction. It also affects 
α2a receptors within the CNS resulting in a decrease in 
sympathetic nervous system outflow (sympatholysis). The 
result of these effects is usually a period of hypertension 
and bradycardia with an overall decrease in cardiac output 
followed by peripheral vasodilation, hypotension, brady-
cardia and a continued decreased cardiac output. In 
patients treated chronically, cardiac output returns to pre-
drug levels through homeostatic cardiovascular reflexes 
(Stoelting and Hillier 2006c). Clonidine has minimal res-
piratory effects. Patients treated chronically do not have 
increased ventilatory depression when opioids are given 
(Stoelting and Hillier 2006c). Clonidine will cause sedation 
through its effect on post-synaptic α2a receptors within 
the CNS.

Other Effects

Renal function is preserved during clonidine therapy 
(Pichot et al. 2012). Urine flow increases with administra-
tion of α2-adrenergic agonists in many species (Humphreys 
et  al.  1975). Clonidine has analgesic effects through its 
actions on α2A receptors within the substantia gelatinosa of 
the spinal cord that modulate pain.

Contraindications

Caution should be used in patients with existing heart 
disease.

Drug Interactions

Patients treated with clonidine will have a reduction in 
their anesthetic requirements by up to 50% (Khafagy 
et al. 2012). The cardiovascular effects of indirect sympa-
thomimetics like ketamine may be attenuated by clonidine 
administration (Munro et al. 1993).
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Effect on Patients under General Anesthesia

Clonidine has several potential effects on patients under-
going general anesthesia. Bradycardia, changes in systemic 
blood pressure and decreased anesthetic requirements are 
the most common. Lower plasma concentrations of cat-
echolamines in response to surgical stimulation also occur. 
In humans, abrupt discontinuation of clonidine can result 
in hypertension (Karachalios et al. 2005); this is especially 
profound if patients are also receiving a TCA (Stiff and 
Harris 1983) or MAOI due to the effects of norepinephrine. 
For this reason, it is recommended that clonidine adminis-
tration be continued throughout the perianesthetic period.

Gabapentin

Mechanism of Action

The mechanism of action of gabapentin is not entirely 
understood. Although structurally similar to GABA, 
Gabapentin does not bind to these receptors, but may 
increase neuronal GABA synthesis (Landsberg et al. 2013). 
Gabapentin also works through decreased excitatory neu-
rotransmitter release as a result of modulation of voltage-
gated calcium channels (Taylor 2009) as well as potassium 
channels (Stefan and Feuerstein 2007).

Clinical Use

Gabapentin is used for generalized anxiety disorders, com-
pulsive disorders, phobias and conditions in which pain 
plays a role, such as self-mutilatory disorders, hyperesthe-
sia and interstitial cystitis (Landsberg et al. 2013). It is also 
used as an adjunct in the management of chronic and neu-
ropathic pain conditions. Its use had been reported in dogs, 
cats, horses and laboratory animals.

Metabolism

The metabolism of gabapentin differs by species. In dogs, 
approximately 40% is metabolized in the liver to N-methyl 
gabapentin (Vollmer et al. 1986). Both the parent drug and 
metabolite are excreted by the kidneys necessitating dose 
adjustments in patients with decreased kidney function. In 
rodents and primates, however, very little is metabolized in 
the liver (Radulovic et al. 1995).

Pharmacokinetics

Gabapentin is rapidly absorbed in the several species 
examined. The pharmacokinetics of oral gabapentin has 
been described in dogs (Kukanich et  al.  2011). Peak 

concentrations are reached in 1.5 hours and terminal half-
lives of 10 and 20 mg/kg doses are 3.3 and 3.4 hours, 
respectively.

The pharmacokinetics of IV, oral and transdermal gabap-
entin have been described in cats (Adrian et al. 2018). In 
cats receiving 10 mg/kg orally, bioavailability is over 94%, 
peak concentrations are reached in one hour and the half-
life 3.5 hours. When given the transdermal route (10 mg/
kg), most cats have plasma concentrations below the lower 
limit of quantification, therefore, this route is not 
recommended.

In horses, an oral dose of 5 mg/kg and 20 mg/kg reached 
maximum plasma concentrations by one hour and plasma 
elimination half-life was 3.4 and 7 hours, respectively 
(Dirikolu et al. 2008; Terry et al. 2010). When doses between 
10 and 160 mg/kg are administered via a nasogastric tube, 
time-to-maximum plasma concentration is between 
1.4 and 2.6 hours and elimination half-life is between 2 and 
15.7 hours (Gold et al. 2020). Overall, the bioavailability of 
gabapentin is lower in horses (<20%) than other species 
(Terry et al. 2010).

In cattle, a 15 mg/kg oral dose of gabapentin has a half-
life of approximately eight hours and plasma levels above 
that reported to be therapeutic in humans are maintained 
for up to 15 hours (Stock and Coetzee 2015).

In rats receiving an oral dose of 50 mg/kg, peak concen-
trations were reached in 1.7 hours and plasma elimination 
half-life was 1.7 hours (Radulovic et al. 1995). It is impor-
tant to note that many species experience non-linear kinet-
ics, therefore increasing the dose administered does not 
necessarily increase the effects.

Effects on Organ Systems

In healthy humans, gabapentin has no effect on cardiovascu-
lar conduction (Chen et al. 2012). At high doses (30 mg/kg) in 
healthy dogs, gabapentin has the potential to cause bradycar-
dia and increased PR and RR intervals as well as second-
degree atrioventricular block (Gharamaleki et al. 2011).

Other Effects

The most common side effects reported in humans are som-
nolence, ataxia and dizziness (Chen et al. 2012). Rare reports 
of hepatotoxicity and hepatocellular damage exist (Jackson 
et al. 2018). Gabapentin has an abuse potential in that up to 
1% of the general population (15–22% in those with opioid 
addictions) have a history of overuse, abuse or diversion 
(Smith et  al.  2016). In dogs, mild ataxia and sedation has 
been reported (Platt et  al.  2006). Horses receiving up to 
80 mg/kg experience no physiologic effects, including ataxia, 
however, higher doses cause sedation (Gold et al. 2020).
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Drug Interactions

The renal clearance of gabapentin can be slowed by cimeti-
dine (Lal et al. 2010). Other interactions with drugs do not 
seem to occur with gabapentin, most likely due to the 
absence of protein binding (Stoelting and Hillier 2006d).

Effect on Patients under General Anesthesia

To date, there is one study specifically examining the effects 
of gabapentin in anesthetized dogs (Johnson et al. 2019). 
Gabapentin has an isoflurane-sparing effect in dogs admin-
istered 20 mg/kg orally two hours prior to anesthesia. There 
are no hemodynamic or other physiologic variables effected 
in dogs anesthetized with isoflurane. In fact, extubation 
times are significantly faster (6 vs. 23 minutes) in dogs 
receiving gabapentin compared to those that are not 
(Johnson et  al.  2019). In addition to inhalant sparing 
effects, gabapentin also prevents an increase in intraocular 
pressure in response to intubation in dogs (Trbolova 
et al. 2017).

Methylphenidate

Mechanism of Action

Methylphenidate is uncommonly used as a behavior-
modifying drug in veterinary species. It is a CNS stimulant 
and is structurally similar to amphetamine (Stoelting and 
Hillier 2006e). It enhances the release of dopamine and 
blocks dopamine and norepinephrine reuptake.

Clinical Use

Methylphenidate is used to treat some cases of over-activity 
disorders, learning deficits and aggression in dogs. In these 
conditions, methylphenidate has a paradoxical calming 
effect. It is rarely used in race horses, although prohibited, 
to enhance performance.

Metabolism

Methylphenidate is rapidly metabolized to α-phenyl-2-
piperidine acetic acid (ritalinic acid). In humans, half-life 
varies with age. In children, the half-life is approximately 
2.5 hours; in adults it is 3.5 hours (Kimko et al. 1999).

Pharmacokinetics

The pharmacokinetics of an immediate-release (IR) and 
sustained-release (SR) preparation of methylphenidate 
have been described in healthy dogs (Lavy et  al.  2011). 

Time-to-maximum plasma concentration in these dogs 
was 0.21 and 0.42 hours for IR and SR respectively. The 
plasma elimination half-lives were 0.22 hours for both 
preparations. In horses given IV methylphenidate, the 
apparent alpha half-life was 19 minutes and the beta half-
life was 2.4 hours. If given by subcutaneous or IM injec-
tion, plasma concentrations peak in approximately 
one hour and are no longer detectable by six hours. 
Methylphenidate levels can be detected in the urine for 
much longer, between 12 and 24 hours (Shults et al. 1981). 
When rats receive oral methylphenidate, the plasma elim-
ination rate is constant; however, the clearance decreases 
with increasing doses. The recovery of the parent drug 
and its metabolites is approximately 16–18% in 24 hours, 
suggesting that the dose-dependent characteristics may 
be due to pre-systemic elimination of the drug (Aoyama 
et al. 1990).

Effects on Organ Systems

In humans, bradycardia, hallucinations and growth sup-
pression have been described (Hodgkins et  al.  2012). In 
dogs, mild hyperkinesia is reported with immediate release 
preparations (Lavy et al. 2011).

Other Effects

Chronic administration of methylphenidate can result in 
dependence and tapering the dose is necessary prior to dis-
continuation (Guler et al. 2015; Pérez et al. 2016).

Contraindications

In some patients, CNS stimulants such as methylphenidate 
will have an activating effect and may aggravate the under-
lying condition. Their use in these patients is 
contraindicated.

Drug Interactions

CNS stimulants can interact with MAOIs and should not 
be used together. Methylphenidate can decrease the metab-
olism of coumarin anticoagulants, anticonvulsants, TCAs 
and phenylbutazone and these combinations are discour-
aged (Crowell-Davis 2006e).

Effect on Patients under General Anesthesia

Methylphenidate has more prominent effects on mental 
activities than motor activities within the CNS. It has been 



Behavior Drugs296

used to induce emergence from propofol anesthesia in rats 
(Chemali et al. 2012) and may have similar effects in other 
species.

Discontinuation Syndrome

Abrupt discontinuation of any antidepressant or behavior-
modifying drug can be associated with the risk of negative 
effects; these effects are collectively known as the discontinu-
ation syndrome (Bromhead and Feeney  2009). Signs may 
include nausea, abdominal pain, diarrhea, changes in sleep 
patterns, lethargy and headaches. In addition, patients may 
experience a relapse of their original behavior symptoms. 
With the exception of MAO-Is, most behavior-modifying 
drugs should be continued through the perianesthetic period. 
However, in all cases, it is recommended to weigh the risks 
versus benefits to each patient when deciding to continue or 
discontinue medications prior to anesthesia (Table 22.2).
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α-2 Adrenoceptor Agonists

α-­2 agonists, such as dexmedetomidine, detomidine, and 
romifidine, are commonly used as part of anesthetic-­sedative 
protocols in small and large animals (Seddighi  2014). 
Although sedation is considered a dominant clinical effect 
of these drugs, they also provide effective and dose-­
dependent analgesia and muscle relaxation. It is believed 
that activation of α-­2 adrenoceptors in supraspinal and spi-
nal sites produces antihyperalgesia, analgesia, and sedation 
(Yaksh and Reddy 1981; Pertovaara et al. 1991; Molina and 
Herrero 2006). α-­2 adrenergic receptors comprise three dis-
tinct receptor subtypes (A, B, and C) (Bylund 1992), play a 
significant role in modulating pain pathways, and may share 
a common cyclic guanosine 3’,5’-­monophosphate (cGMP) 
pathway with the opioid receptors (Vulliemoz et  al.  1998; 
Hellyer et al. 2003). Therefore, it is not surprising that the 
analgesic efficacy of α-­2 agonists is enhanced by the con-
comitant use of opioids (Kuo and Keegan 2004). Activation 
of supraspinal α-­2 receptors within the pons plays an impor-
tant role in the descending noradrenergic–serotonergic 
modulation of nociceptive input, resulting in analgesic and 
antihyperalgesic effects (Guo et al. 1996; Hellyer et al. 2007). 
It has been proposed that α-­2 agonists mediate their analge-
sic action not only via stimulation of the spinal α-­2 receptors 
but also by directly suppressing the locus coeruleus which, 
in turn, increases spinal-­cord norepinephrine concentra-
tions. This increase in spinal norepinephrine concentration 
activates spinal α-­2 receptors, which results in antinocicep-
tion (Guo et al. 1996).

In the spinal region, α-­2 adrenergic receptors are present in 
high density in the substantia gelatinosa, in the intermedi-
olateral cell columns of the spinal cord, and on primary affer-
ent terminals, indicating their direct involvement in 
antinociception (Yaksh 1985; Yaksh et al. 1995). Stimulation 
of α-­2 adrenergic receptors suppresses nociceptive signals at 
various points in the pain pathway via inhibition of 

neurotransmitter release from the primary afferent fibers in 
the dorsal horn. This neurotransmitter inhibition affects pre-­ 
and post-­synaptic modulation of nociceptive signals, influ-
ences descending modulatory systems from the brainstem, 
inhibits the release of substance P, and alters ascending mod-
ulation of nociceptive signals in the diencephalon and limbic 
areas (Kuraishi et al. 1985; Murrell and Hellebrekers 2005).

The analgesic effect of α-­2 agonists may have an added 
benefit in controlling chronic pain as α-­2 agonists may also 
attenuate or reverse allodynia in states of chronic pain via 
a spinally mediated antinociceptive effect (Molina and 
Herrero 2006).

Clinical Application of α-2 Agonists

Clinically, the degree of sedation and analgesia produced 
by an α-­2 agonist is related not only to the density, location, 
and type of α-­2 adrenoceptors but also to the individual 
selectivity and affinity of the specific drug molecule for the 
α-­1 and α-­2 receptor binding sites (Sinclair 2003). α-­2 ago-
nists are not only used as part of anesthetic protocols but 
are also used in the form of a single dose or continuous rate 
infusion (CRI) during the recovery period to provide anal-
gesia (Valtolina et al. 2009; van Oostrom et al. 2011), espe-
cially in combination with opioids to provide a synergistic 
analgesic effect (Ambrisko et al. 2005).

Epidural administration of α-­2 agonists blocks nocicep-
tive pathways at the level of the spinal cord (primarily 
mediated via α-­2A subunits) and has synergistic analgesic 
effects with epidural opioids (Branson et  al.  1993). 
Following epidural administration, dexmedetomidine, due 
to high lipophilicity, is rapidly absorbed into the cerebro-
spinal fluid (CSF) and binds to α-­2 receptors in the spinal 
cord to provide analgesia (Schnaider et al. 2005). However, 
epidural and spinal administration of α-­2 agonists results 
in systemic absorption, which often causes dose-­dependent, 
adverse cardiovascular and respiratory effects (Vesal 
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et al. 1996; Seddighi 2003); the onset and the extent of the 
adverse effects are primarily influenced by the lipid solu-
bility of the drug. For instance, dexmedetomidine is more 
rapidly absorbed than medetomidine; thus, the systemic 
effects of dexmedetomidine can occur sooner after epi-
dural or spinal administration than those of medetomidine 
(Kallio et al. 1989). In dogs, however, epidural administra-
tion of dexmedetomidine caused adequate neuraxial anal-
gesia with minimal adverse cardiovascular and respiratory 
effects (Sabbe et  al.  1994). In this author’s opinion, the 
extent of the cardiorespiratory effects of α-­2 agonists are 
dose-­dependent, and severe adverse effects can be pre-
vented by administration of lower doses.

α-­2 agonists can be used for peripheral nerve blocks or IV 
regional anesthesia, alone or in combination with local 
anesthetics, to improve analgesia and/or prolong the dura-
tion of peripheral nerve conduction blockade (Singelyn 
et al. 1996; Madan et al. 2001; Memis et al. 2004). In periph-
eral nerve blockade, dexmedetomidine is more effective 
than clonidine, lidocaine, and cocaine and has similar effi-
cacy to ropivacaine (Kosugi et al. 2010).

Binding to α-­2A receptors is listed as one of the mecha-
nisms for peripheral neural blockade of dexmedetomidine 
(Yoshitomi et al. 2008). Another mechanism may include 
blockade of other receptors (i.e. tetrodotoxin-­sensitive, 
voltage-­gated Na+ channels and/or tetraethylammonium-­
sensitive [delayed-­rectifier] K+ channels). An inhibitory 
effect of dexmedetomidine on voltage-­gated Na+ channels 
in rat spinal nerves has also been reported (Oda et al. 2007); 
this effect was not reversible by yohimbine, indicating that 
the effect was not due to α-­2 receptor action. The addition 
of dexmedetomidine to levobupivacaine for axillary bra-
chial plexus block in human subjects shortened the onset 
and prolonged the duration of the block (Esmaoglu 
et  al.  2010). In dogs, radial perineural infiltration using 
medetomidine and mepivacaine significantly prolonged 
the duration of peak motor block, peak sensory block, and 
residual sensory block compared with control (mepiv-
acaine only) (Lamont and Lemke  2008). This author 
believes that including a low-­dose α-­2 adrenoceptor ago-
nist (e.g. dexmedetomidine, 1–2 mcg/mL) in a peripheral 
nerve blockade is useful in prolonging the analgesic effect 
and may provide a multimodal approach to blocking noci-
ceptive transmission.

Anticonvulsant Medications

Gabapentin and pregabalin are among several anticonvul-
sant medications being used more commonly to control 
pain in animals and people (Procopio  2010; Aghighi 
et al. 2012; Crociolli et al. 2015; Love and Thompson 2014). 

By binding to the α2δ subunit of voltage-­gated calcium 
channels, these drugs disrupt calcium influx and thus 
result in analgesia via a decrease in associated cellular 
activities, including neurotransmitter release, excitability, 
and gene expression (Cao  2006; Tran-­Van-­Minh and 
Dolphin 2010). Another mechanism involved in the anal-
gesic activity of these drugs is upregulation of descending 
noradrenergic inhibitory pathways (Hayashida et al. 2008), 
the same mechanism involved in the analgesic activity of 
α-­2 agonists. Gabapentin is a structural analog of the inhib-
itory neurotransmitter gamma-­aminobutyric acid (GABA), 
and its use is associated with an increase in the brain’s con-
centration of GABA (KuKanich 2013).

Clinical Application of Gabapentin 
and Pregabalin

Although these drugs are primarily used in the management 
of chronic and neuropathic pain, their use in the control of 
acute pain has also been reported. For instance, in a con-
trolled study in 60 human patients undergoing hysterec-
tomy, preoperative oral gabapentin (1.2 g) decreased pain 
scores and morphine consumption in the first 24 hours post-
operatively but was also associated with a lower incidence of 
chronic incisional pain at 1, 3, and six months postopera-
tively (Sen et al. 2009). In veterinary patients, some studies 
have failed to demonstrate gabapentin’s efficacy in the con-
trol of acute pain associated with thermal stimulation in 
awake cats (Pypendop et al. 2010), and in dogs undergoing 
forelimb amputation (Wagner et  al.  2010). However, in a 
study in dogs undergoing mastectomy, administration of 
gabapentin (10 mg/kg PO) perioperatively was associated 
with a significant decrease in the dose of rescue analgesia 
with morphine during the first 72 hours postoperatively 
(Crociolli et al. 2015).

In human medicine, the overall efficacy of these drugs in 
the management of chronic neuropathic pain (e.g. diabetic 
neuropathy and post-­herpetic neuralgia) is promising 
(Dworkin et al. 2010; Ko et al. 2010). In contrast, in veteri-
nary medicine, the available information on the efficacy of 
these drugs in the control of chronic pain is limited, and the 
results are conflicting. For instance, in dogs undergoing 
hemilaminectomy, perioperative gabapentin (10 mg/kg, PO 
q 12 hours) did not reduce the pain score compared to a pla-
cebo group (Aghighi et al. 2012). In that study, gabapentin 
plasma concentrations at 24 and 72 hours were lower than 
1 μg/ml, and although analgesic concentrations of gabapen-
tin have not been determined in dogs, a plasma concentra-
tion of ≥2 μg/ml is necessary for gabapentin to be efficacious 
in humans (KuKanich 2013).

Gabapentin is currently available in the form of capsules 
(100 and 300 mg) and tablets (600 and 800 mg). An 
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important consideration for gabapentin use in dogs and 
cats is the difference in its disposition in these species com-
pared with humans. The terminal half-­life of gabapentin in 
dogs (3–4 hours) and cats (3 hours) is shorter than in 
humans. The difference in the metabolism rate of gabapen-
tin in dogs and cats necessitates doses of 10–20 mg/kg q 
8 hours to maintain therapeutic concentrations (KuKanich 
2013). Therefore, the lack of sufficient analgesic efficacy of 
gabapentin in some veterinary reports may be the result of 
inappropriate administration intervals and doses.

Pregabalin is less commonly used in veterinary patients, 
primarily due to its expense compared with gabapentin; 
nevertheless, its pharmacokinetics have been described in 
dogs. Based on the available data, an oral dosage of 4 mg/kg 
q 12 hours is recommended for dogs (KuKanich  2013). 
Although the pharmacokinetics of this drug in cats has not 
been extensively evaluated, based on a report, oral admin-
istration of pregabalin (4 mg/kg) in cats resulted in moder-
ate sedation in 4/6 cats and the achieved blood 
concentrations were within the range considered effica-
cious for human seizure control (2.8–8.2 μg/ml) (Cautela 
et al. 2010). Based on that report, doses of 1–2 mg/kg, BID, 
is considered reasonable in cats; however, further studies 
are recommended.

Similarly, in dogs, sedation and ataxia are occasional 
adverse effects of gabapentin, and these are more common 
when higher doses are used; therefore, dose adjustment may 
be necessary for individual animals, especially when gabap-
entin is used in combination with other drugs. In addition, 
abrupt discontinuation of gabapentin after chronic adminis-
tration may result in withdrawal syndrome and seizure 
activity. Therefore, in chronic use, tapering the dose over the 
course of one week is recommended (KuKanich 2013).

In summary, despite the limited number of placebo-­
controlled studies and conflicting reports on the efficacy of 
gabapentin in veterinary patients, particularly for treat-
ment of chronic pain, the author frequently considers 
gabapentin administration (10–20 mg/kg q 8 hours) as part 
of a multimodal analgesic combination in clinical practice.

NMDA Antagonists

N-­methyl-­d-­aspartate (NMDA) receptors (NMDARs) are 
amino-­acid receptors predominantly located in the central 
nervous system (CNS) and are involved in perception and 
transmission of noxious stimuli mediated by the excitatory 
neurotransmitter glutamate (Muir 2010). Multiple variants 
of NMDARs are required for normal brain function, and 
they play a central role in learning, memory, and the devel-
opment of the CNS in hyperactive states (Petrenko 
et  al.  2003). NMDARs contribute to the pathogenesis of 

wind-­up in chronic pain and the development of primary 
and secondary hyperalgesia and allodynia. These manifesta-
tions commonly occur following a severe or chronic nerve 
or tissue injury in which stimulus-­independent firing of the 
second-­order neurons and increased production of gluta-
mate receptors occur (Love and Thompson 2014). Therefore, 
blockade of NMDARs can enhance analgesia and produce 
antihyperalgesic effects, particularly in subjects suffering 
from chronic pain.

Multiple drugs with nonselective NMDAR antagonism 
are available, and those most commonly used in veterinary 
medicine include amantadine and ketamine. Methadone, a 
pure opioid agonist, has some NMDA antagonistic effects 
and is also discussed briefly later.

Amantadine

Amantadine is primarily known as an antiviral medica-
tion; however, the NMDA-­antagonistic properties of this 
drug have expanded its use to control pain, particularly for 
treatment of central sensitization. In humans, amantadine 
has been reported as efficacious in decreasing pain in the 
postoperative period (Fisher et  al.  2000) and in post-­
herpetic neuralgia (Buerkle and Yaksh 1998). In veterinary 
medicine, there are anecdotal reports of the efficacy of 
amantadine in treating chronic pain in cats 
(Robertson 2005). However, the general consensus is that 
amantadine is best used in combination with analgesics 
such as non-­steroidal anti-­inflammatory drugs (NSAIDs), 
opioids, or gabapentin (KuKanich 2013). For instance, in 
osteoarthritic dogs refractory to NSAID therapy, amanta-
dine combined with meloxicam significantly improved 
activity over meloxicam alone (Lascelles et al. 2008).

Clinical Application of Amantadine
The pharmacokinetics of amantadine in dogs are not fully 
understood, nevertheless, administration of 3–5 mg/kg q 
24 hours is recommended for cats and dogs (Love and 
Thompson 2014; Robertson 2005). In dogs, the limited data 
indicate a short half-­life of 5 hours after a 30 mg/kg dose 
(Bleidner et al. 1965). In cats, amantadine has a high oral 
bioavailability, yet a similarly short half-­life (5.5 hours) is 
reported after a 5 mg/kg dose (Siao et al. 2011). In contrast, 
the half-­life in humans is 15 hours (Aoki and Sitar 1992); 
thus, a dose interval adjustment to q 12 hours is recom-
mended by others (KuKanich  2013). Amantadine is pri-
marily excreted in the urine and its accumulation may 
result in subsequent neuropsychiatric toxic effects in 
humans with renal impairment and geriatrics (Ing 
et al. 1979; Miller and Miller 1994). To this author’s knowl-
edge, such adverse effects are not reported in animals 
receiving amantadine; however, it is reasonable to assume 
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that the same dose adjustment and caution in the adminis-
tration of amantadine in geriatrics and animals with renal 
disease would be warranted.

Ketamine

Ketamine is primarily considered a dissociative anesthetic 
that is most commonly used for induction of anesthesia. In 
hemodynamically unstable human trauma patients, keta-
mine is considered as a preferred anesthetic induction 
agent due to its indirect sympathomimetic effects that typi-
cally result in increased blood pressure, pulse rate, and car-
diac output. In addition, ketamine has amnestic, analgesic, 
and anxiolytic activities (Green et al. 2011).

In addition to its anesthetic effects, ketamine’s use as an 
analgesic and in the treatment of hyperalgesia has gained sig-
nificant interest. In humans, ketamine improves periopera-
tive opioid efficacy (Suzuki et  al.  1999) and decreases 
opioid-­induced hyperalgesia (Minville et al. 2010). In a litera-
ture review of analgesic effects of ketamine in people, a mean 
reduction of 40% in opioid consumption was reported when 
low-­dose infusion of ketamine (infusion rates of less than 
1.2 mg/kg/h) was used perioperatively (Jouguelet-­Lacoste 
et  al.  2015). Controlled studies investigating the analgesic 
effects of ketamine in veterinary patients are limited. In a 
prospective randomized study in conscious cats, low-­dose 
ketamine (5–23 μg/kg/min) resulted in mild sedation but did 
not affect thermal and mechanical antinociception (Ambros 
and Duke 2013). In contrast, in a clinical study in dogs under-
going forelimb amputation, perioperative low-­dose ketamine 
infusion (0.12–0.6 mg/kg/h) reduced pain scores and 
ketamine-­treated dogs were more active on day three com-
pared with the control group (Wagner et al. 2002). In ponies, 
low-­dose ketamine infusion (20 μg/kg/min) reduced the 
withdrawal response to an electrical nociceptive stimulation 
(Peterbauer et al. 2008), but lower dose rates (approximately 
0.6–1.3 μg/kg/min) did not affect responses to mechanical 
stimulation induced by a hoof tester applied to the withers 
and radius areas (Fielding et al. 2006). Therefore, based on 
the available literature, it seems that ketamine’s effect in pre-
venting acute pain is variable, and differences among studies 
may be the result of variabilities in the nature of the noxious 
stimulation, dose rates, and the methodology used.

In contrast, the results of studies on the antihyperalgesic 
effects of ketamine and its beneficial use in chronic and neu-
ropathic pain are more consistent. For instance, in people, 
topical ketamine (combined with amitriptyline) (AmiKet®) 
is recommended as the potential first-­line treatment option 
for post-­herpetic neuralgia and neuropathic conditions 
(Sawynok and Zinger 2016). The role of ketamine in control-
ling cancer pain nonresponsive to conventional opioids has 
also been advocated (Zgaia et  al.  2015). Ketamine 

administration is reportedly effective in decreasing pain and 
discomfort in humans suffering from complex regional pain 
syndrome (Sigtermans et al. 2009). Nevertheless, there are 
reports of cognitive function impairment in patients who 
were treated long-­term with ketamine infusion to control 
complex regional pain syndrome (Kim et al. 2016).

There is no multi-­case report or controlled study on the 
use of ketamine in controlling chronic and neuropathic 
pain in veterinary medicine, but it is likely that ketamine 
would have the same beneficial effects as in humans and 
can be considered for controlling pain in animals with dif-
ferent forms of chronic pain.

Clinical Application of Ketamine
For animals undergoing surgical procedures using gen-
eral anesthesia, particularly those with chronic inflam-
mation and pain, ketamine may be incorporated in the 
anesthetic protocol for induction of anesthesia, as well as 
used as a CRI intra-­ and postoperatively. In the author’s 
practice, ketamine is commonly used in combination 
with benzodiazepines for induction of anesthesia and is 
used in the form of a CRI (1–3 mg/kg/h) intraoperatively 
for its analgesic and particularly antihyperalgesic proper-
ties. Additionally, the author recommends administration 
of a ketamine CRI (0.5–1 mg/kg/h) in awake animals as a 
component of multimodal analgesia in animals that 
s­uffer from chronic pain, refractory to the traditional 
opioid-­NSAID analgesic therapy.

Methadone

As an opioid, methadone is discussed in detail in another 
chapter; however, some of its effects are discussed here 
with an emphasis on its use in the management of chronic 
pain. Methadone is available as a racemic mixture and 
although the L-­enantiomer is primarily responsible for the 
opioid activity, both enantiomers are capable of binding to 
the NMDA receptor (KuKanich and Papich 2009). Due to 
NMDA antagonistic effect and inhibition of norepineph-
rine and serotonin reuptake, methadone is used in neuro-
pathic pain and is considered a suitable agent to treat 
painful conditions poorly controlled with other opioids. 
Typical examples of such conditions include chronic and 
neuropathic pain (Foley 2003; Morley et al. 2003). Based on 
a clinical report, switching from morphine to methadone 
in human cancer patients with uncontrolled pain or sig-
nificant adverse effects from opioid treatment resulted in 
the reduction of pain and adverse effects in the majority 
(80%) of the patients (Mercadante et al. 2001).

In veterinary clinical practice, the main limitation in oral 
administration of methadone is the low bioavailability of 
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the drugs as demonstrated in a study where detectable 
plasma concentrations were not achieved after oral admin-
istration of methadone in dogs (Kukanich et al. 2005).

Serotonin and Norepinephrine-
Modulating Agents

The monoamine neurotransmitters serotonin and norepi-
nephrine are among the most important neurotransmitters 
in the CNS and are vital for normal activities such as mood, 
vigilance, and modulation of nociception. Several groups of 
drugs, primarily antidepressants and mood modifiers, have 
been developed to control the synaptic concentration of these 
transmitters. In addition, as serotonin and norepinephrine 
have been implicated as principal mediators of endogenous 
analgesic mechanisms in the descending pain pathways, 
clinical use of many serotonin-­ and norepinephrine-­
modulating drugs have been recommended for providing 
analgesia, particularly in controlling chronic pain (Lamont 
et al. 2000; Marks et al. 2009).

Membrane proteins known as serotonin and norepi-
nephrine transporters are responsible for the reuptake of 
these neurotransmitters. Therefore, chemicals that inhibit 
this reuptake cause an increase in the synaptic concentra-
tion of these neurotransmitters, resulting in more profound 
and sustained effects. Tricyclic antidepressants (TCAs), 
such as amitriptyline and amoxapine, non-­selectively 
inhibit the reuptake transporters at presynaptic terminals 
and, thereby, increase their availability.

Due to the potential for significant adverse effects, such 
as inhibitory effects on muscarinic, α-­adrenergic, and H1 
receptors, TCAs have been predominantly replaced by 
newer generations of antidepressants, such as selective 
serotonin reuptake inhibitors (SSRIs), norepinephrine 
reuptake inhibitors, and dual serotonin and norepineph-
rine reuptake inhibitors (SNRIs) (Marks et al. 2009). In this 
section, amitriptyline, a TCA, followed by tramadol and 
tapentadol (TAP), which employ their effect via modula-
tion of the same neurotransmitters, will be discussed.

Amitriptyline

Amitriptyline was originally known as an antiviral medica-
tion. It is currently known for its efficacy in the treatment 
of neuropathic pain and has been evaluated in many 
placebo-­controlled human trials. Amitriptyline improved 
pain and sleep disorders in fibromyalgia (Goldenberg 
et  al.  1996) and was found superior in improving pain, 
fatigue, and quality of life compared to duloxetine, an 
SSNRI (Hauser et al. 2011).

Placebo-­controlled studies on the efficacy of amitripty-
line for treatment of neuropathic pain in veterinary 
patients are lacking. Nevertheless, in a study of 15 cats with 
idiopathic cystitis non-­responsive to other treatments, ami-
triptyline administration (10 mg daily PO) for 12 months, 
decreased clinical signs in nine cats (Chew et al. 1998). In a 
case report of three dogs with a history of chronic behavio-
ral or locomotor disorders unresponsive to conventional 
analgesics (NSAIDs, corticosteroids, and opioids), amitrip-
tyline administration (1.1–1.4 mg/kg, PO q 12 hours) 
resulted in dramatic improvement or full resolution of 
clinical signs (Cashmore et al. 2009).

Clinical Application of Amitriptyline
Amitriptyline is available in tablet and injectable form and 
the common dose used in humans is 10–15 mg q 24 hours 
(Chinn et  al.  2016), but the daily dose to achieve results 
may vary from 75 to 150 mg (Gupta et al. 1999). In dogs, 
doses of 1–2 mg/kg q 12 hours are recommended 
(KuKanich 2013); however, in a pharmacokinetic study in 
dogs, an oral dose of 3–4 mg/kg was associated with a short 
half-­life of 5 hours (Kukes et al. 2009). The latter results, 
therefore, may suggest the need for higher dose (3–4 mg/kg 
q 12 hours) recommendation for clinical cases. In cats, the 
currently used dose of amitriptyline (1–2.2 mg/kg q 
12 hours) may also require adjustment, as these doses are 
associated with a short half-­life and low plasma concentra-
tions (KuKanich  2013). Nonetheless, to prevent adverse 
effects and reduce the risk of development of serotonin 
syndrome, gradual dose escalation is recommended, espe-
cially when mood-­modifying drugs from different classes 
are co-­administered (e.g. tramadol, amitriptyline, dex-
tromethorphan, etc.) (Love and Thompson 2014).

Tramadol

Tramadol is a synthetic codeine analog and is classified 
as an atypical opioid with weak opioid agonistic activity. 
In addition, tramadol has some similarities to TCAs in 
that it inhibits serotonin and norepinephrine reuptake 
and may also facilitate 5-­hydroxytryptamine release 
(Desmeules et al. 1996). Tramadol, after gabapentinoids 
and TCAs, is recommended as the second line of treat-
ment for moderate and severe neuropathic pain in people 
(Moulin et al. 2014). In the US, tramadol was not a con-
trolled substance until recently (2014), when it was 
upgraded to a class-­IV controlled substance. Metabolism 
of tramadol results in several metabolites, but only 
O-­desmethyltramadol (ODM) (also known as M1 metab-
olite), and N,O-­desmethyl tramadol (DDM) have been 
associated with pharmacologic effects (Grond and 
Sablotzki  2004). The ODM metabolite shows a higher 
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affinity for opioid receptors than the parent drug and is 
responsible for the mu-­opioid-­derived analgesic activity. 
Nevertheless, this affinity for mu receptors of the CNS 
remains low, and approximately 6000 times lower than that 
of morphine (Gillen et  al.  2000; Dayer et  al.  1994). 
Additionally, there are differences between species in rela-
tion to tramadol metabolism. For instance, because ODM 
is not an important metabolite in dogs, tramadol is not 
expected to exert a substantial opioid effect in this species. 
Cats, in contrast, produce significant concentrations of 
ODM; thus, an important opioid effect is expected in cats 
(Pypendop and Ilkiw 2008). Nevertheless, the DDM metab-
olite may also be associated with some opioid effects, at 
least in greyhounds (KuKanich and Papich 2011). Tramadol 
has a shorter elimination half-­life in dogs (1.1 hours) com-
pared with humans (5.6 hours) (KuKanich 2013).

IV tramadol significantly reduced the minimum alveolar 
concentration of sevoflurane in dogs (Seddighi et al. 2009) 
but when used to control acute pain in veterinary studies, 
the results have been very variable. In a study in dogs 
undergoing tibial plateau-­leveling osteotomy, hydrocodone-­
acetaminophen and tramadol failed to control postopera-
tive pain (Benitez et al. 2015). Similarly, in dogs undergoing 
cutaneous tumor removal, preoperative administration of 
tramadol did not affect the requirement for rescue analge-
sia (Karrasch et al. 2015).

In cats undergoing ovariohysterectomy, tramadol (2, 
4 mg/kg) administered intramuscularly (IM) at the preop-
erative period was superior to pethidine (6 mg/kg IM), but 
only the higher dose of tramadol (4 mg/kg) eliminated the 
need for rescue analgesia during the first 6 hours post-­
extubation (Evangelista et  al.  2014). In cats, thermal 
thresholds increased proportionally with increasing doses 
of tramadol (Pypendop et al. 2009).

In contrast, veterinary studies on the efficacy of tramadol 
for the control of chronic pain are limited; in a clinical 
study on 69 dogs with multiple forms of cancer and moder-
ate to severe pain, tramadol (combined with metamizole) 
was well tolerated and improved pain scores and quality of 
life in those animals (Flor et al. 2013). In another clinical 
study in dogs with osteoarthritis, compared with the pla-
cebo group, pain significantly improved in the animals that 
received carprofen (2.2 mg/kg q 12 hours) or tramadol 
(4 mg/kg q 8 hours) (Malek et al. 2012).

Clinical Application of Tramadol
Based on the literature, and the author’s clinical experi-
ence, it seems that tramadol has a limited efficacy, if any, in 
controlling acute pain. However, the use of tramadol, par-
ticularly if combined with other analgesics (e.g. opioids 
and NSAIDs), can provide an additional benefit in animals 
with chronic painful conditions.

Based on a pharmacokinetic study in dogs, doses of 
5 mg/kg q 6 hours or 2.5 mg/kg q 4 hours predicted trama-
dol and ODM plasma concentrations consistent with anal-
gesia in humans (KuKanich and Papich  2004). Under 
clinical conditions, doses of 4–10 mg/kg PO q 8 hours are 
recommended for dogs (KuKanich 2013). But when trama-
dol was used for several days (20 mg/kg PO for eight days), 
the achieved plasma concentrations were reduced by 
60–70% (Matthiesen et al. 1998). The latter may be due to 
either decreased drug absorption or enhanced systemic 
metabolism. Nevertheless, this may dictate a need for dose 
adjustment in the longer-­term use of tramadol in dogs. 
Doses of 2–4 mg/kg PO q 12 hours are recommended for 
cats (KuKanich 2013).

The main adverse effects of tramadol may include seda-
tion and dysphoria, especially in cats (Lamont  2008). 
Tramadol tablets have a bitter taste and can result in pro-
fuse salivation and retching in dogs and cats. Other adverse 
effects of tramadol overdose include restlessness, difficulty 
walking, salivation, vomiting, tremors, and convulsions. 
These excitatory effects are more likely if tramadol is co-­
administered with other serotonin and norepinephrine 
reuptake and monoamine oxidase inhibitors, such as sele-
giline (Lamont 2008). Diazepam may be effective in con-
trolling tramadol-­induced convulsions (KuKanich  2013). 
Higher risk of gastrointestinal (GI) adverse effects was 
reported in three dogs that received a combination of tram-
adol with deracoxib (Case et al. 2010). In humans, trama-
dol co-­administration increases the potential for 
NSAID-­associated GI adverse effects, and this is thought to 
be primarily due to serotonin-­enhanced gastric acid secre-
tion and decreased platelet aggregation (Torring et al. 2008). 
Therefore, concurrent administration of acid-­suppressing 
agents (e.g. H2 blockers or proton pump inhibitors) with 
tramadol may be beneficial in preventing adverse GI effects 
(KuKanich 2013).

Tapentadol

TAP is a novel opioid pain reliever with a dual mechanism 
of action: mu opioid receptor agonist and noradrenaline 
reuptake inhibitor. TAP lacks some of the inherent limita-
tions of tramadol, such as the need for an active metabo-
lite for opioid activity (Tzschentke et al. 2007). This drug is 
currently approved by the US Food and Drug 
Administration (FDA) for the control of moderate to 
severe pain, and its analgesic potency is considered to be 
between tramadol and morphine. TAP does not seem to 
cause the confusional (and excitatory) states associated 
with tramadol (Power 2011). Veterinary reports evaluating 
the efficacy of TAP in dogs are few. In pre-­clinical research 
in a tail-­flick test model of acute nociception in 15 dogs, 
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TAP and morphine, but not tramadol, induced dose-­
dependent antinociception (Kogel et al. 2014).

Overall, the limited information on this drug indicates 
favorable pharmacokinetics and clinical efficacy, and it is 
likely that TAP may be used in the near future as an alter-
native to tramadol in veterinary patients.

Prostaglandin Receptor Antagonists

Prostaglandin E2 (PGE2) is an important prostanoid with 
roles in homeostasis, pain, and inflammation. PGE2 
binds to several receptors, of which, the EP4 receptor is 
responsible for mediating inflammation and pain in oste-
oarthritis. It is proposed that selective inhibition of EP4 
receptors would maintain a more favorable homeostasis 
compared with nonselective PG inhibitors, and this is 
achieved by using a new class of drugs known as piprants 
(Shaw et al. 2015). Piprants were developed for the con-
trol of pain and inflammation associated with osteoar-
thritis in dogs and cats. The safety of long-­term oral 
administration of the newly developed drug grapiprant 
has been reported in 36 beagles (Rausch-­Derra 
et  al.  2015). In early 2016, in the US, galliprant (grap-
iprant tablets – Aratana Therapeutics) received approval 
from FDA as a new analgesic and anti-­inflammatory 
medication for osteoarthritis (OA) in dogs. To evaluate 
the effectiveness of grapiprant in alleviating pain in dogs 
with OA, 285 client-­owned dogs with OA were enrolled 
in a study and treated with either grapiprant (2 mg/kg) 
per OS or placebo (Rausch-­Derra et al. 2016). Grapiprant 
treatment improved the pain interference and pain sever-
ity score in the grapiprant group compared to placebo. 
Grapiprant was generally well tolerated, but a higher per-
centage of treated dogs (17.02%) had occasional vomiting 
as compared to the placebo group (6.25%).

Based on these preliminary clinical reports, and in view 
of FDA approval, grapiprant may be considered a valuable 
addition to multimodal approach to management of pain 
in dogs with osteoarthritis.

Future Adjunctive Analgesic 
Pharmaceuticals

With simultaneous advancement in pain research and 
pharmaceutical technology, many other new analgesics 
have been developed, but yet require further research to 
prove their efficacy and potentially refine their pharmaco-
logic properties. In this section, some of these new drugs 
with potential for use as analgesics in future, are briefly 
discussed.

Anti-Glial Medications

The crucial role of glial cells, astrocytes, and microglia in 
the maintenance of neuronal homeostasis in the CNS is 
well known. Upon activation, these cells release a number 
of signaling molecules with protective or pathologic effects 
on the nervous system. The role of microglia in nociception 
and development of neuropathic pain via the release of 
pro-­inflammatory immune factors in the spinal cord and 
dorsal root ganglia has been reported (Milligan and 
Watkins  2009). Glial activation opposes opioid-­induced 
analgesia, reduces opioid efficacy, and creates dependence 
(Vallejo et al. 2010; Mika et al. 2013). Therefore, it has been 
proposed that pharmacologic attenuation of glial-­cell acti-
vation would have a therapeutic effect in the treatment of 
chronic and neuropathic pain. Ibudilast (development 
codes AV-­411 or MN-­166), an inhibitor of glial activation 
and cyclic nucleotide phosphodiesterases, is in clinical use 
in Asia as a bronchodilator for the treatment of asthma. 
However, with its anti-­glial activity, this drug has a po­tential 
for treatment of neuropathic pain and opioid withdrawal. 
In  vitro, ibudilast suppresses glial lipopolysaccharide-­
induced production of inflammatory mediators, such as 
tumor necrosis factor α, nitric oxide, IL-­1, and IL-­6, and 
increases the production of anti-­inflammatory cytokines, 
such as IL-­10 (Kawanokuchi et al. 2004; Mizuno et al. 2004). 
In a study on rats, ibudilast had an additive antinociceptive 
effect when combined with morphine and partly restored 
morphine-­induced antinociception in morphine-­tolerant 
rats but did not attenuate the development of morphine 
tolerance (Lilius et al. 2009).

Overall, based on the available information, it seems 
there is potential for future clinical application of anti-­glial 
medications; however, further research is necessary to 
determine their efficacy in a clinical setting.

TRPV1 Receptor Antagonists

The analgesic efficacy of capsaicin, the active gradient in 
chili pepper, has been known for many years; but its mech-
anism of action has only been recently recognized. 
Capsaicin exerts its effects via the vanilloid receptor-­1 
(VR1), a nonselective cation calcium channel, and a mem-
ber of the ligand-­gated ion channel receptors called tran-
sient receptor potential channel (TRP). These receptors are 
primarily located on small myelinated and medium unmy-
elinated sensory fibers in different areas of the brain and 
spinal cord; their activation results in calcium and sodium 
influx and thus, membrane depolarization and transduc-
tion (Gunthorpe and Szallasi  2008; Kym et  al.  2009). In 
neurogenic inflammation, transient receptor potential cat-
ion channel subfamily V member  (TRPV1) receptors are 
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triggered by inflammatory mediators and have a pivotal 
role in intracellular signaling and peripheral and central 
sensitization (Cui et al. 2006).

TRPV1 agonists result in an initial excitatory effect, but 
prolonged stimulation will result in receptor desensitiza-
tion. To avoid the excitatory effects, considerable interest 
has been focused on the development of TPRV1 antago-
nists (Norman et al. 2007). Efficacy of some TPRV1 antago-
nists in laboratory conditions have been investigated and 
resulted in favorable preliminary findings (Hodgetts 
et al. 2010; Voight et al. 2014). In contrast, in a randomized 
placebo-­controlled study in dogs with hip arthritis, an 
experimental TRPV1 antagonist (ABT-­116) was inferior to 
carprofen or tramadol (Malek et al. 2012).

More recently, resiniferatoxin (RTX), a TRPV1 agonist 
with a greater potency compared to capsaicin, has been 
investigated for its analgesic activity. RTX can be adminis-
tered spinally (intrathecal), or locally into the surrounding 
areas of nerve terminals, or directly into a nerve trunk or a 
dorsal root ganglion (Iadarola and Gonnella  2013). 

Intrathecal administration of RTX results in prolonged cal-
cium influx and subsequent cytotoxicity and death of only 
those sensory neurons that express the TRPV1 ion channel. 
This mechanism selectively targets and permanently 
deletes TRPV1-­expressing C-­fiber neuronal cell bodies in 
the dorsal root ganglia. In a clinical study on 72 companion 
dogs with bone cancer, animals received either standard of 
care analgesic therapy (control, n  =  36) or intrathecal 
administration of RTX (1.2 μg/kg) in addition to standard-­
of-­care analgesic therapy. Significantly more dogs in the 
control group (78%) required unblinding and adjustment 
in the analgesic protocol or euthanasia within six weeks of 
randomization, than dogs that received RTX (50%) (Brown 
et al. 2015).

In summary, based on the available information, 
TRPV1 modulators such as RTX, may be considered valid 
options in animals with chronic pain; however, further 
evaluations are warranted to determine their role in the 
multimodal analgesic treatment of complex, painful condi-
tions that are nonresponsive to conventional therapies.
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Introduction

It is important to have a thorough understanding of diuretic 
pharmaceuticals when contemplating certain anesthetic 
protocols. Although diuretics are not considered anesthetic 
drugs, it is not unusual to employ them pre- and peri-
operatively during specific disease processes in patients 
needing anesthesia. In both human and veterinary medi-
cine, diuretics are commonly used when treating patient 
hypertension, heart and renal failure, increased intracranial 
and intraocular pressures, and edema. Different diuretic 
drugs vary in their pharmacology, however, the prominent 
feature for most diuretics is an increased urine output by 
interrupting sodium ion (Na+) and water reabsorption in 
various locations of the nephron. Although the method of 
action of most diuretics is relatively well understood in 
human medicine, their efficacy, safety, and optimal doses 
are based on underpowered research trials (Svensen 2013). 
Unfortunately, for common veterinary species (dogs, cats, 
horses, and cattle), the pharmacology of diuretics is far less 
understood and derived chiefly from human applications. 
For other species (rodents, rabbits, birds, and other exotic 
animals), diuretic pharmacology is largely speculative. 
There are few, if any, studies that specifically investigate the 
physiologic and pharmacologic influences of diuretics on 
the renal function of canine, feline, or other animal species, 
with or without anesthesia.

Diuretics affect specific areas of the renal tubular net-
work (Figure 24.1); thus, understanding diuretic drug phar-
macokinetics requires an understanding of renal tubular 
physiology. The basic structure and functional unit of the 
kidney is the nephron. The primary function of the renal 
nephron is to regulate the concentration of water and sol-
utes by filtering the blood, reabsorbing what is needed, and 
excreting the rest as urine. Renal nephrons consist of the 
corpuscle (Bowman’s capsule and glomerular tuft), associ-
ated extension of tubules, and supporting vasculature. The 

afferent renal arterioles supply the glomerulus with blood. 
Cellular components and medium-to-high molecular 
weight proteins are retained in the blood, while fluid nearly 
identical to plasma is extruded through the glomerulus into 
Bowman’s space. There are numerous characteristics of 
segmental tubular reabsorption and specific details of trans-
port mechanisms of each segment are beyond the scope of 
this chapter. Some transport mechanisms will be high-
lighted here, however, the reader is encouraged to research 
veterinary physiology textbooks in order to further review 
the intricate details of transport and co-transport mecha-
nisms within the renal tubules.

The majority of diuretic pharmaceuticals exert their 
effects in four primary areas of the renal tubular network: 
the proximal convoluted tubules, the ascending limb of the 
loop of Henle, the distal convoluted tubules, and the col-
lecting ducts. The proximal convoluted tubule is the seg-
ment where the majority of water and solutes are 
isotonically reabsorbed. In the proximal tubule, most sol-
ute reabsorption is driven by the active transport of Na+ via 
the Na+/K+-ATPase pump located on the basolateral 
plasma membrane. Active transport of Na+ out and K+ into 
the proximal tubular cell creates an electrochemical gradi-
ent favoring Na+ and Cl− uptake from the tubular fluid in 
conjunction with a slightly hypotonic state within the 
tubular lumen, which in turn, favors water reabsorption.

The thick ascending loops of Henle and distal convoluted 
tubular segments are effectively impermeable to water. 
These segments reabsorb Na+, K+, Ca2+, and Mg2+ ions 
against a concentration gradient. Tubular fluid leaving the 
distal convoluted tubule is nearly void of ionic solutes, with 
an osmolality of approximately 100 mOsm/kg H2O, com-
pared to fluid entering the distal convoluted tubules, with 
an osmolality of approximately 300 mOsm/kg H2O. As in 
the proximal tubule, salt reabsorption in the thick ascend-
ing loops of Henle and distal convoluted tubules is driven 
by the basolateral Na+/K+-ATPase pumps (Valender 2000).
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The collecting duct tubules are lined by two cell types: 
principal cells, which are the primary cell type, and inter-
calated cells. NaCl reabsorption within the collecting duct 
is primarily performed by the principal cells, utilizing 
basolateral Na+/K+-ATPase pumps. Similar to the proximal 
tubules, movement of Na+ ions from the luminal space cre-
ates an electrochemical gradient that drives Cl− into the 
cell. Aldosterone, a mineralocorticoid secreted by the adre-
nal cortex during periods of hypotension/hypovolemia, 
acts on principal cells by enhancing Na+ reabsorption, 
which, in turn, enhances water reabsorption. Aldosterone 
release is also stimulated by hyperkalemia, which then 
causes increased principal cell K+ excretion into the tubu-
lar lumen. Vasopressin controls water reabsorption in the 
distal collecting ducts by regulating water channel (aqua-
porin  – 2) location in the intercalated cells. Under basal 
physiologic conditions, vasopressin determines final urine 
osmolality. Nearly 99% of the ultrafiltrate is reabsorbed in 
the tubular network (Kochevar 2009, Valender 2000).

Proximal Convoluted Tubules

Carbonic Anhydrase Inhibiting Diuretics

Method of Action
Acetazolamide, methazolamide, and dorzolamide are sul-
fanilamide carbonic anhydrase inhibiting diuretics. 
Carbonic anhydrase (CA) is an enzyme found throughout 
the body that catalyzes the formation of carbonic acid from 
CO2 and H2O. Carbonic anhydrase increases the hydration 

of CO2 several hundredfold and is vital for HCO3
−, Na+, 

and Cl− reabsorption in the proximal convoluted tubular 
cells. Under normal circumstances, Na+ ions are exchanged 
for H+ ions via the Na+/H+ exchange pump, maintaining 
cellular electrochemical neutrality and driving renal Cl− 
reabsorption (Valender  2000). Acetazolamide causes sev-
eral key changes in proximal convoluted renal tubular cell 
homeostasis. It binds to CA resulting in a noncompetitive 
inhibition of carbonic acid production, leading to a reduc-
tion of H+ and HCO3

− concentrations in the renal tubular 
fluid and a decrease in Na+ reabsorption. Due to changes in 
the cellular electrochemical gradient, Cl− is retained to off-
set the net loss of HCO3

− into the tubular fluid, and potas-
sium ions are substituted for the lost H+, resulting in 
potassium wasting. Sodium and HCO3

− retention in the 
renal lumen forms NaHCO3 which, in turn, leads to a 
decreased reabsorption of water. Acetazolamide is consid-
ered a weak diuretic because most excess tubular fluid 
retention is reclaimed in more distal tubular segments, 
resulting in minimal gross renal water loss.

Pharmacokinetics
There is little to no information regarding the pharmacoki-
netics of acetazolamide in animals. One report states that 
the onset of action is 30 minutes, maximal effects is two to 
four hours, and the duration of action is approximately 
four to six hours in small animals (Roberts  1985). In 
humans, oral absorption is good, with onset of action 
approximately 30 minutes and maximum effects at two to 
four hours after administration. The duration of action of 
acetazolamide is four to six hours, and drug elimination 
occurs primarily via the kidneys (Kochevar 2009).

Therapeutic Uses
Acetazolamide has limited diuretic use in veterinary and 
human medicine due to its weak diuretic effect and rapid 
development of drug tolerance. The most common applica-
tion for acetazolamide in veterinary medicine is in patients 
with glaucoma, as acetazolamide decreases intra-ocular 
pressures via a reduction in aqueous humor production. 
Acetazolamide also decreases the production of cerebral 
spinal fluid (CSF) and is occasionally used in patients 
with  increased intracranial pressures (ICPs); however, 
osmotic and loop diuretics are preferable (Hastie and 
Shanewise 2015).

Prior to anesthesia, acetazolamide is used to decrease 
serum potassium concentration in horses that have a 
genetic predisposition for hyperkalemic periodic paralysis.

Adverse Effects and Other Considerations
Carbonic anhydrase inhibiting diuretics can result in electro-
lyte and pH disturbances. Loss of HCO3

− in the renal tubular 

Figure 24.1  Diagram of the renal nephron showing the 
primary areas for which common diuretics exert their effects 
(Kochevar 2009).
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fluid causes a risk of hyperchloremic metabolic acidosis with 
paradoxical alkaluria. In addition, renal tubular cells will 
substitute K+ excretion for H+ in the Na+/H+ exchange step, 
resulting in K+ wasting and hypokalemia. The degree of K+ 
wasting in the urine is directly proportional to the concentra-
tion of Na+ in the renal tubular fluid. Furthermore, ammo-
nium excretion is inhibited, leading to an increased risk of 
encephalopathy in patients with liver insufficiencies (Hastie 
and Shanewise 2015).

Acetazolamide should be avoided in patients with pre-
existing metabolic or respiratory acidosis or those who can-
not mount respiratory compensation. In one study 
conducted on anesthetized dogs, acetazolamide increased 
ventilation-perfusion mismatching and reduced arterial 
PO2 when compared to a control group (Swenson 
et al. 1993). Acetazolamide also decreased the CO2 sensitiv-
ity of the peripheral and central chemoreceptor groups and 
the hypoxic sensitivity effect of the carotid bodies in anes-
thetized cats (Teppema and Dahan  2004). Anesthetized 
patients that are currently receiving acetazolamide should 
be artificially ventilated.

Carbonic anhydrase inhibiting diuretics are self-limiting, 
as an increased concentration of H+ associated with meta-
bolic acidosis tends to offset Na+ loss in the nephron, which 
inhibits the effects of the drug on CA.

Sulfanilamide derivative side effects include: central 
nervous system (CNS) disorientation, drowsiness, and sys-
temic hypersensitivities.

Proximal Convoluted Tubules

Osmotic Diuretics

Method of Action
Mannitol is an inert, sugar-alcohol compound that inhibits 
water reabsorption in the proximal convoluted tubules and 
thin segments of the ascending loop of Henle. Mannitol is 
not absorbed from the gastrointestinal (GI) tract when 
given orally and results in profound osmotic diarrhea; 
therefore, mannitol is administered intravenously (IV). 
When administered IV, mannitol is not metabolized, does 
not undergo biodegradation, and is freely filtered by the 
glomerulus. Within the renal nephron, mannitol under-
goes limited to no reabsorption from the renal tubules, 
increases glomerular filtration rate, and alters plasma and 
renal tubular osmolarity with increased renal water losses. 
Ions, such as Na+, Cl−, and HCO3

−, are diluted in the renal 
tubules, resulting in a net decrease in their reabsorption. 
Mannitol also increases plasma osmolarity, leading to an 
acute expansion of intravascular volume at the expense 
of  interstitial hydration and parenchymal volume. 

The presence of mannitol in blood circulation stimulates 
the release of atrial natriuretic peptide and vasodilatory 
prostaglandins in response to an acute increased blood vol-
ume (Kochevar 2009).

Mannitol has actions beyond renal effects: it improves 
blood flow by decreasing blood viscosity via hemodilution, 
it augments cardiac output by increasing blood volume, it 
causes vasodilation and has mild positive inotropic effects, 
and it has oxygen free radical scavenging effects (Hastie 
and Shanewise 2015).

Pharmacokinetics
In humans and veterinary patients, mannitol undergoes 
two-compartment distribution and elimination and is 
excreted unchanged in the urine (Rudehill et  al.  1993). 
Distribution and elimination half-lives are dose-dependent 
and occur within minutes after administration in patients 
with normal renal function. Mannitol penetration into tis-
sues is limited due to rapid decline of plasma levels. In 
patients with impaired renal function, mannitol distribu-
tion, and elimination can be delayed (Kochevar 2009).

Therapeutic Uses
In veterinary medicine, mannitol is primarily used to acutely 
decrease intracranial or intraocular pressures. The effects of 
mannitol on ICP and cerebral perfusion occur rapidly after 
administration, with maximum effects occurring within one 
hour. The mechanics of brain parenchymal reduction fol-
lowing IV mannitol therapy are governed by the osmotic, 
hemodynamic, and diuretic theories. The osmotic theory 
states that brain shrinkage is due to the osmotically driven 
movement of water from the parenchyma into the vascular 
space. The hemodynamic theory states that cerebral blood 
volume decreases as a result of decreased blood viscosity, 
improved cardiac output, and a transient increase in cere-
bral perfusion pressure. These hemodynamic effects thereby 
enhance oxygenation of the brain, resulting in compensa-
tory cerebral vasoconstriction and secondary reduction in 
brain volume. Finally, the diuretic theory states that intrac-
ranial volume reduction results from an acute decrease in 
central venous pressure (CVP), resulting in a decrease in 
cerebral blood and brain volume (Kochevar  2009). 
Realistically, all three mechanisms likely play roles in acute 
reduction in ICP; however, the diuretic mechanism would 
provide a sustained effect compared to the other two mecha-
nisms (Paczynski 1997). Mannitol may also decrease ICP by 
decreasing CSF volume via decreased production.

Acute reduction in intraocular pressure is due to the loss 
of water content in the eye. Vitreous shrinkage from fluid 
loss causes the lens to displace posteriorly, which improves 
intraocular pressures by allowing the drainage angle to 
increase.
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Mannitol can be useful to differentiate acute oliguria as a 
function of prerenal versus renal insufficiency. In the pres-
ence of prerenal azotemia, mannitol administration will 
increase urine output, while in patients in renal failure, 
mannitol therapy will not affect urine production (Hastie 
and Shanewise 2015).

Mannitol can be used prior to anesthesia to help improve 
renal blood flow and GFR in patients who are at risk of 
acute tubular necrosis and/or renal failure (Behnia 
et al. 1996). Mannitol should not be administered to anuric 
patients; however, a test dose (0.25 g–0.5 g/kg) may be used 
to attempt diuresis. In human medicine, mannitol has been 
shown to preserve renal function for kidney transplants, 
and it has decreased the incidence of post-transplant acute 
renal failure.

Adverse Effects and Other Considerations
Although mean arterial pressures (MAPs) increase after 
IV administration of mannitol, rapid injections (especially 
in dehydrated patients) can lead to acute hypotension, 
possibly from Na+ displacement; therefore, slow IV admin-
istration (20–30 minutes) is recommended. In patients 
with impaired renal function, pulmonary edema could 
develop. Patients with compensatory congestive heart fail-
ure (CHF) can decompensate due to an acute increase in 
blood volume. Hypertonic dehydration and electrolyte 
imbalances (Na+, K+, Mg2+, and PO4

−3) can develop, lead-
ing to exacerbated disease processes, malaise, and cardiac 
arrhythmias.

Chronic mannitol administration can result in a hyper-
osmolar state (plasma osmolarity increases by 25 mOsm/l 
or greater) and subsequent osmotic compensation. During 
osmotic compensation, fluid volume and electrolyte con-
centrations shift intracellularly due to the production of 
idiogenic osmoles. In order to counteract the chronic 
dehydrating effect of hyperosmotic plasma, cells respond 
by generating newly osmotically active intracellular parti-
cles. Cellular osmotic compensation decreases the osmotic 
gradient from tissue to plasma, thus limiting mannitol’s 
therapeutic effectiveness. This state may also promote 
conditions where iatrogenic edema may occur, especially 
in the brain. The risk of edema formation is greatest when 
chronic mannitol administration is suddenly stopped, 
leaving the intracellular osmoles as the most active 
osmotic site. To prevent this condition, the return-to-
normal plasma osmolarity should occur slowly, with a 
duration approximately equal to the time the patient spent 
in the hyperosmotic state.

For patients in which the blood–brain barrier integrity 
may be disrupted (trauma, vascular diseases, etc.), manni-
tol leakage into the brain parenchyma will exacerbate cer-
ebral edema.

Mannitol should not be used in patients with ongoing 
intracranial hemorrhage, anuric renal failure, severe dehy-
dration, CHF, or a predisposition to pulmonary edema 
(Kochevar 2009).

Ascending Loops of Henle and Distal 
Convoluted Tubules

Loop Diuretics

Mechanism of Action
Loop diuretics include furosemide, ethacrynic acid, 
bumetanide, and torsemide. All are sulfonamides except 
ethacrynic acid. The following discussion will be limited 
to furosemide as the prototypical loop diuretic. Unlike 
other diuretics that gain access to sites of action via glo-
merular filtration, furosemide must be actively secreted 
into the tubular lumen via an organic acid transport 
pathway in order to bind to the luminal symport system. 
Furosemide is highly protein bound, rendering it too 
large to be filtered at the glomerulus; therefore, active 
secretion is necessary. Furosemide blocks the Na+, K+, 
and Cl− symporter in the thick ascending loops of Henle 
and the early segment of the distal convoluted tubules by 
binding to Cl− sites of the transporter protein. The trans-
membrane Na+ gradient generated by ATPase drives the 
Na-K-Cl symporter at the luminal tubular cell mem-
brane. Furosemide blocks the Na-K-Cl symporter, caus-
ing the Cl− concentration in the cell to decrease, which 
leads to cellular hyperpolarization and transcellular ion 
transport inactivation. Furosemide also enhances the 
production of renal prostaglandins, which further inhibit 
the reabsorption of Na+ and Cl− at the ascending limb of 
the loops of Henle. The overall effects of furosemide on 
the nephron result in decreased Na+ reabsorption and 
increased water retention in the tubular lumen. 
Furosemide is considered a potent diuretic for several 
reasons: it produces a large volume of retained water in 
the tubular lumen, its primary sites of action are where 
water resorption is virtually nonexistent (the ascending 
loops of Henle and distal convoluted tubules), and the 
segments that reabsorb water distal to the effects of furo-
semide are overwhelmed, resulting in large volumes of 
fluid loss. Inhibition of the Na-K-Cl symporter also 
inhibits the reabsorption of Ca2+, Mg2+, K+, and H+ from 
the tubular fluid (Svensen 2013). Furosemide has numer-
ous extra-renal effects, including decreases in: systemic 
and pulmonary blood volume, CVPs, pulmonary wedge 
pressure, venous compliance, and right atrial pressure. 
All effects of furosemide depend on functional kidneys 
and normal production of prostaglandins.
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Pharmacokinetics
Injectable furosemide is approved for use in dogs, cats, 
horses, and in cattle not intended for food. In the dog, IV 
furosemide has approximately 77% bioavailability, with a 
terminal half-life of one hour and peak effects 30 minutes 
after administration. Oral administration results in varia-
ble bioavailability and rapid elimination, which has led to 
investigations into a sustained release formula. In most 
species, 50–60% of the drug is eliminated unchanged in the 
urine or is conjugated to glucuronic acid and excreted in 
bile. In the dog, the rate of urinary excretion of furosemide 
is correlated with its diuretic effects. Similar to humans, 
the natriuretic response and concentration of diuretic in 
the urine can be represented by a sigmoid curve 
(Figure 24.2). Based on the shape of the curve, in order to 
elicit a diuretic response, a maximum concentration of 
furosemide must be reached at the site of action 
(Kochevar 2009). The curve plateaus above the maximum 
urinary concentration, which demonstrates that greater 
dosing does not provide additional benefits. Intermittent 
furosemide doses provide brief effects, and higher doses do 
not translate to longer effect times; consequently, constant 
rate infusions (CRIs) have been used as a long-term diu-
retic therapy in dogs.

In horses, the terminal half-life of furosemide is similar 
to other species (approximately one hour after IV adminis-
tration), and it is eliminated primarily through the kidneys. 
Studies comparing oral versus IV administration of furo-
semide in horses have demonstrated that systemic bioavail-
ability after oral dosing is poor and highly variable 
(Johansson et al. 2000). Like dogs, CRI of furosemide in the 

horse provides more uniform plasma levels and urine flow 
compared to intermittent regimens.

In patients with renal insufficiency, plasma half-life is 
prolonged. Protein-losing nephropathies will decrease the 
diuretic effect of furosemide due to the active drug binding 
to excessive albumin in the urine.

Therapeutic Uses
In small animals, furosemide is primarily used for diseases 
involving renal, cardiac, or hepatic origins. For patients in 
anuric renal failure, furosemide has been used to re-
establish diuresis and to promote excretion of elevated elec-
trolytes in the blood. As stated above, furosemide dosing in 
renal patients may have to be adjusted more frequently due 
to a longer half-life and the potential for increased renal 
drug loss. Furosemide is considered one of the primary 
drugs to help relieve and control systemic and pulmonary 
edema associated with CHF. Although furosemide 
decreases cardiac preload and plasma volume, when used 
alone, it can activate the renin-angiotensin-aldosterone sys-
tem, which can lead to long-term treatment failure. For this 
reason, it is recommended furosemide be combined with an 
angiotensin converting enzyme inhibitor when treating 
chronic CHF. Furosemide is also used to help control edema 
associated with liver insufficiencies and intracranial pathol-
ogy (i.e. trauma or neoplasia). Furosemide decreases brain 
volume by shifting fluid from the cerebral parenchyma into 
plasma and by inhibiting CSF production by inhibiting Na+ 
transport in the glial tissues. The effect of furosemide on 
ICP is synergistic with mannitol. In a study performed on 
rats, the combination of furosemide and mannitol resulted 
in a greater reduction of brain water when compared to 
mannitol alone (Thenuwara et al. 2002). Because Ca2+ and 
Mg2+ follow the Na+/K+/Cl− co-transport, these ions are 
also lost in the urine; therefore, furosemide can be used to 
treat conditions involving hypercalcemia (Svensen 2013).

A novel loop diuretic, torsemide, has been shown to pro-
duce a higher level of urinary Na+/K+ ratio in comparison 
to furosemide when administered to anesthetized dogs 
(Uchida et al. 1991).

In horses, furosemide is commonly used for exercise-
induced pulmonary edema and hemorrhage, which is seen 
especially in racing Thoroughbreds. Furosemide reduces 
atrial, pulmonary arterial, and pulmonary wedge pressures 
via decreased plasma volume in horses. In the horseracing 
industry, furosemide has been used extensively as a perfor-
mances enhancing drug. Controlled treadmill studies have 
not shown reproducible advantages (i.e. enhanced oxygen 
consumption or increased time to fatigue) of diuretic use in 
exercising horses (Hinchcliff et  al.  1993). In fact, studies 
involving furosemide in racehorses suffering from exercise-
induced pulmonary edema demonstrated that any 

Figure 24.2  Pharmacodynamics of loop diuretic. The relation 
between the natriuretic response and the amount of diuretic 
reaching the site of action is represented by a sigmoid curve 
(Kochevar 2009).
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performance benefits of furosemide were more likely due 
to decreases in body weight related to water loss (Soma 
et al. 1998).

Adverse Effects and Other Considerations
In almost all veterinary species, the majority of adverse 
effects regarding furosemide involve global fluid-volume 
loss (dehydration) and electrolyte abnormalities. The most 
common electrolyte abnormalities associated with furo-
semide therapy are hyponatremia, hypokalemia (with or 
without an associated metabolic acidosis), and hypochlo-
remia. Other electrolyte disturbances include hypocalcemia 
and hypomagnesemia. Patients with renal, cardiac, or 
hepatic disease have increased risks of adverse effects from 
furosemide therapy. Chronic and/or high doses of furosem-
ide can cause ototoxicity in dogs and cats and can result in 
depletion of water-soluble vitamins (B-complex vitamins). 
Common drug interactions with furosemide include: ami-
noglycosides (may result in enhanced ototoxicity), NSAIDs, 
anti-insulin effect due to decreased plasma K+ concentra-
tion, and synergistic effects with other classes of diuretics.

By competitively binding to the organic transport site 
within the renal tubular cells and inhibiting the production 
of renal prostaglandins, NSAIDs decrease furosemide 
uptake and consequently inhibit its natriuretic, chloriu-
retic, and diuretic effects. Another possible mechanism 
that may explain the inhibitory effects that NSAIDs have 
on loop (other) diuretics is both drugs compete for the 
organic acid transport system (Kochevar 2009).

Furosemide therapy is contraindicated in dehydrated 
patients, anuric patients that do not respond to test-doses 
of furosemide, or those suffering from electrolyte 
abnormalities.

Distal Convoluted Tubules

Thiazide and Thiazide-like Diuretics

Method of Action
Thiazide diuretics are benzothiadiazide analogs and are 
derivatives of carbonic anhydrase inhibiting sulfonamides. 
There are two primary examples of this diuretic class of 
drugs used in veterinary medicine: chorothiazide and 
hydrochlorothiazide. Hydrochlorothiazide is the only 
product approved in veterinary medicine for use in cattle 
(Kochevar  2009). Newer products include cyclothiazide 
and methycyclothiazide; however, there is minimal 
research that supports clinical applications of these diuret-
ics in veterinary medicine. Non-benzothiadiazine deriva-
tives behave similarly but are not classified as thiazides. 
Examples of these drugs include: metolazone and 

chlorthalidon; again, these drugs have limited, if any, use 
in veterinary medicine. The primary mechanism of action 
of thiazide diuretics is via Na+ loss in the distal convoluted 
tubules and possibly some secondary effects in the proxi-
mal convoluted tubules as a carbonic anhydrase inhibitor. 
In the distal convoluted tubules, NaCl reabsorption is 
mediated through an electroneutral cotransport (symport) 
system on the basolateral membrane of the renal tubular 
cell. The primary influence of Cl− reabsorption is the trans-
membrane Na+ gradient established by the activity of the 
basolateral Na+/K+ ATPase cotransport (Na-K-Cl symport 
system). The NaCl cotransport is reversibly inhibited by 
thiazide diuretics, causing a decrease in Na+, Cl−, HCO3

−, 
K+, and water reabsorption from the tubular lumen. 
Because the majority (90%) of the Na+ is reabsorbed prior 
to the distal convoluted tubules, the peak diuretic effects of 
thiazides are moderate compared to loop diuretics. Thiazide 
diuretics enhance Ca2+ reabsorption; the exact mechanism 
is poorly understood, but it may be related to an increase in 
Ca2+ binding proteins.

Pharmacokinetics
The pharmacokinetics of thiazide diuretics have not been 
established in domestic animals. In humans, thiazide diu-
retics absorb slowly and incompletely from the GI tract, 
they are highly protein bound, and they are excreted 
almost exclusively through the kidneys. Peak effects of 
hydrochlorothiazide occur in 4 hours and last up to 
12 hours (Kochevar 2009). Thiazide diuretics gain access 
to the basolateral membranes via the renal tubular organic 
acid secretion pathway; therefore, their effectiveness is a 
function of renal blood flow rather than glomerular 
filtration.

Therapeutic Uses
In dogs and cats, thiazide diuretics are used for edema 
associated with cardiac, hepatic, and renal diseases. These 
drugs have also been used to reduce the amount of urine 
volume in patients with nephrogenic diabetes insipidus. 
Most commonly, thiazide drugs are used as an adjunct 
therapy with loop diuretics. In cattle, thiazide diuretics 
have been used primarily for edema associated with 
the udder.

Adverse Effects and Other Considerations
The primary concerns with thiazide diuretics are related to 
fluid and electrolyte disturbances. Because thiazides can 
mobilize a moderate amount of fluid from the kidneys 
(interfering with ion transfer in the renal tubular cells), 
hypovolemia, hyponatremia, hypokalemia, hypochlo-
remia, hypercalcemia, and pH abnormalities can all occur 
(especially in patients with underlying renal disease).
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Drug interactions with thiazide diuretics include: 
decreased effectiveness of anticoagulants and insulin, 
increased effects of some anesthetics (opioids, dexmedeto-
midine, and neuromuscular blocking drugs), loop diuret-
ics, digitalis glycosides, and vitamin D. Similar to loop 
diuretics, the effects of thiazide diuretics may be reduced 
with concurrent NSAID administration.

Distal Convoluted Tubules and Collecting  
Ducts

Potassium-Sparing Diuretics

Method of Action
Potassium-sparing diuretics are cyclic amidine drugs and 
include amiloride and triamterene. Triamterene is the most 
commonly used amidine diuretic in veterinary medicine. 
Both drugs are organic bases that are secreted into the proxi-
mal tubule by the organic base transport system. The unique 
feature of these diuretics is the renal loss of NaCl and water 
with concurrent K+ retention. Principal cells of the late distal 
convoluted tubules and the collecting ducts contain Na+/K+ 
ATPase channels in the luminal membrane. These channels 
provide a pathway for Na+ reabsorption, which results in a 
negative, transepithelial voltage potential on the luminal 
side. The transepithelial voltage potential drives K+ out of the 
principal cell into the tubular lumen thereby maintaining 
cellular electrochemical neutrality. Potassium-sparing diu-
retics block the Na+/K+ ATPase channel, causing Na+ and 
water retention in the luminal space and preservation of K+, 
H+, Ca2+, and Mg2+ within the principal cell. Apart from its 
renal effects, triamterene can cause a prolongation of the car-
diac action potential duration and functional refractory 
period, which could result in a decreased heart rate and 
increased myocardial contractile force.

Pharmacokinetics
Pharmacokinetic information for triamterene in veterinary 
patients is unknown. In humans, both triamterene and 
amidine are orally administered, with triamterene reach-
ing up to 70% bioavailability and excretion being primarily 
renal. The peak onset of action of triamterene is 6–8 hours 
and duration of action is 12–16 hours. The parent drug is 
biodegraded in the liver to an active metabolite, 
4-hydroxytriamterene sulfate, which is actively secreted 
into the renal tubules. Renal and/or hepatic disease could 
impair the elimination of triamterene (Kochevar 2009).

Therapeutic Uses
The clinical importance of triamterene is its K+ sparing 
effects. Because the sites of action are the distal tubular 

segments, triamterene has relatively weak diuretic effects; 
therefore, triamterene is primarily used in combination 
with loop and thiazide diuretics. Both triamterene and 
amidine have been used for the treatment of edema associ-
ated with CHF, liver disease, renal disease, steroid-induced 
edema, and idiopathic edema.

Adverse Effects and Other Considerations
The most common adverse effect related to these diuretics 
is hyperkalemia. Concurrent administration of drugs such 
as NSAIDs, ACE inhibitors, and beta-blockers can increase 
the risk of hyperkalemia. Both triamterene and amidine 
can cause GI upset, and it is recommended to administer 
with food. These diuretics are contraindicated in patients 
with advanced renal or hepatic disease.

Collecting Ducts

Mineralocorticoid Antagonists

Method of Action
Spironolactone is a four-ring, steroid hormone, chemically 
similar to aldosterone, and is the only mineralocorticoid 
antagonist approved in the US. Under normal circum-
stances, HSP90, which is a protective chaperone protein, is 
incapable of binding to target DNA within the collecting 
duct epithelial cells. The HSP90 protein is activated by 
aldosterone, allowing it to move into cell nuclei and bind to 
the target DNA. The aldosterone-protein-DNA sequencing 
complex is responsible for mineralocorticoid response ele-
ments that regulate aldosterone-induced protein produc-
tion, resulting in Na+ reabsorption (plus water) and K+/H+ 
excretion in the collecting ducts. Aldosterone-induced pro-
teins are believed to have multiple effects, including syn-
thesis, activation, and distribution of Na+ channels and 
Na+/K+ ATPase, changes in the permeability of tight junc-
tions, and increased ATP production. The net result of 
aldosterone’s influence on HSP90 and target DNA is an 
increased permeability to Na+, water reabsorption, and 
augmented loss of K+ and H+ into the collecting duct 
lumens. Spironolactone blocks the effects of aldosterone by 
binding to the mineralocorticoid receptor and facilitating 
the inactivity of HSP90 protective chaperone protein. The 
net result of spironolactone within the collecting ducts is 
an increased loss of Na+ and water into the tubular fluid, 
corresponding to an increased retention of K+ and H+ 
within the epithelial cells. In addition to its aldosterone 
antagonist effects, spironolactone also behaves like a Ca2+ 
channel blocker, resulting in direct vasodilation. 
Spironolactone can also result in an increased release of 
atrial natriuretic proteins.
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Pharmacokinetics
In humans, spironolactone is moderately absorbed in the 
GI, with 60–90% bioavailability and has extensive hepatic 
metabolism during the first pass-effect. Canrenone is 
the active metabolite, with a longer half-life than the par-
ent drug; this extends the biological effects of spironolac-
tone up to 16 hours. Peak diuresis occurs in one to 
three hours.

In dogs, oral spironolactone provides 50% bioavailability 
on an empty stomach, but increases to 90% when adminis-
tered with food. Approximately 70% of the drug is excreted 
in feces and 18% in the urine (Kochevar 2009).

Both spironolactone and its metabolites are highly 
protein-bound. Spironolactone and canrenone can cross 
the placenta, and canrenone has been detected in human 
breast milk.

Therapeutic Uses
In dogs and cats, spironolactone is used primarily as an 
adjunct therapy with loop or thiazide diuretics to reduce K+ 
loss in the urine. In addition to alleviating edema, spironol-
actone also counteracts the hyperaldosteronism associated 
with congestive heart disease, ascites, renal failure, and 
hypertension. Human studies have shown that spironolac-
tone blocks aldosterone’s effects, thus blocking the ventric-
ular myocardial deterioration accompanying CHF. There is 
no comprehensive evidence that supports similar findings 
in veterinary patients; however, the diuretic benefits of 
spironolactone were not demonstrated in a study involving 
greyhound dogs (Riordan et al. 2005).

Adverse Effects and Other Considerations
Adverse effects associated with spironolactone are consid-
ered mild and are reversible upon discontinuation of the 
drug. GI upset, anorexia, electrolyte abnormalities (hyper-
kalemia and hyponatremia), and dehydration are the most 
likely adverse side effects.

In dogs, electrolyte disturbances and other adverse 
effects do not appear to be of great concern. A study of 
halothane-anesthetized dogs demonstrated that high 
concentrations of canrenone can cause bradycardia, 
reduced myocardial contractility, and hypotension via 
calcium channel current blockade. (Sugiyama et al. 2004). 
In cats, hyperkalemia and azotemia can occur in patients 
with renal insufficiency and/or advanced heart disease.

Aspirin inhibits the natriuretic effects of spironolactone. 
When administered together, spironolactone can prolong 
the half-life of digoxin; therefore, it is imperative that 
enhanced monitoring of digoxin serum levels and clinical 
effects are performed (Kochevar 2009).

Miscellaneous and Experimental Diuretics

Dopamine Receptor Agonists

Dopamine receptors (DA-1 and DA-2) have been considered 
potential targets for low-dose dopamine therapy to manage 
low-output renal failure in dogs, cats, and humans. At low 
doses (<5 mcg/kg/min), dopamine is a mixed DA-1 and 
DA-2 receptor agonist, facilitating renal perfusion, urine 
output, and natriuresis. However, the degree of increased 
urine production and creatinine clearance are not sufficient 
to be considered therapeutic for patients in renal failure. 
Low-dose dopamine does not significantly affect urine out-
put, Na+ excretion, glomerular filtration, or fractional 
sodium excretion in cats (Wohl et al. 2000). In contrast to 
mixed DA-1/DA-2 agonists, DA-1 selective agonists may 
increase renal blood flow and diuresis, especially in cats. A 
study using fenoldopam, a selective DA-1 agonist with no 
α- or β-adrenergic effects, induced diuresis with Na+ excre-
tion for up to six hours in cats (Simmons et al. 2006). The 
pharmacokinetics of fenoldopam in dogs and cats are simi-
lar to that in humans (O’Neill et al. 2016); plasma clearance 
is rapid and a CRI is necessary to reach and maintain effec-
tive plasma levels. Unfortunately, the diuretic effects of 
fenoldopam for dogs and cats with low-output renal disease 
is still controversial. A retrospective study of 62 critically ill 
dogs and cats with acute kidney injury showed that, although 
fenoldopam appeared relatively safe, it was not associated 
with improved survival, shorter duration of hospital stay, or 
renal biochemistry parameters when compared to patients 
not receiving fenoldopam (Nielsen et al. 2015).

Aquaretics

Arginine vasopressin promotes solute and water reabsorp-
tion via V2 receptor activation on the principal cells in the 
collecting ducts. Anti-V2 agents (aquaretics) promote sol-
ute and water excretion by interfering with the effects of 
arginine vasopressin on the principal cells in the collecting 
ducts. In dogs, tolvaptan (a V2 antagonist) has been shown 
to elicit a potent aquaretic response, reducing cardiac 
preload without unfavorable effects on systemic or renal 
hemodynamics, the renin-angiotensin-aldosterone system, 
or the sympathetic nervous system in dogs with CHF 
(Onogawa et  al.  2011). Tolvaptan binds extensively to 
plasma proteins (>97%) in mice, rats, dogs, and humans 
and is excreted into the feces via the biliary route (Furukawa 
et  al.  2011). Aquaretics show promise for being effective 
and safe diuretics; however, current scientific evidence and 
application in veterinary patients is lacking.
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Introduction

Seizures are one of the most common neurologic problems 
encountered in dogs and cats. Idiopathic epilepsy is the 
most common cause of seizures in dogs and is also reported 
in cats, horses, and rodents (Aleman et  al.  2006; 
Thomas 2010; Boothe et al. 2012; Munana 2013; Pakozdy 
et al. 2013; Charalambous et al. 2014; Pakozdy et al. 2014). 
This disease is analogous to genetic epilepsy in humans 
and is an inherent tendency toward seizures in an otherwise 
healthy patient (Munana  2013). Epilepsy can also be 
secondary to extracranial and intracranial diseases that 
lead to seizures.

Idiopathic epilepsy is generally treated with maintenance 
anti-epileptic medications with a goal of reducing the 
frequency and severity of the seizures, but usually not 
eliminating seizures. Seizure control is balanced with the 
side effects of the medications to improve the patient’s 
overall quality of life. Treatment of other diseases that 
cause seizures usually center on treatment of the underlying 
disease process as well as anti-epileptic medications while 
attempting to minimize side effects (Dewey  2006; 
Munana 2013). There are many anti-epileptic medications 
used in veterinary patients. Some of these medications may 
be more effective for a particular patient, and trials of 
different medications may be needed to find what works 
best for the patient. Factors to consider when choosing an 
anti-epileptic medication include efficacy, side effects, cost 
and frequency of administration (Munana 2013).

Patients may also present on an emergency basis having 
cluster seizures or status epilepticus. Cluster seizures are 
multiple seizures that happen within a short period of time 
with only a brief period of recovery. Status epilepticus is a 
prolonged seizure greater than five minutes. Both situa-
tions run the risk of injury to the brain, metabolic derange-
ments or death if left untreated. Different medications are 
needed in an emergency setting to stop such seizure 
activity and keep seizures controlled in the short term. 

Patients can also have seizures during anesthesia. This usu-
ally appears as involuntary eye and facial muscle twitching 
in an anesthetized patient.

With advances in drug therapy within the last few years, 
there are more drugs available to try to reduce seizures 
while minimizing side effects. However, patients on anti-
epileptic medications may pose unique challenges to the 
anesthetist. Anti-epileptics may alter metabolism or dispo-
sition of other medications. In addition, many anti-
epileptics have sedative effects that can magnify the 
sedative effects of anesthetic medications. Generally, it is 
recommended that epileptic patients do not miss doses of 
their maintenance anti-epileptic medication prior to anes-
thesia (Perks et al. 2012). Additional concerns for the anes-
thetist are patients that have seizures during anesthesia or 
in the peri-operative periods. This chapter will focus on the 
most commonly currently used anti-epileptic medications 
including mechanisms of action, pharmacokinetics, clini-
cal use, efficacy data when available, dosing and side effects 
(Table 25.1) and how these medications may impact anes-
thetic decision making.

Anti-Epileptic Medications

Phenobarbital

Phenobarbital (PB) is a phenyl barbiturate and is one of the 
oldest anti-epileptics in human and veterinary patients. It 
was designed in the late 1800’s with its first medicinal use 
in the early 1900’s in humans as a sedative-hypnotic. The 
use of PB as an anti-epileptic drug (AED) was discovered 
somewhat serendipitously. In 1912, Alfred Hauptmann 
was a young scientist who slept above a ward of human 
epileptic patients. Disturbed by the noise of patients who 
had seizures at night, he began treating them with PB to 
sedate them, and subsequently noted that it also sup-
pressed their seizure activity (Yasiry and Shorvon  2012). 
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Advances in AEDs with fewer side effects have led to a 
decline in its use in people but is still widely utilized in 
veterinary patients. For many years, it was the medication 
of choice in veterinary patients because it was inexpensive 
and relatively safe. Due to the increasing costs of PB, and 
the decreasing cost and availability of other medications 
with fewer side effects, a wider variety of AEDs are now 
used in veterinary patients. Proposed mechanism of action 
of PB includes enhanced inhibition at the postsynaptic 
GABAA receptor to gamma aminobutyric acid (GABA) by 
enhancing chloride influx into the neuron and subsequent 

hyperpolarization (Twyman et  al.  1989; Munana  2013), 
inhibiting the action of glutamate, and decreasing calcium 
influx into neurons (Dewey 2006).

Pharmacokinetics
PB can be administered orally, intravenously (IV), or 
injected into the corpus cavernosum of dogs with Tmax 
and serum levels similar to IV administration (Degim 
et al. 2002; Plumb 2015). In dogs, orally administered PB is 
rapidly absorbed within two hours with a bioavailability of 
90% and peak plasma concentrations reached in 4–8 hours 

Table 25.1  Maintenance anticonvulsants.

Drug Loading doseMaintenance dose

Time to steady  
state concentration 
(days) Side effectsMetabolism Potential Toxicities

Phenobarbital 2–3 mg/kg q 12 h (D)
1.5–2.5 mg/kg q 12 h 
(C)
5 mg/kg q 12 h (H)

12–24 mg/kg 
IV/24 h divided 
or single dose

10–14 (D)
16 (C)

SedationHepatic
Ataxia
Polyuria/
Polydipsia
Polyphagia
Weight gain
Facial pruritus (C)

Hepatotoxicity
Myelo-suppression
Superficial 
necrolytic 
dermatitis

Potassium 
bromide

30 mg/kg q 24 h (D)
90 mg/kg q 24 h (H)
anot recommended 
for use in cats

90–120 mg/kg/day 
for 5 d (D)
120 mg/kg/d for 5 d

100–200 Renal Sedation
Ataxia
Polyuria/
Polydipsia
Polyphagia
Hyperactivity
Nausea
Diarrhea

Pancreatitis (D)
Pulmonary 
toxicity (C)
Death (C)

Levetiracetam 20–60 mg/kg q 8  60h  mg/kg IV 1once Sedation (Mild)Renal
Ataxia
Vomiting
Restlessness

5–10Zonisamide  mg/kg q 12 h 
(D)
5 mg/kg q 12–24 h 
(C)

3-4 (D)
7 (C)

Hepatic and 
renal

Sedation (mild)
Inappetence

Autoimmune 
reactions
Idiosyncratic 
hepatotoxicity

5–10Topiramate  mg/kg (D)
12.5–25 mg/CAT*

<1 AnorexiaHepatic
Sedation

10–30Gabapentin  m/kg q 8 h (D)
5–30 mg/kg q 8 h (C)

Renal Sedation
Ataxia
Somnolence
Vomiting

3–4Pregabalin  mg/kg q 8 h (D)
1–2 mg/kg q 12 h (C)

Renal Sedation
Ataxia

(D) = Dogs; (C) = Cats; (H) = Horses
a No controlled clinical studies have been reported in cats. Anecdotally suggested dose for cats.
Source: Andrews and Hilary (2004), Lester (2015), and Plumb (2015).
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(Al-Tahan and Frey 1985; Frey and Loscher 1985, Pedersoli 
et al. 1987, Cochrane et al. 1990a, 1990b; Ravis et al. 1989). 
The elimination half-life in dogs has a wide range from 37 
to 74 hours (Ravis et al. 1984, Al-Tahan and Frey 1985, Frey 
1985). Approximately 50% of PB is protein bound, and the 
majority is metabolized by the liver via microsomal enzyme 
activity including the cytochrome p450 pathway as well as 
glucuronosyl transferases and glutathione-S-transferases 
(Gaskill et  al.  2005). Autoinduction occurs over time in 
dogs with chronic administration, due to microsomal 
enzyme induction resulting in more rapid metabolism. In 
one pharmacokinetic study, after 90 days of oral adminis-
tration of PB, half-life decreased from 89 to 47 hours (Ravis 
et al. 1984). In cats, IV dosing has an elimination half-life 
of 58.8 ± 4.21 hours.

Recommended maintenance doses for Phenobarbital 
start at 2–3 mg/kg q 12 hours for dogs and 1.5–2.5 mg/kg q 
12 hours for cats (Dewey 2006). Starting at oral maintenance 
doses, it generally takes 14 days in dogs and 10 days in cats 
to reach steady state concentrations. PB can be loaded with 
oral or IV doses of 12–25 mg/kg divided over 24 hours or in 
a single dose in dogs. Loading doses can also be calculated 
using the following equations:

●● In PB naïve patients, Loading dose PB (mg)  =  BW 
(kg) × 0.8 × desired serum concentration (μg/ml).

●● Patients on maintenance PB, Loading dose PB (mg) = BW 
(kg) × 0.8 × (desired serum concentration  – current 
serum concentration (μg/ml)) (Smith 2005).

The half-life in horses is shorter than that in dogs, with a 
harmonic mean of 11.35 hours (range 6.5–17.3 hours) 
following a single IV dose and 9.9 hours following oral 
administration for 17 days (Reimer and Sweeney 1992).

The bioavailability of oral phenobarbital in goats is 
poor and it also has a very short half-life due to high clear-
ance. One study found the bioavailability to be 24.9% after 
oral and IV administration of PB at 10 mg/kg. The half-
life of oral administration (3.8 ± 0.826 hours) was similar 
to IV  administration (4.0 ± 0.619 hours). Oral dosing of 
PB in goats has a Tmax of 1.75 ± 0.46 ng/l, a Cmax of 
4478.7 ± 962.4 ng/l, and a clearance of 152.5 ± 102.7 ml/
hours/kg (Yates et al. 2020).

There is little information in the literature on use of phe-
nobarbital in birds. One report on pharmacokinetics of 
orally administered phenobarbital to African gray parrots 
showed a short half life (1.43–1.66 hours) and rapid Tmax 
(2.05–2.41 hours) suggesting it may not have good clinical 
efficacy in birds. The cause of shorter Tmax and T1/2 were 
not known but may be due to differences in protein binding, 
drug distribution or clearance. Site of barbiturate 
metabolism in birds is not known but is presumed to be 
hepatic (Powers and Papich 2011).

Clinical Use and Efficacy
PB remains a popular AED in dogs and cats, and can also 
be used in horses, cattle, ferrets, guinea pigs, other rodents 
and birds (Reimer and Sweeney 1992; Aleman et al. 2006; 
Oglesbee 2011; Powers and Papich 2011; Plumb 2015). It 
has the most efficacy data in dogs and has been shown to 
be effective in reducing seizures by >50% in 60–80% of dogs 
with serum levels >20 μg/ml (Schwartz-Porsche et al. 1985; 
Dewey 2006; Boothe et al. 2012; Munana 2013). However, 
PB can result in no improvement in seizure frequency in 
15% of patients based on cumulative data from these 
studies. It has also been shown to be superior to Potassium 
bromide (KBr) as a sole AED where 85% of dogs treated 
with PB became seizure free compared to 52% of dogs 
treated with KBr (Boothe et  al.  2012). PB has good to 
moderate efficacy in 60–80% of cats with primary epilepsy 
(Pakozdy et al. 2013).

There is little information in the literature on efficacy of 
phenobarbital in horses, presumably because epilepsy is 
less commonly diagnosed and treated in horses compared 
with dogs and cats. It was reported to be effective in treating 
epilepsy in Arabian foals, but the dosage was not 
consistently reported (Aleman et al. 2006). There is scant to 
no information in the literature on use in other large 
animals.

Serum Biochemical Parameter Changes
Chronic treatment with PB causes increases in serum 
alkaline phosphatase (ALP) and alanine aminotransferase 
(ALT) in dogs without clinical signs of liver disease and 
these changes have long been attributed to hepatic 
microsomal enzyme induction (Gieger et al. 2000; Müller 
et al. 2000a; Hojo et al. 2002; Dewey 2006; Munana 2013). 
Increases in ALP, ALT, aspartate aminotransferase (AST), 
and gamma glutamyl transferase (GGT), due to enzyme 
induction, have been recognized in dogs, rats and humans. 
However, these changes vary between species (Ennulat 
et  al.  2010). Cats appear more refractory than dogs, but 
occasionally increases in ALP and ALT may be noted 
(Pakozdy et al. 2013; Plumb 2015). An increase in total ALP 
due to enzyme induction appears to be primarily due to 
corticosteroid-induced ALP (C-ALP), although liver-ALP 
(L-ALP) and bone-ALP (B-ALP) may also be increased 
(Gaskill et  al.  2004, 2005). This finding supports enzyme 
induction as the primary cause of increased serum ALP 
with chronic PB administration in dogs, however other 
factors may also influence this.

Whether the increase in ALT is due to hepatic enzyme 
induction or an indicator of hepatocellular injury is still 
uncertain. In one study comparing enzyme levels in the 
serum with those in the liver itself, serum ALT was elevated 
in PB treated dogs, but ALT in the liver was lower in PB 
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treated dogs than control dogs. If enzyme induction was 
the cause of elevated serum ALT, one would also expect the 
ALT in the liver to be elevated. This study’s finding did not 
support induction of hepatic ALT activity as the cause of 
elevated serum ALT (Gaskill et al. 2005).

Most commonly, enzyme induction is thought to be adap-
tive to exposure to a drug/toxin and not pathologic. However, 
prolonged exposure may overwhelm this adaptive process 
and hepatocellular injury may occur including degeneration, 
necrosis, or proliferation (Ennulat et  al.  2010). One study 
that evaluated ALT, ALP, and liver histopathology found 
changes indicative of liver injury were more pronounced 
and more frequent in PB treated dogs than in control dogs. 
Varying degrees of inflammation, necrosis, and vascular 
changes were noted to be more significant in PB treated dogs 
compared with control dogs. However, there were no his-
topathologic changes specific to PB treatment (Gaskill et al. 
2005). Changes in ALT and ALP resolved within 3–5 weeks 
after discontinuation of PB (Gieger et al. 2000).

Long-term treatment with phenobarbital alone or in 
combination with potassium bromide may cause hypertri-
glyceridemia (Kluger et al. 2008). Hypertriglyceridemia is a 
risk factor for pancreatitis which has been reported in dogs 
with chronic phenobarbital treatment. However, one study 
found a low prevalence (0.6%) of clinical acute pancreatitis 
in dogs treated with phenobarbital, potassium bromide, or 
both, despite 6.8% of the animals having increased canine 
pancreas-specific lipase (cPLI) values (Albarracin et al. 2015).

Serum thyroxine levels including total T4 (TT4) and free 
T4 (fT4) may be decreased in animals on chronic PB 
treatment. This may be due to increased hepatic clearance. 
It is unknown whether these patients are clinically affected 
by the reduced thyroxine levels. Some practitioners 
recommend thyroid supplementation when signs relatable 
to hypothyroidism are present (Gieger et al. 2000; Müller 
et al. 2000b; Daminet and Ferguson 2003; Dewey 2006).

Side Effects and Toxicity
Side effects include sedation, ataxia, polyuria and 
polydipsia (PU/PD), polyphagia (PG), and weight gain. 
These side effects are usually more profound at the 
beginning of treatment and will often subside within a few 
weeks to tolerable levels. For some patients, these side 
effects are intolerable and another anti-epileptic drug with 
fewer side effects may be chosen. Potential toxicities 
include hepatotoxicity (dogs), myelosuppression (cats and 
dogs), pseudolymphoma/anticonvulsant hypersensitivity 
syndrome (cats and dogs), and superficial necrolytic 
dermatitis (dogs). All of these are uncommon toxicities but 
can be serious (Pakozdy et al. 2013).

Hepatotoxicity in dogs is the most well-known and widely 
recognized toxicity, although it appears to occur 

uncommonly (Dayrell-Hart 1991; Dewey 2006). In one report 
of 18 dogs with hepatic failure due to PB treatment, common 
presenting clinical signs included sedation, lethargy, and 
ataxia. Most dogs had been on PB for a minimum of one year 
with a mean duration of 39 months, although one dog had 
only been treated with PB for five months. High serum PB 
levels were a significant risk factor for hepatotoxicity in these 
dogs. Seven of the affected dogs had serum PB levels ≥40 mcg/ml 
for six months to four years (median two years). Clinico-
pathologic changes in affected dogs included increases in 
ALP and ALT values, decreased serum albumin levels, 
increased total bilirubin, and increased pre and postprandial 
bile acids. Two dogs had elevated serum ammonia and two 
had a coagulopathy with elevated prothrombin and partial 
thromboplastin times. Liver histopathology of affected dogs 
revealed chronic hepatic fibrosis and cirrhosis. While many 
affected dogs died due to liver failure, approximately 50% of 
the dogs recovered with PB dosage reduction or switching to 
a different anticonvulsant (Dayrell-Hart 1991). Cats appear 
refractory to phenobarbital-induced hepatotoxicity but coag-
ulopathies have been seen at high doses (10–40 mg/kg/day). 
Facial pruritus has also been noted in cats (Plumb 2015). In 
horses, PB has been shown to pass through the milk to nurs-
ing foals (Wong et al. 2008).

Drug Interactions
Phenobarbital has numerous drug interactions due to 
alterations in metabolism and cumulative side effects. 
Phenobarbital causes sedation in many patients, therefore, 
other drugs causing sedation may have additive effects 
when used concurrently.

One study showed patients administered phenobarbital 
96 hours prior to anesthesia ultimately showed a longer 
duration of anesthesia when induced with xylazine–
ketamine combination (Nossaman et al. 1990).

Phenobarbital is an inducer of hepatic microsomal 
enzymes including cytochrome P’s and UDP-
glucuronosyltransferase pathways in dogs. Therefore, it is 
known to reduce the effects of many drugs by lowering 
their serum concentrations due to increased hepatic clear-
ance. Those of particular importance to anesthesia may 
include clonazepam, beta-blockers, methadone, quinidine, 
paroxetine and phenothiazines (Plumb  2015). It has also 
been shown to increase elimination of thiopental in grey-
hounds, as well as reducing time to recovery from anesthe-
sia (Sams 1988). However, another report showed that the 
induction dose of thiopental required is not affected by 
prior treatment with phenobarbital (Dugdale et  al.  2001). 
Chronic phenobarbital use can reduce serum levels of diaz-
epam when administered IV and rectally in dogs. Despite 
lowered serum diazepam levels in these dogs, many still 
achieved therapeutic serum levels of diazepam (150 ng/ml) 
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(Wagner et  al.  1998). This may be of clinical importance 
when treating an epileptic patient on chronic phenobarbital 
therapy with diazepam to stop a seizure, as higher doses 
could be needed. Due to hepatic enzyme induction, pre-
treatment with phenobarbital results in a fivefold increase 
in serum fluoride concentrations following an anesthetic 
event using sevoflurane (Martis et  al.  1981). Halothane 
minimum alveolar concentration (MAC) in dogs was not 
significantly changed by phenobarbital (Viegas and 
Stoelting 1976).

Phenobarbital also induces UDP-glucuronosyltransferase 
in dogs. A threefold increase in morphine glucuronidation 
in hepatic microsomes was noted in dogs treated with phe-
nobarbital thereby increasing clearance of morphine. Non-
steroidal anti-inflammatory drugs (NSAIDs) are also 
eliminated via glucuronidation, and total body clearance of 
carprofen increased more than twofold in phenobarbital 
treated dogs. Other drugs eliminated via glucuronidation 
could be affected similarly (Sasaki and Shimoda 2015). An 
increase in Cytosolic enzyme induction in dogs has been 
shown to last up to four weeks following discontinuation of 
phenobarbital (Fukunaga et al. 2009). Phenobarbital causes 
minimal to no hepatic microsomal enzyme induction, so 
drug interactions in cats are probably less important (Sasaki 
and Shimoda  2015). PB use in dogs has been shown to 
increase plasma levels of α-acid glycoprotein (AGP), a major 
binder of circulating drugs. Therefore, PB may influence 
the circulating levels of certain drugs given concurrently 
(Hojo et  al.  2002; Dewey  2006). AGP is a plasma protein 
produced by hepatocytes and in humans, mainly binds 
basic and neutral drugs including propranolol, heparin, 
lidocaine and endogenous and exogenous steroids (Fournier 
et al. 2000; Bailey and Briggs 2004).

Potassium Bromide

Potassium bromide (KBr) is a halide salt that was initially 
used as an anti-epileptic medication in humans in the mid 
1800’s. Bromide’s use in humans fell out of favor in the 
early 1900’s with the advent of less sedating anti-epileptics, 
but has been used in dogs since the mid 1980’s (Podell and 
Fenner  1993; Trepanier  1995; Dewey  2006; Boothe 
et  al.  2012; Munana  2013; Charalambous et  al.  2014). 
Bromide crosses the GABA gated chloride channels in the 
postsynaptic membranes and accumulates within neurons 
causing hyperpolarization and increasing the seizure 
threshold (Munana 2013).

Pharmacokinetics
Oral bioavailability of KBr in dogs is approximately 46% 
(Trepanier and Babish  1995). It is non-protein bound, 
diffuses easily across cell membranes and is eliminated 

unchanged through the kidneys. Bromide is reabsorbed in 
the renal tubules in competition with chloride. Therefore, 
maintaining a consistent dietary salt content is important. 
Increased dietary chloride levels will increase bromide 
elimination and reduce serum levels of bromide. Decreased 
dietary chloride levels will decrease bromide elimination 
and increase serum levels of bromide (Podell and 
Fenner 1993; Munana 2013). Elimination half-life ranges 
from 15 to 46 days in dogs. The total body clearance is 
16.4 ml/kg/day and the volume of distribution is 0.4 l/kg 
(March et al. 2002). Therefore, if KBr is started at a mainte-
nance dose, it can take months to achieve steady state 
concentrations (Munana  2013). For this reason, loading 
doses are often used to achieve therapeutic levels more 
quickly. A loading dose of 450–600 mg/kg divided over 
five days was established by Boothe (1998), but other load-
ing protocols are used by various practitioners. If more 
rapid loading is desired, the 450–600 mg/kg dose can be 
divided over 24 hours orally or rectally in emergency situa-
tions (Munana 2013). Patients should be hospitalized if a 
24-hour loading protocol is used to monitor for excessive 
sedation. Maintenance dose is approximately 30–40 mg/kg 
every 24 hours but higher doses may be needed to achieve 
therapeutic levels in some dogs (Munana 2013).

Potassium bromide can also be administered in horses 
with a loading dose of 120 mg/kg/day for one week, 
followed by a maintenance dose of 90 mg/kg/day have 
been suggested and result in serum bromide concentra-
tions (approximately 1000 mcg/ml) consistent with 
therapeutic levels in dogs (MacKay  2015; Raidal and 
Edwards 2008). Pharmacokinetic studies in horses have 
shown elimination half-life of approximately 75 hours 
(Raidal and Edwards  2008). In sheep, sodium bromide 
can be administered IV at a dose of 154.6 mg/kg or 
potassium bromide can be given PO at 178.8 mg/kg. 
Following IV administration in sheep, the Cmax was 
822.11 ± 93.61 mg/l with a clearance of 0.836 ± 0.255 ml/
hours/kg. After oral administration, the bioavailability 
was 92%, the Cmax was 453.86 ± 43.37 mg/l and the Tmax 
was 108 ± 125 hours. The terminal half-life after IV and 
oral dosing was 387.93 ± 115.35 and 346.72 ± 94.05 hours, 
respectively (Quast et al. 2015).

Clinical Use and Efficacy
The use of KBr was initially described as an add-on anti-
epileptic in dogs that were refractory to treatment with PB 
alone and was reported to increase efficacy from 53% to 
76% (Podell and Fenner  1993; Trepanier  1995; Trepanier 
and Babish 1995; Munana 2013). It is now often used as a 
sole anticonvulsant. It remains a good choice particularly 
in patients that do not tolerate PB or in those with liver 
disease, because it is not metabolized through the liver. It 
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can be administered orally or per rectum and is readily 
absorbed. Potassium containing products should not be 
administered intravenously. Sodium bromide can 
potentially be administered IV as a 3% solution in sterile 
water infused over at least eight hours (Plumb 2015).

Potassium bromide is moderately effective as a sole 
anticonvulsant with 52% of dogs becoming seizure free and 
73.9% of dogs having a >50% reduction in seizures on 
bromide alone in one study (Boothe et al. 2012). Its efficacy, 
however, was less than treatment with PB alone where 82% 
of patients became seizure free. PB also was more effective 
than KBr at reducing seizure duration: 88% vs. 49%, 
respectively (Boothe et al. 2012).

Because KBr is eliminated through the kidneys, saline 
diuresis can increase elimination of bromide resulting in 
reduced serum bromide levels. Therefore, patients on IV 
fluid therapy should be watched for breakthrough seizures 
(Trepanier 1995; Rossmeisl and Inzana 2009; Plumb 2015).

Drug Interactions
There are very few drug interactions with bromides. 
Diuretics such as furosemide or thiazides may enhance 
elimination of bromides through the kidneys lowering 
serum bromide levels. Sodium containing fluids may also 
lower serum bromide levels. Since bromides can cause 
sedation, other medications causing sedation may have 
additive effects (Plumb 2015).

The effects of fluids with different chloride concentrations 
on serum bromide concentrations is of particular impor-
tance to anesthesia. One study found, after five hours of 
administration of saline (Na+ 154 mmol/l; Cl− 154 mmol/l) 
and lactated Ringer’s solutions (Na+ 131 mmol/l; Cl− 
110 mmol/l) at 10 ml/kg/hr, serum bromide concentrations 
were reduced by 17.6% and 14.2%, respectively. Saline and 
lactated Ringer’s solutions did not lower bromide concentra-
tions at a fluid rate of 2 ml/kg/hr. The maintenance solution 
(Na+ 35 mmol/l; Cl− 35 mmol/l), administered at 2 ml/kg/hr 
and 10 ml/kg/hr, did not reduce the serum bromide concen-
trations. Therefore, fluids with the lowest chloride concen-
tration should be selected for patients on KBr, when utilizing 
high fluid rates (Fukunaga et al. 2018).

Following anesthesia with halothane, the serum concen-
tration of bromide in dogs was significantly increased, 
peaking one day following anesthesia in 50% of dogs 
(Pedersoli 1980).

Side Effects and Toxicity
Side effects in dogs include sedation, lethargy, ataxia, PU/
PD, polyphagia, nausea, diarrhea, and hyperactivity. 
Nausea and diarrhea are thought to occur due to 
gastrointestinal (GI) irritation from the bromide salt and is 
usually seen early in the course of treatment often subsiding 

as the dog adjusts to the drug. Additionally, dosing the drug 
with food will often eliminate the GI irritation 
(Munana  2013). Toxicities at therapeutic levels are 
uncommon, although pancreatitis was more common in 
dogs on KBr than dogs on PB in one study. The relationship 
between KBr and pancreatitis is still not known (Gaskill 
and Cribb 2000; Munana 2013).

Bromide toxicity, or bromism, is dose dependent and 
occurs in dogs with serum levels at or above the upper end 
of the therapeutic range. Signs of toxicity include excessive 
sedation, ataxia and paresis. With serum concentrations 
>3000 mg/l patients can become stuporous. Toxicity is 
easily treated with reduction or discontinuation of KBr and 
saline diuresis (Rossmeisl and Inzana 2009; Munana 2013).

KBr has many side effects in cats including PD, GI upset, 
weight gain, excessive sedation, and an asthma-like 
condition thought to be an allergic pulmonary toxicity. 
This pulmonary toxicity has proved fatal in some instances 
and consequently KBr is not routinely recommended for 
use in cats (Boothe et al. 2002; Munana 2013).

Levetiracetam

Levetiracetam (LV) was first used for the treatment of 
refractory focal seizures in adults in 1999. Its use in veteri-
nary patients has grown in recent years for patients with 
refractory epilepsy and as a sole AED in dogs and cats 
(Munana et al. 2012). While the mechanism of action is not 
completely understood, LV inhibits the release of neuro-
transmitters by binding to a protein called SVA on presyn-
aptic membranes. It also reduces the current through 
voltage-gated calcium channels, inhibits the release of 
intracellular calcium stores, and inhibits burst firing of neu-
rons. It is believed that through these mechanisms it inhib-
its hypersynchronization and propagation of seizure activity 
(Munana 2013; Surges et al. 2008).

Pharmacokinetics
Bioavailability after oral administration of LV in dogs is 
100%. Peak serum levels are achieved in 2 hours and 
elimination half-life in dogs is 3–6 hours. It is excreted 
largely unchanged in the urine (Isoherranen et  al.  2001; 
Dewey et al. 2008; Patterson et al. 2008; Moore et al. 2010). 
LV is not metabolized through the liver, but a 
pharmacokinetic study of LV in dogs concurrently on PB 
showed increased clearance of LV possibly by increased 
oxidative metabolism in extrahepatic tissues (Moore 
et al. 2011). Bioavailability in cats is also 100% with peak 
serum levels achieved in 1.7 hours, and elimination half-
life is three hours (Carnes et al. 2011).

The recommended dose in dogs and cats is 20 mg/kg q 
8 hours. An extended-release formulation is available and a 
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pharmacokinetic study showed that dogs dosed at approxi-
mately 30 mg/kg of extended release LV (KeppraXR®) 
achieved target therapeutic serum levels within 100–200 min-
utes and stayed at that level for 19.8–20.7 hours in fasted and 
fed animals, respectively. These data support its use in dogs 
(Beasley and Boothe 2012). Since it is dosed twice daily, it 
may be an easier option for many owners. Due to the limited 
extended-release product sizes available, pharmacokinetic 
studies evaluating once daily administration of leveti-
racetam in cats have been performed. Following oral admin-
istration with a median dose of 94.3 mg/kg PO q24 hours, the 
median Tmax was 5.2 hours and the median trough level 
was 7 mcg/ml (Barnes et al. 2018). Transdermal LV applied 
to the pinna of cats at 60 mg/kg q8 hours resulted in median 
serum concentrations between 14.8–17.4 mcg/ml during the 
sampling period (0.5–4 hours after administration) (Smith  
et al. 2019).

The pharmacokinetics of oral and IV administration of 
levetiracetam have been investigated in healthy foals using 
a dose of 32 mg/kg. Following IV administration the mean 
elimination half-life was 7.76 ± 0.51 hours, a mean clear-
ance of 61.67 ± 10.96 ml/h/kg, and a mean apparent volume 
of distribution of 0.67 ± 0.124 l/kg. After intragastric admin-
istration, the peak concentration was 38.34 ± 7.42 mg/l and 
time to peak concentration was 0.875 (0.5–1.5) hours. The 
intragastric mean bioavailability was 103.04 (MacDonald 
2018). In the adult horse, the bioavailability of orally admin-
istered immediate release LV was 96 ± 10% and 98 ± 13% for 
extended release when dosed at 30 mg/kg. The terminal 
half-life ranged from 6.2–7.07 hours for IV and both oral for-
mulations (Cesar et al. 2018).

Clinical Use and Efficacy
LV is used commonly as a sole or add-on maintenance anti-
epileptic. It is also a good option in emergency situations 
such as status epilepticus or severe cluster seizures because 
of its availability in IV formulation. The IV formulation has 
been shown to be safe and potentially effective at doses of 
30–60 mg/kg IV (Hardy et  al.  2012). LVs efficacy as an 
add-on anti-epileptic has been shown to be effective in a 
group of dogs currently on PB and KBr with a 57% reduction 
in seizures (Volk et al. 2008). Its efficacy was evaluated in 
another group of dogs with refractory epilepsy as an add-on 
anti-epileptic and although there was a reduction in seizure 
frequency appreciated in LV treated dogs there was no 
clinically significant difference between LV and a placebo 
(Munana et al. 2012). Another study showed a reduction in 
seizures in 50% of dogs. Those dogs that responded to LV 
had a reduction in their seizure frequency of 75% and a 
decrease in seizure days per month of 68% (Volk et al. 2008). 
LV also reduced seizures in 7 out of 10 cats with epilepsy 
(Bailey et al. 2008).

Side Effects and Toxicity
Levetiracetam is well tolerated in dogs and cats. Side effects 
are limited to mild sedation and ataxia in some animals, but, 
in one study, these side effects reported by owners were not 
significantly different between LV and placebo groups (Volk 
et al. 2008; Munana et al. 2012). There are no common tox-
icities reported in dogs and cats, and no changes in labora-
tory parameters have been identified (Bailey et al. 2008; Volk 
et al. 2008; Hardy et al. 2012; Munana et al. 2012).

Zonisamide

Zonisamide (ZN) is a sulfonamide anti-epileptic drug. Its 
mechanism of action is also not completely understood, 
but the following actions may contribute to antiseizure 
activity: blockage of T-type calcium channels, inhibition of 
voltage-gated sodium channels, enhanced GABA release 
and inhibition of glutamate release (Munana 2013).

Pharmacokinetics
ZN is well absorbed in dogs with bioavailability of 68% and 
achieves peak plasma concentrations within three hours. 
Elimination half life is approximately 17 hours (Boothe and 
Perkins 2008). ZN is metabolized by the liver, likely through 
microsomal enzyme induction and then excreted in the 
urine. At steady state, the peak and trough concentrations of 
serum ZN only fluctuate by 10% (Boothe and Perkins 2008). 
In cats, peak plasma concentrations were achieved in 
four hours with an elimination half life of 33 hours 
(Hasegawa et  al.  2008). Recommended dose in dogs is 
5–10 mg/kg q 12 hours. Dogs that are also on PB may need 
the higher dose due to decreased bioavailability, Cmax, elim-
ination half-life, and increased hepatic clearance (Orito 
et  al.  2008). Anecdotally doses of 5 mg/kg q 12–24 hours 
have been used in cats (Orito et al. 2008; Munana 2013).

Rectal administration of 20–30 mg/kg zonisamide, sus-
pended in sterile water or polyethylene glycol failed to 
achieve target plasma concentrations (Michaels et al. 2016).

One pharmacokinetic study found the Cmax in chickens, 
receiving 20 mg/kg orally was 15 ± 3 mcg/ml with a Tmax of 
2 ± 1 hour. The half life was 6.5 ± 1 hour and the mean 
plasma concentration remained above 10 mcg/ml for at least 
six hours (de Matos et al. 2021). In Hispaniolan Amazon par-
rots, mean maximum plasma concentration following a 
dose of 20 mg/kg PO q12 hours was 25.11 ± 1.81 mcg/ml at 
2.25 hours after administration. The mean plasma elimina-
tion half-life was 9.76 ± 0.93 hours (Keller et al. 2019).

Clinical Use and Efficacy
Zonisamide is used in dogs and cats as a sole or add-on 
maintenance anti-epileptic drug. There is no parenteral for-
mulation for use in an emergency setting. Efficacy data for 
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use as monotherapy showed a response rate of 60% (Chung 
et al. 2012). Efficacy as an add-on anti-epileptic drug showed 
response rates of 58–82% with a reduction in seizure fre-
quency of 70–81% (Dewey et  al.  2004; Von Klopmann 
et al. 2007). There is no efficacy data for ZN use in cats.

Side Effects and Toxicity
ZN appears to be well tolerated in dogs and cats. Side 
effects include sedation, ataxia, vomiting and loss of 
appetite in anywhere from 10% to 55% dogs (Dewey 
et al. 2004; Von Klopmann et al. 2007; Chung et al. 2012). 
Ataxia and sedation are usually more profound at the 
beginning of treatment and will often subside within a few 
weeks, however, dose reductions may be necessary if these 
side effects persist. Patients with historical allergic 
reactions to sulfonamide medications are predisposed to 
similar reactions with zonisamide. Rarely, a potentially 
life-threatening idiosyncratic hepatotoxicity (Miller 
et al. 2011; Schwartz et al. 2011) and renal tubular acidosis 
have been reported in dogs (Cook et al. 2011). A toxicity 
study in cats showed that daily doses of 20 mg/kg produced 
anorexia, diarrhea, vomiting, lethargy and ataxia in about 
50% of cats (Hasegawa et al. 2008).

Serum Biochemical Parameter Changes
Serum thyroxine levels including total T4 (TT4) may be 
decreased in animals on chronic ZN treatment. One 
pharmacokinetic study found patients had decreased 
serum TT4 concentrations, but fT4 and TSH values were 
within the reference range. Despite remaining within the 
reference range, increased serum ALP and calcium values, 
and decreases in serum albumin concentrations, when 
compared to the patients’ baseline values, were reported 
with chronic zonisamide use (Boothe and Perkins 2008).

Topiramate

Topiramate is a derivative of the monosaccharide d-fructose 
with a sulfamate functionality (Ziółkowski et al. 2012). It is 
used in humans for seizures as well as migraines and vari-
ous psychiatric disorders. It has the potential to be useful in 
veterinary patients with refractory seizures and has been 
used infrequently in dogs and cats. Little information cur-
rently exists in the veterinary literature. Its mechanism of 
action is not fully understood, but it blocks action potentials 
elicited by sustained depolarization of neurons. It also 
increases the receptivity of GABAA receptors and antago-
nizes kainite/AMPA receptors (Ziółkowski et al. 2012).

Pharmacokinetics
Topiramate is rapidly absorbed after oral administration in 
dogs with a bioavailability ranging of 62–102% (Vuu 

et  al.  2016). Bioavailability was approximately 50% higher 
when it was dosed in aqueous form compared with dry 
capsules (Streeter et al. 1995). Half-life is two to four hours in 
dogs (Streeter et al. 1995; Caldwell et al. 2005). It is largely 
non-protein bound but can bind to erythrocytes. 90% of the 
drug is eliminated in the urine and 6% in feces. However, 
dogs only excrete 28% unchanged in the urine, compared to 
82% in people (Caldwell et al. 2005). Anecdotally, the dosage 
described for dogs ranges from 2 to 10 mg/kg q 8–12 hours, 
and the dose described for cats is 12.5–25 mg/cat q 12 hours 
(Grant and Rusbridge 2014; Plumb 2015). Co-administration 
of phenobarbital results in a 5.6-fold greater clearance and 
fourfold shorter elimination half-life than when given as a 
sole agent (Vuu et al. 2016).

Clinical Use and Efficacy
Topiramate has been used on a limited basis thus far by 
veterinary practitioners and usually as an add-on anti-
epileptic for refractory seizure patients. There is little 
efficacy data in veterinary patients. However, one study 
exists looking at efficacy in 10 dogs. Fifty percent of dogs 
showed a response with a 66% reduction in seizure 
frequency (Kiviranta et  al.  2013). One study safely 
administered topiramate to dogs with epilepsy at 10 and 
20 m/kg IV over five minutes (Vuu et al. 2016).

Side Effects and Toxicity
Topiramate appears well tolerated in dogs and cats overall. 
The most common side effects reported in dogs include GI 
distress, sedation, ataxia, inappetence and irritability 
(Kiviranta et al. 2013). In cats, sedation and inappetence 
have been noted. There are no recognized toxicities in 
veterinary patients, but in humans, it may increase 
incidence of kidney stones and can cause a hyperchloremic 
metabolic acidosis (Plumb 2015).

Gabapentin

Gabapentin was developed as an anti-convulsant, however, 
is used more frequently as an analgesic in veterinary medi-
cine. The mechanism of action is not fully understood but is 
believed to exert anticonvulsant properties by binding the α 
2 delta-1 subunit of the voltage-gated calcium channels and 
inhibiting the release of neurotransmitters (Plumb 2015).

Pharmacokinetics
Gabapentin has an oral bioavailability of 80% in dogs when 
dosed at 50 mg/kg. Peak plasma concentrations occur 
two hours following administration. Gabapentin is partially 
metabolized and then eliminated renally. The elimination 
half-life is 2–4 hours in dogs (Plumb  2015). Cats have a 
wider range of bioavailability, ranging from 50% to 120%, 
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with an average of 90%. Peak concentrations occur at 
100 minutes after administration. Clearance was found to 
be 3 ml/min/kg with a mean elimination half-life of 
2.8 hours (Siao et al. 2010). The Cmax in cats is reported to 
be 7.982 ± 1.053 mcg/ml. The same study found inadequate 
absorption of gabapentin when applied transdermally in 
cats (Adrian et al. 2018).

Clinical Use and Efficacy
Two studies investigated the efficacy of gabapentin as an 
adjunct for seizure management and found some 
improvement in seizure frequency (Govendir et  al.  2005; 
Platt et al. 2006). However, controversy remains over the 
utility of gabapentin in seizure management. The 
recommended oral dose in dogs is 10–20 mg/kg orally q 
8 hours (Plumb 2015). However, the dose can be gradually 
increased up to 60 mg/kg q 8 hours. The dose for cats ranges 
from 5 to 30 mg/kg orally q 8 hours (Plumb 2015).

Side Effects and Toxicity
Sedation and ataxia are the most common side effects 
reported, so other sedating drugs may have additive 
effects. Less commonly, somnolence and vomiting can 
be seen.

Drug Interactions
When given concurrently with antacids, the bioavailability 
of gabapentin decreases by 20%. Co-administration of 
gabapentin and hydrocodone may increase the area under 
the curve (AUC) resulting in increased efficacy and/or 
adverse effects. Gabapentin, in-turn, can reduce the AUC 
of hydrocodone (Plumb  2015). One study found oral 
administration of gabapentin to dogs, 2 hours prior to 
anesthesia, reduced the minimum alveolar concentration 
(MAC) of isoflurane by 20%. The time to extubation was 
also significantly shorter in patients receiving gabapentin 
and isoflurane (6 minutes) when compared to isoflurane 
alone (23 minutes) (Johnson et al. 2019). Another study in 
cats found gabapentin did not have any detectable effect on 
the MAC of isoflurane in cats (Reid et al. 2010).

Pregabalin
Pregabalin is a newer generation drug in the same class as 
gabapentin that has been used in dogs primarily as an add-on 
anti-epileptic in refractory seizure patients. Mechanism of 
action is not completely understood but may bind to a 
receptor protein on voltage-gated calcium channels and 
reduce neurotransmitter release (Sills 2006; Munana 2013).

Pharmacokinetics
There is little pharmacokinetic data on pregabalin in dogs 
and none in cats. One pharmacokinetic study showed that 

oral dosing of pregabalin in dogs achieved peak serum 
concentrations at 1.5 hours, and elimination half-life was 
approximately seven hours (Salazar et al. 2009). Elimination 
half-life is 10.4 hours in cats (Plumb  2015). Pregabalin is 
eliminated unchanged by the kidneys. Dosing recommen-
dation for dogs is 3–4 mg/kg q 8–12 hours. To minimize side 
effects, some practitioners start at 1–2 mg/kg q 8 hours and 
then gradually increase the dose by 1 mg/kg each week until 
target dose is reached. Anecdotally, pregabalin has been 
used in cats at doses of 1–2 mg/kg q 12 hours (Munana 2013). 
Pregabalin clearance is correlated with renal function, 
requiring a dose reduction in patients with reduced renal 
function (Bockbrader et al. 2010).

Clinical Use and Efficacy
Pregabalin has been used primarily as an add-on anti-
epileptic for refractory seizure patients. Little efficacy data 
exists, but one report showed that 57% of nine dogs had 
improved seizure control. Dogs that responded had a mean 
reduction in seizure frequency of 64% (Dewey et al. 2009).

Side Effects and Toxicity
Sedation and ataxia are the most common side effects 
reported, so other sedating drugs may have additive effects. 
There is no known toxicity in dogs and cats (Munana 2013).

Benzodiazepines

Benzodiazepine (BZ) drugs have anti-epileptic, sedative, 
anxiolytic and muscle relaxant effects. In dogs and cats, ben-
zodiazepines are largely used in an emergency setting to 
stop seizure activity or for management of cluster seizures 
in the acute setting. Benzodiazepines used in dogs and cats 
include diazepam, midazolam, clonazepam, clorazepate, 
lorazepam and midazolam. BZs act on the GABAA receptor 
increasing chloride influx into neurons causing hyperpolari-
zation (Muñana 1989, Dewey 2006).

Pharmacokinetics
See Table  25.2 under emergency control of seizures for 
information on half-life of the benzodiazepines. The BZ are 
metabolized by the liver via glucuronidation in dogs and 
then eliminated in the urine. Chronic dosing with PB 
increases clearance of diazepam after IV and rectal 
administration presumably due to rapid hepatic clearance. 
Therefore, patients on chronic PB therapy may require 
higher doses of diazepam (Wagner et al. 1998; Plumb 2015).

Clinical Use and Efficacy
The half-life of diazepam in dogs is too short for it to be 
effective as a maintenance anti-epileptic. In addition, toler-
ance to diazepam and other BZ may develop in dogs that are 
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being chronically treated (Dewey  2006). However, diaze-
pam and midazolam are the drugs of choice for stopping 
seizure activity in an emergency setting in dogs, cats, horses, 
ruminants, and exotic animal species. The BZ may also be 
administered by owners, to patients with cluster seizures, 
with a goal of shortening the cluster seizure event. 
Diazepam can be dosed by rectal or intranasal administra-
tion to dogs and cats during a cluster seizure event. Oral 
administration of diazepam should be used with extreme 
caution in cats as a severe fulminant hepatic failure has 
been reported following oral administration (Center 
et al. 1996). This hepatic failure generally carries a very poor 
prognosis. However, there is at least one report of a cat sur-
viving following intensive supportive care (Park 2012).

Midazolam can be dosed by intranasal administration or 
(IM) injection. It does not appear to be bioavailable in dogs 
following rectal administration likely due to extensive first 
pass metabolism. Pharmacokinetic studies have shown 
undetectable to low plasma concentrations following rectal 
administration (Court and Creenblatt  1992; Eagleson 
et al. 2012; Schwartz et al. 2013).

Lorazepam is also not bioavailable by rectal 
administration but is absorbed by intranasal administration 
in dogs (Podell et al. 1998). Clorazepate or lorazepam can 
be administered orally during a cluster seizure event 
(Plumb  2015). Further discussion of diazepam and 
midazolam are continued in the next section, Emergency 
control of seizures.

Acepromazine

Although not typically considered an AED, a brief discus-
sion of acepromazine is warranted as it is frequently used 
in anesthetic protocols. There has historically been a belief 
that acepromazine was pro-convulsant and should be 

avoided in patients prone to seizures. However, the author’s 
clinical experience does not support this. In addition, a 
study looking at use of acepromazine in epileptic dogs 
showed that treated dogs were not at risk for increased sei-
zures, and actually abated seizure activity in a small num-
ber of dogs (Tobias et al. 2006). Another study did not show 
increased seizure activity following myelography in dogs 
premedicated with acepromazine (Drynan et al. 2012).

Ketamine

Ketamine, an N-methyl-D-aspartate (NMDA) receptor 
antagonist hypnotic agent, is a generally safe drug used for 
anesthetic induction and pain control in veterinary patients. 
Historically, ketamine has shown proconvulsant properties 
and the general recommendation has been to avoid its use 
in epileptic patients (Plumb  2015). However, there is 
increasing experimental evidence that NMDA receptor 
antagonists may have an effect against status epilepticus 
(De Sarro and De Sarro 1993). It has been shown to be effec-
tive at stopping refractory status epilepticus in children 
(Hofler et al. 2016). There is at least one case report docu-
menting use of ketamine for management of status epilep-
ticus in a dog. The dog was treated with a 5 mg/kg ketamine 
bolus followed by a constant rate of infusion (CRI) of 5 mg/
kg/hr (Serrano et al. 2006).

Emergency Control of Seizures

Benzodiazepines are the preferred drugs for stopping active 
seizures. Diazepam may be dosed at 0.5–1 mg/kg IV and 
doses may be repeated 1–2 times if needed to stop a seizure 
(Smith  2005). If seizure activity is abated with diazepam 
boluses, a CRI 0.5–2 mg/kg/hr may be used in the clinic 
setting. If IV access cannot be achieved, diazepam can be 
given at 0.5 mg/kg intranasally or 1–2 mg/kg rectally 
(Podell 1995; Dewey 2006). Midazolam may be used in lieu 
of diazepam dosed at 0.2–0.5 mg/kg IV, () (IM) or 
intranasally (Plumb  2015). Midazolam may be safer and 
more effective than diazepam (Dewey  2006). Midazolam 
may also be continued as a CRI at 0.1–2.5 mg/kg/hr in the 
clinic setting. A recent study found seizure control was 
achieved in 77.4% of dogs presenting with cluster seizures 
or status epilepticus at a median dose of 0.3 mg/kg/hr (Bray 
et al. 2021). Midazolam is not bioavailable when dosed rec-
tally (Court and Creenblatt 1992). Lorazepam may also be 
dosed IV or intranasally in dogs. Repeated high doses or 
CRI’s should be used with caution as the injection contains 
propylene glycol and benzyl alcohol and could result in 
toxicity (Plumb 2015).

Table 25.2  Half-­lives, dosage and route of administration 
of benzodiazepines in emergency seizure management.

Drug
Elimination 
Half-life Dosage/route of administration

1–3  hr (D)Diazepam
5.5 h (C)
7–22 h (H)

0.5–1 mg/kg IV, rectal, 
intranasal (D,C)

77Midazolam  min (D)
3.5–6.5 h (H)
98 min (A)

0.1–0.5 mg/kg IV, IM, 
intranasal (D,C)
0.04–0.1 mg/kg IV, IM (H)

1Lorazepam   0.2hr (D)  mg/kg IV; intranasal

(D) = Dogs; (C) = Cats; (H) = Horses; (A) = Alpacas
Source: Lester (2015) and Plumb (2015).
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If seizures persist despite 1–2 mg/kg cumulative dose of 
diazepam and midazolam, PB may be given IV. In PB naïve 
patients, a cumulative dose up to 20–25 mg/kg may be 
given in 5 mg/kg increments with 15–30 minutes between 
(Smith 2005).

If seizures still cannot be stopped, induction of general 
anesthesia with propofol or pentobarbital is warranted. 
Propofol is given at 2–8 mg/kg IV cumulative dose to 
effect. If this is effective, a CRI of 0.1–0.6 mg/kg/min may 
be continued. The use of propofol to stop seizure activity 
is controversial as there are reports of epileptiform 
discharges noted on electroencephalogram (EEG) of 

epileptic dogs and humans anesthetized with propofol 
(Akos et al. 2012; Jaggy and Bernardini 1998; Loscher 2009; 
Brauer et al. 2012). Therefore, although the motor mani-
festations of seizures are stopped, seizure activity could 
be continual in the brain (non-convulsive status epilepti-
cus). Alfaxalone, a neurosteroid anesthetic induction 
agent, has not been widely used to treat seizure activity, 
and one study in rats did not show efficacy for stopping 
seizure activity (Borowicz et al. 2002). Pentobarbital may 
be used at 3–15 mg/kg IV cumulative dose to effect. 
Isoflurane may also be used to maintain anesthesia 
(Smith 2005).
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Introduction

The physiologic effects of histamine were first demon-
strated in 1907  when an unknown amino acid extracted 
from mold ergot was applied experimentally to intestines 
and the horn of a cat’s uterus. In 1910, histamine  – an 
already known substance – was intentionally isolated and 
identified as the biologically active element seen in the 1907 
experiment (Riley  1965). During the early twentieth cen-
tury, histamine was also isolated as a naturally occurring 
substance in mammalian tissues, especially the liver, lungs, 
and skin. Since then, histamine has been intensely studied 
for its multiple effects on many body systems. It was hista-
mine’s direct connection to anaphylaxis and a shock-like 
syndrome characterized by bronchoconstriction, vasodila-
tion, and increased cardiac contractility that led to investi-
gation of drugs that could counteract these effects.

Histamine, its receptors, and its antagonists continue to 
be studied in order to understand exactly how histamine 
functions in different body systems. To date, a total of four 
different histamine receptors, H1, H2, H3, and H4, have 
been identified and gene sequenced in humans and other 
species (Yamashita et  al.  1991; Fukui et  al.  1994; Gantz 
et al. 1991, Lovenberg et al. 1999; Nguyen et al. 2001). The 
receptors do not share a great deal of genetic homology and, 
despite the existence of multiple receptor types expressed 
on shared locations, each histamine receptor has a particu-
lar set of physiologic consequences when activated.

­Mechanism of Action

Histamine itself is an endogenous amine, produced from 
decarboxylation of l-histadine. It has far-reaching effects 
on the body given the multitude of locations and the 
increasing specificity of its different receptors.

Each histamine receptor belongs to the parent group of 
G protein coupled receptors (GPCRs). They exist simultane-
ously in an inactive and active form, even in the absence of 
histamine. This ability to independently cause cellular sign-
aling even in the absence of its ligand is known as the recep-
tor’s constitutive activity. All four known histamine receptors 
have demonstrated constitutive activity (Wieland 
et al. 2001). While the receptors exist in equilibrium of active 
and inactive states, this can be disrupted via the binding of 
histamine or an antihistamine. With a similar structure to 
histamine, antihistamines have the ability to bind to the 
receptor site to not only prevent histamine from doing so but 
furthermore stabilize the receptor to its inactive state (Leurs 
et al. 2002; Bakker et al. 2000). In both instances, the effects 
mediated by histamine are diminished. While drugs used to 
antagonize histamine’s effects are traditionally referred to as 
antihistamines, they may in fact be better categorized as his-
tamine inverse agonists. For the sake of simplicity, however, 
the drugs will be referred to as antihistamines in this chap-
ter. An understanding of the locations and effects of the dif-
ferent histamine receptors is essential to understanding how 
the commercially available antihistamines exert their effects.

H1 Receptor

H1 receptors reside in the respiratory tract, mast cells, smooth 
and cardiac muscle, conjunctiva, the adrenal medulla, and in 
many areas of the brain. Given the location of these receptors, 
activation of the H1 receptor is responsible for the clinical 
signs of allergic reaction and anaphylaxis such as sneezing, 
epiphora, bronchoconstriction, immediate vasodilation, and 
edema formation (Oda et al. 2000). These effects were respon-
sible for the initial investigation into antihistamines.

When the H1 Gq receptor is activated, the intracellular 
messenger inositol triphosphate activates the endoplasmic 
or sarcoplasmic reticulum to release stores of ionized 
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calcium, thus rapidly increasing the intracellular calcium 
concentration. As a result, both smooth muscle cells lining 
the airways and vasculature endothelial cells contract, 
resulting in bronchoconstriction and increased vascular 
permeability, respectively. Vasoconstriction of the coronary 
artery, pulmonary arteries and veins and hepatic 
presinusoidal vessels are all seen as H1-mediated responses 
(Felix et  al.  1988; Mikkelsen et  al.  1984; Shi et  al.  1998; 
Shibamoto et  al.  2005). Peripherally, histamine-induced 
nitric oxide production dilates vessels to such a degree that 
there is a systemic hypotension with extravasation of 
plasma and macromolecules (Mayhan 1994).

In the brain, H1 receptors are located postsynaptically in 
many areas. When activated, there is an excitation of the 
neurons via increased intracellular calcium and opening of 
the calcium-dependent potassium channels (Jahn 
et al. 1995; Brown et al. 2001). This plays a very strong role 
in the sleep–wake cycle of mammals and is implicated in 
learning and memory (Passani et al. 2007).

It was not until the 1940s that antihistamines safe 
enough  for human use were developed. In experimental 
settings, they could effectively prevent histamine-induced 
vasodilation and small-intestinal contraction, both signs of 
preventing H1-receptor activation. Despite this, there was 
no effect seen on histamine-induced gastric-acid secretion, 
which led researchers to search for a second histamine 
receptor (Loew 1947).

H2 Receptor

In 1966, the H2 receptor was officially recognized as a sepa-
rate receptor, causing histamine-induced gastric-acid 
secretion that would persist in the face of H1 antagonists 
(Ash and Schild 1966). H2 receptors exist on parietal cells, 
and H2 antihistamines work to prevent the binding of 
histamine at this level.

In spite of its many locations, the H2 receptor’s largest 
role currently appreciated in physiology remains its direct 
effect on gastric-acid release. As a predominantly Gs-coupled 
receptor, activation of histamine receptors on parietal 
cells cause the release of hydrochloric acid and is mediated 
by an increase in intracellular ionized calcium concentra-
tion as well as by an intracellular increase in cAMP through 
adenylate cyclase coupling (Chew et  al.  1980; Soll and 
Wollin 1979).

H2 receptors are also found in the cardiovascular and res-
piratory systems. In these locations, histamine’s effects differ 
from those mediated by H1 receptors. In the cardiovascular 
system, H2 receptors are responsible for sustained vasodila-
tion, increased myocardial contractility, and bronchodila-
tion (Felix et al. 1988; Eyre 1969; Parsons and Ganellin 2006). 
Like H1 receptors, H2 receptors are also present throughout 

the brain facilitating an excitatory reaction (Brown 
et  al.  2001). Recently, H2 receptors have been located on 
human T cells, indicating they may also play a role in the 
inflammatory cascade (Jutel et al. 2001; Lippert et al. 2004).

H3 Receptor

The third histamine receptor was described in 1983, at 
which time, it was determined to be located almost exclu-
sively in the nervous system. An incredible amount of 
research has gone into discovering how this receptor intri-
cately mediates its many psychological and physiologic 
effects. The H3 receptor is found throughout the brain as an 
autoinhibitory pre-synaptic receptor, receiving signals from 
histaminergic neurons localized in the tubaromammilary 
nucleus of the hypothalamus (Ireland-Denny et al. 2001).

In contrast to H1 receptors in the brain, H3 receptors act 
in an inhibitory manner. The H3 receptor inhibits the release 
of endogenous histamine, norepinephrine, serotonin, dopa-
mine, and acetylcholine when activated (Arrang et al. 1983; 
Schlicker et al. 1988, 1993; Fink et al. 1990). This is caused 
by coupling of the Gi/o protein which, when activated, leads 
to a decrease in intracellular calcium influx and a resulting 
decrease in depolarization frequency and histamine release 
(Arrang et al. 1985; Takeshita et al. 1998).

The H3 receptor may also play a role in other functions 
outside the central nervous system (CNS). H3 receptors 
have been identified in cardiac muscle and in the vascular 
system where they also appear to have inhibitory effects by 
decreasing release of norepinephrine (Luo et al. 1991; Xiao-
Xing et al. 1991; Endou et al. 1994, Koyama et al. 2003). The 
H3 receptors outside the CNS do not appear to respond 
equally to antagonists determined to inhibit neuronal H3 
receptors. This suggests that H3 receptors may have multi-
ple subtypes (Taylor and Kilpatrick 1992).

Antagonizing this receptor leads to an increase in aware-
ness and has improved memory and learning in experi-
mental animals (Passani et al. 2007). As one of the newer 
receptors identified and cloned, targeted therapy for the H3 
receptor is being developed for neurologic and psychologi-
cal disorders.

H4 Receptor

Since its discovery in 2000, the H4 receptor has been shown 
to exist on the endothelium of the small intestine, 
respiratory tract, in bone marrow, and on hematopoietic 
cells, specifically immunologically active ones such as 
mast cells, eosinophils, and T cells (Liu et  al. 2001; 
Schneider et al. 2002; Lippert et al. 2004). Although most 
closely related to the H3 receptor, they share only 37% 
genetic homology (Nakamura e al. 2000; Oda et al. 2000).
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This receptor is coupled to a pertussis toxin sensitive Gi/o 
protein. When activated, mast cells migrate toward a 
histamine gradient in epithelial tissue, eosinophils undergo 
a conformational change and express adhesion molecules 
necessary for chemotaxis, and pro-inflammatory cytokines 
are upregulated (Hofstra et al. 2003; Ling et al. 2004). This 
suggests an integral role in the inflammatory and immune 
system. Research is ongoing, but an in-depth understanding 
of the biological function of histamine at the H4 receptor 
remains to be elucidated.

Pharmacokinetics

In-depth pharmacokinetic data for antihistamines in vet-
erinary species is lacking, and treatment is largely empiri-
cally based. Antihistamines share a similar biochemical 
structure with different substitution groups determining 
their class. Generally, antihistamines are highly protein-
bound, distribute rapidly into tissues, and plasma clear-
ance tends to occur in a biphasic manner. Bioavailability 
after oral administration varies widely as does clearance of 
the drugs across species (Bizikova et  al.  2008; Hansson 
et al. 2004; Kuroda et al. 2013; Olsén et al. 2006). Current 
developments on H3 and H4 receptor antagonists are 
focused on efficacy and are not yet clinically applicable.

H1 Antihistamines

Due to their lipophilic nature, first-generation H1 antihista-
mines easily cross the blood–brain barrier and exert a sedat-
ing effect due to receptor binding in the brain. The chemical 
structure of second-generation H1 antagonists limits the 
ability to cross the blood–brain barrier and, as such, they 
are referred to as non-sedating antihistamines.

Detailed diphenhydramine studies in dogs and cats are 
sparse despite it being one of the most commonly used anti-
histamines. In large animals, diphenhydramine and anti-
histamines as a general drug class may not be of great use. 
The drug is rapidly distributed into tissues with a half-life of 
approximately 1.5 hours in the rabbit, 1 hour in the rat, 
monkey, dog, and sheep (Yoo et al. 1990). Although diphen-
hydramine distributes similarly in these species, the phar-
macokinetics of diphenhydramine have been studied in 
horses, camels, and sheep to determine differing drug dis-
tribution and metabolism. Sheep rapidly clear the drug six 
times faster than horses while camels clear the drug twice 
as fast as horses (Wasfi et al. 2003).

Hydroxyzine, a first-generation compound, is commonly 
used successfully as an antipruritic agent in domestic spe-
cies. It is the rapid conversion to the active metabolite ceti-
rizine, a second-generation compound, which is responsible 

for the therapeutic effects. In one study in dogs, cetirizine 
plasma levels following hydroxyzine administration rap-
idly reached therapeutic concentrations with a half-life of 
approximately 10 hours regardless of IV or oral administra-
tion (Bizikova et al. 2008). This appears to be similar to cats 
where oral cetirizine administration resulted in high 
plasma concentrations and a half-life of 10 hours (Papich 
et al. 2008).

Clemastine is a highly protein bound weak base with low 
bioavailability in the dog (1–6%). Following oral administra-
tion in experimental healthy dogs, maximum concentration 
reached only 1 ng/ml with no inhibitory effect on histamine-
induced wheals and erythema (Hansson et  al.  2004). 
Likewise, chlorpheniramine undergoes rapid tissue distri-
bution but the bioavailability is low in dogs and rabbits 
likely due to a first-pass metabolism (Athanikar and 
Chiou 1979; Huang and Chiou 1981).

In large animals, tripelennamine is one of the only anti-
histamines licensed for use in cattle and horses. In vitro, 
triepelennamine has been shown to inhibit histamine 
induced bovine pulmonary vein constriction, but clinical 
use in  vivo is at best equivocal (Eyre  1971). One study 
showed that horses and camels distribute and clear the 
drug similarly with an average half-life of two hours (Wasfi 
et al. 2000). In large animals, chlorpheniramine has such 
poor potency that it is considered ineffective (Kuroda 
et al. 2013). Both clemastine and fexofenadine have high 
potency but very low bioavailability (3–4% in the horse for 
clemastine), which renders them useless (Törneke 
et al. 2003; Olsén et al. 2006).

H2-­Receptor Antagonists

Cimetidine produces unusual biphasic plasma peak con-
centrations when administered orally to fasted dogs. This is 
also seen in laboratory animals, horses, and humans. 
Despite not being absorbed directly from the stomach, a 
low stomach pH of 3 increases the half-life from 24 minutes 
(with a stomach pH of 5) to 78 minutes (Mummaneni 
et al. 1995). In fasted dogs, orally administered cimetidine 
reaches Tmax in 30 minutes with good bioavailability of 
75%. Administering cimetidine with food drastically 
reduces the bioavailability (Le Traon et al. 2009).

Ranitidine is approximately five times more potent than 
cimetidine and, in the rat, can decrease acid secretion for 
four hours (Scarpignato et al. 1987). In dogs, ranitidine has 
good bioavailability following oral administration with a 
half-life of four hours regardless of IV or oral dosing 
although its ability to significantly reduce stomach-acid 
secretion is under contention (Bersenas et  al.  2005). 
Famotidine is a far more potent antagonist, approximately 
50 times as potent as cimetidine. This is evidenced by a 
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greater reduction in acid secretion in cats, rats and dogs 
(Coruzzi et  al.  1986; Bersenas et  al.  2005; Scarpignato 
et al. 1987).

In horses, the bioavailability of cimetidine varies widely 
but is generally much less than 50%, and a very large dose 
(48 mg/kg/day) is needed to reach therapeutic plasma 
levels (Smyth et al. 1990). Following oral administration, 
biphasic peak plasma concentrations are seen, but this 
does not occur following intragastric administration 
(Smyth et al. 1990; Sams et al. 1997).

Metabolism

Although an in-depth understanding of the metabolism 
and excretion of antihistamines in veterinary species is 
lacking, some research efforts have been successful in 
elucidating specific pathways. The major routes of 
metabolism and elimination are through the liver and 
kidney, respectively, although there is great variation in 
the degree of metabolism of different classes of 
antihistamines.

First-generation H1 antagonists are understood to 
undergo extensive hepatic metabolism. The predominant 
mechanism is via the cytochrome p450 enzyme 
CYP2D6  with a small degree of renal clearance. This 
metabolism becomes important in patients with hepatic 
insufficiency or concurrent administration of drugs that 
inhibit the cytochrome p450 pathway.

Despite sharing a common metabolic pathway, different 
species can eliminate the same drug in different fashions. 
For example, while camels largely eliminate diphenhy-
dramine in its conjugated form with no hydroxy-metabolites 
detectable in urine, the major metabolite detected from 
horses is in fact hydroxy-diphenhydramine (Wasfi et al. 2003; 
Wynne et al. 1996). It is possible that not all first-generation 
H1 antagonists are excreted the same even within the same 
species. Although tripelennamine is also a first-generation 
H1 antihistamine, unlike diphenhydramine, it is largely 
excreted in camels via a hydroxylated metabolite (Wasfi 
et al. 2000). In sheep, in addition to hepatic metabolism, the 
intestinal tract is responsible for nearly 50% of the clearance 
of diphenhydramine (Kumar et al. 1999).

Second-generation H1 antagonists do not appear to 
entirely share the same route of metabolism. Ceterizine is 
one of the few second-generation H1 antagonists that does 
not get transformed into an active metabolite. Instead, it is 
largely eliminated via the kidneys via active tubular 
secretion and glomerular filtration. Ceterizine in horses 
undergoes very little biotransformation, which is consistent 
with studies performed in humans. Approximately 60–80% 
of cetirizine is eliminated in urine unchanged. Metabolites 
present are due to O-dealkylation by cytochrome p450 
CYP3A4 (Olsén et al. 2008).

H2 antagonists, however, appear to be largely eliminated 
via the kidney, although a degree of hepatic metabolism 
does occur. Approximately 66% of an absorbed dose of ran-
itidine is eliminated unchanged in the urine of both dogs 
and rats. The metabolism that does occur plays a greater 
role at lower doses. Hepatic cytochrome p450 and the 
flavin-containing mono-oxygenase pathways are responsi-
ble for S-oxidation, N-oxidation, and N-demethylation of 
ranitidine (Eddershaw et al. 1996).

Renal clearance occurs by active tubular secretion as evi-
denced by the excretion of famotidine, cimetidine, and ran-
itidine in the dog and rat kidney (Boom et  al.  1998). 
Although the process can be saturable, at therapeutic doses 
it is not (Muirhead and Somogyi 1991; Boom et al. 1997). 
This demonstrated ability for saturation is important when 
considering patients with compromised kidney function. 
In human subjects with impaired kidney function, 
famotidine total body clearance and renal clearance were 
significantly reduced (Takabatake et al. 1985).

Clinical Use

The most common clinical use for antihistamines remains 
in the treatment of pruritus for companion animals, espe-
cially dogs. In such a setting, both H1 and H2 antagonists 
may be employed in trial experiments given their range of 
efficacy (Scott and Miller 1999; Cook et al. 2004). It appears 
as if H2 blockers alone are not sufficient (Scott and Miller 
1999) and may, in fact, not offer any relief to pruritic dogs on 
their own or in addition to H1 blockers (Scott et al. 1994). H2 
blockers can be used to suppress gastric-acid secretion in 
companion animals which becomes clinically useful in the 
treatment of gastric or duodenal ulceration or in the event of 
regurgitation under general anesthesia. Famotidine can sig-
nificantly raise gastric pH in dogs (Bersenas et al. 2005) and 
also reduces gastric volume in humans pre-anesthestically, 
suggesting prophylaxis potential against Mendelson’s syn-
drome (Okuda et al. 1988). Famotidine is also beneficial in 
the treatment of stress and exercise-induced gastric lesions 
(Williamson et al. 2007), while cimetidine prevents sepsis-
induced gastric ulcers (Odonkor et al. 1981).

Overall, clinical efficacy of antihistamines in large ani-
mals is equivocal. Arguably hydroxyzine, although not 
approved for use in large animals, shows promise as a com-
ponent of treating equine urticaria (Rees 2001). Ceterizine 
can be a suitable component of treating allergies in horses 
based on its wheal formation inhibition and favorable phar-
macokinetic profile (Olsén et al. 2008). Cyproheptadine has 
been reported as a potential treatment for photic headshak-
ing in horses, but its successful outcomes, however, may be 
due more to its anti-serotonergic properties (Madigan 
et al. 1995). Antihistamines can also be used as an adjunct 
to treating respiratory disease in horses and cattle. In 
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outbreaks of bovine respiratory syncytial virus, adding 
antihistamines to traditional therapies have helped return 
cattle to a state of health more quickly (Heckert and 
Hofmann 1993).

Previously H2 blockers may have been of use in the treat-
ment of equine ulcers (Furr and Murray 1989), but the com-
monplace use of proton pump inhibitors for long-term ulcer 
prevention has rendered the H2 blockers unnecessary 
(Doucet et al. 2003). While cimetidine may play no role in 
healing or preventing equine gastric ulcers, it has been used 
as a treatment for equine melanoma (Nieto et al. 2001; Goetz 
et al. 1990).

First-generation antihistamines have been successfully 
used in the treatment of extrapyramidal signs induced by 
some common anesthetics such as propofol and alfaxalone 
(Sherer et al.  2017; Frias et al.  2020). The extrapyramidal 
signs manifest as myoclonus, dystonia, and ballismus that 
can be unresponsive to benzodiazepines and anticonvul-
sants. The antihistamines work in this situation via their 
anticholinergic properties that reset the balance between 
the dopaminergic and cholinergic influences in the nigros-
triatal pathway (Glazer 2000).

Regarding the routine use of diphenhydramine in veteri-
nary patients undergoing mast-cell tumor removal, there 
are limited sources identifying a specific benefit. In one 
paper assessing pre-treatment with diphenhydramine vs. 
placebo in canine patients undergoing mast-cell tumor 
removal, there was no statistically significant difference in 
plasma histamine levels between the two groups (Sanchez 
et al. 2017). Regardless, the safety profile of the medication 
and the slight reduction in histamine levels during mast-
cell tumor manipulation can be supportive of veterinary 
practitioners choosing to use the medication preemptively.

Antihistamines may also be used in the event of an 
allergic reaction either in awake animals or those under 
general anesthesia. It is important to keep in mind that the 
drugs cannot reverse the action of histamine but instead 
prevent further activation of histamine receptors. In the 
event of an allergic reaction, however, more immunologically 
active substances than just histamine are at play. While 
histamine plays a large role in allergic reactions, in the 
event of true anaphylaxis, antihistamines alone are not 
enough to combat the cardiopulmonary effects (Silverman 
et al. 1988). The recently discovered H4 receptor may prove 
to have a large role in the inflammatory cascade.

Side Effects

Because of the inherent safety of antihistamines at 
therapeutic doses, reported drug interactions are rarely 
reported. Since their development in the mid-twentieth 
century, there has been the question of whether or not 

antihistamines are appropriate to be given prophylactically 
in the perioperative period.

CNS Effects

The most common side effect of antihistamines is sedation, 
more commonly seen with first-generation H1 antagonists 
that cross the blood–brain barrier. Under anesthesia, the 
administration of diphenhydramine has been shown to sig-
nificantly increase sleeping time indicating an additive 
effect of the antihistamine-induced CNS depression (Winter 
and Flataker 1952). Despite this, when diphenhydramine is 
administered to awake dogs at clinically appropriate doses, 
appreciable sedation is not observed (Hoffmeister and 
Egger  2005; Sanchez et  al.  2016). Also, in large animals, 
sedative side effects are not seen, potentially due to the 
metabolism in such species (Olsén et al. 2008).

First-generation antihistamines have low specificity and 
can cross react with other receptors. The older first-
generation antihistamines especially have the potential to 
inhibit cholinergic, dopaminergic, and serotonin receptors. 
The dangers of toxicity of early antihistamines are associ-
ated with this lack of selectivity and their ability to cause an 
anticholinergic-like toxicity (Worth et al. 2016; Tanaka et al. 
2011). In dogs, clinical signs of toxicity are dose related; 
very high doses of diphenhydramine lead to excitement, 
seizures, tremors, tachycardia, and hypertension whereas 
lower overdoses tend to result in milder clinical signs such 
as lethargy, nausea, and mydriasis (Worth et  al.  2016). 
While the therapeutic margin of diphenhydramine is large, 
there is the probability that younger animals may be more 
sensitive to toxicity at lower doses (Lee 1966).

In the event of a serotonin syndrome event, cyprohepta-
dine’s anti-serotonergic properties have allowed for rapid 
control and treatment of a mild-to-moderate crisis 
(McDaniel 2001; Lappin and Auchincloss 1994).

Some of the later H1 antagonists have fewer side effects 
due to their lipophobic nature. Ceterizine, mizolastine, and 
terfenadine, for example, are far more selective for the H1 
receptor with less binding to other receptors (Baroody and 
Naclerio 2000). Ceterizine at least has not been shown to 
cause anticholinergic side effects when administered to 
horses (Olsén et al. 2008).

Currently, H3 antagonists have yet to reach a clinically 
applicable stage in their development, although one would 
expect them to have substantial CNS effects regarding 
circadian rhythm and alertness.

Pulmonary Effects

In the lung, the actions of histamine at different receptors 
are opposing as are the actions of different antagonist 
classes. Histamine infusion causes a biphasic response in 
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the pulmonary vasculature. An initial transient rise in pul-
monary perfusion pressure with a correlating decrease in 
pulmonary vascular resistance is followed by a normaliza-
tion of perfusion pressure and an increased pulmonary 
vascular resistance. When administered an H1 blocker, 
pulmonary vascular resistance is normalized. When admin-
istered an H2 antihistamine, the elevation of the pulmonary 
perfusion pressure was sustained with a marked increase in 
pulmonary vascular resistance. However, administering 
both an H1 and H2 blocker prevents changes in pulmonary 
pressure and vascular resistance. (Tucker et al. 1975). Via 
the H1 receptor, antihistamines can also lessen the severity 
of vascular permeability and pulmonary edema (Brigham 
et al. 1976).

Cardiovascular Effects

As a result of histamine release, H2 receptors facilitate an 
increase in heart rate and cardiac output while H1 receptors 
do the opposite. There is also a marked hypotension 
induced via both receptors and a decrease in total systemic 
resistance (Silverman et  al.  1988; Wolff and Levi  1986). 
Although an initial tachycardia usually accompanies a 
drop in mean arterial pressure (MAP), the increase in 
cardiac output is transient and returns to baseline value 
within a few minutes. The arterial hypotension can be 
somewhat alleviated with administration of either an H1 
or H2 blocker. If used individually, neither an H1 nor H2 
blocker can completely abate the hypotension but, if given 
in combination, the arterial hypotension is prevented 
(Tucker et al. 1975). These findings have been repeatable 
in vivo and in vitro (Silverman et al. 1988).

When high doses of cimetidine are rapidly administered 
IV, there have been reports of peripheral hypotension, 
potentially due to histamine release. Unfortunately, com-
bating this effect with a first-generation H1 antihistamine 
does not attenuate the hypotension (Paakhari et al. 1982).

Two notable antihistamines, terfenadine and astemizole, 
have been implicated in cardiac arrhythmias both in awake 
and anesthetized cats and dogs (Kii et al. 2003; Sugiyama 
1997). These drugs cause bradycardia specifically by pro-
longing the QT interval, potentially leading to torsades des 
pointes and subsequent ventricular tachycardia (Usui 
et al. 1998). It appears that cats may be more sensitive to 
developing tachyarrythmias in response to terfenadine 
than are dogs.

In healthy human patients, ranitidine, but not loratidine, 
was found to decrease baroreceptor reflex and increase sym-
pathetic predominance over heart rate (Nault et al. 2002).

On an anecdotal level, IV administration of famotidine 
to cats has been linked to hemolysis (Plumb 4th ed). 
However, when studied experimentally in over 140 

hospitalized feline patients, no difference in hematocrit 
concentration over time or signs of hemolysis was found 
between feline patients that received famotidine by the IV 
or SC route (De Brito Galvao and Trepanier 2008).

Other Side Effects

As far as drug interactions are concerned, the greatest is the 
potential for increased sedation and respiratory depression 
when combined with opioids (Anwari and Iqbal 2003). 
There is evidence to suggest that H1 antihistamines and 
cimetidine can actually reduce emesis and potentiate 
opioid-induced analgesia when combined with fentanyl, 
morphine or nalbuphine (Sun et al. 1985; Bluhm et al. 1982; 
Lin et al. 2005). Moreover, H1 antagonists and famotidine 
when administered alone in mice can also produce antino-
ciception (Sun et  al.  1985; Abacıoğlu et  al.  1993; Galeotti 
et al. 2002).

Beyond the risk for summation effect when administered 
with other anticholinergics or serotonin-reuptake inhibi-
tors, antihistamines can potentially interfere with the 
metabolism of other drugs. Due to its imidazole ride, cime-
tidine has been proven to be an inhibitor of the p450 path-
way, specifically CYP2D6 and CYP3A4 (Tanaka  1998; 
Somogyi and Gugler  1982). This clinically leads to pro-
longed half-lives and greater AUC for coadministered drugs 
that require the substrates for oxidative metabolism. 
Cimetidine significantly increases the Cmax of midazolam 
administered to human patients and significantly pro-
longed the duration of xylazine-ketamine anesthesia when 
tested in both rats and chickens (Klotz et al.  1985; Roder 
et al. 1993; Amouzadeh et al. 1989).

If using an H2 blocker such as famotidine for gastric-acid 
secretion prophylaxis in the perioperative period, it is 
essential to know if the patient has already received a 
proton pump inhibitor. In healthy dogs, administered both 
famotidine and pantoprazole, the intragastric pH was actu-
ally lower than if administered pantoprazole alone (Tolbert 
et al. 2015).

Contraindications

Overall, antihistamines are considered a reasonably safe 
group of drugs with most available over the counter. 
Given the lack of specificity of older generation antihista-
mines, certain conditions may require closer monitoring 
when considering the prolonged use of antihistamines. 
For example, given the anticholinergic side effects of first-
generation H1 blockers, human literature reports iatrogenic 
increased intraocular pressures due to diphenhydramine 
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administration. In healthy canine patients, however, pupil 
size did not significantly change following administration 
of diphenhydramine, although significant corneal dryness 
did result (Evans et al. 2012).

Although special consideration always needs to be 
given to pregnant or lactating animals, diphenhy-
dramine, cimetidine, and ranitidine at high doses 

administered to rat dams has been shown not to have an 
effect on lactation composition. While the drugs were all 
detectable in the milk – cimetidine at a higher level than 
expected  – they only caused very low plasma levels in 
nursing offspring with no deleterious effects in the off-
spring noted (Dostal and Schwetz  1989; Dostal 
et al. 1990).
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Introduction

Peri-­anesthetic vomiting, regurgitation and gastro-­
esophageal reflux (GER) are undesirable due to the risk for 
aspiration pneumonia, esophagitis, and development of 
esophageal stricture, all of which increase morbidity and 
mortality. Multiple factors contribute to peri-­anesthetic 
vomiting and regurgitation in cats and dogs, including pre-­
anesthetic fasting time, patient factors, anesthetic drugs, 
and surgical procedure, position during, and duration of 
surgery (Figueiredo  2022). The AHAA Anesthesia and 
Monitoring Guidelines for Dogs and Cats recommend 
using such drugs only in patients with a history or increased 
risk of regurgitation (Grubb 2020). The use of medications 
with anti-­emetic and/or antacid effects is common in clini-
cal practice despite the absence of clear evidence that they 
effectively decrease the incidence of aspiration pneumonia 
or esophageal injury in healthy animals. This is likely due 
to the low incidence of side effects, the goal of decreasing 
patient discomfort (anti-­emetic), and the desire to make 
gastric pH less acidic (antacids), which reduces tissue dam-
age should reflux or aspiration of gastric contents occur. 
Many of these medications have also been evaluated in 
large animal species as they are used to treat gastrointesti-
nal (GI) ulceration, however, as these species are not typi-
cally at risk for peri-­anesthetic vomiting, regurgitation, or 
GER that leads to serious complications, the focus of this 
chapter will be largely on small animal.

Antiemetics

Maropitant

Injectable maropitant is licensed for use in cats and dogs to 
treat and prevent acute vomiting. Maropitant is also avail-
able in tablet form to treat and prevent vomiting associated 
with motion sickness.

Mechanism of Action
Neurokinin-­1 (NK-­1) receptors are present in many body 
systems, including both the vomiting center and the chem-
oreceptor trigger zone (CTZ), which are located inside and 
outside the blood–brain barrier respectively. Substance P is 
the primary ligand for the NK-­1 receptor and has an emetic 
effect in these locations. Maropitant is an NK-­1 receptor 
antagonist that acts by preventing substance P from bind-
ing to the NK-­1 receptor, resulting in an anti-­emetic effect.

Pharmacokinetics
Maropitant has a rapid onset when given IV to dogs 
(1.8 minutes), and a slower onset when given by the SC 
route to dogs (45 minutes) and cats (30–120 minutes) 
(Benchaoui  2007; Hickman  2008). If administered SC, it 
should be given one hour prior to a drug which is known to 
cause vomiting, e.g. opioids (Kraus  2017). Injection pain 
has been observed after administration of maropitant and 
is thought to be associated with the amount of unbound 
drug present. At lower temperatures, more maropitant is 
bound to cyclodextrin, and administering refrigerated 
maropitant to dogs resulted in a decrease in pain on injec-
tion compared to injecting room temperature or warmed 
drug (Narishetty 2009). Following parenteral administra-
tion, maropitant undergoes hepatic metabolism via 
cytochrome P450 enzymes. In dogs, the primary route of 
excretion is hepatic, with less than 1% excreted in urine 
(Benchaoui  2007). The pharmacokinetics of maropitant 
administered IV and via nasogastric tube have been evalu-
ated in horses (Berryhill 2019). Selected pharmacokinetic 
data are compared in Table  27.1 (Benchaoui  2007; 
Hickman 2008; Berryhill 2019).

Pharmacodynamics
Anti-­emetic Effect When Given Prior to an Emetigen  In dogs, 
maropitant 1 mg/kg administered SC one hour prior 
to  hydromorphone eliminated nausea and vomiting 
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27

Anti-nausea, Antacid, and Prokinetic Drugs



­Antiemetic ﻿ 351

compared to saline prior to hydromorphone, where all 
dogs experienced nausea, vomiting or retching 
(Kraus  2013). Kraus also showed that vomiting after 
hydromorphone can be prevented in dogs by administering 
maropitant 30 minutes before the opioid injection. 
However, in order to eliminate signs of both vomiting and 
nausea, maropitant needs to be given one  hour before 
(Kraus  2014). Maropitant administered SC to dogs 
45 minutes before morphine significantly reduced vomiting 
compared to metaclopromide and saline (Lorenzutti 2017).

In cats, maropitant 1 mg/kg administered SC two hours 
prior to xylazine significantly reduced the incidence of 
vomiting (Hickman  2008). Maropitant given SC 20 hours 
prior to premedication with dexmedetomidine and mor-
phine significantly decreased nausea, retching and vomit-
ing compared to saline (Martin-­Flores 2016).

Impact on Gastro-­esophageal Reflux  Maropitant given prior 
to anesthesia did not decrease the incidence of GER and 
did not decrease the number of reflux events recorded by 
esophageal pH probe compared to saline control, despite 
maropitant effectively preventing vomiting (Johnson 2014). 
Dogs that were given maropitant (1 mg/kg SC) 45 minutes 
prior to anesthesia and then received an infusion of 
metoclopramide (2 mg/kg/d IV) for 24 hours did not have a 
decreased incidence of regurgitation (Jones 2019).

Impact on Inhalant Anesthetic Requirement, and Antinociceptive 
Effect  Maropitant has been shown to reduce the MAC of 
sevoflurane in dogs between 16% (mechanical noxious 
stimulus) and 24% (visceral noxious stimulus) 

(Boscan 2011; Marquez 2015). MAC-­BAR (MAC required 
to blunt autonomic response) of sevoflurane was reduced 
by 15% in dogs given maropitant (Fukui 2017). Maropitant 
reduced sevoflurane MAC in cats by 15% (Niyom  2013). 
MAC reduction by maropitant is likely due to antagonism 
of NK-­1 receptors in the central nervous system (CNS), 
resulting in anti-­nociception (Niyom 2013). In rats, more 
than 80% of visceral nociceptive afferent fibers have been 
shown to express substance P compared to about 21% of 
cutaneous afferents (Perry  1998). This likely explains 
differences in MAC reduction, based on whether a somatic 
or a visceral model of noxious stimulus is investigated.

Cardiovascular Effects  Maropitant caused a decrease in 
arterial blood pressure when given IV to awake and 
anesthetized dogs, with significant hypotension (mean 
arterial BP < 60 mmHg) observed in the anesthetized dogs 
(Chi 2020).

Post-­anesthetic Effects  Dogs given maropitant prior to 
anesthesia had better recovery scores, faster return to 
eating, and better appetites compared to a control group 
(Ramsey 2014).

Ondansetron

Ondansetron is available in oral and injectable forms and is 
most commonly used off label as an anti-­nausea drug in 
chemotherapy patients. It is also effective in decreasing nau-
sea in dogs with acute vestibular syndrome, (Henze 2022), 
and as a general anti-­emetic in cats (Trepanier 2010).

Table 27.1  Comparison of selected pharmacokinetic data for maropitant.

Species
Pharmacokinetic  
parameter

Maropitant
1 mg/kg IV

Maropitant
1 mg/kg SC

Maropitant
1 mg/kg PO (cat)
2 mg/kg PO/IG
(dog/horse)

Cat Cmax 998a 269 156

Tmax NA 0.5–2.0 2–3

T1/2 4.9a 6.6a NA

Dog Cmax 1920 92 81

Tmax 0.03 0.75 1.9

T1/2 6.25 7.75 4.0

Horse Cmax 814 NA 80

Tmax NA NA 1.5

T1/2 10.4 NA 11.6

IV, intravenous; SC, subcutaneous; PO, per os; IG, intragastric; Cmax, peak plasma concentration (ng/mL); Tmax, time 
to peak plasma concentration (h); T1/2, half life (h); NA, data not available.
a Data from package insert, Cerenia, Zoetis, Inc., 2015.
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Mechanism of Action
Ondansetron is an antagonist of central and peripheral 
5-­hydroxytryptamine3 (5-­HT3) receptors.

Pharmacokinetics
In dogs, ondansetron has a low oral bioavailability 
(<10%) due to first pass metabolism, is cleared via hepatic 
metabolism and largely excreted in bile (Saynor and 
Dixon 1989).

In cats, oral and subcutaneous bioavailability are 32% 
and 75%, respectively, with a half-­life range of 1.5–3 hours 
(Quimby  2014). Clearance was reduced in cats with 
hepatic, but not renal disease (Fitzpatrick 2016).

Pharmacodynamics
Anti-­emetic Effect When Given Prior to an Emetigen  Ondan
setron was comparable to maropitant in significantly 
decreasing nausea in dogs in a low-­dose cisplatin nausea 
and vomiting model, compared to maropitant which did 
not decrease nausea and vomiting (Kenward  2017). In 
ferrets, ondansetron at 3 mg/kg IV and 10 mg/kg IV 
decreased morphine-­induced vomiting by 47% and 70%, 
respectively (Wynn  1993). Ondansetron 0.22 mg/kg IM 
given to cats decreased the incidence of vomiting by 45% 
when administered together with dexmedetomidine and 
buprenorphine compared to a control group (Santos 2011).

Antacids

Antacids are frequently administered to cats and dogs that 
are at risk of GER in the peri-­operative period to increase 
gastric pH, based on the theory that if regurgitation of 
stomach contents into the esophagus occurs, it will cause 
less mucosal irritation at a higher pH. The two main classes 
of antacids used in the preoperative period are proton 
pump inhibitors (PPIs) and histamine2 receptor antago-
nists (H2RAs), with the former being far more effective at 
changing gastric pH (Marks 2018).

Proton Pump Inhibitors

Mechanism of Action
PPIs act by irreversibly binding to and inhibiting the 
hydrogen‑potassium-­ATPase enzyme which exchanges 
intracellular hydrogen with extracellular potassium and 
contributes to secretion of hydrochloric acid by gastric 
parietal cells (Wallmark 1989). In other words, the stom-
ach must produce new proton pumps in order for acid 
production to return to normal following administration 
of a PPI. Omeprazole is a prodrug that is converted to its 
active form within gastric parietal cells (Oosterhuis 1989). 

Esomeprazole is the levorotatory isomer of omeprazole 
(S-­omeprazole) (Hultman 2007). Like omeprazole, panto-
prazole is also a prodrug (Beil 1999). Omeprazole, esome-
prazole, and pantoprazole have all been studied in domestic 
animals.

Pharmacokinetics
Metabolism of omeprazole in dogs occurs in the liver 
via  cytochrome P450 enzymes (CYP2C21, CYP2C41, 
CYP2C94) (Uno 2023). In dogs, rats and mice, omeprazole 
is metabolized extensively to multiple metabolites that are 
rapidly eliminated via the feces (approximately two thirds) 
and urine (one third) (Regårdh  1985; Hoffmann  1986). 
Omeprazole is relatively highly protein bound in 
dogs (90%).

Pharmacokinetics of esomeprazole have been studied 
in conscious dogs, goats and sheep. Esomeprazole (1 mg/
kg IV) is rapidly metabolized in all three species, with a 
half-­life of 6 minutes in goats, 12 minutes in sheep, and 
42 minutes in dogs (Seo et  al.  2019; Fladung  2022; 
Smith 2023).

Pantoprazole pharmacokinetics have been reported in 
neonatal calves (1 mg/kg IV), alpacas (1 mg/kg), and foals 
(1.5 mg/kg IV). Elimination half-­life was 0.47, 1.43, and 
2.81 hours in alpacas, foals and calves, respectively 
(Smith 2010; Ryan 2005; Olivarez 2020).

Pharmacodynamics
Impact on Gastric pH and Gastro-­esophageal Reflux ­
Omeprazole (1.45 mg/kg and 2.2 mg/kg PO) given to cats 
18–24 hours and 4 hours prior to anesthesia showed a 
significant increase in gastric pH (range of pH was 6.6–7.8) 
compared to placebo (range of pH was 1.3–4.1). Esophageal 
pH was also higher in the treatment groups compared to 
placebo. Cats that received placebo were 2.75 times more 
likely to have an episode of GER compared to those 
receiving omeprazole (Garcia 2017).

Gastric pH was increased in dogs given omeprazole 
1 mg/kg PO the evening before and 1 mg/kg PO three hours 
prior to anesthesia compared to a control group, as well 
as in dogs receiving a single omeprazole dose the evening 
before (Lotti 2021). GER was not different among groups 
in that study, and 7% of GER was strongly acidic in the 
dogs that received two doses of omeprazole compared to 
those receiving a single or no dose. In another study, when 
omeprazole (1 mg/kg PO) was given four hours prior to 
anesthesia, the incidence of GER was 4.7 times more likely 
to occur in the control group (Panti 2009). Esomeprazole 
(1 mg/kg IV) given 12–18 hours and 1–1.5 hours prior to 
anesthetic induction increased gastric and esophageal pH, 
however, it did not affect the incidence of GER compared 
to a control group (Zacuto 2012).



Prokinetic ﻿ 353

As an antacid, pantoprazole is as efficacious as omepra-
zole, however to the author’s knowledge, its impact on 
GER during general anesthesia has not been evaluated.

Drug Interactions  Omeprazole (1 mg/kg PO twice daily) 
and carprofen (4 mg/kg PO once daily) given to dogs for 
seven days has been shown to cause an increase in intestinal 
inflammatory markers, and dysbiosis (imbalance of gut 
bacteria) (Jones 2020).

Other PPIs

Long-acting Omeprazole
A long-­acting form of omeprazole for IM administration has 
been evaluated in conscious dogs and horses (Odunayo 2022; 
Sykes 2017). Gastric pH was increased for five days in dogs 
following a dose of 4 mg/kg; side effects included vomiting 
and inappetence. In horses, gastric pH was increased 66% of 
the time for one to seven days after administration.

Histamine2 Receptor Antagonists
Histamine subtype 2 (H2) receptors in the gastric parietal 
cells result in increased acid (hydrogen) production in the 
stomach when stimulated. This group of drugs includes 
cimetidine, ranitidine, and famotidine.

Mechanism of Action
H2RAs act by reversibly antagonizing H2 receptors in 
gastric parietal cells. This results in lower concentrations 
of ­intracellular cAMP, which causes a decrease in 
hydrogen‑potassium-­ATPase activity, and therefore less 
hydrogen ion (acid) secretion into the lumen of the stomach.

Pharmacokinetics
Approximately 70% of ranitidine is eliminated via urinary 
excretion, with oxidation accounting for about 30% in dogs 
(Eddershaw 1996).

Pharmacodynamics
Impact on Gastric pH and Gastro-­esophageal Reflux  There are 
relatively few studies examining the effect of H2As on GER 
in the perianesthetic period. Ranitidine (2 mg/kg IV) given 
six hours prior to anesthesia did not significantly increase 
esophageal pH or reduce the incidence of GER in dogs 
(Favarato 2012). Famotidine administration twice daily in 
dogs has been shown to be better at increasing gastric pH 
compared to once daily dosing, and compared to ranitidine 
(Bersenas 2005).

Cardiovascular System  Cimetidine (200 mg IV) caused 
vasodilation and decreased blood pressure in anesthetized 
dogs, whereas this did not occur when ranitidine (50 mg IV) 

was given (Breuer 1984). Heart rate and cardiac output were 
not significantly different for either drug in that study. In 
another experimental study in anesthetized dogs, cimetidine 
resulted in dose-­dependent decreases in heart rate and blood 
pressure at doses greater than 3 mg/kg IV, with decreases 
in cardiac output at doses greater than 30 mg/kg. This is in 
contrast to famotidine, which did not cause cardiovascular 
changes when given up to 30 mg/kg IV (Miyata 1990).

Cimetidine, ranitidine and famotidine have all been 
shown to blunt the cranial blood flow response to hypox-
emia in awake dogs (Audibert 1991).

Prokinetics

Metoclopromide

Metoclopromide is available in injectable and oral formula-
tions and is used off-­label in veterinary medicine as it is not 
approved for use in animals. It has anti-­emetic and 
­pro-­kinetic properties. There is limited data available con-
cerning pharmacokinetics of metoclopramide in animals.

Mechanism of Action
Metoclopromide exerts its anti-­emetic action via dopamin-
ergic receptor antagonism, acting as an antagonist on the 
D2 dopamine receptor subtype in the CTZ. Its prokinetic 
properties are mediated via dopamine D2 antagonism, 
muscarinic receptor inhibition, 5HT3 receptor antagonism 
and 5HT4 receptor agonist activity. This results in increased 
lower esophageal sphincter and gastric wall tone, which 
promotes gastric emptying (Al-­Saffar 2019).

Pharmacodynamics
Anti-­emetic Effect When Given Prior to an Emetigen  Metoclo
promide 0.2 mg/kg given IM decreased the incidence 
of  vomiting in dogs compared to saline (38% vs 71% 
respectively) when given prior to morphine and 
acepromazine (Lorenzutti 2017).

Impact on  Gastro-­esophageal Reflux  In a study of dogs 
premedicated with acepromazine and morphine, where 
anesthesia was induced with thiopental and maintained 
with isoflurane, metoclopramide 1 mg/kg IV followed by 
an infusion of 1 mg/kg/h decreased GER by 54% 
(Wilson  2006). In the same study, lower doses of 
metoclopramide (0.4 mg/kg IV followed by 0.3 mg/kg/h) 
did not reduce the incidence of GER.

CNS Effects  Metoclopromide given IV has been associated 
with development of extrapyramidal signs in dogs 
(Francesco 2021).
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Cisapride

Cisapride is a prokinetic agent for use in cats and dogs that 
increases lower esophageal sphincter tone and increases 
intestinal motility.

Mechanism of Action
Cisapride is a 5-­hydroxytryptamine4 (5-­HT4) agonist, and 
partial 5-­HT3 antagonist, resulting in acetyl choline release 
from cholinergic nerves in the GI tract.

Pharmacokinetics
Limited pharmacokinetic data in animals is available. 
Cisapride is metabolized via hepatic cytochrome P450 
enzymes in people (Desta  2001). In dogs bioavailability 
after oral dosing was 53%, and plasma half-­life was 
4–10 hours (Michiels 1987).

Pharmacodynamics
Effect on  Gastro-­esophageal Reflux  When cisapride and 
esomeprazole were administered to dogs, GER events 
under anesthesia occurred in 11% of dogs compared to 38% 
of dogs in the control group, and 36% of dogs receiving 
esomeprazole alone (Zacuto 2012).

Cardiovascular System  Heart rate, cardiac output, and 
mean arterial blood pressure decreased when cisapride 
(1  and 10 mg/kg) was administered to dogs anesthetized 
with thiopental and halothane (Sugiyama 1998).

Cisapride prolongs the QT interval of the electrocardio-
gram in people and dogs (Ollerstam 2007). Prolonged QT 
interval is correlated with development of potentially fatal 
arrhythmias (torsades des pointes) in people, and cisapride 
was withdrawn from use in human medicine in 2000. 
Anesthetized dogs given clinical and relatively high doses 

of cisapride (2–8 mg/kg) had prolonged QT intervals, and 
no evidence of spontaneous arrhythmias (Al-­Wabel 2002). 
In that study, hemodynamics were not different regardless 
of cisapride dose, and heart rate increased. The authors 
speculate that differences in anesthetic protocol and fluid 
administration may explain the results compared to similar 
studies where heart rate tended to decrease.

Combinations

No single drug or combination of drugs is able to completely 
eliminate nausea, vomiting and GER in the perianesthetic 
period. Several combinations of drugs with differing mech-
anisms of action have been evaluated.

Postoperative regurgitation decreased from 35% to 9% in 
brachycephalic breeds that received a combination of 
metoclopramide (0.5 mg/kg SC) and famotidine 1 mg/kg 
SC or IV immediately prior to anesthesia (Costa 2020). This 
drug combination was used in conjunction with other 
strategies to reduce regurgitation and undesirable sequelae, 
e.g. reducing opioid usage and instituting intensive moni-
toring during recovery from anesthesia.

Administration of esomeprazole (1 mg/kg) and cisapride 
(1 mg/kg) 12–18 hours and 1–1.5 hours before anesthesia, 
respectively, resulted in 11% of dogs having GER events 
during anesthesia compared to 38% in the control group 
(Zacuto 2012).

Currently the recommendation when anesthetizing 
small animals is to avoid indiscriminate administration of 
antacids, instead reserving their use for patients with 
known history of, and predisposition to, GER; for example, 
those with esophageal inflammation or altered motility, 
and brachycephalic breeds (Grubb 2020).
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Introduction

Diabetes mellitus is a common endocrinopathy in cats and 
dogs (McCann and Simpson  2007), while being rarely 
encountered in horses, ruminants and pigs (Durham 2017; 
Mostaghni and Ivoghli 1977; Gerstein and Waltman 2006), 
and results from low serum insulin concentrations or 
decreased response to insulin at the tissue level. It is associ-
ated with the clinical signs of polyuria, polydipsia, and 
weight loss. Severe hyperglycemia associated with uncon-
trolled diabetes mellitus can lead to life-threatening 
diabetic ketoacidosis or non-ketotic diabetic coma. 
Management of the diabetic patient is achieved by admin-
istration of exogenous insulin, typically timed to coincide 
with meals. Goals of insulin therapy in dogs are to main-
tain blood glucose in a mildly hyperglycemic range 
(90–250 mg/dl), and to reduce or eliminate polyuria 
(Fracassi 2017). Tighter control of glucose in diabetic cats 
is recommended (72–180 mg/dl), particularly in the early 
stages of this disease, as this has been shown to improve 
the chance of remission (Roomp and Rand 2009).

When diabetic patients present for anesthesia, several 
factors disrupt the animal’s routine, including fasting and 
stress associated with transport to the unfamiliar environ-
ment of the veterinary hospital, all of which can lead to a 
decrease in stability of blood glucose concentrations.

Detailed management of the diabetic patient for anes-
thesia is outside the scope of this chapter, and the reader is 
referred elsewhere (Fischer 2022). Briefly, blood glucose is 
checked prior to, and at approximately 30-minute intervals 
during, anesthesia. Insulin and/or dextrose are then used 
to maintain blood glucose in an acceptable range for the 
diabetic patient. Insulin can be administered in either a 
“loose” protocol (insulin given by repeated injections as 
needed), or a “tight” protocol (insulin given by infusion 
and adjusted throughout the procedure). Insulin given 

prior to anesthesia is typically the type of insulin given at 
home. During anesthesia, short-acting regular insulin is 
preferred due to its shorter duration of action, allowing for 
easier control of blood glucose. Several groups of anes-
thetic and other drugs can impact insulin and/or blood glu-
cose levels and are discussed below.

Additionally, animals may not resume eating normally 
after anesthesia, which can delay return to normal diabetic 
management.

Pharmacology

Chemical Structure

Endogenous Insulin
The peptide hormone insulin consists of two chains of pol-
ypeptides, an A chain containing 21 amino acids, and a B 
chain containing 30 amino acids. The structure is not iden-
tical across all species due to small variations in amino-
acid sequencing. Insulin preparations have been sourced 
from cattle (bovine insulin), pigs (porcine insulin) and peo-
ple (recombinant human insulin). Porcine insulin differs 
by one amino acid from human insulin and is identical to 
canine insulin. Similarly, bovine insulin differs from feline 
insulin by one amino acid (Greco and Broussard  1995). 
Endogenous insulin has a short elimination half time of 
five-to-ten minutes in people, however, since it binds 
tightly to tissue insulin receptors, the duration of action is 
up to one hour. In non-diabetic patients, insulin secretion 
is stimulated by eating, beta-adrenergic and parasympa-
thetic activity, and is decreased by alpha-adrenergic activity.

Exogenous Insulin Preparations
Various insulin preparations are available for use in cats 
and dogs. They are classified based on their onset time, 
time-to-peak effect, and duration of action, which can be 
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short-, intermediate-, or long-acting (Table  28.1). Most 
insulin formulations originate from human recombinant 
insulin, although lente insulin is a porcine product.

Synthetic insulin analogs are also available. Insulin 
glargine has two arginine molecules added to the B 
chain, resulting in slow absorption, delayed onset, and a 
long duration of action that provides a constant sup-
ply of insulin with no obvious peak. (Heinemann and 
Linkeschova 2000) Substitution of the fatty acid myristic 
acid for the amino acid lysin at position 29  in the B 
chain, along with removal of the amino acid threonine 
at position 30, yields insulin detemir. These structural 
changes result in a molecule that can reversibly bind to 
albumin, resulting in slow absorption and a longer dura-
tion. (Chapman and Perry  2004) Ultra-short acting 
injectable insulin is available in people but has minimal 
clinical application in veterinary patients. In high con-
centrations, and in the presence of zinc, insulin forms 
hexameric complexes which delay absorption, allowing 
for a longer duration of action.

Mechanism of Action
Insulin release from beta cells in the pancreatic islets is 
stimulated under normal circumstances by the increase 
in blood glucose that occurs after eating. Insulin binds 
to insulin receptors on cell membranes, with the main 
target organs being the liver, skeletal muscles, and adi-
pose tissue. This results in tyrosine phosphorylation 
and subsequent phosphorylation of insulin receptor 
substrates, which then activates phosphoinositide-3-
kinase, which phosphorylates protein kinase B, and 

ultimately activation of molecular pathways within the 
cell to allow for glucose storage as glycogen (liver, mus-
cle) and triglycerides and fatty acids (adipose) (Beaupere 
and Liboz 2021).

Metabolism
Insulin degradation occurs in the liver and kidney via a 
relatively complex process. Insulin undergoes cellular 
uptake and, once inside the cell, undergoes degradation. 
Intracellular insulin-degrading enzyme (IDE) is responsi-
ble for most of the degradation of insulin, however, other 
mechanisms have been shown to be involved (e.g. extracel-
lular IDE activity, glutathione insulin transhydrogenase 
[or protein disulfide isomerase], carboxypeptidases, and 
lysosomal activity) (Beaupere and Liboz 2021; Duckworth 
and Bennett 1998).

Impact of Anesthetic and Other 
Drugs on Insulin

Inhalant Anesthetics

Isoflurane and sevoflurane have been shown to decrease 
insulin secretion and glucose utilization in a dose-
dependent manner in people (Tanaka and Nabatame 2005). 
Isoflurane also impairs insulin secretion in rabbits 
(Tanaka and Kawano 2009). Insulin resistance during iso-
flurane and sevoflurane has been demonstrated experi-
mentally in dogs (Kim and Broussard 2016). To the author’s 
knowledge, no studies have been performed on the impact 

Table 28.1  Classification of insulin products.

Insulin type Origin Onset Duration (h)

Short-­acting

Regular 30–60Recombinant human   2–4min

Intermediate-­acting

Lente Porcine 1–2 h 8–14 (dogs)
8–10 (cats)

Neutr 1–2Recombinant humanal protein Hagedorn  h 4–10 (dogs)

Protamine zinc R 30–60ecombinant human   10–16 (dogs)min
9 to >24 (cats)

Long acting

Glargine R 1–2ecombinant human  h 8–16 (dogs)
12 to >24 (cats)

Detemir 1–2Recombinant human  h 8–16 (dogs)
11–16 (cats)
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of inhalants alone on insulin in cats. One study showed 
that insulin tended to decrease during anesthesia in cats 
premedicated with medetomidine, midazolam, ketamine, 
or combinations of the three, and maintained with isoflu-
rane (Kamohara and Kamohara 2021).

The mechanism of action by which inhalants reduce 
insulin secretion is via reversal of glucose-induced 
inhibition of pancreatic adenosine triphosphate-
sensitive potassium channel activity (Tanaka and 
Kawano 2011).

Injectable Anesthetics

It has been demonstrated that propofol does not impact 
insulin secretion in rats (Tanaka and Kawano 2011), how-
ever, in diabetic people total intravenous (IV) anesthesia 
with propofol resulted in similar levels of hyperglycemia 
intra-operatively (Kim and Han 2018).

When thiopental was used as the sole anesthetic agent 
in dogs, moderate insulin resistance was observed 
compared to when the dogs were awake (Toso and 
Rodriguez  1993). Blood glucose was elevated in dogs 
anesthetized with either propofol or isoflurane, however, 
insulin was only decreased in the isoflurane group (Maeda 
and Iwasaki 2018). The reason for the elevated blood glu-
cose during propofol anesthesia is unclear but may be 
due to the increase in free fatty acids in the plasma seen 
in the dogs given propofol, which may have indirectly 
impacted glucose uptake. No studies have been con-
ducted with ketamine or alfaxalone as the sole anesthetic 
agent in dogs. Alfaxalone, given as an induction agent 
alone, or with ketamine or midazolam prior to isoflurane 
anesthesia was not associated with a decrease in serum 
glucose, while insulin concentrations decreased over 
time and remained in a clinically normal range (Munoz 
and Robertson 2017). Xylazine and ketamine administered 
together intramuscularly (IM) decreased insulin concen-
trations in dogs (Changman and Jianguo 2010).

Insulin was reduced in cats given ketamine prior to iso-
flurane anesthesia (Kamohara and Kamohara 2021). The 
impact on insulin of other injectable agents given as the 
sole anesthetic has not been studied in cats.

Alpha2 Adrenoceptor Agonists

Xylazine, medetomidine and dexmedetomidine (Kamohara 
and Kamohara 2021; Guedes and Rude 2013; Kallio-Kujala 
and Bennett 2018) have all been shown to decrease insulin 
release in dogs.

In cats, medetomidine given prior to isoflurane anesthe-
sia has been shown to decrease insulin during anesthesia 

and in the early recovery period after termination of 
isoflurane delivery (Kamohara and Kamohara 2021).

Alpha2 Adrenoceptor Antagonists

Yohimbine and atipamezole both increased insulin levels 
when given to reverse medetomidine (Ambrisko and 
Hikasa 2003). The peripheral alpha2 adrenoceptor antago-
nist vatinoxan has been shown to stimulate insulin release 
in dogs (Kallio-Kujala and Bennett 2018).

Sympathomimetics

Epinephrine has been shown to decrease glucose 
uptake by cells via direct antagonism of insulin in peo-
ple and dogs (Capaldo and Napoli  1992; Sacca and 
Eigler 1979). Norepinephrine decreased insulin secre-
tion in non-insulin dependent diabetic people, but not 
in non-diabetics (Walters and Ward  1997). Dopamine 
has been shown to decrease insulin secretion from iso-
lated mouse and human pancreatic islets, although 
compared to norepinephrine, the effect was seven times 
less (Aslanoglou and Bertera  2021). Dobutamine has 
been shown to have lesser effects on glucose and insu-
lin in rates compared to epinephrine (Rosseau-
Migneron and Nadeau 1985).

Parasympatholytics and Mimetics

In a rat model, neostigmine reversed the relative insulin 
resistance that occurs during partial fasting and following 
atropine administration (Schafer and Legare 2010).

Corticosteroids

The interaction between corticosteroids and insulin secre-
tion is complex and has been recently reviewed (Beaupere 
and Liboz  2021). In general, a single corticosteroid dose 
will not impact insulin, however, after a few days of treat-
ment and long term, corticosteroid therapy leads to insulin 
resistance, and a high percentage of people with hyper-
adrenocorticism will develop diabetes. The response of 
pancreatic islets to corticosteroids in vivo differs from that 
seen in  vitro, and can include adaptive mechanisms, e.g. 
neogenesis of pancreatic beta cells and increased produc-
tion if insulin.

Antibiotics

In people, tetracycline antibiotics have been shown to 
induce hypoglycemia, although it is not a consistent effect 
(Tan and Shelley 2016).
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Introduction

Diseases and disorders associated with electrolyte abnor-
malities are encountered frequently in veterinary patients 
of all species and breeds, and most veterinary clinicians 
have some degree of comfort and familiarity in dealing 
with these problems in their patients. When an animal 
with an electrolyte abnormality also requires general anes-
thesia, it is frequently recommended that the patient’s bio-
chemical problem be addressed prior to anesthesia; given 
the importance of maintenance of serum electrolyte 
concentrations within narrow physiologic ranges for 
optimal functioning of electrically excitable tissues, this 
recommendation is theoretically sound and likely ensures 
that the risk of anesthetic complication (hypotension, 
arrhythmia, myopathy, etc.) is minimized. The content of 
this chapter is meant to describe common scenarios pre-
sented to the veterinary anesthetist in which an electrolyte 
abnormality might be expected and to recommend strate-
gies to treat the problem and minimize risk of complica-
tions during and following general anesthesia. Situations 
in which serum electrolyte concentrations might be 
manipulated to treat an anesthetic complication (tissue 
edema, arrhythmia, etc.) are also described where 
appropriate.

Sodium

Sodium is the primary cation in extracellular fluid; it is 
responsible for the generation and maintenance of the 
“osmotic skeleton” of the body, as it is the primary 
determinant of the distribution of total body water within 
intra- and extracellular fluid compartments (Marino 2007b). 
Further, it is critically important in the generation of action 
potentials in electrically excitable tissues (skeletal muscle, 

cardiac muscle, smooth muscle, nervous tissue), and 
disorders of sodium can pose a challenge for the anesthetist. 
In human medicine, it has been suggested that as many as 
40% of critically ill patients have a pathologic change in 
serum sodium concentration (hyper- or hyponatremia; 
[Pokaharel and Block 2011]); given the number of diseases 
associated with these abnormalities in veterinary patients, 
the likelihood is high that clinicians will encounter a 
patient with an abnormal serum sodium concentration 
that requires anesthetic management.

Additionally, medications and fluids administered dur-
ing anesthesia can contribute to derangements in serum 
sodium concentration. For example, α-2 agonists such as 
xylazine have been shown to increase the urinary clear-
ance of sodium in veterinary species and may enhance 
hyponatremia if given to an otherwise untreated patient 
with this disorder (Trim and Hanson 1986). Both hyper- 
and hyponatremia are associated with pathologic changes 
in cell volume associated with fluid shifts, particularly if 
the change in sodium concentration is acute; this is most 
notable within the central nervous system (CNS). Severe 
hyponatremia is associated with risk of cerebral edema, 
but correction of hyponatremia that is performed too rap-
idly has been associated with osmotic demyelination syn-
drome in several species (Mascarenhas and Jude  2014; 
Snell and Bartley  2008). Conversely, rapid correction of 
chronic hypernatremia is also associated with cerebral 
edema, reportedly secondary to neuronal generation of so-
called “idiogenic osmoles” that draw free water from the 
extracellular fluid as it becomes more hypotonic following 
initiation of fluid therapy. Post-anesthetic decreases in col-
loid oncotic pressure (COP) and serum sodium concentra-
tion appear to be common and have been reported in 
multiple species (Wendt-Hornickle et  al.  2011; Raftery 
et al. 2015; Wright and Hopkins 2008) for the most part, 
these appear to be self-limiting and associated with 
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little  long-term morbidity. However, when this expected 
change in serum sodium concentration is superimposed 
on a pre-existing sodium disorder (esp. hyponatremia), 
management changes may be necessary. In general, unless 
the sodium imbalance has occurred acutely, it is recom-
mended that changes in plasma sodium concentration 
(increase or decrease) occur at a rate of no more than 
0.5–1.0 mEq/l/h to minimize the risk of cerebral edema or 
iatrogenic central pontine myelinolysis (Guillaumin and 
DiBartola 2017).

Sodium-based crystalloid fluids administered intrave-
nously (IV) form the basis for support of blood volume and 
blood pressure in the anesthetized patient; however, few 
studies describe the effects of hyper- or hyponatremia on 
the anesthetized patient. Previous work has demonstrated 
an effect of plasma and CSF sodium concentration on halo-
thane requirement (MAC) in dogs; in one study, hyperna-
tremia increased halothane MAC by 43%, an effect which 
was not observed with hyperglycemia or hyperkalemia 
(Tanifuji and Eger  1978). Preliminary evidence suggests 
that chronic hypernatremia delays recovery from general 
anesthesia induced with ketamine in rodents, and the 
authors of that study suggest that ketamine doses should be 
reduced in the setting of hypernatremia (Heydarpour 
et al. 2007); further study is warranted to refine this recom-
mendation, however. Finally, while sodium disorders may 
affect hemodynamic variables in anesthetized patients 
(Kozeny et al. 1985), hyper- and hyponatremia do not typi-
cally induce characteristic ECG changes that might be use-
ful for monitoring response to fluid therapy under 
anesthesia.

Infusions of sodium-based crystalloid fluid can also be 
exploited therapeutically for inducing fluid shifts in the 
anesthetized patient; perhaps the situation in which this 
becomes most useful is in anesthesia of the patient with 
brain disease (head trauma, malignancy, encephalitis, etc.) 
and consequently at risk for cerebral edema. Animal and 
human studies have demonstrated that hypertonic saline 
has clinically desirable physiologic effects on cerebral blood 
flow, intracranial pressure (ICP), and inflammatory changes 
within the neuropil in the setting of neurotrauma. 
Administration of hypertonic sodium chloride solutions 
(3–23.4%) for the treatment and prevention of elevated ICP 
has been shown in several human and animal studies to be 
effective and may be useful in the treatment of intracranial 
hypertension and cerebral edema if suspected under general 
anesthesia (Harutjunyan et  al.  2005; Taylor et  al.  1996; 
Peterson et al. 2000), such as for animals that have sustained 
a traumatic brain injury (TBI) and require general anesthe-
sia for brain imaging. When administering hypertonic saline 
solutions therapeutically, one should use caution in patients 
with underlying cardiac or renal disease.

Potassium

Potassium is the major intracellular cation, with a relatively 
small amount of the total body potassium content repre-
sented in the extracellular fluid; plasma potassium concen-
trations typically range between 3.5 and 5.5 mEq/l in health 
(Marino  2007c). Due to its important role as the primary 
determinant of resting membrane potential and therefore 
proper function of excitable tissues (including cardiac mus-
cle, skeletal muscle, and nervous tissue), plasma potassium 
concentration is tightly regulated by several mechanisms, 
including dietary intake, acid–base balance, hormonal 
influences (esp. aldosterone and insulin), and renal tubular 
function.

Hyperkalemia

Elevation in plasma potassium concentration is a frequently 
encountered problem in veterinary species, although the 
most common underlying etiologies vary among species. 
Most cases of hyperkalemia, particularly if it develops 
acutely, are related to decreased urinary excretion of potas-
sium; common causes include urethral obstruction in cats 
and small ruminants, ruptured urinary bladder in foals, and 
acute renal failure in multiple species. Hypoadrenocorticism, 
administration of potassium-containing drugs (such as KCl) 
or potassium-sparing diuretics (such as spironolactone or tri-
amterene), administration of suxamethonium, and condi-
tions resulting in acute translocation of potassium from ICF 
to ECF (such as vigorous exercise, capture myopathy, acute 
tumor lysis syndrome, hemolysis, hyperkalemic periodic 
paralysis [HYPP], and acute mineral acidosis) are also 
reported to result in clinically significant hyperkalemia. 
Hyperkalemia has also been documented in response to 
transfusion of senescent packed red cells in a dog under gen-
eral anesthesia (Nickell and Shih  2011). Importantly, if 
hyperkalemia is detected unexpectedly in an otherwise 
healthy patient, sample handling artifact should be investi-
gated. The plasma [K+] should be measured again and con-
firmed prior to any therapeutic action, as even minor in vitro 
hemolysis can cause spurious elevation of [K+] outside of 
reference ranges (pseudohyperkalemia); this can also be 
observed in samples containing significantly elevated platelet 
and white blood cell counts and in samples collected from 
blood vessels occluded by prolonged tourniquet application, 
and these details should be accounted for in interpretation of 
results (Asirvatham et al. 2013; Colussi and Cipriani 1995; 
Stankovic and Smith 2004). Finally, malignant hyperthermia 
should be considered as an important differential diagnosis 
for a patient that develops hyperkalemia during general anes-
thesia (particularly if halothane is used); other clinical 
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findings (such as muscle rigidity, hypercarbia, lactic aci-
demia, elevated serum creatine kinase [CK] concentration, 
and hyperthermia) support this diagnosis. Genetic predispo-
sitions to this condition have been documented in swine, 
horses, and dogs (Brunson and Hogan 2004).

Clinical signs of hyperkalemia are not usually apparent 
until the plasma [K+] exceeds 7.5 mEq/l and are related to 
the resultant increase in membrane excitability; the cardio-
vascular effects of hyperkalemia, notably bradycardia, 
atrial standstill, diastolic arrest, and vasoconstriction, are 
of greatest concern to the anesthetist and warrant at least 
partial correction of hyperkalemia prior to induction of 
general anesthesia. In fact, in a retrospective study of the 
perioperative management of ureteral obstruction in cats, 
preoperative hyperkalemia was significantly associated 
with mortality (Garcia de Carellan Mateo et  al.  2015). 
While electrocardiographic (ECG) monitoring is the stand-
ard of anesthetic practice for most patients, it is particu-
larly important for patients with derangements of 
potassium, as both hyper- and hypokalemia are predispos-
ing factors for arrhythmogenesis. ECG changes classically 
associated with hyperkalemia include decreased amplitude 
to absent P waves; tall, tented T waves; widening of the 
QRS complex; extrasystoles; ventricular asystole; and ven-
tricular fibrillation.

Treatment of hyperkalemia should begin prior to the induc-
tion of general anesthesia and is most effective when multi-
modal in nature. In theory, patients should be given IV fluids 
free of potassium at a diuretic rate (1.5–2.0× maintenance, as 
long as urinary obstruction can be functionally relieved if pre-
sent) to promote kaliuresis. However, administration of K+-
containing fluids to hyperkalemic patients might not be 
contraindicated. For example, administration of K+-containing 
balanced electrolyte solutions (Normosol-R™ or lactated 
Ringer’s solution) to cats with urethral obstruction was 
reported to be as effective as administration of K+-free solutions 
(0.9% NaCl) in decreasing plasma [K+], and fluid type did not 
appear to affect patient survival or length of hospitalization 
(Cunha et al. 2010; Drobatz and Cole 2008). That said, isotonic 
saline (0.9% NaCl) or 5% dextrose in water are frequently 
selected for use in management of hyperkalemia; 5% dextrose 
in water has the added benefit of inducing endogenous release 
of insulin, which also promotes the intracellular translocation 
of potassium and further reduces plasma [K+]. If necessary, 
this effect can be augmented through the administration of 
regular insulin (0.1 IU/kg IV or SQ with careful monitoring of 
plasma [glucose]); however, this is rarely necessary. Severe 
and/or refractory cases may also respond to administration of 
an alkalinizing agent such as sodium bicarbonate (1–2 mEq/kg 
HCO3 or 0.25–0.3 of a calculated base deficit given slowly over 
15 minutes) or a β2-agonist like terbutaline (0.01 mg/kg IV) 
(Beer and Waddell 2015). Calcium gluconate should also be 

administered IV due to calcium’s antagonism of hyperkalemia-
induced depolarization and decreased arrhythmogenesis 
(Baetge 2007; Bailey et al. 1996; Pang et al. 2011).

Hypokalemia

Hypokalemia is most frequently associated with an acute 
shift of potassium intracellularly, a total body potassium 
deficit, or a combination of these two mechanisms. 
Intracellular shifting of potassium (exploited therapeuti-
cally in the management of hyperkalemia, described above) 
is associated with insulin (endogenous or exogenous), β-
adrenoreceptor agonists (endogenous catecholamines or 
exogenous drugs, such as terbutaline or salbutamol), theo-
phylline intoxication, and alkalosis. Total body potassium 
depletion may result from decreased dietary potassium 
intake, increased renal and extrarenal losses, or a combina-
tion of both mechanisms. For example, a dog or cat with 
diabetes mellitus may be hypokalemic due to persistent glu-
cosuria and ketonuria that result in osmotic diuresis and 
excessive kaliuresis; administration of exogenous insulin 
may exacerbate hypokalemia in these patients if not care-
fully associated with dietary intake (Kogika and de 
Morais  2017). Since intracellular potassium content (and 
therefore total body potassium content) correlates poorly 
with plasma [K+], suspicion of total body K+ depletion 
should be based on a carefully collected clinical history of 
the patient and knowledge of the disease process(es) pre-
sent and not assumed to be normal based on eukalemia alone.

Clinically, the hypokalemic patient is usually asympto-
matic when their plasma [K+] remains above 3.0 mEq/l. 
When the plasma [K+] decreases below this level, neuromus-
cular weakness can be observed (becoming very likely when 
[K+] is below 2.5 mEq/l); this can be of significant impor-
tance when dealing with a large animal patient under gen-
eral anesthesia, as hypokalemia can contribute to anesthetic 
myopathy and difficulty in standing in the post-anesthetic 
recovery period. Further, hypokalemia is a predisposing risk 
factor for ventricular and supraventricular ectopic rhythms 
(particularly in patients receiving digoxin) and, while a 
threshold of tolerance for hypokalemia has not been estab-
lished with rigor in the anesthetized veterinary patient, a 
prudent rule of thumb would be that care should be taken to 
ensure that plasma [K+] remains above 3.0 mEq/l during 
general anesthesia. Additionally, pro-arrhythmogenic drugs 
(such as α-2 agonists frequently used as premedicants in 
small and large animal species) should either be avoided or 
used at decreased dosages in patients with electrolyte dyscra-
sias that might increase their risk of cardiac arrhythmias. 
Correction of hypokalemia can be efficiently accomplished 
by supplementation of crystalloid IV fluids with KCl; regard-
ing safe administration of parenteral potassium, the rate may 
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be more critical than the total amount administered. The rate 
of K+ administration should not routinely exceed 0.5 mEq/
kg/h, although that rate may be increased up to 1.5 mEq/kg/h 
with continuous ECG monitoring (Schaer 2008).

Effects of Drugs on Plasma Potassium  
Concentrations

Changes in pH commonly affect the distribution of potas-
sium between the intra- and extracellular fluid. In the set-
ting of acidemia, potassium moves out of the ICF in 
exchange for hydrogen ion, which moves intracellularly. 
Conversely, with alkalemia, potassium moves into the 
ICF. In general, for every 0.1 unit decrease in pH, the plasma 
potassium concentration can be expected to rise by 
0.6 mEq/l (or the converse). The magnitude of this change, 
however, may vary with the etiology of the acid–base distur-
bance (e.g. mineral vs. organic acidosis; [DiBartola  2001, 
Parker et al. 1980]).

Insulin, bicarbonate ion, catecholamines, and exoge-
nously administered β-adrenergic agonists decrease plasma 
potassium concentrations by promotion of cellular potas-
sium uptake. General anesthesia itself can have a direct 
effect on plasma potassium concentrations, primarily 
thought to be related to acid–base alterations and endoge-
nous catecholamine release. Drugs that induce transcellu-
lar K+ shifts can be used to improve hyperkalemia prior to 
and following induction of general anesthesia in clinical 
patients, such as in the case of urinary obstruction (com-
monly seen in goats and tomcats with urethral obstruction, 
neonatal foals with ruptured urinary bladder, and animals 
of multiple species with renal failure); however, effects on 
plasma [K+] should be anticipated if they are being admin-
istered for another reason (for example, β-adrenergic ago-
nists for bronchodilation or NaHCO3 for metabolic 
acidosis). Supplementation of IV fluids with KCl (20 mEq/l) 
should be provided in these circumstances, particularly if 
the patient is already mildly hypokalemic. However, 
care should be taken (particularly in anesthetized patients) 
to prevent inadvertent high-volume administration of 
potassium-supplemented fluids.

HYPP, an important genetic myopathy of stock breed 
horses (American Quarter Horse, American Paint Horse, 
Appaloosa, and crosses), is associated with episodes of 
weakness and muscle fasciculation during which horses are 
observed to also have elevated plasma potassium concentra-
tions. In affected horses, general anesthesia and recovery 
have been associated with precipitation of episodes (Bailey 
et al. 1996), and plasma potassium concentration should be 
monitored frequently in horses with this disease while 
under anesthesia. Calcium salts should be administered to 
patients experiencing episodes under general anesthesia 

(100–500 ml of 23% Ca gluconate in every 5 l bag of 0.9% 
NaCl), as Ca2+ can counteract the adverse effects of hyper-
kalemia on cardiovascular performance in these patients 
(Pang et al. 2011).

Calcium

Calcium is a divalent cation involved in diverse biological 
processes; however, its roles in controlling neuromuscular 
function, smooth muscle contraction, and coagulation are 
perhaps most relevant to the anesthetist. Excitation-
contraction coupling in both somatic and cardiac muscle 
are Ca-dependent processes, and derangements in plasma 
[Ca] are most frequently manifested clinically through dys-
function of these tissues. Hypocalcemia often results in 
increased cardiac and neuromuscular excitability, negative 
inotropy, and decreased smooth muscle tone; clinically, an 
affected patient may display cardiac arrhythmias (particu-
larly ventricular ectopy); somatic muscle weakness and 
spasticity (which may affect quality of anesthetic recovery 
in large animals); poor cardiac output, blood pressure, and 
perfusion under anesthesia; and post-operative ileus. 
Hypercalcemia is observed less frequently and results in 
relatively non-specific clinical signs, such as vomiting, poly-
uria, ectopic mineralization of soft tissues, and altered men-
tation; ECG changes may include prolongation of QRS 
duration and bradycardia. Calcium derangements are often 
noted in the setting of renal disease and malignancy in 
small animals, periparturient transitional physiology in 
ruminants, and gastrointestinal (GI) disease in horses; 
awareness of the pathophysiology of the patient’s primary 
disease may allow the anesthetist to predict Ca abnormali-
ties and pre-emptively treat them before and during an 
anesthetic episode, thereby minimizing risk of adverse 
anesthetic events. Additionally, it is important to be aware 
of the effects that general anesthesia itself may have on 
blood [Ca], as this may exacerbate a pre-existing abnormal-
ity. Brainard and colleagues recently showed that plasma 
[Ca2+] decreased in healthy dogs and cats in response to 
anesthesia and surgery; while animals were not observed to 
become hypocalcemic during this study, Ca disorders were 
not noted in these patients prior to anesthesia (Brainard 
et al. 2007). The effects of general anesthesia on Ca homeo-
stasis should be taken into account when assessing the 
necessity of supplementation during an anesthetic episode.

Calcium exists in plasma in three forms: ionized (free), 
complexed to plasma anions, and bound to albumin. The 
assay used by most clinical laboratories to measure cal-
cium measures all three fractions (total Ca); however, 
abnormalities in total calcium may not be the most 
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relevant monitoring parameter during anesthesia, since 
neuromuscular and cardiovascular function depend on 
the plasma concentration of ionized Ca2+. Ionized Ca2+ 
concentration in both the intra- and extracellular fluid 
spaces is tightly regulated, as this is the biologically active 
form of calcium and the fraction whose derangement is 
most likely to result in clinical signs of hypo- or hypercal-
cemia; monitoring of patients under anesthesia should 
involve assessment and normalization of ionized Ca2+ 
(Marino 2007a).

Assessment of plasma Ca content can be significantly 
affected by protein concentration (specifically albumin), 
with hypoalbuminemic patients displaying low total Ca but 
often normal Ca2+ (only the protein-bound fraction of Ca is 
significantly affected by changes in albumin concentra-
tion). Acid–base disturbances can also affect measured Ca 
concentrations, but unlike albumin changes, pH changes 
typically affect ionized [Ca2+]: acidemia decreases Ca2+ 
binding of albumin and increases plasma Ca2+, whereas 
alkalemia increases Ca2+ binding of albumin. This phe-
nomenon could be exploited therapeutically to manage Ca 
disorders in anesthetized patients (for example, infusion of 
NaHCO3 to acutely lower Ca2+ in a hypercalcemic patient) 
but, more often, this is a side-effect that needs to be borne in 
mind when manipulating acid–base status in patients (i.e. 
infusion of NaHCO3 for treatment of severe metabolic aci-
dosis will also lower plasma Ca2+, possibly necessitating 
treatment in an already hypocalcemic patient).

Treatment of hypocalcemia in the anesthetized patient is 
effectively achieved through IV administration of Ca salts 
(most frequently CaCl2 or Ca gluconate). A solution of 
CaCl2 contains approximately three times as much elemen-
tal Ca as a Ca-gluconate solution of the same concentration 
(for example, 10% or 23%); its osmolality is also three times 
that of a solution of Ca gluconate (Marino  2007a). Ca-
containing solutions should be administered into a large 
central vein, if possible, due to their hypertonicity; if using 
a peripheral vein, Ca gluconate should be administered and 
diluted in a balanced electrolyte solution (Marino 2007a). If 
using a 10% calcium gluconate solution, rates of 1.0–1.5 ml/
kg given slowly IV over 20–30 minutes (with frequent 
assessment of heart rate) are well-tolerated; if bradycardia 
occurs during infusion, administration should slow or stop 
until normal rate and rhythm return (Schaer  2008). 
Hypocalcemia that is refractory to Ca supplementation 
would suggest the presence of hypomagnesemia; this pos-
sibility should be investigated through measurement of 
[Mg2+] and treated with Mg supplementation if noted 
(Hardy 2009). Calcium salts can also be useful for mitigat-
ing the risk of adverse cardiovascular effects of hyper-
kalemia in patients undergoing general anesthesia (see 
above under “Hyperkalemia”); while they have been 

reported to be useful adjunctive positive inotropic agents to 
improve cardiovascular performance in horses under gen-
eral anesthesia, other agents are more effective; calcium 
salts are primarily useful for this purpose in hypocalcemic 
patients (Schauvliege and Gasthuys 2013).

Magnesium

Magnesium is the second most abundant intracellular 
cation, and its broad functions as a cofactor in enzymatic 
reactions of intermediary metabolism are incredibly 
diverse. Magnesium is vital for the regulation of cellular 
energy production and ion concentrations, playing roles 
in mitochondrial oxidative phosphorylation, anaerobic 
glycolysis, and facilitation of intracellular ion pumping 
activity (acting as a cofactor with ATP); Mg2+ has been 
referred to as an endogenous Ca2+ antagonist, since its 
modulation of slow Ca2+ channels maintains normal vas-
cular tone and prevents tissue Ca2+ toxicity in health 
(Svensen  2013). Magnesium is additionally involved in 
the synthesis and degradation of DNA, initiation of ribo-
somal translation, and synthesis of several important 
intracellular second messengers (Bateman  2006). While 
much of the total body Mg stores are within bone mineral, 
this depot is not readily mobilized during times of Mg 
depletion; as such, maintenance of normal plasma Mg 
concentration is highly dependent on regular dietary Mg 
absorption (Goff 2015).

Plasma magnesium concentration can have profound 
effects on the regulation of the extracellular concentra-
tions of other electrolytes, most notably K+ and Ca2+. 
Mg2+ regulates parathyroid hormone (PTH) secretion and 
end-organ sensitivity to PTH and vitamin D, and it regu-
lates the Na+/K+ ATPase and renal tubular resorption of 
K+ (Svensen 2013); the clinician should be alerted to the 
possibility of disorders of K+ and Ca2+ balance when an 
abnormality of Mg2+ is present (especially hypomagne-
semia). Conversely, if K+ or Ca2+ disorders are present, 
therapy to correct them may be ineffective without also 
accounting for the patient’s Mg2+ status (this may be par-
ticularly true for hypokalemia  – Mg supplementation is 
often helpful in normalizing plasma K+ concentrations in 
patients previously refractory to K+ supplementation 
[Marino 2014]).

For the purposes of clinical anesthesia, the concentra-
tion of Mg in the extracellular fluid may be more immedi-
ately important than intracellular [Mg2+] or total body 
Mg2+ stores due to its profound effects on excitable tissue. 
Mg2+ stabilizes axonal membranes and competitively 
inhibits Ca2+ entry at pre-synaptic nerve terminals 
(required for acetylcholine release); functionally, Mg2+ 
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depletion and hypomagnesemia leads to decreased neu-
ronal stimulation threshold, increased nerve conduction 
velocity, and increased activity in neuromuscular tissue 
(with hyperexcitability, tetany, seizure, supraventricular 
and ventricular tachyarrhythmia, and spontaneous death 
occurring in affected small (Bateman 2006) and large ani-
mal patients (Goff 2015)). Symptomatic hypomagnesemia 
should be treated with IV infusion of magnesium (sulfate 
or chloride, diluted to a concentration below 20%); rates 
below 0.2–0.3 mEq/kg are reportedly well-tolerated 
(Humphrey et al. 2015).

The opposite, namely, decreased neuromuscular excita-
bility, occurs in the setting of Mg2+ excess; in fact, this prop-
erty has been exploited historically for the purposes of 
clinical veterinary anesthesia when MgSO4 has been used 
as a neuromuscular blocking agent in combination with 
chloral hydrate (Bowen and McMullan  1975; Singh 
et  al.  1971; Kumar et  al.  1971; Sharma et  al.  1984; Costa 
et  al.  1986). Doses of 0.12–0.16 g/kg of MgSO4 have been 
associated with partial neuromuscular blockade when 
given IV to anesthetized horses (Bowen and McMullan 1975), 
and this property might make it useful for enhancing neu-
romuscular relaxation in anesthetized veterinary patients 
with normal renal function; however, its utility is likely lim-
ited to an adjunct agent due to its lack of direct anesthetic 
effect (Posner and Burns 2009). Hypermagnesemia may be 
associated with atrioventricular and intraventricular con-
duction disturbances if severe; ECG evaluation in these 
cases may reveal third-degree AV block or asystole.

Recent studies have evaluated the effect of pre- and 
intraoperative MgSO4 infusion on the amount of induc-
tion drug and maintenance inhalant anesthetic required 
to anesthetize healthy animals. Anagnostou and col-
leagues showed a dose-sparing effect of MgSO4 when used 
as an IV infusion (50 mg/kg before induction, then 12 mg/
kg/hour during surgery) on the amount of thiopental 
required for induction and end-tidal halothane 

concentration during maintenance of anesthesia in 
healthy dogs undergoing ovariohysterectomy (OHE) 
(Anagnostou et al. 2008). This effect was not detected in 
two other studies, however, where MgSO4 infusion failed 
to decrease isoflurane requirements in healthy dogs under-
going OHE (Rioja et  al.  2012) or healthy adult goats 
(Queiroz-Castro et  al.  2006). Nausea and vomiting were 
notable side effects of MgSO4 infusion in conscious dogs 
(Anagnostou et  al.  2008), and patients should be moni-
tored accordingly for this complication.

Magnesium is an N-methyl-d-aspartate (NMDA) recep-
tor antagonist and consequently also has analgesic proper-
ties (Coetzee  2013). Because of this effect, recent studies 
have investigated the utility of magnesium salts in enhanc-
ing the effectiveness of local/regional anesthetic tech-
niques. Numerous human studies have documented the 
effectiveness of magnesium as an adjuvant to local and 
regional nerve blocks performed with lidocaine or bupiv-
acaine to facilitate surgical and dental procedures (Ammar 
and Mahmoud 2014; Kim et al. 2014; Shetty et al. 2015); in 
these studies, Mg2+ has been shown to improve both qual-
ity of analgesia and return to function following these 
regional anesthetic techniques. Relatively little work has 
been done to evaluate the efficacy of Mg2+ for this use in 
veterinary medicine, but a recent study in cattle suggests 
that the addition of 1 ml of 10% MgSO4 solution to an epi-
dural infusate of 2% lidocaine (0.22 mg/kg) delays the onset 
of analgesia but prolongs its duration significantly when 
compared with lidocaine and distilled water (Dehghani 
and Bigham 2009). The lidocaine-MgSO4 combination pro-
vided effective analgesia for 168 ± 2.6 minutes (compared 
with 59.8 ± 3.4 minutes for lidocaine-distilled water), and 
the authors suggest that this combination would be very 
suitable for long-duration obstetric and surgical proce-
dures in this species, given that readministration of anes-
thetic might not be necessary.
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IV Fluids

The primary goal of perianesthetic fluid therapy is to main-
tain and improve tissue perfusion and restore optimal oxy-
gen and nutrient delivery to tissues. In the sick anesthetized 
patient with shock, secondary to an absolute or relative 
decrease in the effective circulating intravascular volume, 
such as in hypovolemic or distributive shock, intravenous 
(IV) fluid therapy is the cornerstone of management. 
Secondary goals of perianesthetic fluid therapy include 
restoring or maintaining acid–base and electrolyte balance, 
as well as maintaining patency of IV catheters. Various fac-
tors should be taken into consideration while administer-
ing IV fluid therapy in these patients, including timing, 
volume and rate of fluid administration, as well as safety, 
efficacy, and cost-effectiveness of the fluids.

Important considerations for providing effective and safe 
fluid therapy to patients under general anesthesia include:

●● Overall health of the patient: Healthy patients under-
going elective procedures such as ovariohysterectomy or 
dental cleaning have different fluid requirements from 
sicker patients undergoing emergency surgical proce-
dures, such as an exploratory laparotomy for a patient 
with septic peritonitis. Special consideration must be 
given to patients with different co-morbidities, such as 
cardiac disease or renal disease, while formulating a fluid 
therapy plan under general anesthesia.

●● Effects of anesthetic drugs used: Several anesthetic 
drugs used commonly in veterinary medicine have pro-
found effects on the cardiovascular system causing 
changes in vascular tone and increase or decrease in 
heart rate and cardiac contractility. Inhalant anesthetics, 
in particular, cause significant vasodilation and 
decreased cardiac contractility, and can result in hypo-
tension in the anesthetized patient.

●● Intra-operative volume loss: Surgical blood loss can be 
a significant contributor to intra-operative hypotension 

and must be taken into account when calculating fluid 
volumes to be administered to patients for replacement.

●● Insensible losses: Ongoing losses caused by exposure 
of body cavities and evaporative loss can be a significant 
cause of hypovolemia and hypotension in the anesthe-
tized surgical patient.

Fluid Therapy Endpoints 
and Monitoring

Fluid therapy for the anesthetized patient is performed 
under close monitoring and should continue until various 
resuscitation endpoints have been reached. These end-
points include physical examination parameters such as 
improvement in heart rate, pulse quality, capillary refill 
time, and temperature of extremities. Maintenance or nor-
malization of arterial blood pressure is another clinical 
parameter widely used to guide fluid therapy under anes-
thesia. Bloodwork parameters such as lactate levels and 
central venous oxygen saturation, when available, can be 
serially monitored to ensure improvement with fluid ther-
apy. However, these traditional markers of hemodynamic 
stability may prove insensitive at the detection of hypov-
olemia. Studies in dogs show that cardiovascular compen-
satory mechanisms can delay the onset of hypotension 
following blood loss until 30–40% of blood volume has been 
lost (Berkenstadt et  al.  2005). Therefore, hypotension 
should be a considered a late and insensitive indicator of 
adequate tissue perfusion (Navarro et al. 2015).

Fluid responsiveness has been defined in dogs as a 
10–15% increase in stroke volume following a 10–20 ml/kg 
fluid challenge (Celeita-Rodriguez et al. 2019). The preva-
lence of fluid responsiveness in anesthetized veterinary 
patients is not well described, although a single study did 
report that approximately 83% of dogs undergoing abdomi-
nal surgery were fluid responsive (Drozdzynska et al. 2018). 
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Dynamic markers of volume responsiveness have been 
studied extensively in recent years, providing tools to guide 
interventions with fluid therapy. These markers are most 
easily assessed in anesthetized patients on mechanical ven-
tilation and rely on the dynamic and cyclic heart-lung inter-
actions that occur during this time. In hypovolemic patients, 
mechanical ventilation causes a much more significant 
compromise to venous return, increasing the variability 
noted through the respiratory cycle. These dynamic mark-
ers, including pulse pressure variation (PPV), tend to be less 
reliable in patients with cardiac arrhythmias or in those 
that are spontaneously ventilating (Araos et al. 2020).

PPV reflects the ratio of the difference between the maxi-
mum and minimum pulse pressure between their mean. 
Several studies in anesthetized dogs have shown that PPV 
>7–16% are predictive for fluid responsiveness (Endo 
et  al.  2017; Fantoni et  al.  2017; Drozdzynska et  al.  2018; 
Celeita-Rodriguez et  al.  2019). Another similar dynamic 
index, stroke volume variation (SVV), has also been evalu-
ated in anesthetized dogs, with an SVV >11% found to be 
predictive for fluid responsiveness (Endo et al. 2017). More 
recently, a study comparing PPV and systolic pressure vari-
ation (SPV) obtained from the dorsal pedal artery in anes-
thetized dogs undergoing elective ovariohysterectomy 
were both useful predictors of fluid responsiveness 
(Dalmagro et al. 2021).

Fluid Types

Various types of fluids available for fluid therapy of the 
anesthetized patient include isotonic and hypertonic 
crystalloids, and natural (including blood products) and 
synthetic colloids.

Crystalloids

Crystalloids are solutions of small water-soluble molecules 
that can pass freely across a semi-permeable membrane 
such as the capillary endothelium. The tonicity of these 
solutions reflects their osmolality relative to that of plasma.

Isotonic Crystalloids

Composition
Crystalloids have a tonicity relatively similar to that of 
plasma. The principal component of isotonic crystalloid flu-
ids is the inorganic salt sodium chloride (NaCl), with 0.9% 
NaCl being the prototype isotonic crystalloid. Normal 
strength saline has a significantly lower strong ion differ-
ence and a higher chloride level (154 mEq/l) than plasma 
levels in most veterinary patients. Normal canine plasma 

chloride levels are between 105 and 110 mEq/l, while nor-
mal equine plasma chloride ranges from 90 to 102 mEq/l 
(Raghunathan et al. 2013). This can have a significant impact 
on the acid–base status of patients, potentially causing a 
hyperchloremic metabolic acidosis by decreasing the strong 
ion difference. The use of saline in human patients has also 
been shown to increase the risk for renal injury, potentially 
related to a chloride-related renal vasoconstriction and sub-
sequent renal hypoperfusion. For this reason, several “bal-
anced” isotonic crystalloids have been developed where 
some of the chloride is replaced by buffer ions such as ace-
tate and gluconate which are bicarbonate precursors.

Pharmacology
The fact that isotonic crystalloids have sodium levels rela-
tively comparable to that of plasma limits the movement of 
water out of the extracellular fluid compartment into the 
intracellular fluid compartment and vice versa. Sodium is 
the most abundant solute in the extracellular fluid, and it is 
distributed uniformly throughout the extracellular space. 
Because 75% of the extracellular fluids are located in the 
extravascular (interstitial) space, a similar proportion of the 
total body sodium is in the interstitial fluids. Exogenously 
administered sodium follows the same distribution, so 
approximately 75% of the volume of sodium-based IV fluids 
are rapidly redistributed within the interstitium. This 
means that to increase plasma volume by a given amount, 
four times the desired volume needs to be administered to 
take account of the interstitial redistribution.

When administered rapidly as a bolus, isotonic crystal-
loids can effectively expand plasma volume. A 2005 study 
showed that a rapid infusion of 80 ml/kg of 0.9% saline to 
four healthy dogs caused a 76.4% increase in intravascular 
volume (Silverstein et al. 2005). While rapid redistribution 
did occur, leaving a net intravascular volume increase of 
only 35% at 30 minutes and 18% at four hours post-infusion, 
it is possible that a similar volume of infusion to hypov-
olemic animals may have resulted in a greater, more pro-
longed expansion of the vascular volume.

The elimination clearance (Cl) for isotonic crystalloids 
can vary based on several factors, such as hydration levels, 
physiologic stressors, ongoing surgical procedures and the 
influence of general anesthesia. Patients under general 
anesthesia tend to have a lower intravascular hydrostatic 
pressure secondary to volatile anesthetic-induced vasodila-
tion. This could potentially play a role in reducing the clear-
ance of infused fluids and increasing volume expansion 
from a given infusion. The proportion of infused crystal-
loids retained in the intravascular space may approach 
100% in hypotensive patients when the arterial blood pres-
sure decreases by 20–30%, such as during acute hemorrhage 
or during general anesthesia (Hahn and Lyons 2016).
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Dosing
Isotonic crystalloids are inexpensive and readily available 
and, as such, are typically the first choice for peri-
anesthetic fluid therapy in most cases. Fluid therapy in 
small animal patients undergoing general anesthesia is 
variable and often dictated by patient needs. Advantages 
of providing fluid therapy during general anesthesia 
include correction of normal, ongoing fluid losses and 
potential countering of volatile-anesthetic induced hypo-
tension. Current recommendations in small animals 
advise fluid rates of 3 ml/kg/h in cats and 5 ml/kg/h in 
dogs should be employed as starting rates, with reassess-
ment and adjustment as necessary (Davis et  al.  2013). 
Preoperative volume loading in euvolemic patients is not 
recommended. Rates are typically lower in patients with 
cardiac disease, and higher in patients with renal disease. 
In azotemic patients, generally 1.5–2 times maintenance 
crystalloid administration for the 12–24 hours prior to 
anesthesia is recommended. Fluid rates up to 20–30 ml/
kg/h during anesthesia have been recommended in 
patients with renal dysfunction (Bednarski et  al.  2011). 
Fluid therapy rates in horses under general anesthesia 
start at 3–10 ml/kg/h of an isotonic crystalloid, with reas-
sessment of the patient as needed. In case of significant 
hypotension, rates of up to 20–30 ml/kg/h may be used 
(Hardy 2009). IV fluid therapy in ruminants undergoing 
surgery typically includes the use of a balanced isotonic 
solution, particularly if the patient has been fasting for 
24 hours or longer prior to anesthesia. Normal mainte-
nance fluid therapy in ruminants under anesthesia is typi-
cally between 4 and 8 ml/kg/h, but rates of up to 10–25 ml/
kg/h may be used in cardiovascularly unstable patients or 
if blood loss is anticipated intra-operatively. Ruminants 
tend to lose large volumes of saliva during anesthesia, but 
replacement of electrolytes lost in this manner is typically 
not necessary for most anesthetic procedures. Fluid ther-
apy in camelids must be undertaken cautiously since their 
fluid tolerance tends to be low and fluid overload and sub-
sequent pulmonary edema may result in these species.

When used for rapid intra-vascular volume restoration in 
a hypotensive patient under anesthesia, the classic “shock 
dose” is approximately 60–90 ml/kg in dogs, 45–60 ml/kg in 
cats, and 60–80 ml/kg in horses, which reflects the 
approximate blood volumes in each of these species. The 
actual dose used to treat patients with evidence of 
hypovolemia under anesthesia (absolute or relative) varies 
widely and is influenced by the species, individual patient, 
severity of hypovolemia, and any other co-morbidities (e.g. 
cardiac disease). A common recommendation is to use an 
aliquot of the shock dose, typically around 25–30% (bolus 
of 10–20 ml/kg) administered over 15–30 minutes, reassess 
the patient after this, and repeat if necessary. The patient 

should be closely monitored during delivery of the bolus, 
and it should be slowed or discontinued if any adverse 
effects are seen or if perfusion parameters improve before 
the end of the predetermined amount.

The effectiveness of isotonic crystalloids in combating 
volatile anesthetic-induced hypotension in veterinary 
patients has been called into question. A 2009 study 
compared the efficacy of administration of 80 ml of LRS/kg 
with <40 ml/kg of a synthetic colloid in healthy dogs with 
isoflurane-induced hypotension (Aarnes et al. 2009). This 
study found that administration of LRS decreased blood 
viscosity but did not increase arterial blood pressure in any 
of the patients. Another study in healthy, normovolemic 
isoflurane-anesthetized dogs administered isotonic 
crystalloids at a rapid rate of 1 ml/kg/min showed that 
these fluids were ineffective at treating isoflurane-induced 
hypotension (Valverde et al. 2012).

Adverse Effects
Aggressive crystalloid-based fluid therapy can lead to 
several adverse effects, especially in patients predisposed to 
volume overload (e.g. patients with severe hypoproteinemia 
or cardiac disease). Because these fluids redistribute into 
the interstitium, organ edema can occur and may be life 
threatening. Pulmonary edema and acute lung injury are 
among the most commonly seen adverse effects of 
aggressive crystalloid therapy, particularly in patients with 
increased vascular permeability secondary to systemic 
inflammation or sepsis.

Other consequences of aggressive and overzealous 
crystalloid administration include changes to the 
gastrointestinal (GI) tract resulting in decreased motility, 
increased intestinal permeability predisposing the patient 
to bacterial translocation, and increased risk for abdominal 
compartment syndrome. Cardiac effects of crystalloid 
therapy have also been documented and include an 
increased risk of ventricular arrhythmias and disruption of 
cardiac contractility. Coagulation disturbances can also 
occur as a result of dilution of coagulation factors and 
decreased blood viscosity; however, these effects are 
significantly less than changes caused by synthetic colloids 
(Shoemaker and Hauser 1979; Cotton et al. 2006).

In recent years, the endothelial glycocalyx, a gel-like 
layer covering the luminal surface of vascular endothelial 
cells, has been a focus of interest for its role in regulating 
vascular permeability, providing anti-coagulant effects, 
and protecting endothelial cells from oxidative stress 
(Uchimido et al. 2019). There is increasing evidence that 
suggests that rapid fluid therapy with both crystalloids and 
colloids can induce shedding of the endothelial glycocalyx 
through hemodilution and osmotic changes (Smart 
et al. 2018).



­Fluid  Type ﻿ 373

Isotonic crystalloids, particularly lactated Ringer’s solu-
tion, have been associated with causing activation of pro-
inflammatory mediators. Many formulations of lactated 
Ringer’s solution contain racemic mixtures of both the l- and 
d-lactate stereoisomers. The d-lactate isomer has been asso-
ciated with an increase in neutrophil stimulation and migra-
tion to the lungs, apoptosis of cells in the lungs, and increased 
production of reactive oxygen species, thereby potentiating 
the pro-inflammatory response, whereas the l-lactate isomer 
is rapidly metabolized by the liver (Rhee et al. 1998; Alam 
et al. 2004).

Normal strength saline, in particular, can have significant 
deleterious effects on acid–base and electrolyte status, as a 
consequence of its high chloride concentration, and can 
cause a decrease in blood pH, decrease in bicarbonate and 
strong ion difference resulting in a hyperchloremic meta-
bolic acidosis. This has been evaluated in several human 
studies in anesthetized patients (McFarlane and Lee 1994; 
Waters et al. 2001; Tellan et al. 2008). Clear evidence indi-
cating that balanced fluids may be preferred in veterinary 
patients does not exist. A large Cochrane review in humans 
did not find a mortality difference between critically ill 
patients treated with a buffered solution versus. normal 
saline (Martin et al. 2019) (See Table 30.1).

There is some concern that administration of lactated 
Ringer’s solution can cause an increase in plasma lactate 
levels, which was borne out by studies in anesthetized 
human patients undergoing various surgical procedures 
(Scheingraber et  al.  1999; Hadimioglu et  al.  2008; Shin 
et  al.  2011). Another study evaluating the effect of rapid 
administration of LRS in healthy dogs found that plasma 
lactate levels increased significantly within 10 minutes of 
administration but decreased back to baseline within 
60 minutes (Boysen and Dorval  2014). While the clinical 
significance of these findings is unknown, caution should 
be exercised when interpreting serum lactate values in 
these patients and using them as a marker to guide further 
fluid therapy.

Acetate containing solutions, such as PlasmaLyte-148®, 
are widely used in veterinary medicine. However, 
theoretical concerns exist about the vasodilatory and 
cardiovascular depressant effects of acetate-containing 
infusions (Aizawa et al. 1977; Kirkendol et al. 1980; Olinger 
et al. 1979; Veech and Gitomore 1988). However, this has 
not been borne out in animal models or any veterinary 
clinical studies.

Hypertonic Crystalloids

Composition
Hypertonic saline solutions have an effective osmolarity 
greater than that of normal plasma. Commonly used 

concentrations range from 3% to 7.5%. Hypertonic saline is 
available commercially in concentrations of 7.2% and 
23.4%. Hypertonic saline has several beneficial properties 
that make it an excellent choice for rapid, small-volume 
resuscitation in hypotensive patients. A 2005 study 
evaluating the changes in blood volume after a bolus of 
4 ml/kg of 7.5% sodium chloride showed that the post-
infusion plasma volume change was only about 17% despite 
a brief increase in blood volume about three times the 
volume of fluid administered (Silverstein et  al.  2005). Its 
ability to cause intravascular volume expansion in excess 
of the volume infused is due to the osmotic gradient 
generated by the sudden, dramatic increase in plasma 
osmolarity after administration, thus making it a good 
option for small-volume resuscitation. A meta-analysis 
published in 2010 of studies evaluating the use of 
hypertonic saline for perioperative fluid therapy in human 
surgical patients showed that patients receiving hypertonic 
saline had a significantly less positive postoperative fluid 
balance and received significantly less volume of fluids 
overall. The study also showed that hypertonic saline given 
intraoperatively caused a significantly higher cardiac index 
without a concomitant increase in pulmonary capillary 
wedge pressure in these patients. However, no information 
on the effects on survival and morbidity could be gleaned 
from the included studies (McAlister et  al.  2010). In 
another more recent study, the use of 3% hypertonic saline 
was compared to lactated Ringer’s solution in human 
surgical patients undergoing pancreatic surgery, and the 
hypertonic saline group received lower fluid volumes 
perioperatively and had a lower incidence of peri- and 
postoperative complications (Lavu et al. 2014).

Hypertonic saline also has other beneficial properties 
which make it an attractive choice as a resuscitative fluid. 
These properties include immunomodulatory effects, such 
as decreased neutrophil activation and adherence, 
stimulation of lymphocyte proliferation, and inhibition of 
pro-inflammatory cytokine production by macrophages. It 
also improves the rheologic properties of circulating blood, 
reduces endothelial cell swelling, and helps reduce 
intracranial pressure (ICP) in patients with traumatic brain 
injury (TBI) (Rizoli et al. 2006; Bulger et al. 2008; Balbino 
et al. 2010; Mortazavi et al. 2012). Experimental evidence 
suggests that hypertonic saline improves myocardial 
function and causes coronary vasodilation (Mouren 
et  al.  1995), thereby improving overall cardiac function. 
However, its effect on cardiac contractility in clinical vet-
erinary settings requires further evaluation.

The veterinary literature regarding the use of hypertonic 
saline solutions during anesthesia or for shock resuscitation 
is limited. A study in hypovolemic endurance horses 
showed that hypertonic saline led to faster restoration of 



Table 30.1  Commonly available IV fluids for peri- operative use in veterinary medicine.

Solution Category
Sodium 
(mEq/l)

Potassium 
(mEq/l)

Chloride 
(mEq/l)

Magnesium 
Buffer (mEq/l)(mEq/l)

COP 
(mmHg)

Average 
molecular 
weight (kDa)

Molar 
substitution

C2:C6 
ratio

0.9% NaCl Isotonic 
crystalloid

–154 –154 – – – – –

Lactated Ringer’s 
solution

Isotonic 
crystalloid

4130 –109 –Lactate (28) – – –

Plasma- lyte 148® Isotonic
crystalloid

5140 98 1.5 Acetate (27)
Gluconate 
(23)

– – – –

7.2% NaCl Hypertonic 
crystalloid

–1232 –1232 – – – – –

Hetastarch in 0.9% 
NaCl (Hespan)

Synthetic 
colloid

–154 –154 – 67030 0.75 5:1

Hetastarch in 
lactated electrolyte 
solution (Hextend)

Synthetic 
colloid

3143 0.9124 67030Lactate (28) 0.75 5:1

Tetrastarch in 0.9% 
NaCl (Voluven, 
Vetstarch)

Synthetic 
colloid

–154 –154 – 130 0.4 9 : 1

0005455811.INDD   374 02-16-2024   09:51:37
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intravascular volume deficits than isotonic saline (Fielding 
and Magdesian 2011). A 2006 study in anesthetized horses 
with experimentally induced endotoxemia revealed that 
administration of 7.2% hypertonic saline, combined with a 
synthetic colloid, failed to improve cardiac output, systemic 
vascular resistance, mean arterial pressure or arterial 
lactate levels (Pantaleon et  al.  2006). In another equine 
study evaluating preoperative fluid therapy with 7.2% 
hypertonic saline in surgical colic cases, no benefit to 
overall long-term survival was noted in the hypertonic 
saline group (Miller et  al.  2013). A more recent study in 
healthy anesthetized horses reported a significant increase 
in systolic blood pressure 10 minutes following adminis
tration of a 4 ml/kg bolus of 7.2% hypertonic saline that 
lasted for 25 minutes when compared to baseline (Schnuelle 
et al. 2020). Further studies in veterinary medicine regard-
ing the use of perioperative fluid therapy with hypertonic 
saline solutions are warranted.

Dosing
Typically, a 3–5 ml/kg dose of 7–7.5% solution is used for 
small-volume resuscitation. Because hypertonic saline rapidly 
redistributes into the interstitium within 30 minutes after 
administration and also causes an osmotic diuresis, its volume 
expansion effect is short lived (Oliveira et al. 2002). For this 
reason, it is often combined with a synthetic colloid. This 
combined solution, sometimes referred to as “turbostarch,” is 
administered at a dose of 3–5 ml/kg and is prepared by mixing 
a stock solution of 23.4% hypertonic saline with a synthetic 
colloid in an approximately 1  :  2 ratio to arrive at a total 
volume of 3–5 ml/kg. For example, a 5 ml/kg dose for a 12-kg 
dog would be 60 ml. Therefore, one part 23.4% hypertonic 
saline (20 ml) with two parts (40 ml) 6% hetastarch would cre-
ate an approximately 7.5% hypertonic saline solution.

Adverse Effects
The primary adverse effect of hypertonic saline is hyperna-
tremia. This is seen immediately after administration but is 
usually transient (McAlister et al. 2010). There is a risk for 
hypernatremia-induced osmotic demyelination syndrome 
in patients with pre-existing chronic hyponatremia. Most 
critically ill or anesthetized patients have frequent monitor-
ing of electrolytes, and the risk of transient hypernatremia 
does not usually outweigh the potential benefits hypertonic 
saline therapy.

Hypertonic saline should be used cautiously in patients with 
pre-existing cardiac or pulmonary abnormalities because the 
increase in intravascular volume and hydrostatic pressure 
may lead to volume overload or pulmonary edema. It can 
also cause significant interstitial (and intravascular) vol-
ume depletion, particularly in patients that are already 

dehydrated. Therefore, hypertonic fluid administration should 
be followed by additional fluid therapy as indicated.

Synthetic Colloids

Composition
Colloids are large molecules (>10 000 Da) of varying sizes 
that do not readily cross diffusion barriers across normal 
blood vessels as crystalloids do. Commercially available 
synthetic colloids used in veterinary medicine typically 
contain large molecules of amylopectin (a synthetic glucose 
polymer derived from waxy potato or maize starch) 
suspended in an isotonic crystalloid solution (typically 
0.9% NaCl or LRS) (Table 30.1).

Pharmacology
The three most important properties of synthetic colloids 
that influence their pharmacologic behavior and half-life 
include the molecular weight, degree of molar substitution 
and the C2/C6 ratio.

The degree of molar substitution of a starch is determined 
by the average number of hydroxyethyl residues per 100 
available anhydrous glucose units. This varies widely, and 
most new solutions contain fewer residues per glucose 
subunit. Highly substituted starches have a terminal half-
life that increases with repetitive dosing as well as with 
longer infusion durations (Treib et al. 1996).

The other major property of starches that can be modi-
fied and play a role in their pharmacokinetic properties is 
the pattern of hydroxyl substitution with hydroxyethyl 
groups on the molecule. This is also called the C2/C6 ratio 
and reflects the relative degree of substitution at the second 
and sixth carbon atoms on the starch molecule. The speed 
of metabolism of a given starch molecule is inversely pro-
portional to the C2/C6 ratio.

Colloids are metabolized in the body primarily through 
enzymatic degradation by plasma α-amylases which cleave 
within the glucose polymer chain resulting in smaller 
fragments of the starch molecule.

α-amylase-mediated hydrolysis can reduce the molecular 
weight of these particles to less than 72 kDa. Starches with 
a higher degree of molar substitution and a higher C2/C6 
ratio tend to have longer elimination half-lives and slower 
rates of α-amylase mediated hydrolysis (Asskali and 
Förster 1999; Jungheinrich and Neff 2005). The clearance 
of starch molecules from the intravascular space depends 
on the rate of their absorption by tissues (liver, spleen, kid-
ney, and heart), uptake by the reticuloendothelial system 
and clearance through urine and less significantly, bile 
(Jungheinrich and Neff  2005). There is some degree of 
transient tissue retention of starch molecules, which 
appears to be directly proportional to their molecular 
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weight. A 2003 study in rats showed that tetrastarches with 
an average molecular weight of 130 kDa had lower tissue 
storage than hetastarches with an average molecular 
weight of 450 kDa (Leuschner et al. 2003).

Colloids infused into the vascular space therefore tend to 
remain in the vascular space rather than redistribute to the 
interstitial space. This, theoretically, leads to a more 
sustained intravascular expansion effect. These fluids 
increase the colloid osmotic pressure of serum, creating a 
force that opposes the hydrostatic pressure in the 
vasculature and helps retain fluid in the vascular space by 
preventing extravasation into the interstitial space. This 
property of colloids makes them useful for volume 
expansion in anesthetized, hypotensive patients.

Hetastarch

Hetastarch is a synthetic colloid available as a 6% solution sus-
pended in an isotonic-crystalloid solution such as 0.9% saline 
(Hespan®) or a lactated-electrolyte solution (Hextend®). 
Hetastarch has a molar substitution of 70 groups out of 100 
(0.7), and a molecular weight around 670 kDa. In a study in 
healthy dogs, infusion of 20 ml/kg of hetastarch solution pro-
duced a 27.2% increase in blood volume immediately after 
infusion, an increase to 36.8% at 30 minutes, and maintenance 
of 26.6% at four hours post-infusion (Silverstein et al. 2005).

Tetrastarch
Tetrastarch (Voluven® or Vetstarch®) has particles with a 
slightly lower weight average molecular weight (130 kDa) 
and a lower substitution with hydroxyethyl groups (40 
groups out of 100, or 0.4) than the previously discussed 
hetastarch. These properties are likely responsible for 
causing the purported benefit of fewer adverse effects on 
coagulation than hetastarch solutions. This product has 
been approved for use in small animals (Vetstarch®). More 
studies in veterinary medicine evaluating the effects of this 
particular synthetic colloid are necessary to assess its effec-
tiveness and safety as a volume expander.

Pentastarch

Pentastarch (Pentaspan®) is a low-molecular-weight deriva-
tive of hetastarch with an average molecular weight between 
200 and 300 kDa, and a molar substitution of 0.4–0.5 
(approximately 45 hydroxyethyl groups per 100 glucose sub-
units), that is available as a 6% or 10% solution in isotonic 
saline. Although it is not currently approved for clinical use 
in the US, it has been used in other parts of the world as an 
effective volume expander. Pentastarch contains smaller but 
more numerous starch molecules than hetastarch and thus 
has a higher colloid osmotic pressure.

Dosing
Because colloids are retained in the vascular space longer 
than crystalloid solutions and can have adverse coagulation 
effects, the recommended rates and volumes of administra-
tion of these fluids are typically much lower than that of 
crystalloids. When synthetic colloids are used for the treat-
ment of shock, the typical dose is 10–20 ml/kg in the dog 
and horse and 5–10 ml/kg in the cat (see Table 30.1). This is 
commonly administered to effect in incremental boluses of 
2–5 ml/kg over 10–20 minutes.

A 2009 study showed that <40 ml/kg of a synthetic col-
loid was effective in improving isoflurane-induced hypoten-
sion in anesthetized dogs (Aarnes et  al.  2009). Synthetic 
colloids have been shown to provide more effective volume 
expansion and improve arterial blood pressure when com-
pared to crystalloids in awake horses (Epstein et al. 2014). 
They have also been shown to improve colloid osmotic pres-
sure in awake horses and camelids in several studies (Jones 
et al. 1997, 2001; Carney et al. 2011). However, a 2011 study 
in horses anesthetized for non-gastrointestinal tract surgery 
showed that administration of synthetic colloids at a rate of 
2.5 ml/kg over one hour along with crystalloids did not pre-
vent the attenuation of colloid osmotic pressure seen with 
administration of crystalloids alone (Wendt-Hornickle 
et al. 2011). A more recent study evaluating 10% hydroxye-
thyl starch in systemically healthy horses undergoing elec-
tive surgical procedures found that 6 ml/kg of the starch 
was effective at maintaining COP during anesthesia 
(Brunisholz et al. 2015).

Adverse Effects

Acute Kidney Injury

Much emphasis has been placed in recent years on the 
various potential adverse effects of synthetic colloids, 
especially in critically ill people. There has been recent 
evidence in several human trials and meta-analyses that 
high molecular-weight starches (HES 200/0.6 and >200) 
may cause acute kidney injury in patients with severe 
sepsis, although HES 130/0.4  may be less harmful 
(Myburgh et  al.  2012; Zarychanski et  al.  2013; Neto 
et al. 2014). However, a subsequent study did not support 
this hypothesis and showed that even 6% HES 130/0.4 can 
cause more impairment of renal function than resuscitation 
with crystalloids alone in patients with severe sepsis 
(Perner et al. 2012). Another veterinary study evaluating 
the use of 10% hydroxyethyl starch 250/0.5 found an 
increased risk of acute kidney injury and mortality in the 
dogs receiving synthetic colloids (Hayes et al. 2016). Other 
veterinary studies have found mixed results, including in 
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cats (Yozova et al. 2016, 2017; Sigrist et al. 2017a, 2017b; 
Boyd et al. 2019). A recent prospective study (Boyd et al. 
2021) compared biomarkers of acute kidney injury between 
dogs receiving 6% HES 130/0.4 and Hartmann’s Solution, 
and found no differences between the groups of dogs. 
Larger studies in different veterinary populations are war-
ranted to further evaluate this.

There are several proposed mechanisms by which synthetic 
colloids can cause renal injury. One of the earlier proposed 
theories suggested that ischemic injury occurred secondary 
to hyperviscosity caused by colloid infusions (particularly 
with hyperoncotic formulations such as 10% hetastarch), 
resulting in increased urine viscosity and decreased tubular 
flow (Hüter et al. 2009). An important mechanism for starch-
induced kidney injury is osmotic nephrosis after starch 
molecules enter renal proximal tubular cells via pinocytosis 
and cause vacuolization and swelling of these cells. This 
compromises and occludes the tubular lumen and impedes 
urine flow. Experimental data from isolated porcine renal 
perfusion models indicates that synthetic colloid infusions 
caused reduced urine output, higher levels of N-acetyl-B-
aminoglucosidase (a biomarker for acute kidney injury), 
renal interstitial cell proliferation and the presence of osmotic 
nephrosis-like lesions. This study also showed that higher 
molecular weight starches with higher molar substitution 
(200/0.5) caused more pronounced renal tubular damage 
than lower molecular weight and less substituted starches 
(130/0.4) (Schortgen et al. 2008).

Despite these studies in critically ill patients with sepsis, 
the effects on renal tissue caused by shorter durations of 
exposure to smaller amounts of starches intraoperatively in 
anesthetized patients are less clear. A meta-analysis pub-
lished in 2021 evaluated the safety of tetrastarches used in a 
perioperative setting in humans showed no increase in post-
operative mortality or renal injury (Xu et al. 2021). Studies on 
the renal impact of starches in anesthetized veterinary 
patients are sparse – a recent retrospective study examined 
paired plasma creatinine and chloride concentrations in dogs 
undergoing general anesthesia for various reasons. This 
study showed no evidence of AKI following a median dose of 
6.3 ml/kg of hetastarch under anesthesia (Zersen et al. 2019)

Coagulopathies

All synthetic colloids have the potential to interfere with 
hemostasis, either through a nonspecific effect correlated 
to the degree of hemodilution of coagulation factors, or 
through specific actions of these macromolecules on 
platelet function, coagulation proteins, and the fibrinolytic 
system. High molecular-weight starches can cause 
decreases in the activity of von Willebrand’s factor and its 
associated factor VIII and ristocetin cofactor activities, 

decreased platelet aggregation through effects on the plate-
let integrin αIIbβ3, and impaired factor XIII- fibrin cross 
linking as well as enhanced fibrinolysis (de Jonge and 
Levi 2001; Kozek-Langenecker 2005; Westphal et al. 2009).

Several studies in veterinary medicine have documented 
the effects of synthetic colloids on hemostasis (Falco 
et al. 2012; Helmbold et al. 2014). A 2015 study evaluating 
administration of tetrastarch to dogs with LPS-induced endo-
toxemia found that tetrastarch administration resulted in 
transiently prolonged partial thromboplastin time, decreased 
platelet count, decreased speed of clot formation and weaker 
clot strength, as well as acquired type 1 von Willebrand dis-
ease (Gauthier et al. 2015). Another canine study evaluating 
coagulation parameters in anesthetized healthy dogs under-
going orthopedic surgery found that a bolus of 10 ml/kg of 6% 
hetastarch (600/0.75) caused an increase in buccal mucosal 
bleeding time and decrease in platelet count; however, no 
clinical bleeding was noticed in these dogs (Chohan 
et al. 2011). A recent canine study evaluating dogs with spon-
taneous hemoperitoneum that received 6% hydroxyethyl 
starch 130/0.4 reported impairment of thromboelastometric 
parameters of clot formation time and maximum clot firm-
ness with no evidence of fibrinolysis (Iannucci et al. 2021). 
Caution is recommended when using synthetic colloids in 
hypocoagulable patients undergoing surgical procedures that 
may have an increased risk of clinical bleeding.

Coagulation abnormalities following colloid administra-
tion have also been described in several studies in horses 
(Schusser et al. 2007; Blong et al. 2013; Viljoen et al. 2014). 
Starches induce dose-dependent changes in coagulation 
parameters in horses, beyond causing just hemodilution. 
However, none of these studies document clinically signifi-
cant bleeding tendencies that could be reliably attributed 
to the use of starches.

Conclusion

IV fluid therapy is a cornerstone of management of anes-
thetized veterinary patients. While similar underlying 
physiologic principles of fluid needs and responsiveness 
apply to these patients, there are unique changes induced 
by general anesthesia that can alter various aspects of 
patient management. Judicious, goal-directed fluid ther-
apy tailored to the needs of each individual patient is war-
ranted, and care should be taken to consider co-morbidities, 
the anticipated complications resulting from any surgical 
procedures as well as the influence of the other anesthetic 
drugs used when creating a fluid therapy plan. Crystalloids 
remain the mainstay of intraoperative fluid management 
of most veterinary patients, but the use of colloids can be 
considered in certain situations.
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Blood transfusion is a common practice in both small and 
large animals. Individual blood components can be used to 
improve tissue oxygen delivery (with red blood cells [RBC]); 
to replace blood proteins (e.g. coagulation factors, albumin) 
(with plasma); or to replace blood volume in exsanguinat-
ing patients (Lynch et al. 2015a, 2015b; Piek et al. 2008).

Blood component therapy is recommended in transfusion 
medicine. Separating fresh whole blood (FWB) in its various 
components allows for better individual use, improves stor-
age and results in fewer adverse effects (Table  31.1) 
(Davidow 2013). In dogs, the most common reason for RBC 
transfusion is hemorrhage and for plasma transfusion is 
coagulopathy (Hann et al. 2014; Snow et al. 2010).

In cats, both component therapy and FWB transfusion is 
common, although it is less documented than in dogs. 
There is minimal data on horses or ruminants, where FWB 
is mostly used (Balcomb and Foster  2014; Hurcombe 
et al. 2007; Mudge 2014; Mudge 2015).

Pre-transfusion testing, especially establishment of the 
correct blood type and blood cross-matching is important 
to limit the risks of transfusion reactions (Tocci and 
Ewing  2009). Reactions can vary from life-threatening 
hemolysis in cases of incompatible transfusions, especially 
in cats and horses, to mild febrile reactions (Davidow 2013; 
Mudge 2014).

Packed Red Blood Cells

Packed RBCs (pRBCs) is the most commonly transfused 
blood product. pRBC is a refrigerated (2–6 °C) stored prod-
uct obtained after FWB fractionation. Storage medium 
usually consists of Acid-Citrate-Dextrose (ACD), which 
allows for a 21-day shelf-life. Adenine (in CPDA) or other 
additives (e.g. Optisol®, Adsol®) can be added as a source of 
energy, increasing the shelf-life to 35 or 42 days, respec-
tively (Davidow 2013).

The main indication for RBC transfusion is to treat ane-
mia and improve oxygen delivery (DO2). DO2 is composed 
by cardiac output and arterial oxygen content (CaO2). CaO2 
is equal 1.34 × [Hb] × SaO2 + 0.003 × PaO2 g/dl. Using nor-
mal values for each of the components, CaO2 is equal to 
approximately 20 g/dl, with 19.7 g/dl being the oxygen pre-
sent at the RBC surface, and only 0.3 g/dl being the dis-
solved oxygen. Therefore, the RBC is the most important 
part of oxygen transportation in the blood, whereas PaO2 
becomes the most important part of oxygen diffusion to the 
cells, for use in cellular adenosine triphosphate (ATP) for-
mation. Transfusion of RBCs also increases blood volume 
and can improve DO2 by increasing stroke volume and car-
diac output.

In a retrospective study on more than 3000 canine cases, 
the most common reason for RBC transfusion was hemor-
rhage (68%), with neoplasia (36%) the leading reason for 
hemorrhage before trauma (13%) and surgical blood loss 
(12%). Hemolysis was the major cause of anemia in those 
dogs (16%), with immune-mediated hemolytic anemia 
accounting for 90% of these cases (Hann et al. 2014).

In a retrospective study on blood transfusion in 31 horses, 
58% of horses received a blood transfusion secondary to 
blood loss, 26% due to hemolytic anemia and 16% due to 
erythropoietic failure (Hurcombe et al. 2007). The majority 
of the transfusions (91%) were whole blood transfusion 
(Hurcombe et al. 2007).

The decision of transfusion is based on clinical signs. If 
the anemia is chronic, compensatory mechanisms 
develop, aiming to maintain energy production. It 
includes maintenance of normal blood volume (through 
the renin–angiotensin–aldosterone and antidiuretic hor-
mone systems), improvement of PaO2, local vasoconstric-
tion to direct blood flow to the most important organs, 
decreased activity to lower oxygen consumption, and 
changes in cellular metabolism toward anaerobic ATP 
production (i.e. hyperlactatemia).
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Therefore, the author uses ten criteria to determine an 
individual patient’s need for an RBC transfusion:

1)  Age and co-morbidity of the patient, as it can be related 
to the ability to develop compensatory mechanisms or 
oxygen consumption may be higher.

2)  Chronicity of the anemia, which is directly related to 
the development of compensatory mechanisms.

3)  Clinical signs is a challenging criteria, as 100% of ane-
mic patients will have clinical signs, which varies from 
mild (e.g. lethargy, pale mucous membranes) to more 
severe (e.g. syncope, severe tachycardia). The author 
recommends transfusion in more severe cases.

4)  Failure to maintain energy production, which is usu-
ally represented by hyperlactatemia.

5)  Presence of blood loss, compared to the euvolemic 
anemic hemolytic patient.

6)  The presence or absence of regenerative response, as 
the absence of regenerative response makes the patient 
at risk for more prolonged periods of anemia.

7)  The cause of anemia, for example, the transfused 
RBCs will likely be destroyed by a hemolytic patient.

8)  The risks associated with transfusion, depending espe-
cially on the screening availability or history of previ-
ous transfusion.

9)  The need for an anesthesia, as the associated increase 
in the oxygen consumption may worsen the balance 
between oxygen supply and demand.

10)  The hemoglobin (or hematocrit) level: in critically ill 
humans, RBC transfusions are recommended at a 

hemoglobin level of 7 g/dl or hematocrit of 21% 
(decreased for the hemoglobin of 10 g/dl and hemato-
crit of 30% rule) unless the patient has clinically sig-
nificant heart disease or sepsis, in which case, a level 
of 10 g/dl (hematocrit of 30%) is recommended 
(Dellinger et al. 2013; Hébert et al. 1999).

Studies showed that dogs receiving RBC transfusion 
have an average hematocrit of 18% (Hann et al. 2014). The 
usual goal of transfusion is to abate clinical signs, and 
reach a safer hematocrit, usually between 25% and 30%. 
Therefore, a hematocrit increase of approximately 10% is 
usually needed. An easy calculation is that 1 ml/kg of 
pRBCs will increase the patient’s hematocrit by 1%. 
However, that rule of thumb has been challenged, and a 
1.5 ml/kg may be required for the same effect. Clinicians 
can also use the following formula to predict a volume (ml) 
equal to “BW (kg) × blood volume (90 ml) × [(desired 
PCV − recipient PCV)/Donor PCV]” (Short et al. 2012). If 
using FWB, the first formula volume has to be doubled.

Blood Types and Pretransfusion  
Testing

Eight dog erythrocyte antigens (DEA) exist, with DEA 1.1, 
1.2, and 7 being clinically significant. Recently, it has been 
shown that the DEA 1 group is a continuum from negative 
to strongly positive antigen expression, meaning that previ-
ously typed DEA 1.2+ and 1.3+ are just DEA 1+ (Acierno 
et al. 2014). The rule of thumb in canine RBC transfusion 
is that they do not have naturally occurring antibodies 
against DEA 1 blood type, but they will develop anti-DEA 
1 antibody when in contact (i.e. transfused) with DEA 1 
positive RBCs. Those antibodies will cause agglutination 
and hemolysis if DEA 1 positive blood is transfused again. 
Put in simple terms, dogs have a “free pass” on the first 
transfusion of RBCs. However, dogs have naturally occur-
ring antibodies for some DEA types that will result in 
delayed reaction (e.g. DEA 3, DEA 4, DEA 5, and DEA 7). 
In 2007, a new common blood type named Dal was identi-
fied on Dalmatians with a presumed prevalence of 20%. 
Dalmatians lacking the Dal antigen are likely at risk of 
acute and delayed hemolytic reactions (Blais et al. 2007). A 
2017 study showed that a high percentage of Doberman 
Pinchers and Shih Tzus, along with Dalmatians, lack the 
Dal antigen, making this clinically relevant for those spe-
cies (Goulet et al. 2017). The prevalence of blood types and 
naturally occurring antibodies’ presence is presented in 
Table  31.2. It is recommended that the blood type of all 
donors and recipients be known prior to transfusion (for at 
least DEA 1) so type-specific blood can be administered.

Table 31.1  Types of blood products, and their components, 
available in veterinary medicine.

. . . contains:This blood product. . .

Fresh whole blood  
(FWB)

Red blood cells (RBC), white 
blood cells, plasma, platelets

Packed red blood cells 
(pRBC)

Red blood cells, plasma

Fresh frozen plasma  
(FFP)

Clotting factors, albumin, 
immunoglobulins, plasma

Frozen plasma (>1 yr 
or >6 h)

Clotting factors (except FV and 
FVIII), immunoglobulins, 
albumin plasma

Cryoprecipitate Factors VIII, XIII, von Willebrand 
factor, fibrinogen (Factor I)

Factors other than VIII, XIII, I andCryopoor plasma
vWF – including vitamin K 
dependent factors

Platelet rich plasma 
(PRP) or platelet 
concentrate (PC)

Platelets, plasma
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Cats have three major blood types A, B, and AB. A is the 
most common blood type (95–99% of cats in the US). Type 
B is less common in domestic breeds but is seen with more 
frequency in other breeds (e.g. Devon Rex, British 
Shorthair) or in other geographic locations (e.g. Turkey). 
Cats have naturally occurring circulating alloantibodies 
targeting the blood type they don’t carry. Type B cats have 
more antigenic anti-A antibodies, and transfusion of a type 
B cat with A blood could result in severe hemolytic transfu-
sion reaction. Type A cats have less antigenic anti-B anti-
bodies so transfusion of B blood to a type A cat may result 
in a shorter life span of the transfused cells. Another eryth-
rocyte antigen, called Mik, has also been described and can 
result in acute hemolytic reaction due to circulating alloan-
tibodies. Due to the risk of reaction, it is recommended that 
all cats should be blood typed prior to transfusion. Because 
no test is available for detecting the Mik antigen, a cross-
match is also recommended prior to cat’s transfusion, even 
if the cat has not been previously transfused. Crossmatch is 

done by mixing the RBC of the donor with the plasma of 
the recipient (major crossmatch) or the RBC of the recipi-
ent with the plasma of the donor (minor crossmatch) and 
observing for agglutination (Davidow 2013).

Horses have seven major blood systems (i.e. A, C, D, K, P, 
Q, and U) and 34 blood factors within those systems. Because 
of this, there is no true “universal” equine blood type. The 
incidence of Aa and Qa blood types is breed-dependent 
(Table  31.3). Horses have naturally occurring antibodies, 
and sensitized mares may also have anti-Aa hemolysins 
(Mudge 2015). In one study, 20% of Standardbred mares and 
10% of Thoroughbred mares had antibodies detectable in 
hemolytic or saline agglutination tests. Most of the antibod-
ies were specific for the Ca blood-group antigen of horses, 
but antibodies against Aa, Ab, Aa, Ab, Da, Df, Ka, Ua, or Qa 
blood-group antigens were also found. Antibodies to the Ca 
antigens cause weak agglutination and hemolytic cross-
match reactions, but the antibodies to Ca do not appear to 
produce a significant hemolytic reaction in vivo (Bailey 1982).

However, out of all equine blood types, Aa and Qa are the 
most antigenic and have been associated with neonatal iso-
erythrolysis, so the most appropriate equine donor is Aa and 
Qa negative. Other blood groups can occasionally give neo-
natal isoerythrolysis reactions, including Dc, Ua, Ab, and Pa.

Obviously, knowing the blood type of the recipient would 
be preferable (in addition to the donor). A point-of-care test 
for Ca using a monoclonal antibody exists, but if more 
information is needed, blood must be sent to an equine 
blood typing laboratory (Mudge 2015; Owens et al. 2008).

Cattle have 11 major blood group systems: A, B, C, F, J, L, 
M, R, S, T, and Z. The B group has over 60 different antigens, 
making it difficult to closely match donor and recipient. 
Some animals are J-negative and can develop antibodies 
against the J-antigen and develop transfusion reactions if 
transfused with J-positive blood. Therefore, donor cattle 
should be negative for factor J. Neonatal isoerythrolysis is 
not a naturally occurring phenomenon in cattle.

Transfusion Administration

RBC are administered through a 170–210 μm filter, available 
in commercial blood delivery sets. RBC are usually transfused 
in four hours in normovolemic patients, but can be transfused 

Table 31.2  Prevalence of blood types and naturally occurring 
antibodies.

DEA 
group

Population 
prevalence

Presence of naturally 
occurring antibody

Transfusion 
significance

1a 62% No Acute hemolytic 
reaction (<12 h)

Yes (20%)6%3 Delayed reaction 
(i.e. decreased RBC 
survival)

98%4 No None

23%5 Yes Delayed reaction 
(i.e. decreased RBC 
survival)

98–99%6 No Unknown

Delayed reactionYes (20–50%)45%7
(i.e. decreased RBC 
survival)

40%8 No None

a Previously known as 1.1 and 1.2. The blood group system DEA 1 is a 
continuum from negative to strongly positive antigen expression, 
meaning that previously typed DEA 1.2+ and DEA 1.3+ appears to 
be DEA 1+ (Acierno et al. 2014).
Source: Adapted from Hale (1995).

Table 31.3  Percentage of animals in the listed breed that are negative for the listed factor.

System Thoroughbred (%) Arabian (%) Standardbred (%) Quarterhorse (%)

Aa-­ 15 18 44 51

Qa-­ 39 79 100 83
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much faster, even as a bolus, in hypovolemic patients, such as 
those actively bleeding and exsanguinating. In theory, no 
medications or solutions other than 0.9% sodium chloride 
injection should be administered simultaneously with blood 
components through the same tubing. Blood should not be 
given concurrently with hyper- or hypotonic solutions or solu-
tions containing dextrose alone, as they may cause swelling or 
lysis of red cells. Calcium-containing solutions (e.g. LRS) 
should also be avoided, as calcium may bind to citrate and 
“neutralize” the anticoagulant in the fluid line.

The American Association of Blood Banks Standards 
allows exceptions to the above restrictions either when the 
drug or solution has been approved by the Food and Drug 
Administration (FDA) for use with blood administration or 
there is documentation available to show that the addition 
is safe and does not adversely affect the blood or compo-
nent. Acceptable solutions according to these criteria 
include plasma, 5% albumin, or plasma protein fraction. 
Certain solutions are compatible with blood or blood com-
ponents as noted on the package inserts reviewed by the 
FDA, including Normosol-R and Plasmalyte-A. The litera-
ture reports the safe use of morphine, hydromorphone and 
meperidine administered as a bolus in the same tubing as 
red cells (American Association of Blood Banks 2016). This 
is especially important in anesthesia when monitoring for 
transfusion reactions can be limited.

It has been shown that it is preferable to use gravity 
instead of a fluid pump to better preserve transfused cells, 
although this concept has been challenged (McDevitt 
et al. 2011; Weeks et al. 2021).

Storage Lesions

Storage of RBCs is associated with biochemical, biome-
chanical and immunologic changes that affect red-cell 
viability, deformability, oxygen carrying capacity, 

microcirculatory flow and recipient response, collectively 
known as “storage lesions” (Obrador et  al.  2015). It 
includes decreased ATP (which affect RBC deformability), 
decreased 2,3-bisphosphoglycerate (which increases RBC 
oxygen affinity, directly affecting organ oxygen offload), 
ammonia accumulation, oxidative damage, microparticles 
accumulation (which can lead to thrombosis) and RBC 
adhesion to endothelium. A recent meta-analysis in 
humans found that the transfusion of older stored RBC 
(using a cutoff as close to 21 days as possible) was associ-
ated with a significantly increased risk of death (Wang 
et al. 2012). Potential clinical consequences of RBC trans-
fusion following development of storage lesions include 
risk of organ dysfunction, infections, immunomodulation 
and death (Obrador et al. 2015). In dogs, longer duration 
of RBC storage was associated with development of new 
or progressive coagulation failure and thromboembolic 
disease. Although there was no association between dura-
tion of RBC storage and overall survival, longer storage 
time was a negative risk for survival in the hemolytic ane-
mia group in one large study (Hann et al. 2014).

Transfusion Reactions

Transfusion reactions are usually divided between acute 
immune-mediated transfusion reactions and non- 
immune-mediated transfusion reactions (Table  31.4).  
Non immune-mediated reactions include hemolysis (e.g. 
inappropriate collection, storage or administration), bacterial 
contamination, transfusion-associated circulatory over-
load (TACO), hypothermia (i.e. in case of rapid transfu-
sion of inappropriately warmed products), citrate toxicity 
(causing hypocalcemia), transfusion-related immunomod-
ulation (TRIM), or transfusion-associated acute lung injury 
(TRALI), which has been described in humans (Bux and 

Table 31.4  List of transfusion reactions, clinical signs and appropriate therapy.

Clinical signs Treatment

Vomiting, hypotension,Type II hypersensitivityHemolytic reactions
tachycardia, tachypnea, pyrexia

Stop the transfusion, treat 
symptomatically, intravenous fluids to 
promote diuresis

Urticaria, pruritus, often withType I hypersensitivityAnaphylactic reactions
plasma products

Stop the transfusion, administer 
anti-histamines or small dose of steroids

Cardiovascular collapse,Type I hypersensitivityAnaphylactic shock
dyspnea, seizures

Stop the transfusion, treat 
symptomatically with intravenous 
fluids, epinephrine

Leukocytes and platelet 
sensitivity reactions

Increase in body temperature 
of at least 1 °C

Stop the transfusion, may be re-started 
at a lower rate
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Sachs  2007). Although TRALI is the leading cause of 
transfusion-related morbidity and mortality in humans, it 
is due to antibodies directed against human neutrophil 
antigens present in the plasma of predominantly multipa-
rous female blood donors (Bux and Sachs 2007). Therefore, 
it is unclear if other species can develop TRALI.

There are limited data regarding veterinary transfusion 
reactions. In a retrospective study of more than 300 canine 
plasma transfusions, the only side effects were fever, pruri-
tis and anxiety, noted in less than 1% of cases (Snow 
et al. 2010). Acute transfusion reactions to RBCs were doc-
umented in 15% of cases in another retrospective study on 
136 dogs, with fever and vomiting documented in 53% and 
18% of cases, respectively (Bruce et al. 2015).

Please note that neonatal isoerythrolysis is possible in 
horses and cats, but its presence in dogs necessitates a pre-
viously sensitized (i.e. transfused) bitch with an incompat-
ible sire (Polkes et  al.  2008; Silvestre-Ferreira and 
Pastor 2010). The effects of leukoreduction (the removal of 
white blood cells from pRBC) on inflammation markers or 
overall transfusion reactions post-transfusion showed con-
tradictory results, with some studies demonstrating a 
decrease in markers of inflammation, especially in criti-
cally ill dogs (McMichael et al. 2010; Stefani et al. 2021), 
while other studies did not show any differences (Bosch 
Lozano et al. 2019; Radulescu et al. 2021).

Plasma Products

Fresh Frozen Plasma (FFP) is plasma separated from RBC 
after FWB donation, and frozen within 6–8 hours of collec-
tion or stored for less than 1–2 years at T < −30 °C. Frozen 
Plasma (FP) is FFP stored for >1–2 years or frozen after 
6–8 hours of collection. Frozen Plasma is thought to be 
depleted of co-factors V and VIII, although this human 
dogma has been challenged in veterinary medicine (Urban 
et al. 2013). The maximum storage length is five years for 
FFP/FP (Davidow 2013).

The major indication for FFP transfusion is coagulopathies 
(e.g. anticoagulant rodenticide intoxication, hemophilia A or 
B). It is considered an inappropriate use of FFP to treat pro-
longed clotting times without evidence of clinical bleeding 
(including for a minor procedure), or for α-macroglobulins 
replacement in pancreatitis, or anti-thrombin replacement in 
disseminated intravascular coagulation (Davidow  2013; 
Rozanski et al. 2001). A secondary indication is species-specific 
albumin replacement. However, the volume needed for this 
indication (between 20 and 50 ml/kg depending on reference 
and formula used) may predispose some patients to volume 

overload, and an increased cost of hospitalization. Calculations 
of volume are presented later under the albumin section.

FFP transfusion may also be administered to exsanguin-
ating patients, where it is recommended to provide a 1 : 1 ratio 
of RBC to plasma products (Sihler and Napolitano 2009). 
In that case, the volume transfused may reach a total of 
approximately 20–40 ml/kg.

Considering that clotting times become increased when 
70–80% of clotting factors are missing, and that 10–20 ml/
kg of FFP will provide a 10–20% replacement of clotting 
factors, the rule of thumb is to transfuse 10–20 ml/kg of 
FFP to patients with clinical bleeding due to a coagulopa-
thy. After thawing in (ideally) a warm water bath at 37 °C 
(which usually takes around 35–45 minutes), FFP can be 
administered to patients over four hours in normovolemic 
patients, or faster is hypovolemia is present.

In horses, plasma has been used for treatment of dissem-
inated intravascular coagulation, coagulopathy, species-
specific albumin replacement as well as failure of transfer 
of passive immunity (FTP) in foals (Mudge 2015). Plasma 
transfusion is recommended for FTP in neonatal foals over 
12 hours of age. Commercially available fresh frozen hyper-
immune plasma is mostly commonly used for this indica-
tion (Mudge  2015). FFP transfusion can also be used for 
FTP in camelid crias (Anderson et al. 2008). In a five-year 
study of 107 horses receiving plasma transfusions, 69 were 
foals (including 62 neonates) and 38 were horses of more 
than 30 days of age. The main reason for FFP transfusion in 
neonatal foals was high risk for sepsis. In almost 80% of 
those, FTP (IgG < 800 mg/dl) was documented. In adult 
horses, the most common reason for FFP transfusion was 
acute gastrointestinal (GI) disease with clinical evidence of 
systemic inflammatory response syndrome and biochemi-
cal confirmation of protein-losing enteropathy. Plasma 
transfusion for coagulopathy was rare in that study 
(Hardefeldt et al. 2010).

FFP can be further divided in cryoprecipitate and cry-
opoor plasma (CPP) because different factors have differ-
ent freezing points. Cryoprecipitate is made by partially 
thawing FFP at 4 °C for 24 hours and removing the super-
natant, which leaves the semi-solid cryoprecipitate, con-
taining factor VIII, fibrinogen and von Willebrand factor 
(vWf) (Davidow 2013). The supernatant is CPP, also known 
as cryosupernatant or cryodepleted plasma. Cryoprecipitate 
is indicated for bleeding associated with vWf deficiency or 
hemophilia A, as well as hypofibrinogenemia cases such as 
the exsanguinating patient, whereas CPP is listed for use in 
vitamin K antagonist rodenticide toxicities and hypoalbu-
minemia (Davidow  2013). The dose of cryoprecipitate is 
12–20 ml/kg (corresponding usually to 1 unit per 10 kg). 
The dose for CPP is 10–20 ml/kg.
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Albumin

Albumin is one of the most important proteins in the body. 
Its physiologic functions are numerous, including trans-
port proteins for many elements (e.g. hormones, drugs), 
free radical scavenging, maintenance of oncotic pressure 
(albumin is responsible for 70–80% of the oncotic pres-
sure), anti-apoptotic effects, anticoagulant and anti-
thrombotic, acid–base buffering and anti-inflammatory 
properties (Craft and Powell 2012; Rozga et al. 2013).

Albumin is a small molecule (66 kDa), synthetized by 
the liver. Hepatic onco-receptors regulate its synthesis. 
The usual quoted volume of distribution is 30% intravas-
cular and 70% extravascular, but the transcapillary rate is 
very slow, as it can take several days for albumin to move 
across the endothelial membrane. After albumin infusion 
to healthy patients, only 90% is still intravascular after 
2 hours, and 25% after two days. However, that transcapil-
lary flux can be increased up to 13 times in critical illness 
(e.g. infection, shock, burns). Moreover, albumin’s half-
life (8.2 days in dogs) is inversely dependent on its concen-
tration, with hypoalbuminemia increasing its half-life 
(Boldt 2010).

It is well documented that hypoalbuminemia carries a 
worse prognosis in critically ill humans. Each 1.0 g/dl 
decrease in albumin increases odds of mortality by 137% 
and morbidity by 89% (Vincent  2009). This is also docu-
mented in veterinary medicine (Roux et al. 2013).

Although hypoalbuminemia is a risk factor for death and 
worsening illness, the link between albumin replacement 
and improved outcome continues to be debated. In 
humans, there is evidence that albumin replacement does 
not improve mortality for perioperative patients, in the het-
erogenous intensive care unit (ICU) population, or in 
trauma patients (Boldt  2010; Roberts et  al.  2011; SAFE 
Study Investigators et  al.  2011). Albumin transfusion is 
contra-indicated in traumatic brain injury (TBI) patients. 
Potential indications for albumin transfusion in humans 
are burns (Rozga et al. 2013) and severe sepsis/septic shock 
(Caironi et al. 2014; SAFE Study Investigators et al. 2011).

Veterinary sources of albumin are canine-specific albu-
min (CSA) contained in plasma, or human serum albumin 
(HSA) (Craft and Powell  2012). There are controversies 
about both the use of plasma as a source of CSA, and HSA in 
veterinary medicine. The albumin content of FFP is rela-
tively low, around 2.9 g/dl (corresponding to 2.9% albumin), 
so a large volume of FFP is required to raise albumin level. 
Most veterinary references use the following formula (Dose 
(g) = 10 × desired delta albumin × weight (kg) × 0.3) to calcu-
late the amount (in grams) of albumin to provide to patients. 
Using a 0.029 g/ml albumin in FFP, one can calculate that 
50 ml/kg of FFP is needed to raise the albumin level by 0.5 g/

dl (i.e. 2 ml/kg/h). Therefore, volume and costs are legiti-
mate concerns for the use of FFP for CSA replacement.

The origin of the “veterinary” formula is difficult to track 
and seems to be related to albumin replacement using total 
parenteral nutrition in studies from the 1980s (Brown 
et al. 1987). Human studies investigating albumin use for 
critically ill patients, especially severe sepsis/septic shock, 
use a fixed dose of 0.875 g/kg/day, regardless of “desired 
albumin level”, which is more than three times less than 
the volume required to raise the albumin level by 1 g/dl 
using the “veterinary” formula (Caironi et al. 2014; SAFE 
Study Investigators et al. 2011).

The use of HSA (25%, or 250 mg/ml, or 0.25 g/ml) is an 
attractive solution to replenish albumin using lower vol-
umes, although HSA may be cost prohibitive. However, 
there is only 80% homology between CSA and HSA (Francis 
et  al.  2007). Therefore, transfusion of HSA to dogs will 
result in the production of anti-HSA antibodies possibly 
leading to acute anaphylactic reaction and the death of 
HSA-transfused dogs re-exposed to HSA (Adamantos 
et al. 2009). Moreover, approximately 8–10% of dogs have 
naturally occurring anti-HSA antibodies, so may develop 
an acute anaphylactic reaction during their first HSA trans-
fusion (Adamantos et al. 2009). There are several reports of 
clinical use of HSA in dogs but concerns about immuniza-
tion and acute (type I) and delayed (type III) hypersensitiv-
ity reactions limit its use, and using HSA multiple times in 
a patient is strictly contraindicated (Adamantos et al. 2009; 
Powell et al. 2013; Trow et al. 2008). Also, it is documented 
that approximately 7% of critically ill dogs receiving HSA 
will have serious complications (Trow et al. 2008; Viganó 
et al. 2010). Therefore, clinicians must carefully weigh risk-
benefits in individual patients before use.

Platelets

Platelet transfusion is challenging in veterinary medicine. 
Platelets are anucleate, discoid-shaped, cytoplasmic frag-
ments essential in primary hemostasis (Guillaumin 
et al. 2008). Platelets are extremely fragile and their viabil-
ity is compromised when refrigerated or frozen. Therefore, 
the gold standard in human medicine is platelet concen-
trate (PC) harvested from FWB kept at room temperature 
under constant agitation for up to seven days (Marwaha 
and Sharma  2009). Such a product is not commercially 
available in veterinary medicine, so veterinarians mostly 
rely on FWB, fresh platelet-rich plasma (PRP) or fresh PC 
(Callan et  al.  2009). Any fresh product has to be used 
within 6–8 hours. Platelets can be harvested following a 
platelet-rich plasma protocol (i.e. hard and soft spin), the 
buffy coat technique or apheresis (Hoareau et al. 2014).
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Preservation of platelets using cryopreservation or the 
freeze-dry cycle (i.e. lyophilized) have been investigated. 
A lyophilized canine platelet product is commercially 
available but its hemostatic activity is unknown (Davidow 
et al. 2012). A small clinical trial using lyophilized plate-
lets in dogs showed no adverse effects and suggests some 
efficacy (Goggs et  al.  2020). In humans, it appears that 
some cryopreserved or lyophilized platelets may preserve 
some hemostatic activity through microparticles (Slichter 
et al. 2014). Indications for platelet transfusion are severe, 
life-threatening bleeding due to thrombocytopenia. 
Commonly quoted platelet numbers that put the patient 
at risk for spontaneous bleeding are between 5 and 
20 000/μl. Besides the platelet count, presence of active 
bleeding (e.g. dropping hematocrit, visible bleeding) in 
life-threatening anatomic locations (e.g. lungs, brain), or 
invasive procedures, are indications for platelet transfu-
sion (Davidow 2013). It is usually recommended that one 
unit of platelet product should be provided per 10 kg of 
patients. Please note that the goal may not be an increase 
in platelet numbers (which can be modest, especially at 
24 hours), but an improvement in clinical bleeding.

The Exsanguinating Patient 
Requiring Emergency Anesthesia 
and Surgery

In humans, 10% of trauma victims will receive a blood 
transfusion and 10% of those will require transfusion for 
exsanguinating hemorrhage. In patients with acute mas-
sive bleeding, compensatory mechanisms usually associ-
ated with anemia do not have the time to develop and the 
dogma “if your patient is losing blood, resuscitate with 
blood” makes physiologic sense. The concept of Damage 
Control Resuscitation (DCR) is a resuscitation strategy 
used to control damages associated with both the initial 
trauma and the resuscitation efforts.

In humans, DCR includes early surgical intervention, 
which necessitates emergency anesthesia in an unstable 
patient. Because the goal of the emergency surgery is stabi-
lization of the patient, there is no time to wait for patient 
stabilization to perform anesthesia. DCR also includes 
hypotensive resuscitation (i.e. goal for systolic blood pres-
sure during resuscitation of 80–100 mmHg until hemor-
rhage control is achieved); hemostatic resuscitation 
strategies including early use of FFP and an FFP : RBC : 
Platelets ratio of 1 : 1 : 1; use of antifibrinolytics and other 
non-surgical hemostatic agents; and minimizing crystal-
loid use.

Massive transfusion (MT) is most commonly defined 
as transfusion of a volume of blood products superior to 

a blood volume (e.g. 80–90 ml/kg for dogs) over 24 hours. 
In humans, the most common reason for MT is trauma. 
In a canine study, hemoabdomen accounted for 60% of 
MT patients (67% from abdominal neoplasia and 33% 
from trauma); 20% for trauma (all were hemoabdomen) 
and 13% for gastric dilatation volvulus (GDV) (Jutkowitz 
et al. 2002). Early identification of the patient needing 
MT is extremely important and many clinicians struggle 
with that concept. Recently, human studies have been 
focusing on admission criteria and scoring systems to 
predict massive transfusion. The most common are the 
Assessment of Blood Consumption Score (ABC score) 
and the Trauma Associated Severe Hemorrhage Score 
(TASH). All scoring systems are based on logic and 
objective criteria such as hypotension, tachycardia, base 
excess or lactate, hemoglobin level on presentation, 
presence of hemoperitoneum or complex long bone/pel-
vic fracture (Sihler and Napolitano 2009). A three-point 
criteria to assess the need for MT in veterinary patients 
would be (i) evidence of blood loss: hemoabdomen or 
external hemorrhage; (ii) severe hypovolemia: based on 
heart rate, blood pressure, mental state and lactate level; 
and (iii) anemia at admission: most human data shows 
that a cutoff of hematocrit of 30% is both specific and 
sensitive (Hardy et  al.  2004; Nunez et  al.  2009; Yücel 
et al. 2006).

The use of blood products in MT includes the use of 
RBC, FFP, cryoprecipitate and platelet product. The rapid 
infusion of large amounts of compatible blood to acutely 
bleeding patients is at the center of MT. Retrospective stud-
ies in human combat victims showed that mortality 
increased with low FFP/RBC : 65% for a 1 : 8 ratio and 19% 
for a 1 : 1.4 ratio. Therefore, an FFP/RBC ratio of 1 : 1 has 
been advocated in MT patients. Those concepts are now 
being applied to both civilian and military trauma and for 
both blunt and penetrating injuries in human medicine. It 
is important to note that early FFP use is associated with a 
reduction of the overall volume used (Saxena et al. 2013). 
In a veterinary study, the mean volume of RBC and FFP 
were 66.5 and 22.2 ml/kg respectively (Jutkowitz et  al. 
2002). Cryoprecipitate is transfused in MT as a source of 
fibrinogen and is recommended when plasma fibrinogen 
levels are 100–200 mg/dl depending on the source (Sihler 
and Napolitano 2009). Platelet transfusion is recommended 
when the platelet count is below 50 000–100 000/μl, 
although platelet transfusion is challenging in veterinary 
medicine.

Blood transfusion is an important part of veterinary 
medicine and may help with patient’s stabilization before 
anesthesia. Blood products should be considered as drugs, 
with specific mechanisms of action, pharmacology, indica-
tions, contraindications, and side effects.
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sodium retention  292

β‐adrenergic receptors, 36, 243 see also 
beta1 and beta2 adrenergic 
receptors

blood and blood products
albumin  387
Assessment of Blood Consumption 

Score (ABC score)  388

blood component therapy  382
blood transfusion  382
damage control resuscitation 

(DCR)  388
fresh frozen plasma (FFP)  386
massive transfusion (MT)  388
naturally occurring antibodies  383, 

384, 384
packed RBCs (pRBCs)  382–383
plasma products  386
platelets  387–388
pre‐transfusion testing  382–384
prevalence of  383, 384
storage lesions  385
transfusion administration  384–385
transfusion for exsanguinating 

hemorrhage  388
transfusion reactions  385, 385–386
Trauma Associated Severe 

Hemorrhage Score 
(TASH)  388

types of blood products  382, 383
bupivacaine  164, 167–168
buprenorphine  76, 76, 80, 84–85, 85
buspirone  291
butorphanol  76, 78, 80, 86, 86
butyrophenone drugs  55, 56
BZ drugs see benzodiazepines drugs

c
calabadion  218
calcium channel blocker  242–243
carbonic anhydrase inhibiting 

diuretics  316–317
carprofen  140, 143–144
catechol‐O‐methyl transferase 

(COMT)  24, 223
cell‐membrane drug transporters  13
centrally acting muscle relaxant drugs 

see benzodiazepines; 
guaifenesin/glyceryl 
guaiacolate (GG)

cessation of drug effect(s)  3
chloral hydrate  115
chlorpromazine  56
cimetidine  341, 342
cisapride  354
cisatracurium  207, 208, 209
clemastine  341
clonidine  39, 293–294
codeine  24
combination of drugs  354
corticosteroids  141

benzodiazepines (BZ) drugs (cont’d)
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COX‐2 selective NSAIDs  139
CW002  211, 218
CYP450 enzymes  24

CYP450 2D6 mutations  17
cytochrome P450 1A gene 

expression  17–18
cytochrome P450 2B 

enzymes  18–19
cytochrome P450 2C enzymes  19
cytochrome P450 2D 

enzymes  19–20
cytochrome P450 2E enzymes  20
cytochrome P450 3A enzymes  21
differential expression of  16
drug metabolism  15
functional characteristics  15
multiple isoforms of  15
recombinant canine CYP450 

enzymes  16
substrate specificity of  16

d
debrisoquine/sparteine  14, 17
depolarizing neuromuscular blocking 

agents see succinylcholine (SCh)
deracoxib  144
desflurane  41, 123, 128–130, 133

chemical structures  124
minimal alveolar concentration 

(MAC) of  127
partition coefficients  126
physicochemical properties  124

detomidine  40–41
dexmedetomidine  42–43
diabetes mellitus, 357 see also insulin
diazepam  187, 192, 193

anticonvulsant tolerance  68
in cats  190–191
dog metabolism  190
empirical formula  67
in humans  189
legal status  67
limitations of  67
oral administration of  67
pharmacokinetics in various 

species  62, 63–64
posology of  68, 68
rectal administration of  66
in small ruminants  197
US veterinary labeled products  67

dihydropyridine calcium channel 
blockers  263

diltiazem  261–262

diphenhydramine  341
discontinuation syndrome  296, 296
diuretics  243

collecting ducts  321–322
distal convoluted tubules

potassium‐sparing diuretics  321
thiazide diuretics  320–321

dopamine receptor agonists  322
drug pharmacokinetics  315
loop diuretics

adverse effects  320
mechanism of action  318
pharmacokinetics  319, 319
therapeutic uses  319–320

pharmacology of  315
proximal convoluted tubules

carbonic anhydrase inhibiting 
diuretics  316–317

osmotic diuretics  317–318
dobutamine  224, 225, 227–228, 228
dopamine  221, 222, 222, 224,  

225, 322
pharmacodynamics  226–227
dopamine receptors  222
location and effects of  222, 223

doxapram
big potassium (BK) channels  177
doses of  178, 179
effects of  178, 179
infusions of  178
metabolism  178
for neonatal resuscitation  178
pre‐Bötzinger complex  177
TWIK‐related acid sensitive K+ 

channels (TASK)  177
droperidol  57
drug approval process for food 

animals  31
drug elimination  3, 6, 33
drug‐transporter polymorphisms  21

e
edrophonium  215–217, 217
electrolytes

calcium  365–366
magnesium  366–367
potassium  363–365
sodium  362–363

elimination half‐life (t½), 4, 4–5, 5, 9  
see also Individual entries

amiodarone  260
amlodipine  243
atipamezole  45

barbiturates  98, 99
benazepril  241
benzodiazepines  187, 289
β‐adrenergic antagonists  292
buprenorphine 84  85
buspirone  291
butorphanol  86
clonidine  39, 293
deracoxib  144
dexmedetomidine  42
diazepam  189, 197
doxapram  177
endogenous insulin  357
etomidate  113
fentanyl  65, 83
flumazenil  197
flunixin meglumine  146
gabapentin  294, 331, 332
hydromorphone  81
IM medetomidine  41
ketamine  111
ketoprofen  149
levetiracetam (LV)  329
lidocaine  257
lorazepam  69
losartan  242
meperidine  83
methadone  82
methylphenidate  295
midazolam  197
monoamine oxidase inhibitors 

(MAOIs)  287
nalbuphine  87
naloxone  87
non‐steroidal anti‐inflammatory 

drugs (NSAIDs)  139
osmotic diuretics  317
oxymorphone  83
potassium bromide (KBr)  328
prazosin  237
propafenone  258
romifidine  43
selective serotonin reuptake 

inhibitors (SSRIs)  283
sildenafil  272
telmisartan  242
tolazoline  44
tramadol  308
trazodone  290
tricyclic antidepressants  286
vatinoxan  45
yohimbine  44
zonisamide (ZN)  330
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elimination rate constant  5
enalapril  241
endogenous catecholamines

dopamine  221, 222, 226–227
epinephrine (adrenaline)  221, 224
norepinephrine 

(noradrenaline)  221, 224–226
pathway of synthesis  221, 222
pharmacokinetics  222–223
structure  222–223, 222

ephedrine (l‐ephedrine)  229–230, 
224, 225, 228

epinephrine (adrenaline)  221, 222, 
224, 224, 225

esmolol  259
esomeprazole  352, 354
etodolac  144–145
etomidate

adrenocortical suppression  114
cardiovascular effects  113–114
central nervous system effects  114
clinical uses  113, 114
contraindications  114–115
drug interactions  115
mechanism of action  113
metabolism  113
pharmacokinetics  113
respiratory effects  114

eutectic mixture of local anesthetics 
(EMLA)  166

euthanasia  35
extra‐label drug use (ELDU)  31–32

f
“FDA approved” analgesic and 

anesthetic drugs  31
FDA Center for Veterinary 

Medicine  31
Federal Food, Drug and Cosmetic Act 

(FFDCA)  32
feline hypokalemia  23
fentanyl  80, 83, 83–84
Fick principle of diffusion  2
firocoxib  145–146
flecainide  258
florphenicol (antibiotic)  35
flumazenil  60, 66, 70, 197
flunixin meglumine  35, 146–147
Food Animal Residue Avoidance 

Databank (FARAD)  33
food animals

analgesic drugs  34–35

anesthetic drugs  34
drug approval process  31
drug tolerance  33
euthanasia  35
extended withdrawal interval 

(WDI)  33–34
extra‐label drug use (ELDU)   

31–32
“FDA approved” analgesic and 

anesthetic drugs  31
WDT withdrawal interval  32–33

fraction of drug  5, 5
furosemide  318–320

g
gabapentin  294–295, 304–305,  

331–332
gantacurium  211, 218
German Shepherd dogs, sudden 

death of  23
glomerular filtration rate (GFR)  3
glyceryl guaiacolate (GG) see 

guaifenesin/glyceryl  
guaiacolate

glyceryl trinitrate (GTN)
cardiovascular effects of  268–269
central nervous system 

effects of  269
chemical synthesis of  266
clinical use  268
contraindications  269
drug interactions  269
effect on patients under general 

anesthesia  268
mechanism of action  266, 267
metabolism  268
pharmacokinetics of  266–268
respiratory system effects of  269

grapiprant  147–148
GTN see glyceryl trinitrate
guaifenesin/glyceryl guaiacolate (GG)

cardiovascular effects  185
disadvantage  185
doses  186
formula of  184
mechanism of action  183
recovery  186
recumbency  185
vs. succinylcholine  183
therapeutic index  184
toxic signs  184
triple drips  186, 186, 187

h
halothane  39, 43, 57, 123, 125, 128, 

130–132, 178, 179, 224, 226–231, 
269, 273, 274, 286, 292

chemical structure  124
minimal alveolar concentration 

(MAC) of  40–42, 87, 127, 
328, 363

partition coefficients  126
physicochemical properties  124

Hetastarch  376
Hoffman elimination  3
hydromorphone  80, 81–82, 82
hydroxyzine  341
hypercalcemia  365
hyperkalemia  363–364
hypernatremia  362, 363
hypertonic crystalloids  373, 375
hypocalcemia  365, 366
hypokalemia  364–365
hyponatremia  362, 363

i
idiogenic osmoles  362
induction drugs

alfaxalone  108–110, 109
alpha‐chloralose  115
chloral hydrate  115
etomidate  113–115, 114
ketamine  110–113, 111, 113
propofol  106–108, 107
tiletamine  110–113, 111, 113
urethane  115

infusion pharmacokinetics  8, 8–9
inhalant anesthetics  123–133,  

358–359
apneic index  131, 132
chemical structures  123, 124
impact of  126
minimal alveolar concentration 

(MAC)  125, 126, 127, 128, 
128, 132

partition coefficients  125, 126
pharmacodynamics

cardiovascular system effects  131
central nervous system 

effects  130–131
effect on insulin  132
hepatic effects  131
musculoskeletal effects  132
ocular effects  131
renal effects  131–132
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respiratory system effects  131
pharmacokinetics

anesthetic uptake  129, 129–130
context‐sensitive half‐time  130
elimination  130
metabolism  130
partial pressure  129

physical and chemical 
properties  123, 124

boiling point  123–124
degradation  125
stability in soda lime  125
vapor pressure  124–125

potency  126, 128, 128
solubility  126

injectable anesthetics  359
insulin

classification of  358, 358
endogenous insulin  357
exogenous insulin 

preparations  357–358
interactions with

alpha2 adrenoceptor agonists  359
corticosteroids  359
inhalant anesthetics  358–359
injectable anesthetics  359
parasympathomimetics  359
parasympatholytics  359
sympathomimetics  359
tetracycline antibiotics  359

“loose” protocol  357
“tight” protocol  357

intranasal (IN) administration  2
intravenous (IV) administration  1–2
intravenous (IV) fluid therapy

adverse effects
acute kidney injury  376–377
coagulopathies  377

bloodwork parameters  370
commonly available fluids   

373, 374
fluid responsiveness  370
fluid types

hypertonic crystalloids  373, 375
isotonic crystalloids  371–373
synthetic colloids  375–376

pulse pressure variation (PPV)  371
resuscitation endpoints  370
stroke volume variation (SVV)  371
systolic pressure variation 

(SPV)  371
ionizable drugs distribution  1

isoflurane  44, 57, 66, 78, 83, 130–132, 
178, 179, 186, 196, 209, 210, 
225–231, 295, 332, 334, 358, 359, 
367, 372, 376

chemical structure  124
hemorrhagic shock model  230
minimal alveolar concentration 

(MAC) of  40–43, 86, 87, 123, 
127, 128, 130, 167, 196, 290

partition coefficients  126
physicochemical properties  124

isoproterenol (isoprenaline)  227
isotonic crystalloids

adverse effects  372–373
composition  371
dosing  372
pharmacology  371

ivermectin  21

k
ketamine  306, 333

cardiovascular effects  111–112
central nervous system effects  112
clinical uses  111, 111
contraindications  112, 113
dissociative anesthesia  112
drug interactions  113
mechanism of action  110
metabolism  111
pharmacokinetics  110–111
respiratory effects  112

ketoprofen  35, 149–150

l
lenperone  57
levetiracetam (LV)  329–330
lidocaine  6, 167, 257
lipophilic drugs  3
local anesthetics

additives  165
amide‐linked local anesthetics  166

bupivacaine  167–168
lidocaine  167
mepivacaine  167
ropivacaine  167

chemical structure of  166
ester‐linked local anesthetics  166
nerve blockade  165
nerve classification  165, 165
neural blockade  164
pharmacology of  164
pregnancy  166

site of injection  165
toxicity of  166

loop diuretics
adverse effects  320
mechanism of action  318
pharmacokinetics  319, 319
therapeutic uses  319–320

lorazepam (Ativan)
chemical name (IUPAC)  69
elimination half time  189
empirical formula  69
legal status  69
onset of action  189
pharmacokinetics in various 

species  62, 64
posology of  68, 69
US veterinary labeled products  69

losartan  242
lysine‐deficient 4 protein kinase 

(WNK4) function  23

m
magnesium sulfate  243
mannitol  317–318
maropitant

mechanism of action  350
pharmacodynamics  350–351
pharmacokinetics  350, 351

medetomidine  41–42
meloxicam  35, 150–151
meperidine (pethidine)  80, 82, 82
mepivacaine  167
methadone  80, 82, 82, 307–308
methohexital  96–100, 103–104
methylnaltrexone  88
methylphenidate  295–296
methylxanthines  179–180
metoclopromide  353–354
metoprolol  260
mexiletine  257–258
midazolam  187, 192, 193

advantage  69
in alpacas  191, 197
in cats  190, 193, 195
chemical name (IUPAC)  68
clinical efficacy of  65
in dogs  190, 193–195
empirical formula  68
in horses  191, 196
in humans  189
intranasal administration of  66
intranasal bioavailability of  65
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legal status  69
pharmacokinetics in various 

species  62, 64
posology of  68, 69
in rabbits  195–196
in rodents  195–196
in small mammals  195–196
in small ruminants  197
US veterinary labeled products  69

mineralocorticoid antagonists  321–322
mivacurium  208
monoamine oxidase inhibitors 

(MAOIs)  223, 287–288
morphine  24, 80, 80–81, 81

n
nalbuphine  87
nalmefene  88
naloxone  80, 87–88
naltrexone  88
neostigmine  215–217, 217
neuromuscular blocking 

agents (NMBAs)
approximate duration of 

action  208, 208
in balanced anesthetic 

protocols  202
clinical/surgical blockade  202
depolarizing neuromuscular 

blocking agents (see 
succinylcholine (SCh))

neuromuscular function 
monitoring  203–205, 204, 205

non‐depolarizing neuromuscular 
blocking agents (see 
benzylisoquinolinium)

onset time  202
potency  202
recommended doses  208, 208
recovery index  202
risks  202

neuromuscular junction 
(NMJ)  202, 202

New Animal Drug Application 
(NADA)  31

nicotinic acetylcholine receptors 
(nAChR)  202

nitric oxide (NO)  275–276
nitrous oxide (N2O)  123, 269–271, 273

analgesia  133
cardiorespiratory effects  133
chemical structure  124

closed gas spaces  132
diffusion hypoxia  133
minimal alveolar concentration 

(MAC) of  127
partition coefficients  126
physicochemical properties  124
second gas effect  132

n‐methyl‐d‐aspartate (NMDA) 
antagonists

amantadine  305–306
ketamine  306

non‐depolarizing neuromuscular 
blocking agents see also 
acetylcholinesterase (AChE) 
inhibitors; benzylisoquinolinium

CW002  211, 218
gantacurium  211, 218

non‐steroidal anti‐inflammatory drugs 
(NSAIDs)

acetaminophen  139, 141–142
adverse effects

coagulation  140
gastrointestinal  139–140
kidney  140
liver  140

aspirin  140, 142–143
carprofen  143–144
chemical structure  139
corticosteroids  141
COX‐2 selective NSAIDs  139
deracoxib  144
etodolac  144–145
firocoxib  145–146
flunixin meglumine  146–147
in food and fiber animals  138
grapiprant  147–148
ketoprofen  149–150
legal responsibility  138
mechanism of action  139
meloxicam  150–151
pharmacology  138–139
phenylbutazone  151–152
piroxicam  152–153
robenacoxib  153–154

norepinephrine (noradrenaline)  221,  
224–226

NSAIDs see non‐steroidal  
anti‐inflammatory drugs

o
omeprazole  352, 353
ondansetron  351–352
opioid agonist‐antagonists

butorphanol  80, 86, 86
nalbuphine  87
pentazocine  87

opioid agonists  76, 77
cardiovascular effects  77–78
central nervous system sedation 

and excitation  77
chemical structures  80, 80
fentanyl  80, 83, 83–84
gastrointestinal effects  78–79
hydromorphone  80, 81–82, 82
integumentary effects  79
meperidine (pethidine)   

80, 82, 82
methadone  80, 82, 82
minimum alveolar concentration 

(MAC) reduction  79
morphine  80, 80–81, 81
nervous system effects  76
ocular effects  77
oral opioid agonist drugs  84
oxymorphone  83
remifentanil  83, 84
respiratory effects  78
with sedatives  79–80
with selective serotonin reuptake 

inhibitors (SSRIs)  80
thermoregulatory effects  79
ultra‐potent agonists  84
urinary effects  79

opioid antagonists
methylnaltrexone  88
nalmefene  88
naloxone  87–88
naltrexone  88

opioid partial agonist  84–85, 85
opioids  23–25, 75–88

agonist‐antagonists
butorphanol  80, 86, 86
nalbuphine  87
pentazocine  87

agonists  76, 77
cardiovascular effects  77–78
central nervous system sedation 

and excitation  77
chemical structures  80, 80
fentanyl  80, 83, 83–84
gastrointestinal effects  78–79
hydromorphone  80, 81–82, 82
integumentary effects  79
meperidine (pethidine)  80,  

82, 82
methadone  80, 82, 82

midazolam (cont’d)
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minimum alveolar concentration 
(MAC) reduction  79

morphine  80, 80–81, 81
nervous system effects  76
ocular effects  77
oral opioid agonist drugs  84
oxymorphone  83
remifentanil  83, 84
respiratory effects  78
with sedatives  79–80
with selective serotonin reuptake 

inhibitors (SSRIs)  80
thermoregulatory effects  79
ultra‐potent agonists  84
urinary effects  79

antagonists
methylnaltrexone  88
nalmefene  88
naloxone  87–88
naltrexone  88

buprenorphine  76, 80,  
84–85, 85

distribution of  76
endogenous and exogenous 

ligands  75, 76
hepatic biotransformation  76
mechanism of action  75
naloxone  76
opioid partial agonist  84–85, 85
orally administered opioids  75
pharmacokinetics  75–76
receptor subtype  75, 76
transdermal (TD) application  75
ultrapotent opioids  75

oral opioid agonist drugs  84
osmotic demyelination  

syndrome  362
osmotic diuretics  317–318
oxazepam  187, 189
oxybarbiturates  96, 100
oxymorphone  83

p
pantoprazole  352
PB see phenobarbital
penile paralysis  56, 57
Pentastarch (Pentaspan®)  376
pentazocine  87
pentobarbital  35, 96, 97, 104
peripheral vasodilators

doses and uses of  266, 267
glyceryl trinitrate (GTN)

cardiovascular effects of  268–269

central nervous system 
effects of  269

chemical synthesis of  266
clinical use  268
contraindications  269
drug interactions  269
effect on patients under general 

anesthesia  268
mechanism of action  266, 267
metabolism  268
pharmacokinetics of   

266–268
respiratory system effects of  269

nitric oxide  275–276
sildenafil

cardiovascular system effects 
of  273–274

central nervous system 
effects of  274

clinical use  273
contraindications  275
drug interactions  275
effect on patients under general 

anesthesia  273
mechanism of action  272
metabolism  272–273
pharmacokinetics  272
respiratory system effects of  274

sodium nitroprusside (SNP)
during cardiopulmonary 

resuscitation (CPR)  271
cardiovascular system effects 

of  270–271
central nervous system 

effects of  271
clinical use  270
contraindications  271–272
drug interactions  272
effect on patients under general 

anesthesia  270
mechanism of action  269
metabolism  270
pharmacokinetics  269–270
respiratory system effects of  271

P‐glycoprotein (P‐gp) transporter   
1, 21–23, 76

pharmacodynamics see also 
Individual entries

definition  9
drug‐receptor 

interactions  10, 10–11
G protein‐coupled receptor 

(GPCR)  9, 9–10

pharmacogenetics see also 
Individual entries

ABCB1Δ mutation  22, 23
acetaminophen  14
avermectin drugs  14
CYP450 enzymes

CYP450 2D6 mutations  17
cytochrome P450 1A gene 

expression  17–18
cytochrome P450 2B 

enzymes  18–19
cytochrome P450 2C enzymes  19
cytochrome P450 2D 

enzymes  19–20
cytochrome P450 2E enzymes  20
cytochrome P450 3A enzymes  21
differential expression of  16
drug metabolism  15
functional characteristics  15
multiple isoforms of  15
recombinant canine CYP450 

enzymes  16
substrate specificity of  16

debrisoquine/sparteine  14, 17
drug‐transporter 

polymorphisms  21
early human studies of  13
genetic variations  16–17
genome‐wide association 

studies  13–14
ivermectin  21, 22
membrane‐bound transporters  21
multi‐modal techniques  14
P‐glycoprotein (P‐gp) 

transporters  21–23
pre‐therapy genetic screening  13
warfarin polymorphisms  14

pharmacokinetics see also Individual 
drug entries

apparent volume of 
distribution (V)  3–4

clearance (CL)
hepatic clearance (CLH)  6
rate of elimination  5
renal clearance (CLR)  6–7
total body clearance  6
volume of distribution  5

compartmental models  7, 7
distribution  2–3
drug elimination  3
elimination half‐life (t½)  4, 4–5, 5
infusion pharmacokinetics  8, 8–9
metabolism (biotransformation)  3
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phenobarbital (PB)  96, 97, 102
clinical use and efficacy  326
cost and availability  325
drug interactions  327–328
mechanism of action  325
pharmacokinetics  325–326
side effects  327
toxicity  327

phenothiazine see acepromazine
phenylbutazone  35, 151–152
phenylephrine (m‐Synephrine, 

neosynephrine)  228–229
phenytoin  258
physostigmine  217
piroxicam  152–153
plasma concentration of drug vs. 

time  4, 4
potassium bromide 

(KBr)  326, 328–329
potassium‐sparing diuretics  321
potency  10, 10–11, 81, 82, 84, 87, 

96, 97, 111
inhalant anesthetics  126, 128, 128
neuromuscular blocking agents 

(NMBAs)  202
pregabalin  304–305
procainamide  256
prodrugs  3
prokinetics  353–354
promazine  57
propafenone  258
propofol  1, 106–110

cardiovascular effects  107
central nervous system (CNS) 

effects  107–108
clinical uses  107, 107
contraindications  108
drug interactions  108
mechanism of action  106
metabolism  107
myoclonus  108
pharmacokinetics  106–107
propofol infusion syndrome 

(PRIS)  108
respiratory effects  107

propofol infusion syndrome 
(PRIS)  108

propranolol  259
prostaglandin receptor 

antagonists  309
proton pump inhibitors 

(PPI)  352–353

provisional acceptable residue (PAR) 
strategy  33, 34

q
quinidine  255–256

r
ranitidine  341
remifentanil  83, 84
remimazolam (CNS 7056)  69–70, 187
renal elimination  3, 149
resiniferatoxin (RTX)  310
robenacoxib  153–154
rocuronium  210–211
romifidine  43–44
ropivacaine  167

s
SCh see succinylcholine
selective serotonin reuptake 

inhibitors (SSRIs)
clinical use  283
contraindications  284
drug interactions  284–285
effects on organ systems  284
effects on patients under general 

anesthesia  285
mechanism of action  283
metabolism  283
pharmacokinetics  284
serotonin syndrome  284

sevoflurane  6, 42, 125, 131, 190, 227, 
328, 358

biotransformation  132
chemical structure  124
minimal alveolar concentration 

(MAC) of  127, 128, 167, 
308, 351

partition coefficients  126
physicochemical properties  124
recovery time  130

sildenafil
cardiovascular system effects 

of  273–274
central nervous system effects of  274
clinical use  273
contraindications  275
drug interactions  275
effect on patients under general 

anesthesia  273
mechanism of action  272
metabolism  272–273

pharmacokinetics  272
respiratory system effects of  274

sodium nitroprusside (SNP)
during cardiopulmonary 

resuscitation (CPR)  271
cardiovascular system effects 

of  270–271
central nervous system 

effects of  271
clinical use  270
contraindications  271–272
drug interactions  272
effect on patients under general 

anesthesia  270
mechanism of action  269
metabolism  270
pharmacokinetics  269–270
respiratory system effects of  271

sotalol  261
SNP see sodium nitroprusside
SSRIs see selective serotonin reuptake 

inhibitors
statistical pharmacokinetic  

software  7
succinylcholine (SCh)

clinical use  206
contraindications  206
effects on organ systems  206
mechanism of action  205
metabolism  205

sugammadex  218
sympatholytic drugs

α2−adrenergic receptor 
antagonists  240

non‐selective α1− and α2−adrenergic 
receptor antagonists

phenoxybenzamine  238–239
phentolamine  239–240

selective α1−adrenergic receptor 
antagonists

doxazosin  237
prazosin  236–237
terazosin  237

sympathomimetics
endogenous catecholamines

dopamine  221, 222, 226–227
epinephrine (adrenaline)  221, 224
norepinephrine 

(noradrenaline)  221, 224–226
pathway of  221, 222
pharmacokinetics  222–223
structure  222–223
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synthetic catecholamines
dobutamine  227–228, 228
isoproterenol (isoprenaline)  227
pharmacokinetics  222–223
structure  222–223

synthetic non‐catecholamines
ephedrine (L‐ephedrine)   

229–230, 228
pharmacokinetics  222–223
phenylephrine (m‐Synephrine, 

neosynephrine)  228–229
structure  222–223

synthetic colloids  375–376

t
tapentadol (TAP)  308–309
TCAs see tricyclic antidepressants
telmisartan  242
temazepam  187
terbutaline  231
tetracycline antibiotics  359
Tetrastarch (Voluven® or 

Vetstarch®)  376
thiamylal  96
thiazide diuretics  320–321
thiobarbiturates  96, 98
thiopental  96–103, 98
tiletamine  109, 110–113, 113

cardiovascular effects  111–112
central nervous system effects  112
clinical uses  111, 111
contraindications  112, 113
dissociative anesthesia  112
drug interactions  113

mechanism of action  110
metabolism  111
pharmacokinetics  110–111
respiratory effects  112

tolazoline  44–45
topiramate  331
tramadol  307–308
Trauma Associated Severe Hemorrhage 

Score (TASH)  388
trazodone

clinical use  289–290
contraindications  290
drug interactions  290
effect on patients under general 

anesthesia  290–291
effects on organ systems  290
metabolism  290
pharmacokinetics  290

tricyclic antidepressants 
(TCAs)  231, 285

clinical use  285
contraindications  286
drug interactions  286–287
effect on patients under general 

anesthesia  287
effects on organ systems  286
metabolism  285
pharmacokinetics  286
side effects  286

tripelennamine  341, 342

u
ultra‐potent opioid agonists  84
urethane  115

v
valid veterinary client‐patient 

relationship (VCPR)  31, 32
vasodilators, 243 see also peripheral 

vasodilators
vasopressin (antidiuretic 

hormone)  222
in CPR  230
exogenous vasopressin  230
location and effects of   

222, 223
receptor profiles  224, 224
recommended dosages for  225
in septic shock  230–231
subtypes  230

vatinoxan  45
vecuronium  210
ventricular arrhythmias  23

w
warfarin polymorphisms  14
weakly acidic drug  1
whole genome sequencing  13

x
xylazine  40, 41, 44, 45, 87, 186, 

285, 359

y
yohimbine  44, 359

z
zolazepam  60, 110, 111
zonisamide (ZN)  330–331
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