
DEXMEDETOMIDINE AND LEVOMEDETOMIDINE, 

THE ISOMERS OF MEDETOMIDINE, IN DOGS

Erja Kuusela

ACADEMIC DISSERTATION

To be presented, with the permission of the Faculty of Veterinary Medicine, 
University of Helsinki, in Auditorium Maximum, Hämeentie 57, Helsinki on 

the 26th March 2004 at 12 noon.

Helsinki 2004

DEPARTMENT OF CLINICAL VETERINARY SCIENCES
FACULTY OF VETERINARY MEDICINE

UNIVERSITY OF HELSINKI
HELSINKI
FINLAND

Kuusela  2.2.2004  15:10  Sivu 1

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Helsingin yliopiston digitaalinen arkisto

https://core.ac.uk/display/14914532?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Supervised by:

Professor Outi Vainio, DVM, PhD, DiplECVPT
Department of Clinical Veterinary Sciences, Faculty of Veterinary Medicine, 
University of Helsinki
Helsinki, Finland

and by

Docent Marja Raekallio, DVM, PhD
Department of Clinical Veterinary Sciences, Faculty of Veterinary Medicine, 
University of Helsinki
Helsinki, Finland

Reviewed by:

Docent Riku Aantaa, MD, PhD
Department of Anaesthesiology and Intensive Care, Institute of Clinical Medicine 
University of Turku
Turku, Finland

and by

Professor Ludo Hellebrekers, DVM, PhD, DiplECVA
Anaesthesiology Section, Department of Equine Sciences and Clinical Sciences of
Companion Animals, Faculty of Veterinary Medicine
University of Utrecht
Utrecht, The Netherlands

Opponent:

Professor Per Rosenberg, MD, PhD
Division of Anaesthesiology, Institute of Clinical Medicine
University of Helsinki
Helsinki, Finland

ISBN 952-91-6851-9 (paperpack)
ISBN 952-10-1675-2 (PDF)

Yliopistopaino
Helsinki 2004

http://ethesis.helsinki.fi/

Kuusela  2.2.2004  15:10  Sivu 2



3

CONTENTS 3

ABSTRACT 6

LIST OF ORIGINAL PUBLICATIONS 7

ABBREVIATIONS 8

1. INTRODUCTION 9

2. REVIEW OF THE LITERATURE 10

2.1 α1-adrenergic receptors 10

2.2 α2-adrenergic receptors 10

2.3 Imidazoline receptors 12

2.4 Dexmedetomidine 12

2.4.1 Cardiovascular effects of dexmedetomidine 12
2.4.1.1 Cardiovascular effects of dexmedetomidine in humans 14
2.4.1.2 Cardiovascular effects of dexmedetomidine in dogs 15

2.4.2 Respiratory effects of dexmedetomidine 16
2.4.2.1 Respiratory effects of dexmedetomidine in humans 16
2.4.2.2 Respiratory effects of dexmedetomidine in dogs 16

2.4.3 Sedative/hypnotic and MAC-sparing effects of 
dexmedetomidine 16
2.4.3.1 Sedative effects of dexmedetomidine in humans 18
2.4.3.2 Sedative effects of dexmedetomidine in animals 18

2.4.4 Analgesic effects of dexmedetomidine 19
2.4.4.1 Analgesic effects of dexmedetomidine in humans 19
2.4.4.2 Analgesic effects of dexmedetomidine in animals 20

2.4.5 Dexmedetomidine as a premedicant 20
2.4.5.1 Dexmedetomidine as a premedicant in humans 21
2.4.5.2 Dexmedetomidine as a premedicant in animals 22

2.4.6 Effects of dexmedetomidine on stress hormones 22
2.4.6.1 The effect of dexmedetomidine on stress hormones in humans 23
2.4.6.2 The effect of dexmedetomidine on stress hormones in dogs 23

2.4.7 Adverse effects caused by dexmedetomidine 23

Kuusela  2.2.2004  15:10  Sivu 3



4

2.5 Levomedetomidine 23

2.6 Medetomidine-dexmedetomidine comparisons in
different species 25

2.7 Current knowledge of dexmedetomidine and 
levomedetomidine in dogs 25

3. AIMS OF THE STUDY 27

4. MATERIALS AND METHODS 28

4.1 Animals 28

4.2 Drugs and dosages 28

4.3 Clinical signs of sedation, analgesia and anaesthesia 28

4.4 Cold pressor test 30

4.5 Cardiorespiratory effects 31

4.6 Pharmacokinetic studies 31

4.7 Stress hormone studies 31

4.8 Statistical analyses 32

5. RESULTS 33

5.1 Clinical signs of sedation, analgesia and anaesthesia 33

5.1.1 Effects of medetomidine and dexmedetomidine on 
clinical signs of sedation and analgesia (I, II, IV) 33

5.1.2 Cold pressor test (IV) 33

5.1.3 Effects of levomedetomidine on clinical signs of sedation 
and analgesia (I, II) 33

5.1.4 Effects of premedicants on anaesthesia and recovery 
profile (III, IV) 36

5.2 Cardiorespiratory effects 36

5.2.1 Cardiovascular effects of medetomidine and 
dexmedetomidine (I-V) 36

5.2.2 Respiratory effects of medetomidine and 
dexmedetomidine (I-IV) 42

5.2.3 Cardiorespiratory effects of levomedetomidine (I, II) 42

Kuusela  2.2.2004  15:10  Sivu 4



5

5.3 Pharmacokinetics and plasma drug 
concentrations (I, II) 44

5.4 Stress hormones (II, IV)  44

6. DISCUSSION 46

6.1 Methodological considerations 46

6.1.1 Statistical and study design considerations 46

6.1.2 Assessment of analgesia and the level of anaesthesia 46

6.2 Clinical signs of sedation and analgesia 47

6.3 Effects of premedicants on anaesthesia and 
recovery profile 48

6.4 Cardiorespiratory effects 50

6.5 Pharmacokinetics 53

6.6 Stress hormones 53

7. CONCLUSIONS 54

ACKNOWLEDGEMENTS 55

REFERENCES 56

Kuusela  2.2.2004  15:10  Sivu 5



6

ABSTRACT

The effects of dexmedetomidine as a sedative and premedicant were studied in healthy
laboratory beagles. Dexmedetomidine, a potent and selective α2-adrenoceptor agonist, is
the active ingredient of medetomidine, a commonly used sedative in animals.

The clinical effects and pharmacokinetics of medetomidine, dexmedetomidine and
levomedetomidine were compared to determine whether dexmedetomidine offers any
benefit over racemic medetomidine. A high dose of levomedetomidine was used to eval-
uate whether it has any pharmacological activity or would influence the sedative and anal-
gesic effects of dexmedetomidine in dogs.  Medetomidine and dexmedetomidine were
compared as premedicants prior to propofol/isoflurane anaesthesia, and the most appro-
priate premedicant dose level was determined. Perianaesthetic effects of intramuscular
dexmedetomidine were studied, including 24-hour Holter monitoring to detect arrhyth-
mias. The suitability of a cold pressor test as a stress stimulus using dogs sedated and pre-
medicated with dexmedetomidine as a model was evaluated.

Dexmedetomidine was at least as safe and effective as the corresponding dose of
medetomidine as a sedative, analgesic and premedicant in laboratory beagles.
Levomedetomidine caused no observable behavioural effects in conscious dogs. However,
it did reduce the sedative and analgesic effects of dexmedetomidine and intensified brady-
cardia, suggesting that dexmedetomidine might be preferable instead of medetomidine
for use in dogs. The pharmacokinetics of dexmedetomidine and racemic medetomidine
were similar, but clearance of levomedetomidine was more rapid than that of the other
drugs. A dose of 2 µg/kg of dexmedetomidine resulted in the most stable cardiovascular
effects when used as a premedicant before propofol/isoflurane anaesthesia. After
dexmedetomidine premedication, propofol/isoflurane anaesthesia was considered more
useful than propofol infusion due to a milder degree of respiratory depression and faster
recovery. The cold pressor test produced variable responses among the dogs and was not
a reliable stress stimulus with the dexmedetomidine dose used. In beagles treated with
dexmedetomidine alone or in combination with propofol infusion or propofol/isoflurane,
ventricular arrhythmias were detected no more frequently than in healthy non-anaes-
thetized dogs.
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1. INTRODUCTION

Medetomidine is a potent and selective α2-adrenoceptor agonist that contains equal parts
of two optical enantiomers, dexmedetomidine and levomedetomidine. Enantiomers are
isomers which are mirror images of each other, but in biological systems they may show
differences in pharmacological activity and drug distribution in the body. 

Medetomidine is used as a sedative, analgesic and anaesthetic premedication in ani-
mals, primarily in dogs and cats. It rapidly produces dose-dependent and reliable sedation
and analgesia with good muscle relaxation. Potent anaesthetic-sparing effects of medeto-
midine allow the use of lower doses of anaesthetics as a part of balanced anaesthesia.
Perioperative relief of pain and stress is another valuable property of medetomidine. If
needed, the effects can be antagonized with a specific antagonist, atipamezole. 

Dexmedetomidine, as the active ingredient of the racemic mixture, has gained more
interest than the racemate medetomidine in human anaesthesiology. In intensive care
patients, dexmedetomidine is used to achieve sedation without respiratory depression, and
cardiac patients may benefit from the perioperative cardiovascular stability it induces.
Dexmedetomidine has also been studied in dogs, and its clinical effects are presumed to
be comparable with those of racemic medetomidine. 

Kuusela  2.2.2004  15:10  Sivu 9



10

2. REVIEW OF THE LITERATURE

2.1 α-adrenergic receptors 
Adrenergic receptors α and β mediate the actions of noradrenaline and adrenaline. The α-
adrenergic receptors are divided into α1 and α2 types according to differential agonist and
antagonist affinities.  Most α1-adrenoceptors are located postsynaptically, while α2-adreno-
ceptors are found in various neuronal and nonneuronal sites. The activation of α1-adreno-
ceptors results in the release of noradrenaline, whereas α2-adrenoceptor activation inhibits
noradrenaline release from sympathetic nerve terminals (Langer, 1981). Both receptors play
a significant role in the regulation of vascular tone and arterial blood pressure, but their
relative contribution to the balance of vasoconstriction and vasodilatation varies between
animal species (Piascik et al., 1996). 

2.2 α2-adrenergic receptors
The α2-adrenergic receptor is a protein structure that is able to bind to extracellular ligands
of endogenous hormones or exogenous drugs. When an agonist binds to a α2-adrenergic
receptor, the structure of the receptor changes, resulting in coupling with G-proteins (gua-
nine nucleotide binding proteins) (Figure 1). Transmembrane signalling is promoted by the
replacement of guanosine diphosphate (GDP) with guanosine triphosphate (GTP).
Activated receptors inhibit adenylyl cyclase, resulting in a decrease in the accumulation of
intracellular cyclic adenosine 3’, 5’-monophosphate (cAMP), thus attenuating phosphory-
lation of target regulatory proteins. Efflux of K+ through an activated channel causes hyper-
polarization, and neuronal firing is suppressed. Ca2+ entry into the nerve terminals is also
reduced by α2-adrenoceptor stimulation, which may in turn be responsible for its inhibito-
ry effect on secretion of neurotransmitters (Hayashi & Maze, 1993; Piascik et al., 1996;
Khan et al., 1999b).

α2-adrenergic receptors are divided into the pharmacologically different subtypes α2A,
α2B and α2C. In the central nervous system (CNS), α2A is the prevalent subtype, and the
major noradrenergic nucleus in the brain stem, locus coeruleus, contains only subtype α2A
(MacDonald & Scheinin, 1995). Species differences in distribution of subtypes may exist
(Maze & Fujinaga, 2000).

The α2A-adrenoceptor most likely regulates the release of neurotransmitters from nor-
adrenergic neurones (MacDonald & Scheinin, 1995). In genetically modified mouse lines,
α2A-adrenoceptor has been shown to be the predominant subtype involved in the media-
tion of the antinociceptive, sedative, anaesthetic-sparing and hypothermic actions of
dexmedetomidine (Hunter et al., 1997; Lakhlani et al., 1997). The α2A-adrenoceptor sub-
type also appears to have a critical role in the hypotensive response to α2-adrenoceptor
agonists, despite data implicating a role for independent imidazoline binding sites in this
response (MacMillan et al., 1996). Moreover, it is considered the primary mediator of α2-
adrenoceptor-mediated spinal analgesia (Stone et al., 1997; Guo et al., 1999), being nec-
essary for analgesic synergy with opioids (Stone et al., 1997). 

The α2B-adrenoceptor mediates the major component of the immediate hypertensive
action and counteracts the hypotensive action of α2A-receptors. In mice devoid of α2B-recep-
tors, the hypotensive effect occurred immediately and was of greater magnitude than in
normal mice, but the bradycardic response was similar (Link et al., 1996).

The α2C-adrenoceptor contributes to spinal analgesia, adrenergic-opioid synergy
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(Fairbanks et al., 2002), hypothermic action and modulation of dopaminergic activity
(Sallinen et al., 1997) but seemingly produces no haemodynamic effects (Link et al., 1996).
Dexmedetomidine inhibits the release of noradrenaline at the sympathetic innervation of
kidney cortex via activation of α2C-adrenoceptors (Taoda et al., 2001).

Subtype-selective drugs suitable for in vivo use are still non-existent (Schwartz & Clark,
1998; Kamibayashi & Maze, 2000), although some evidence of subtype selectivity of
dexmedetomidine in vitro has been shown (Jansson et al., 1994; Peltonen et al., 1998). 

Figure 1
G-protein-coupled receptor and activation of adenylyl cyclase.
1) The adrenergic agonist binds to the receptor, activating binding of the Gs protein; 2) The Gs-pro-
tein releases GDP and binds GTP; 3) The Gs-protein splits into βγ and αs units, which activates adeny-
lyl cyclase; 4) Production of cyclic AMP (cAMP) is enhanced; 5) GTPase hydrolyses GTP into GDP,
releasing αs from adenylyl cyclase; 6) αs combines with the βγ unit to form the G- protein. In the case
of α2-adrenergic agonists, Gi-proteins (instead of Gs above) inactivate adenylyl cyclase.

Modified from http://perth.uwlax.edu/faculty/howard/MCATreview1/sld031.htm
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2.3 Imidazoline receptors

Some effects of α2-adrenergic agonists may be due to their binding and action in the non-
adrenergic imidazoline (imidazole) receptors. The physiological function of imidazoline
receptors is controversial, but at least the hypotensive effect of α2-adrenoceptor agonists
may in part be mediated by these receptors in the ventral medulla (Ernsberger et al., 1990;
MacDonald & Scheinin, 1995; McCallum et al., 1998). Presumably, they also play a role in
the protection against adrenaline-induced arrhythmias (Hayashi et al., 1993; Khan et al.,
1999b).  

2.4 Dexmedetomidine
Dexmedetomidine, (+) -4-[1-(2,3-dimethylphenyl)ethyl]-1H-imidazole (Figure 2), is a selec-
tive and potent α2-adrenergic agonist. The α2/α1 selectivity of dexmedetomidine is sever-
al times higher than that of clonidine, detomidine or xylazine (Virtanen et al., 1988; Aantaa
et al., 1993). Dexmedetomidine is therefore considered a full agonist of the α2-adreno-
ceptor, and clonidine a partial agonist. More potent sedation and analgesia with minor car-
diovascular depression from α1-adrenoceptor activation can be expected as a result of full
agonism.

Dexmedetomidine contains an imidazole in its chemical structure and has an affinity
for imidazoline receptors, despite weaker than that for α2-adrenoceptors (Wikberg et al.,
1991; Khan et al., 1999b). 

2.4.1 Cardiovascular effects of dexmedetomidine

The cardiovascular effects of dexmedetomidine have been studied extensively in animals
and humans but are not yet fully understood. Species-specific differences, particularly
between humans and dogs, appear to exist in haemodynamic response to α2-adreno-
ceptor agonists (Flacke et al., 1990, 1993; Bloor et al., 1992b; Ebert et al., 2000).

Figure 2
Structure of the medetomidine enantiomers.

Kuusela  2.2.2004  15:10  Sivu 12
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Peripheral α-adrenoceptors mediate vascular contraction by regulating calcium influx.
After administration of dexmedetomidine, an initial pressor response is produced via vaso-
constriction, followed by a secondary baroreflex-mediated decrease in heart rate. Systemic
vascular resistance is increased and cardiac output is decreased. Bradycardia is subse-
quently produced mainly via diminished sympathetic (Schmeling et al., 1991; Xu et al.,
1998; Hogue et al., 2002) and/or augmented parasympathetic tone (Bloor et al., 1992b),
and blood pressure declines gradually to or beyond baseline level (Bloor et al., 1992a,
1992b). The site of central control of blood pressure is suggested to be the rostral ven-
trolateral medulla (Hong et al., 1992). Despite later hypotension, heart rate does not
increase, which suggests an inhibitory effect on the baroreflex or resetting of the barore-
flex (Xu et al., 1998). In humans, baroreflex sensitivity was unaffected while systemic sym-
pathetic tone was reduced by dexmedetomidine (Hogue et al., 2002). Dogs may exhibit
a more profound vasoconstrictive response to α2-adrenoceptor agonists than humans, as
indicated by a greater degree of systemic vascular resistance and a lesser degree of sub-
sequent hypotension after dexmedetomidine administration (Flacke et al., 1990; Bloor et
al., 1992, 1992b). However, in humans dexmedetomidine doses are much smaller than
those commonly used in dogs. In a stepwise infusion study, the highest achieved plasma
concentration of dexmedetomidine in human volunteers was 14.7 ± 0.78 ng/ml, result-
ing in distinct increases in arterial pressures and systemic vascular resistance with decreas-
es in heart rate, stroke volume and cardiac output. At the lower (clinically used) plasma
concentrations arterial pressures decreased with less effect on the other cardiovascular
parameters (Ebert et al., 2000). Increasing doses of dexmedetomidine (up to 0.6 ng/ml)
increased blood pressure in anaesthetized volunteers and decreased it in awake subjects
(Talke et al., 2003), showing the effect of baseline sympathetic tone in dexmedetomidine
studies. A peripherally active α2-adrenoceptor antagonist was shown to prevent the
immediate pressor effects of dexmedetomidine but to preserve the majority of the late
cardiovascular effects in dogs (Pagel et al., 1998b). In addition to species and dosing dif-
ferences, the magnitude of hypertension is influenced by the administering method of
dexmedetomidine. Intramuscular (im) injection generally results in less abrupt changes in
blood pressure, and a slow infusion rate may be preferable to a bolus intravenous (iv)
administration (Dyck et al., 1993). 

Dexmedetomidine has been found to depress cardiac function in dogs even after auto-
nomic denervation (Flacke et al., 1990). Postsynaptic α2-adrenoceptors are considered non-
existent in the mammalian heart (Dukes & Vaughan Williams, 1984; Hayashi et al., 1991),
and dexmedetomidine has shown no direct depressant effect on the canine myocardium
(Flacke et al., 1992). Schmeling et al. (1991) interpreted the depression in heart function
caused by dexmedetomidine to be the result of increased arterial pressure, but in isolated
canine hearts, dexmedetomidine-induced increased afterload did not impair cardiac func-
tion (Flacke et al., 1992). In a later study, Flacke et al. (1993) reported diastolic dysfunc-
tion and a decline in systolic contractility in conjunction with decreasing catecholamine lev-
els after dexmedetomidine administration. When haemodynamic changes were antago-
nized by a calcium channel blocker, cardiac function was nevertheless reduced after
dexmedetomidine administration in dogs, probably due to sympatholysis (Roekaerts et al.,
1997). 

The decrease in cardiac output after dexmedetomidine is caused mainly by a decrease
in heart rate. While the increase in blood pressure and the decrease in cardiac output occur
simultaneously, the latter seems not to be completely mediated reflexly (Flacke et al., 1990).
Reduced stroke volume, increased afterload, reduced metabolic demands (Bloor et al.,

Kuusela  2.2.2004  15:10  Sivu 13
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1992b; Ebert et al., 2000), low catecholamine levels and coronary vasoconstriction (Flacke
et al., 1990; Bloor et al., 1992b) have been suspected to contribute to the reduction in
cardiac output. The pressor response to iv dexmedetomidine was enhanced after auto-
nomic denervation (Flacke et al., 1990; Schmeling et al., 1991), but cardiac output
decreased without a change in heart rate (Flacke et al., 1990). Likewise, when bradycar-
dia was blocked by glycopyrrolate pretreatment, the decrease in cardiac output was only
partially reversed, but arterial pressure increased further (Bloor et al., 1992b). Iv dexmedeto-
midine (Lawrence et al.,1996a) and im medetomidine (Pypendop & Verstegen, 2000) have
been shown to considerably redistribute cardiac output in dogs, reducing blood flow to
less vital organs and preserving it in vital organs to levels above those known to induce
underperfusion.

Iv dexmedetomidine has been shown to induce coronary vasoconstriction in dogs
(Schmeling et al., 1991; Flacke et al., 1993). However, in canine myocardial ischaemia
models, iv dexmedetomidine preserved endocardial perfusion and decreased myocardial
oxygen demand, thereby reducing oxygen deficiency of the ischaemic myocardium
(Lawrence et al., 1996b; Roekaerts et al., 1996; Willigers et al., 2003). In pigs, large iv dos-
es of dexmedetomidine caused moderate regional coronary vasoconstriction without meta-
bolic signs of myocardial ischaemia (Jalonen et al., 1995). In goats, the cardiovascular
response to iv dexmedetomidine was found to be similar to that of man; systemic and
coronary vasoconstriction was short-lived, and the balance between myocardial oxygen
supply and demand was maintained (Lawrence et al., 1997). 

2.4.1.1 Cardiovascular effects of dexmedetomidine in humans
Blood pressure was reduced after iv dexmedetomidine (≤1 µg/kg) by 10% to 20% and
heart rate usually decreased moderately (Kallio et al., 1989; Aantaa et al., 1990a, 1990b;
Aantaa 1991a; Jaakola et al., 1991; Jaakola, 1994). Iv dexmedetomidine (0.25 to 2.0
µg/kg) produced a transient increase in blood pressure and a longer lasting decrease in
blood pressure, heart rate and cardiac output (Bloor et al., 1992a).

Im administration of dexmedetomidine (2 µg/kg) avoided the acute haemodynamic
changes seen with iv administration but led to similar haemodynamics within four hours
(Dyck et al., 1993). Preoperative im dexmedetomidine (<1.5 µg/kg) resulted in a lower
heart rate and blood pressure than placebo during thiopentone anaesthesia (Aantaa
1991b). Im dexmedetomidine (1.5 µg/kg) decreased blood pressure 22% and heart rate
by 32% in healthy volunteers, with no signs of initial increase in blood pressure. The
hypotension was still present after six hours when all signs of sedation had disappeared
(Scheinin H et al., 1992). In elderly patients, im dexmedetomidine (1 µg/kg) induced a
moderate decrease in blood pressure and a slight decrease in heart rate (Virkkilä et al.,
1994).  

Infusion of dexmedetomidine (0.2 or 0.6 µg/kg/h) into healthy volunteers resulted in
minor changes in cardiovascular parameters (Hall et al., 2000), and postoperative increas-
es in heart rate and blood pressure were attenuated without significant bradycardia or
hypotension (Talke et al., 1997). Increasing concentrations of dexmedetomidine (from 0.7
to 14.7 ng/ml) resulted in progressive decreases in heart rate and cardiac output, with a
maximal decrease in heart rate of 29% (Ebert et al., 2000). In one case, intraoperative infu-
sion of dexmedetomidine (0.3 µg/kg/h) resolved tachycardia, which had been unrespon-
sive to beta-adrenergic blocker therapy (Ruesch & Levy, 2002).

ECG abnormalities related to dexmedetomidine other than sinus bradycardia have
been rarely reported in humans. After iv dexmedetomidine was administered to 28 healthy
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males, one event of a R-R interval lasting 2.4 seconds and two episodes of junctional
escape rhythm were detected (Bloor et al., 1992a). A sinus arrest and a symptomatic brady-
cardia resulting in loss of consciousness were detected in one out of 15 patients receiving
iv dexmedetomidine, but atropine normalized the heart rate (Jaakola, 1994). One patient
out of 22 receiving dexmedetomidine infusion at plasma concentration of 0.32-0.35 ng/ml
had a long sinus pause during intubation (Talke et al., 2000). 

2.4.1.2 Cardiovascular effects of dexmedetomidine in dogs
In conscious dogs iv dexmedetomidine 1.25 µg/kg increased arterial pressure by 15% and
decreased heart rate by 26% and cardiac output by 35% (Schmeling et al., 1991). Under
isoflurane anaesthesia iv dexmedetomidine 20 µg/kg increased arterial pressure by 67%,
concomitantly decreasing heart rate by 53% and cardiac output by 74%. Arterial blood
pressure remained at least 20% above baseline (under anaesthesia), while heart rate was
40% lower than baseline throughout the four-hour study (Bloor et al., 1992b). Iv
dexmedetomidine 10 µg/kg reduced cardiac output by 50% in anaesthetized dogs. Blood
flow through skin decreased by 70% to 90% and renal flow by 30%, but cerebral and car-
diac blood flows were less affected. Arterial lactate concentrations were unchanged after
dexmedetomidine, implying overall adequacy of oxygen supply to the body (Lawrence et
al., 1996a). In dogs premedicated with fentanyl, iv dexmedetomidine 10 µg/kg decreased
heart rate by 39%, cardiac output by 64% and heart contractility by 29% and increased
mean arterial pressure by 55% as compared with baseline (Roekaerts et al., 1997).

Iv dexmedetomidine induced greater reductions in cardiac output in dogs with dilat-
ed cardiomyopathy compared with healthy dogs (Pagel et al., 1998a).

The cardiovascular effects of iv racemic medetomidine were fully established with dos-
es as low as 5 µ/kg, and increasing the dose prolonged the effects (Pypendop & Verstegen,
1998). Lombard et al. (1989) studied the effects of im medetomidine in dogs with com-
pensated mitral regurgitation and considered the drug to be safe but recommended the
use of an antagonist to reverse cardiovascular effects. The use of anticholinergic drugs aim-
ing to reduce the bradycardia caused by medetomidine is usually not advised, as it may
result in prolonged, severe hypertension leading to increased myocardial oxygen demand
(Vainio & Palmu, 1989; Short, 1991; Alibhai et al., 1996).   

Besides bradycardia, accentuated sinus arrhythmia and sinoatrial and atrioventricular
(AV) heart blocks are the most commonly described arrhythmogenic effects of α2-adren-
ergic agonist drugs in dogs. AV-blocks (first and second degree) develop as disturbances
in the conductivity of the cardiac excitatory impulse. The appearance of AV-blocks after
dexmedetomidine administration has not been reported. Iv and im medetomidine has been
shown to induce occasional second-degree AV-blocks in dogs (Lombard et al., 1989; Vainio
& Palmu, 1989; Ewing et al., 1993; Kramer et al., 1996).

Infusion of dexmedetomidine 0.5 µg/kg/min has been demonstrated to prevent adren-
aline-induced arrhythmias in halothane-anaesthetized dogs in a dose-dependent manner.
The effect appeared to be mediated at least in part by stimulation of central α2-adreno-
ceptors and to be independent of changes in haemodynamic parameters (Hayashi et al.,
1991). In a later study, however, the same authors describe imidazoline-preferring recep-
tors rather than the α2-adrenergic receptor as being responsible for the anti-arrhythmic
property of dexmedetomidine. Activation of the imidazoline-preferring receptors presum-
ably increases vagal tone, which may protect against adrenaline-induced arrhythmias
(Hayashi et al., 1993). In vagotomized or atropine-treated animals, the anti-arrhythmic
effect of dexmedetomidine is abolished (Kamibayashi et al., 1995a). The site of the anti-
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arrhythmic action may be the nucleus reticularis lateralis in the ventrolateral medulla, which
is rich in imidazoline receptors and functionally connected to the area that modulates vagal
activity (Kamibayashi et al., 1995b).

2.4.2 Respiratory effects of dexmedetomidine 

The ventilatory effect of dexmedetomidine in humans resembles that of normal non-REM
sleep, and its impact on central breathing control seems to be minor (Belleville et al., 1992).
Similarly, in dogs, respiratory depression and the effect on hypoxic reflexes caused by
dexmedetomidine are relatively mild, but species-specific variations may exist (Nguyen et
al., 1992). In rabbits, iv dexmedetomidine produced hypercarbia and hypoxia (Zornow,
1991). In sheep, marked hypoxia may develop after iv and im medetomidine or
dexmedetomidine (Raekallio et al., 1998; Kästner et al., 2001a; Kästner et al. 2001b), prob-
ably due to pulmonary venospasm-induced alveolar oedema (Bacon et al., 1998).  

2.4.2.1 Respiratory effects of dexmedetomidine in humans
In healthy humans breathing room air, iv dexmedetomidine (≤2.0 µg/kg) caused a mild
increase in resting arterial blood carbon dioxide tension (paCO2) and a decrease in minute
ventilation with little change in respiratory rate, and arterial blood oxygen tension (paO2)
remained unchanged. Oxygen consumption increased transiently and then decreased.
(Belleville et al., 1992). Partial respiratory obstruction after iv dexmedetomidine (2 µg/kg)
was observed in some patients (Lawrence & DeLange, 1997). Arterial oxygen saturation
was normal after iv and im dexmedetomidine (Jaakola et al., 1991; Jaakola 1994; Bührer
et al., 1994; Talke et al., 1995; Venn et al., 1999). Infusion of dexmedetomidine into
healthy volunteers or surgical patients requiring intensive care resulted in minor respirato-
ry changes, which were not considered to be clinically significant (Hall et al., 2000; Venn
et al., 2000). The mild respiratory depression observed was deemed to be secondary to
profound sedation (Ebert et al., 2000).

2.4.2.2 Respiratory effects of dexmedetomidine in dogs
After administration of dexmedetomidine or medetomidine iv or im, respiratory rate usu-
ally decreases with minimal effects on blood gas values (Vainio 1989; Schmeling et al.,
1991; Venugopalan et al., 1994; Kramer et al., 1996). Nguyen et al. (1992) found that at
low iv dexmedetomidine doses ventilation decreased, but at doses exceeding 20 µg/kg
end-tidal CO2 decreased and end-tidal O2 increased as compared with awake control val-
ues. The authors suggested that this effect might be partially related to the central α1-
adrenoceptor agonist. However, iv dexmedetomidine has been shown to dose-depend-
ently reduce the response to hypercapnia (Nguyen et al., 1992; Sabbe et al., 1994). On the
other hand, a combination of iv dexmedetomidine (Nguyen et al., 1992) or medetomidine
infusion (Bloor et al., 1989) and isoflurane resulted in less respiratory depression than with
isoflurane alone at the same anaesthesia level.

2.4.3 Sedative/hypnotic and MAC-sparing effects of
dexmedetomidine
Several reasons exist for dexmedetomidine being advocated as a sedative agent in human
medicine. It has a relatively short half-life, which enables the use of a continuous infusion.
Sedation and anxiolysis are accompanied by analgesic properties, and under suitable dos-
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ing, the patients are readily roused. Minor respiratory effects, stabilizing cardiovascular
effects and the availability of a specific antagonist are additional advantages (Hall et al.,
2000).

The site of the sedative/hypnotic action of dexmedetomidine resides in the brain stem,
in the locus coeruleus, which controls vigilance and modulates sympathetic outflow
(Correa-Sales et al., 1992a). In rats depleted of catecholamine stores, intraperitoneal (ip)
dexmedetomidine still reduced the minimal alveolar concentration (MAC) of halothane
(Segal et al., 1988); thus sympatholysis alone does not explain the MAC-sparing effect of
dexmedetomidine. The hypnotic action is mediated by inhibition of adenylate cyclase,
which alters phosphoryrylation of the potassium channel (Correa-Sales et al., 1992b).
Dexmedetomidine has shown strong synergistic interactions with gamma-aminobutyric
acid (GABA)-acting compounds, such as midazolam (Salonen et al., 1992), and has been
suggested to partly exert its hypnotic action via GABAergic pathways (Seidel et al., 1995).
It may also be associated with a decrease in serotoninergic neurotransmission and was
demonstrated to be diminished by serotoninergic stimulation in rats (Rabin et al., 1996a).
Decreased glutamatergic neurotransmission, secondary to reduced availability of glutamine
has recently been reported to be involved both in sedative/hypnotic- and anaesthetic-spar-
ing effects of dexmedetomidine (Huang & Hertz, 2000). The nitric oxide/cGMP pathway,
a major signalling transduction pathway implicated in mechanisms mediating conscious-
ness and pain, seems to be an important mediator of the anaesthetic action of dexmedeto-
midine (Vulliemoz et al., 1996; Tonner et al., 1999). When halothane and dexmedetomi-
dine were given simultaneously to mice, the decrease in cerebellar cGMP was greater than
with either of the drugs alone (Vulliemoz, 1998). Buttermann et al. (1998) suggested that
dexmedetomidine produces its anaesthetic effects through different neuroanatomic path-
ways than volatile anaesthetics. In a study made with tadpoles, dexmedetomidine did not
adhere to the Meyer-Overton rule (correlation of lipid solubility with the anaesthetic poten-
cy), implicating a more specific site of action than general anaesthetics. However, the
anaesthetic action of dexmedetomidine was diminished by increased pressures, demon-
strating a similar effect compared with other general anaesthetics, such as barbiturates or
propofol (Tonner et al., 1997).

Dexmedetomidine has been shown to bind to and activate α1-adrenoceptors. Central
α1-adrenoceptor stimulation has been reported to functionally antagonize the hypnotic
response to dexmedetomidine by either a specific or a non-specific interaction between
the receptors (Doze et al., 1989b; Guo et al., 1991; Schwinn et al., 1991) outside of the
locus coeruleus (Correa-Sales et al., 1992a). The transmembrane components involved in
the signal transduction mechanism are different for α1- and α2-adrenoceptors, but these
mechanisms may interact. Pharmacokinetic interaction was considered unlikely, as only a
centrally active α1-adrenoceptor agonist reduced the hypnotic effect of dexmedetomidine
(Guo et al., 1991).

Chronic treatment with tricyclic antidepressant desipramine desensitized rats to the
hypnotic, analgesic, and MAC-reducing properties of dexmedetomidine. Desipramine was
suggested to up-regulate α1-adrenoceptors, causing hyper-responsiveness and thus induc-
ing the normally weak α1-adrenoceptor activity of dexmedetomidine to antagonize its α2-
adrenoceptor-mediated effects. The most vulnerable was the response with the least effi-
cacy (hypnosis) (Guo et al., 1998). Only 4% of α2-adrenoceptors are required for the cen-
tral noradrenaline turnover suppressant effect of dexmedetomidine, while MAC-reducing
action requires >20%, antinociceptive effect >40% and hypnotic effect >80% of the avail-
able α2-adrenoceptors (Hayashi et al., 1995; Rabin et al., 1996b; Guo et al., 1998).
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Tolerance does not develop for either the sympatholytic or MAC-sparing action of
dexmedetomidine after chronic administration, although it does occur for the hypnotic
response (Reid et al., 1994; Rabin et al., 1996b). The most efficient responses have a built-
in reserve that sustains the response even when the transduction mechanism is disrupted
(Rabin et al., 1996b). Thus, the analgesic properties of dexmedetomidine can persist after
the hypnotic response has been attenuated by chronic administration, and animals toler-
ant of the hypnotic and analgesic actions of dexmedetomidine are still capable of exhibit-
ing MAC-sparing action (Hayashi et al., 1995b). The transduction pathway for analgesia
may be more efficiently coupled than that for hypnotic action. Drugs with high intrinsic
efficacy require fewer receptors to exert a pharmacological action; clonidine needs 30%
more receptors for the analgesic effect than dexmedetomidine, and thus, dexmedetomi-
dine is less susceptible to the development of tolerance (Hayashi et al., 1995a). 

In rats, dexmedetomidine caused a slow-frequency, low-amplitude EEG, similar to that
seen in slow-wave sleep. Sleep was disturbed after dexmedetomidine sedation, followed
by increased wakefulness, representing a down-regulation of α2-adrenoceptors or a dis-
ruption in the mechanism that regulates sleep. Imidazoline receptors may also play a role
in the sleep-regulating action of dexmedetomidine (Seidel et al., 1995). 

2.4.3.1 Sedative effects of dexmedetomidine in humans
Dose-dependent sedation was observed at iv doses of 0.5 and 1.0 µg/kg (Aantaa 1991a),
and significant sedation lasted for three hours after a dose of 2.0 µg/kg (Belleville et al.,
1992). Im dexmedetomidine 2.4 µg/kg induced significant sedation and anxiolysis, but
patients were responsive (Aho et al., 1992b). Most subjects fell asleep after 1.5 µg/kg im
dexmedetomidine but were easily roused, and no signs of sedation were seen after six
hours (Scheinin H et al., 1992). 

During infusion of dexmedetomidine (<0.6 µg/kg/h) volunteers could be easily roused
with verbal or physical stimuli (Hall et al., 2000). At a plasma dexmedetomidine concen-
tration of 0.5 ng/ml, patients were heavily sedated and some of them were only roused
by painful stimulation (Bührer et al., 1994). Plasma dexmedetomidine concentration from
1.9 to 14.7 ng/ml produced deep sedation with memory impairment, and at the higher
concentrations the volunteers were unresponsive to loud verbal stimuli and shaking (Ebert
et al., 2000). In patients requiring intensive care, dexmedetomidine (<0.7 µg/kg/h) was
considered a useful agent for the provision of postoperative analgesia and sedation and
for reducing morphine requirements (Venn et al., 1999; Triltsch et al., 2002). The patients
were easily and calmly roused from sleep to allow communication and co-operation while
intubated and ventilated, and then quickly returned to sleep (Venn et al., 1999).
Haemodynamic stability was better maintained in intensive care patients receiving
dexmedetomidine infusion than in those receiving propofol for sedation (Venn et al., 2001;
Triltsch et al., 2002). Interleukin 6 concentration decreased in patients receiving
dexmedetomidine infusion, suggesting a beneficial effect on the inflammatory response
to surgical trauma (Venn et al., 2001).

2.4.3.2 Sedative effects of dexmedetomidine in animals
Dexmedetomidine has usually been studied in anaesthetized dogs, and the sedative effects
of dexmedetomidine in conscious dogs are rarely reported. Iv dexmedetomidine (1 to10
µg/kg) has resulted in dose-dependent sedation in dogs (Sabbe et al., 1994). Racemic im
medetomidine has been shown to produce dose-dependent sedation in dogs at doses up
to 80 mg/kg (Vainio, 1989). The duration of sedation with medetomidine is dependent on
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the dose and route of administration (Vainio, 1989; England & Clarke, 1989; Kramer et
al., 1996). In experimental dogs, sedation was observed even at a dose of 1 µg/kg of iv
medetomidine (Pypendop & Verstegen, 1998). As with other sedatives, a quiet atmosphere
after medetomidine administration is required to maximize the drug’s effects (Kramer et
al., 1996).

Rats were reported to be dose-dependently sedated at subcutaneous (sc) dexmedeto-
midine doses of 30 to 300 µg/kg (MacDonald et al., 1991), but at 1000 µg/kg (ip or sc)
the level of sedation decreased and evidence of excitation was observed (Doze et al.,
1989a; MacDonald et al., 1991; Savola & Virtanen, 1991). Prazosin (an α1-antagonist)
blocked this reversal of sedation. Sc dexmedetomidine 10 mg/kg was a toxic dose to rats
causing pulmonary oedema (MacDonald et al., 1991).

2.4.4 Analgesic effects of dexmedetomidine

While the sedative action of dexmedetomidine is mediated at a supraspinal level, the anal-
gesic response is mainly mediated spinally (Hayashi et al., 1995b). A direct action on the
locus coeruleus may also be implicated, resulting in activation of α2-adrenoceptors in the
spinal cord through which the antinociceptive effect is mediated (Guo et al., 1996).
Pertovaara et al. (1991) suggested that at low doses of medetomidine a supraspinal mech-
anism is involved, and at higher doses antinociception is more spinally mediated.

The direct spinal component of analgesia induced by dexmedetomidine has been stud-
ied in isolated rat spinal cords (Kendig et al., 1991; Savola et al., 1991b). Dexmedetomidine
acted in the dorsal horn of the spinal cord by interrupting the nociceptive pathway to the
ventral root, thus reducing the spinal reflex. Dexmedetomidine showed a longer linear
dose-response relationship than clonidine, which was less effective at higher concentra-
tions. The difference was suggested to be due to the partial agonism of clonidine at the
α2-adrenoceptor or α1-adrenoceptor-mediated antagonism at higher concentrations
(Kendig et al., 1991). Both dexmedetomidine and isoflurane have been shown to suppress
nociceptive neurotransmission in the rat spinal cord, without significant interaction
between these drugs (Savola et al., 1991b). 

Some peripheral antinociceptive effect of dexmedetomidine has been reported, and it
may be mediated predominantly by a α1-adrenoceptor (Idänpään-Heikkilä et al., 1994).
The peripheral analgesic action of dexmedetomidine was enhanced after nerve injury
(Poree et al., 1998). 

2.4.4.1 Analgesic effects of dexmedetomidine in humans
Postoperatively administered iv dexmedetomidine relieved visceral pain and reduced opi-
oid requirement but was attended by sedation and bradycardia (Aho et al., 1991b).
Unexpectedly, in one study, patients treated with preoperative im dexmedetomidine expe-
rienced more pain than those patients treated with placebo (Aantaa et al., 1991b). Iv
dexmedetomidine showed an analgesic effect on ischaemic pain comparable with that of
fentanyl, but pain threshold (measured by dental dolorimetry) remained unaffected (Jaakola
et al., 1991). Pain threshold to electric stimulation of the tooth pulp and to cutaneous heat
were not influenced by a low dose of iv racemic medetomidine, however the unpleasant-
ness of ischaemic pain was reduced (Kauppila et al., 1991). While preoperative iv
dexmedetomidine decreased opioid requirements during hand surgery under regional
anaesthesia, it had no impact on pain sensation during tourniquet inflation (Jaakola, 1994).
Infusion of dexmedetomidine into volunteers decreased pain sensation and blood pressure
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response to the cold pressor test (Ebert et al., 2000; Hall et al., 2000) and prevented nora-
drenaline increase, without influencing adrenaline response (Ebert et al., 2000).
Intraoperative dexmedetomidine infusion (0.4-0.7 µg/kg/h) resulted in lower postoperative
pain scores and lower opioid requirements than propofol infusion (Arain & Ebert, 2002).

2.4.4.2 Analgesic effects of dexmedetomidine in animals
The analgesic effect of iv dexmedetomidine in dogs has been studied by a thermally evoked
skin twitch response and by toe-web pinching (Sabbe et al., 1994), and in anaesthetized
dogs by a tail-clamp method (Vickery et al., 1988; Bloor et al., 1992b; Nguyen et al., 1992;
Salmenperä et al., 1994). The effect of medetomidine, in contrast has been examined by
toe-web pinching (Clarke & England, 1989; England & Clarke, 1989; Hamlin & Bednarski,
1989; Venugopalan et al., 1998; Vainio, 1991), constant current stimulus (Vainio et al.,
1989) and skin needle-prick (Ko et al., 1996). Intrathecal, epidural and iv administration
of dexmedetomidine has been shown to produce an antinociceptive effect in dogs. After
intrathecal and epidural injection, a preferential reduction occurred in the response to
pinching of hind paws as compared with forepaws. The spinal effect was unaccompanied
by effects on behavioural alertness, motor function or changes in hypercapnic response
(Sabbe et al., 1994). Muir et al. (1999) observed no analgesic effect at im medetomidine
doses of 2 and 5 µg/kg in dogs of various breeds.  In beagles, im medetomidine 10 µg/kg
alleviated post-thoracotomy pain better than buprenorphine (Vainio & Ojala, 1994). In
canine ovariohysterectomy, im medetomidine 40 µg/kg administered preoperatively pro-
vided postoperative analgesia for up to 90 minutes after extubation (Ko et al., 2000).

In rats, the analgesic effect of dexmedetomidine has usually been measured by a spinal
reflex causing withdrawal of the paw or tail. Thermal nociception has been studied by a
hot-plate test (lick of the paw or a jump) (Idänpään-Heikkilä et al., 1994), a tail-flick test
(Kalso et al., 1991; Hayashi et al., 1995a; Guo et al., 1996) and a thermoelectric Peltier
device (Poree et al., 1998). Mechanical nociception has been evaluated by a paw pressure
test (Idänpään-Heikkilä et al., 1994) and von Frey fibres (Poree et al., 1998). According to
De Kock & Meert (1997), stress-induced analgesia may influence the antinociceptive action
of dexmedetomidine in rats, and thus housing and handling conditions of animals during
testing may affect the study outcome. Intrathecal administration of dexmedetomidine was
7 to 10 times more potent than sc administration in rats, and the antinociceptive effect
(six hours) outlasted the sedative effect (Kalso et al., 1991).

In cats, toe-web-, skin-, tail-pinching (Ansah et al., 1998; Ansah et al., 2000) and tail-
clamp (Farber et al., 1997; Schmeling et al., 1999) methods have been used to measure
the analgesic effect of dexmedetomidine. In cats, raising the blood concentration of
dexmedetomidine or medetomidine above a certain level decreased the level of sedation
while increasing the level of analgesia (Ansah et al., 2000).

2.4.5 Dexmedetomidine as a premedicant

While usefulness of dexmedetomidine as an anaesthetic adjunct has been extensively stud-
ied in humans, regulatory authorities have not yet approved it as a premedicant for
humans. Improved cardiovascular stability and the decrease in noradrenaline levels and
anaesthetic requirements are considered the most important beneficial effects of
dexmedetomidine during anaesthesia. The sympatholytic effect (bradycardia and hypoten-
sion) may be excessive in humans (Scheinin H et al., 1993; Talke et al., 1995; Lawrence &
DeLange, 1997). Perioperative oxygen consumption has been shown to effectively decrease
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after dexmedetomidine (Taittonen et al, 1997). Its effect on perioperative myocardial
ischaemia prevention has been evaluated in vascular surgery patients, but patient numbers
have been too low to show statistical significance (Talke et al., 1995; Jalonen et al., 1997).
While haemodynamic responses to stressful stimuli are blunted by dexmedetomidine, it
may reduce the sensitivity of these variables as signs of anaesthetic depth (Erkola et al.,
1994).  

Dexmedetomidine reduces thiopental distribution and clearance, most probably by
decreasing cardiac output with no pharmacodynamic interaction between thiopental and
dexmedetomidine (Bührer et al., 1994). This is in contrast with the MAC-reducing effect
of dexmedetomidine with volatile agents (a pharmacodynamic interaction) (Vickery et al.,
1988; Aho et al., 1991a).

Dexmedetomidine reduces cerebral blood flow without evidence of global cerebral
ischaemia (Zornow et al., 1990). It is considered to be a potent neuroprotector (Maier et
al., 1993) and has been shown to prevent neonatal ischaemic brain damage in mice
(Laudenbach et al., 2002). It also reduces intra-ocular pressure in human cataract surgery
patients (Jaakola et al., 1992; Virkkilä et al., 1994).

2.4.5.1 Dexmedetomidine as a premedicant in humans
The optimal iv premedication dose of dexmedetomidine in humans has been reported to
be in the range of 0.33-0.67 µg/kg (Aantaa et al., 1990a), but higher (2 µg/kg) doses have
also been used (Lawrence & DeLange, 1997). The usual im dexmedetomidine premedica-
tion dose has been 2.5 µg/kg (Scheinin H et al, 1993; Levänen et al., 1995; Erkola et al.,
1994; Jaakola et al., 1994; Taittonen et al., 1997). Dexmedetomidine premedication has
been shown to reduce thiopental (Aantaa et al., 1990a; Aantaa et al., 1990b; Jaakola et
al., 1992; Scheinin B et al., 1992), isoflurane (Aho et al., 1991a; Jaakola et al., 1992; Erkola
et al., 1994; Lawrence & DeLange, 1997) and opioid (Aho et al., 1991b; Jaakola et al.,
1992; Scheinin B et al., 1992; Scheinin H et al., 1992, 1993; Jaakola et al., 1994; Lawrence
& DeLange, 1997) requirements. Dexmedetomidine decreased the need for intraoperative
ketamine and postanaesthetic delirium effects of ketamine, when compared with mida-
zolam (Levänen et al., 1995). Reduced cardiovascular responses to tracheal intubation (Aho
et al., 1991a; Aho et al., 1992b; Scheinin B et al., 1992; Scheinin H et al., 1993; Lawrence
& DeLange, 1997) and lower catecholamine concentrations (Scheinin B et al., 1992;
Scheinin H et al., 1992; Lawrence & DeLange, 1997) have been reported after dexmedeto-
midine. Recovery after isoflurane anaesthesia has been faster (Jaakola et al., 1992) or sim-
ilar (Lawrence & DeLange, 1997) when iv dexmedetomidine was compared with placebo
and similar when compared with midazolam-fentanyl (Jaakola et al., 1994). The haemo-
dynamic and sedative effects lasted at least four hours after im injection of the drug, which
was considered longer than optimal in connection with minor surgery (Aantaa et al.,
1991b). 

Intraoperative infusion of dexmedetomidine with a target plasma concentration of 0.6
ng/ml to 0.75 ng/ml has been shown to reduce isoflurane requirement by 47% to 90%
(Aho et al., 1992a; Aantaa et al., 1997; Khan et al., 1999a). In vascular surgery patients,
it decreased sympathetic tone and attenuated hyperdynamic responses to anaesthesia and
surgery but increased the propensity towards hypotension. The requirements of fentanyl,
enflurane and beta-blockers and the incidence of fentanyl-induced muscle rigidity and
postoperative shivering were decreased in patients receiving intraoperative dexmedetomi-
dine infusion (Jalonen et al., 1997).

Perioperative infusion of dexmedetomidine appeared to benefit haemodynamic man-
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agement of vascular surgical patients with less frequent episodes of tachycardia and
myocardial ischaemia in the dexmedetomidine group (Talke et al., 1995), and stress
responses during emergence of anaesthesia were attenuated (Talke et al., 2000). Sedation
was no longer observable the day after surgery despite the infusion of dexmedetomidine
continuing, probably due to the desensitizing effects of chronic administration of
dexmedetomidine (Talke et al., 1995). 

2.4.5.2 Dexmedetomidine as a premedicant in animals
In dogs, iv dexmedetomidine 10 µg/kg decreased the MAC of halothane by more than
90%. There was no response to tail-clamping for more than 1 hour despite halothane was
discontinued (Vickery et al., 1988; Vickery & Maze, 1989). Iv dexmedetomidine 20 µg/kg
decreased the MAC of isoflurane by 89%. The isoflurane requirement was still 50%
reduced at four hours after administration of dexmedetomidine (Bloor et al., 1992b). A
low dose of 3 µg/kg of iv dexmedetomidine reduced isoflurane MAC by 70% (Nguyen et
al., 1992). In dogs under enflurane anaesthesia, iv dexmedetomidine and fentanyl showed
an additive or synergistic interaction with respect to MAC-sparing effect, but the presence
of fentanyl increased the degree of bradycardia induced by dexmedetomidine (Salmenperä
et al., 1994). Oral dexmedetomidine premedication has also been studied in dogs (Proctor
et al., 1991, 1992; Kersten et al., 1993). 

Räihä et al. (1989) suggested that the most suitable im premedicant dose of racemic
medetomidine in dogs is between 10 and 40 µg/kg, as the lower dose produced incon-
sistent sedation, and the higher dose excessive sedation. In a clinical study in dogs of var-
ious breeds, an im dose of 20 µg/kg of medetomidine (corresponding to 10 µg/kg of
dexmedetomidine) was suggested to be optimal for premedication (Young et al., 1990).

In rats, halothane could be discontinued for up to 30 min with no response to tail-
clamping after ip dexmedetomidine 100 µg/kg (Segal et al., 1988), and the same dose
reduced isoflurane MAC by approximately 90% (Savola et al., 1991a). Schmeling et al.
(1999) found that in cats receiving dexmedetomidine lower brainstem or spinal determi-
nants of anaesthetic depth (movement and haemodynamic responses) were more attenu-
ated than those of higher brain functions, such as those detected in an electroencephalo-
gram. In miniature swine anaesthetized with dexmedetomidine and isoflurane, hypother-
mia profoundly affected anaesthetic requirement and duration of action of dexmedeto-
midine (Vainio & Bloor, 1994).

2.4.6 Effects of dexmedetomidine on stress hormones

Dexmedetomidine requires only a slight α2-adrenoceptor availability to decrease nora-
drenaline turnover (Rabin et al., 1996b), and very low doses of dexmedetomidine result in
sympatholysis (Flacke et al., 1993). Thus, patients in need of a high level of sympathetic
tone to maintain blood pressure may not tolerate even low doses of dexmedetomidine
(Bloor et al., 1992a). However, in postoperative patients, sympathetic tone was not entire-
ly abolished by dexmedetomidine infusion, and merely the unwanted increases in heart
rate and blood pressure were attenuated (Talke et al., 1997). Very high doses of
dexmedetomidine have been shown to inhibit steroidogenesis in dogs, the peak effect fol-
lowing the peak hypnotic action, but a biologically important influence on steroidogene-
sis is considered unlikely (Maze et al., 1991). Dexmedetomidine infusion did not inhibit
adrenal steroidogenesis in humans after major surgery (Venn et al., 2001). 
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2.4.6.1 Effects of dexmedetomidine on stress hormones in humans
Dexmedetomidine dose-dependently decreased plasma noradrenaline levels up to 90%
(Kallio et al., 1989; Aantaa et al., 1990a; b, 1991b; Bloor et al., 1992b; Scheinin H et al.,
1992; Jaakola et al., 1994; Lawrence & DeLange, 1997; Ebert et al., 2000), and plasma
adrenaline levels were usually decreased as well (Bloor et al., 1992a; Scheinin H et al.,
1992; Lawrence & DeLange, 1997; Ebert et al., 2000). The effect of dexmedetomidine on
cortisol and beta-endorphin levels has received less attention. Cortisol levels have been
shown to be unaffected by dexmedetomidine (Kallio et a.l, 1989; Aantaa et al., 1990b) or
increased less after dexmedetomidine than after placebo in response to surgery (Aho et
al., 1992b). Plasma levels of beta-endorphin followed a similar pattern (Aho et al., 1992b).  

2.4.6.2 Effects of dexmedetomidine on stress hormones in dogs
Iv dexmedetomidine has been shown to decrease catecholamine levels in dogs (Schmeling
et al., 1991; Bloor et al., 1992b; Flacke et al., 1993; Roekaerts et al., 1996, 1997; Willigers
et al., 2003). Very high dexmedetomidine doses have been reported to release cate-
cholamines from cardiac stores in dogs (Flacke et al., 1992). In dogs undergoing thoracic
surgery (induced myocardial ischaemia), infusion of dexmedetomidine 0.6 µg/kg/h had no
effect on plasma cortisol levels (Willigers et al., 2003). 

Clinical doses of im racemic medetomidine had no influence on canine cortisol levels
(Ambrisko & Hikasa, 2002) but delayed the cortisol response induced by ovariohysterec-
tomy (Benson et al., 2000; Ko et al., 2000). After thoracotomy, catecholamine levels were
lower in dogs receiving im medetomidine than in those receiving buprenorphine (Vainio &
Ojala, 1994). In dogs undergoing ovariohysterectomy, catecholamine and cortisol levels
were lower after im medetomidine than after acepromazine premedication; however, the
concentration of beta-endorphin did not differ between the premedicant groups (Väisänen
et al., 2002). 

2.4.7 Adverse effects caused by dexmedetomidine

In humans, dexmedetomidine has generally been well tolerated (Kallio et al., 1989; Aantaa
et al., 1990a, 1990b; Jaakola et al., 1991; Bloor et al., 1992b; Aho et al., 1992b; Scheinin
H et al., 1992; Jaakola, 1995). Fatigue, decreased salivation (Kallio et al., 1989; Aantaa et
al., 1990a, 1990b), nausea (Venn et al., 1999), discomfort and agitation (Dutta et al.,
2000; Ebert et al., 2000) have been described in single cases after dexmedetomidine.

In dogs, hypothermia, muscular twitching and vomiting are the most commonly
described adverse effects after medetomidine administration (Vainio, 1989; England &
Clarke, 1989; Hamlin & Bednarski, 1989). 

2.5 Levomedetomidine
Levomedetomidine is considered to be pharmacologically inactive (MacDonald et al., 1991,
Savola & Virtanen, 1991, Aantaa et al., 1993). However, it has been shown to be involved
in kinetic drug interactions by prolonging the hepatic metabolism of hexobarbital (Pelkonen
et al., 1991), alfentanil (Kharasch et al., 1991) and ketamine (Kharasch et al., 1992). In a
radioligand assay, levomedetomidine bound similarly to all α2-adrenoceptor subtypes but
with a lower affinity than dexmedetomidine (Jansson et al., 1994). Levomedetomidine is
also capable of binding to and activating α1-adrenoceptors, albeit more weakly than
dexmedetomidine (Schwinn et al., 1991). The α2- to α1-adrenoceptor selectivity ratio
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reported for dexmedetomidine is 1300, whereas that of levomedetomidine is 23 (Aantaa
et al., 1993). Levomedetomidine has been shown to have affinity towards cerebral imida-
zoline-receptors as well but again, less than dexmedetomidine (Wikberg et al., 1991).
Levomedetomidine was as efficacious as dexmedetomidine in blocking adrenocorti-
cotrophic hormone (ACTH) -stimulated corticosterone production in vitro, suggesting that
the imidazole structure and not the anaesthetic potency led to inhibition of steroidogen-
esis (Maze et al., 1991).

In vitro studies have demonstrated that levomedetomidine may act as a weak partial
α2-adrenoceptor agonist (Jansson et al., 1994) or as an inverse α2-adrenoceptor agonist
(negative antagonist), depending on the test system and the constitutive activity of the
receptors (Jansson et al., 1998). It inhibited the contraction of the rat vas deferens, the
maximum response being 30% of that to dexmedetomidine (Jansson et al., 1998).  The
enantiomers showed opposite effects on signal transduction through the α2A-adrenocep-
tor. Dexmedetomidine acted as an agonist by elevating Ca2+ and inhibiting cAMP pro-
duction, and levomedetomidine acted as an inverse agonist by reducing Ca2+ and enhanc-
ing cAMP production. Both effects were abolished by pertussis toxin, suggesting trans-
duction through pertussis toxin- sensitive G-proteins (Jansson et al., 1998).  

In vivo studies of the effects of levomedetomidine are scarce. Cardiorespiratory
changes associated with levomedetomidine have not been reported, and the behavioural
alterations that have been published are difficult to interpret. Levomedetomidine (99.7%
optical purity) has been claimed to have some sedative and analgesic properties at very
high doses in rats (Savola & Virtanen, 1991). It was shown to prolong sleeping time in rats
sedated with hexobarbital (Pelkonen et al., 1991; Savola & Virtanen, 1991), probably due
to kinetic interaction (Pelkonen et al., 1991). In rats, ip levomedetomidine 10, 30 and 100
µg/kg had no effect on the MAC of halothane (Segal et al., 1988) and it was without hyp-
notic effects even at a dose of 30 mg/kg ip (Doze et al, 1989a), however, a dose of 10
mg/kg sc provoked arousal (MacDonald et al., 1991). In mice, ip levomedetomidine (100
and 300 µg/kg) increased cGMP content, while dexmedetomidine decreased it at doses
that typically cause sedation (Vulliemoz et al., 1996). In tadpoles, levomedetomidine
showed some anaesthetic effects and adhered to the Meyer-Overton correlation (Tonner
et al., 1997).

Schmeling et al. (1991) demonstrated that low (< 5 µg/kg iv) doses of levomedetomi-
dine did not alter the haemodynamics, arterial blood gas tensions or noradrenaline plas-
ma concentrations in conscious dogs. Administration of 1, 3 or 10 µg/kg of levomedeto-
midine iv had no effect on the haemodynamics or MAC in halothane-anaesthetized dogs
(Vickery et al., 1988). Levomedetomidine 0.2 or 0.5 µg/kg/min did not affect the arrhyth-
mogenic dose of adrenaline in dogs under halothane anaesthesia, while dexmedetomidine
increased the arrhythmogenic threshold (Hayashi et al., 1991). In rats, iv levomedetomi-
dine (0.1 to 10 mg/kg, 99.7% optical purity) did not change blood pressure or heart rate
(Savola & Virtanen, 1991), and doses of 1 µg administered intracranially or 50 µg/kg
administered iv had no effect on the rostral ventrolateral medulla activity or blood pres-
sure (Hong et al., 1992). Medetomidine and dexmedetomidine induced a mydriatic
response in rats, but levomedetomidine was inactive (Savola & Virtanen, 1991).
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2.6 Medetomidine-dexmedetomidine comparisons in
different species

In rats, the following half-maximal effects were obtained after iv medetomidine and
dexmedetomidine: decreased heart rate (at doses of 0.4 and 0.5 µg/kg for medetomidine
and dexmedetomidine, respectively), decreased arterial pressure (1.0 and 0.6 µg/kg),
reduced motility (35 and 20 µg/kg), prolonged hexobarbital sleeping time (30 and 20
µg/kg), analgesic properties (20 and 10 µg/kg) and mydriatic response (4 and 2 µg/kg)
(Savola & Virtanen, 1991). In cats, while the duration of sedation was shorter after im
dexmedetomidine 50 µg/kg than after medetomidine 100 µg/kg, it was longer after
dexmedetomidine 75 µg/kg than after medetomidine 150 µg/kg (Ansah et al., 1998).
When dexmedetomidine and medetomidine were administered to cats as an infusion at
three dose levels, no significant differences were observed between the drugs for seda-
tion, analgesia, muscular relaxation and heart and respiratory rates (Ansah et al., 2000). In
sheep undergoing orthopaedic surgery, premedication with iv dexmedetomidine 5 µg/kg
or medetomidine 10 µg/kg had the same effects on isoflurane requirements and car-
diopulmonary parameters (Kästner et al., 2001a). Im dexmedetomidine 15 µg/kg or
medetomidine 30 µg/kg resulted in similar isoflurane requirements in sheep, but heart rate
was higher and the partial pressure of oxygen less variable in the dexmedetomidine group
(Kästner et al., 2001b). 

2.7 Current knowledge of dexmedetomidine and
levomedetomidine in dogs
Published studies of dexmedetomidine and levomedetomidine in dogs are presented in
Table 1. The doses of dexmedetomidine vary between 0.1 and100 µg/kg, and those of
levomedetomidine between 1 and 10 µg/kg. The route of administration has usually been
iv, and most of the studies have been conducted while dogs were anaesthetized. The
effects of dexmedetomidine and medetomidine have not been compared in conscious
dogs. No studies exist in which dexmedetomidine has been used as a sedative and pre-
medicant in dogs clinically, similar to medetomidine. Moreover the sedative, analgesic and
cardiovascular effects of dexmedetomidine and levomedetomidine in conscious dogs
remain unknown. While the pharmacokinetics of medetomidine in dogs has been report-
ed (Salonen 1989), the pharmacokinetics of dexmedetomidine and levomedetomidine in
dogs is yet to be determined. The recovery profile after dexmedetomidine premedication
and the pharmacological effect of levomedetomidine in dogs also remain obscure. The
effects of dexmedetomidine and levomedetomidine on the adrenaline arrhythmic thresh-
old during halothane anaesthesia have been revealed, but no other reports are available
on ECG findings after administration of these drugs. 
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Table 1

Published studies of dexmedetomidine in dogs
• Doses, administration routes and other drugs
1. Vickery et al., 1988 (1, 3 and 10 µg/kg iv/20 min, cumulative, under halothane)
2. Flacke et al., 1990 (1-30 µg/kg iv bolus or over 20 min, cumulative, under isoflurane)
3. Zornow et al., 1990 (10 µg/kg iv/10 min, under isoflurane)
4. Schmeling et al., 1991 (1.25, 2.5 and 5 µg/kg iv/10min, cumulative, conscious)
5. Maze et al., 1991 (80 µg/kg im/sc, conscious) 
6. Proctor et al., 1991 (10 and 20 µg/kg per os, conscious and before enflurane)
7. Hayashi et al., 1991 (0, 0.1, 0.2 and 0.5 µg/kg/min infusion, under halothane)
8. Karlsson et al., 1990 (10 µg/kg iv/15 min, under halothane) 
9. Bloor et al., 1992 (20 µg/kg iv/2 min, under isoflurane) 

10. Nguyen et al., 1992 (1,10, 20 and 100 µg/kg iv, conscious and 3 µg/kg iv under isoflurane) 
11. Gregoretti et al., 1992 (3 and 30 µg/kg iv, under halothane )
12. Proctor et al., 1992 (20 µg/kg per os, conscious and before propofol, ketamine and etomidate)
13. Flacke et al., 1993 (0.25, 0.5, 1.0, 2.0 and 4.0 µg/kg iv, cumulative, under isoflurane) 
14. Kersten et al., 1993 (30 µg/kg per os, conscious and before isoflurane and desflurane)
15. Sabbe et al., 1994 (1, 3 and 10 µg/kg iv (+ intrathecal, epidural, intracisternal))
16. Salmenperä et al., 1994 (0.1-10 µg/kg iv cumulative, under enflurane and enflurane and 

fentanyl)
17. Kamibayashi et al., 1995a (0, 0.2, 0.5 µg/kg/min infusion, under halothane)
18. Kamibayashi et al., 1995b (0.5 µg/kg/min infusion, under halothane)
19. Ishiyama et al., 1995 (topical application to pial vessels)
20. Lawrence et al., 1996a (0.1, 1 and 10 µg/kg iv/2 min, cumulative, under fentanyl/halothane

and chloralose/urethane)
21. Lawrence et al., 1996b (0.1, 0.3, 1, 3 and 10 µg/kg iv/2 min, cumulative, 

under fentanyl/halothane and chloralose/urethane) 
22. Roekaerts et al., 1996 (1 and 3 µg/kg iv, under halothane)
23. Roekaerts et al., 1997 (0.1, 0.3, 1.0, 3.0 and 10 µg/kg iv/1 min, cumulative, under fentanyl) 
24. Pagel et al., 1998a (1, 2.5, 5 µg iv cumulative, conscious) 
25. Pagel et al., 1998b (5 µg/kg iv, conscious)
26. Kaivosaari et al., 2002 (liver microsomes)
27. Willigers et al., 2003 (0.6 µg/kg/h infusion, under halothane)
• Sedative effects 15
• Analgesic effects 15
• Anaesthetic-sparing effects 1, 9, 10, 16
• Cardiovascular effects, anaesthetized dogs 1, 2, 3, 6, 8, 9, 11, 12, 13, 14, 16, 20, 21, 

22, 23, 27   
• Cardiovascular effects, conscious dogs 4, 6, 12, 14, 24, 25
• Respiratory effects, anaesthetized dogs, controlled ventilation 1, 6
• Respiratory effects, anaesthetized dogs, spontaneous ventilation 10
• Respiratory effects, conscious dogs 4, 6, 10, 15
• Pharmacokinetics 15 (in cerebrospinal fluid), 26 (glucuronidation)
• Recovery 6, 27
• Arrhythmias (adrenaline threshold) 7, 17, 18
• Stress hormones, anaesthetized dogs 2, 6, 9, 13, 14, 22, 23, 27   
• Stress hormones, conscious dogs 4, 5, 6, 14

Published studies of levomedetomidine in dogs
• Doses, administration routes and other drugs  
1. Vickery et al., 1988 (1, 3 and 10 µg/kg iv/20 min, cumulative, under halothane)
4. Schmeling et al., 1991 (1.25, 2.5 and 5 µg/kg iv/10 min, cumulative, conscious) 
7. Hayashi et al., 1991 (0.2 and 0.5 µg/kg/min infusion, under halothane)
• Cardiovascular effects 1, 4
• Respiratory effects 1, 4
• Arrhythmias  (adrenaline threshold) 7
• Stress hormones 4
• Dexmedetomidine-levomedetomidine comparisons 1, 4
• Dexmedetomidine-medetomidine comparisons 1
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3. AIMS OF THE STUDY

1) To investigate the clinical effects and pharmacokinetics of medetomidine, dexmedeto-
midine and levomedetomidine in dogs to determine whether dexmedetomidine offers
any benefit over racemic medetomidine (I, II, III).

2) To determine whether levomedetomidine has any pharmacological activity or whether
it influences the sedative and analgesic effects of dexmedetomidine in dogs (II).

3) To determine the most appropriate premedicant dose level of dexmedetomidine in dogs
(III).

4) To compare clinical responses to propofol infusion and propofol/isoflurane anaesthesia
in dexmedetomidine premedicated dogs, both during anaesthesia and the recovery peri-
od (IV). 

5) To evaluate the suitability of a cold pressor test (CPT) as a stress stimulus using dogs
sedated and premedicated with dexmedetomidine as a model (IV).

6) To assess the effects of dexmedetomidine premedication and propofol/isoflurane or
propofol infusion anaesthesia on the incidence of arrhythmias in healthy dogs during
the perianaesthetic period (V). 
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4. MATERIALS AND METHODS

4.1 Animals
The same six healthy beagles, three females (dogs 1, 2 and 3) and three males (dogs 4, 5
and 6), were used. The dogs were aged from 10 months to 3 years during the studies. The
males were castrated before Study II and females were ovariohysterectomized before
Studies IV and V. The dogs were not used for any other purposes. They were group-housed
and received outdoor exercise daily. They were regularly vaccinated and dewormed. Dogs
2 and 3 were littermates, as were dogs 4 and 6. Before starting the experiments, the dogs
were trained to handling and adapted to the study rooms. 

4.2 Drugs and dosages
The effects of medetomidine (Domitor, Orion Pharma, Turku, Finland), dexmedetomidine
(Orion Pharma) and levomedetomidine (Orion Pharma) were studied. All drugs were in the
form of hydrochlorides. The study designs are summarized in Table 2. 

Study I: Each dog was studied six times on separate days. Medetomidine 40 µg/kg,
dexmedetomidine 20 µg/kg, dexmedetomidine 10 µg/kg, levomedetomidine 20 µg/kg, lev-
omedetomidine 10 µg/kg and saline placebo were administered as an iv bolus.

Study II: Each dog was studied three times on separate days. The dogs were adminis-
tered a low dose of levomedetomidine (10 µg/kg) as an iv bolus, followed by infusion at
a dose of 25 µg/kg/h; a high dose of levomedetomidine (80 µg/kg), followed by infusion
at a dose of 200 µg/kg/h; and saline, followed by saline infusion. The infusions were con-
tinued for 120 minutes, and at 60 minutes, 10 µg/kg of dexmedetomidine was adminis-
tered as an iv bolus.

Study III: Each dog was studied six times on separate days. Medetomidine 0.4 µg/kg,
4 µg/kg and 40 µg/kg and dexmedetomidine 0.2 µg/kg, 2 µg/kg and 20 µg/kg were
administered as an iv bolus as premedication preceding a light level of propofol/isoflurane
anaesthesia.

Studies IV and V: Each dog was studied six times on separate days. Dexmedetomidine
10 µg/kg was administered im as premedication before propofol/isoflurane (end tidal
1.0%; twice) or propofol infusion (200 µg/kg/min; twice) anaesthesia or premedication
alone (twice).

4.3 Clinical signs of sedation, analgesia and 
anaesthesia
The effects were evaluated subjectively by the main investigator (E.K). The scoring of seda-
tive and analgesic effects in Study III in presented in Table 3. The scoring systems were not
exactly the same in Studies I, II and III. The sedative effects were assessed by observing
spontaneous posture, palpebral reflex, position of eye, relaxation of jaws and tongue,
response to sound (I, II), resistance when laid laterally recumbent and general appearance
(Clarke & England, 1989; Vainio et al., 1989). The analgesic effect was assessed by pinch-
ing the interdigital skin of a hind foot to observe withdrawal reflex (Clarke & Enland, 1989;
Sabbe et al., 1994; Quandt et al., 1998). 

The depth of anaesthesia was determined by observing the ocular reflexes and eye
position, relaxation of jaws and tongue, and motoric, haemodynamic and respiratory
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responses to noxious stimulus (interdigital pinching in Study III). In Study III, the dogs were
kept in a light plane of anaesthesia, which was characterized by lack of purposeful move-
ment in response to interdigital pinching for 3 seconds, moderate relaxation of the jaws,
eye rotation, and presence of a palpebral reflex. Noxious stimulus was applied every 5 min-
utes. If there was no haemodynamic or respiratory response to pinching, concentration of
isoflurane was slightly decreased. If the dog flexed its leg or moved its head or tongue,
concentration of isoflurane was slightly increased.

4.4 Cold pressor test
In Study IV, the suitability of a cold pressor test (CPT) (Short & Paddleford, 1996; Short,
1999; Ebert et al., 2000; Hall et al., 2000) as a noxious stimulus was evaluated. Dogs were
premedicated with im dexmedetomidine 10 µg/kg and tested every 15 minutes during

Table 3.
Scoring of sedation in Study III
1. Position 

0 Standing, 1 Standing but staggers, 2 Sternal head up, 3 Sternal head down, 
4 Lateral head down

2. Palpebral reflex 
0 Normal, 1 Slightly reduced, 2 Weak, 3 Absent

3. Position of the eye 
0 Middle, 2 Turned down

4. Jaw and tongue relaxation
0 Normal, opens the jaws but resists manipulation of the tongue, 1 Bites jaws 
together, 2 Opens the jaws but strong resistance when tongue is pulled,
3 Slight resistance when tongue is pulled, 4 No resistance when tongue is pulled

5. Resistance to positioning in lateral recumbency 
0 Normal, 1 Turns back to sternal position, 2 Some resistance but stays in lateral 
position, 3 No resistance or the position is already lateral

6. General appearance
0 Normal, 1 Slightly tired, head drooping, 2 Mild sedation, reacts clearly to 
surroundings, 3 Moderate sedation, reacts mildly to surroundings, 4 Deep 
sedation, no reaction to surroundings 

Scoring of analgesia in Study III
0 Normal pedal reflex, immediate withdrawal, 1 Slow reflex, 2 Withdrawal of foot
only after pinching with increased intensity for 3 seconds, 3 No response
The effect was tested by pinching the interdigital skin of an extended hind foot. 
To avoid unnecessary pain, pinching was initiated lightly with fingernails and
stopped immediately when a pedal reflex was induced.
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dexmedetomidine sedation, propofol/isoflurane anaesthesia and propofol infusion anaes-
thesia, starting before induction. CPT was performed by dipping the front leg to the level
of the carpal joint in 0˚C ice water for one minute or until the dog lifted the paw. The dog
was not moved during testing. Cardiorespiratory parameters and level of anaesthesia were
determined and blood samples were taken before the stimulus. The cardiorespiratory
parameters were rerecorded immediately after the stimulus, and the difference was used
to show the immediate effect of CPT. 

4.5 Cardiorespiratory effects
Heart rate and direct blood pressure were monitored via a catheter in a femoral artery.
Timed lead II electrocardiograms were recorded in Studies I and II. The recordings were
analysed mainly for heart rate and incidence of atrioventricular (AV) blocks and ventricu-
lar premature contractions (VPC). AV-blocks were defined as follows (Tilley 1992):

First-degree AV-block: the P-R interval is longer than 0.13 seconds.
Second-degree AV-block: one or more P waves are not followed by QRS-T complexes.

No attempt was made to classify these to Mobitz type I or II.
Sinus pause was defined as a pause greater than twice the normal R-R interval.
Continuous perianaesthetic 24-hour Holter recordings were made in Study V. The

electrodes were placed around the dog's chest, and the recorder was placed in the pock-
et of a jacket designed for this purpose. The amount of VPCs, second and third degree
AV-blocks, and mean heart rate/hour were counted and the longest sinus pauses were
reported. 

Respiratory rate was calculated by observing the movements of the dog's chest (I-IV)
or by using a monitor (III and IV). Arterial blood samples were taken from the catheter for
immediate blood gas analysis in Studies I-IV. In addition, plasma lactate concentration was
determined in Study IV. Arterial haemoglobin saturation was estimated in Study III by using
a pulse oximeter. 

4.6 Pharmacokinetic studies
Blood samples for plasma drug (medetomidine, dexmedetomidine, or levomedetomidine)
concentration determinations were collected in Studies I and II. The samples were obtained
from an arterial catheter, and plasma was separated, frozen and later analysed by capillary
gas chromatography with mass spectrometry detection. In Study I, total clearance, volume
of distribution at steady state and terminal half-life were calculated for each drug and
dosage.

4.7 Stress hormone studies
In Studies II and IV, plasma adrenaline and noradrenaline concentrations were determined,
as well as plasma beta-endorphin and cortisol concentrations in Study IV. All samples were
obtained via an arterial catheter. A catecholamine assay was done using high-performance
liquid chromatography. Beta-endorphin and cortisol concentrations were analysed by
radioimmunoassay. Baseline plasma beta-endorphin concentration in these beagles was
measured separately by obtaining jugular venous blood samples twice in each dog. 
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4.8 Statistical analyses

Numerical variables were analysed by use of repeated-measures analysis of variance (ANO-
VA), and categorical variables were analysed by use of the non-parametric Friedman test
(I-III) or Cochran-Mantel-Haenszel test (IV). Values of P<0.05 were considered significant.
Data are expressed as mean ± standard deviation (SD). Additionally, 95% confidence inter-
vals (CI) were calculated for some of the main results.
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5. RESULTS

5.1 Clinical signs of sedation, analgesia and
anaesthesia

5.1.1 Effects of medetomidine and dexmedetomidine on clinical
signs of sedation and analgesia (I, II, IV)

The overall level of sedation did not differ between iv medetomidine 40 µg/kg, dexmedeto-
midine 20 µg/kg and dexmedetomidine 10 µg/kg during the first hour (Figure 3). Sedation
caused by the higher dose of dexmedetomidine lasted longer than that of dexmedetomi-
dine 10 µg/kg. The dogs stayed laterally recumbent longer after dexmedetomidine 20
µg/kg than after medetomidine 40µg/kg or dexmedetomidine 10 µg/kg. All treatments
caused significant analgesia, but analgesia lasted longer after dexmedetomidine 20 µg/kg
than after medetomidine 40 µg/kg or dexmedetomidine 10 µg/kg (I). In Study III, the
effects of iv medetomidine and dexmedetomidine were similar with respect to sedation
and analgesia 10 minutes after administration. After receiving the higher doses (40 and
20 µg/kg for medetomidine and dexmedetomidine, respectively), the dogs were deeply
sedated and showed good analgesia. Doses 4 and 2 µg/kg caused moderate sedation and
light analgesia respectively. Doses 0.4 and 0.2 µg/kg caused very slight sedation and no
analgesia, respectively. In Study IV, the dogs were recumbent after im dexmedetomidine
10 µg/kg in a mean time of 11.9 ± 3.5 minutes. 

5.1.2 Cold pressor test (IV)

During im dexmedetomidine sedation one female dog responded to CPT every time and
two other females once by withdrawing the paw from ice water. Respiratory rate increased
before induction and 15 minutes after induction in response to CPT (IV).

5.1.3 Effects of levomedetomidine on clinical signs of sedation and
analgesia (I, II)
An iv bolus of levomedetomidine (10 or 20 µg/kg) or placebo did not cause any apparent
signs of sedation or analgesia. However, two dogs seemed somewhat tired although stand-
ing after administration of levomedetomidine 10 µg/kg, and one dog appeared slightly
nervous after levomedetomidine 20 µg/kg (I). In Study (II), levomedetomidine (10 or 80
µg/kg iv followed by continuous infusion at a dose of 25 µg/kg/h or 200 µg/kg/h, respec-
tively) or placebo caused no observable signs of sedation, analgesia or behavioural
changes. The overall degree of sedation was higher when dexmedetomidine was given
alone than when given in combination with either dose of levomedetomidine (Figure 4).
The analgesic effect was more profound with dexmedetomidine alone than with
dexmedetomidine combined with the higher dose of levomedetomidine.
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Figure 3
Estimated total sedation (TotSed) scores (A) and estimated difference with 95% CI between medeto-
midine 40 µg/kg (Med40) and dexmedetomidine 10 µg/kg (Dex10) (B); between medetomidine 40
µg/kg and dexmedetomidine 20 µg/kg (Dex20) (C); between dexmedetomidine 10 µg/kg and
dexmedetomidine 20 µg/kg (D) after iv dosing in six dogs. (Study I)
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Figure 4 
Estimated total sedation (TotSed) scores (A) and estimated difference with 95% CI between iv lev-
omedetomidine 25 µg/kg/h (Low Levo) and levomedetomidine 200 µg/kg/h (High Levo) (B); between
levomedetomidine 25 µg/kg/h and saline (Control) (C); between levomedetomidine 200 µg/kg/h and
saline (D) in six dogs. The dogs received dexmedetomidine 10 µg/kg iv at 60 minutes. (Study II)
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5.1.4 Effects of premedicants on anaesthesia and recovery profile
(III, IV)
The amount of propofol required for induction was similar for medetomidine and
dexmedetomidine but was affected by the dose level of premedicant. Combined mean
end-tidal isoflurane concentration was higher when dogs received iv medetomidine (0.4,
4 and 40 µg/kg), compared with iv dexmedetomidine (0.2, 2 and 20 µg/kg). The overall
interaction effect of drug x dose x time was not statistically significant. However, the 95%
confidence intervals for differences presented in Figure 5 indicates significantly lower isoflu-
rane concentrations for dexmedetomidine 2 µg/kg than for medetomidine 4 µg/kg at cer-
tain time-points. Recovery time was prolonged when dogs were treated with iv medeto-
midine 40 µg/kg and dexmedetomidine 20 µg/kg, as compared with the lower dose lev-
els, but the dogs were always extubated within 10 minutes after the end of anaesthesia
(III). 

Palpebral reflexes were more distinct when dogs received propofol infusion than dur-
ing propofol/isoflurane anaesthesia. Recovery times (extubation, head lift, standing) were
longer after propofol than after propofol/isoflurane anaesthesia; however, recovery times
(head lift, standing) after premedication only were similar to propofol/isoflurane (IV). In
both studies (III and IV) recoveries were smooth with no signs of nausea.

5.2 Cardiorespiratory effects

5.2.1 Cardiovascular effects of medetomidine and
dexmedetomidine (I-V)
In general, medetomidine and dexmedetomidine had similar effects on the cardiovascular
parameters (I, III; Figures 6 and 7). After administration of iv medetomidine 40 µg/kg,
dexmedetomidine 20 µg/kg and dexmedetomidine 10 µg/kg arterial blood pressures
increased transiently and heart rate decreased (I, II, III). During anaesthesia in Study III, heart
rate remained above baseline after premedication with iv medetomidine 0.4 µg/kg
/dexmedetomidine 0.2 µg/kg and below baseline with iv medetomidine 4 µg/kg
/dexmedetomidine 2 µg/kg or medetomidine 40 µg/kg /dexmedetomidine 20 µg/kg.
Overall heart rate was less after iv dexmedetomidine 2 µg/kg compared with the corre-
sponding group medetomidine 4 µg/kg. Arterial blood pressure stayed below reference
range during anaesthesia after iv medetomidine 0.4 µg/kg /dexmedetomidine 0.2 µg/kg
but was preserved after medetomidine 40 µg/kg /dexmedetomidine 20 µg/kg. In Study IV
after premedication with im dexmedetomidine 10 µg/kg, blood pressures stayed within
normal reference range during anaesthesia, but the dogs were bradycardic (Figures 8 and
9). Heart rate was lower and blood pressure higher in the propofol than in the
propofol/isoflurane group. Blood pressure was similar between propofol and control
(dexmedetomidine only) groups, but heart rate was lower in the latter group. Plasma lac-
tate concentration was higher in the propofol/isoflurane group than in the propofol group
during anaesthesia, and the highest values were detected in the control group. During
recovery heart rate and blood pressures were similar between all treatments. The dogs
were bradycardic (< 70 beats/minute) until the end of the recovery monitoring period (5
hours after im dexmedetomidine 10 µg/kg), but blood pressures did not decrease.
Bradycardia disappeared when free activity of the dogs was allowed. Mean heart rate was
approximately 75 beats/minute during normal sleep in these beagles (V). 
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Figure 5
Estimated end-tidal isoflurane concentration (A) and estimated difference with 95% CI between
medetomidine 0.4 µg/kg (Med) and dexmedetomidine 0.2 µg/kg (Dex) (B); between medetomidine
4 µg/kg and dexmedetomidine 2 µg/kg (C); and between medetomidine 40 µg/kg and dexmedeto-
midine 20 µg/kg (D) after iv premedication in six dogs. Anaesthesia was induced with propofol.
(Study III)
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Figure 6
Estimated heart rate (HR) (A) and estimated difference with 95% CI between medetomidine 40 µg/kg
(Med40) and dexmedetomidine 10 µg/kg (Dex10) (B); between medetomidine 40 µg/kg and
dexmedetomidine 20 µg/kg (Dex20) (C); between dexmedetomidine 10 µg/kg and dexmedetomidine
20 µg/kg (D) after iv dosing in six dogs. (Study I)
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Figure 7 
Estimated systolic blood pressure (SBP) (A) and estimated difference with 95% CI between medeto-
midine 40 µg/kg (Med40) and dexmedetomidine 10 µg/kg (Dex10) (B); between medetomidine 40
µg/kg and dexmedetomidine 20 µg/kg (Dex20) (C); between dexmedetomidine 10 µg/kg and
dexmedetomidine 20 µg/kg (D) after iv dosing in six dogs. (Study I)
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Figure 8
Estimated mean blood pressure (MBP) (A) and estimated difference with 95% CI between the
drugs in six dogs treated with isoflurane, propofol or control after premedication with im
dexmedetomidine 10 µg/kg of. Isoflurane vs propofol (B); isoflurane vs control (C); propofol vs con-
trol (D). (Study IV)
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Figure 9
Estimated heart rate (HR) (A) and estimated difference with 95% CI between the drugs in six dogs
treated with isoflurane, propofol or control after premedication with im dexmedetomidine 10 µg/kg.
Isoflurane vs propofol (B); isoflurane vs control (C); propofol vs control (D). (Study IV)
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Occasional second-degree AV-blocks were detected in dogs 4 and 6 five minutes after
administration of iv medetomidine 40 µg/kg and dexmedetomidine 20 µg/kg. Frequent
first-degree AV-blocks were seen in some dogs along with accentuated sinus arrhythmia
and sinus pauses in all dogs after iv medetomidine or dexmedetomidine (I). After admin-
istration of iv dexmedetomidine 10 µg/kg, frequent episodes of first-degree AV-block were
detected in all dogs during the next hour, and in dogs 2 and 6 a few episodes of second-
degree AV-blocks were also detected (II). In Study III, dog 4 had frequent episodes of sec-
ond-degree AV-blocks after administration of medetomidine 40 µg/kg and soon after
propofol induction, and dog 6 had occasional blocks after dexmedetomidine 2 µg/kg. First-
degree AV-blocks were frequently detected after premedication and during anaesthesia
when dogs were treated at the medetomidine 40 µg/kg /dexmedetomidine 20 µg/kg and
medetomidine 4 µg/kg /dexmedetomidine 2 µg/kg dose levels and occasionally after pre-
medication at the medetomidine 0.4 µg/kg /dexmedetomidine 0.2 µg/kg dose level. In
most Holter recordings, no VPCs were detected, the maximum frequency being two VPCs
over 24 hours. VPCs were not seen during anaesthesia or during the recovery period and
only twice during sedation. The development of second-degree AV-blocks varied from dog
to dog and were seen most frequently in dog 4, moderately in dogs 2 and 6 and only rarely
in the other dogs. The longest sinus pauses were 2.5 to 5.2 seconds long. Most of the
heart blocks were seen during the premedication period, when bradycardia was most
prominent. During the night after drug administration heart rate was similar between treat-
ments and did not differ from that seen in baseline recordings (V).

5.2.2 Respiratory effects of medetomidine and dexmedetomidine
(I-IV)
Respiratory rate and blood gas parameters were similar between medetomidine and
dexmedetomidine, and in conscious dogs they were not affected by the dose (I-III). In gen-
eral, respiratory rate, blood pHa and paO2 decreased slightly (I, II) with no change (I) or
some increase (II) in paCO2. During anaesthesia, pHa decreased more when dogs were pre-
medicated with iv medetomidine 40 µg/kg or dexmedetomidine 20 µg/kg than with the
lower premedicant dose levels, but paCO2 did not differ between treatments (III). In Study
IV, respiratory acidosis was induced by both anaesthesia methods after im dexmedetomi-
dine premedication, but paCO2 was higher in the propofol group than in the
propofol/isoflurane group during anaesthesia and the first hour of recovery. 

5.2.3 Cardiorespiratory effects of levomedetomidine (I, II)

Levomedetomidine 10 and 20 µg/kg iv had no effect on cardiovascular parameters (I). In
Study II, heart rate was lower with the infusion of the high dose of levomedetomidine than
with the low dose of levomedetomidine or the placebo treatment both before and after
dexmedetomidine administration. Diastolic blood pressure was higher with the high dose
of levomedetomidine than with the other treatments before dexmedetomidine (Figure 10).
Treatment with levomedetomidine caused no ECG abnormalities (I, II). Levomedetomidine
with or without dexmedetomidine had no effect on respiratory parameters (I, II). 
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Figure 10
Estimated diastolic blood pressure (DBP) (A) and estimated difference with 95% CI between levo-
medetomidine 25 µg/kg/h (Low Levo) and levomedetomidine 200 µg/kg/h (High Levo) (B); between
levomedetomidine 25 µg/kg/h and saline (Control) (C); between levomedetomidine 200 µg/kg/h and
saline (D) in six dogs. The dogs received dexmedetomidine 10 µg/kg iv at 60 minutes. (Study II)
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5.3 Pharmacokinetics and plasma drug concentrations
(I, II)

The mean plasma concentrations for medetomidine, dexmedetomidine and levomedeto-
midine after a single iv dose are presented in figure 11. Clearance was higher and the vol-
ume of distribution at steady-state larger with iv levomedetomidine than with iv
dexmedetomidine or racemic medetomidine, but the terminal half-lives did not differ
between the drugs. Peak sedative and analgesic effects were observed at mean (± SD) plas-
ma concentrations of 18.5 ± 4.7 ng/ml for medetomidine 40 µg/kg, 4.0 ± 4.5 ng/ml for
dexmedetomidine 20 µg/kg and 5.5 ± 1.3 ng/ml for dexmedetomidine 10 µg/kg after iv
bolus administration. The dogs were still moderately sedated at plasma concentrations of
9.5 ± 2.5 ng/ml for medetomidine 40 µg/kg, 6.2 ± 0.9 ng/ml for dexmedetomidine 20
µg/kg and 2.7 ± 0.9 ng/ml for dexmedetomidine 10 µg/kg (I). 

Administration of iv bolus dexmedetomidine 10 µg/kg to the dogs receiving levo-
medetomidine infusion resulted in an abrupt increase in the combined levomedetomidine-
dexmedetomidine concentration, which did not decrease during the subsequent hour (II).

5.4 Stress hormones (II, IV)
Levomedetomidine did not have a consistent influence on plasma catecholamine concen-
trations. After dexmedetomidine administration, the plasma adrenaline and noradrenaline
concentrations decreased (II). Propofol-isoflurane or propofol infusion anaesthesia had no
influence on plasma beta-endorphin, cortisol and noradrenaline concentrations at the end
of anaesthesia and during recovery in dexmedetomidine-premedicated dogs. Adrenaline
concentration increased more slowly during recovery when the dogs had received propo-
fol infusion as compared with dexmedetomidine sedation (IV). Baseline plasma beta-endor-
phin concentration was 13.3 ± 2.3 pmol/l.
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Figure 11
Mean plasma concentration of medetomidine (Med) 40 µg/kg; dexmedetomidine (Dex) 20 and 10
µg/kg; levomedetomidine (Levo) 20 and 10 µg/kg after iv bolus administration in six dogs. (Study I)
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6. DISCUSSION

6.1 Methodological considerations

6.1.1 Statistical and study design considerations

Six experimental beagles were used in all of the trials. The beagles were purposefully bred,
had the same background, age and breed and were kept in uniform housing and handling
conditions. As the studies were non-clinical, the common statistical methods of experi-
mental trials instead of power analysis were applied. Randomized 6 x 6 Latin square
designs were utilized to diminish variation caused by the treatment order and variation
between individuals. Accordingly, the sample size resulted in a primary outcome where sig-
nificant differences between treatments were detected.

95% confidence intervals were calculated for the differences at each time-point to re-
evaluate the power of the statistics used in some of the tests where significant differences
were not shown. This assessment suggested that use of a larger sample size (either more
beagles or more repetitions on the present dogs) might have revealed differences that here
went undetected. Clinically significant differences could not be excluded in some of the
variables showing no statistical significance.

The main investigator was unaware of whether dogs were receiving medetomidine or
dexmedetomidine, thus filling the criteria of blinding. However, in Study III, the dose level
could not be blinded, as the differences between the clinical effects of these doses were
too distinct. Moreover, in Study IV, there was no blinding between isoflurane and propo-
fol anaesthesia due to technical difficulties at the time of the study. The lack of blinding
might have affected the assessment of the level of anaesthesia. 

As haemodynamic parameters were used to evaluate the level of anaesthesia in Study
III, the lack of haemodynamic response when the highest premedication dose levels were
used may have caused a lower level of anaesthesia at this dose. The lack of a placebo
group makes it difficult to evaluate whether the lowest premedication dose level had any
clinical effects during anaesthesia. In Studies IV and V, we used dexmedetomidine alone
as a control group to evaluate the effects of anaesthesia on clinical signs and recovery in
dexmedetomidine-premedicated dogs. The use of a placebo group would have yielded a
different aspect in this study. 

In Study I, the pharmacokinetic results of iv medetomidine, dexmedetomidine and lev-
omedetomidine would have been more accurate had there been supplementary sampling
points, especially immediately after drug delivery. As the evaluation of the clinical effects
of drugs was our priority, blood sampling was kept to a minimum.

6.1.2 Assessment of analgesia and the level of anaesthesia 

We evaluated analgesia by studying flexor reflexes. In addition, the cold pressor test was
used. We wanted to apply methods that are easy to use and repeat and that avoid tissue
destruction or sensitization (wind-up) after numerous repetitions.

As pain behaviour consists of a pain sensation as well as a subjective reaction to pain
(i.e. suffering), it is beyond our available methodologies to objectively evaluate how ani-
mals experience pain. In the absence of precise tools, we are forced to use methods such
as withdrawal reflex observation, even though it is a somewhat inaccurate method for
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measuring the analgesic effect of a drug. Because flexing of the leg in response to pinch-
ing is a spinal reflex, it does not testify that the animal has had a central experience of
pain. However, in humans, a close correspondence exists between nociceptive withdraw-
al thresholds and subjective pain sensation (Page & France, 1997). The same observation
is anecdotally assumed to be applicable to veterinary patients. 

Withdrawal reflex tests are generally considered valid when α2-adrenoceptor agonist-
mediated analgesia is evaluated (Poree et al., 1998; Guo et al., 1999), as the analgesic
action of dexmedetomidine is known to mainly be spinally mediated (Kalso et al., 1991;
Hayashi et al., 1995b). It has been shown to interrupt the nociceptive pathway from the
dorsal horn of the spinal cord to the ventral root, thus reducing the spinal reflex (Kendig
et al., 1991; Savola et al., 1991b). At low doses of dexmedetomidine, a supraspinal mech-
anism may predominate (Pertovaara et al., 1991), reducing the unpleasantness of pain but
with less impact on pain threshold (Jaakola et al., 1991; Kauppila et al., 1991). Supraspinal
effects may also modulate the nociceptive flexor reflex threshold (Willer et al., 1979). As
the analgesic action of dexmedetomidine is accompanied by sedation, the degree of seda-
tion has an impact on the spinal reflexes and disturbs the assessment of pain.

The anaesthetic-sparing effect of a drug is usually studied by MAC determination using
a supramaximal stimulus and observation of gross purposeful movements. In Study III, the
anaesthesia level was defined by clinical signs and abolishment of the flexor reflex. In rats,
depression of withdrawal force correlated well with MAC determination, being abolished
at periMAC concentrations (Antunes et al., 2003; Jinks et al., 2003). However, MAC deter-
minations should be done to assess possible difference in the anaesthetic-sparing effect
between dexmedetomidine and medetomidine. In Study IV, common clinical signs were
used to define the anaesthesia level between the two different anaesthesia methods.
Adding a noxious stimulus, such as a tail clamp, might have helped to evaluate the level
of anaesthesia more accurately.

6.2 Clinical signs of sedation and analgesia
The analgesic effect of dexmedetomidine was longer lasting than that of a corresponding
dose of medetomidine, and a high dose of levomedetomidine reduced the sedative and
analgesic effects of dexmedetomidine. The levo-enantiomer may have some interaction with
the dextro-form, perhaps causing antagonism, competition at the same receptor sites or
levomedetomidine action on α1-adrenergic receptors. The α2- to α1-adrenoceptor selectiv-
ity ratio of levomedetomidine is much lower than that of dexmedetomidine (Aantaa et al.,
1993), and levomedetomidine has been reported to be able to bind to and activate α1-
adrenergic receptors (Schwinn et al, 1991). α1-adrenergic receptors can mediate behavioural
activation in states of CNS depression (Pichler & Kobinker, 1985), and activation of central
α1-adrenergic receptors have been suggested to functionally antagonize the hypnotic
responses to α2- adrenoceptor agonists (Doze et al., 1989b; Guo et al., 1991). Jansson et
al. (1998) speculated that levomedetomidine could transduce both agonistic and antago-
nistic signals through α2A-adrenergic receptors. It may act as a weak partial α2-adrenergic
agonist in systems with low receptor activity. When the receptors express high activity, it
behaves as an inverse α2-adrenergic agonist (negative antagonist) similar to atipamezole by
causing the opposite biological effect to dexmedetomidine (Jansson et al, 1998).
Dexmedetomidine changes the balance between active and inactive receptors. Thus, the
antagonizing property of levomedetomidine may become apparent, as it did in Studies I and
II, suggesting that the use of dexmedetomidine is preferable to medetomidine in dogs. 
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The similarity of the level of sedation caused by different doses of dexmedetomidine
(despite differing concentrations in plasma) in Study I suggests a ceiling effect exists that
cannot be surpassed by increasing the dose. Schwinn et al., (1991) recommended avoid-
ing high doses of dexmedetomidine, as dexmedetomidine’s ability to activate α1-adrener-
gic receptors may attenuate its α2-mediated hypnotic action. In cats, increasing the blood
concentration of dexmedetomidine beyond a certain level decreased the level of sedation,
even though the level of analgesia increased (Ansah et al., 2000). Likewise, rats showed
signs of excitement or decreased sedation after a very high dose of dexmedetomidine
(Doze et al., 1989a; Savola & Virtanen, 1991). In the present study, these signs were not
seen when the highest doses (20 µg/kg of iv dexmedetomidine and 40 µg/kg of iv medeto-
midine) were used. However, our results suggest that these doses may be unnecessarily
high for sedation in dogs, as increasing the dose above 10 µg/kg of iv dexmedetomidine
did not increase the level of sedation or analgesia; it merely resulted in longer lasting
effects. 

The cold pressor test, a method developed to assess sympathetic nervous system activ-
ity, has been used to evaluate the analgesic effect of α2-adrenergic agonist drugs in
humans (Ebert et al., 2000; Hall et al., 2000). Pain sensation to the test was decreased
even at low concentrations of dexmedetomidine, and at higher doses the deeper plane of
sedation resulted in no pain response (Ebert et al., 2000). The usefulness of the cold pres-
sor test in dogs was investigated in Study IV, but the dose of dexmedetomidine (10 µg/kg)
was apparently too high in this group of dogs. While most dogs showed minimal or no
response to cold water after dexmedetomidine, one dog resisted the test vigorously every
time. An increase in respiratory rate was generally a more sensitive parameter than changes
in cardiovascular variables for revealing production of sympathetic activity. The cold pres-
sor test might be more useful with lower doses of dexmedetomidine; however, in less
sedated dogs, a learning effect might modify physical response after repeated stimulus. 

Signs of light analgesia were already seen after 2 µg/kg of iv dexmedetomidine. Muir
et al. (1999) observed a lack of analgesic effect (measured by the clinical signs of pain)
with im medetomidine at doses of 2 and 5 µg/kg in dogs of various breeds. In our study,
the moderate sedation accompanied with the signs of light analgesia may have affected
the observable pain response. 

Our results suggest that dexmedetomidine could be more useful than medetomidine
as an analgesic in dogs, and the analgesic effects of iv dexmedetomidine are observable
at doses above 2 µg/kg.

6.3 Effects of premedicants on anaesthesia and
recovery profile
Dexmedetomidine and medetomidine reduced the requirements of propofol and isoflu-
rane dose-dependently to reach similar planes of anaesthesia. Combined mean end-tidal
isoflurane concentration for all dose levels was transiently lower after dexmedetomidine
than after medetomidine, and this finding could be attributable to the prolonged analgesic
effect of dexmedetomidine. Less selective α2-adrenergic agonist drugs are claimed to
reduce anaesthetic requirements less than dexmedetomidine, probably due to increased
α1-adrenoceptor stimulation (Hayashi & Maze, 1993). In sheep undergoing orthopaedic
surgery, dexmedetomidine had similar effects on isoflurane requirements as comparable
doses of medetomidine (Kästner et al., 2001a; Kästner et al., 2001b). Although our results
suggest that the presence of the levo-enantiomer may influence the anaesthetic-sparing
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effect of dexmedetomidine, a larger sample size is needed to prove this assumption.
The optimal dose level of iv dexmedetomidine as a premedicant was 2 µg/kg, as

intense bradycardia and hypotension were avoided during propofol/isoflurane anaesthe-
sia after this dose (III). However, the effect was short-lasting and the sedation achieved by
this dose may not consistently be adequate for healthy dogs. While the premedicants were
administered iv in Study III, the im route seems to be preferable to avoid abrupt cardio-
vascular changes and to lengthen the sedative and analgesic effects of the α2-adrenergic
agonist drug. The optimal im premedicant medetomidine dose in dogs has been suggest-
ed to be 20 µg/kg (Young et al., 1990), or between 10 and 40 µg/kg, with the lower dose
causing inconsistent and the larger dose excessive sedation for preoperative purposes
(Räihä et al., 1989). Muir et al. (1999) reported that im doses of medetomidine at or below
5 µg/kg caused excitement in some dogs of various breeds. However, in the present study,
no signs of excitement were observed in the beagles treated iv with either 4 µg/kg of
medetomidine or the equipotent dexmedetomidine dose (2 µg/kg). The discrepant results
might be explained by differences in administration methods or by only laboratory beagles
being used in our study. When determining the premedicant dose of an α2-adrenergic ago-
nist drug, the size, age, general behaviour and health status of the dog should be taken
into account to achieve the optimal dose for each patient.

The effects of α2-adrenergic agonist drugs might reduce the sensitivity of haemody-
namic variables as signs of anaesthetic depth (Erkola et al., 1994), which was demonstrated
with the use of different iv dexmedetomidine and medetomidine premedicant dose levels
in Study III. At the lowest premedicant dose level, distinct haemodynamic responses
occurred to noxious stimulus during anaesthesia. At higher premedicant doses, these
changes were rarely seen, although decreasing the dose of isoflurane resulted in signs of
awakening (movement) after pinching. Schmeling et al. (1999) reported that after
dexmedetomidine both haemodynamic and spinal movement responses are more attenu-
ated than those of the higher brain functions, such as those detected by electroen-
cephalogram.

In humans, similar (Lawrence & DeLange 1997) or even faster (Jaakola et al., 1992)
recoveries after premedication with dexmedetomidine as compared with placebo have
been described. In our studies the recoveries were delayed after high premedicant doses.
In Study IV, propofol/isoflurane anaesthesia had no additional effect on recovery while it
was delayed after propofol infusion. Contradictory, the recovery profile in humans after
propofol infusion has been similar to that after isoflurane anaesthesia when α2-agonist
premedicants have not been used (Myles et al., 2000; Godet et al., 2001), and a rapid
recovery after propofol infusion is reported in dogs (Nolan & Reid, 1993). Cardiovascular
effects of dexmedetomidine and pharmacokinetic interactions may have altered the rate
of metabolism of both dexmedetomidine and propofol (Mouton Perry et al., 1991; Bührer
et al., 1994). In humans, a low dose of dexmedetomidine reduced the propofol infusion
dose but did not affect the pharmacokinetics of propofol or recovery time after infusion
(Dutta et al., 2001). In dogs, blood systemic clearance of propofol was almost halved by
premedication with 20 µg/kg medetomidine (Hall et al., 1997). Dexmedetomidine and
levomedetomidine have been shown to be potent inhibitors of drug-metabolizing activi-
ties in vitro (Pelkonen et al., 1991; Kharasch et al., 1991, 1992), but less potent in vivo
(Pelkonen et al., 1991). While the hexobarbital sleeping time in rats was prolonged by a
high dose of levomedetomidine, a clinical dose had no effect (Pelkonen et al., 1991).
Dexmedetomidine is considered to have a low potency for inhibiting P450 enzyme func-
tion in dogs (Maze et al., 1991). However, Kharasch et al. (1992) suggested that

Kuusela  2.2.2004  15:11  Sivu 49



50

dexmedetomidine might be less susceptible to drug interactions than the racemic mixture,
and thus, preferable as a premedicant. In the present study, the recovery profile after
propofol/isoflurane anaesthesia was unaffected by the premedicant drug, suggesting that
medetomidine and dexmedetomidine are equally useful as premedicants as far as unevent-
fulness of recovery is concerned. The effects of medetomidine and dexmedetomidine on
recovery after propofol infusion were not compared in this study.

6.4 Cardiorespiratory effects
The cardiorespiratory effects of dexmedetomidine were similar to the equipotent doses of
medetomidine (I, III). However, a high dose of levomedetomidine decreased heart rate,
increased blood pressure and, when combined with dexmedetomidine, enhanced brady-
cardia (II). Accordingly, it could be speculated that the presence of high concentrations of
circulating levomedetomidine molecules has a clinically unfavourable effect. The weak par-
tial α2-adrenergic action of levomedetomidine (Jansson et al., 1994), α1-adrenergic acti-
vation induced vasoconstriction, or both, may explain these findings. The bradycardic
effects of medetomidine and dexmedetomidine have also been compared in sheep and
rats, and the results suggest that medetomidine may lower heart rate more than
dexmedetomidine. Intraoperative heart rate was lower in sheep premedicated with
medetomidine than in those premedicated with an equipotent dose of dexmedetomidine,
although the isoflurane requirement did not differ (Kästner et al., 2001b). In rats, a half-
maximal bradycardic effect was obtained at a dose of 0.4 µg/kg of medetomidine, while
a dose of 0.5 µg/kg of dexmedetomidine was required to reach a similar effect (Savola &
Virtanen, 1991). In Study III, overall heart rate was higher with the middle dose of medeto-
midine than with the corresponding dose of dexmedetomidine during isoflurane anaes-
thesia. This could be due to anaesthetic-induced changes, as isoflurane concentration tend-
ed to be higher with medetomidine 4 µg/kg than with dexmedetomidine 2 µg/kg.

The additional cardiovascular effects of the small doses of anaesthetic drugs were min-
imal when compared to the highest doses of medetomidine or dexmedetomidine alone.
When blood level of dexmedetomidine is sufficiently high, peripheral α2B-adrenoceptors
are activated, causing vasoconstriction and consequently blood pressure increases (Link et
al., 1996). The vasoconstrictive and sympatholytic effects of a high dose of dexmedeto-
midine may predominate and counteract the vasodilatation caused by isoflurane, thus
inducing bradycardia and preventing hypotension during anaesthesia (Bloor et al., 1992b).
Bloor et al. (1992b) have suggested that the vasoconstrictive effect of an α2-adrenocep-
tor agonist drug might be more prominent and longer lasting in dogs than in humans.
Moreover, as the doses of dexmedetomidine administered to humans are usually much
smaller than those given to dogs, the predominant effect of dexmedetomidine in humans
is a centrally mediated decrease in blood pressure, while in dogs initial hypertension is more
commonly seen. 

In awake humans blood pressure has been shown to decrease at a plasma dexmedeto-
midine concentration below 1.2 ng/ml, which was achieved by iv infusion of the drug
(Ebert et al., 2000). In Study I, diastolic blood pressure had decreased to normal levels at
plasma dexmedetomidine concentrations of 4 to 9 ng/ml, but the dogs were still not
hypotensive at a dexmedetomidine concentration of approximately 1 ng/ml two hours after
drug administration. Similarly, after receiving im dexmedetomidine 10 µg/kg, blood pres-
sure stayed within reference range during the three-hour recovery despite continuing
bradycardia (IV). However, when the lowest iv premedicant doses (medetomidine 0.4 µg/kg
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and dexmedetomidine 0.2 µg/kg) were used before propofol/isoflurane anaesthesia (III),
the dogs were more hypotensive than usually reported under a light level of isoflurane
anaesthesia only (Klide, 1976; Mutoh et al., 1997). The induction dose of propofol may
have decreased blood pressure further, but this result can also suggest that at these low
premedicant doses central effects of dexmedetomidine predominated over peripheral
effects. Hypotensive effects have been reported to exceed the vasoconstrictive effects at
bolus iv doses below 1 µg/kg of dexmedetomidine in anaesthetized dogs (Lawrence et al.,
1996b). In the current study, premedication with iv 2 µg/kg of dexmedetomidine or iv 4
µg/kg of medetomidine before propofol/isoflurane anaesthesia resulted in the most stable
cardiovascular effects when compared with the higher and lower dose levels.

In dogs, propofol is claimed to maintain arterial blood pressure better than isoflurane
(Keegan & Greene, 1993; Deryck et al., 1996) with a similar (Deryck et al., 1996) or low-
er (Keegan & Greene, 1993) heart rate. When medetomidine is combined with propofol
infusion, variable cardiovascular effects have been reported (Vainio, 1991; Lagerweij et al.,
1993; Hammond & England, 1994; Hall et al., 1997). In Study IV, blood pressure was sim-
ilar for propofol infusion and controls (dexmedetomidine only), which implies that the vaso-
constrictive effects of dexmedetomidine predominated and prevented hypotension. Blood
pressure stayed within normal reference range even during isoflurane, although the dogs
were not surgically stimulated. Even though blood pressure was similar, heart rate was con-
sistently higher during propofol infusion compared with dexmedetomidine at the same
time. This finding may at least partially be explained by the hypercapnia induced by propo-
fol (Taylor, 1998; Mas et al., 2000). 

No differences were present between medetomidine and dexmedetomidine in ECG
findings, and levomedetomidine showed no effects on heart rhythm. VPCs were not
detected in intermittent ECG recordings or in most Holter recordings, but the low number
of dogs used may partly explain the lack of findings. In healthy non-anaesthetized dogs,
VPCs do exist but are found infrequently (Hall et al., 1991; Ulloa et al., 1995; Meurs et al.,
2001). In a Holter study of 228 healthy beagles, 49 showed ventricular ectopy, most hav-
ing less than nine single VPCs over a 24-hour period (Ulloa et al., 1995). In the same study,
second-degree AV-blocks were sporadically encountered. In severely diseased canine
patients undergoing splenectomy, a high incidence of perioperative VPC and ventricular
tachycardia was revealed by Holter analysis (Marino et al., 1994). In a study of 50 canine
patients free of cardiac diseases, VPCs and atrioventricular conduction defects were the
most frequently observed arrhythmias during the recovery period. Acepromazine, pethi-
dine and halothane were the drugs most commonly included in the anaesthetic regimen
in this earlier study, and the type of surgical or diagnostic procedure did not influence the
incidence of arrhythmias (Buss et al., 1982). Reports on the effects of α2-adrenoceptor
agonists on ventricular arrhythmias are inconsistent. The stimulation of α1-adrenoceptors
may cause ventricular arrhythmias (Hayashi et al., 1988) and xylazine, a less α2-specific
drug than dexmedetomidine, has been reported to decrease the arrhythmogenic dose of
adrenaline in anaesthetized dogs (Tranquilli et al., 1986, 1988). In later studies, however,
xylazine or medetomidine did not enhance arrhythmogenicity in either halothane- (Lemke
et al., 1993; Pettifer et al., 1996) or isoflurane-anaesthetized dogs (Lemke et al., 1993).
Dexmedetomidine has been shown to prevent adrenaline-induced arrhythmias in
halothane-anaesthetized dogs (Hayashi et al., 1991). Hayashi et al. (1993) and Kamibayashi
et al. (1995b) have suggested that this effect is due to the action of dexmedetomidine on
imidazoline-preferring receptors in the CNS. Dexmedetomidine has been demonstrated to
reduce the oxygen deficiency of the ischaemic myocardium in anaesthetized dogs
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(Roekaerts et al., 1996). In human patients undergoing vascular surgery, dexmedetomidine
administration reduced the haemodynamic responses to perioperative stress (Talke et al.,
1995). The low frequency of VPCs detected in Study V is in accordance with these earlier
reports.

The occurrence of AV-blocks was dose-dependent, variable between dogs and no dif-
ferences could be shown between dexmedetomidine and medetomidine. The AV-blocks
were mostly seen soon after administration of the drugs, when bradycardia was most
prominent. During anaesthesia the AV-blocks decreased or vanished as heart rate
increased, but they sometimes reappeared during the early recovery period. The length of
sinus pauses during treatments was similar to that reported earlier in non-anaesthetized
dogs (Hall et al., 1991), and the pauses coincided with bradycardia. The AV-blocks and
sinus pauses detected during these studies were not considered to be clinically significant.

The respiratory parameters stayed within normal physiological values even during pro-
found sedation, and levomedetomidine had no respiratory effects alone or combined with
dexmedetomidine (I, II). During anaesthesia hypoventilation was seen (III, IV). The degree
of hypercapnia was similar between medetomidine and dexmedetomidine and independ-
ent of the premedicant dose, contradictory to some previous studies in dogs. Nguyen et
al. (1992) have reported signs of improved ventilation after very high dexmedetomidine
doses. Combination of dexmedetomidine and isoflurane has resulted in less respiratory
depression than isoflurane alone (Bloor et al., 1989; Nguyen et al., 1992). However, the
present results suggest that increasing the premedicant dose may not offer any respirato-
ry benefit even though the delivery of isoflurane can be decreased (III). Dexmedetomidine
combined with propofol infusion resulted in more profound hypoventilation and respira-
tory acidosis than dexmedetomidine and propofol/isoflurane (IV). In earlier propofol infu-
sion studies, dogs were either ventilated to normocapnia (Keegan & Greene, 1993) or
breathed room air, showing only moderate increases in paCO2 with occasional hypoxemia
(Vainio, 1991; Hall et al., 1997). Hyperoxia has been reported to impair ventilation (Gaudy
et al., 1988), and the delivery of pure oxygen may partly explain the more severe respira-
tory depression shown earlier. As the dogs with the highest paCO2 values showed signs of
light anaesthesia, the hypoventilation may have been overlooked if end-tidal CO2 had not
been monitored. Thus, isoflurane may be a safer choice than propofol as an anaesthetic
in dexmedetomidine-premedicated, spontaneously ventilating dogs.

In Study III, the combination of iv medetomidine 40 µg/kg or dexmedetomidine 20
µg/kg with propofol/isoflurane induced slight metabolic acidosis. Impaired tissue perfusion
may explain this finding, despite saturation of arterial haemoglobin being adequate.
However, arterial lactate concentrations were unchanged after iv dexmedetomidine 10
µg/kg in dogs (Lawrence et al., 1996a), and likewise in Study IV blood lactate values after
10 µg/kg of dexmedetomidine were within the reference range reported for healthy con-
scious dogs (Hughes et al., 1999). The lower lactate values detected during propofol infu-
sion than during propofol/isoflurane anaesthesia suggests better tissue perfusion with
propofol, which might be caused by the more severe hypercapnia in this group (IV). 

While these studies showed no clinically significant cardiorespiratory differences
between medetomidine and dexmedetomidine, the latter may be more suitable in dogs
due to the bradycardic effects of levomedetomidine. When dexmedetomidine is used as a
premedicant, a dose level of 2 µg/kg is suggested to achieve stable cardiovascular effects,
and maintenance of anaesthesia with isoflurane may depress ventilation less than propo-
fol. 
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6.5 Pharmacokinetics

Medetomidine is metabolized mainly by hepatic hydroxylation in dogs (Salonen, 1992),
while in humans hepatic glucuronidation of dexmedetomidine and levomedetomidine is
more efficient than in dogs. In dog liver microsomes, glucuronidation of levomedetomi-
dine was eight times more efficient than that of dexmedetomidine (Kaivosaari et al., 2002).
In Study I, clearance of levomedetomidine was more rapid than that of dexmedetomidine
or medetomidine, This could be caused by partly divergent metabolic pathways for these
enantiomers. Furthermore, dexmedetomidine may reduce its own elimination rate dose-
dependently via its haemodynamic effects (Salonen et al., 1995). In humans, the decrease
in cardiac output with increasing plasma concentrations of dexmedetomidine resulted in
a corresponding decrease in dexmedetomidine elimination clearance (Dutta et al., 2000).
The circulatory effects of dexmedetomidine probably also account for the larger distribu-
tion volume with levomedetomidine than with dexmedetomidine and medetomidine in
Study I. Dexmedetomidine has been shown to modify thiopental body disposition in a sim-
ilar way (Bührer et al., 1994). The haemodynamic effects of dexmedetomidine most likely
explain the high combined plasma levomedetomidine and dexmedetomidine concentra-
tions during infusion of levomedetomidine in Study II. Accordingly, when high doses of
medetomidine are used, the plasma levomedetomidine concentration and even the clini-
cal effect of levomedetomidine may be unexpectedly elevated.

6.6 Stress hormones
Medetomidine has been demonstrated to control the stress response induced by anaes-
thesia and surgery during the perioperative period in dogs (Benson et al., 2000; Ko et al.,
2000; Väisänen et al., 2002). In Study IV, while recovery was faster after isoflurane than
after propofol infusion, no signs of excitation or anxiety were seen, and the endocrine
stress response was mild and similar between treatments. Dexmedetomidine apparently
concealed possible stress effects of anaesthesia during recovery. The delayed increase in
adrenaline concentration after propofol infusion is most likely due to the slower recovery
in this group, when compared with the other treatments. The baseline beta-endorphin lev-
el in these dogs was comparable with the concentration detected after dexmedetomidine
premedication and was shown to be unaffected by propofol or propofol/isoflurane anaes-
thesia (IV). In humans, a low level of beta-endorphin is considered a sign of stress-free
anaesthesia (Lehtinen et al., 1984). In horses, anaesthesia alone and especially hypoxic
anaesthesia has been revealed to increase plasma beta-endorphin levels (Taylor et al.,
2000). In dogs undergoing ovariohysterectomy, while the concentration of beta-endorphin
increased during surgery, it was similar in dogs receiving either medetomidine/opioid or
acepromazine/opioid premedication (Väisänen et al., 2002). In our studies, medetomidine
and dexmedetomidine had similar effects on stress response in dogs, and anaesthesia did
not modify the effect.
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7. CONCLUSIONS

Dexmedetomidine was at least as safe and effective as the corresponding dose of medeto-
midine as a sedative, analgesic and premedicant in laboratory beagles. The pharmacoki-
netics of dexmedetomidine and racemic medetomidine were similar, but clearance of levo-
medetomidine was more rapid than that of the other drugs. Levomedetomidine did not
cause any observable behavioural effects in conscious dogs. However, it did reduce the
sedative and analgesic effects of dexmedetomidine and intensified bradycardia, suggest-
ing that use of dexmedetomidine might be preferable to medetomidine in dogs. The dose
level of 2 µg/kg of dexmedetomidine resulted in most stable cardiovascular effects when
used as a premedication before propofol/isoflurane anaesthesia. After dexmedetomidine
premedication, propofol/isoflurane anaesthesia was considered more suitable than propo-
fol infusion due to a milder degree of respiratory depression and faster recovery. The cold
pressor test produced variable responses among the dogs and was not a reliable stress
stimulus with the dexmedetomidine dose used. In beagles treated with dexmedetomidine
alone or combined with propofol infusion or propofol/isoflurane, ventricular arrhythmias
were detected no more frequently than in healthy non-anaesthetized dogs.

Kuusela  2.2.2004  15:11  Sivu 54



55

ACKNOWLEDGEMENTS

The studies were carried out at the Department of Clinical Sciences, Faculty of Veterinary
Medicine, University of Helsinki.

I am grateful to Professor Riitta-Mari Tulamo, who encouraged me to start this
research. Without her continuous support and belief in me, this work would never have
been completed.

My deepest gratitude is due to my supervisors Professor Outi Vainio and Docent Marja
Raekallio. Professor Vainio, in particular, is thanked for introducing me to the fascinating
world of veterinary anaesthesia and creating the main study topics. Their knowledge and
support have helped me over many difficult parts of the research and manuscript prepa-
ration. I feel privileged to have worked with such patient supervisors; they always found
time to deal with my problems. 

I thank the reviewers of this thesis, Docent Riku Aantaa and Professor Ludo
Hellebrekers, for valuable and constructive comments on the manuscript.

I am grateful to Ewen McDonald, MSc, for revising the English language of the arti-
cles, and Carol Ann Pelli, HonBSc, for editing the language of the thesis. 

My coauthors Markku Anttila, MSc, Dr Heikki Hietanen, Professor Juhani Leppäluoto,
Docent Pirkko Huttunen and Professor Charles E. Short are warmly acknowledged for pro-
viding me with practical help and new ideas.

I owe a debt of thanks to Lauri Vuorilehto, MSc, Professor Mika Scheinin, Docent Satu
Sankari, Matti Kaikkonen, DVM, and Docent Martti Attila for generously sharing their
expertise and time during the research.

I am also indebted to Inka Falck, DVM, Sari Mölsä, DVM, Anu Kaistinen, DVM, Sanna
Kobylin, DVM, Misse Väisänen, DVM, Katja Mykkänen, DVM, Hannu Ropponen, DVM,
Jonna Huttula, DVM, Virpi Huju, DVM, and Anu Valtonen, DVM, who, as veterinary stu-
dents, spent endless weekends with me and the beagles, making these studies possible. I
admire them for their enthusiasm and skilfulness and for never complaining during the
long and sometimes tedious workdays. 

Professor Juhani Tuominen, Timo Kohtala, MSc, Ilona Pylvänäinen, MSc, Sami Hokkanen,
MSc, Sanna Ström, MSc, and Hanna Oksanen, MSc, are acknowledged for providing expert-
ise in data management and statistical analyses. I am also greatly indebted to Christian
Schnier, MSc, who carried out the confidence interval calculations on a short notice.

The library staff of the College of Veterinary Medicine is thanked for excellent service
over the years.

Sirpa Kokko, Marja-Leena Kokko and Liana Simonen are acknowledged for technical
assistance.

I thank Seppo Koskensalo, MSc, and his staff for providing good facilities and care for
my beagles. I am especially grateful to Pirkko Nokkala-Wahrman, Martti Siimekselä and
Seppo Lasanen for loving, professional care of the dogs over the years. Pirkko has been an
essential part of their lives from early puppyhood, and her skilfulness is clearly displayed
by the dogs’ good health and calm, cheerful nature.

Financial support for this project was provided by the Orion Corporation, the Faculty
of Veterinary Medicine, and the Finnish Veterinary Foundation. 

Helsinki, February 2004

Erja Kuusela

Kuusela  2.2.2004  15:11  Sivu 55



56

REFERENCES

Aantaa RE, Kanto JH, Scheinin M, Kallio AM, Scheinin H. Dexmedetomidine premedication for minor gyne-
cologic surgery. Anesth Analg 1990a; 70(4): 407-413.

Aantaa R, Kanto J, Scheinin M, Kallio A, Scheinin H. Dexmedetomidine, an α2-adrenoceptor agonist,
reduces anesthetic requirements for patients undergoing minor gynecologic surgery. Anesthesiology 1990b;
73: 230-235.

Aantaa R. Assessment of the sedative effects of dexmedetomidine, an alpha2-adrenoceptor agonist, with
analysis of saccadic eye movements. Pharmacol Toxicol 1991a; 68(5): 394-398.

Aantaa R, Kanto J, Scheinin M. Intramuscular dexmedetomidine, a novel alpha2-adrenoceptor agonist, as
premedication for minor gynaecological surgery. Acta Anaesthesiol Scand 1991b; 35: 283-288.

Aantaa R, Kallio A, Virtanen R. Dexmedetomidine, a novel α2-adrenergic agonist. A review of its pharma-
codynamic characteristics. Drugs of the Future 1993; 18(1): 49-56.

Aantaa R, Jaakola M-L, Kallio A, Kanto J. Reduction of the minimum alveolar concentration of isoflurane
by dexmedetomidine. Anesthesiology 1997; 86: 1055-1060.

Aho M, Lehtinen AM, Erkola O, Kallio A, Korttila K. The effect of intravenously administered dexmedeto-
midine on perioperative hemodynamics and isoflurane requirements in patients undergoing abdominal hys-
terectomy. Anesthesiology 1991a; 74: 997-1002. 

Aho MS, Erkola OA, Scheinin H, Lehtinen A-M, Korttila KT. Effect of intravenously administered dexmedeto-
midine on pain after laparoscopic tubal ligation. Anesth Analg 1991b; 73: 112-118.

Aho M, Erkola O, Kallio A, Scheinin H, Korttila K. Dexmedetomidine infusion for maintenance of anesthe-
sia in patients undergoing abdominal hysterectomy. Anesth Analg 1992a; 75: 940-946.

Aho M, Scheinin M, Lehtinen A-M, Erkola O, Vuorinen J, Korttila K. Intramuscularly administered
dexmedetomidine attenuates hemodynamic and stress hormone responses to gynecologic laparoscopy.
Anesth Analg 1992b; 75: 932-939.

Alibhai HI, Clarke KW, Lee YH, Thompson J. Cardiopulmonary effects of combinations of medetomidine
hydrochloride and atropine sulphate in dogs. Vet Rec 1996; 138: 11-13.

Ambrisko TD, Hikasa Y. Neurohormonal and metabolic effects of medetomidine compared with xylazine in
beagle dogs. Can J Vet Res 2002; 66: 42-49. 

Ansah OB, Raekallio M, Vainio O. Comparison of three doses of dexmedetomidine with medetomidine in
cats following intramuscular administration. J Vet Pharmacol Ther 1998; 21: 380-387.

Ansah OB, Raekallio M, Vainio O. Correlation between serum concentrations following continuous intra-
venous infusion of dexmedetomidine or medetomidine in cats and their sedative and analgesic effects. J
Vet Pharmacol Therap 2000; 23: 1-8.

Antunes LM, Golledge HDR, Roughan JV, Flecknell PA. Comparison of electroencephalogram activity and
auditory evoked responses during isoflurane and halothane anaesthesia in the rat. Vet Anaesth Analg 2003;
30: 1-15.

Kuusela  2.2.2004  15:11  Sivu 56



57

Arain SR, Ebert TJ. The efficacy, side effects, and recovery characteristics of dexmedetomidine versus propo-
fol when used for intraoperative sedation. Anesth Analg 2002; 95(2): 461-466.

Bacon PJ, Jones JG, Taylor PM, Stewart S, Wilson-Nunn D, Kerr M. Impairment of gas exchange due to alve-
olar oedema during xylazine sedation in sheep, absence of a free radical mediated inflammatory mecha-
nism. Res Vet Sci 1998; 65: 71-75.

Belleville JP, Ward DS, Bloor B, Maze M. Effects of intravenous dexmedetomidine in humans. I. Sedation,
ventilation, and metabolic rate. Anesthesiology 1992; 77: 1125-1133.

Benson GJ, Grubb TL, Neff-Davis C, Olson WA, Thurmon JC, Lindner DL, Tranquilli WJ, Vainio O.
Perioperative stress response in the dog: effect of pre-emptive administration of medetomidine. Vet Surg
2000; 29: 85-91.

Bloor BC, Abdul-Rasool I, Temp J, Jenkins S, Valcke C, Ward DS. The effects of medetomidine, an α2-adren-
ergic agonist, on ventilatory drive in the dog. Acta Vet Scand 1989; 85: 65-70. 

Bloor BC, Ward DS, Belleville JP, Maze M. Effects of intravenous dexmedetomidine in humans. II.
Hemodynamic changes. Anesthesiology 1992a; 77: 1134-1142.

Bloor BC, Frankland M, Alper G, Raybould D, Weitz J, Shurtliff M. Hemodynamic and sedative effects of
dexmedetomidine in dog. J Pharmacol Exp Ther 1992b; 263: 690-697.

Buss DD, Hess RE, Webb AI, Spencer KR. Incidence of postanaesthetic arrhythmias in the dog. J Sm An Pract
1982; 23: 399-404.

Buttermann AE, Reid K, Maze M. Are cholinergic pathways involved in the anesthetic response to α2 ago-
nists. Toxicology Letters 1998; 100-101: 17-22.

Bührer M, Mappes A, Lauber R, Stanski DR, Maitre PO. Dexmedetomidine decreases thiopental dose require-
ment and alters distribution pharmacokinetics. Anesthesiology 1994; 80: 1216- 1227.

Clarke KW, England GCW. Medetomidine, a new sedative-analgesic for use in the dog and its reversal with
atipamezole. J Sm An Pract 1989, 343-348.

Correa-Sales C, Rabin BC, Maze M. A hypnotic response to dexmedetomidine, an α2 agonist, is mediated
in the locus coerulus in rats. Anesthesiology 1992a; 76: 948-952.

Correa-Sales C, Nacif-Coelho C, Reid K, Maze M. Inhibition of adenylate cyclase in the locus coeruleus medi-
ate the hypnotic response to an alpha 2 agonist in the rat. J Pharmacol Exp Ther 1992b; 263: 1046-1049. 

De Kock M, Meert TF. Alpha 2-adrenoceptor agonists and stress-induced analgesia in rats: influence of stres-
sors and methods of analysis. Pharmacol Biochem Behav 1997; 58(1): 109-117.

Deryck YL, Brimioulle S, Maggiorini M, de Canniere D, Naeije R. Systemic vascular effects of isoflurane ver-
sus propofol anesthesia in dogs. Anesth Analg 1996; 83: 958-964.

Doze VA, Chen B-X, Li Z, Maze M. Pharmacologic characterization of the receptor mediating the hypnotic
action of dexmedetomidine. Acta Vet Scand 1989a; 85: 61-64.

Doze VA, Chen BX, Maze M. Dexmedetomidine produces a hypnotic-anesthetic action in rats via activation
of central alpha-2 adrenoceptors. Anesthesiology 1989b; 71(1): 75-79. 

Kuusela  2.2.2004  15:11  Sivu 57



58

Dukes ID, Vaughan Williams EM. Effects of selective alpha 1-, alpha 2-, beta 1- and beta 2-adrenoceptor
stimulation on potentials and contractions in the rabbit heart. J Physiol 1984; 355: 523-546.

Dutta S, Lal R, Karol MD, Cohen T, Ebert T. Influence of cardiac output on dexmedetomidine pharmacoki-
netics. J Pharm Sci 2000; 89: 519-527.

Dutta S, Karol MD, Cohen T, Jones RM, Mant T. Effect of dexmedetomidine on propofol requirements in
healthy subjects. J Pharm Sci 2001; 90: 172-181.

Dyck JB, Maze M, Haack C, Vuorilehto L, Shafer SL. The pharmacokinetics and hemodynamic effects of
intravenous and intramuscular dexmedetomidine hydrochloride in adult human volunteers. Anesthesiology
1993; 78: 813-820.

Ebert TJ, Hall JE, Barney JA, Uhrich TD, Colinco MD. The effects of increasing plasma concentrations of
dexmedetomidine in humans. Anesthesiology 2000; 93: 382-394.

England GCW, Clarke KW. The effect of route of administration upon the efficacy of medetomidine. J Ass
Vet Anaesth 1989, 16; 32-34.

Erkola O, Korttila K, Aho M, Haasio J, Aantaa R, Kallio A. Comparison of intramuscular dexmedetomidine
and midazolam premedication for elective abdominal hysterectomy. Anesth Analg 1994; 79: 646-653.

Ernsberger P, Giuliano R, Willette RN, Reis DJ. Role of imidazole receptors in the vasodepressor response to
clonidine analogs in the rostral ventrolateral medulla. J Pharmacol Exp Ther 1990; 253: 408-418.

Ewing KK, Hussni OM, Scarlett JM, Short CE. Disposition of isoflurane anesthetic requirement by medeto-
midine and its restoration by atipamezole in dogs. Am J Vet Res 1993; 54: 294-299. 

Fairbanks CA, Stone LS, Kitto KF, Nguyen HO, Posthumus IJ, Wilcox GL. α2C-adrenergic receptors mediate
spinal analgesia and adrenergic-opioid synergy. J Pharmacol Exp Ther 2002, 300(1): 282-290.

Farber NE, Poterack KA, Schmeling WT. Dexmedetomidine and halothane produce similar alterations in elec-
troencephalograpic and electromyographic activity in cats. Br Res 1997; 774: 131-141.

Flacke JW, Flacke WE, Bloor BC, McIntee DF. Hemodynamic effects of dexmedetomidine, an α2-adrenergic
agonist, in autonomically denervated dogs. J Cardiovasc Pharmacol 1990; 16: 616-623.

Flacke WE, Flacke JW, Blow KD, McIntee DF, Bloor BC. Effect of dexmedetomidine, an α2-adrenergic ago-
nist, in the isolated heart. J Cardiothorac Vasc Anesth 1992; 6: 418-423.

Flacke WE, Flacke JW, Bloor BC, McIntee DF, Sagan M. Effects of dexmedetomidine on systemic and coro-
nary hemodynamics in the anesthetized dog. J Cardiothorac Vasc Anesth 1993; 7(1): 41-49.

Gaudy JH, Sicard JF, Boitier JF. Ventilatory effects of oxygen in the dog under thiopentone anaesthesia. Br
J Anaesth 1988; 60: 456-460.

Godet G, Watremez C, El Kettani C, Soriano C, Coriat P. A comparison of sevoflurane, target-controlled
infusion propofol, and propofol/isoflurane anesthesia in patients undergoing carotid surgery: a quality of
anesthesia and recovery profile. Anesth Analg 2001; 93: 560-565.

Gregoretti S, Henderson T, Parks DA. Haemodynamic changes and oxygen uptake during crossclamping of
the thoracic aorta in dexmedetomidine pretreated dogs. Can J Anaesth 1992; 39(7): 731-741.

Kuusela  2.2.2004  15:11  Sivu 58



59

Guo T-Z, Tinklenberg J, Oliker R, Maze M. Central α1-adrenoceptor stimulation functionally antagonizes the
hypnotic response to dexmedetomidine, an α2-adrenoceptor agonist. Anesthesiology 1991; 75: 252-256.

Guo T-Z, Jiang J-Y, Buttermann AE, Maze M. Dexmedetomidine injection into the locus ceruleus produces
antinociception. Anesthesiology 1996; 84(4): 873-881.

Guo T-Z, Reid K, Davies FM, Nacif-Coelho C, Rabin BC, Gonzalez F, Maze M. Chronic desipramine treat-
ment desensitizes the rat to anesthestic and antinociceptive effects of the α2-adrenergic agonist dexmedeto-
midine. Anesthesiology 1998; 88(6): 1634-1642.

Guo T-Z, Davies FM, Kingery WS, Patterson AJ, Limbird LE, Maze M. Nitrous oxide produces antinociceptive
responses via α2B and/or α2C adrenoceptor subtypes in mice. Anesthesiology 1999; 90(2): 470-476.

Hall LW, Dunn JK, Delaney M, Shapiro LM. Ambulatory electrocardiography in dogs. Vet Rec 1991; 129:
213-216.

Hall LW, Lagerweij E, Nolan AM, Sear JW. Disposition of propofol after medetomidine premedication in bea-
gle dogs. J Vet Anaesth 1997; 24: 23-29.

Hall JE, Uhrich TD, Barney JA, Shahbaz RA, Ebert TJ. Sedative, amnestic, and analgesic properties of small-
dose dexmedetomidine infusions. Anesth Analg 2000; 90:699-705. 

Hamlin RL, Bednarski LS. Studies to determine the optimal dose of medetomidine for the dog. Acta Vet
Scand 1989; 85: 89-95.

Hammond RA, England GCW. The effect of medetomidine premedication upon propofol induction and
infusion anaesthesia in the dog. J Vet Anaesth 1994; 21: 24-28.

Hayashi Y, Sumikawa K, Tashiro C, Yoshiya I. Synergistic interaction of α1- and β-adrenoceptor agonists on
induction arrhythmias during halothane anesthesia in dogs. Anesthesiology 1988; 68: 902-7. 

Hayashi Y, Sumikawa K, Maze M, Yamatodani A, Kamibayashi T, Kuro M, Yoshiya I. Dexmedetomidine pre-
vents epinephrine-induced arrhythmias through stimulation of central α2 adrenoceptors in halothane-anes-
thetized dogs. Anesthesiology 1991; 75: 113-117.

Hayashi Y, Kamibayashi T, Maze M, Yamatodani A. Sumikawa K, Kuro M, Yoshiya I. Role of imidazoline-
preferring receptors in the genesis of epinephrine-induced arrhythmias in halothane-anesthetized dogs.
Anesthesiology 1993; 78: 524-530.

Hayashi Y, Maze M. α2-adrenoceptor agonists and anaesthesia. Br J Anaesth 1993; 71: 108-118.

Hayashi Y, Guo T-Z, Maze M. Desensitization to the behavioral effects of α2-adrenergic agonists in rats.
Anesthesiology 1995a; 82: 954-962.

Hayashi Y, Rabin BC, Guo TZ, Maze M. Role of pertussis toxin-sensitive G-proteins in the analgesic and anes-
thetic actions of α2-adrenergic agonists in the rat. Anesthesiology 1995b; 83: 816-822.

Hogue C, Talke P, Stein P, Richardson C, Domitrovich P, Sessler D. Autonomic nervous system responses dur-
ing sedative infusions of dexmedetomidine. Anesthesiology 2002; 97(3): 592-598.

Hong M, Milne B, Loomis C, Jhamandas K. Stereoselective effects of central α2-adrenergic agonist medeto-
midine on in vivo catechol activity in the rat rostral ventrolateral medulla (RVLM). Brain Res 1992; 592: 163-
169.

Kuusela  2.2.2004  15:11  Sivu 59



60

Huang R, Hertz L. Receptor subtype and dose dependence of dexmedetomidine-induced accumulation of
(14C)glutamine in astrocytes suggests glial involvement in its hypnotic-sedative and anesthetic-sparing
effects. Brain Res 2000; 873: 297-301.

Hughes D, Rozanski ER, Shofer FS, Laster LL, Drobatz KJ. Effect of sampling site, repeated sampling, pH,
and PCO2 on plasma lactate concentration in healthy dogs. Am J Vet Res, 1999; 60: 521-524. 

Hunter JC, Fontana DJ, Hedley LR, Jasper JR, Lewis R, Link RE, Secchi R, Sutton J, Eglen RM. Assessment of
the role of α2-adrenoceptor subtypes in the antinociceptive, sedative and hypothermic action of dexmedeto-
midine in transgenic mice. Br J Pharmacol 1997; 122(7): 1339-1344. 

Idänpään-Heikkilä JJ, Kalso EA, Seppälä T. Antinociceptive actions of dexmedetomidine and the kappa-opi-
oid agonist U-50,488H against noxious thermal, mechanical and inflammatory stimuli. J Pharmacol Exp Ther
1994; 271: 1306-1313.

Ishiyama T, Dohi S, Iida H, Watanabe Y, Shimonaka H. Mechanisms of dexmedetomidine-induced cere-
brovascular effects in canine in vivo experiments. Anesth Analg 1995; 81: 1208-1215. 

Jaakola M-L, Salonen M, Lehtinen R, Scheinin H. The analgesic action of dexmedetomidine - a novel α2-
adrenergic agonist – in healthy volunteers. Pain 1991; 46: 281-285.

Jaakola ML, Ali-Melkkilä T, Kanto J, Kallio A, Scheinin H, Scheinin M. Dexmedetomidine reduces intraocu-
lar pressure, intubation responses and anaesthetic requirements in patients undergoing ophthalmic surgery.
Br J Anaesth 1992; 68: 570-575.

Jaakola M-L. Dexmedetomidine premedication before intravenous regional anesthesia in minor outpatient
hand surgery. J Clin Anest 1994; 6: 204-211.

Jaakola M-L, Kanto J, Scheinin H, Kallio A. Intramuscular dexmedetomidine premedication - an alternative
to midazolam-fentanyl-combination in elective hysterectomy? Acta Anesthesiol Scand 1994; 38: 238-243.

Jalonen J, Halkola L, Kuttila K, Perttila J, Rajalin A, Savunen T, Scheinin M, Valtonen M. Effects of
dexmedetomidine on coronary hemodynamics and myocardial oxygen balance. J Cardiothorac Vasc Anesth
1995; 9(5): 519-524.

Jalonen J, Hynynen M, Kuitunen A, Heikkilä H, Perttilä J, Salmenperä M, Valtonen M, Aantaa R, Kallio A.
Dexmedetomidine as an anesthetic adjunct in coronary artery bypass grafting. Anesthesiology 1997; 86:
331-345.

Jansson CC, Marjamäki A, Luomala K, Savola J-M, Scheinin M, Åkerman KEO. Coupling of human α2-
adrenoceptor subtypes to regulation of cAMP production in transfected S115 cells. Eur J Pharmacol 1994;
266: 165-174.

Jansson CC, Kukkonen JP, Näsman J, Huifang G, Wurster S, Virtanen R, Savola J-M, Cockcroft V, Åkerman
KEO. Protean agonism at α2A-adrenoceptors. Mol Pharmacol 1998; 53: 963-968.

Jinks SL, Martin JT, Carstens E, Jung S-W, Antognini JF. Peri-MAC depression of a nociceptive withdrawal
reflex is accompanied by reduced dorsal horn activity with halothane but not isoflurane. Anesthesiology
2003; 98: 1128-1138.

Kaivosaari S, Salonen JS, Taskinen J. N-glucuronidation of some 4-arylalkyl-1H-imidazoles by rat, dog, and
human liver microsomes. Drug Metab Dispos 2002; 30: 295-300.

Kuusela  2.2.2004  15:11  Sivu 60



61

Kallio A, Scheinin M, Koulu M, Ponkilainen R, Ruskoaho H, Viinamäki O, Scheinin H. Effects of dexmedeto-
midine, a selective α2-adrenoceptor agonist, on hemodynamic control mechanisms. Clin Pharmacol Ther
1989; 46: 33-42.

Kalso EA, Pöyhiä R, Rosenberg PH. Spinal antinociception by dexmedetomidine, a highly α2-adrenergic ago-
nist. Pharmacol Toxicol 1991; 68: 140-143.

Kamibayashi T, Hayashi Y, Mammoto T, Yamatodani A, Sumikawa K, Yoshiya I. Role of the vagus nerve in
the antidysrhytmic effect of dexmedetomidine on halothane/epinephrine dysrhythmias in dogs.
Anesthesiology 1995a; 83: 992-999.

Kamibayashi T, Mammoto T, Hayashi Y, Yamatodani A, Takada K, Sasaki S, Yoshiya I. Further characteriza-
tion of the receptor mechanism involved in the antidysrhytmic effect of dexmedetomidine on halothane/epi-
nephrine dysrhythmias in dogs. Anesthesiology 1995b; 83(5): 1082-1089.

Kamibayashi T, Maze M. Clinical uses of α2-adrenergic agonists. Anesthesiology 2000; 93: 1345-1349.

Kästner SB, Von Rechenberger B, Keller K, Bettschart-Wolfensberger R. Comparison of medetomidine and
dexmedetomidine as premedication in isoflurane anaesthesia for orthopaedic surgery in domestic sheep. J
Vet Med A Physiol Pathol Clin Med 2001a; 48: 231-241.

Kästner SB, Boller M, Kutter A, Akens MK, Bettschart-Wolfensberger R. Clinical comparison of preanaes-
thetic intramuscular medetomidine and dexmedetomidine in domestic sheep. Dtsch Tierarztl Wochenschr
2001b; 108: 409-413.

Kauppila T, Kemppainen P, Tanila H, Pertovaara A. Effect of systemic medetomidine, α2 adrenoceptor ago-
nist, on experimental pain in humans. Anesthesiology 1991; 74: 3-8.

Keegan RD, Greene SA. Cardiovascular effects of a continuous two-hour propofol infusion in dogs. Vet Surg
1993; 22: 537-543.

Kendig JJ, Savola MK, Woodley SJ, Maze M. Alpha 2-adrenoceptors inhibit a nociceptive response in neona-
tal rat spinal cord. Eur J Pharmacol. 1991; 192(2): 293-300.

Kersten J, Pagel PS, Tessmer JP, Roerig DL, Schmeling WT, Warltier DC. Dexmedetomidine alters the hemo-
dynamic effects of desflurane and isoflurane in chronically instrumented dogs. Anesthesiology 1993; 79:
1022-1032.

Khan ZP, Munday IT, Jones RM, Thornton C, Mant TG, Amin D. Effects of dexmedetomidine on isoflurane
requirements in healthy volunteers. 1: Pharmacodynamic and pharmacokinetic interactions. Br J Anaesth
1999a; 83: 372-380.

Khan ZP, Ferguson CN, Jones RM. α2- and imidazoline-receptor agonists: Their pharmacology and thera-
peutic role. Anaesthesia 1999b; 54(2): 146-165.

Kharasch ED, Hill HF, Eddy AC. Influence of dexmedetomidine and clonidine on human liver microsomal
alfentanil metabolism. Anesthesiology 1991; 75: 520-524.

Kharasch ED, Herrmann S, Labroo R. Ketamine as a probe for medetomidine stereoisomer inhibition of
human liver microsomal drug metabolism. Anesthesiology 1992; 77: 1208-1214.

Kuusela  2.2.2004  15:11  Sivu 61



62

Klide AM. Cardiopulmonary effects of enflurane and isoflurane in the dog. Am J Vet  Res 1976;37:127-
131. 

Ko JC, Bailey JE, Pablo LS, Heaton-Jones TG. Comparison of sedative and cardiorespiratory effects of
medetomidine and medetomidine-butorphanol combination in dogs. Am J Vet Res 1996; 57: 535-540.

Ko JCH, Mandsager RE, Lange DN, Fox SM. Cardiorespiratory responses and plasma cortisol concentrations
in dogs treated with medetomidine before undergoing ovariohysterectomy. J AmVet Med Ass 2000; 4: 509-
513. 

Kramer S, Nolte I, Jöchle W. Clinical comparison of medetomidine with xylazine/l-methadone in dogs. Vet
Rec 1996; 138: 128-133.

Lagerweij E, Hall LW, Nolan AM. Effects of medetomidine premedication on propofol infusion anaesthesia
in dogs. J Vet Anaesth 1993; 20: 78-83.

Lakhlani PP, MacMillan LB, Guo TZ, McCool BA, Lovinger DM, Maze M, Limbird LE. Substitution of a mutant
α2-adrenergic receptor via "hit and run" gene targeting reveals the role of this subtype in sedative, anal-
gesic, and anesthetic-sparing responses in vivo. Proceed Nat Academ Sciences USA 1997; 94(18): 9950-
9955.

Langer SZ. Presynaptic regulation of the release of catecholamines. Pharmacol Rev 1981; 32: 337-362.

Laudenbach V, Mantz J, Lagercrantz H, Desmonts JM, Evrard P, Gressens P. Effects of α2-adrenoceptor ago-
nists on perinatal excitotoxic brain injury: comparison of clonidine and dexmedetomidine. Anesthesiology
2002; 96: 134-141.

Lawrence CJ, Prinzen FW, De Lange S. The effect of dexmedetomidine on nutrient organ blood flow. Anesth
Analg 1996a; 83: 1160-1165.

Lawrence CJ, Prinzen FW, De Lange S. The effect of dexmedetomidine on the balance of myocardial ener-
gy requirement and oxygen supply and demand. Anesth Analg 1996b; 82: 544-550. 

Lawrence CJ, De Lange S. Effects of a single pre-operative dexmedetomidine dose on isoflurane require-
ments and peri-operative haemodynmic stability. Anaesthesia 1997; 52: 736-744.

Lawrence CJ, Prinzen FW, De Lange S. Hemodynamic and coronary vascular effects of dexmedetomidine in
the anesthetized goat. Acta Anaesth Scand 1997; 41(7): 830-836.

Lehtinen AM, Hovorka J, Leppäluoto J, Vuolteenaho O, Widholm O. Effect of intratracheal lignocaine,
halothane and thiopentone on changes in plasma beta-endorphin immunoreactivity in response to tracheal
intubation. Br J Anaesth 1984; 56: 247-250.

Lemke KA, Tranquilli WJ, Thurmon JC, Benson GJ, Olson WA. Alterations in the arrhythmogenic dose of
epinephrine after xylazine or medetomidine administration in isoflurane anesthetized dogs. Am J Vet Res
1993; 54: 2139-2144.

Levänen J, Mäkelä M-L, Scheinin H. Dexmedetomidine premedication attenuates ketamine-induced car-
diostimulatory effects and postanesthetic delirium. Anesthesiology 1995; 82: 1117-1125.

Link RE, Desai K, Hein L, Stevens ME, Chruscinski A, Bernstein D, Barsh GS, Kobilka BK. Cardiovascular reg-
ulation in mice lacking α2-adrenergic receptor subtypes b and c. Science 1996; 273(5276): 803-805.

Kuusela  2.2.2004  15:11  Sivu 62



63

Lombard CW, Kvart C, Säteri H, Holm G, Nilsfors L. Effects of medetomidine in dogs with mitral regurgita-
tion. Acta Vet Scand 1989; 85: 167-174. 

MacDonald E, Scheinin M, Scheinin H, Virtanen R. Comparison of the behavioral and neurochemical effects
of two optical enantiomers of medetomidine, a selective alpha-2-adrenoceptor agonist. J Pharmacol Exp
Ther 1991; 259(2): 848-854.

MacDonald E, Scheinin M. Distribution and pharmacology of α2-adrenoceptors in the central nervous sys-
tem. J Physiol Pharmacol 1995; 46(3): 241-258.

MacMillan LB, Hein L, Smith MS, Piascik MT, Limbird LE. Central hypotensive effects of the α2a-adrenergic
receptor subtype. Science 1996; 273(5276): 801-803.

Maier C, Steinberg GK, Sun GH, Zhi GT, Maze M. Neuroprotection by the α2-adrenoceptor agonist
dexmedetomidine in a focal model of cerebral ischemia. Anesthesiology 1993; 79(2): 306-312.

Marino DJ, Matthiessen DT, Fox PR, Lesser MB, Stamoulis ME. Ventricular arrhythmias in dogs undergoing
splenectomy: a prospective study. Vet Surg 1994; 23: 101-106.

Mas A, Saura P, Joseph D, Blanch L, Baigorri F, Artigas A, Fernandez R. Effect of acute moderate changes
in PaCO2 on global hemodynamics and gastric perfusion. Crit Care Med 2000; 28(2): 360-365.

Maze M, Virtanen R, Daunt D, Banks SJ, Stover EP, Feldman D. Effects of dexmedetomidine, a novel imi-
dazole sedative-anesthetic agent, on adrenal steroidogenesis: in vivo and in vitro studies. Anesth Analg
1991; 73: 204-208.

Maze M, Fujinaga M. α2-adrenoceptors in pain modulation: Which subtype should be targeted to produce
analgesia? Anesthesiology 2000; 92: 934.

McCallum JB, Boban N, Hogan Q, Schmeling WT, Kampine JP, Bosnjak ZJ. The mechanism of α2-adrener-
gic inhibition of sympathetic ganglionic transmission. Anesth Analg 1998; 87(3): 503-510.

Meurs KM, Spier AW, Wright NA, Hamlin RL. Use of ambulatory electrocardiography for detection of ven-
tricular premature complexes in healthy dogs. J Am Vet Med Ass 2001; 1291-1292.

Mutoh T, Nishimura R, Kim H-Y, Matsunaga S, Sasaki N. Cardiopulmonary effects of sevoflurane, compared
with halothane, enflurane, and isoflurane, in dogs. Am J Vet Res 1997; 58: 885-890.

Mouton Perry S, Whelan E, Shay S, Wood AJJ, Wood M. Effect of i.v. anaesthesia with propofol on drug
distribution and metabolism in the dog. Brit J Anaesth, 1991; 66: 66-72.

Muir III WW, Ford JL, Karpa GE, Harrison EE, Gadawski JE. Effects of intramuscular administration of low
doses of medetomidine and medetomidine-butorphanol in middle-aged and old dogs. J Am Vet Med Ass
1999; 215: 1116-1120.

Myles PS, Hunt JO, Fletcher H, Smart J, Jackson T. Part I: propofol, thiopental, sevoflurane, and isoflurane-
A randomised, controlled trial of effectiveness. Anesth Analg 2000; 91: 1163-1169. 

Nguyen D, Abdul-Rasool I, Ward D, Hsieh J, Kobayashi D, Hadlock S, Singer F, Bloor B. Ventilatory effects
of dexmedetomidine, atipamezole, and isoflurane in dogs. Anesthesiology 1992; 76: 573-579.

Kuusela  2.2.2004  15:11  Sivu 63



64

Nolan A, Reid J. Pharmacokinetics of propofol administered by infusion in dogs undergoing surgery. Br J
Anaesth 1993; 70(5): 546-551.

Page GD, France CR. Objective evidence of decreased pain perception in normotensives at risk for hyper-
tension. Pain 1997; 73: 173-180.

Pagel PS, Hettrick DA, Kersten JR, Warltier DC. Dexmedetomidine produces similar alterations in the deter-
minants of left ventricular afterload in conscious dogs before and after the development of pacing-induced
cardiomyopathy. Anesthesiology 1998a; 89: 741-748.

Pagel PS, Proctor LT, Devcic A, Hettrick DA, Kersten JR, Tessmer JP, Farber NE, Schmeling WT, Warltier DC.
A novel α2-adrenoceptor antagonist attenuates the early, but preserves the late cardiovascular effects of
intravenous dexmedetomidine in conscious dogs. J Cardiothorac Vasc Anaesth 1998b; 12(4): 429-434.

Pelkonen O, Puurunen J, Arvela P, Lammintausta R. Comparative effects of medetomidine enantiomers on
in vitro and in vivo microsomal drug metabolism. Pharmacol Toxicol 1991; 69: 189-194.

Peltonen JM, Pihlavisto M, Scheinin M. Subtype-specific stimulation of [35S]GTPgS binding by recombinant
α2- adrenoceptors. Eur J Pharmacol 1998; 355: 275-279.

Pertovaara A, Kauppila T, Jyväsjärvi E, Kalso E. Involvement of supraspinal and spinal segmental alpha-2-
adrenergic mechanisms in the medetomidine-induced antinociception. Neuroscience 1991; 44(3): 705-714.

Pettifer GR, Dyson DH, McDonell WN. An evaluation of the influence of medetomidine hydrochloride and
atipamezole hydrochloride on the arrhythmogenic dose of epinephrine in dogs during halothane anesthe-
sia. Can J Vet Res 1996; 60: 1-6.

Piascik MT, Soltis EE, Piascik MM, Macmillan LB. α-adrenoceptors and vascular regulation: molecular, phar-
macologic and clinical correlates. Pharmacol Ther 1996, 72(3): 215-241.

Pichler L, Kobinger W. Possible function of α1 -adrenoceptors in the CNS in anaesthetized and conscious
animals. Eur J Pharmacol 1985, 107: 305-311.

Poree LR, Guo TZ, Kingery WS, Maze M. The analgesic potency of dexmedetomidine is enhanced after nerve
injury: a possible role for peripheral α2-adrenoceptors. Anesth Analg 1998; 87(4): 941-948.

Proctor LT, Schmeling WT, Warltier DC. Premedication with oral dexmdetomidine alters hemodynamic
actions of intravenous anesthetic agents in chronically instrumented dogs. Anesthesiology 1992; 77: 554-
562.

Pypendop BH, Verstegen JP. Hemodynamic effects of medetomidine in the dog: a dose titration study. Vet
Surg 1998; 27: 612-622.

Pypendop BH, Verstegen JP. Effects of a medetomidine-midazolam-butorphanol combination on renal cor-
tical, intestinal and muscle microvascular blood flow in isoflurane anaesthetized dogs: a laser Doppler study.
Vet Anaesth Analg 2000; 27: 36-44.

Rabin BC, Guo TZ, Gregg K, Maze M. Role of serotonergic neurotransmission in the hypnotic response to
dexmedetomidine, an α2-adrenergic agonist. Eur J Pharmacol 1996a; 306(1-3): 51-59. 

Kuusela  2.2.2004  15:11  Sivu 64



65

Rabin BC, Reid K, Guo T-Z, Gustafsson E, Zhang C, Maze M. Sympatholytic and minimum anesthetic con-
centration-sparing responses are preserved in rats tolerant to the hypnotic and analgesic action of
dexmedetomidine, a selective α2-adrenergic agonist. Anesthesiology 1996b; 85(3): 565-573.

Raekallio M, Tulamo RM, Valtamo T. Medetomidine-midazolam sedation in sheep. Acta Vet Scand 1998;
39:127-134. 

Räihä MP, Räihä JE, Short CE. A comparison of xylazine, acepromazine, meperidine and medetomidine as
preanesthetics to halothane anesthesia in dogs. Acta Vet Scand 1989; 85: 97-102.

Reid K, Hayashi Y, Guo T-Z, Correa-Sales C, Nacif-Coelho C, Maze M. Chronic administration of an α2-
adrenergic agonist desensitizes rats to the anesthetic effects of dexmedetomidine. Pharmacol Biochem
Behav 1994; 47: 171-175.

Roekaerts PMHJ, Prinzen FW, DeLange S. Beneficial effects of dexmedetomidine on ischaemic myocardium
of anaesthetized dogs. Br J Anaesth 1996; 77: 427-429.

Roekaerts PMHJ, Lawrence CJ, Prinzen FW, DeLange S. Alleviation of the peripheral hemodynamic effects
of dexmedetomidine by the calcium channel blocker isradipine. Acta Anaesthesiol Scand 1997; 41(3): 364-
370.

Ruesch S & Levy J. Treatment of persistent tachycardia with dexmedetomidine during off-pump cardiac sur-
gery. Anesth Analg 2002; 95(2): 316-318.

Sabbe MB, Penning JP, Ozaki GT, Yaksh TL. Spinal and systemic action of the α2 receptor agonist
dexmedetomidine in dogs. Anesthesiology 1994; 80: 1057-1072.

Sallinen J, Link RE, Haapalinna A, Viitamaa T, Kulatunga M, Sjoholm B, Macdonald E, Pelto-Huikko M, Leino
T, Barsh GS, Kobilka BK, Scheinin M. Genetic altertion of alpha 2C-adrenoceptor expression in mice: influ-
ence on locomotor, hypothermic, and neurochemical effects of dexmedetomidine, a subtype-nonselective
alpha 2-adrenoceptor agonist. Mol Pharmacol 1997; 51(1): 36-46.

Salmenperä MT, Szlam F, Hug CC Jr. Anesthetic and hemodynamic interactions of dexmedetomidine and
fentanyl in dogs. Anesthesiology 1994; 80(4): 837-846. 

Salonen JS. Pharmacokinetics of medetomidine. Acta Vet Scand 1989; 85: 49-54.

Salonen JS, Vuorilehto L, Vainio O, Anttila M. Atipamezole increases medetomidine clearance in the dog:
an agonist-antagonist interaction. J Vet Pharmacol Therap 1995; 18: 328-332.

Salonen M, Reid K, Maze M. Synergistic interaction between alpha 2-adrenergic agonists and benzodi-
azepines in rats. Anesthesiology 1992; 76: 1004-1011.

Savola J-M, Virtanen R. Central a2-adrenoceptors are highly stereoselective for dexmedetomidine, the dex-
tro enantiomer of medetomidine. Eur J Pharmacol 1991; 195: 193-199.

Savola MK, MacIver MB, Doze VA, Kendig JJ, Maze M. The alpha 2-adrenoceptor agonist dexmedetomi-
dine increase the apparent potency of the volatile anesthetic isoflurane in rats in vivo and in hippocampal
slice in vitro. Brain Res 1991a; 548: 23-28.

Savola MK, Woodley SJ, Maze M, Kendig JJ. Isoflurane and an alpha 2-adrenoceptor agonist suppress noci-
ceptive neurotransmission in neonatal rat spinal cord. Anesthesiology 1991b; 75(3): 489-498.

Kuusela  2.2.2004  15:11  Sivu 65



66

Scheinin B, Lindgren L, Randell T, Scheinin H, Scheinin M. Dexmedetomidine attenuates sympathoadrenal
responses to tracheal intubation and reduces the need for thiopentone and perioperative fentanyl. Br J
Anaesth 1992; 68(2): 126-131.

Scheinin H, Karhuvaara S, Olkkola KT, Kallio A, Anttila M, Vuorilehto L, Scheinin M. Pharmacodynamics and
pharmacokinetics of intramuscular dexmedetomidine. Clin Pharmacol Ther 1992; 52: 537-546.    

Scheinin H, Jaakola ML, Sjövall S, Ali-Melkkilä T, Kaukinen S, Turunen J, Kanto J. Intramuscular dexmedeto-
midine as premedication for general anesthesia. A comparative multicenter study. Anesthesiology 1993;
78(6):1065-75.

Schmeling WT, Kampine JP, Roerig DL, Warltier DC. The effects of the stereoisomers of the α2-adrenergic
agonist medetomidine on systemic and coronary hemodynamics in conscious dogs. Anesthesiology 1991;
75: 499-511.

Schmeling WT, Ganjoo P, Staunton M, Drexler C, Farber NE. Pretreatment with dexmedetomidine: altered
indices of anesthetic depth for halothane in the neuraxis of cats. Anesth Analg 1999; 88: 625-632.

Schwartz DD, Clark TP. Affinity of detomidine, medetomidine and xylazine for alpha-2 adrenergic receptor
subtypes. J Vet Pharmacol Therap 1998; 21: 107-111.

Schwinn DA, Correa-Sales C, Page SO, Maze M. Functional effects of activation of alpha-1 adrenoceptors
by dexmedetomidine: in vivo and in vitro studies. J Pharmacol Exp Ther 1991; 259(3): 1147-1152.

Segal IS, Vickery RG, Walton JK, Doze VA, Maze M. Dexmedetomidine diminishes halothane anesthetic
requirements in rats through a postsynaptic a2-adrenergic receptor. Anesthesiology 1988, 69(6): 818-823.

Seidel WF, Maze M, Dement WC, Edgar DM. Alpha-2 adrenergic modulation of sleep: Time-of-day-depend-
ent pharmacodynamic profiles of dexmedetomidine and clonidine in the rat. J Pharmacol Exp Therap 1995;
275(1): 263-273.

Short CE. Effects of anticholinergic systems in dogs sedated with medetomidine. Vet Rec 1991; 129: 310-
313.

Stone LS, MacMillan LB, Kitto KF, Limbird LE, Wilcox GL. The α2a-adrenergic receptor subtype mediates
spinal analgesia evoked by α2-agonists and is necessary for spinal adrenergic-opioid synergy. J Neurosci
1997; 17: 7157-7165.

Taittonen MT, Kirvelä OA, Aantaa R, Kanto JH. Effect of clonidine and dexmedetomidine premedication on
periopeative oxygen consumption and haemodynamic state. Br J Anaesth 1997; 78: 400-406.

Talke P, Li J, Jain U, Leung J, Drasner K, Hollenberg M, Mangano DT. Effects of perioperative dexmedeto-
midine infusion in patients undergoing vascular surgery. Anesthesiology 1995; 82: 620-633.

Talke P, Richardson CA, Scheinin M, Fisher DM. Postoperative pharmacokinetics and sympatholytic effects
of dexmedetomidine. Anesth Analg 1997; 85: 1136-1142.

Talke P. Receptor-specific reversible sedation: beginning of new era of anesthesia? Anesthesiology 1998;
89(3): 560-561.

Kuusela  2.2.2004  15:11  Sivu 66



67

Talke P, Chen R, Thomas B, Aggarwall A, Gottlieb A, Thorborg P, Heard S, Cheung A, Son SL, Kallio A. The
hemodynamic and adrenergic effects of perioperative dexmedetomidine infusion after vascular surgery.
Anesth Analg 2000; 90: 834-839.

Talke P, Lobo E, Brown R. Systemically administered α2-agonist –induced peripheral vasoconstriction in
humans. Anesthesiology 2003; 99: 65-70. 

Taoda M, Adachi YU, Uchihashi Y, Watanabe K, Satoh T, Vizi ES. Effect of dexmedetomidine on the release
of [3H]-noradrenaline from rat kidney cortex slices: characterization of alpha2-adrenoceptor. Neurochem
Int 2001; 38(4): 317-322.

Taylor PM. Effects on hypercapnia on endocrine and metabolic responses to anaesthesia on ponies. Res Vet
Sci 1998; 65: 41-46.

Taylor PM, Luna SPL, Dye A. β-endorphin immunoreactivity during anaesthesia in equidae. Vet Anaest Analg
2000; 27: 27-35.

Tilley LP. Essentials of canine and feline electrocardiography: interpretation and treatment. 3rd ed. Lea
Febiger 1992. Pp. 164-172

Tonner PH, Scholz J, Koch C, Schulte am Esch J. The anesthetic effect of dexmedetomidine does not adhere
to the Meyer-Overton rule but is reversed by hydrostatic pressure. Anesth Analg 1997; 84: 618-622.

Tonner PH, Scholz J, Schlamp N, Schulte am Esch J. Inhibition of nitric oxide metabolism enhances the hyp-
notic-anesthetic action of the α2-adrenoceptor agonist dexmedetomidine in vivo. J Neurosurg Anesth 1999;
11(1): 37-41.

Tranquilli WJ, Thurmon JC, Benson GJ, Davis LE. Alteration in the arrhythmogenic dose of epinephrine (ADE)
following xylazine administration to halothane-anesthetized dogs. J Vet Pharmacol Ther. 1986; 9(2): 198-
203.

Tranquilli WJ, Thurmon JC, Benson GJ. Alterations in epinephrine-induced arrhythmogenesis after xylazine
and subsequent yohimbine administration in isoflurane-anesthetized dogs. Am J Vet Res 1988; 49(7): 1072-
1075.

Triltsch AE, Welte M, von Homeyer P, Grosse J, Genahr A, Moshirzadeh M, Sidiropoulos A, Konertz W, Kox
WJ, Spies CD. Bispectral index-guided sedation with dexmedetomidine in intensive care: a prospective, ran-
domized, double blind, placebo-controlled phase II study. Crit Care Med 2002; 30(5): 1007-1014. 

Ulloa HM, Houston BJ, Altrogge DM. Arrhythmia prevalence during ambulatory electrocardiographic mon-
itoring of Beagles. Am J Vet Res 1995; 56: 275-281.

Vainio O. Introduction to the clinical pharmacology of medetomidine. Acta Vet Scand Suppl 1989; 85: 85-
88.

Vainio O. Propofol infusion anaesthesia in dogs pre-medicated with medetomidine. J Vet Anaesth 1991;
18: 35-37.

Vainio OM, Bloor BC. Relation between body temperature and dexmedetomidine-induced minimum alve-
olar concentration and respiratory changes in isoflurane-anesthetized miniature swine. Am J Vet Res 1994;
55(7): 1000-1006.

Kuusela  2.2.2004  15:11  Sivu 67



68

Vainio O, Ojala M. Medetomidine, an α2-agonist, alleviates postthoracotomy pain in dogs. Lab Anim1994;
28(4): 369-375.

Vainio O, Palmu L. Cardiovascular and respiratory effects of medetomidine in dogs and influence of anti-
cholinergics. Acta Vet Scand 1989; 30: 401-408.

Vainio O, Vähä-Vahe T, Palmu L. Sedative and analgesic effects of medetomidine in dogs. J Vet Pharmacol
Therap 1989; 12: 225-231.

Väisänen M, Raekallio M, Kuusela E, Huttunen P, Leppäluoto J, Kirves P, Vainio O. Evaluation of the peri-
operative stress response in dogs administered medetomidine or acepromazine as part of the preanesthet-
ic medication. Am J Vet Res 2002; 63: 969-975. 

Venn RM, Bradshaw CJ, Spencer R, Brealey D, Caudwell E, Naughton C, Vedio A, Singer M, Feneck R,
Treacher D, Willatts SM, Grounds RM. Preliminary UK experience of dexmedetomidine, a novel agent for
postoperative sedation in the intensive care unit. Anaesthesia 1999; 54(12): 1136-1142.  

Venn RM, Hell J, Grounds RM. Respiratory effects of dexmedetomidine in the surgical patient requiring
intensive care. Crit Care 2000; 4(5): 302-308.

Venn RM, Bryant A, Hall GM, Grounds RM. Effects of dexmedetomidine on adrenocortical function, and
the cardiovascular, endocrine and inflammatory responses in post-operative patients needing sedation in
the intensive care unit. Br J Anaesth 2001; 86(5): 650-656.

Venugopalan CS, Holmes EP, Fucci V, Keefe TJ, Crawford MP. Cardiopulmonary effects of medetomidine in
heartworm-infected and noninfected dogs. Am J Vet Res 1994; 55(8):1148-1152.

Venugopalan CS, Holmes EP, Crawford MP, Kearney MJ, Fucci V. Sedative and analgesic effects of medeto-
midine in beagle dogs infected and uninfected with heartworm. Vet Res Commun 1998; 22: 97-106.

Vickery RG, Sheridan BC, Segal IS, Maze M. Anesthetic and hemodynamic effects of the stereoisomers of
medetomidine, an α2-adrenergic agonist, in halothane-anesthetized dogs. Anesth Analg 1988; 67: 611-
615.

Vickery RG, Maze M. Action of the stereoisomers of medetomidine, in halothane-anesthetized dogs. Acta
Vet Scand 1989; 85: 71-76.  

Vikberg JES, Uhlen S, Chhajlani V. Medetomidine stereoisomers delineate two closely related subtypes of
idazoxan (imidazoline) I-receptors in the guinea pig. Eur J Pharmacol 1991; 193: 335-340. 

Virkkilä M, Ali-Melkkila T, Kanto J, Turunen J, Scheinin H. Dexmedetomidine as intramuscular premedica-
tion for daycase cataract surgery. A comparative study of dexmedetomidine, midazolam and placebo.
Anaesthesia 1994; 49(10): 853-858.

Virtanen R, Savola J-M, Saano V, Nyman L. Characterization of the selectivity, specificity, and potency of
medetomidine as an α2-adrenoceptor agonist. Eur J Pharmacol 1988; 150: 9-14.

Vulliemoz Y, Shen H, Virag L. α2-adrenoceptor agonists decrease cyclic guanosine 3',5'-monophosphate in
the mouse brain. Anesthesiology 1996; 85(3): 544-550.

Vulliemoz Y. The nitric oxide-cyclic 3',5'-guanosine monophosphate signal transduction pathway in the
mechanism of action of general anesthetics. Toxicol Lett 1998; 100-101: 103-108.

Kuusela  2.2.2004  15:11  Sivu 68



69

Wikberg JES, Uhlen S, Chhajlani V. Medetomidine stereoisomers delineate two closely related subtypes of
idazoxan (imidazoline) I-receptors in the guinea pig. Eur J Pharmacol 1991; 193: 335-340.

Willer JC, Boureau F, Albe-Fessard D. Supraspinal influences on nociceptive flexion reflex and pain sensa-
tion in man. Brain Res 1979; 179(1): 61-68.

Willigers HM, Prinzen FW, Roekaerts PM, de Lange S, Durieux ME. Dexmedetomidine decreases perioper-
ative myocardial lactate release in dogs. Anesth Analg 2003; 96: 657-664.

Xu H, Aibiki M, Seki K, Ogura S, Ogli K. Effects of dexmedetomidine, an α2-adrenoceptor agonist, on renal
sympathetic nerve activity, blood pressure, heart rate and central venous pressure in urethane-anesthetized
rabbits. J Auton Nerv Syst 1998; 71: 48-54.

Young LE, Brearley JC, Richards DLS, Bartram DH, Jones RS. Medetomidine as a premedicant in dogs and
its reversal by atipamezole. J Sm An Pract 1990; 31: 554-559.

Zornow, MH, Fleischer JE, Scheller MS, Nakakimura K, Drummond JC. Dexmedetomidine, an α2-adrener-
gic agonist, decreases cerebral blood flow in the isoflurane-anesthetized dog. Anesth Analg 1990; 70: 624-
630.     

Zornow MH. Ventilatory, hemodynamic and sedative effects of the α2-adrenergic agonist, dexmedetomi-
dine. Neuropharmacology 1991; 30: 1065-1071.

Kuusela  2.2.2004  15:11  Sivu 69


	CONTENTS
	ABSTRACT
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1. INTRODUCTION
	2. REVIEW OF THE LITERATURE
	3. AIMS OF THE STUDY
	4. MATERIALS AND METHODS
	5. RESULTS
	6. DISCUSSION
	7. CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

