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ABSTRACT
These studies aimed to investigate the effects of vatinoxan alone and combined with detomidine and romifidine in horses. Detomidine and romifidine are α2-adrenoceptor agonists that are widely used in equine medicine
for their sedative and analgesic properties. Vatinoxan, in turn, is an α2-adrenoceptor antagonist that differs
from the commercially available and more extensively studied α2-adrenoceptor antagonists in its poor ability
to cross the blood-brain barrier, limiting its actions mainly to peripheral α2-adrenoceptors.
The main objective of these studies was to evaluate the potential of vatinoxan in preventing the adverse
effects, mediated by peripheral α2-adrenoceptors, of detomidine and romifidine, while sparing the desired
sedative action in horses. These adverse reactions include cardiovascular effects (decreased heart rate and
cardiac output, increased systemic vascular resistance), decreased intestinal motility and changes in plasma
glucose concentrations. In addition, plasma drug concentrations were investigated to elucidate the pharmacokinetic agonist-antagonist interactions.
To assess cardiovascular effects of the drugs, heart rate and arterial and central venous pressures were
measured in horses treated with α2-adrenoceptor agonists, vatinoxan and a combination of these drugs. In
horses under general anaesthesia, premedicated with either detomidine alone or combined with vatinoxan,
cardiac index was measured and systemic vascular resistance and tissue oxygen delivery were calculated.
Sedation and intestinal borborygmi were scored after treatment with detomidine, romifidine and vatinoxan or
a combination of vatinoxan with the α2-adrenoceptor agonists. From venous blood samples, plasma glucose,
ACTH and lactate, serum insulin, FFA, cortisol and triglyceride, and whole-blood potassium and sodium
were analysed.
When administered in combination with α2-adrenoceptor agonist, vatinoxan attenuated the bradycardia,
hypertension and intestinal hypomotility induced by detomidine and romifidine, while the effect on sedation
was minor. Vatinoxan alone increased heart rate, but had no effect on mean arterial blood pressure. Combined
premedication with vatinoxan and detomidine resulted in severe hypotension during general anaesthesia, and
high doses of dobutamine were required for blood pressure support. In addition, combined premedication
resulted in decreased systemic vascular resistance and increased cardiac index and tissue oxygen delivery
compared with premedication with detomidine alone. These improvements in cardiovascular performance
may, in fact, be at least partly related to high doses of dobutamine. Vatinoxan affected disposition of detomidine and romifidine, leading to greater volume of distribution and lower plasma concentration of these
α2-adrenoceptor agonists.
Romifidine induced hyperglycaemia in horses, which vatinoxan alleviated, but vatinoxan alone had no effect
on plasma glucose concentration. Serum FFA concentration was significantly higher after vatinoxan alone
than after romifidine alone or combined with vatinoxan.
The results indicate that vatinoxan was able to alleviate the cardiovascular and intestinal effects of detomidine and romifidine in standing horses, while no clinically relevant effect occurred on sedation. When
vatinoxan was administered before general anaesthesia, marked hypotension followed. Romifidine-induced
hyperglycaemia was attenuated by vatinoxan. Vatinoxan increased the volume of distribution and decreased
plasma concentrations of intravenously administered detomidine and romifidine. Romifidine had no significant impact on plasma concentration of vatinoxan.
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Introduction

1.

INTRODUCTION

Alphα2-adrenoceptor agonists, such as detomidine and romifidine, are widely used sedative agents in equine
medicine. In addition to their sedative properties, they induce antinociception, which is useful for minor veterinary procedures. These advantageous effects come, however, with some less desired side-effects. These
include changes in cardiovascular function manifesting as bradycardia, conduction disturbances, increased
peripheral vascular resistance and decreased intestinal motility. The latter may be particularly harmful in
horses, a species prone to ileus and colic.
The effects of α2-adrenoceptor agonists can be prevented or reversed by α2-adrenoceptor antagonists; atipamezole is in clinical use in small animals. In recent years, increasing interest has focused on vatinoxan, an
α2-adrenoceptor antagonist that acts mainly on peripheral α2-adrenoceptors because of its low lipophilicity,
resulting in poor ability to cross the blood-brain barrier (Clineschmidt et al. 1988). The peripherally restricted action of vatinoxan creates a possibility to counteract the undesired side-effects of α2-adrenoceptor
agonists, which are mediated mainly via peripheral α2-adrenoceptors, while preserving the sedative and
analgesic effects needed for veterinary procedures.
Before our studies, the use of vatinoxan had been studied mostly in a restricted number of species, such as
sheep and dogs; only one study on cardiovascular effects of medetomidine and vatinoxan included horses
(Bryant et al. 1998). The aim of our studies was to investigate the potential of vatinoxan in counteracting the
peripheral effects, with the main focus on cardiovascular function during sedation and general anaesthesia
and intestinal hypomotility, of detomidine and romifidine in horses. The effects of combined administration
of romifidine and vatinoxan on selected neurohormonal variables and changes related to energy metabolism
were also assessed. Lastly, the plasma concentrations of detomidine, romifidine and vatinoxan and the interaction between these α2-adrenoceptor agonists and the antagonist affecting each other’s plasma concentrations were studied to gain a clear understanding of the observations made during the trials.
Our hypothesis was that vatinoxan would antagonize the peripheral side-effects of detomidine and romifidine while preserving the sedative effect. In practice, this would be manifested as stable heart rate (HR),
arterial blood pressure (ABP) and systemic vascular resistance (SVR), and conserved intestinal motility
when vatinoxan is combined with the α2-adrenoceptor agonist. Furthermore, we hypothesized that vatinoxan
would have an effect on disposition of detomidine and romifidine, which would be seen as increased volume
of distribution (Vd) and decreased area under plasma concentration time curve (AUC) of these drugs. In
addition, we expected romifidine to induce hyperglycaemia, hypoinsulinaemia and a decrease in serum FFA
concentrations, and that these effects would be prevented when romifidine is administered in combination
with vatinoxan.
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2.		 REVIEW OF THE LITERATURE				
2.1 Alpha-adrenergic receptors
Adrenergic receptors and their natural ligands noradrenaline and adrenaline mediate the actions of the sympathetic nervous system, which controls a wide variety of vital functions of the body. The classification of
adrenergic receptors to alpha (α) and beta (β) was initially presented by Ahlquist (1948). Further division of
α-adrenergic receptors to α1 and α2 subclasses was made according to their differences in affinity to receptor
ligands (Langer 1974). The classic example of α1-adrenoceptor is that it is located at the postsynaptic nerve
terminal and ligand binding results in activation of the target cell. The α2-adrenoceptor, in turn, was first
discovered at a presynaptic location exerting an inhibitory action of noradrenaline release from the nerve
terminal (Berthelsen and Bettinger 1977), although these receptors were later found also on postsynaptic
sites (Drew and Whitling 1979; Langer et al. 1980; Madjar et al. 1980). Furthermore, the α1-adrenoceptors
were divided into α1A, α1B and α1D (see review in Zhong and Minneman 1999) and α2-adrenoceptors into α2A,
α2B, α2C and α2D subclasses (Bylund et al.1988; Blaxall et al. 1991). Alphα2A receptor subtype was first discovered in human platelets and rabbit spleen (Bylund et al.1988; Michel et al. 1989), α2B in rat lung and kidney
(Latifpour et al. 1982; Bylund et al.1988), α2C in opossum kidney cells (Murphy and Bylund 1988; Blaxall
et al. 1991) and α2D in rat submaxillary gland and bovine pineal gland (Michel et al. 1989; Simonneaux et
al. 1991). Alphα2A and α2D subtypes are, in fact, very similar in structure and there is a possibility that they
are the same receptor discovered in different mammalian species and the fourth α2-adrenoceptor subtype is
actually found in zebrafish (Ruuskanen et al. 2004, see commentary in Bylund 2005).

2.2 Central α2-adrenoceptors
The sedative action of α2-adrenoceptor agonist was discovered when clonidine induced sleep in several
animal species by central sympatholytic effect, decreasing monoaminergic transmission and inhibiting the
spontaneous firing of noradrenergic neurons in mammalian nucleus locus coeruleus (NLC) (Holman et al.
1971; Svensson et al. 1975). The NLC is the center of noradrenergic pathways in the central nervous system.
It is densely populated with α2-adrenoceptors and is located in the close vicinity of the fourth ventricle at the
level of the pons (see review in Foote et al. 1983). In addition to induction of sleep, clonidine is reported to
alter behaviour and sexual activity, modify anxiety, learning and memory, cause ataxia and decrease motility
in rodents (Nomura et al. 1980; Clark et al. 1984; Delini-Stula 1984; Arnsten and Goldman-Rakic 1985;
Luttinger et al. 1985; Pellow et al. 1985). Several other α2-adrenoceptor agonists, e.g. detomidine and dexmedetomidine, are reported to cause sedation mediated by central α2- adrenoceptors in laboratory animals
(Hsu 1981; Virtanen et al. 1985; Doze et al. 1989). The hypnotic action of dexmedetomidine was located at
NLC (Boyajian et al. 1987; Correa-Sales et al. 1992).
In addition to sedative and behaviour-modifying action (later this action was specified to be related to
α2A-adrenoceptor), α2-adrenoceptors mediate central hypotension caused by α2-adrenoceptor agonists (Kubo
and Misu 1981; MacMillan et al. 1996). Alphα2-adrenoceptors in the central nervous system also alter nociception (Luttinger et al. 1985; Jones and Gebhart 1986), thermoregulation (Myers et al. 1987) and induce
mydriasis (Berridge et al. 1983).

2.3 Peripheral α2-adrenoceptors
Alphα2-adrenoceptor activation is known to affect numerous body functions also in peripheral receptor sites.
Soon after their discovery, agonists of α2-adrenoceptors were noted to cause vasoconstriction (Timmermans
and van Zwieten 1980). Later, α2A and α2B-adrenoceptors in vascular smooth muscle were specified to medi10
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ate peripheral vasoconstriction and hypertensive effect, whereas activation of α2C-receptor subtype does not
result in cardiovascular effects (Link et al. 1996; MacMillan et al. 1996). Hypertension is reported to result
in bradycardia and conduction disturbances mediated by baroreceptor reflex (Sarazan et al. 1989).
Another body system that is markedly affected by α2-adrenergic function is the gastrointestinal tract. Gastrointestinal motility and gastric acid secretion are decreased by α2-adrenoceptor agonists, the latter of which
might also involve a central mechanism (Ruwart et al. 1980; Del Tacca et al. 1982). Furthermore, activation
of α2-adrenoceptors inhibits lipolysis in human adipose tissue (Lafontan and Berlan 1980) and insulin secretion from pancreatic β-cells in mice, resulting in hyperglycaemia (Nakadate et al. 1980; Angel et al. 1988).
Lastly, α2-adrenoceptors mediate platelet aggregation (Barthel and Marward 1974; Shattil et al. 1981) and
antagonize the effects of antidiuretic hormone, leading to increased urine production (Smyth et al. 1985;
Nuñez et al. 2004).

2.4 Central and peripheral imidazoline receptors
Central imidazoline receptors were discovered to participate in the central hypotensive effect of clonidine,
an α2-adrenoceptor agonist with imidazoline structure (Bousquet et al. 1984; Ernsberger et al. 1990). Afterwards, three separate types of imidazoline receptors have been described according to their affinities to different ligands. These are clonidine-preferring I1 and its ligand imidazoline receptor antisera selected (IRAS)
(Piletz et al 2000), idazoxan-binding I2 and its ligand monoamine oxidase (MAO) (Tesson et al. 1995) and
I3, which shows insulinotropic action independent of α2-adrenergic action (Schultz and Hasselblatt 1989). As
many of the other α2-adrenoceptor agonists possess an imidazoline ring in their structure, their actions might
also be mediated by imidazoline receptors, in addition to α2-adrenoceptors (Göthert and Molderings 1991).

2.5 Detomidine and romifidine in horses
Alphα2-adrenoceptor agonists are widely studied and used in veterinary medicine for sedation, analgesia
and premedication before general anaesthesia. The most widely used drugs in this group are medetomidine
and dexmedetomidine, which are also the most α2-specific. Xylazine (IUPAC N-(2,6-dimethylphenyl)-5,6dihydro-4H-1,3-thiazin-2-amine), detomidine (IUPAC 5-[(2,3-dimethylphenyl)methyl]-1H-imidazole) and
romifidine (IUPAC N-(2-bromo-6-fluorophenyl)-4,5-dihydro-1H-imidazol-2-amine), in turn, are commonly
used in equine medicine (see review in England and Clarke 1996). Reported α2:α1 specificities are 260:1 for
detomidine (Virtanen et al. 1988) and 340:1 for romifidine (Muir 2009). Detomidine is reported not to have
selectivity to any α2-adrenoceptor subtype in vitro (Schwartz and Clark 1998).
In addition to their sedative and antinociceptive effects, α2-adrenoceptor agonists are reported to cause a
variety of other, usually less desirable, effects such as cardiac disturbances, ataxia, mydriasis, sweating,
piloerection, penile prolapse and increased frequency of urination in horses (Vainio 1985; Clarke & Taylor
1986; Kamerling et al. 1988a; Hamm et al. 1995).

2.5.1 Central effects of detomidine and romifidine
2.5.1.1 Sedative effect
Detomidine is reported to induce sufficient sedation for veterinary procedures at intravenous (IV) doses of
5-20 µg/kg, although the recommended dosage was initially much greater; 100-300 µg/kg (Vainio 1985;
Clarke and Taylor 1986). The sedative effect is dose-dependent, but the dose of 20 µg/kg results in maximal
sedation and higher doses seem to increase only the duration of the effect (Vainio 1985; Jöchle and Hamm
11
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1986; Kamerling et al. 1988b; Hamm et al. 1995). Romifidine at a dose of 80 µg/kg causes its maximal
sedative effect, which is similar to detomidine at 20 µg/kg. The depth and duration of romifidine-induced
sedation also increase with the dose, although romifidine has shown a reduced depth of sedation at a high
dose of 120 µg/kg (Jöchle and Hamm 1986; England et al. 1992; Hamm et al. 1995; Freeman and England
2000). Romifidine-induced sedation is, in addition, longer lasting than sedation with detomidine (Freeman
and England 2000). Horses sedated with α2-adrenoceptor agonist become ataxic, and this effect is reported
to be dose-dependent. Romifidine is considered to induce less ataxia than detomidine (Clarke et a. 1991;
England et al. 1992; Hamm et al. 1995; Freeman and England 2000).
Detomidine is useful as a sedative also via intramuscular (IM) administration, but the doses needed to
achieve a proper sedative effect are higher than with the IV route. Intramuscular administration is particularly useful in horses that are difficult to handle (Clarke and Taylor 1986; Jöchle and Hamm 1986). The
time required to achieve a sedative effect with IM dosing is greater (up to 12 minutes) than with IV dosing
(30 seconds) (Lowe and Hilfiger 1986). During the last few years detomidine has been registered also for
sublingual administration and provides a reliable sedative effect also by this route. The sedative effect of
detomidine administered sublingually at a dose of 40 µg/kg is reported to be appropriate for routine veterinary and husbandry procedures (Gardner et al. 2010) and maximal sedation is achieved 60-100 minutes after
administration (Dimaio Knych and Stanley 2011; Kaukinen et al. 2011; L’Ami et al. 2013).
Detomidine and romifidine are routinely combined with opioids, the most widely used of which is butorphanol. Combination usage results in better antinociception and sedation, manifested as decreased responsiveness to touch or audiovisual stimuli, which is very useful during veterinary procedures (Clarke and Paton
1988; Clarke et al. 1991).

2.5.1.2 Antinociceptive effect
The mechanism of antinociception caused by α2-adrenoceptor agonists was investigated in dogs; it was
found to be the result of their action at the level of the spinal cord (Sabbe et al. 1994). Variability in methods by which the antinociceptive effect is assessed in horses limits the comparison of published studies.
Furthermore, the effect of detomidine on the nociceptive threshold depends on the method used or even the
anatomical location to which the stimulus is targeted (Kamerling et al. 1988b). In the majority of the reports,
detomidine increases the nociceptive threshold for mechanical stimuli in the limbs and trunk (Vainio 1985;
Chambers et al. 1993; Moens et al. 2003; Mama et al. 2009), noxious thermal stimulus of the skin (Kamerling et al. 1988b), stimulus created by electric current (Jöchle and Hamm 1986; Hamm et al. 1995; Moens et
al. 2003; Rohrbach et al. 2009) and distention of viscera in horses (Lowe and Hilfiger 1986; Elfenbein et al.
2009). Published reports indicate that the detomidine dose of 20 µg/kg produces adequate antinociception
in most cases relative to doses ranging from 5 to 10 µg/kg; with doses under 20 µg/kg, the antinociceptive
effect has been inconsistent. Furthermore, the duration of antinociceptive effect is dose-dependent, ranging
from 5 to 320 minutes with detomidine doses of 5-160 µg/kg (Lowe and Hilfiger 1986; Kamerling 1988b;
Chambers et al. 1993; Hamm et al. 1995; Mama et al. 2009). The nociceptive threshold of horses suffering
from chronic pain, which results in increased sensitivity to painful stimuli, is also increased by detomidine,
but less than in healthy horses (Chambers et al. 1993; Owens et al. 1996). Detomidine is reported to be a
very effective analgesic in clinical cases of colic, leading to satisfactory or highly satisfactory effect in at
least 96% of cases. The horses in which pain control was unsatisfactory had colic due to severe small intestinal strangulation, requiring surgical intervention or euthanasia (Jöchle 1989; Jöchle et al. 1989).
Results regarding the antinociceptive effect of romifidine are conflicting. Romifidine is reported to have no
effect on the nociceptive threshold for electrical stimulus at doses of 40-120 µg/kg (Hamm et al. 1995) and
for mechanical stimulus at a dose of 80 µg/kg (Moens et al. 2003) or to have a significantly lower antino12
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ciceptive effect at a dose of 80 µg/kg relative to 20 µg/kg of detomidine measured with electrical stimulus
(Moens et al. 2003). In contrast, there are reports of good and relatively long-lasting (55-120 minutes)
antinociceptive effect measured with electrical stimulus at a dose of 80 µg/kg, which induced better antinociception than 20 µg/kg of detomidine (Spadavecchia et al. 2005; Rohrbach et al. 2009).

2.5.2 Detomidine and romifidine as preanaesthetics before general anaesthesia
Alphα2-adrenoceptor agonists are commonly used as premedication before induction of general anaesthesia
in horses (Clarke 2014). Detomidine is known to decrease the requirement of other anaesthetic agents when
it is used as a part of the anaesthetic protocol. In laboratory animals, this is seen as lengthened barbiturate-induced sleeping time (Vainio 1985). A dose-dependent decrease in the minimum alveolar concentration
(MAC) of isoflurane was also observed after injection of detomidine in equine species (Short et al. 1986a;
Steffey and Pascoe 2002). Detomidine premedication was recognized to lengthen the anaesthesia induction
time compared with xylazine (Saarinen 1986). Cardiovascular effects of α2-adrenoceptor agonists, such
as decrease of HR and CO, might impair the distribution of intravenous injectables (Mama et al. 2009). A
greater decrease of HR and CO after intravenous detomidine relative to xylazine (Wagner et al. 1990), causing delayed distribution of the drug to the central nervous system, could explain the differences in induction
times between these agents. The quality of induction was reported to be smooth and muscle relaxation good
after detomidine premedication (Saarinen 1986; Short et al. 1986a). In addition, romifidine has proven to
provide sufficient sedation for smooth induction of anaesthesia with ketamine (Diamond et al. 1993).
Taylor and co-workers (2001) compared detomidine (20 µg/kg) and romifidine (100 µg/kg) as premedications before general anaesthesia in horses. They concluded that both α2-adrenoceptor agonists perform
satisfactorily as premedication, and the difference between the two compounds was that romifidine caused
a greater decrease of mean arterial blood pressure (MAP) during anaesthesia induced with ketamine and
maintained with halothane. The reduction of HR after α2-adrenoceptor agonists might result in decreased
CO, which is commonly present in horses under general anaesthesia (Clarke 2014).

2.5.3 Pharmacokinetics of detomidine and romifidine
Publications on the pharmacokinetics of detomidine and romifidine in horses are scarce. In addition, the
results vary between the studies (Salonen et al. 1988; 1989; Grimsrud et al. 2009; Wojtasiak-Wypart et al.
2012; Cenani et al. 2017). The maximum observed plasma concentration (Cmax) of detomidine is detected a
few minutes after a single bolus IV dose, after which the concentration declines rapidly (Salonen et al. 1989;
Grimsrud et al. 2009; Mama et al. 2009). The absorption after subcutaneous dosing in rats and IM dosing in
calves is reported to be fast, with Cmax occurring in 10-15 minutes (Salonen 1986). In horses, by contrast, the
Cmax of detomidine after IM administration was found to occur at 77 minutes (Grimsrud et al. 2009). After
sublingual administration, Cmax of detomidine is reached in 36 minutes (Dimaio Knych and Stanley 2011).
The possibility that part of the product is either expelled from the mouth or swallowed after sublingual administration might explain the greater individual variation of pharmacokinetic parameters compared with
the IV route (Dimaio Knych and Stanley 2011). A summary of the pharmacokinetic parameters of detomidine and romifidine is presented in Table 1.
The time-concentration curve of romifidine is very similar to that of detomidine, with Cmax occurring a
few minutes after IV administration, and fitted best the two-compartmental model (Wojtasiak-Wypart et al.
2012; Cenani et al. 2017). Compared with detomidine, romifidine has a larger Vd, faster total body clearance
(Cl) and longer elimination half-life (T½ß).
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Table 1. Summary of basic pharmacokinetic parameters in median (range) or mean (± SD) of detomidine
and romifidine in horses.
Drug

Route

Dose
(µg/kg)

Vd
(l/kg)

Cl
(ml/kg/min)

T½ß
(min)

Reference

DET *

IV

50

6.8

8.1

582

Salonen 1986

DET

IV

80

0.74
(± 0.25)

7.1
(±1.6)

71.4
(± 16.2)

Salonen et al. 1989

DET

IM

80

1.56

10.1

106.8

Salonen et al. 1989

DET

IV

30

0.48
(0.22–0.69)

11.66
(10.10–18.37)

24.1
(12.7–41.3)

Grimsrud et al. 2009

DET

IM

30

NA

NA

51.4
(35.9–90.1)

Grimsrud et al. 2009

ROM

IV

80

4.56
(3.63–5.12)ss

32.4
(25.5–38.4)

138.2
(104.6–171.0)

WojtasiakWypart et al. 2012

ROM

IV

100

2.03
(1.13-3.37)ss

20
(16-26)

127
(94-141)

Cenani et al. 2017

* Preliminary study with one horse
DET, detomidine; ROM, romifidine; ss at steady state; NA, not reported in study in question.
In earlier studies, elimination of detomidine has been described as biphasic after a dose of 50-80 µg/kg
(Salonen 1986; Salonen et al. 1989), but a more recent publication with a smaller dose of detomidine (30
µg/kg) reports first-order kinetics (Grimsrud et al. 2009). The pharmacokinetic profile of detomidine is
best-described with a one-compartmental model (Elfenbein et al. 2009; Grimsrud et al. 2009; Hubbel et al.
2009). Detomidine seems to alter its own pharmacokinetics, as Cl is decreased and T½ß increased after larger
doses (Salonen et al. 1989; Elfenbein et al. 2009). This phenomenon is reported also in dogs treated with
medetomidine and dexmedetomidine and is explained by decreased CO and peripheral vasoconstriction,
which change the disposition of the drugs and prolong their elimination (Salonen et al. 1995, Honkavaara
et al. 2012).
Pharmacokinetics of IV detomidine is also altered by exercise; Hubbel and co-workers (2009) reported significantly increased T½ß, Vd and residence time after maximal exercise compared with non-exercised horses.
Increased CO, redistribution of blood flow and changes in hydrogen (H+) ion concentration of tissues after
exercise were considered to be the most important factors contributing to these changes; increased CO and
blood flow to muscle tissue may have resulted in increased Vd, decreased blood flow to liver and kidneys,
decreased metabolic rate and increased H+ concentration in tissues via excretion to urine, leading to ion
trapping of detomidine to tissues (Hubbel et al. 2009).
Elimination and metabolites of detomidine in urine were first investigated in rats, in which the most important route of elimination of detomidine is biotransformation in the liver (Salonen and Suolinna 1988).
Detomidine undergoes hydroxylation of the methyl substituent at the 3-position of the aromatic ring. The
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metabolite, hydroxydetomidine, is then further oxidized to detomidine carboxylic acid and conjugated to
glucuronides. Some other minor elimination pathways were also reported in the rat (Salonen et al. 1988).
Later, urine was analysed for metabolites of detomidine after peroral and IV administration in horses, and
the metabolic pathway was reported to be similar to that in the rat, although the ratios of the metabolites
varied between the species. In the horse, oxidation of hydroxydetomidine was the major pathway, and the
rate of glucuronide conjugation was limited (Salonen et al. 1992). In rat urine, the major metabolites present
were reported to be glucuronide conjugates (Salonen et al. 1988), in contrast to horses, in which the detomidine carboxylic acid was most abundant metabolite. In horses, the glucuronide conjugates might be excreted
mostly in bile (Salonen et al. 1992). According to the report of the European Medicines Agency, romifidine
is degraded very quickly in horses after IV administration, with elimination occurring mainly via kidneys
and to a lesser extent via faeces (EMA 2013).

2.5.4 Cardiovascular and respiratory effects of detomidine and romifidine
The cardiovascular actions of detomidine were initially studied in laboratory animals. Detomidine was
discovered to dose-dependently lower HR and to cause a biphasic effect on blood pressure in rats and cats.
After detomidine administration, blood pressure is initially increased, after which a second mildly hypotensive phase follows (Savola 1986). Hypertension caused by α2-adrenoceptor agonists in rats is mediated by
peripheral α2-adrenoceptors on vascular smooth muscle (Savola 1989), whereas hypotensive and bradycardic, predominantly vagally mediated, effects in rats (De Jonge et al. 1982) and cats (Kitagawa and Walland
1982; Savola et al. 1985) were found to be mediated by a central mechanism. The same effect is seen also
in horses after administration of detomidine. The increase in SVR (Wagner et al. 1991; Yamashita et al.
2000) and, as a result, hypertension are evident in minutes after IV administration of detomidine (Vainio
1985; Clarke and Taylor 1986; Short et al. 1986a; Clarke and Paton 1988; Sarazan et al. 1989; Raekallio et
al. 1991a; Yamashita et al. 2000). Although vasoconstriction is manifested also as reduced coronary arterial
flow in horses, no evidence of myocardial ischaemia was detected (Sarazan et al. 1989). Furthermore, signs
of myocardial ischaemia were not detected even after large doses of α2-adrenoceptor agonist dexmedetomidine in pigs (Jalonen et al. 1995). A decreasing effect on ABP is reported after initial hypertension, especially
with lower doses (10-20 µg/kg), but the decrease is rather mild (Clarke and Taylor 1986; Clarke and Paton
1988; Sarazan et al. 1989), and it is not detected in all studies (Yamashita et al. 2000). Initial hypertension
followed by a decrease in ABP is also detected after romifidine (Clarke et al. 1991).
In horses, the hypertension results in a secondary decrease of HR accompanied by bradyarrhythmia manifested as sino-atrial and atrio-ventricular (AV) blocks (Sarazan et al. 1989), which are detected in the electrocardiogram of horses treated with detomidine and romifidine (Buhl et al. 2007). The effect is mediated
by baroreceptor reflex (see review in Fernandez et al. 2015). This negative chronotropism is seen after IV
administration of detomidine (Vainio 1985; Clarke and Taylor 1986; Short et al. 1986a; 1986b; Clarke and
Paton 1988; Sarazan et al. 1989; Raekallio et al. 1990; 1991a; England et al. 1992; Buhl et al. 2007) and
romifidine (Gasthuys et al. 1990; Clarke et al. 1991; England et al. 1992; Diamond et al. 1993; Buhl et al.
2007) and after IM (Wagner et al. 1991; Mama et al. 2009) and sublingual (Dimaio Knych and Stanley 2011;
Kaukinen et al. 2011; L’Ami et al. 2013) administration of detomidine. The duration of negative chronotropism is reported to be dose-dependent (Kamerling et al. 1988a), lasting 45-240 minutes after detomidine IV
or IM doses of 10-60 µg/kg (Raekallio et al. 1991a; Wagner et al. 1991; England et al. 1992). The decrease
of HR is reported also in horses with elevated basal heart rate caused by abdominal pain (Jöchle 1989;
Jöchle et al. 1989).
Although some studies suggest that detomidine decreases ventricular contractility in horses (Sarazan et al.
1989; Wagner et al. 1991), the most important changes in cardiac function are decreased HR, alterations
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in blood pressure, increased afterload and, as a result, decreased cardiac output (CO) (Sarazan et al. 1989;
Gasthuys et al. 1990; Wagner et al. 1991; Yamashita et al. 2000). Stroke volume is reported either to be
unaffected (Wagner et al. 1991) or to decrease (Yamashita et al. 2000) after detomidine. The effects of detomidine and romifidine on cardiac function of horses are reflected also as changes in echocardiographic
measurements (Buhl et al. 2007).
In several studies, detomidine and romifidine decreased respiratory rate and arterial partial pressure of oxygen (PaO2) in conscious horses, but in some reports these effects are very short-lived (Reitemeyer et al.
1986; Clarke and Paton 1988; Kamerling et al. 1988a; Gasthuys et al. 1990; Clarke et al. 1991; Wagner et
al. 1991; Yamashita et al. 2000; Nyman et al. 2009). There is also a contradictory report with no effect, although in that study the first sample was taken 15 minutes after medication so the effect could have already
disappeared (Raekallio et al. 1990). Decreased respiratory rate after detomidine was observed also in horses
suffering from abdominal pain (Jöchle 1989; Jöchle et al. 1989), but not in healthy horses after high doses
(100-300 µg/kg, Vainio 1985). An indicator of hypoventilation, arterial partial pressure of carbon dioxide
(PaCO2), remained unchanged or slightly elevated after detomidine (Short et al. 1986a; 1986b; Clarke and
Paton 1988; Raekallio et al. 1990; Wagner et al. 1991; Yahashita et al. 2000; Nyman et al. 2009), but increased after romifidine administration (Clarke et al. 1991). No reports demonstrating the other possible
mechanisms of decreased PaO2, such as ventilation perfusion mismatch, pulmonary shunt, diffusion barrier
or low mixed-venous O2, after administration of α2-adrenoceptor agonists to conscious horses can be found.
The magnitude of changes in PaO2 and PaCO2 were not clinically significant in these studies.

2.5.5 Gastrointestinal effects of detomidine and romifidine
Alphα2-adrenergic tone affects the motility and tone of the equine gastrointestinal tract (Lester et al. 1998),
and α2-adrenoceptors with binding properties of both α2A and α2B receptors are found in smooth muscle of
equine ileum (Re et al. 2001). Interestingly, the binding properties of ileal α2-adrenoceptors were different,
indicating differences in distribution of these receptors, in male and female horses (Re et al. 2001). Detomidine and romifidine are reported to cause a rapid and profound decrease in duodenal and large colon
motility in horses (Roger and Ruckebusch 1987; Merrit et al. 1998; Freeman and England 2001; Elfenbein
et al. 2009). The studies reporting an inhibitory effect of detomidine on duodenal motility indicate dose-dependency in its duration, lasting 50-60 minutes with the recommended doses of 10-20 µg/kg and up to 180
minutes with a very high dose of 100 µg/kg (Roger and Ruckebusch 1987; Merrit et al. 1998; Elfenbein et
al. 2009). The same applies to romifidine, after which the inhibitory effect lasted significantly longer with
a high dose of 120 µg/kg than with 80 µg/kg. The duration and magnitude of the effect differed between
different parts of the gastrointestinal tract, and after a dose of 120 µg/kg some inhibitory effect on motility of
the small intestine and large colon was still detectable after 120 minutes, but not after 180 minutes from drug
administration (Freeman and England 2001). The effect was also noted using in vitro equine duodenal preparations, which proved that the decrease in motility is mediated by a peripheral mechanism (Zullian et al.
2011). Although the exact location of the site of action remains unknown, it might be related to stimulation
of α2A receptors located in the enteric nervous system, which may inhibit the release of acetylcholine from
the Auerbach plexus (Blandizzi et al, 1991). Detomidine induced relaxation of the large colon accompanied
by signs of pain relief in an experimental colic model of horses (Roger and Ruckebusch 1987).

2.5.6 Effects of detomidine and romifidine on selected neurohormonal variables and
changes related to energy metabolism
In horses, blood glucose increases in a dose-dependent fashion after IV detomidine administration. Hyperglycaemia has also been reported after IM detomidine and after IV romifidine injection (Short et al. 1986a;
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Gasthyus et al. 1987; Carroll et al. 1997; Luna et al. 2011; Kullmann et al. 2014). Moreover, an increase in
blood glucose was noted in horses under general anaesthesia when detomidine was used as a premedication
(Short et al. 1986a). The hyperglycaemic effect of α2-adrenoceptor agonists is related to their action on pancreatic β-cells, leading to inhibition of insulin secretion and secondary hyperglycaemia (Angel et al. 1988).
Administration of detomidine has also resulted in a significant decrease in serum FFA (Carroll et al. 1997).
The findings considering the effect of detomidine on serum cortisol concentration are conflicting; no effect
(Raekallio et al. 1991b) and decreasing effect (Raekallio et al. 1992; Carroll et al. 1997) are reported in research settings. In addition, detomidine decreased serum cortisol concentration in clinical equine patients;
the effect might be explained by high baseline cortisol concentrations of these horses (Raekallio et al. 1992).

2.6 Alphα2-adrenoceptor antagonists in horses
Among the α2-adrenoceptor antagonists, atipamezole (previously known as MPV-1248), yohimbine and
tolazoline are the most extensively studied in horses. They act on both central and peripheral α2-adrenoceptors and can be used for partial or full reversal of the sedative effect of α2-adrenoceptor agonists (Nilsfors and Kvart 1986; Raekallio et al. 1990; Kollias-Baker et al. 1993; Ramseyer et al. 1998; Paddleford
and Harvey 1999; Hubbell and Muir 2006). Administration of α2-adrenoceptor antagonists has resulted in
side-effects such as re-sedation, increased responsiveness to external stimuli and even excitation (Ramseyer
et al. 1998; Dimaio Knych et al. 2011a; 2011b). In addition to the behavioural effects, administration of yohimbine alone resulted in a transient increase in HR and prevention of AV conduction disturbances present
in some non-medicated horses (Dimaio Knych et al. 2011b), although the effect of yohimbine on HR was
not detected in another study (Dimaio Knych et al. 2011a). When administered with xylazine or detomidine, α2-adrenoceptor antagonist drugs (atipamezole, yohimbine and tolazoline) partially prevented negative chronotropism and AV conduction disturbances induced by the α2-adrenoceptor agonists (Nilsfors and
Kvart 1986; Raekallio et al. 1990; Kollias-Baker et al. 1993; Ramseyer et al. 1998). In addition, tolazoline
increased MAP significantly in xylazine-treated horses (Kollias-Baker et al. 1993). In detomidine-treated
horses, in turn, MAP remained unchanged after tolazoline (Carroll et al. 1997) and increased after atipamezole (Nilsfors and Kvart 1986).
Atipamezole and yohimbine are reported to prevent the α2-adrenoceptor agonist-induced decrease in motility of equine duodenal preparations in vitro (Zullian et al. 2001). When administered alone to conscious
horses, yohimbine increased the myoelectric activity of several regions of the gastrointestinal tract (Lester
et al. 1998), increased gastrointestinal sounds and resulted in a high frequency of defecation (Dimaio Knych
et al. 2011a; 2011b), although neither atipamezole nor yohimbine had any effect on motility of duodenal
preparations in vitro (Zullian et al. 2001). In addition to the effects on normal gastrointestinal function,
yohimbine restored blood flow, contractions of the caecum and colon (Eades and Moore 1993) and gastric
emptying compromised by endotoxin infusion in horses (Meisler et al. 2000). Yohimbine also alleviated
experimentally induced postoperative ileus in horses (Gerring and Hunt 1986).
Yohimbine is reported to have no effect on blood glucose concentration in horses (Dimaio Knych et al.
2011b), and atipamezole had no effect on detomidine-induced hyperglycaemia (Luna et al. 2011). In contrast, administration of tolazoline after IV detomidine resulted in a significant increase in blood glucose
concentration (Carroll et al. 1997). Other detected effects of tolazoline after detomidine treatment were
increases in serum cortisol and FFA concentrations (Carroll et al. 1997).
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2.7 Vatinoxan
Vatinoxan
(IUPAC
N-[2-[2R,12bS]-2’-oxospiro[1,3,4,6,7,12b-hexahydro-[1]benzofuro[2,3-a]quinolizine-2,5’-imidazolidine]-1’-yl]ethyl]methanesulfonamide), previously known as L-659,066 and MK-476,
is an α2-adrenoceptor antagonist that belongs to spirocyclic-substituted benzofuroquinolizines (Clineschmidt
et al. 1988) and contains an imidazoline group in its structure. It has low lipophilicity, resulting in poor penetration of the blood-brain barrier, and an ability to selectively block α2-adrenoceptors in peripheral sites
(Clineschmidt et al. 1988). This feature distinguishes vatinoxan from other α2-adrenoceptor antagonists, which
act also on central α2-adrenoceptors. An α2: α1 selectivity of 105 is reported for vatinoxan (Clineschmidt et
al.1988). In horse and sheep, no effect of vatinoxan was detected on cardiovascular response to methoxamine,
an α1-adrenoceptor agonist, suggesting that it has no clinically relevant effect on α1-adrenoceptors (Bryant et
al. 1998).

2.7.1 Pharmacokinetics of vatinoxan
Plasma concentrations and certain pharmacokinetic parameters of vatinoxan were first reported by Honkavaara and co-workers (2012) in dogs, although they measured the plasma concentration only for 60 minutes, which may cause some inaccuracy in the calculations. The same applies to the results of Bennet and
co-workers (2016), which were calculated after a sampling period of 120 min. Reports in cats were based on
a much longer follow-up time (8 hours), enabling more reliable calculations of pharmacokinetic parameters
(Pypendop et al. 2016; 2017). A summary of the published pharmacokinetic data on vatinoxan is presented
in Table 2. Dexmedetomidine did not have a significant effect on the plasma concentrations of vatinoxan in
dogs or cats (Honkavaara et al. 2012; Pypendop et al. 2016; 2017).
Table 2. Summary of basic pharmacokinetic parameters of vatinoxan presented as mean ± SD or median
(range) depending on how they appear in the original reports.
Species

Dose
(µg/kg)

Route

Vd
(l/kg)

Cl
(ml/kg/min)

T½ß
(min)

Reference

Dog

250

IV

0.41
± 0.13

7.8
± 3.4

39
± 7.6

Honkavaara et al. 2012

Cat

300

IV

0.491
(0.379–0.604)

3
(2–4.5)

122
(99–139)

Pypendop et al. 2016

Dog

250

IV

1.0
± 0.9

10.6
± 6.9

65.6
± 20.1

Bennett et al. 2016

Cat

600

IV

0.558
(0.501-0.605)

4.5
(3.8-6.3)

97
(69-105)

Pypendop et al. 2017

Cat

600

IM

0.607
(0.388-0.900)*

5.9
(2.8-8.5)*

NA

Pypendop et al. 2017

* V/F and Cl/F for IM treatment, reported F (%) was 99.5 (52.6-148.7)
NA, not applicable or not reported, F, bioavailability			
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2.7.2 Cardiovascular effects of vatinoxan
Vatinoxan, administered as a sole agent or as a premedication before other medications, is reported to have
a variety of effects on cardiovascular function in various species. In dogs, vatinoxan alone increased HR,
enhanced cardiac performance measured by CO and cardiac index (CI) (Pagel et al. 1998; Enouri et al. 2008;
Honkavaara et al. 2011) and decreased SVR (Pagel et al. 1998; Enouri et al. 2008). The latter effect was reported to be dose-dependent (Pagel et al. 1998). In addition, a dose-dependent increase of HR and decrease
of MAP was reported in rats (Szemeredi et al. 1989). In cats, only a transient increasing trend of HR was
described (Honkavaara et al. 2017). In dogs, MAP, left ventricular pressure and coronary vascular resistance
remained unchanged after administration of vatinoxan (Pagel et al. 1998). In methoxamine-pretreated horse
and sheep, in turn, vatinoxan had no effect on HR (Bryant et al. 1998). In that study, MAP increased immediately after IV administration in sheep, but no effect on blood pressure was detected in horses. In human volunteers, vatinoxan caused a slight increase in blood pressure during the first hour after oral administration, but
HR remained unchanged (Warren et al. 1991). In hypovolaemic rats, HR and central venous pressure (CVP)
increased, but MAP remained unchanged after administration of vatinoxan (Tiniakov and Scrogin 2006).

2.7.3 Metabolic effects of vatinoxan
Initially, research of vatinoxan was focused on its effects on plasma glucose and insulin concentrations.
Vatinoxan induced a transient increase in plasma glucose and insulin concentrations in fasted mice (Goldman et al. 1989), but did not affect plasma glucose concentration in human volunteers (Warren et al. 1991;
Schafers et al. 1992). Furthermore, vatinoxan enhanced insulin response to IV glucose administration in
mice (Goldman et al. 1991), but not in humans (Schafers et al. 1992). Insulin response to exercise in humans
was also enhanced by vatinoxan (Schiberras et al. 1994), and the effects in mice and exercised humans were
dose-dependent (Goldman et al. 1989; Schiberras et al. 1994). Vatinoxan dose-dependently increased resting
level, further enhanced the exercise-induced increase in plasma FFA concentration in humans (Schiberras et
al. 1994) and increased the plasma concentration of noradrenaline and its metabolites in rats (Szemeredi et al.
1989).		

2.7.4 Other effects of vatinoxan
There are minor side-effects reported in conjunction with administration of vatinoxan. At high doses (exceeding a total of 12 mg), vatinoxan is reported to cause nausea and abdominal discomfort with restlessness and lightheadedness in humans (Schafers et al. 1992). Some dogs showed excessive salivation almost
immediately after administration of vatinoxan (250 µg/kg), but the salivation lasted only a few minutes
(Honkavaara et al. 2011). In mice, a high dose (30 mg/kg) of vatinoxan had a hypothermic effect, which
was not seen after administration of lower doses (3 and 10 mg/kg) (Durcan et al. 1991). Vatinoxan also
caused an antidiuretic effect in rats after oral water-load. The effect was not observed in normally hydrated
rats (Jackson et al. 1992).		
			

2.8 Simultaneous use of vatinoxan and α2-adrenoceptor agonists
2.8.1 Vatinoxan and cardiovascular effects of α2-adrenoceptor agonists
Currently, studies have focused on the co-administration of vatinoxan with α2-adrenoceptor agonists. Originally, intravenous vatinoxan was discovered to counteract the changes in haemodynamic function (arising
from increased afterload caused by vasoconstriction, which impairs systolic function and leads to reflex bradycardia and decreased CO) induced by dexmedetomidine in dogs (Pagel et al. 1998). Studies have reported
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the same in dogs treated with (dex)medetomidine (Enouri et al. 2008; Honkavaara et al. 2008; 2011; Rolfe
et al. 2012). The interaction of vatinoxan and dexmedetomidine on haemodynamic function was described
to be dose-dependent, and a dose ratio of 50:1 (vatinoxan:dexmedetomidine) resulted in the most stable
cardiovascular performance in dogs (Honkavaara et al. 2011). Results showing that tissue oxygen delivery
(DO2) was preserved (Honkavaara et al. 2011) and plasma lactate concentrations were lower (Restitutti,
2012) when vatinoxan was administered with dexmedetomidine provide further evidence that global tissue
oxygenation is better preserved when vatinoxan is given in conjunction with α2-adrenoceptor agonists.
Haemodynamic function after vatinoxan and α2-adrenoceptor agonists has also been studied in other species;
preservation of cardiovascular performance by vatinoxan was reported in dexmedetomidine-treated sheep
(Raekallio et al. 2010) and medetomidine-treated sheep and horses pretreated with methoxamine (Bryant et
al. 1998). Recently, dose-dependent prevention of negative chronotropism induced by IV dexmedetomidine
has been demonstrated also in cats (Honkavaara et al. 2017).
After IM administration, vatinoxan attenuated the cardiovascular effects of IM medetomidine in dogs, and
with the doses used in that study the dose-dependency was seen only in duration, not in magnitude of the
action of vatinoxan (Restitutti et al. 2017). In another report, vatinoxan attenuated the effects of IM medetomidine in a manner comparable to IV administration (Rolfe et al. 2012).

2.8.2 Effect of vatinoxan on drug plasma concentrations and sedation
The interaction between α2-adrenoceptor agonist and antagonist agents on the pharmacokinetics of each
drug was reported in the work of Salonen and colleagues (1995), which showed that atipamezole decreased
AUC and T½ß and increased Cl of medetomidine. The same interaction seems to appear between vatinoxan
and α2-adrenoceptor agonists, as vatinoxan markedly changes the early disposition of medetomidine and
dexmedetomidine administered intravenously to dogs (Honkavaara et al. 2012; Bennett et al. 2016) and cats
(Pypendop et al. 2016), resulting in significantly lower AUC of dexmedetomidine. This phenomenon is explained by enhanced cardiac function and peripheral blood flow due to lower peripheral vascular resistance
after combined administration of dexmedetomidine and vatinoxan compared with dexmedetomidine alone.
When the medications are given intravenously, vatinoxan is reported to have no effect or to cause a slight,
but not clinically relevant, reduction in the sedation score or in the duration of sedative effect of α2-adrenoceptor agonist in dogs (Honkavaara et al. 2008; Restitutti et al. 2011; Rolfe et al. 2012; Bennett et al. 2016),
cats (Honkavaara et al. 2017), humans (Warren et al. 1991) and sheep (Raekallio et al. 2010). The minor
effect is most likely related to the lower plasma concentration of the agonists when they are co-administered
with vatinoxan (Honkavaara et al. 2012; Bennett et al. 2016). Bennett and co-workers (2016) reported that
medetomidine-induced antinociception in dogs was reduced by co-administration of vatinoxan. The reduction was also most likely related to lower plasma concentrations of medetomidine caused by vatinoxan.
After IM administration to dogs (Restitutti et al. 2017) and cats (Pypendop et al. 2017), vatinoxan facilitated
absorption of IM medetomidine and dexmedetomidine, resulting in higher Cmax, which was reached more
quickly than with treatment with (dex)medetomidine alone. Increased Cl of dexmedetomidine was reported
in cats after combined IM administration with vatinoxan (Pypendop et al. 2017). The sedative action of dexmedetomidine in dogs followed the pattern of plasma concentrations; the sedative effect appeared faster, it
was shorter in duration and the maximum sedation score was higher when IM medetomidine was combined
with vatinoxan (Restitutti et al. 2017).
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2.8.3 Influence of vatinoxan on metabolic and other effects
of α2-adrenoceptor agonists
Vatinoxan antagonized hyperglycaemia and hypoinsulinaemia induced by clonidine in humans (Warren
et al. 1991) and dexmedetomidine in dogs (Restitutti et al. 2012). Of these, the effect in humans was reported to be dose-dependent. Vatinoxan antagonized clonidine-induced decrease in blood noradrenaline
concentration in humans (Warren et al. 1991). Vatinoxan had a delayed effect on the decrease of serum FFA
concentration caused by dexmedetomidine in dogs (Restitutti et al. 2012). The FFA concentration initially
decreased after administration of dexmedetomidine alone and when it was combined with vatinoxan. In the
latter group, the FFA concentration started to increase again after 35 minutes, while in the former group the
concentration slowly continued to decrease (Restitutti et al. 2012).
Clonidine inhibited colonic propulsion in mice, which was expressed as slower expulsion of a glass bead
from the colon. This effect was also antagonized by vatinoxan (Clineschmidt et al. 1988).
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3.

AIMS OF THE STUDY

1) To evaluate the effect of vatinoxan on clinical depth of sedation induced by detomidine and romifidine in horses (Studies I and II).
2) To investigate the effects of vatinoxan on selected cardiovascular variables of conscious horses
treated with detomidine (HR and CVP) or romifidine (HR and ABP) (Studies I and II).
3) To investigate the effects of vatinoxan on the haemodynamic function (CO/CI, DO2, ABP and SVR)
of horses that received detomidine as premedication before inhalation (isoflurane) anaesthesia 		
(Study III).
4) To characterize the effect of vatinoxan on plasma concentrations of detomidine and romifidine
when administered simultaneously (Studies I, II and III).
5) To compare the effects of detomidine and romifidine alone with the effects of their combination
with vatinoxan on intestinal motility of horses (Studies I and II).
6) To examine the effects of romifidine, vatinoxan and their combination on selected neurohormonal
variables and changes related to energy metabolism in horses (Study IV).
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4.		 MATERIALS AND METHODS
4.1

Animals

A total of 16 horses (9 Finnhorses and 7 Standardbreds) were used to conduct a series of four trials. Studies II
and IV were performed simultaneously using the same horses. For studies that did not involve general anaesthesia (Studies I, II and IV), some animals were used in more than one trial (Table 3). A total of 6 Finnhorses
participated in Study I, 7 Finnhorses in Studies II and IV and 7 Standardbreds in Study III. None of the mares
were pregnant, and the horses were considered healthy based on clinical examination, including inspection of
mucous membranes, capillary refill time, auscultation of heart, lungs and intestinal borborygmi and measurement of rectal temperature. In addition, for horses in Study III, routine haematology and serum biochemistry
analyses were performed before the beginning of the trial. The studies were approved by the National Experimental Board of Finland (license numbers ESAVI-2010-06403/Ym-23 (I), ESAVI/1130/04.10.03/2011 (III),
ESAVI/7608/04.10.03/2012 (II, IV)).

Table 3. Data on the horses participating in studies I-IV. The experiments were performed over a three-year
period; the age of the horses is the age at the time of the first study in which the horse participated and the
weight is a mean of all measurements of the same horse.
Horse

Race

Gender

Age
(years)

Weight
(kg)

Study

1

FH

Mare

19

581

I

2

FH

Mare

17

580

I, II, IV

3

FH

Mare

16

587

I

4

FH

Mare

16

612

I, II, IV

5

FH

Mare

12

585

I, II, IV

6

FH

Mare

7

560

I, II, IV

7

STB

Mare

8

550

III

8

STB

Stallion

4

411

III

9

STB

Mare

25

450

III

10

STB

Gelding

6

520

III

11

STB

Mare

6

475

III

12

STB

Gelding

4

465

III

13

STB

Mare

20

409

III

14

FH

Mare

7

536

II, IV

15

FH

Mare

19

662

II, IV

16

FH

Mare

16

615

II, IV

FH, Finnhorse; STB, Standardbred

Prior to the trials, horses were fed hay and haylage, except for animals enrolled in Study III, which received
only hay. All horses had free access to water before and after the trials. Before the induction of general anaesthesia in Study III, food was withheld for 12 hours. The horses in Study III were euthanized at the end
23

Materials and methods

of the trial to enable tissue samples to be collected for further research. Horses were euthanized by an IV
injection of T 61 (T 61 vet; Intervet, the Netherlands) without letting them recover from the second general
anaesthesia.

4.2 Instrumentation
All of the catheters were placed after clipping and scrubbing the skin and under infiltration of local anaesthetic. A venous catheter was placed in the jugular vein for administration of drugs, and a central venous
catheter was placed in the cranial vena cava via the opposite jugular vein. In Studies I, II and IV, an additional jugular catheter was placed in the jugular vein cranial to the first jugular catheter; this catheter was used
for blood sampling. In these studies, the catheter used for administration of treatments was removed immediately after drug injection. In Study III, venous blood samples were drawn from the central venous catheter.
For Studies II and IV, an arterial catheter was placed in the transverse facial artery. In Study III, an arterial
catheter was placed in the facial artery under general anaesthesia. All catheters that were left in place for the
monitoring period of the trial were sutured to adjacent skin. Arterial catheters were used for arterial blood
sampling for blood gas measurements, monitoring of blood pressure and measurements of CO with lithium
dilution technique. All catheters were removed at the end of each follow-up period.

4.3. Treatments
In all studies, horses received α2-adrenoceptors agonist and vatinoxan; the drug doses and combinations are
summarized in Table 4.
Table 4. Doses and combinations of detomidine (DET), romifidine (ROM) and vatinoxan (V) given to horses
during Studies I-IV.
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Study

α2-adrenoceptor agonist

Dose of DET/ROM
(µg/kg)

Dose of vatinoxan
(µg/kg)

Treatment

I

DET

10

250

DET
DET+V

III

DET

20

200

DET
DET+V

II, IV

ROM

80

200

ROM
ROM+V
V
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Study III was performed under general anaesthesia, and horses underwent arthroscopy for the simultaneously conducted orthopaedic study. Before maintenance of inhalation anaesthesia with isoflurane (Isoba;
Schering-Plough Limited, UK) vaporized in oxygen, all drugs were administered intravenously according
to the following protocol:
-		Benzylpenicillin sodium 40 000 IU/kg (Geepenil 24.0 g; Orion Pharma, Finland)
o
-

Butorphanol 20 µg/kg (Butordol, Intervet, the Netherlands)
o

-

at T-15 (15 minutes before induction of anaesthesia)

Detomidine 20 µg/kg (Equisedan, Vetcare, Finland), either alone or with 200 µg/kg Vatinoxan
(Merck & Co., Inc., PA, USA)
o

-

at least 10 minutes before any other medication

at T-10 (10 minutes before induction of anaesthesia)

Ketamine 2.2 mg/kg (Ketaminol; Intervet, the Netherlands) and midazolam 0.06 mg/kg
(Midazolam Hameln; Hameln Pharmaceuticals, Germany)
o

at T0 (induction of general anaesthesia)

The time from administration of induction agents to recumbency was recorded. Under general anaesthesia,
the lungs of horses were ventilated mechanically. Target end-tidal isoflurane concentration was 1.3% to
maintain an appropriate level of anaesthesia. If MAP decreased below 70 mmHg, dobutamine 0.25 µg/kg/
minute (Dobuject; Primex Pharmaceuticals, Finland) was infused, and the rate was doubled if needed every
5 minutes until 70 mmHg was reached. The total amount of dobutamine (mg/kg) required for maintaining
MAP > 70 mmHg was recorded.

4.4 Study designs
Study I had a randomized, crossover design with a minimum of 14 days between treatments. The investigator assessing the sedation and intestinal scores was unaware of the treatment. The same applies to Studies II and IV, except that the washout period between treatments was a minimum of 6 days. Study III had
a crossover design with a washout period of 14 days, starting alternately with DET or DET + V. Investigators monitoring cardiovascular status of the horses and the entire staff in Study III were not blinded to the
treatments. The personnel and laboratories analyzing the samples of serum and plasma biochemistry for
Study IV were unaware of the treatments.

4.5 Clinical assessment of sedation and general anaesthesia (I, II, III)
The sedative effect of the drugs was scored in Studies I and II. Attitude, posture, height of head, eyelid aperture and movement of ears were scored following a scoring system described by Rohrbach and co-workers
(2009) (see Appendix 1). In Study III, sufficiency of sedation was evaluated according to posture of head
and responses to external stimuli, but a pre-defined scoring system was not used. Clinical depth of general
anaesthesia in Study III was assessed by observing the position and movements of the eye and the magnitude
of the blinking reflex to touch of the eyelids and muscle relaxation of the horse.
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4.6 Analyses of drug plasma concentrations (I, II, III)
Venous blood samples for drug plasma concentration analyses were collected at pre-defined time-points
from the jugular catheter (Studies I and II) or the central venous catheter (Study III) to EDTA tubes. Plasma
was separated by centrifugation and stored at -20°C until analysed. The concentrations of drugs in plasma were analysed with high-performance liquid chromatography-tandem mass spectrometry (API 4000,
AB Sciex, MA, USA). Detomidine, romifidine, butorphanol and vatinoxan were analysed after solid-phase
extraction with Sep-Pak tC18 96-well extraction plates (Waters Co., MA, USA). Concentrations of midazolam were determined after liquid-liquid extraction with di-isopropylether containing 2% isopropanol and
ketamine after protein precipitation with methanol. Internal standards for the analyses were diphenylimidazole (Aldrich, Sigma-Aldrich Co., UK) for detomidine, RS-79948 (Tocris Biosciences, R&D Systems,
MN, USA) for vatinoxan, buprenorphine (Schering-Plough Europe, Belgium) for butorphanol, nitrazepam
(Roche, Switzerland) for midazolam and dexmedetomidine (Tocris) for ketamine. Concentration of romifidine was determined without an internal standard. More detailed descriptions of the analysis methods are
available in the original manuscripts (I, II, III).

4.7 Pharmacokinetic calculations (I, II, III)
Pharmacokinetic variables were calculated from the plasma detomidine, romifidine and vatinoxan concentration time data with the WinNonlin Professional software package, version 5.3 (Pharsight Corporation,
CA, USA), using non-compartmental methods (I, II). In Study III, only mean plasma concentrations and
AUC of the drugs were compared. Area under time concentration curves was calculated with the trapezoidal
method.

4.8 Cardiorespiratory monitoring (I, II, III)
Heart rate and blood pressures, specifically HR and CVP in Study I, and HR and ABP in Study II, were
recorded with a multi-parameter monitor (S⁄5 Compact Critical Care Monitor, Datex-Ohmeda, UK). An anaesthesia monitor (Tafonius, Hallowell EMC, Pittsfield, MA, USA) was used in Study III for HR and ABP
monitoring. When monitors were not connected or HR was too low for measurement by the monitor, HR
was counted from auscultation of the left thorax. A zero reference point for blood pressure measurements
was set at the level of the shoulder in standing horses (Studies I and II) and at the level of Manubrium sterni
in horses in dorsal recumbency (Study III). In Study I, CVP was measured as changes from baseline of each
individual horse to exclude the possible effect of variation in catheter tip placement.
Cardiac output was measured by the lithium indicator dilution method (LiDCO Plus Haemodynamic Monitor, LiDCO Ltd., UK) as described for horses by Hallowell and Corley (2005). A dose of 2.25 mmol of LiCl
was used for each measurement. Standard values of 10 g/l haemoglobin and 140 mmol/l of sodium were
used and later corrected with values obtained from simultaneously collected arterial blood samples (III).
Corrections are needed for accurate measurements of lithium concentration. Haemoglobin concentration is
used to calculate the fraction of blood (red cells) that will not contain lithium. Sodium concentration, in turn,
is needed for calculations because the lithium sensor measures both lithium and sodium, and the amount of
sodium needs to be excluded to obtain the lithium concentration.
In Studies II and III, a base apex electrocardiogram (ECG) was recorded continuously (S ⁄ 5 Compact Critical Care Monitor) during experiments, and heart rhythm was assessed retrospectively from the recordings.
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Respiratory rate was recorded by counting thorax movements (II). In Study III, end-tidal partial pressure of
carbon dioxide (PeCO2) of horses was monitored with Tafonius and inspired oxygen fraction (FiO2) with S⁄5
Compact Critical Care Monitor. Samples for blood gas measurements in Study III were analysed with ABL
800 basic (Radiometer Medical ApS, Denmark) and in Study II with IDEXX VetStat (ME, USA). Calculated
haemodynamic variables are presented in Table 5.
Table 5. Equations used for calculations of cardiovascular parameters.
Variable

Equation

CI (l/kg/min)

CO (l/min)/BWT (kg)

SVR (dynes*sec*cm-5)

80*[MAP (mmHg)-CVP (mmHg)]/CO

Ratio of arterial oxygen tension to inspired oxygen

PaO2 (mmHg) /FiO2

DO2 (l/min)

[CaO2 (ml/l)*CO (l/min)]/ 1000
CaO2 = (Hb (g/l)*1.39*SaO2)+ (PaO2(kPa)*0.225)

BWT, Body weight; CaO2, arterial oxygen content; SaO2, arterial oxygen saturation

4.9 Assessment of intestinal borborygmi (I, II)
Intestinal sounds in Studies I and II were scored as described by Mama et al. (2009). Left and right dorsal
and ventral flank areas were auscultated and number of borborygmi counted over 30 seconds from each
quadrant; a score of 0.5 was used when uncoordinated rumbling or gaseous sounds were present. A single
borborygmi score was achieved by summation of the scores from each quadrant.

4.10 Biochemistry analyses from serum and plasma (IV)
In Study IV, selected biochemistry analyses were run from serum and plasma samples. Glucose was analysed with the photometric glucose hexokinase 2-reagent method (Konelab™ Glucose HK, Thermo Fisher Scientific Ltd., Vantaa, Finland). The enzymatic colorimetric method was used for the determination
of FFAs (NEFA-C, Wako Chemicals GmbH, Neuss, Germany; KONE Pro Selective Chemistry Analyzer,
Thermo Fisher Scientific Ltd.). Adrenocorticotropic hormone (ACTH) was analysed with a solid-phase,
two-site sequential chemiluminescent immunometric assay (Immulite 2000, Siemens Healthcare Diagnostics Products GmbH, Marburg, Germany). Serum cortisol concentration was analysed by radioimmunoassay
(RIA, Spectria cortisol RIA kit, Orion Diagnostica Ltd., Espoo, Finland). Blood potassium (K+) and sodium
(Na+) concentrations were analysed by a blood gas analyzer (IDEXX VetStat; ME, USA).
Serum insulin was initially analysed with a solid-phase, enzyme-labelled chemiluminescent immunometric
assay (Immulite 2000) because the RIA kits for insulin were not available at the time of the trial. The plasma
and serum samples of horses were stored at -20°C after the initial analyses and four years later, when the
RIA kits were commercially available again, insulin analyses of the plasma samples were repeated with the
RIA method (Hu Ins Spec RIA 250TKit I-125<185 KBqs, EMD Millipore, MA, USA).
27

Materials and methods

4.11 Statistical analyses and power calculations
Power calculation was performed for Study I in which the number of the animals included (n = 6) was confirmed to demonstrate an 80% power and 95% level of confidence for HR 10 beats/minute (25 versus 35)
with standard deviation (SD) of six and for area under sedation time curve (AUCsed) 60 (300 versus 360) SD
of 40, respectively.
The normality assumptions of the data in Studies I, II and IV were evaluated with Shapiro-Wilk tests. In
Study III, normality was tested with the Kolmogorov–Smirnov test.
Repeated two-way analysis of variance was used for comparisons of HR and CVP (I); HR, CI, MAP, SVR,
lactate and blood gas variables (III); glucose, FFA, ACTH, triglycerides, cortisol, lactate, K+ and Na+ (IV)
between the treatments of the study in question. In Study III, a logarithmic transformation was applied to
normalize the distribution of HR readings, and the model was fitted for the transformed response. Furthermore, in Study II, linear mixed modelling for repeated measures was performed to test whether combined
administration of vatinoxan and romifidine attenuated effects of romifidine. For each clinical variable, fixed
effects were analysed to assess mean differences among the three treatments over the entire measurement
period. Within each treatment, mean differences were analysed between each time interval and baseline in
the same horse.
A post hoc t-test with Bonferroni correction was used to compare HR and CVP between treatments in Study
I. In Studies II and IV, all significant values of the above-mentioned variables were adjusted by Bonferroni
correction for multiple tests.
The medians of sedation and borborygmi scores (I, II) were tested for difference relative to baseline within
treatments with Friedman’s two-way analysis of variance for dependent samples with Bonferroni correction,
and the Kruskall-Wallis test was used for comparisons between treatments. Areas under the time curves for
sedation and borborygmi scores between the treatments were analysed with Friedman’s two-way analysis of
variance for dependent samples; Wilcoxon test for dependent samples was used for pairwise comparisons.
Friedman’s two-way analysis of variance for dependent samples was used also for comparisons of peak
sedation score between treatments.
Pairwise comparisons between treatments for pharmacokinetic parameters (I, II), drug concentrations in
venous blood, induction times and amount of dobutamine administered (III) were performed with the paired
Student’s t-test.
For serum insulin concentrations from analysis by chemiluminescent immunometric assay in Study IV,
non-parametric test had to be used because the concentrations were below the detection limit in many samples. Friedman’s two-way analysis of variance for related samples with Bonferroni correction was used to
compare concentrations to baseline within each treatment, and the Kruskall-Wallis test was used for comparisons of concentrations between treatments. The same statistical methods were used for additional insulin
results from analysis by RIA.
For all comparisons, significance was set at p < 0.05.
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5.

RESULTS

5.1 Clinical sedation (I, II)
Clinical sedation of horses was assessed in Studies I and II; high sedation score was achieved after both
detomidine and romifidine administration. Sedation scores and effects of vatinoxan on sedation are summarized in Figure 1. No significant difference was detected in peak median sedation scores between detomidine
and romifidine alone and combined with vatinoxan. Area under sedation time curve was, however, significantly smaller after DET+V than after DET alone (I). No difference was detected in AUCsed with ROM and
ROM+V (II).
Figure 1. Median sedation scores, as real gained scores without corrections, of horses after IV treatment
with detomidine (10 µg/kg; DET), detomidine combined with vatinoxan (10 µg/kg + 250 µg/kg; DET+V),
romifidine (80 µg/kg; ROM), vatinoxan (200 µg/kg; V) and romifidine combined with vatinoxan (80 µg/kg
+ 200 µg/kg; ROM+V). No significant difference was detected in peak median sedation scores between detomidine and romifidine alone and combined with vatinoxan. Area under sedation time curve was, however,
significantly smaller after DET+V than after DET alone. No difference was detected in AUCsed with ROM
and ROM+V. Error bars indicate range.

5.2 Induction time (III)
Induction time, defined as time between the beginning of injection (midazolam and ketamine) and reaching lateral recumbency, was significantly faster after DET+V (59.2 ± 4.4 seconds) than after DET alone
(89.6 ± 12.5 seconds).
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5.3 Plasma drug concentrations (I, II, III)
Plasma drug concentrations were analysed in Studies I, II and III. In all of these studies, DET+V and
ROM+V resulted in lower plasma concentrations of these agents than either DET or ROM alone. The plasma concentration of DET and ROM alone and combined with vatinoxan are presented in Figure 2a and 2b.
Figure 2. Mean (± SD) plasma concentrations of (a) detomidine (DET, 10 µg/kg IV) and (b) romifidine
(ROM, 80 µg/kg IV) in a semilogarithmic scale when administered with and without vatinoxan. Error bars
indicate standard deviation.

a)

b)
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The plasma drug concentrations of Study III are presented in Table 6. Ketamine plasma concentration of one
horse is not included in the data because the horse needed an additional dose of ketamine 0.2 mg/kg at T10
due to head and limb movements. Also, in this setting, vatinoxan decreased the plasma detomidine concentration. Plasma butorphanol concentrations were also lower after combined pretreatment with DET+V than
after DET alone.
Table 6. Plasma drug concentrations (mean ± SD) and area under plasma concentration time curves (AUC)
of seven horses premedicated at T-10 with detomidine (DET, 20 µg/kg IV) alone or combined with vatinoxan (DET+V, 200 µg/kg IV) during isoflurane-maintained anaesthesia. General anaesthesia was induced
with midazolam and ketamine at T0, which are therefore not analysed at T-1. Ketamine plasma concentration of one horse is not included because of an extra dose of ketamine administered at T10. * Significant
difference (p < 0.05) between DET and DET+V (III).
Drug

Treatment

T-1

T20

T40

T60

AUC
(min ng/ml)

Vatinoxan (ng/ml)

DET+V

205
± 29.7

135
± 29.7

101
± 11.7

84
± 4.87

7773
± 806

Detomidine (ng/ml)

DET

13.1*
± 2.37

6.39*
± 1.17

4.43*
± 0.78

3.41*
± 0.59

400*
± 53

DET+V

10.1*
± 2.03

4.68*
± 1.29

2.96*
± 0.47

2.46*
± 0.31

286*
± 40

DET

37.8*
± 6.91

10.1
± 2.60

8.16
± 2.08

7.64
± 3.36

843*
± 171

DET+V

28.8*
± 10.1

7.77
± 3.01

7.01
± 2.43

6.16
± 2.16

663*
± 212

DET

42.7
± 9.56

32.7
± 9.84

32.9
± 12.9

756
± 218

DET+V

47.8
± 10.0

35.7
± 9.99

32.5
± 10.2

803
± 189

DET

768
± 162

480
± 91

350
± 58

11178
± 2160

DET+V

682
± 197

407
± 99

326
± 82

10080
± 2593

Butorphanol (ng/ml)

Midazolam (ng/ml)

Ketamine (ng/ml)
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Pharmacokinetic parameters, which are presented in Table 7, were calculated in Studies I and II. In Study
II, the plasma concentration of vatinoxan in one horse at T240 was excluded because of an exceptionally
high reading, possibly the result of contamination or a technical error. When detomidine and romifidine
were administered in combination with vatinoxan, AUC of detomidine or romifidine decreased, and Vd and
Cl, in turn, increased relative to administration of detomidine or romifidine alone. Furthermore, elimination
half-life of romifidine increased after ROM+V. After DET and DET+V, the T½ß of detomidine did not differ
significantly between treatments.

Table 7. Pharmacokinetic parameters (mean ± SD) of IV detomidine (10 µg/kg; DET), romifidine (80 µg/
kg; ROM), administered with and without vatinoxan, and vatinoxan (200 and 250 µg/kg; V200, V250) in
horses. * Significant difference (p < 0.05) between DET or ROM alone relative to administration combined with vatinoxan.
T½ß
(minutes)

AUCinf
(hours ng/ml)

Vd
(l/kg)

Cl
(ml/min/kg)

DET

37.1 ± 4.1

567 ± 207*

1.0 ± 0.3*

19.4 ± 5.9*

DET (with V250)

42.6 ± 6.5

289 ± 97*

2.4 ± 1.0*

38.2 ± 13.5*

ROM

75.6 ± 3.0*

62.9 ± 7.0*

2.3 ± 0.2*

21.4± 2.4*

ROM (with V200)

89.1 ± 12.8*

49.6 ± 4.8*

3.5 ± 0.5*

27.1 ± 2.7*

V200

141 ± 28.6

569.3 ± 94.2

1.2 ± 0.1

6.0 ± 1.0

V200 (with ROM)

170 ± 82.7

650.1 ± 204.2

1.2 ± 0.2

5.5 ± 1.6

V250 (with DET)

138 ± 17

655.7 ± 93.2

1.3 ± 0.1

6.5 ± 0.9

AUCinf, AUC extrapolated to infinity
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5.4 Cardiovascular effects
5.4.1 Cardiovascular effects of detomidine, romifidine and vatinoxan in conscious
horses (I, II)
Both detomidine and romifidine induced cardiovascular effects immediately after administration. Heart rate
(Fig. 3) decreased significantly within minutes. Heart rate was significantly lower than at baseline after
DET, ROM and ROM+V. After DET+V, there was no significant difference in HR compared with baseline.
After V, HR increased significantly relative to baseline. Heart blocks were detected in all horses after both
DET and ROM. No heart blocks were detected after DET+V. In contrast, second-degree AV-blocks were
detected in horses after ROM+V, but they disappeared within three minutes. After DET, HR was lower than
after DET+V. Furthermore, HR was significantly higher after V than after ROM or ROM+V; there was no
significant difference in HR between ROM and ROM+V.
Figure 3. Mean HR of horses after IV treatment with detomidine (10 µg/kg; DET), detomidine combined
with vatinoxan (10 µg/kg + 250 µg/kg; DET+V), romifidine (80 µg/kg; ROM), vatinoxan (200 µg/kg; V)
and romifidine combined with vatinoxan (80 µg/kg + 200 µg/kg; ROM+V). Mean HR was significantly
lower after DET than after DET+V, and after ROM and ROM+V than after V. There was no significant
difference between ROM and ROM+V. After DET, ROM and ROM+V, HR decreased, and after V, HR increased significantly. Error bars indicate standard deviation.
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Romifidine increased ABP until 50 minutes after administration of the drug, and MAP was significantly
higher after ROM than after ROM+V (Fig. 4). After ROM+V, MAP decreased for 40 minutes. Hypotension (MAP < 60 mmHg) was not detected during the 90-minute cardiovascular monitoring. No differences
were detected in MAP after V.
Figure 4. Mean MAP of horses after IV treatment with romifidine (80 µg/kg; ROM), vatinoxan (200 µg/kg;
V) and romifidine combined with vatinoxan (80 µg/kg + 200 µg/kg; ROM+V). Mean arterial blood pressure increased significantly after ROM and decreased after ROM+V; it was significantly higher after ROM
than after ROM+V. Error bars indicate standard deviation.

At the beginning of the monitoring period, DET induced a minor increase in CVP, which was attenuated
by vatinoxan, leading to a significant difference between DET and DET+V. CVP was significantly reduced
after both treatments.

5.4.2 Cardiovascular performance in horses under general anaesthesia (III)
Heart rate was higher in horses after IV premedication with DET+V relative to DET at T30, T40 and T45
(Fig. 5). Cardiac index was significantly higher at T40 after premedication with DET+V and SVR after
DET at all measuring points. Tissue oxygen delivery was significantly higher after DET+V than DET at
T40 and T60. Blood lactate concentration showed no significant differences compared with baseline or
between treatments (Table 8).
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Figure 5. Mean ± HR of seven horses under general anaesthesia pretreated with detomidine (20 µg/kg;
DET IV) alone or combined with vatinoxan (250 µg/kg; DET+V IV). Error bars indicate standard deviation. * Significant difference between treatments (p < 0.05).

Table 8. Mean ± SD CI, SVR, DO2 and blood lactate concentration of seven horses under general anaesthesia pretreated with detomidine (20 µg/kg; DET IV) alone or combined with vatinoxan (250 µg/kg; DET+V
IV). * Significant difference (p < 0.05) between DET and DET+V.
Treatment

T20

T40

T60

CI

DET

0.048 ± 0.020

0.043 ± 0.009*

0.041 ± 0.007

(l/kg/min)

DET+V

0.051 ± 0.008

0.065 ± 0.011*

0.054 ± 0.012

SVR

DET

247 ± 72*

352 ± 111*

353 ± 85*

(dynes*sec*cm-5)

DET+V

134 ± 19*

206 ± 61*

272 ± 89*

DO2

DET

4544 ± 2572

4295 ± 911

4061 ± 1305

(ml/min)

DET+V

4661 ± 747

7301 ± 1582*

6441 ± 3466*

Lactate

DET

0.84±0.19

0.90±0.18

0.91±0.21

(mmol/l)

DET+V

1.07±0.37

1.16±0.31

1.13±0.24
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Mean arterial blood pressures of the horses in Study III are presented in Figure 6. At the beginning of the
monitoring period, MAP was in the target range (> 70 mmHg) in horses pretreated with DET. In contrast,
after DET+V, MAP readings were noticeably lower. Afterwards, MAP decreased in DET-pretreated horses
and dobutamine was infused after both treatments to keep MAP over 70 mmHg. The horses needed a significantly larger total amount of dobutamine for blood pressure support after premedication with DET+V
(32.4 ± 15.6 mg) than after DET (10.4 ± 10.2 mg).

Figure 6. Mean arterial blood pressure of seven horses under general anaesthesia pretreated with detomidine (20 µg/kg; DET IV) alone or combined with vatinoxan (250 µg/kg; DET+V IV). Error bars indicate standard deviation. * Significant difference (p < 0.05) between treatments (III).

5.5 Intestinal borborygmi (I, II)
Borborygmi scores are presented in Table 9. Both DET and ROM decreased intestinal motility, significantly from T10 to T50 after DET and from T30 to T120 after ROM. After DET+V or ROM+V, there were no
significant differences in borborygmi scores compared with baseline. Vatinoxan had no effect on borborygmi scores, but three horses had signs of abdominal discomfort, such as kicking towards the abdomen, after
administration of vatinoxan. The median AUC for borborygmi was significantly smaller after DET than
after DET+V, and after ROM than after ROM+ V or V; the latter two were not significantly different from
each other.
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Table 9. Median (range) intestinal borborygmi scores of the horses after IV detomidine 10 µg/kg alone
(DET) and combined with vatinoxan 250 µg/kg (DET+V), romifidine 80 µg/kg alone (ROM) and combined with vatinoxan 200 µg/kg (ROM+V), and vatinoxan 200 µg/kg alone (V). Borborygmi score was
significantly lower (p < 0.05) than baseline from T10 to T50 after DET and from T30 to T120 after ROM.
abc
Significant difference between treatments with the same superscript.
Time (min)

DET

DET+V

ROM

ROM+ V

V

Baseline

4.75 (2.5-7.5)

5.5 (4-9)

5.5 (3.5-7.5)

4.5 (3-7)

6 (4-9.5)

10

0 (0-2)

5.25 (1.5-7)

1.5 (0.5-4)

3.5 (1-7)

7 (3-9)

20

0.25 (0-1)

5 (2-8)

NA

NA

NA

30

0.25 (0-1)

4 (2-7)

0 (0-2.5)

2.5 (0-7)

6.5 (4-8.5)

40

0.25 (0-1)

4.75 (2.5-6)

NA

NA

NA

50

0.5 (0-1)

4.5 (2.5-7)

NA

NA

NA

60

1 (0-2)

4 (2-6.5)

0 (0-5.5)

4 (1-7.5)

6 (3-8)

90

2 (1-3)

5 (3-9)

0.5 (0-2.5)

2 (0.5-7.5)

6 (4-7.5)

120

NA

NA

0 (0-2)

2.5 (1-8)

6.5 (4.5-8)

180

NA

NA

1 (1-7.5)

5.5 (3-7.5)

5.5 (3-8)

240

NA

NA

2 (2-5.5)

4.5 (4-8.5)

6 (3.5-8)

AUC

425a

86a

500b,c

968b

1428c

NA = Not applicable, borborygmi was not scored at the time-point in question.

5.6 Effects of romifidine and vatinoxan on selected neurohormonal variables and changes related to energy metabolism (IV)
The effects of romifidine, vatinoxan and their combination on concentrations of plasma glucose and
ACTH, serum insulin, FFA, cortisol and blood K+ are presented in Table 8. Romifidine induced hyperglycaemia in horses. Plasma glucose concentration increased throughout the monitoring period after ROM;
the increase was significantly different relative to baseline at T60 and T120. After ROM+V, in turn, the
glucose plasma concentration increased (significantly different from baseline at T30, T60 and T120), but to
a lesser extent than after ROM. No effect on glucose plasma concentration was detected after vatinoxan.
Serum insulin concentration (results from chemiluminescent immunometric assay) decreased significantly
after V; the decrease was significant at T30 and T120. There were no significant differences after ROM or
ROM+V within treatments, and no significant differences were detected between the three treatments. The
RIA results (Fig. 7) showed a decrease in plasma insulin concentrations after all treatments, and the decrease was statistically significant after ROM and ROM+V. Plasma insulin concentration was significantly
lower after ROM than after V.
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Figure 7. Box-and-whisker plots of plasma insulin concentration of seven horses, measured by RIA. The
horses received romifidine (ROM, 80 μg/kg IV), ROM with vatinoxan (ROM+V, 80 μg/kg + 200 μg/kg IV)
and vatinoxan (V, 200 μg/kg IV) at T0. Each box represents the interquartile range, the central horizontal
line is the median value and the whiskers represent the range. Plasma insulin concentrations were significantly lower (p < 0.05) than baseline at T30 and T60 after ROM and at T15 and T30 after ROM+V.
*Significant difference (p < 0.05) between ROM and V.

Serum FFA concentration increased after all treatments, and it was the highest after V. The differences
between treatments were significant between V and ROM and between V and ROM+V. The difference in
FFA concentrations was significant compared with baseline after all treatments: at T30 after ROM, at T15
and T30 after ROM+V and at T30 and T60 after V.
The plasma ACTH concentration showed an increasing tendency after all treatments, but the increase was
statistically different from baseline only after V at T15 and T30. No significant differences emerged in
plasma ACTH concentrations between treatments. In addition, serum cortisol concentration increased after
all treatments. Serum cortisol was significantly increased from baseline at T15 after all treatments and at
T30 after V. Differences in serum cortisol concentrations between the treatments were not detected.
Blood K+ tended to decrease after all treatments, and it was significantly lower than baseline at T15 after
ROM, at T15 and T60 after ROM+V and at T60 after V. Blood K+ was significantly higher after V than
after ROM+V. Plasma triglyceride, lactate or blood Na+ concentrations were stable throughout the monitoring period, and therefore, differences relative to baseline within treatments or in comparisons between
treatments were not detected (data not shown).
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Table 10. Median (highest concentration) serum insulin (results from chemiluminescent immunometric
assay) and mean ± SD plasma glucose and ACTH, serum FFA, cortisol and blood K+ concentrations. The
lowest insulin concentration after all treatments at all time-points was below the detection limit (<2 µIU/
ml). The horses received romifidine (ROM, 80 μg/kg IV), ROM with vatinoxan (ROM+V, 80 μg/kg + 200
μg/kg IV) and vatinoxan (V, 200 μg/kg IV) at T0. a,b, Significant difference between treatments with the same
superscript at the time-point in question.
Analyte

Treatment

Baseline

T15

T30

T60

T120

Glucose

ROM

(mmol/l)

ROM+V

5.10
± 0.48
4.74
± 0.19
4.94
± 0.34
6.0
(83)
4.8
(58)
7.8
(80)
0.10
± 0.01
0.05
± 0.01
0.09
± 0.07
16.8
± 3.83
19.4
± 11.1
17.3
± 6.53
59.0
± 13.9
51.9
± 16.1
61.2
± 14.7

5.33
± 0.57
5.11a
± 0.33
4.69a
± 0.34
<2
(49)
<2
(45)
3.2
(74)
0.26
± 0.15
0.29
± 0.19
0.50
± 0.32
32.3
± 22.4
28.5
± 12.4
32.2
± 6.66
120
± 34.7
107
± 24.7
131
± 34.2

6.69
± 0.82
5.79a
± 0.51
4.33ab
± 0.22
<2
(45)
<2
(62)
<2
(47)
0.28
± 0.17
0.27a
± 0.14
0.55a
± 0.31
25.0
± 12.5
21.6
± 8.39
29.0
± 5.71
106
± 37.6
84.1
± 23.1
120
± 30.4

8.87
± 1.43
5.77a
± 0.55
4.37a
± 0.26
<2
(32)
<2
(39)
4.3
(58)
0.27b
± 0.16
0.24a
± 0.10
0.64ab
± 0.27
18.7
± 7.66
21.4
± 13.2
23.0
± 5.68
86.6
± 35.4
76.5
± 29.0
102
± 23.5

9.33a
± 1.43
5.73a
± 0.69
4.86a
± 0.40
<2
(42)
<2
(59)
<2
(43)
0.24
± 0.20
0.23a
± 0.09
0.40a
± 0.11
44.7
± 62.4
19.1
± 11.1
16.1
± 5.68
113
± 51.7
66.3
± 26.5
79.4
± 32.7

Baseline
4.30
± 0.26
4.20
± 0.29
4.44
± 0.36

T5
4.16
± 0.28
4.11
± 0.40
4.39
± 0.28

T15
4.09
± 0.28
3.87a
± 0.28
4.30 a
± 0.31

T30
4.16
± 0.30
3.91
± 0.25
4.21
± 0.36

T60
4.17
± 0.27
3.84
± 0.27
3.94
± 0.31

V
Insulin

ROM

(µIU/ml)

ROM+V
V

FFA

ROM

(mmol/l)

ROM+V
V

ACTH

ROM

(pg/ml)

ROM+V
V

Cortisol

ROM

(nmol/ml)

ROM+V
V

Analyte
K+

Treatment
ROM

(mmol/l)

ROM+V
V

b

a
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6.		DISCUSSION
In conscious horses, vatinoxan showed some beneficial effects when it was administered in combination
with α2-adrenoceptor agonists. Vatinoxan alleviated peripherally mediated effects of detomidine and romifidine, which include cardiovascular changes (such as decreased HR and increased ABP), hyperglycaemia
and decreased intestinal motility. Prevention of intestinal hypomotility could improve patient safety by
preventing post-operative ileus and colic in horses. At the same time, the sedative effect of detomidine and
romifidine was preserved. As a premedication, vatinoxan decreased induction time, but induced marked
hypotension during general anaesthesia at the dose tested. Drug plasma concentration results indicate that
α2-adrenoceptor agonists induce changes in drug disposition via altered cardiovascular function. Vatinoxan
was able to alleviate these changes.

6.1 Clinical sedation and plasma drug concentrations
Studies I, II and III describe the effect of vatinoxan on clinical sedation after IV administration of α2-adrenoceptor agonists detomidine and romifidine in horses. Administration of either 10 µg/kg detomidine or
80 µg/kg romifidine induced a rapid-onset sedative effect in horses, and the magnitude of the effect seemed
to be similar after both drugs. This finding challenges a previous report in which doses of 20 µg/kg detomidine and 80 µg/kg romifidine appeared similar in potency (England et al. 1992). Both Studies I and II indicate
that vatinoxan does not prevent the sedative effect of detomidine and romifidine, but the efficacy is slightly
diminished. The difference was detectable in AUCsed in Study I, but not in the peak sedative effect, indicating that vatinoxan affected the duration rather than the magnitude of sedation. This finding is in agreement
with earlier investigations of IV administration of vatinoxan and dexmedetomidine in dogs (Honkavaara
et al. 2008; Restitutti et al. 2011; Rolfe et al. 2012) and cats (Honkavaara et al. 2017), which report only a
minor decrease caused by vatinoxan on α2-adrenoceptor agonist-induced sedation, and the sedative effect
was considered bioequivalent between administration of α2-adrenoceptor agonists alone and combined with
vatinoxan. Bennet and co-workers (2016), instead, reported a shorter duration of sedative action and a markedly reduced antinociceptive action of IV medetomidine when it was co-administered with vatinoxan to
dogs, but this is likely due to the small dose of medetomidine in their study.
In Study III, when vatinoxan was used as a part of the premedication protocol before induction of general
anaesthesia, investigators observed a slightly lighter sedation compared with premedication with detomidine alone, in agreement with the results of Studies I and II. This is, however, only an observation because the
level of sedation was not scored for statistical comparison between the treatments, and the observation may
be biased because the investigators monitoring sedation and induction were not blinded to the treatments of
the horses. Despite this, the inductions were smooth on all occasions. The induction time was significantly
reduced when vatinoxan was administered as a part of the premedication protocol (III).
The effects of vatinoxan on clinical sedation and anaesthesia induction time are explained by the effects of
detomidine, romifidine and vatinoxan on cardiovascular function and plasma concentrations of the drugs
administered simultaneously. Basically, vatinoxan alleviated vasoconstriction and bradycardia caused by
detomidine and romifidine. This resulted in increased Vd and lower plasma concentrations of detomidine and
romifidine via enhanced circulation and organ perfusion. In practice, this was manifested as a slightly lighter
clinical sedation when vatinoxan was a part of the medication protocol. The effect of α2-adrenoceptor agonists and antagonists on drug plasma concentrations is reported also in dogs; atipamezole administered after
medetomidine decreased the AUC and increased Cl of medetomidine (Salonen et al. 1995). Furthermore,
vatinoxan decreased AUC and increased Vd and Cl of simultaneously administered medetomidine (Bennett
et al. 2016) and dexmedetomidine (Honkavaara et al. 2012) in dogs. These observations indicate that also
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the anaesthetic-sparing effect of the α2-adrenoceptor agonists could be due to the altered cardiovascular status and perfusion of the peripheral tissues, leading to decreased Vd and increased drug plasma concentrations
of the drugs administered in conjunction with α2-adrenoceptor agonists. This conclusion is in agreement
with the previous finding in which dexmedetomidine dose-dependently modified its own pharmacokinetics
via altered cardiovascular performance (Dutta et al. 2000). The slower circulation after administration of
α2-adrenoceptor agonists results in slower distribution of other drugs administered intravenously, manifested
as delayed anaesthesia induction time in Study III. The slower circulation also explains the finding that Cmax
of detomidine, when administered alone, seemed to be reached a few minutes after IV administration, whereas with vatinoxan the Cmax of detomidine was detected already in the first blood sample (1 minute) after
administration. A similar delayed detection of Cmax of detomidine in horses has previously been reported
after IV administration (Mama et al. 2009).
Romifidine did not alter the plasma concentrations of vatinoxan, which is explained by stable cardiovascular performance when vatinoxan was a part of the medication protocol. This result supports further the link
between drug disposition and cardiovascular function.

6.2 Cardiovascular effects
6.2.1 Cardiovascular effects in conscious horses
In Study II, romifidine transiently increased MAP; this phenomenon is previously well-described after administration of detomidine and romifidine in horses (Sarazan et al. 1989; Clarke et al. 1991). Increased
MAP results from vasoconstriction manifesting as increased SVR (Wagner et al. 1991; Pimenta et al. 2011),
although detailed haemodynamic monitoring was not performed in Study II. When vatinoxan was administered with romifidine, the hypertensive effect was prevented and MAP decreased below the baseline value. Vatinoxan seemed to antagonize the vasoconstrictive effect of romifidine on α2-adrenoceptors in blood
vessels. Further reasons for decreased MAP could be romifidine-induced central sympatholysis and related
bradycardia, which were only partially prevented in this study.
Detomidine and romifidine induced negative chronotropic effects of the same magnitude (Studies I and II).
Negative chronotropism after administration of α2-adrenoceptor agonists is caused by baroreceptor reflex
to increased ABP (Sarazan et al. 1989; Gasthyus et al. 1990). Negative chronotropism can be considered an
appropriate physiological response to hypertension caused by increased SVR because the hypertensive effect is intensified and prolonged when bradycardia is antagonized by anticholinergics (Pimenta et al. 2011).
Vatinoxan was able to prevent the negative chronotropic effect caused by detomidine and alleviated the
same effect when administered in combination with romifidine (Studies I and II). Alleviation of the negative
chronotropic effect coincided with the prevention of the hypertensive effect of romifidine, which provides
further evidence that negative chronotropism was due to baroreceptor reflex caused by increased ABP. In
Study I, detomidine was administered at a moderately low dose of 10 µg/kg relative to romifidine 80 µg/
kg in Study II, as a detomidine dose of 20 µg/kg can be considered equipotent to romifidine 80 µg/kg (England et al.1992). At the receptor level, the predominance of either α2-adrenoceptor agonistic or antagonistic
actions depends on the concentration and receptor affinity of these competing substances in the synaptic
cleft. This is manifested as dose-dependency of the interaction between agonists and antagonists, previously
reported in several studies (Jöchle and Hamm 1986; Kameing et al. 1988b; Hamm et al. 1995). Therefore,
the comparatively smaller dose of detomidine may explain the difference of the antagonistic action of detomidine and romifidine-induced bradycardia by vatinoxan noted in our studies. This explanation is supported
by previous findings showing that detomidine might cause more intense negative chronotropism than equi41
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potent doses of other α2-adrenoceptor agonists (Wagner et al. 1991; Yamashita et al. 2000). Thus, providing
that doses of these α2-adrenoceptor agonists were equipotent, the negative chronotropic effect would have
been more intense after detomidine than after romifidine. By contrast, Raekallio and co-workers (1991a)
administered 10 µg/kg and 20 µg/kg detomidine to horses and the magnitude of the decrease in HR was
similar in their report. In conclusion, differences in the antagonism of the negative chronotropic effects of
detomidine and romifidine by vatinoxan could have been related to the use of different doses of the α2-adrenoceptor agonists evaluated.
In Study I, administration of detomidine resulted in a slight increase in CVP, which was prevented by simultaneously administering vatinoxan. We assume that the increase in CVP in our study was also a result of
vasoconstriction. The complete antagonism of bradycardia by vatinoxan in Study I suggested that peripheral
vasoconstriction was probably present after detomidine alone, but not when it was administered with vatinoxan because the initial bradycardia results from increased blood pressure via baroreceptor reflex (Sarazan
et al. 1989).

6.2.2 Cardiovascular effects in horses under general anaesthesia
When vatinoxan was administered as a part of the premedication protocol before general anaesthesia, the
most remarkable effect was severe hypotension (III). A slight decrease of blood pressure by vatinoxan,
administered in combination with α2-adrenoceptor agonist, was also seen in standing horses (II), and it
has been reported before in dogs (Honkavaara et al. 2011). In addition, atipamezole has been described
to cause a transient decrease in blood pressure in detomidine-treated horses (Raekallio et al. 1990). This
suggests that α2-adrenoceptor antagonists, in general, decrease arterial blood pressure via vasodilatation,
and that α2-adrenoceptor agonist premedication supports blood pressure during general anaesthesia. For
example, dexmedetomidine-infusion increased ABP in horses under isoflurane anaesthesia (Risberg et al.
2016). This interplay of α2-adrenoceptor agonistic and antagonistic action is an indication of tonic α2-adrenoceptor-mediated control of blood pressure (Savola 1989). However, the blood pressure support is a
result of vasoconstriction and could in theory lead to lower DO2, which was detected in Study III. In Study
III, the hypotensive effect was probably amplified by a combination of vasodilatory effects of isoflurane and
vatinoxan. The MAP of horses premedicated with vatinoxan was, indeed, so low that it had to be considered
a significant risk for patient safety (III).
The effect of detomidine and vatinoxan on HR was similar in standing horses (I) and horses under general
anaesthesia (III), although the difference in HR between treatments was smaller in the anaesthetized horses.
Hoisting the horse to the operating table and time required for instrumentation prevented cardiovascular
monitoring during the first 15 minutes after induction, thus not allowing early cardiovascular changes to be
detected (III).

6.3 Effects on intestinal borborygmi
Detomidine and romifidine caused a marked decrease in intestinal borborygmi, which is indicative of intestinal hypomotility (Studies I and II). This side-effect of α2-adrenoceptor agonists is well described in the
literature (Merritt et al. 1998; Freeman and England 2001; Mama et al. 2009). This phenomenon is of particular importance in horses because the species is prone to ileus and colic. In clinical practice, the problem
is exaggerated after standing operations because the sedatives are used as repeated boluses or infusion, and
furthermore, in conjunction with colic surgery, after which ileus is often a major concern and an important
cause of mortality (Cohen et al. 2004). Simultaneous administration of vatinoxan with detomidine and romifidine significantly reduced the intestinal hypomotility.
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Administration of vatinoxan alone resulted in watery faeces and behaviour indicative of abdominal
discomfort in some of the horses (Study II). This finding is in agreement with a previous study, where
yohimbine increased motility of the gastrointestinal tract in horses (Lester et al. 1998). In humans, vatinoxan caused nausea and abdominal discomfort (Schafers et al. 1992), and in dogs transient salivation, which could be indicative of nausea (Honkavaara et al. 2011). These effects are most likely a result
of change in the α2-adrenenergic tone of the gastrointestinal tract (Lester et al. 1998), which is mediated by α2-adrenoceptors in the smooth muscle layer. The effect could be related to α2A-receptors located
in the enteric nervous system, which may inhibit the release of acetylcholine from the Auerbach plexus
when activated (Blandizzi et al. 1991). In horses, alphα2-adrenoceptors have been detected at least
in the ileum, where they have binding properties of both α2A and α2B-adrenoceptors (Re et al. 2001).

6.4 Effects on selected neurohormonal variables and changes
related to energy metabolism
Romifidine-induced hyperglycaemia has been reported earlier in horses (Kullmann et al. 2014), and it was
demonstrated also in Study IV. The plasma glucose concentration increased throughout the monitoring period, which means that the peak concentration could possibly have emerged even after 120 minutes, which
was the last time-point of measurements. Vatinoxan alleviated the hyperglycaemic effect of romifidine and
the incomplete effect was most likely related to a low dose ratio of vatinoxan (200 µg/kg) to romifidine (80
µg/kg). In theory, there could also be other explanations for incomplete antagonism, such as α1-adrenergic
action of romifidine, which could affect plasma glucose concentration via glucose metabolism in the liver.
Vatinoxan alone had no effect on plasma glucose concentration (IV), which is in agreement with previous
reports in healthy human volunteers (Warren et al. 1991; Schafers et al. 1992).
In Study IV, the RIA kits for analysis of serum insulin concentrations were not commercially available at the
time of the trials, and the chemiluminescent immunometric assay method (Immulite) was chosen instead.
As Immulite is designed for analyses of clinical samples, its lower detection limit of insulin, 2 µIU/ml, was
obviously too high for research purposes, as many of our samples had insulin concentrations below that,
leading to loss of potentially important information about the serum insulin concentrations of the horses.
Serum insulin concentration, measured with Immulite, had a decreasing trend after all treatments, but the
level of significance was reached only after V. Decreased insulin concentrations in plasma after administration of α2-adrenoceptor agonists is a well-known phenomenon and is a result of α2-adrenoceptor activation
in pancreatic β-cells, which, in turn, lead to decreased insulin secretion. The effect was firstly discovered in
mice (Angel et al. 1988) and following hyperglycaemia. Because of the limitations of our insulin analyses,
this association in horses remains to be investigated elsewhere. Also, the effect of vatinoxan alone on serum
insulin concentrations warrants further research in horses. The decrease detected in the present study was
minor and individual variation in insulin concentrations was very high, necessitating further investigations
before reliable conclusions can be drawn.
Contrary to an old report indicating that around 75% of insulin is lost during prolonged storage at -20°C
(Feldman and Chapman 1973), many of the insulin concentrations were, surprisingly, higher in the results
yielded by RIA than by chemiluminescent immunometric assay (IV). The reference standards of the RIA kit
gave the expected values, indicating that the kit itself and the analysis procedure were successful. Samples
were measured in duplicate and there was a good correspondence within the results of duplicate samples. In
summary, we were unable to add any reliable information about the insulin concentrations of the horses in
Study IV, but further investigation by using RIA as an analysis method for adequate samples might give new
information about the effects of vatinoxan alone and combined with α2-adrenoceptor agonists on plasma
insulin concentrations in horses.
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All of the treatments in Study IV resulted in an increase in serum FFA concentrations; the increase was of the
same magnitude after ROM and ROM+V, indicating a mechanism other than the peripheral α2-adrenoceptor-mediated mechanism. After V, the increase in serum FFA concentration was significantly greater than
after ROM or ROM+V. In previous studies, α2-adrenoceptor agonists have been reported to decrease the serum FFA concentration in horses (Carroll et al. 1997) and dogs (Ambrisko and Hikasa 2002; 2003), whereas
vatinoxan increased serum FFA concentration and lipolytic response to exercise in humans (Schiberras et al.
1994). In contrast, serum FFA in goats remained unchanged after medetomidine (Carroll et al. 2005). Therefore, the increase in serum FFA concentration after all treatments in Study IV was most likely a manifestation of stress from instrumentation and restraining non-sedated horses in stocks for the monitoring period,
which the administration of romifidine alleviated. This is supported by an observation that at least some of
the horses seemed to be stressed in the stocks when romifidine was not part of the medication protocol. Furthermore, catheter placement is reported to be a probable reason for increased serum FFA in goats (Carroll et
al. 1998). In another study, the increase in baseline FFA concentration of goats was prevented when baseline
blood samples were taken two hours after placement of catheters, when the stress from catheterization had
already ceased, resulting in unchanged FFA concentration after medetomidine administration (Carroll et al.
2005). The effect of vatinoxan and dexmedetomidine on plasma FFA concentration was previously studied
in dogs (Restitutti et al. 2012). Administration of dexmedetomidine alone resulted in a decrease in plasma
FFA concentration, as expected. When vatinoxan was co-administered with dexmedetomidine, the effect
was biphasic; at first, the FFA concentration decreased similarly to treatment with dexmedetomidine alone,
but after 35 minutes, the concentration started to increase in combined administration while it decreased
further after dexmedetomidine (Restitutti et al. 2012). The exact mechanism for the biphasic response
remained unexplained, but it was speculated to be a result of the balance between the positive action of catecholamines and the negative action of insulin on hormone-sensitive lipase, which is the main regulator of
lipolysis (see review in Langin et al. 1996). The balance between the actions of catecholamines and insulin
might be the mechanism behind the changes in serum FFA concentrations in Study IV, although this requires
further investigation.
Serum cortisol increased quickly after all treatments, and ACTH showed a similar trend, but the level of
significance was reached only after V, most likely because of high individual variation in plasma ACTH
concentrations and the small number of horses used in the study. The concentrations of cortisol and ACTH
returned near baseline levels within the monitoring period, which could be indicative of stress response
related to instrumentation because the blood samples for baseline measurements were drawn in the stall before instrumentation. One horse became very agitated in the stocks unless it was heavily sedated; the same
horse had exceptionally high ACTH concentrations in some of the blood samples, increasing the SD of the
results in such a small population. In previous equine studies, detomidine has been reported to have no effect
(Raekallio et al. 1991b; Carroll et al. 1997) or to decrease (Raekallio et al 1992) serum cortisol concentration depending on its baseline. In contrast, medetomidine increased serum cortisol concentration in cattle
and sheep, which might have resulted from stress induced by hypoxaemia, which is typical for ruminants
(Ranheim et al. 2000). In Study IV, fairly heavy instrumentation was needed because of the concomitant
cardiovascular study, probably causing significant stress to the horses. To differentiate between the effect of
stress and the direct effect of the drugs studied, further investigations are needed.

6.5 Study limitations and methodological considerations
These studies have several limitations. Firstly, the number of horses was low in all studies. A larger study
population would have added statistical power to the results, but financial constraints, and the licenses for
animal testing, restricted the number of horses used in the studies. However, power calculations and the
44

Discussion

results of Study I indicated that the number of horses was sufficient to detect statistical differences between
the treatments.
Secondly, the use of control groups would have allowed more reliable conclusions to be drawn. The addition of treatment with vatinoxan alone to Study I and non-treated controls to Studies I, II and IV would
have added information about vatinoxan administered as a sole agent to horses and the possible effect of
stress caused by instrumentation and restraining of horses in stocks for the monitoring period, respectively.
Without a non-treated control, differentiation of the effects of vatinoxan from the stress-related responses is
challenging. This is especially true in Study IV, in which the baseline blood samples for biochemistry analyses were drawn in the stall before the horses were taken to the examination room, predisposing them to stress
from instrumentation. Placement of catheters in facial arteries of non-sedated horses required immobility,
which had to be ensured by use of a twitch. In addition, some of the horses mildly resisted their placement
in stocks, which could have resulted in stress response. The limited availability of vatinoxan and economic
restrictions prevented the use of additional treatment groups in the studies. The use of a larger study population would have increased statistical power.
All of the observers in the studies were not blinded to the treatments used, which could bias the results. True
blinding of the observers was hindered by some practical issues since the cardiovascular variables differed
considerably between the treatments and the cardiovascular variables seen on the screen of the multiparameter monitors revealed the treatment administered. In studies where blinding was included, this problem was
addressed by preventing access of blinded observers to the screen of multiparameter monitors.
Cardiovascular monitoring was limited to HR (Studies I and II), ABP (Study II) and CVP (Study I) in conscious horses. In an ideal setting, a complete haemodynamic evaluation (including CO) would have been
performed. Measurement of CO would allow determination of whether vatinoxan alleviated the negative
chronotropic effect of detomidine and romifidine via prevention of vasoconstrictive effect and increased
SVR. This effect is reported in other species treated with α2-adrenoceptor agonists combined with vatinoxan
(Pagel et al. 1998). In addition, measurement of CO would be needed to assess whether DO2 improves in
horses when α2-adrenoceptor agonists are combined with vatinoxan.
Central venous pressure was measured in Study I. Central venous pressure would provide more information if MAP and CO were measured simultaneously, as SVR could be calculated if all of these variables
were measured. Central venous pressure alone is not a reliable indicator of cardiovascular function. The
measurement of CVP in standing horses includes many sources of error, such as variation in head posture
(Norton et al. 2011), which might change slightly during the trials as the level of sedation changes. We tried
to minimize this by supporting the heads of the horses with ropes. Another important source of error is that
the placement of the catheter tip was assessed only by the shape of the CVP curve in the monitor. During the
trial there was some variation in the shape of the curve in addition to high variation in CVP readings; thus,
the possibility exists that the catheter tip was moving during the monitoring period.
In horses under general anaesthesia (Study III), the evaluation of haemodynamic function was confounded by
dobutamine infusion. The larger dose of dobutamine needed for blood pressure support in vatinoxan-treated
horses could have markedly influenced the CO and DO2 values, hindering accurate evaluation of the effect
of vatinoxan on these variables. The use of dobutamine was, however, necessary to avoid possible complications of hypotension during general anaesthesia.
A variety of methods are available for CO measurements in horses. The lithium dilution technique is considered accurate for CO measurements in anaesthetized horses (Linton et al. 2000). In addition, the availability of equipment and a minimally invasive technique supported the use of the LiDCO technique for CO
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measurements in Study III. Compared with the bolus thermodilution technique, the LiDCO technique is
reported to overestimate CO (Ambrisko et al. 2012). The most likely reason for overestimation is that some
drugs, such as detomidine and ketamine, which were also used in Study III, are reported to interact with
the LiDCO sensor, possibly biasing the results of CO measurements (Ambrisko et al. 2013). We assumed
that the potential bias in Study III would be similar in magnitude between the treatments of the study, as the
doses of the drugs, excluding dobutamine and vatinoxan, were the same in both treatments. Dobutamine
infusion did not cause a discrepancy in CO results between LiDCO and thermodilution methods in horses,
whereas a significant bias was recorded in conjunction with xylazine infusion (Hopster et al. 2015), so it
is justifiable to assume that dobutamine did not significantly affect CO results in Study III. Another contributing factor with unknown impact on the results is the additive effect of different drugs, which has been
reported with xylazine and ketamine in vitro (Ambrisko et al. 2013), but further investigation is needed to
estimate the effects of various drug combinations on LiDCO results.

6.6 Clinical implications and future prospects
The studies indicate that the combination of vatinoxan and an α2-adrenoceptor agonist could be beneficial
compared with administration of an α2-adrenoceptor agonist alone for sedation in conscious horses. The
first advantage is the prevention of negative chronotropic effect and peripheral vasoconstriction, leading to
preserved cardiac function and oxygen delivery to peripheral tissues. Complete haemodynamic evaluation
(including CO) of conscious horses medicated with vatinoxan combined with α2-adrenoceptor agonist is
needed to confirm the effects of vatinoxan on SVR and DO2.
Another favourable feature of combined administration is maintenance of intestinal motility during sedation with an α2-adrenoceptor agonist. This effect may be particularly important when α2-adrenoceptor agonists are used as infusions during standing operations that may last for several hours. The standing surgical
and dental operations are becoming more common as the risk and cost of general anesthesia can be avoided with the standing techniques. In practice, abdominal pain is a fairly common side-effect after long-lasting sedation with α2-adrenoceptor agonists. It would be beneficial to investigate the effects of vatinoxan
combined with α2-adrenoceptor agonists administered as constant rate infusion for standing procedures in
horses.
On the other hand, as a part of premedication before general anesthesia, vatinoxan caused severe hypotension (MAP <50 mmHg), which must be resolved before the drug is potentially usable for this indication
in horses. However, the possible improvement in peripheral perfusion might be beneficial in horses under
general anaesthesia, as equine species are prone to muscular damage due to high body weight and compromised peripheral perfusion. Determination of the optimal dose of vatinoxan in both conscious horses and
as a premedication before general anaesthesia requires further investigation. Also, the effects of vatinoxan
in compromised patients, such as horses suffering from colic or conditions affecting cardiovascular and
other important organ systems, await elucidation.
In Study IV, the metabolic changes induced by romifidine and vatinoxan were investigated only in clinically healthy animals. These effects need to be evaluated in horses with underlying diseases related to the
endocrine system (such as pituitary pars intermedia dysfunction and equine metabolic syndrome) and critically ill patients (such as horses with colic and neonatal foals). This is especially important because these
effects seem to last longer than the sedative effect of romifidine. A possible target for future research is the
evaluation of these effects in horses under stressful situations.
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7.

CONCLUSIONS

1)

Vatinoxan had a minor but statistically significant effect on the clinical depth of sedation by
detomidine or romifidine; the AUCsed was diminished after detomidine, but the peak sedation
score did not differ between the treatments (I, II).

2)

The negative chronotropism induced by detomidine and romifidine and the increased ABP induced by romifidine in horses were alleviated when vatinoxan was administered simultaneously
with these drugs. Administration of vatinoxan combined with detomidine also resulted in lower
CVP compared with detomidine alone (I, II).

3)

Due to marked hypotension, vatinoxan is not useful as a premedication before general an-		
aesthesia at the dose tested. Otherwise cardiovascular function seemed to improve with vatinox
an (decreased SVR and increased DO2); however, these effects could be at least in part due to
the large doses of dobutamine necessary for blood pressure support under these circumstances
(III).

4)

Vatinoxan affected the disposition of detomidine and romifidine. This manifested as increased
Vd and T½ß and reduced AUCinf of detomidine and romifidine when these were administered in
combination with vatinoxan (I, II, III).

5)

The reduction of intestinal motility induced by detomidine and romifidine was alleviated when
these α2-adrenoceptor agonists were administered simultaneously with vatinoxan (I, II).

6)

Romifidine induced hyperglycaemia in horses, which was alleviated by vatinoxan. Serum FFA
concentration increased after administration of vatinoxan, which, in turn, was alleviated by
romifidine (IV).
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APPENDIX 1.
Sedation scoring according to Rohrbach et al. (2009). Maximum sedation score is 10.

1. Attitude 		
			
			
			

Nervous 0
Calm 1
Apathetic 2
Stuporous 3

2. Standing ability
			 Stands well 0
			 Leans slightly on stocks 1
			 Leans strongly on stocks 2
			 Difficulty standing 3
3. Head		 Moving 0
			 Quiet 1
			 Hanging in halter 2
4. Eyes		 Normal 0
			 Slightly closed 1
5. Ears		 Moving 0
			 Not moving 1
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