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Abstract The CSF-to-brain ratio of vatinoxan was 0.8 ± 0.2, whereas
Objectives To investigate the extent of vatinoxan distribu-
tion into sheep brain, and whether vatinoxan influences
brain concentrations of xylazine; and to examine the utility
of cerebrospinal fluid (CSF) as a surrogate of brain tissue
concentrations for vatinoxan and xylazine.

Study design Randomised, blinded, experimental study.

Animals A total of 14 adult female sheep.

Methods Sheep were randomly allocated into two equal
groups and premedicated with either intravenous (IV)
vatinoxan (750 mg kge1, VX) or saline (SX) administered 10
minutes before IV xylazine (500 mg kge1). Sedation was
subjectively assessed at selected intervals before and after
treatments. At 10 minutes after xylazine administration, a
venous blood sample was collected and the sheep were
immediately euthanised with IV pentobarbital (100 mg
kge1). Plasma, CSF and brain tissues were harvested, and
concentrations of vatinoxan and xylazine were quantified
using liquid chromatographyetandem mass spectrometry.
Drug ratios were then calculated and the data were ana-
lysed as appropriate.

Results The brain-to-plasma and CSF-to-plasma ratios of
vatinoxan were 0.06 ± 0.013 and 0.05 ± 0.01 (mean ±
standard deviation), respectively. Xylazine brain concen-
trations were not significantly different (835 ± 262 versus
1029 ± 297 ng ge1 in groups VX and SX, respectively) and
were approximately 15-fold higher than those in plasma.
900
xylazine concentrations in the brain were approximately
17-fold greater than those in CSF, with and without
vatinoxan.

Conclusions and clinical relevance Vatinoxan did not
significantly affect sedation with xylazine or the concen-
trations of xylazine in the brain. CSF is not a good predictor
of xylazine concentrations in the brain, whereas vatinoxan
concentrations were concordant between the brain and
CSF, using the dosages in this study.

Keywords brain tissue, cerebrospinal fluid, MK-467,
sheep, vatinoxan, xylazine.
Introduction

Simultaneous or prior administration of vatinoxan either at-
tenuates or prevents the adverse cardiopulmonary effects of a2-
adrenoceptor agonists in many animal species, including sheep
(Bryant et al. 1998; Raekallio et al. 2010; Adam et al.
2018a,b,c). The level of sedation from dexmedetomidine or
medetomidine was not substantially changed by inclusion of
vatinoxan in dogs, cats or sheep (Honkavaara et al. 2008,
2017a,b; Raekallio et al. 2010; Restitutti et al. 2011; Adam
et al. 2018a,b). In one study in dogs, the plasma medetomi-
dine concentration was markedly decreased by administration
of vatinoxan, the duration of sedation was slightly shortened
and somatic antinociception was reduced (Bennett et al. 2016).
However, the antinociceptive potency of medetomidine was not
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significantly affected by vatinoxan when the dosage of mede-
tomidine was adjusted so that the plasma concentrations of
medetomidine were equivalent to those produced by medeto-
midine alone (Huuskonen et al. 2020). Therefore, the minor
alterations in the sedative and antinociceptive dose responses
induced by vatinoxan may be related to changes in the dispo-
sition of the concurrently administered agonist (Vainionp€a€a
et al. 2013; Bennett et al. 2016; Honkavaara et al. 2017a,b;
Huuskonen et al. 2020). To date, there is no direct evidence for
vatinoxan altering the central nervous system (CNS) bioavail-
ability of the co-administered agonists.
Vatinoxan poorly penetrates the bloodebrain barrier, thus

allowing selective blocking of peripheral a2-adrenoceptors.
Clineschmidt et al. (1988) reported a brain-to-plasma ratio of
0.03 in marmosets and 0.06 in rats following intravenous (IV)
administration of vatinoxan (10 mg kge1). Recently, a com-
parable brain-to-plasma ratio (0.02) was measured in dogs
administered IV vatinoxan (800 mg kge1) combined with
medetomidine (40 mg kge1) (Honkavaara et al. 2020). In
addition, the authors reported a three-to sevenfold brain-to-
plasma ratio of medetomidine enantiomers (Honkavaara
et al. 2020), comparable to the ratio in rats administered
radiolabelled racemic medetomidine (80 mg kge1) subcutane-
ously (Salonen 1989) and IV dexmedetomidine (20 mg kge1)
(European Medicines Agency 2005). Furthermore, because of
direct contact with the brain tissue, cerebrospinal fluid (CSF)
has been used as a common surrogate to measure the unbound
brain concentrations of drugs in preclinical and clinical phar-
macology studies (Liu et al. 2006; Lin 2008). Currently, no
published data exist regarding the CNS distribution of vat-
inoxan in sheep. Likewise, there are no available data about
the feasibility of CSF as a predictor for xylazine and vatinoxan
concentrations in brain tissue. Thus, our objectives were to
explore the extent of vatinoxan distribution in the sheep brain
and study its impact on the central bioavailability of xylazine.
Moreover, we aimed to examine the applicability of CSF as a
surrogate of brain tissue concentrations. We hypothesised that
1) vatinoxan concentrations in plasma would exceed that in
the brain and CSF; and 2) that vatinoxan would not signifi-
cantly affect the brain-to-plasma concentration ratio of
xylazine.

Materials and methods

A group of 14 adult female Texel and cross-bred sheep aged 2.8
± 0.4 years and weighing 67.8 ± 3.9 kg, means ± standard
deviation (SD), were studied. The animals were scheduled for
euthanasia for reasons unrelated to this study and the study
was approved by the National Animal Experiment Board of
Finland (number: ESAVI-16103-2018). The Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines were
followed when the study was performed. Sheep were housed
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Association of Veterin
and Analgesia. This is an open access article under the CC BY license (http://cre
indoors as a group and fed hay with free access to water. They
were deemed healthy based on clinical examination.

Study protocol

A 16 gauge, 60 mm cannula (Intraflon 2; Vygon, France) was
aseptically placed in one jugular vein after subcutaneous
infiltration of lidocaine (Lidocaine 2% 0.5 mL; Lidor vet;
Richter Pharma AG, Austria) and was used for drug admin-
istration. The sheep were randomly (www.randomization.
com) assigned to two groups of seven and administered pre-
medication with either vatinoxan (750 mg kge1; Vetcare Ltd,
Finland; group VX) or an equal volume of saline (B. Braun
Melsungen AG, Germany; group SX). Vatinoxan was provided
as powder and prior to administration was dissolved in isotonic
saline (NaCl, 9 mg mLe1; B. Braun Melsungen AG) to a final
concentration of 5 mg mLe1 and administered as a fast IV
bolus over approximately 10 seconds (Time 0 minus 10 mi-
nutes; Te10), and the catheter was flushed with 5 mL saline.
Xylazine (500 mg kge1; Nerfasin Vet, 20 mg mLe1; Le Vet
Pharma BV, The Netherlands) was injected IV over 5 seconds
10 minutes later (T0), and the catheter was flushed with 5 mL
saline. An investigator (AM) who was unaware of group
assignment subjectively assessed sedation before drug admin-
istration [baseline (BL)], 5 minutes after vatinoxan (time Te5),
and 3 and 8 minutes after xylazine (T3 and T8, respectively).
Sedation was scored using two scoring systems: a visual
analogue score (VAS; a 0e100 mm line marked in 1 mm in-
crements, where 0 denoted no sedation and 100 deep sedation)
and a descriptive scale (DS; 0e10, where 0 denoted no seda-
tion and 10 denoted deep sedation with lateral recumbency
and no reflexes; K€astner et al. 2003). The elapsed time between
xylazine administration and sternal recumbency was recorded.
Blood (6 mL) was collected 10 minutes after xylazine

administration (T10) by venipuncture of the jugular vein
without a catheter. The blood was placed in ethylenediamine
tetraacetic acid tubes (Vacuette tube; Greiner Bio-One GmbH,
Austria) centrifuged at 3000 g for 10 minutes and plasma
harvested and stored in duplicate 2 mL cryotubes (Sarstedt AG
& Co., Germany) at e20 �C until analysed for drug concen-
trations. Immediately after blood collection, the sheep were
euthanised with IV pentobarbital (100 mg kge1; Euthanasia
solution 400 mg mLe1; Le Vet Pharma BV). After confirming
cessation of heartbeats using thoracic auscultation, the sheep
were turned into lateral recumbency for CSF collection via the
foramen magnum. The elapsed time between euthanasia and
CSF collection was recorded. A pathologist (JL) performed the
dissection following the standard technique for brain removal
in small ruminants. The head was separated from the trunk by
severing through the atlanto-occipital joint, and the bony roof
of cranium (calvaria) was exposed by dissecting off the skin. A
transversal rostral cut through the forehead and two lateral
ary Anaesthetists and American College of Veterinary Anesthesia
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diamond-shaped cuts extending to the foramen magnum were
made and the calvaria was removed to expose the brain. Fresh
cross-sectional tissue samples of the frontal cortex were har-
vested and immediately frozen in liquid nitrogen until stored
at e80 �C.

Drug concentration analyses

Brain samples (approximately 1 g; frontal cortex) were
homogenised with Omni Bead Ruptor (Omni International,
GA, USA) in 4� volume (mass per volume) 150 mM phosphate
buffer saline (PBS; Admescope, Finland) at 5.65 m seconde1 for
15 seconds, two cycles, followed by dwell time of 30 seconds.
Plasma, brain homogenate and CSF samples were precipitated
with 2� volume of acetonitrile (ACN; Fisher Scientific,
Finland), including 50 ng mLe1 propranolol as internal stan-
dards (100 mL sample and 200 mL precipitation solution).
Samples were mixed for 3 minutes and centrifuged at 2952 g
for 20 minutes. Precipitated samples were diluted 1:1 with
water (100 mL supernatant:100 mL H2O) and transferred to
mass spectrometry analysis. Standards and quality controls
were prepared by spiking sheep blank plasma, sheep blank
brain homogenate or CSF (Cat# 3525, Batch# 44A; Tocris
Bioscience, UK; 10 mL standard/QC and 90 mL blank matrix).
Calibrators were prepared at concentrations ranging from 0.2
to 2000 ng mLe1. Quality-control samples were analysed at
concentrations of 2.5, 25 and 250 ng mLe1. The matrix spe-
cific calibrators and quality-control samples were treated
similarly as the samples. Analyses were performed with liquid
chromatographyetandemmass spectrometry (Waters Acquity
UPLC and Waters TQ-S tripleequadrupole MS; Waters Corp.,
MA, USA) by use of a reverse-phase C18 column (Waters
Acquity BEH C18, 2.1 � 50 mm, 1.7 mm; Waters Corp.).
Column temperature was 40 �C, autosampler temperature was
10 �C, and injection volume was 4 mL. Liquid chromatography
eluent A was 0.5% formic acid in water, and eluent B aceto-
nitrile. The eluent flow rate was 0.5 mL minutee1. Gradient
elution involved changes in solution B as follows: 2% at 0 mi-
nutes, 2% at 0.5 minutes, 50% at 2 minutes, 90% at 2.5 mi-
nutes, 90% at 3 minutes, and 2% at 4 minutes. Nitrogen was
used as desolvation gas (flow rate, 900 L houre1) and cone gas
(flow rate, 150 L houre1). Solvent temperature was 650 �C,
and source temperature was 150 �C. Capillary voltage was 1.0
kV, and ionisation polarity was positive. The samples were
analysed in multiple reaction monitoring (MRM) mode using
mass-to-change ratio transitions 221/ 105, 419/ 200 and
260 / 116 m ze1 for xylazine, vatinoxan and internal stan-
dard, respectively. The cone voltage was 25 V for xylazine and
vatinoxan and 28 V for internal standard. Respective collision
energy were 12, 20 and 18 V; and retention times 1.93, 1.81
and 2.38 minutes for xylazine, vatinoxan and internal stan-
dard, respectively. Accuracy ranged from 85% to 104% and
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Associatio
and Analgesia. This is an open access article under the C
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imprecision values from 2.6% to 6% for all analytes in all
matrices. In sheep plasma, the limits of quantitation were 1
and 0.5 ng mLe1 for xylazine and vatinoxan, respectively. The
corresponding values in sheep brain homogenate and artificial
CSF were 0.5 ng mLe1 for both analytes.

Statistical analysis

Sample size calculation (http://hedwig.mgh.harvard.edu/
sample_size/size.html) indicated that a total of 14 sheep were
required if the true difference in brain xylazine concentrations
between groups is approximately two times the SD, with 0.9
power and 0.05 alpha level. The plasma, CSF and brain con-
centrations as well as the calculated brain-to-plasma, CSF-to-
plasma and CSF-to-brain ratios were compared between
groups with independent-sample t test followed by Bonferroni
post hoc corrections where appropriate. In addition, Spear-
man’s correlations were used to test the associations between
plasma, brain and CSF concentrations of vatinoxan and xyla-
zine. Differences in sedation scores were analysed using
ManneWhitney U test. The statistical level for significance
was set at 0.05. All analyses were computed with IBM SPSS
Statistics for Windows, Version 26 (IBM Corp., NY, USA). Data
are presented as means ± SD except for sedation scores, which
are presented as median (range).

Results

No significant differences were observed between groups in
sedation scores (Table 1) or the times to recumbency (4.3± 3.5
versus 6.8 ± 4.8 minutes for groups VX and SX, respectively).
Prior administration of vatinoxan had no significant effect

on xylazine concentrations in plasma or in the brain (Table 2).
The time elapsed from euthanasia until CSF sample collection
was 8 ± 3 and 9 ± 4 minutes for groups VX and SX, respec-
tively. Vatinoxan concentrations in CSF were comparable to
those in the brain, whereas xylazine concentrations in CSF
were approximately one-seventeenth of the concentrations in
brain (Fig. 1 & Table 2). Two CSF samples, one from each
treatment, were excluded because they were apparently
contaminated with blood.

Discussion

In the present study, the plasma concentrations of vatinoxan
far exceeded the concentrations in brain and CSF. This provides
direct evidence of the peripheral selectivity of vatinoxan in
sheep. The brain-to-plasma concentration ratio of vatinoxan in
sheep was similar to the ratio in rats administered IV vatinoxan
(Clineschmidt et al. 1988) and slightly higher than in mar-
mosets (Clineschmidt et al. 1988) and dogs (Honkavaara et al.
2020). Nevertheless, at 20 minutes after administration of a
slightly higher dose, vatinoxan concentrations in the brain of
n of Veterinary Anaesthetists and American College of Veterinary Anesthesia
C BY license (http://creativecommons.org/licenses/by/4.0/)., 48, 900e905
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Table 1 Median (range) of visual analogue sedation score (VAS)
and descriptive score (DS) in 14 sheep assigned to two equal groups
for premedication with either intravenous (IV) vatinoxan (750 mg
kge1, group VX) or an equivalent volume of saline IV (group SX) at
time 0e10 minutes, followed 10 minutes later with IV xylazine
(500 mg kge1) at time 0. Sedation was scored before drug admin-
istration (baseline; BL), 5 minutes after vatinoxan administration
(Te5), and 3 and 8 minutes after xylazine administration (T3 and
T8, respectively)

Scoring
system

Group Time points

BL Te5 T3 T8

VAS
(0e100 mm)

VX 0 (0e0) 0 (0e0) 56 (12e72) 65 (27e92)
SX 0 (0e0) 0 (0e0) 44 (22e71) 68 (30e100)

DS (0e10) VX 0 (0e0) 0 (0e0) 5 (2e7) 7 (3e9)
SX 0 (0e0) 0 (0e0) 4 (3e7) 7 (4e10)

Table 2 Xylazine and vatinoxan concentrations in plasma, cere-
brospinal fluid (CSF) and brain, and the calculated ratios of brain-to-
plasma, CSF-to-plasma and CSF-to-brain in sheep premedicated
(Te10) with either IV vatinoxan (750 mg kge1, group VX) or an
equivalent volume of saline (group SX), and 10 minutes later (T0)
injected IV with xylazine (500 mg kge1). Data are from seven sheep
in each group except for CSF data, which are from six sheep. Data
are presented as mean ± standard deviation

Parameter Xylazine Vatinoxan

Group VX Group SX Group VX

Plasma (ng mLe1) 52 ± 15 68 ± 15 446 ± 57
CSF (ng mLe1) 43 ± 13* 61 ± 6 24 ± 6
Brain (ng ge1) 835 ± 262 1029 ± 297 27 ± 5
Brain-to-plasma 17 ± 5 15 ± 2 0.06 ± 0.013
CSF-to-plasma 0.90 ± 0.25 1.00 ± 0.31 0.05 ± 0.01
CSF-to-brain 0.06 ± 0.01 0.07 ± 0.02 0.8 ± 0.2

*Significant difference between groups VX and SX (p < 0.05).
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dogs were comparable to those of the sheep in the present
investigation (Honkavaara et al. 2020). These results indicate
that vatinoxan has poor penetration of the bloodebrain barrier
in sheep.
Vatinoxan did not affect the distribution of xylazine in the

sheep brain, as no significant difference was observed in the
xylazine brain-to-plasma concentration ratio between groups.
Therefore, we did not observe changes in the central distri-
bution of the co-administered xylazine by vatinoxan. Corre-
spondingly, no significant difference was detected between
groups in xylazine-induced sedation. However, in earlier
studies, vatinoxan reduced the concentration of a2-adreno-
ceptor agonist (detomidine, medetomidine and dexmedetomi-
dine) in plasma and shortened the duration of sedation in
many species when administered IV simultaneously with an
a2-adrenoceptor agonist (Vainionp€a€a et al. 2013; Bennett
et al. 2016; Honkavaara et al. 2017a,b; Huuskonen et al.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Association of Veterin
and Analgesia. This is an open access article under the CC BY license (http://cre
2020). Under our study setting, sedation was only monitored
until euthanasia was performed; therefore, sedation duration
was not recorded.
In the present study, the xylazine concentration in CSF was

much lower than the concentration in brain. Because of the
close relationship between the CSF and brain interstitial fluid,
the CSF concentration is frequently used to assess the unbound
drug in the CNS and as a surrogate of brain tissue exposure,
especially in preclinical studies (Lin 2008). However, this
relationship is not straightforward, and for several classes of
drugs acting in the CNS, CSF concentrations are either much
lower than, or not predictive of, brain tissue concentrations
(Liu et al. 2006; Rambeck et al. 2006). For instance, in
nonhuman primates, the concentrations of five antiretroviral
agents were more than 13-fold lower in CSF than in brain
tissue (Srinivas et al. 2019). The study suggested that some of
these antivirals might be substrates of certain transporter
proteins located in the bloodeCSF barrier and effluxes these
drugs out from the CSF to blood (Srinivas et al. 2019).
Furthermore, the low CSF-to-interstitial fluid ratio of the more
lipid-soluble drugs could be attributed to the sink action of CSF,
which means that drugs are rapidly cleared by the rapid
recycling rate of CSF (Shen et al. 2004). For xylazine, there is a
paucity of knowledge on the exact underlying mechanism that
dictates its low CSF-to-brain ratio. However, the more likely
explanation may be that xylazine was highly bound to brain
tissue, which reduced its unbound fraction and consequently
resulted in low CSF concentrations. This concept is supported
by the so-called ‘free drug hypothesis’ in pharmacokinetics.
This hypothesis states that in the absence of active trans-
portation, the unbound concentration of a drug in blood is
equivalent to that in the target tissues at steady state (Shen
et al. 2004; Lin 2008; Smith et al. 2010). Recently, Chen
et al. (2020) tested this hypothesis in rats and concluded
that for drugs with good permeability that are not substrates of
efflux transporters, the unbound drug concentration in blood is
a reliable surrogate for assessing the unbound concentration in
the brain.
Conversely, it was observed in the present study that the

CSF and brain concentrations of vatinoxan were comparable.
For hydrophilic or large molecular weight compounds with
poor to moderate permeability, CSF concentration is a
reasonably good discriminating indicator of drug availability
to the CNS (Shen et al. 2004). Vatinoxan has a low octanol/
phosphate buffer partition coefficient of 1.3 (Clineschmidt
et al. 1988) and a relatively large molecular weight of 455
g moLe1. In addition, the presence of an efflux mechanism
could be another explanation for the similar CSF-to-brain
ratio of vatinoxan. For drugs that are substrates of efflux
transporters, the concentrations in the brain and CSF are
significantly lower than that in blood (Chen et al. 2020).
However, the transcellular movement of vatinoxan has been
ary Anaesthetists and American College of Veterinary Anesthesia
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Figure 1 Correlation analyses of vatinoxan and xylazine concentrations in sheep brain, cerebrospinal fluid (CSF) and plasma. Sheep were pre-
medicated with either intravenous (IV) vatinoxan (750 mg kge1; group VX, n ¼ 7) or an equivalent volume of saline (group SX, n ¼ 7), followed
10 minutes later with IV xylazine (500 mg kge1). Correlation analyses of (a) vatinoxan brain concentrations with vatinoxan plasma concen-
trations; (b,c) vatinoxan CSF concentrations with brain and plasma concentrations; (d) xylazine brain concentrations with xylazine plasma
concentrations; and (e,f) xylazine CSF concentrations with brain and plasma concentrations. One CSF sample from each treatment was excluded.
Xylazine concentrations were measured in sheep of both groups (VX, black circles; SX, white circles).
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assessed in a two-cell line model transfected with human P-
glycoprotein (P-gp), and vatinoxan had no apparent perme-
ability in the apicalebasolateral direction, suggesting that
vatinoxan is not a P-gp substrate (Bennett et al. 2017).
The main limitation of the current study was the lack of

vatinoxan treatment alone. Hence, the study design was un-
able to accurately estimate the extent of distribution of vat-
inoxan in the brain and whether it was affected by xylazine.
Nevertheless, vatinoxan is being considered for clinical use in
combination with a2-adrenoceptor agonists and is unlikely to
be used alone. Moreover, owing to the terminal nature of the
present experiment, more than one time point for comparisons
of brain concentrations was not collected. Thus, this time point
was chosen at 20 minutes after vatinoxan injection to relate
the concentrations and their ratios to other species from pre-
vious studies, namely dogs (Honkavaara et al. 2020), rats and
marmosets (Clineschmidt et al. 1988).

Conclusions

The results of this study indicate that vatinoxan has poor
penetration to the sheep CNS and has no significant effect on
the brain concentration of xylazine. The concentration of
xylazine in the CSF was not a good predictor for brain con-
centrations of xylazine, whereas vatinoxan concentrations
were consistent between the brain and CSF, at least with the
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Associatio
and Analgesia. This is an open access article under the C
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dosage used in this study. Therefore, a further investigation
with various doses of vatinoxan is warranted.
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