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1  |  INTRODUC TION

Alpha2- adrenoceptor agonists are extensively used in veterinary 
medicine for sedation, antinociception and premedication before 
general anaesthesia. However, their use is associated with some 
untoward effects, such as vasoconstriction and a consequent ini-
tial increase in arterial blood pressure, bradycardia and reduction 

in cardiac output, that also reported in sheep (Bryant et al., 1996; 
Celly et al., 1997; Kutter et al., 2006; Raekallio et al., 2010; Talke 
et al., 2000). Moreover, α2- adrenoceptor agonists regardless of 
their receptor selectivity induce arterial hypoxaemia in sheep (Celly, 
McDonell, Young, et al., 1997), which is mainly mediated via the 
peripheral α2- adrenergic receptors (Celly et al., 1997, 1999), and 
shows a dose- dependent magnitude (Bryant et al., 1996; Talke et al., 
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Abstract
It was hypothesized that premedication with vatinoxan, a peripheral α2- adrenoceptor 
antagonist, would mitigate xylazine- induced pulmonary alterations in sheep. Fourteen 
adult sheep were allotted into two equal groups and premedicated with either vati-
noxan (750 µg/kg IV) or saline and sedated 10 min later with xylazine (500 µg/kg IV). 
Arterial oxygen saturation (SpO2) was measured and respiratory rate (RR) counted 
at intervals. The sheep were euthanized with IV pentobarbital 10 min after xylazine 
administration. The severity of pulmonary parenchymal alterations was assessed and 
graded grossly and histologically and correlations of the morphological changes with 
SpO2 evaluated. Following xylazine injection, SpO2 was significantly higher and RR 
significantly lower with vatinoxan than with saline and the sheep administered vati-
noxan exhibited significantly smaller quantities of tracheal foam than those receiving 
saline. No significant differences in macroscopic oedema scores were detected be-
tween treatments. In contrast, the vatinoxan- treated animals exhibited significantly 
graver microscopic interstitial alveolar oedema and haemorrhage than saline- treated 
animals. The histological severity scores did not correlate with changes in SpO2. In 
conclusion, xylazine induced a marked reduction in SpO2 which was abolished by the 
prior administration of vatinoxan. The histologically detected alterations after pento-
barbital euthanasia with vatinoxan premedication need to be studied further.
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2000). Pulmonary oedema formation has been proposed as a cause 
of hypoxaemia related to α2- adrenoceptor agonists in sheep (Bacon 
et al., 1998; Celly et al., 1999; Kästner et al., 2007). Microscopically, 
a widespread alveolar capillary congestion associated with accumu-
lation of oedematous fluid in the interstitial and alveolar regions has 
been observed in xylazine- treated sheep (Bacon et al., 1998; Celly 
et al., 1999). In addition, an extensive eosinophilic (proteinaceous) 
alveolar oedema accompanied by erythrocytes extravasation was 
described in sheep receiving intravenous (IV) dexmedetomidine 
(Kästner et al., 2007).

Vatinoxan (formerly named MK- 467 and L- 659,066) is an α2- 
adrenoceptor antagonist that only poorly crosses the mammalian 
blood– brain barrier (Clineschmidt et al. 1988; Honkavaara et al., 
2020). A growing body of evidence has shown that vatinoxan 
effectively mitigates the adverse cardiopulmonary and meta-
bolic effects of various α2- adrenoceptor agonists. This concept 
has been well- documented in various species (Honkavaara et al., 
2011; Restitutti et al., 2012; Rolfe et al., 2012; Sainmaa et al., 
2019; Siao et al., 2017; de Vires et al., 2016), including sheep 
(Adam, Huuskonen, et al., 2018; Adam, Raekallio, Keskitalo, 
et al., 2018; Adam, Raekallio, Salla, et al., 2018; Bryant et al., 
1998; Raekallio et al., 2010). Moreover, vatinoxan has no ap-
preciable impact on agonist- induced sedation in many species 
(Adam, Raekallio, Keskitalo, et al., 2018; Adam, Raekallio, Salla, 
et al., 2018; Honkavaara Pypendop et al., 2017; Honkavaara 
et al., 2008, 2017; Raekallio et al., 2010; Restitutti et al., 2011; 
Siao et al., 2017; Tapio et al., 2018; Vainionpää et al., 2013; de 
Vries et al., 2016), nor has it shown antinociceptive effects when 
the agonist concentration is similar in plasma (Huuskonen et al., 
2020). Recently, we demonstrated in sheep that premedication 
with vatinoxan alleviated dexmedetomidine- induced bronchoc-
onstriction and hypoxaemia, and prevented the opacity detected 
by computer tomography (CT) in the ventrolateral parts of lungs 
(Adam, Huuskonen, et al., 2018). It was speculated that the 
opacity was probably due to interstitial oedema since no fluid 
or foam was seen in bronchoscopy (Adam, Huuskonen, et al., 
2018). To our knowledge, no published data exist regarding the 
use of vatinoxan with xylazine in sheep. Thus, our objective was 
to describe xylazine- induced pathological pulmonary alterations 
in sheep and to examine whether vatinoxan could prevent them. 
We hypothesized that premedication with vatinoxan would mit-
igate such effects.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

Fourteen adult female Texel and Crossbred sheep aged (mean ± SD) 
2.8 ± 0.4 years and weighing 67.8 ± 3.9 kg were donated to this 
study. The animals were housed as a group and fed hay with free 
access to water. They were deemed healthy based on clinical ex-
amination. Animals were scheduled for euthanasia due to reasons 

unrelated to our experiment and were approved by the Finnish 
Animal Experiment Board (ESAVI/16103/2018). The licence ful-
fils the ARRIVE guidelines as well as the requirements of the EU 
legislation.

2.2  |  Treatment groups

A 16 G venous cannula (Intraflon 2, Vygon) was aseptically placed 
under local anaesthesia with lidocaine in a jugular vein and used for 
drug administration. The sheep were randomly (www.rando mizat 
ion.com) assigned into two equal groups and premedicated (T– 10) 
with vatinoxan (750 μg/kg IV) or an equal volume of saline (SX), 
followed by sedation with 500 μg/kg of xylazine IV (Nerfasin Vet 
20 mg/mL; Le Vet Pharma BV) 10 min later (T0; Figure 1). Vatinoxan 
was provided as a powder (Vetcare Ltd.), dissolved in isotonic saline 
to a final concentration of 5 mg/mL. Drugs were administered as 
IV boluses, and the cannula was flushed with 5 mL of saline. The 
sheep were euthanized 10 min after xylazine administration (T+10) 
with 100 mg/kg IV pentobarbital (Euthasol Vet 400 mg/mL; Le Vet 
Pharma BV).

2.3  |  Study protocol

Before euthanasia, the sheep were breathing room air and no efforts 
were made to keep them in a certain position after sedation. Pulse 
rate (PR) and oxygen saturation (SpO2) were obtained by a pulse 
oximeter (Nonin PalmSAT 2500 series, Nonin, USA) connected to 
an ear or lip. Respiratory rate (RR) was counted through observing 
chest movements, and rectal temperature (RT) was measured by a 
digital thermometer. Mean arterial blood pressure (MAP) was non- 
invasively measured with an oscillometric device (PetMap, Ramsey 
Medical, Inc.); the cuff was attached around the metacarpus. In addi-
tion, the sedation was subjectively assessed and time to recumbency 
was recorded in minutes.

Pathological examination: Immediately after confirmation of 
death, sheep were positioned on their left sides for cerebrospinal 
fluid collection, which was used for another study. Thereafter, the 

F I G U R E  1  Experimental time line. BL, baseline; VAT, vatinoxan; 
S, saline; XYL, xylazine

BL, baseline; VAT, vatinoxan; S, saline; XYL, xylazine 

BL

T−10 T0 T+8

T−5 T+3 T+10

VAT/S XYL

Euthanasia

http://www.randomization.com
http://www.randomization.com
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lungs and heart were removed en bloc for macroscopic evaluation 
and histological sampling within 10– 20 min after euthanasia. The 
presence of foam above the bifurcation of trachea was graded 
using a three- tier scale (0– 2, where 0 indicates no foam; 1 mild- to- 
moderate foam; and 2 abundant foam up to the larynx). Gross pulmo-
nary alterations: oedema, congestion and density of the lung tissue 
were subjectively assessed and graded separately for each lung lobe 
using a five- tier scale (Appendix S1; 0, no macroscopic changes –  
2, moderate changes) and the grades of the right lobes summed to 
obtain a macroscopic lobar change score (0– 6). Histological samples 
were taken from the dorsal aspects of right cranial, middle and cau-
dal lobes. A pathologist (JL) who was blinded to the treatments ob-
tained the specimens and performed all pathological examinations 
and assessments.

The histological samples were fixed in 10% buffered formalin, 
embedded in paraffin and sectioned at 4 µm. Sections of all sam-
ples were stained with haematoxylin and eosin (H&E), and selected 
sections also with PAS (periodic acid- Schiff) and reticulin stains. 
Microscopic lung findings were classified with standard patho-
logical nomenclature, and severity of the findings for each lobar 
sample was graded on a scale of 1 to 5 as minimal, mild, moderate, 
marked or severe (Appendix S2; Figure 3) based on the proportion 
of lung parenchyma exhibiting mild to moderate (oedema and hae-
morrhage are limited to the alveolar interstitial tissue) or marked 
(alveoli are partly or fully obliterated or filled with oedema and 
haemorrhage) changes. The grades of the three histological sam-
ples (right cranial, middle and caudal lobes) were summed to form a 
microscopic oedema/haemorrhage score (3– 15) for each sheep. In 
addition to the histological grading, the approximate proportional 
area of the markedly affected lung parenchyma (defined as above; 
Appendix S2) was estimated and expressed in percentages, and the 
general pattern of changes was described using the terms shown 
in Appendix S3.

2.4  |  Statistical analysis

Normality assumptions were checked with the Shapiro– Wilk tests. 
Changes from baseline and differences between treatments in PR, 
RR and SpO2 were evaluated with repeated- measures ANCOVA. 
The models included the main effects of treatment and time point 
and a baseline (BL) covariate as fixed effects. The differences in 
MAP were compared between treatments with the Student's t test. 
The sums of the three- lobe specimens for oedema and foam scores 
were calculated. Subsequently, the differences between treatments 
were compared with the Mann– Whitney U test. Spearman rank cor-
relations were employed to test associations between SpO2 and 
oedema scores. Bonferroni corrections were used as post hoc for 
multiple comparisons as appropriate and p- values <.05 were consid-
ered statistically significant. All analyses were computed with IBM 
SPSS Statistics for Windows, version 26 (IBM Corp.).

3  |  RESULTS

Clinically, no sedation was observed after vatinoxan injection, 
whereas all sheep appeared sedated after xylazine administration 
and became recumbent within 4.3 ± 3.5 and 6.8 ± 4.8 min for VX and 
SX, respectively. Haemodynamic results are presented in Table 1. 
With SX, SpO2 was significantly decreased from BL and lower than 
with VX at T+3 and T+8. After SX, RR was significantly higher than 
at BL and after VX. Additionally, some sheep exhibited dyspnoea 
with shallow, wheezy breathing type and increased respiratory ef-
fort (see Appendix S4). No significant changes in PR occurred after 
either treatment.

Macroscopic lung changes in all sheep were in general minor, and 
the lungs were spongy and pink to bright brick- red in colour; the 
changes were similar on both sides and minor in cranial lobes. The 

TA B L E  1  Mean ± SD of haemodynamic variables in sheep premedicated with either intravenous (IV) vatinoxan (750 µg/kg, VX) or an 
equivalent volume of saline (SX), and 10 min later (T0) receiving IV xylazine (500 µg/kg)

Variable Treatment BL T−5 T+3 T+8

PR (beats per minute) VX 93 ± 20 109 ± 28 76 ± 19 79 ± 14

SX 99 ± 18 101 ± 17 81 ± 15 87 ± 15

RR (breaths per minute) VX 89 ± 27 82 ± 28 45 ± 19a  41 ± 20a 

SX 63 ± 13b  97 ± 30a  91 ± 29a,b  77 ± 17b 

SpO2 (%) VX 99 ± 1 98 ± 2 97 ± 2 97 ± 3

SX 98 ± 2 98 ± 2 74 ± 12a,b  68 ± 9a,b 

MAP (mmHg) VX N/A N/A 93 ± 4 83 ± 26

SX N/A N/A 112 ± 17b  111 ± 31b 

RT (°C) VX 39.1 ± 0.4 N/A N/A 39.2 ± 0.2

SX 39.4 ± 0.2 N/A N/A 39.6 ± 0.3b 

Abbreviations: BL, baseline; MAP, mean arterial pressure; PR, pulse rate; RR, respiratory rate; RT, rectal temperature; SpO2, arterial oxygen 
saturation.
aSignificantly different from BL within the same treatment group.
bSignificantly different between treatments at the same time point (p < .05).
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individual lung lobes of most sheep showed little congestion and a 
negligible to a small amount of fluid on their cut surfaces; bilateral 
moderate changes in caudal lobes were present only in two sheep 
administered VX. The airway foam and overall macroscopic lobar 
change scores are shown in Table 2, and the individual scores of each 
lung lobe are presented in Table 3. Foam formation in the airways 
was significantly higher with SX than with VX (p = .002), whereas 
no significant differences were detected between treatments in 
macroscopic lobar change score (p = .63). Correlation analysis be-
tween macroscopic and microscopic scores and SpO2 is presented 
in Figure 2.

Histologically, all sheep exhibited capillary congestion, leucosta-
sis and variable areas of thickened alveolar septa with interstitial 
oedema and haemorrhage (Table 2) that was generally of uniform in-
tensity across the sampled lobes within VX and SX groups (Table 3). 
The extent of the thickened alveolar septa varied from focal to dif-
fuse, and the affected areas showed either moderate or marked 
changes (Figure 3). Intra- alveolar acellular eosinophilic oedema was 
seldom present. In the moderately affected areas, the thickened 
septa showed congestion of the alveolar capillaries as well as eryth-
rocyte and leucocyte extravasation and perivascular eosinophilic 
(proteinaceous) oedema and variable fibrillar (fibrinous) exudate 
into the alveolar interstitial tissue. Reticulin and PAS stains showed 
interstitial reticular fibre tearing and capillary basal membrane 
breaks in some regions. In the markedly affected areas, the alveoli 
were compressed or obliterated by expanded alveolar septa and/or 
intra- alveolar haemorrhage and oedema or fibrinous exudate. Two 
sheep from the VX group showed some ingested feed and ruminal 
fluid in their upper respiratory tracts. Both microscopic oedema/

haemorrhage score and percentage of markedly affected area of 
lung sections (Table 2) were significantly higher with VX than with 
SX (p = .001) and corresponding significant differences were present 
also between individual lung lobes (Table 3).

4  |  DISCUSSION

Xylazine induced a significant decrease in SpO2 and an increase in 
RR indicating deterioration of pulmonary function. A minor to abun-
dant amount of foam was present in the trachea, suggesting pulmo-
nary oedema after SX; however, the individual lung lobes exhibited 
very mild alterations in macroscopic oedema score, with generally 
little fluid seeping from the cut surface. In parallel, the histopatho-
logical changes were focal to focally extensive and mainly consisted 
of capillary congestion as well as interstitial oedema and haemor-
rhage, but almost no alveolar oedema. Therefore, the lack of cor-
relation between SpO2 and pathological scores could be attributed 
to the ventilation- perfusion mismatching. The xylazine- induced 
macroscopic changes were thus less severe than those previously 
reported in sheep administered dexmedetomidine (Kästner et al., 
2007), conceivably related to different α2- adrenoceptor agonists 
and/or the combined effect of sodium pentobarbital euthanasia. 
Correspondingly, the histological changes were in general compa-
rable to those reported by Kästner et al. (2007), except for alveolar 
oedema. On the other hand, no foam was detected in bronchoscopy 
in sevoflurane- anaesthetized sheep mechanically ventilated with 
50% oxygen in air and receiving dexmedetomidine with or without 
vatinoxan (Adam, Huuskonen, et al., 2018). However, it is worth 

Variable VX SX p- value

Macroscopic lobar change score 2.5 (1– 4.5) 2 (0– 3) .63

Foam score 0 (0– 1)a  1 (1– 2) .002

Microscopic oedema/haemorrhage score 12 (9– 13)a  5 (3– 7) .001

Percentage of markedly affected area of lung 
sections

63 (60– 83)a  22 (13– 28) .001

aSignificantly different between treatments.

TA B L E  2  Median (range) of 
macroscopic and microscopic change 
scores and percentage of changes in 
lungs of sheep premedicated with either 
intravenous (IV) vatinoxan (750 µg/kg, 
VX) or an equivalent volume of saline (SX), 
and 10 minutes later (T0) receiving IV 
xylazine (500 µg/kg)

TA B L E  3  Median (range) of macroscopic change score, histological change grade and percentage of changes in three specimens from 
dorsal (cranial, middle and caudal) right lung lobes of sheep premedicated with either intravenous (IV) vatinoxan (750 µg/kg, VX) or an 
equivalent volume of saline (SX), and 10 min later (T0) receiving IV xylazine (500 µg/kg).

Variable Treatment

Right dorsal lung lobe

Cranial Middle Caudal

Macroscopic lobar change score VX 0 (0– 0.5) 1 (0– 2) 1 (0.5– 2)

SX 0 (0– 1) 1 (0– 1) 1 (0– 1.5)

Histological oedema/haemorrhage grade VX 4 (4– 5)a  4 (2– 4)a  4 (3– 5)a 

SX 2 (1– 2) 2 (1– 3) 1 (1– 2)

% markedly affected area of lung sections VX 80 (70– 90)a  60 (25– 80)a  75 (30– 90)a 

SX 25 (10– 30) 30 (10– 40) 15 (10– 25)

aSignificantly different between treatments.
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noting that positive pressure ventilation used in the aforementioned 
study might have reduced the formation of pulmonary oedema and 
consequently foam accumulation (Adam, Huuskonen, et al., 2018).

Vatinoxan efficiently prevented deterioration of pulmonary 
function and reduced the amount of tracheal foam after euthanasia 
without affecting the macroscopic findings in individual lung lobes. 
Conversely, the histological parenchymal alterations in the lungs 
were more pronounced with VX than with SX, and the extent of the 
pathological alterations was not related to SpO2 or RR. Indeed, the 
negatively correlated severity of the histological alterations to SpO2 
was contrary to our hypothesis and is not easily explained. In the 
earlier studies, control sheep euthanized with solely barbiturates 
showed no evidence of damage to lung parenchyma (Bacon et al., 
1998; Celly et al., 1999), and Kästner et al. (2007) reported no mac-
roscopic lung alterations in one control sheep receiving only pen-
tobarbital. However, in non- human primates, lung lesions, such as 
vascular damage, haemolysis, oedema and necrosis, were positively 
correlated to the dose of pentobarbital, and the damages were more 
severe after the intracardiac injection than the peripheral IV routes 
(Grieves et al., 2008). Additionally, pentobarbital concentration- 
dependently attenuated the hypoxic pulmonary vasoconstriction 
in isolated sheep lungs (Wetzel & Martin, 1989). We thus assume 
that the aggravated histological alterations may have developed 
after obtaining the last measurement of SpO2 and resulted from the 
combined effect of pentobarbital and vatinoxan. The presence of 
vatinoxan could have potentiated the local effects of pentobarbital 
on lungs and/or abolished the terminal hypoxic vasoconstriction. In 
dogs, vatinoxan attenuated the effects of IV co- administered dex-
medetomidine on abdominal organ blood flow, which was evident 
soon after injection (Restitutti et al., 2013), in the same time frame 
as when the sheep were euthanized here. Therefore, we could spec-
ulate that vatinoxan may have affected pentobarbital distribution 
within the lungs by abolishing the reduction in pulmonary blood flow 
induced by xylazine, which in turn might have caused the parenchy-
mal damage. A putative complementary mechanism explaining the 
drastic vascular changes and extravasation might be inhibition of 
lung microvessel perfusion control (Watson et al., 2012) in response 
to terminal hypoxia. Nevertheless, to fully elucidate this potential in-
teraction, a further investigation including a vatinoxan- alone treat-
ment, is warranted.

Classically, pulmonary oedema is categorized based on the un-
derlying cause into either haemodynamic cardiogenic or permeabil-
ity non- cardiogenic origin (Murray, 2011; Staub, 1984). Celly et al. 
(1999) presumed that xylazine- induced pulmonary oedema is of non- 
cardiogenic origin because the authors had reported previously in sheep 
that xylazine had no effect on arterial blood pressure (Celly, McDonell, 
Young, et al., 1997). In our earlier study, the decrease in arterial oxygen 

F I G U R E  2   Correlation analysis between SpO2 and oedema 
scores in sheep premedicated with either intravenous (IV) 
vatinoxan (750 µg/kg, VX) or saline (SX), and 10 min later (T0) 
receiving IV xylazine (500 µg/kg). Sheep were euthanized with IV 
pentobarbital (100 mg/kg) 10 min after xylazine administration.
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partial pressure (PaO2) induced by dexmedetomidine was associated 
with bronchoconstriction, increased airway resistance and increased 
lung density, although no foam was detected in the airways (Adam, 
Huuskonen, et al., 2018). By contrast, Kästner et al. (2007) suggested a 
haemodynamic origin due to the rapid development of alveolar oedema, 
which was associated with presence of foam, and the marked increase in 
pulmonary capillary pressure 10 min after IV dexmedetomidine in sheep. 
In the current study, all sheep treated with SX showed variable amounts 
of frothy foam in their tracheas as well as alveolar capillary congestion 
and oedema and haemorrhage in alveolar interstitium in combination 
with an increase in MAP, which may suggest a mixed origin oedema.

The rumen content detected in the tracheas of two sheep treated 
with VX could have been attributed to the effects of vatinoxan on 

gastrointestinal motility. Previously, we have observed that some 
sheep passed soft faeces after treatment with high doses of vati-
noxan (600 µg/kg) combined with medetomidine and ketamine (Adam, 
Raekallio, Salla, et al., 2018). Likewise, vatinoxan has been reported 
to increase the intestinal borborygmi in horses treated with α2- 
adrenoceptor agonists (Tapio et al., 2018; Vainionpää et al., 2013; de 
Vries et al., 2016). Therefore, vatinoxan may also affect the motility of 
the rumen and oesophagus leading to increased risk of regurgitation.

In this study, all xylazine- treated sheep showed a moderate to 
severe reduction in SpO2; nonetheless, some individuals had only 
minimal parenchymal damage. The individual hypoxaemic response 
to α2- adrenergic agonists is a well- documented phenomenon in 
sheep, even within the same breed (Tulamo et al., 1995). Kästner 

F I G U R E  3  (A– D) Representative photomicrographs of lung sections exhibiting grade 1 to grade 4 histopathological changes (see 
Appendix S2); H&E stain, 5× objective magnification. (E, F) Photomicrographs of alveoli showing mild or marked changes, H&E stain, 40x 
objective magnification. (A) In grade 1 (minimal), less than 1/2 of the alveoli exhibit mild pericapillary oedema or erythrocyte extravasation 
and less than 1/5 of the alveoli show marked changes. (B) In grade 2 (mild), no more than 2/3 of the alveoli exhibit mild- to- moderate 
changes and no more than 1/3 of the alveoli show marked changes. (C) In grade 3 (moderate), at least 1/5 of the alveoli exhibit no oedema 
or erythrocyte extravasation and less than 1/2 of the alveoli show marked changes. (D) In grade 4 (marked), small areas show no or only 
modest pericapillary oedema or erythrocyte extravasation and over 1/2 of the alveoli show marked changes. (E) In mildly affected areas, 
the thickened septa show congestion of the alveolar capillaries as well as modest erythrocyte and leucocyte extravasation and perivascular 
proteinaceous oedema into the alveolar interstitial tissue. (F) In markedly affected areas, the alveoli are compressed or obliterated by 
expanded alveolar septa and/or intra- alveolar haemorrhage and oedema or fibrillar (fibrinous) exudate

(a)

(c)

(b)

(d)

(e) (f)
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et al. (2007) reported that one out of seven sheep treated with dex-
medetomidine showed only minimal changes in pulmonary and sys-
temic circulations associated with a mild and transient decrease in 
PaO2. Histologically, this animal had a capillary congestion without 
erythrocyte extravasation (Kästner et al., 2007). Similarly, substan-
tial individual variation in PaO2 was noted among sevoflurane- 
anaesthetized sheep treated with IV dexmedetomidine, and the 
prior administration of vatinoxan prevented the decrease in PaO2 in 
all individuals (Adam, Huuskonen, et al., 2018).

After xylazine, MAP was significantly lower with VX suggesting 
that vatinoxan alleviated the vasoconstriction, and thus, the hyper-
tension induced by xylazine. The effects were similar to earlier re-
ports in sheep sedated with (dex)medetomidine (Adam, Raekallio, 
Keskitalo, et al., 2018; Raekallio et al., 2010). However, neither 
obvious bradycardia nor a significant difference in PR could be de-
tected between the groups. This finding is consistent with the pre-
vious reports in sheep, where no significant changes were observed 
in heart rate following a smaller dose of xylazine (150– 200 μg/kg 
IV) than used in the present study despite the marked hypoxaemia 
(Bacon et al., 1998; Celly, McDonell, Young, et al., 1997; Doherty 
et al., 1986). However, doses of xylazine similar to the one used here 
(500 μg/kg IV) induced a progressive bradycardia that lasted for 
more than 60 min (Aziz & Carlyle, 1978); however, those sheep were 
anaesthetized with pentobarbital, which might have contributed to 
such an effect. Therefore, in our study, it could be speculated that 
the induced hypoxemia might have prevented the reduction in PR 
due to increase in cardiac sympathetic tone.

The dose of xylazine was markedly higher (500 μg/kg IV) in this 
study than in a previous one, where a dose of 200 μg/kg IV induced 
a significant increase in airway pressure in sheep (Nolan et al., 1986). 
Furthermore, smaller doses of xylazine (50– 200 µg/kg IV) than used 
here have been reported to cause hypoxaemia in sheep (Bacon et al., 
1998; Celly, McDonell, Young, et al., 1997; Waterman et al., 1987). 
The high dose was selected in this study both to gain adequate, deep 
sedation before administering pentobarbital and to ensure detectable 
pulmonary changes even if the individuals had not been particularly 
susceptible to hypoxaemia induced by α2- adrenergic agonists. These 
goals were achieved since all sheep were deeply sedated, hypoxaemia 
was induced, and pathological changes were detected in the lungs.

There were some limitations in the study design. Firstly, since 
vatinoxan was being evaluated for concomitant use with α2- 
adrenergic agonists and unlikely to be used alone, we did not in-
clude a vatinoxan- alone treatment. Moreover, as our primary goal 
was to elucidate the interactions between vatinoxan and xylazine, 
we had no control treatment where pentobarbital would have been 
administered with no premedication. Secondly, blood pressure was 
not measured before xylazine administration, because it was not 
possible to force sheep to a ventral or lateral recumbency without 
significant physical restraint to obtain reliable non- invasive blood 
pressure measurement (Brown et al., 2007). In addition, only non- 
invasive methods for SpO2 and blood pressure measurements were 
used to mimic the clinical situations when sedating sheep in the field. 
However, both pulse oximetry (Erhardt et al., 1989) and oscillometric 

blood pressure measurement with PetMap (Almeida et al., 2014) 
have shown a reliable monitoring in sheep. Furthermore, the mea-
surements were always taken when the pulse was well detected and 
confirmed by comparing to the actual heart rate. Thirdly, considering 
the invasive nature of our experiment, only a single time point was 
predetermined for the pathological examination. Therefore, it was 
chosen to be 10 min after xylazine injection, which was expected 
to coincide with the maximum changes in PaO2 (Eisenach, 1988; 
Kästner et al., 2007), increased lung density and vessel diameters 
on CT (Kästner et al., 2007) and marked histopathological changes 
(Celly et al., 1999; Kästner et al., 2007).

5  |  CONCLUSION

The prior administration of vatinoxan prevented a clinically sig-
nificant xylazine- induced reduction in SpO2 and increase in RR. 
Sheep treated with SX had more frothy foam in their airways than 
vatinoxan- premedicated individuals. The more severe pulmonary 
parenchymal alterations associated with VX than SX may have been 
related to the effects of vatinoxan on distribution of pentobarbital 
during euthanasia, and it needs to be studied further.
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