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This collection includes the manuscripts published in the Special Issue of Animals: Refinements to
Animal Models for Biomedical Research. Twelve peer-reviewed papers covering a range of approaches
to the concept of refinement have been included in this contemporary resource. The principles of
the 3Rs (reduction, refinement and replacement) form the basis of ethically acceptable research using
animal models for human and/or animal benefits. If alternatives to the use of animals (replacement)
are not available, the importance of reduction and refinement cannot be overstated.

Reduction and refinement are closely linked. One contributor to the number of animals maintained
in a study is the frequency and severity of unexpected or adverse events, which may result in the
animal being excluded from the study. Refinement should not only result in optimisation of well-being
and welfare of research animals, but should also mitigate the risk of the unplanned occurring, which
will in turn directly reduce the number of animals wasted in the process. Society, funding bodies and
governments all agree that adverse effects such as pain, fear and distress should be appropriately
mitigated and that animals should be housed in conditions that promote their health and well-being [1].
Opportunities for refinement should be continuously sought and explored to meet the expectations of
these stakeholders, to benefit the animals involved and to reduce the number of animals used overall.

Nevertheless, what is refinement? The original definition of refinement proposed by Russell
and Burch (1959) was “any decrease in the incidence or severity of inhumane procedures applied to
those animals which still have to be used” [2]. These authors also stated that the “object of refinement
is simply to reduce to an absolute minimum the amount of distress imposed on those animals that
are still used” [2]. Despite the apparent inconsistency—is it “any decrease” or is it “to reduce to an
absolute minimum”?—and along with various other contemporary definitions, the overriding aim of
refinement should be that, whenever possible, the elimination of animal distress consistent with the
conduct of sound science is both a scientific and ethical aim [3].

With this aim in mind, it is worth reinforcing that refinements should be evidence-based wherever
possible. This collection of manuscripts contributes to the body of evidence to support the introduction
of refinements in a range of species including mice [4], rats [5], rabbits [6], guinea pigs [7], pigs [8]
and sheep [9]. The systematic review included herein by Whittaker and Barker investigated the
question of the impact of blood sampling on the well-being of mice and the quality of the blood
sample [4]. Unfortunately, the findings of the review were largely inconclusive as the nature of the
primary research introduced a high risk of bias. These authors acknowledge that despite significant
and repeated efforts to improve the standard of reporting of the use of animals for scientific purposes,
there is still much to be achieved [4]. Adoption of the principles within the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) and Planning Research and Experimental Procedures on Animals:
Recommendations for Excellence (PREPARE) guidelines, amongst other such recommendations, will
help achieve more rigorous, transparent and transferable animal-based research [10,11]. Unfortunately,
these principles are still not commonly applied and strong evidence to support proposed methods
of animal care, especially for the purpose of refinement, is difficult to collate at the current time.
Nevertheless, refinements can still be made and in the process the body of evidence will grow. In the
future, the basis for refinements will hopefully shift from less of an empirical mode to more of an
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evidence-based approach. In turn, there may be stronger justification to standardize aspects of animal
care between projects performed at different locations which will improve our capacity to compare
results. For example, Kint et al. describe such an approach for the anaesthesia of rats undergoing
functional magnetic resonance imaging in this Special Issue [5].

Further consideration of Russell and Burch (1959) and their opinion that refinement may be
considered a distinct method of removing inhumanity, focusing on the actual conduct of research
and how sentient animals are treated [3]: the indisputable value of anaesthesia and analgesia in
refinements in animal experimentation has been acknowledged for some time [12]. Clutton provides
a comprehensive Anglocentric history of anaesthetics and analgesics in the refinement of animal
experiments in this Special Issue. The importance of anaesthesia as the greatest single advance
in humane technique is described along with the role of anaesthetics and analgesics prescribed
and administered by appropriately trained people being acknowledged [12]. This comprehensive
commentary of Clutton’s is thoroughly researched and is a useful resource to understand the scope of
progress that has been made in the use of anaesthetics and analgesics in general, but specifically in the
care of research animals.

Other publications in this Special Issue provide useful practical contributions to the often sparse
evidence for the use of analgesia for animals, relating to the use of transdermal fentanyl patches in
rabbits [6] and sheep [9]. The greatest challenge in providing analgesia for animals is pain assessment
and, within this book, the utility of pain assessment strategies is also discussed. The use of nociceptive
threshold testing in multiple species is described [13] along with the value of facial grimace scales [14,15].
In addition, the quest for an optimal approach to pain assessment in neonatal piglets, in the context of
castration, is described [8]. Perhaps the ultimate aim of pain assessment for both individual animals
and for groups of animals in analgesic efficacy studies is an objective measurement. Circulating
compounds such as inflammatory cells may be useful and Kongara et al. describe quantification of
gene expression of peripheral leucocyte inflammatory cytokines in calves undergoing disbudding [16].
This collection of papers describes the evolution of various approaches to pain assessment in animals
with constructive commentary on how to exploit their use. Ongoing efforts to develop strategies for
pain assessment in animals are necessary until we are able to reliably and consistently identify and
interpret signs or markers of pain in animals.

In classic laboratory animal species, the health status of the animal is well documented and
understood. Some species, including sheep (and pigs), are not usually bred specifically for research
and are often sourced from commercial farming enterprises. Berset et al. present the results of a
European survey, which elucidated the importance of health status documentation and monitoring as
essential components to refinement in the use of sheep [17]. These authors highlight the frequency and
negative impact of pre-existing animal health issues on the research objectives.

A single manuscript on refinements for euthanasia was also included in this Special Issue. The case
study explores the use of an irreversible penetrating spring-loaded captive bolt method of euthanasia
in guinea pigs with favourable results [7]. This manuscript is a good example of the translation of
techniques from one species to another and the collation of preliminary evidence to establish safety
and efficacy in a novel species.

The contents of this Special Issue are evidence for the enthusiasm for the concept of refinement
across a broad range of species and contexts within biomedical and animal research.

Funding: This work received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: In simultaneously describing the history of animal experimentation and the
development of anaesthetics and analgesics from an Anglocentric perspective, this article reveals how
the latter have considerably refined animal experiments and brought benefits to both science and
the animals involved—particularly in the 19th and 20th centuries. The more recent development of
training and educational programmes in laboratory animal anaesthesia and their role in maintaining
desirable trends in experimental refinement are also described.

Abstract: Previous histories of animal experimentation, e.g., Franco (2013) have focused on ethics,
the law and the personalities involved, but not on the involvement of anaesthetics or analgesics.
Given that these were major subjects of (UK) Parliamentary debates on vivisection in the mid-19th
century and viewed as “indisputable refinements in animal experimentation” (Russell and Burch
1959), it seemed that an analysis of their role was overdue. This commentary has, in interweaving
the history of animal experimentation in the UK with the evolution of anaesthesia, attempted to: (1)
clarify the evidence for Russell and Burch’s view; and (2) evaluate anaesthesia’s ongoing contribution
to experimental refinement. The history that emerges reveals that the withholding or misuse of
anaesthetics and, or analgesics from laboratory animals in the UK has had a profound effect on
scientists and indirectly on the attitudes of the British public in general, becoming a major driver
for the establishment of the anti-vivisection movement and subsequently, the Cruelty to Animals
Act (1876)—the world’s first legislation for the regulation of animal experimentation. In 1902, the
mismanaged anaesthetic of a dog in the Department of Physiology, University College London
resulted in numerous events of public disorder initiated by medical students against the police and a
political coalition of anti-vivisectionists, trade unionists, socialists, Marxists, liberals and suffragettes.
The importance of anaesthesia in animal experiments was sustained over the following 150 years as
small mammalian species gradually replaced dogs and cats as the principle subjects for vivisection.
In discussing experimental refinement in their 1959 report, “The Principles of Humane Experimental
Technique” Russell and Burch described anaesthetics as “ . . . the greatest single advance in humane
technique, (which) has at the same time been virtually indispensable for the advance of experimental
biology”. Since then, the role of anaesthetics and in particular analgesics has become an unavoidable
consideration whenever animal experiments are planned and conducted. This has been accompanied
by a proliferation of training and educational programmes in laboratory animal anaesthesia.

Keywords: animal research; animal testing; biomedical research; anaesthesia; analgesia; history
of science

1. Introduction

The progression of animal experimentation from classical times to the present has been directed by
the rarely compatible views of “scientists”, philosophers and legislating authorities and, more recently,
vested interest and the public have become influential. Arguably, the greatest hostility between those

Animals 2020, 10, 1933; doi:10.3390/ani10101933 www.mdpi.com/journal/animals5
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for and against animal vivisection—based largely on the questions of animal sentience and the scientific
value of noxious animal experiments—was seen in the years between the late 18th and early 19th
centuries, when, co-incidentally, the first influential observations on the anaesthetic properties of gases
were reported. The introduction of general anaesthetics into medical practice in the mid-19th century
greatly facilitated surgery by alleviating the (human) patient’s agonies. At the same time, and for
the same reason, many felt that anaesthetics increased the ethical defensibility of animal experiments.
The similarly opining would also claim that in eliminating the widespread and profound physiological
effects of pain and suffering—an effect which had been recognized for some 2300 years—anaesthetics
improved data value and increased the validity of animal experiments. Some scientists countered this
(and continue to do so) by emphasising that anaesthetics and analgesics can produce similar if not
greater degrees of physiological perturbation than the pain itself, and so should be excluded from
experimental protocols. Fortunately (for animals) Russell and Burch’s “The Principles of Humane
Experimental Technique” (1959) [1] established anaesthesia and analgesia as indisputable refinements
in animal experimentation and which, along with reduction and replacement, pervades all stages of
contemporary animal experimentation in the UK, i.e., from funding application and ethical approval
through to the publication of results. A focused historical examination of the contribution of anaesthesia
and analgesia to the refinement of animal experiments has not previously been attempted. This article
reports an Anglocentric view of the role of anaesthetics, analgesics and anaesthetists in reshaping the
attitudes of scientists, philosophers, the authorities and the public to animal experimentation.

Galen, Vesalius and Paracelsus (330BC-1541)

Beginning with a description of surgical procedures conducted on animals without the use of
anaesthetics, i.e., vivisection, reveals an early concern with its morality and an ongoing conviction that
pain has a disruptive effect on experimental results. Thus, scholars of the Empiric School of Medicine
(330 BCE–ca 400 AD) dismissed the study of physiology by vivisection on the grounds of its cruelty
and clinical irrelevance [2]. Early descriptions also reveal an ambivalence by vivisectors towards
animal suffering and a need to justify its practice. Galen preferred using pigs and goats over apes
because, during brain dissections, the unpleasant expression of the ape discomfited him [3]. Vesalius
recognized the cruelty of vivisection but justified it for what it revealed: his thesis “De humani corporis
fabrica libri septem” (“On the Fabric of the Human Body in Seven Books”) (1543) features a small capital
letter “Q” historiating the dissection of a pregnant bitch. (An historiated initial is an enlarged letter at
the beginning of a paragraph that contains a picture.) Whilst conceding that the animal “is cruciata”,
i.e., is crucified or tortured, “it allowed the demonstration of the unborn puppies struggle to breathe
once the placental blood flow was ended” [4]. In the same publication, an historiated capital “Q”
shows a conscious pig—immobilized with chains—undergoing tracheal surgery for the placement
of a tube allowing periodic lung inflation, the first convincing account of artificial ventilation [5].
That restraining chains were required to immobilize the animal suggests that Vesalius was unaware
that, at this time, Paraclesus was using ether (known as sweet oil of vitriol) to produce analgesia in
chickens (although the first edition of Opera Medico-chemica sive paradoxa (“On the Field of Medicinal
Chemistry or Paradoxes”) which contains an account of this was not published until 1605). In this
thesis, Paracelsus proposed that the sweet oil of vitriol:

“...quiets all suffering without any harm and relieves all pain, and quenches all fevers, and prevents
complications in all disease.” [6]

It is unfortunate for both humans and animals that 300 years were to elapse before both
innovations, i.e., positive pressure lung ventilation and inhalant anaesthetics, were re-introduced into
clinical anaesthetic practice.
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Harvey, Descartes and the Oxford Group (1578–1665)

Had they been contemporaries, Paracelsus’ interest in pain relief might have benefitted William
Harvey’s early studies of “the heart’s motion” in conscious animals whose chest walls had been
surgically removed. Harvey complained that the heart’s action was too fast, a complication which
later prompted him to use “colder animals, such as toads, frogs and serpents . . . ” or “dying dogs and
hogs” [7]. That the excessive heart rate was the inescapable result of undergoing thoracic surgery whilst
conscious was not overlooked: O’Meara (1665) argued that, “ . . . the miserable torture of vivisection
places the body in an unnatural state and that amid the terrible pains of vivisection all the juices are
brought to flow together, thus denying the validity of animal experimentation” [3]. Such concerns
may have puzzled French philosopher and vivisector Renee Descartes who believed that animals,
“When burnt with a hot iron or cut with a knife their writhing and screaming are like the creaking of
a hinge, no more” [8]. This belief emboldened some scientists “with less responsible and reflective
minds” [3] to conduct even more gruesome experiments [1] whilst elsewhere, it had the opposite effect
and promoted consternation—even amongst established vivisectionists. Johann Brunner, Professor of
Medicine at Heidelburg, described the animals he dissected as “the martyrs of the anatomists” [3],
whilst members of the Oxford Group, specifically Christopher Wren, Robert Boyle and Robert Hooke,
not only recognized the cruelty of vivisection and its adverse effects on scientific data, but began
preliminary experiments with intravenous anaesthesia. They also considered the use of opium to
alleviate the suffering of experimental dogs [9]. Writing to Boyle on the 10th November 1664, Hooke,
having that year completed a thoracic dissection and lung inflation study in a dog, complained:

“I shall hardly be induc’d to make any further trials of this kind because of the torture of the creature
but certainly the inquiry would be very noble if we could any way find a way soe to stupify the creature
as that it might not be sensible which I fear there is hardly any opiate will performe”.

The reference to opiate use is important because both Wren and Boyle had been conducting
observational studies on the use of alcoholic opiate concoctions in dogs for the previous 8 years [9].
In The Usefulness of Experimental Philosophy (1663), published one year before Hooke’s regretted
thoracotomy study, Boyle described an experiment performed by Wren, who injected a warm solution
of opium in sack (a sweet white dessert-type wine) into the vein of a dog’s hind leg:

“We had scarce untied the dog..., before the opium began to disclose its narcotick quality; and almost
as soon as he was upon his feet, he began to nod with his head, and faulter and reel in his pace, and
presently after appeared so stupified, that there were wagers offered his life could not be saved”. (The
dog survived).

Perhaps aware that “some narckotic” may have alleviated his animal’s suffering, in 1665 a
remorseful Hooke wrote:

“The microscope enables one to look at nature ‘acting according to her usual course and way,
undisturbed, whereas when we endeavour to pry into her secrets by breaking open the doors upon
her, and dissecting and mangling creatures whilst there is life yet within them, we find her indeed at
work, but put into such disorder by the violence offered that we cannot tell if the results are of any
significance”,

He thus revealed his prescient belief that the extreme physiological responses to painful vivisection
were not representative of the normal state. That, he asserted, was only discernible by non-invasive
means, e.g., microscopy [10].

Davy (1778–1829)

In April 1799, Humphry Davy reported his initial findings concerning the inhalation of nitrous
oxide (N2O) and then embarked upon a series of animal experiments culminating with the publication
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of, “Researches Chemical and Philosophical: Chiefly Concerning Nitrous Oxide and its Respiration”,
in 1800. In this, Davy describes guinea pig experiments and the administration of pure nitrous oxide to
a “stout and healthy cat”.

“after 5 min the pulse was hardly perceptible; he made no motions and appeared wholly senseless.
After 5 min and a quarter he was taken out . . . in 8 or 9 min he was able to walk . . . in half an hour he
was completely recovered”.

He frequently inhaled the gas himself, once whilst suffering severe pain from a wisdom tooth
eruption after which he wrote:

“As nitrous oxide in its extensive operation appears capable of destroying physical pain, it may
probably be used with advantage during surgical operations in which no great effusion of blood takes
place.” [11]

Bentham (1748–1841) and Seturner (1783–1841)

That Davy’s findings remained unadopted in medical practice until 1844 is attributed by Cartwright
(1950) to the callousness and unprecedented brutality of the 18th-century Englishman [11]. Such
callousness may have fuelled a growing philosophical interest in animal suffering, as exemplified by
Bentham’s proposal that animals be treated according to their capacity to suffer. In 1789, he asked:

“The question is not, Can they reason? nor, Can they talk? but, Can they suffer?” [12]

Paradoxically, Bentham’s utilitarianism necessitated his support of “justifiable” vivisection. In a
letter to the editor of the Morning Chronicle, 4th March 1825, he wrote:

“Sir—I never have seen, nor ever can see, any objection to the putting of dogs and other inferior
animals to pain, in the way of medical experiment, when that experiment has a determinate object,
beneficial to mankind, accompanied with a fair prospect of the accomplishment of it. But I have a
decided and insuperable objection to the putting of them to pain without any such view”.

While human beings had been capitalising on the analgesic effects of Papaver somniferum derivatives
since prehistory, the use of opioids in animals remained largely unreported until 1805, following
Sertürner’s isolation of morphine [13]. He tested an aqueous alcoholic extraction of the salt on four
dogs and a mouse “that he found wandering in the laboratory”. He gave 6 grains to a dog, followed an
hour later by another 6 grains. The dogs vomited, had convulsions, and were sleepy, but did not sleep.
One “gentle little dog” died. He reported the results of his animal studies in the Journalder Pharmacie
fuer Aerzte und Apotheker in 1806, a reading of which would probably not have convinced anyone of the
new compound’s analgesic potential.

Magendie (1783–1855)

Francoise Magendie was to become the most influential vivisectionist of all time although when
he first began dissecting conscious animals is unknown. Elliott (1987) puts it within a few years of his
first publication (1809) because the essay did not describe vivisection, only an intent to conduct it [14].
By the time of his death in 1855, Magendie had been dubbed the “father of experimental physiology”
and had done more to foment anti-vivisectionist sentiment in the UK than any other “scientist” in
Europe [15]. Descriptions of his vivisections, often performed publicly, abound and reveal absolute
indifference to animal suffering and to those who judged his actions cruel. Admittedly, there was
a lack of effective anaesthesia—at least for the first forty years of his career—but not the final nine
(see Figure 1 for the approximate dates when anaesthetics and analgesics became available for use in
animal experiments). France’s first successful ether anaesthetic was administered on 22 December
1846, with reports on its general and obstetrical use being published in January and February 1847,
respectively [16]. Magendie himself examined the effects of rectal ether and morphine in dogs [17].
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Furthermore, as the first Professor of Physiology at the College de France and Vice-President of
the Academie des Sciences, it seems improbable that Magendie could have remained ignorant of
the efforts of French physiologists and pharmacologists, e.g., Gerdy, Longet, Flourens, Figuier and
Soubeiran to investigate and improve anaesthetic methods [16]. To an astute scientist, the advantages
of ether (and later chloroform) in at least some animal experiments should have been clear—and if
not for the animals’ benefit—for his own and those of his like-minded mentees, against whom the
charges of disgraceful cruelty were being hurled with increasing ferocity from a growing European
anti-vivisectionist movement. Magendies defence was anthropocentric: he experimented on animals
because he did not wish to experiment on humans. In response to a Quaker who challenged him to:

“......desist from these experiments, because thou hast not the right to cause animals to die or make
them suffer....”

Magendie rejoined that if his experiments did not serve humanity, they would indeed be cruel.
However, to use animals in order to make discoveries useful to medicine did not merit such reproach [18].
This position applied to anaesthetics. As early as 1847, Magendie had observed that “intoxication
caused by sulphuric ether was “little understood” and that only when it was thoroughly understood
could one safely and with a clear conscience apply it to man” [19].

Figure 1. Dates of anaesthetic and analgesic drug discoveries in relation to key events in the refinement
of animal experimentation. Alternatively shaded x axis blocks each represent a 50 year epoc. A(SP)A
1986: The Animals (Scientific Procedures) Act 1986. ARRIVE: Animals in Research: Reporting in Vivo
Experiments; Reporting guidelines. Additional dates for reference: [1]: 1873 Sanderson publishes,
“Handbook for the Physiological Laboratory”; [2]: the Magnan “affair”; [3]: the brown dog affair.
CHCl3: chloroform.

Hickman (1800–1830)

Magendies’ animals may have suffered less had Henry Hill Hickman been more persuasive
when he visited France in April 1826 to present his ideas on surgical anaesthesia to King Charles Xth.
Hickman chose CO2 to examine his concept of “suspended animation” with the unique a priori study
objective of inducing reversible unconsciousness in order to facilitate surgery [20]. Consequently,
Hickman went beyond inducing hypercapnic coma (as early as the 1820s) by testing CO2’s ability to
produce surgical anaesthesia in dogs and mice. In one of his first experiments, a one-month-old puppy
was enclosed beneath a glass cover (bell jar) and

“in ten Minutes he showed great marks of uneasiness, in 12 respiration became difficult, and in
17 Minutes ceased altogether, at 18 Minutes I took off one of the ears, which was not followed by
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haemorrhage, respiration soon returned and the animal did not appear to be the least sensible to pain,
in three days the ear was perfectly healed” [21]

Hickman’s subsequent pamphlet entitled: “A letter on Suspended Animation containing
experiments showing that it may safely be employed during operations on animals with the view of
ascertaining its probable utility in surgical operations on the Human Subject,” was ignored by the
Royal Society probably because Hickman’s chosen sponsor lacked the necessary enthusiasm for its
fair promotion. Furthermore, an 1826 article in The Lancet authored by “Antiquack” (purportedly a
professionally envious Davy) entitled ‘Surgical Humbug’ ruthlessly criticized his work and prompted
his defection to France, where, despite the support of Napoleon‘s field surgeon, he met a similar
response. Since his premature death in 1830, this and previous failures to recognize the potential of his
work have been the subject of anguished review [22] because it meant Hickman’s prescient desire to
develop surgical anaesthesia in humans took another 20 years for others to achieve.

Martin (1754–1834)

Richard Martin MP in conjunction with Edinburgh-born Lord Erskine succeeded in getting the
“Cruel Treatment of Cattle Act 1822” or ‘Martin’s Act’, passed into British law—the first legislation
against animal cruelty introduced by means of a Parliamentary procedure anywhere in the world.
It received Royal assent on the 22 July 1822. Martin’s Act sought to prevent the cruel and improper
treatment of horses, mares, geldings, mules, asses, cows, heifers, steers, oxen, sheep and other cattle.
The introduction of this and subsequent legislation is shown in Figure 2 (legislation).

Two years later, on 16 June 1824, a meeting was called in Old Slaughters Coffee House, Martins
Lane, London at which various clergymen and anti-slavery campaigners launched the Society for
the Prevention of Cruelty to Animals (SPCA). Martin was also present and tasked to investigate the
markets and streets of the Metropolis, slaughterhouses and the behaviour of coachmen. In 1840,
Victoria I granted the “Royal” prefix, and so the RSPCA was born. Neither Act nor Royal Society were
initially motivated to control animal vivisection although this was soon to change. The foundation of
this and other organisations concerned with vivisection is shown in Figure 2.
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Hall (1790–1857)

Marshall Hall, an English neurophysiologist and contemporary of Magendie, pioneered animal
welfare from within science. In 1831, he proposed that physiologic procedures be regulated in a way
that took into consideration the suffering of animals [19]. He called for the formation of a society for
physiological research, which would regulate animal experimentation, for he said, “every experiment
. . . is necessarily attended by pain or suffering of a bodily or mental kind”. In 1835, in his “Principles of
Investigation in Physiology,” he outlined five principles to govern animal experimentation, the fourth
of which stated (in the days before anaesthesia) that “justifiable experiments should be carried out with
the least possible infliction of suffering, often through the use of lower, less sentient animals, such as
frogs and fish or even newly dead animals”. (The other points were that: (1) an experiment should
never be performed if the necessary information could be obtained by observation; (2) no experiment
should be performed without a clearly defined and obtainable objective; (3) scientists should be
well-informed about the work of their predecessors and peers to avoid unnecessary experimental
repetition; (4) vide supra; and (5) every experiment should be performed under circumstances that
would provide the clearest possible results, thereby diminishing the need for repetition of experiments.)

Morton (1819–1868), Glover (1815–1859), Simpson (1811–1870) and Snow (1813–1858)

The birth of medical anaesthesia based upon N2O and ether in the United States did not depend
on animal experimentation, although Morton tested ether on animals [23] and then patients, before
administering a convincing anaesthetic at the Massachusetts General Hospital on 16 October 1846.

In the UK, Simpson’s eventual “discovery” and promotion of chloroform in 1847 [24] relied
as much on what could be remembered after self-administration as it did upon his own animal
studies. That said, Simpson’s pioneering had been eased by others establishing the compound’s
pharmacological properties through animal testing—namely Robert Glover, whose studies of bromine,
iodine and chlorine compounds, including chloroform and dichlorethane culminated in a thesis entitled
‘On the Physiological and Medicinal Properties of Bromine and its Compounds’. Published in 1842,
this was the first to describe chloroform’s anaesthetic effects. Among various experiments, Glover
injected 30 and 60 minims (1.6 and 3.6 mL) of chloroform into the jugular vein of two dogs, causing
immediate unconsciousness, loss of the eyelid reflex, insensitivity of the paws to painful stimuli and
marked motor weakness, a state from which the dogs quickly recovered. Glover did not test chloroform
by inhalation, although he described its smell on his animals’ breath [25].

Despite Simpson’s inclination to test newly discovered halogenated organic molecules on himself,
it is probable that animal testing saved his life. Having recently synthesized ethylene dibromide,
Wemyss Reid (the Professor of Chemistry at the University of Edinburgh) suggested to Simpson that
it should be tested on rabbits first. Simpson had intended to inhale ethylene dibromide himself but
surrendered the opportunity on discovering the two rabbits so treated had died overnight. It was
subsequently discovered that the inhalation of ethylene dibromide causes pulmonary congestion; it is
currently used as a soil fumigant to kill nematode worms [26].

John Snow—Simpson’s Yorkshire-born contemporary—was described by Waters (1936) as “the first
anaesthetist” because his research spanned basic science and clinical medicine and he answered
fundamental questions with respect to anaesthetic safety [27]. Snow also recognised the importance of
accuracy in anaesthetic delivery and patient monitoring. Investigating ether (and later chloroform),
Snow performed numerous studies on animals, including birds and fish, in which his renowned
attention to detail—at least on one occasion—lapsed. Whilst demonstrating ether anaesthesia on a
thrush to an audience of Military Surgeons, he became distracted and killed the bird [28]. Snow’s
published description of the event reveals the legitimacy of Waters’ accolade.

“This thrush was only in the vapour for about a minute, and it is dead. It had ceased to breathe before
I took it out of the jar. It is a result I did not intend, and it has arisen from my going on with the
lecture, and looking at my notes, instead of directing my whole attention to the animal”.
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Wakley (1795–1862)

On the 19th March 1847, The Times reported the death of Ann Parkinson two days after ether
administration [29]. Chloroform’s first UK victim was Hannah Greener, who died during induction
on 28th January 1848. To assuage growing public concern with the safety of anaesthetics, large-scale
animal studies were conducted [30]. In 1848, Wakley reported a study comparing the effects of ether
and chloroform on 100 animals—predominantly dogs, but also cats, rabbits, rats, mice, guinea pigs,
a hedgehog, a pig, two sheep, a donkey, two mares and some pigeons. From the findings that death
resulted in 11 out of 32 animals (34%) anaesthetized with ether and 30 out of 67 animals (44%) receiving
chloroform, Wakley concluded:

“ . . . assuredly the more dangerous one of the two would be found in the vapour of chloroform”. [31]

However, Youngson (1979) emphasized the studies’ hopelessly unscientific character [22], e.g.,
of the 18 dogs studied, only one received ether (and of the 17 dogs given chloroform, only 4 died (24%)).
Whilst Wakley’s conclusions were based on unsound data, they were nevertheless to prove correct.

Bernard (1813–1878)

Claude Bernard, the “father of modern experimental medicine”, died a revered scientist.
His attitude to the use of animals and anaesthetics in physiological research was influenced by
Magendie under whom he studied from 1834 to 1843. Unlike Magendie, Bernard could not claim
ignorance to justify the exclusion of anaesthetics from most—but not all—of his animal studies [19];
nor could he claim adherence to the vitalist principle which he described as being, “entirely contrary
to science itself”. Bernard’s considerable contributions to anaesthesia [32] were anthropocentric and
achieved at cost to the animals involved. He studied vasomotion—the nervous control of blood vessel
diameter—by cutting projections from the stellate ganglion in unanaesthetized rabbits (so discovering
cervical sympathetic block and its effects on the eye). His most influential and controversial work—on
curare—began in 1844. (Curare is a drug derived from tree bark and applied to blow-dart tips used by
South American Indians to paralyse and capture animals. Curare prevents muscle contraction and
stops all movement, including breathing. However, it does not affect the central nervous system and so
darted animals suffocate whilst being fully conscious. If breathing is artificially supported, a curarised
animal can be subjected to surgery and, although fully aware of the process, is unable to move—or
vocalize—in agonized protestation.) Having demonstrated its neuromuscular blocking effect in frogs,
he used it in dogs to control strychnine-induced convulsions. After further ranine studies, Bernard
suspected that death following curare was caused by asphyxia and not loss of consciousness [33].
The realisation that it did not render the animal insentient prompted him to reflect:

“in the animals, one can judge sensitivity only by motor manifestations. Man alone, on recovering
from poisoning by curare, would be able to say, supposing that he had retained the memory, whether
or not he had suffered”.

He wrote eloquently, and more than once, on his impression of death following
curare administration:

“Within the motionless body, behind the staring eye, with all the appearance of death, feeling and
intelligence persist in all their force. Can we conceive of a suffering more horrible than that of
intelligence present, after succumbing, one by one, of all the organs which are destined to find
themselves imprisoned alive within a cadaver?”

This concern did not prevent Bernard from continuing to use curare rather than anaesthetics in
his experiments. Furthermore, he promoted its use in experiments to other physiologists. An 1864
essay asserts that the ‘poison becomes an instrument which dissociates and analyses the most delicate
phenomena of the living machine’ [34]. Consequently, vivisectors discovered that used in the right
quantities, curare made invasive procedures much easier and the drug became a common experimental
tool in physiological practice.
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Alfort (1846–1863)

For some 17 years, complaints and petitions had been made to various French authorities about the
vivisection of horses at the Veterinary College at Alfort, Paris. The Times of 8 August 1863 reported that,

“ . . . at Alfort a wretched horse is periodically given up to a group of students to experimentalize
upon. They tie him down and torture him for hours, the operations being graduated in such a manner
that sixty and even more may be performed before death ensues”.

British Veterinary Surgeons joined elements of the French Press to demand reform. The attack of
the British Medical Journal was based on the exclusion of anaesthetics:

“It has never appeared clear to us that we are justified in destroying animals for mere experimental
research under any circumstances; but now that we possess the means of removing sensation during
experiments, the man who puts an animal to torture ought, in our opinion, to be prosecuted”

The beneficial role of anaesthetics during noxious animal experiments was being increasingly
recognized. Responding to the Alfort affair, the RSPCA offered a £50 prize for the best essay received on
the subject of vivisection. Dr Markham, Physician to Saint Mary’s Hospital London, and Mr Fleming,
Veterinary Surgeon to the Third Hussars, won prizes for essays recommending the use of anaesthetics
in experiments [15].

Cobbe (1822–1904) and Schiff (1823–1896)

As one of the 19th century’s most effective anti-vivisectionists, the Anglo-Irish reformer Frances
Power Cobbe had a major effect on ensuring anaesthetics became a legal requirement in animal
experiments in the UK. Prompted by the Alfort scandal, she published, “The Rights of Man and the
Claims of Brutes” in 1863. In the same year, she petitioned Moritz Schiff “to spare his animals as much
pain” as possible. In response, Schiff offered that all his animals had anaesthetics. This may have been
true: unlike most of his French and German peers in physiology, Schiff recognized that there

“was a real problem in reconciling the needs of science with the most refined humanitarian sentiment”

and that

“Should the physiologist make use of live animals, he had to suspend their sensitivity, by means of
opium, ether or chloroform, depending on which vital functions he wanted to examine and thus to
maintain as normal” [35]

Burdon-Sanderson (1828–1905) [35]

The concern of other British physiologists with the suffering experimentation caused eventually
prompted the British Association for the Advancement of Science to publish four recommendations in
1871, two of which promoted the use of anaesthetics, i.e.,

(1) No experiment that can be performed under the influence of an anaesthetic ought to be done
without it.

(2) No painful experiment is justifiable for the mere purpose of illustrating a law or fact already
demonstrated; in other words, experimentation without the employment of anaesthetics is not a
fitting exhibition for teaching purposes.

This view was not entirely consensual. In 1873, John Burdon-Sanderson’s Handbook for the
Physiological Laboratory, “a practical description of experimental procedures” was published,
providing Cobbe’s anti-vivisectionists with evidence that scientists were indifferent to animal suffering.
The handbook made no explicit reference to anaesthesia or how and when to use it in experiments.
However, it did index curare, as several contributing authors recommended its use to keep animals
still as an alternative to tying them down. The drug’s inability to affect consciousness had been known
for approximately 20 years.
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Magnan (1847)

Eugene Magnan, another Magendian student, enraged delegates at the 1874 British Medical
Association’s congress by injecting alcohol and absinthe into two dogs. The first animal became “dead
drunk” while the second had an epileptic seizure. Both later died [36]. The event had at least three
consequences. It: (1) made members of the medical profession prosecutable under an amended form of
Martin’s 1822 Act; (2) revealed to both anti-vivisectionists and scientists that a law dealing specifically
with experimental animal protection was required; (3) re-animated Cobbe’s anti-vivisectionism [15].
It also involved an attempted demonstration of intravenous anaesthesia which failed.

Henniker and Playfair (1875)

Cobbe, working with the RSPCA and indirect support from Queen Victoria, lobbied the
Government to legislate against vivisection. In May 1875, the Henniker Bill for Regulating the Practice
of Vivisection was introduced to Parliament [37]. The Bill proposed—amongst other things—that
“recovery (from anaesthesia) experiments required special approval and that anaesthetics be used
in all experiments, excepting those undertaken by individuals with a personal license”. One week
later a second Bill representing the scientists’ views was read. This, the Playfair Bill, proposed the
regulation of painful animal experiments but recommended the legalisation of painless experiments,
including those conducted under anaesthesia. Licenses for painful experiments undertaken without
anaesthesia could be granted on several grounds, including “when the use of anaesthesia interfered
with the experiment”. The two Bills were in unexpected accord over the general undesirability of
painful experiments but sufficiently contradictory to prompt the appointment of a Royal Commission,
the creation of the World’s first anti-vivisection society and the establishment of the Association for the
Advancement of Medicine by Research.

The subsequently appointed Royal Commission of Enquiry spent less time in discussing the
undesirability of painful experiments—over which there was some consensus—than in deliberating
whether curare was an anaesthetic. The final recommendation was that curare would not be considered
an anaesthetic by law, but the rest of the Commission’s findings satisfied neither side who set about
drafting new Bills.

Hoggan (1837–1891)

George Hoggan had worked in Bernard’s laboratory in Paris and published an “extraordinarily
powerful” letter in the London Morning Post on the 2 February1875 describing Bernard’s underuse
of anaesthetics and over-use of curare. He wrote: “We sacrificed daily from one to 3 dogs, besides
rabbits and other animals, and after four years’ experience, I am of the opinion that not one of those
experiments on animals was justified or necessary” [38]. Frustrated with the Commission’s rate of
progress, Cobbe, George Hoggan and others formed the “Victoria Street Society for the Protection of
Animals from Vivisection” on 2 December 1875 [39]. Initially a non-abolitionist society, it aimed to
protect laboratory animals by regulation. Along with the seventh Earl of Shaftesbury, the new society
formulated a second Bill. The Cruelty to Animals Act [40] reached the statute book on 15 August 1876
and required that:

“animals must during the whole of the experiment be under the influence of some anaesthetic of
sufficient power to prevent the animal feeling pain”

and that

“if the pain is likely to continue after the effect of the anaesthetic has ceased, or if any serious injury
has been inflicted on the animal, it be killed before it recovers from the influence of the anaesthetic
which has been administered”;
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Despite the opposition of the scientific lobby, the new Act also clarified that “the substance known
as urari or curare shall not for the purposes of this Act be deemed to be an anaesthetic”.

The Act radicalized the dissatisfied anti-vivisection movement [41]. In 1878, the Victoria Street
Society declared its goal of total abolition of vivisection prompting the resignation of moderates like
George Hoggan. As opposition to vivisection and Victoria Street Society membership grew, the Society
reconfigured and in 1897 became the National Anti-Vivisection Society (NAVS). The following year the
NAVS voted to accept humane animal experimentation in the short-term whilst remaining committed
to a long-term abolitionist goal. Cobbe promptly left to form the British Union for the Abolition of
Vivisection (BUAV) which demanded the total and immediate abolition of animal experiments, which,
as Cruelty Free International, it still does.

Koller (1857–1944) and Corning (1855–1923)

Karl Koller initially tested cocaine hydrochloride to the cornea of rabbits and dogs in 1884 and
reported that, after one-half to one minute, “insensitiveness” was complete and lasted ten minutes [42].
In 1888, Koller moved to the United States and practiced ophthalmic surgery in New York. Here, the
neurologist James Corning injected 20 minims (1.3 mL) of a 2% cocaine solution into the space between
two inferior dorsal vertebrae of a young dog [43]. Within 5 min, he noted incoordination and later,
weakness and anaesthesia of the animal’s hind quarters which resolved completely in approximately 4
h. Local anaesthetic techniques had been discovered.

Hobday (1869–1939)

The veterinary surgeon Sir Frederick Hobday arguably established veterinary anaesthesia as a
specialty for purposes beyond the laboratory. In 1906, he published “Surgical diseases of the dog
and cat: with chapters on anaesthetics and obstetrics”. Chapter 4, entitled, “The administration of
anaesthetics” was 23 pages long, with five pages devoted to local anaesthesia, 16 pages to general
anaesthesia and two pages to morphia and chloral (hydrate) [44]. In 1915, Hobday published the first
book dedicated to the subject, “Anaesthesia & Narcosis of Animals and Birds”. In describing the use of
chloroform, ether, ACE mixture (alcohol, chloroform, ether) ethyl chloride and nitrous oxide for use in
horses, oxen, sheep, goats, pigs, dogs, cats, monkeys, wild and semi-domesticated animals and birds,
Hobday provided information of potential value for improving laboratory animal anaesthesia.

Starling, Bayliss, Dale, Coleridge, Lind-af-Hageby and the brown dog (1902–1910) [45]

Starling (Professor of Physiology at University College London) conducted pancreatic surgery on
a small brown terrier in December 1902. He re-opened the dog’s abdomen in February 1903 before
a class of medical students. On completing the second operation, Starling handed the animal to
Bayliss, who, in making a new wound, contravened the “no re-use” principle extant in the 1876 Act.
During the third operation, the animal “suffered greatly” and made purposeful movements, indicating
inadequate anaesthesia. The dog was finally given to Henry Dale, an unlicensed research student,
who killed the animal. Louise Lind-af-Hageby and Leisa Schartau observed and recorded the events
in, “The Shambles of Science: Extracts from the Diary of Two Students of Physiology”. Stephen Coleridge,
NAVS secretary, read the book and after recognising breaches of the 1876 Act, made a public statement
against Bayliss, who issued a libel suit. Bayliss won the ensuing case but Coleridge won the public:
£5735 was collected and partly paid for a statue of the brown dog which was unveiled in Battersea
Park on 15 September 1906. Medical students vandalized the statue and it became the focus of fighting
between medical pro-vivisectionists, the police, anti-vivisectionists and the locals—who had developed
a fondness for the effigy. The statue’s removal on 10 March 1910 provoked further anger: nine days
later, more than 3000 people marched from Hyde Park Corner to Trafalgar Square, where a public
meeting was held. Politically relevant public unrest had originated from the mismanagement of the
small dog’s anaesthetic.
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Public reaction to the brown dog affair encouraged the appointment of a second Royal Commission
on Vivisection in 1906. Amongst other matters, Stephen Coleridge proposed that the use of curare
should be entirely prohibited in animal experiments. The Commission eventually recommended that
the use of curare in experiments required special certification, that animals in such experiments must
be anaesthetized before the operation and kept anaesthetized until death. They also recommended
that a Home Office appointee should be present during experiments in which curare was used.

Paget (1855–1926) [46]

The publics’ perception of scientists versus anti-vivisectionists began shifting after the brown
dog affair because a link between scientific growth and an improving quality and quantity of life
was becoming apparent. Medical scientists, becoming sensitive to the public’s concerns, were also
making efforts to dispel the accusations of cruelty being made against them whilst capitalising on
the role of animal experimentation in understanding—if not treating—conditions such as diabetes.
This was exemplified by the publication of Stephen Paget’s Experiments on Animals in 1900. A tome
of 381 pages, 24 were devoted to the chapter on “Anæsthetics Used For Animals”—a considerable
improvement from Sanderson’s aforementioned handbook in which advice on anaesthesia was notable
by its absence. Please see Figure 3 for the dates of the publication of material contributing to the
promotion of anaesthetics and analgesics in animal experiments.

Figure 3. Dates of the publication of material contributing to promotion of anaesthetics and analgesics
in animal experiments. Alternatively shaded x axis blocks each represent a 50 year epoc. A(SP)A
1986: The Animals (Scientific Procedures) Act 1986. ARRIVE: Animals in Research: Reporting in Vivo
Experiments; Reporting guidelines. Additional dates for reference: [1]: 1873 Sanderson publishes,
“Handbook for the Physiological Laboratory”; [2]: the Magnan “affair”; [3]: the brown dog affair. AVA:
Association of Veterinary Anaesthetists; VAA: Veterinary Anaesthesia and Analgesia. Grindley [47]
Keele and Smith [48] and Chenoweth and Van Dyke [49] are difficult to locate and on 12 September
2020, were unavailable online. Morton and Griffiths [50] is a landmark paper insofar that it was the
first to emphasize an ethical and scientific imperative to use analgesics in laboratory animals.

Wright (1897–1971)

Hobday’s publications were superseded by (J.G.) Wright’s Veterinary Anaesthesia, which was
first published in 1942. Its objective was to serve as a student textbook and as a reference manual for

17



Animals 2020, 10, 1933

veterinarians in practice. To this end, the book in all its editions served its purpose well. However,
laboratory animal anaesthesia was never prioritized, e.g., the current (11th edition) edited by Hall
(deceased) Clarke and Trim, covers most of the laboratory animal species albeit subsumed in a
chapter entitled “Anaesthesia of zoological species (exotic pets, zoo, aquatic, and wild animals)”.
An examination of Figure 3 (below) reveals that the separation of an increasingly specialized laboratory
animal anaesthesia literature from that describing the common domesticated species began with Hall
and Wrights 5th edition (1961).

Hume (1886–1981) Russell (1925–2006) and Burch (1926–1996) [51]

In 1926, Charles Hume founded the University of London Animal Welfare Society which became the
Universities Federation for Animal Welfare (UFAW) in 1938. Its goals “were to ‘tackle animal problems
on a scientific basis, with a maximum of sympathy but a minimum of sentimentality”. Amongst its
formal aims were to enlist the influence of university men and women on behalf of animals, wild and
domestic and to lessen, by methods appropriate to the special character of a university organisation,
the pain and fear inflicted on animals by man. In 1954, Hume appointed William Russell and Rex
Burch and inaugurated a systematic study of the ethical aspects of experimental animal techniques.
Their report, published in 1959 and entitled “The Principles of Humane Experimental Technique”,
condensed humane techniques into three categories; replacement, reduction, and refinement—the 3Rs.
Replacement involved using reliable non-animal methodologies when they existed. When they did
not, reduction meant using the least number of animals to achieve scientific objectives. Refinement
referred to any measure improving the welfare and experiences of animals that could not evade
experimentation by being replaced or surplus to study requirements. In discussing refinement and
anaesthesia Russell and Burch state:

“the most generally important of all is that of anaesthesia, the supreme refinement procedure. This has
occasioned perhaps the greatest single advance in humane technique, and has at the same time been
virtually indispensable for the advance of experimental biology”. [52]

Russell and Burch’s appreciation of anaesthesia can be condensed into four general themes (1) its
importance, arising from its ability to eliminate pain and suffering; (2) concerns with administration,
i.e., doses and timing; (3) the hazards of neuromuscular blocking agents; (4) the promotion of local
anaesthetic techniques.

Croft (1919–2009)

Neither Russell nor Burch were animal anaesthetists and throughout their “Principles” refer—when
necessary—to the experimental work of Phyllis Croft, a veterinary neurologist. For example,

“Croft has also recently (1957) discussed the condition for veterinary and experimental use of the
relaxants or curariform drugs which block neuromuscular transmission among other effects and which
in general should only be used in conjunction with general anaesthesia and in mammals, facilities for
artificial respiration”. [53]

In 1960, Croft, in conjunction with UFAW, published, “An introduction to the anaesthetics of
laboratory animals”. The booklet, which was 31 pages long and written for technicians and junior
graduates who had no previous experience of anaesthesia, described injection technique and the choice
of anaesthetic, and contained sections on practical anaesthesia in rabbits, guinea pigs, hamsters, rats
and mice. The selection of drugs was confined to ether, thiopentone and pentobarbitone, and its
emphasis was on simplicity [54]. Its publication represents the beginnings of a literature devoted to
laboratory animal anaesthesia.
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Littlewood (1965)

By 1963, the number of animals involved in experiments was counted in millions while the
Cruelty to Animals Act (1876) had remained largely unchanged [55]. A Departmental Committee
on Experiments on Animals, chaired by Sir Sidney Littlewood was assigned “to consider the present
control over experiments on living animals, and to consider whether, and if so what, changes are
desirable in the law.” Published in 1965, the Littlewood Report finally established an uncompromising
recognition that, “the use of muscle relaxing drugs which, in effect, renders an animal physically
helpless whilst leaving it fully conscious, opens the way to experiments of extreme cruelty.”

Singer (1974)

Numerous factors, including two world wars, a major economic recession and the fear of nuclear
annihilation distracted public attention from animal experimentation for much of the 20th century.
However, anti-vivisectionism was re-animated in 1974 when “Animal Liberation” was published
by the Australian philosopher Peter Singer. The Animal Liberation Front (ALF), founded in 1976,
considered the work to be the founding philosophical statement of its raison d’etre and subsequently
ensured—through various activities—that the subject of laboratory animal welfare became a matter of
public concern. However, the chapter featuring laboratory animals and entitled “Tools for Research”
tends to overstate the usefulness of in vitro and ex vivo methodologies, while understating the role
of national and institutional controls. It contains harrowing and detailed descriptions of selected
animal experiments, mainly conducted by the US military and psychiatric researchers delivering
noxious agents and, or stimuli to conscious animals—usually primates or dogs. Importantly, the role
of anaesthetics in experimental refinement is poor, or mis-represented. For example, when discussing
the role of animals in traumatic shock research, Singer summarizes scientific consensus with:

“They (the scientists) discouraged the use of anaesthesia . . . the influence of anaesthesia is controversial
. . . and in the reviewer’s opinion prolonged anaesthesia is best avoided.” [56]

and

“Experimenters may consider it unnecessary to include in their reports any mention of what happens
when . . . animals recover consciousness in the midst of an operation because of an improperly
administered anaesthetic . . . ”. [56]

Singer makes no reference to “The Principle of Humane Experimental Technique”, while the
terms “anaesthesia”, “anesthesia” and “analgesia” do not appear in the book’s index. Arguably, a
more balanced analysis of the benefits of anaesthetics and analgesics in animal experiments might
have reduced the number of criminal acts subsequently committed by the ALF against scientists
and their work-places while offsetting the public’s increasing tendency to view scientists as cruel
and uncompassionate.

Holland and Yoxall (1973–1978)

Concerns with unfeeling science may have been allayed had Holland’s 1973 article in the Canadian
Anaesthetists Society Journal [57] been more widely read. Worried about the paucity of information
available for laboratory animal anaesthesia, e.g.,

“ . . . the relatively low standard of veterinary anaesthesia practised, together with the wide variety of
animals which are now being anaesthetized in laboratories and veterinary hospitals”

Holland asserted that:

“vertebrate animals (and perhaps some invertebrates too) have similar pain pathways and similar
perceptions of pain as man—their lack of ability to communicate does not indicate a lack of awareness
of pain and does not condone inhumane treatment”.
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Holland goes on to describe her personal recommendations for anaesthetising dogs, cats, rabbits,
guinea pigs, infrahuman primates [sic], rats, mice, pigs, ruminants and birds. She also argues that:

“In spite of their low phylogenetic position, common humanity at the very least dictates that they
should be anaesthetized prior to surgical procedures”,

so goes on to describe anaesthesia in fish, amphibians, reptiles and invertebrates”. The beliefs
expressed in this article in relation to animal pain are remarkable insofar that Holland was a medical
anaesthetist with an interest in child health. Furthermore, her sentiments on animal pain were
published 5 years before those of Yoxall’s.

Yoxall [58] was an early member of the Association of Veterinary Anaesthetists and although
he held the Royal College Diploma in Veterinary Anaesthesia, his major influence was in veterinary
clinical pharmacology. His paper, “Pain in small animals - its recognition and control” (1978) was the
first paper in the veterinary medical literature to highlight the importance of appreciating pain—albeit
in dogs and cats. The article outlined the then current concepts in pain physiology and described the
clinical use of analgesics. Taken with Holland’s sentiments, the publication of Yoxall’s paper represents
a point in time at which some began recognising the importance of eliminating pain rather than just
consciousness in animals undergoing noxious procedures.

Green (1979) [59]

Colin Green, a veterinarian working for the Medical Research Council authored the first book
devoted to laboratory animal anaesthesia in 1979. Accurately entitled “Animal Anaesthesia” (the
book covered all common laboratory, domestic, wild, and zoological specimens), the book represented
a major advance because it condensed a mass of disparate information on the subject. Green was
also in a position at the Clinical Research Centre to conduct anaesthetic trials (under the 1876
Act) on species in which little information existed. The book benefitted from Green’s association
with Richard Medd, who, as a veterinarian and experimental surgeon working at Huntingdon Life
Sciences, commented extensively on the manuscript and provided additional information from his
own experiences. “Animal Anaesthesia” did not run to further editions so the numerous references
it cites are now out-dated—albeit of considerable historic interest. The book also required some
understanding of physiology and pharmacology. The messages Green espoused in his book concerning
safe anaesthetic practice remain applicable today.

Flecknell

Paul Flecknell was influenced by Yoxall’s advocacy of analgesic use in animals and in 1984
authored “The Relief of Pain in Laboratory Animals” [60]. This work reviewed the analgesic drugs
then available and the experimental evidence for their efficacy in laboratory animals. The information
was then extrapolated to the clinical situation to provide guidance as to methods of achieving effective
analgesia. The publication was the first to emphasize that anaesthesia did not necessarily ensure
freedom from post-operative pain and suffering and that analgesics, as distinct from, and in addition
to anaesthetics were required for the optimal refinement of noxious procedures.

This message was continued in a 1994 publication, “Refinement of animal use—assessment
and alleviation of pain and distress” which also focused on pain recognition [61]. Warning against
the dangers of uncritical anthropomorphism, Flecknell complained that the methods used for the
assessment of pain and distress then available were unsatisfactory and appealed for more objective
methods. This appeal led to a measureable increase in laboratory animal pain research, not least from
the Comparative Biology Centre at the University of Newcastle, where Flecknell was Director.

In recognition of the increasing vintage of Green’s contribution, Flecknell’s “Laboratory Animal
Anaesthesia: An Introduction for Research Workers and Technicians” was published by the Academic
Press in 1987 [62]. As the full title suggests, these “introductions” were intended to be, and have
remained, relatively uncomplicated guides for staff with limited training in veterinary anaesthesia.
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However, they provide enough information for laboratory workers to be able to safely anaesthetize
commonly encountered laboratory animal species. That subsequent editions have appeared in 1996,
2009 and 2015 attests to the book’s appeal.

The advances being made in laboratory animal anaesthesia and analgesia at this time meant
that the Animal (Scientific Procedures) Act 1986 (A[SP]A) did not justify major changes to the general
use of anaesthetics and analgesics in laboratories. Beyond reviewing the licensing system, providing
more specific definitions for “regulated procedures” and “protected animals”, and introducing named
personnel to ensure compliance at establishment level, the Act required additional personal and project
license fulfilments for those intending to use neuromuscular blocking agents. Personal licensees were
required to provide evidence that they were competent in managing anaesthetics in the species they
intend to paralyse and were conversant with Appendix H (Guidance on the use of neuromuscular
blocking agents [NMBAs]) [63].

Between 2005 and 2011, Flecknell and colleague conducted four structured reviews of the
biomedical literature [64–67] which, in recording the reported use of analgesics in laboratory animals in
the biomedical literature, acted as an estimate of experimental refinement—at least in terms of analgesic
use (see Table 1 for details of these, and related studies) [68]. All studies intimated that analgesics
were not being extensively used in noxious experimental procedures, but aware that discrepancies
may have existed between the reported and actual use of analgesics, Richardson and Flecknell (2005)
made retrospective contact with the corresponding authors of papers in which analgesics had not been
mentioned [64]. Of these, 71% replied that analgesic use had not been reported because they had not
been used, revealing the existence of a widespread problem.

Table 1. The Extent of anaesthetic and analgesic administration in animal experimentations as
determined by literature analysis. NA: not applicable.

Publication
Year

Species
Sampling

Period
n

Articles
% Analgesic

Use Reported

% Anaesthetic Use
Reported; Ranked Use of

Different Techniques
Citation

2005 Rodents 1990–1992 112 2.7
NA; ether > “other” >

pentobarbital > injectable
combinations

[64]

2000–2002 126 19.8
NA; pentobarbital >

injectable combinations >
“other” > isoflurane

2009 Mice 2000–2001 9 7 NA; xylazine/ketamine >
pentobarbital > halothane [65]

2005–2006 69 9
NA; pentobarbital =
xylazine/ketamine >

isoflurane

Rats 2000–2001 77 31
NA; pentobarbital >

xylazine/ketamine > ether
> injectable combinations

2005–2006 17 37
NA; isoflurane >

pentobarbital > injectable
combination

2009 Rabbits 2000–2001 15 40 Anaesthetics not described [66]
2005–2006 15 53

Pigs 2000–2001 15 67
2005–2006 15 67

Sheep 2000–2001 15 64
2005–2006 15 73

Dogs 2000–2001 15 40
2005–2006 15 53

NHP 2000–2001 15 40
2005–2006 15 67

2011 Rabbits 1995–1997 64 16 Anaesthetics not described [67]
2005–2007 63 50

2016 Pigs 2012–2014 233 83 Isoflurane > not described
> propofol [68]
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Flecknell’s contribution to practical training in laboratory animal anaesthesia continues in the
form of e-learning modules which have been reformulated to meet the learning outcomes set out by
the EU Expert Working group on Education and Training Framework [69]. The latter was established
by the European Commission to develop a common education and training framework for the EU to
fulfil the requirements under Articles 23, and 24 of Directive 2010/63/EU on the protection of animals
used for scientific purposes.

The burgeoning availability of educational resources and information over the last two decades
may be exemplified by the NORECOPA website (https://norecopa.no) which has extensive information
on laboratory animal anaesthesia and analgesia as well as a collection of links to international guidelines,
information on textbooks, and links to resources for education and training. The website currently
runs to some 10,000 pages and cites global resources of relevance to the 3Rs.

Kilkenny, Parsons, Kadyszewski, Festing, Cuthill, Browne, Emerson, Altman and Smith (2010–2020)

Flecknell’s findings [64–67] supported a growing view that biomedical reportage was inadequate,
causing the National Centre for the Replacement, Refinement and Reduction of Animals in Research
(NC3Rs), a UK Government-sponsored scientific organisation, to commission a survey to review
standards of description in the animal research literature. The subsequent report indicated that serious
omissions were present in the way research involving animals was reported [70].

After widespread consultation the ARRIVE guidelines were published. These consisted of 20 items
describing the minimum information that scientific publications reporting animal research should
include. With respect to anaesthetics and analgesics, three explicit and four potential requirements
were listed indicating the relative importance attributed to these in reporting animal experiments [71].

However, despite widespread uptake of the ARRIVE guidelines by journals, funding bodies,
universities, organisations and learned societies, it soon became clear that their effect on reporting
animal experiments was limited. For example, an examination of 400 scientific articles describing major
survival surgeries in dogs, primates, pigs, mice, rats and other rodents for the completeness of the
information they provided on anaesthesia and analgesia concluded that the current scientific literature
could not be trusted to present full details on the use of animal anaesthetics and analgesics [72]. Another
compared the extent to which all elements of the guidelines had been fulfilled in Journals which
supported, or did not support the guidelines at time-points before and after guideline introduction, and
found that journal support for the ARRIVE guidelines had not resulted in, “a meaningful improvement
in reporting quality, contributing to ongoing waste in animal research” [73]. The reported use of NMBs
in laboratory pigs in the literature was examined [74] and, based on (1) the absence of information
confirming that animals were adequately anaesthetized, and (2) the affirmation by corresponding
authors that reported information reflected the actuality, prompted the conclusion that a proportion of
laboratory pigs undergoing noxious procedures are likely to be aware under general anaesthesia.

The ARRIVE 2.0 guidelines were introduced in 2020 in an attempt to resolve poor reporting
tendencies [75]. However, it had already (2018) been pointed out that the complete description of badly
planned and managed experiments would not increase study reproducibility, refine the conditions for,
nor reduce the number of animals wasted in such a study [76]. Consequently, the PREPARE (Planning
Research and Experimental Procedures on Animals: Recommendations for Excellence) guidelines
were developed as one of Norecopa’s (https://norecopa.no/PREPARE) contributions to tackling the
reproducibility crisis. It is to be seen whether these and, or ARRIVE 2.0 will affect the implementation
and reporting of refinement in terms of providing and describing the use of anaesthetics and analgesics
in future animal experiments.

2. Conclusions

This historical review of vivisection reveals that anaesthetics and analgesics have had a major
beneficial effect on laboratory animal welfare. Scientific concerns that anaesthetic and analgesic
drugs may temporarily disperse data and affect scientific conclusions continue to be countered by
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demonstrating the similar, though adverse and oft-prevailing effects of pain. In any case, the use
of analgesics increases the external validity of animal models used in the study of noxious human
conditions: that animal models of painful human conditions should be deprived of the care that the
modelled human could expect is fundamentally unjust and scientifically unsound.

Persistent philosophical objections to the use of animals in research are accommodated by
the replacement principle, which aims to achieve the eventual exclusion of all animals from all
experiments. The funding and promotional activities of Fund for the Replacement of Animals in
Medical Experimentation (FRAME) and the NC3Rs attest to the sincerity of this aim. However,
public objections—which have historically been based on the argument that animal research is cruel
(and pointless)—are immediately addressed by the refinement afforded by terminal anaesthetics, or
appropriate anaesthetic and analgesic techniques in recovery studies. Repeated Ipsos Mori polls
reveal that societies’ majority acceptance of animal experimentation—at least in the UK—is based
on assurances that it is for medical research purposes, that there is no alternative and that there is
no unnecessary suffering [77]. The latest poll also revealed a public belief that laboratory animal
veterinarians continue to be the most trusted source of information on animal research. It follows
that the publics’ general concerns with the use of animals in research may be further allayed were
qualified veterinary specialists, e.g., Diplomates of the European (or American) Colleges of Veterinary
Anaesthesia and Analgesia, to become increasingly involved in assisting their colleagues in laboratory
animal medicine when noxious animal experiments are planned.

Despite some success in replacing and reducing the numbers of animals used in research,
the constant introduction of new research methodologies, e.g., gene editing, imaging, et cetera, and
the requirement for new diagnostic or therapeutic devices to undergo pre-clinical safety and efficacy
testing in animals, makes continuous demands on those concerned with experimental refinement.
Arguably, this may apply less to anaesthesia. The compulsory training of laboratory animal personnel
in the safe delivery of modern anaesthetic techniques, combined with the widespread availability of
information, has reduced the need for any urgent change—at least in the management of non-invasive,
non-painful and straightforward procedures. This does not apply to the use of analgesics, particularly
when noxious recovery procedures are involved, because considerable gaps persist in the field of
laboratory animal pain recognition and treatment. Some have suggested that this justifies the need
for prospective pain studies [78]. However, the point has already been made [79] that refinement
principles are better served by improved reporting. The original ARRIVE guidelines (2010) requested
that articles describing animal experiments provide: (1) precise details of how anaesthetics and
analgesics are used; (2) a description of welfare-related assessments and interventions; and (3) that all
details of adverse events, e.g., unmitigated pain, be described, and that any modifications made to
experimental protocols in order to reduce adverse events are revealed, e.g., the provision of effective
analgesia. Given that these requirements have not been forthcoming, it has been suggested that
amongst ARRIVE-subscribing journals (and others) a more determined editorial enforcement of the
guidelines would go a long way to increasing the information available on pain management in
laboratory animals [79]. Unfortunately, the ARRIVE 2.0 guidelines have relegated, “interventions
taken in experimental protocols to reduce pain, suffering, and distress” and “reports of expected or
unexpected adverse events” to the “Recommended Set” rather than the obligatory “Essential 10”.
It remains to be seen what effect this will have on the role of anaesthetics and analgesics in the ongoing
refinement of animal experiments.
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Simple Summary: Blood sampling is often performed in laboratory mice. Whilst the techniques
are likely to cause only momentary pain or distress, given their frequency of performance, it is
essential that the method which best safeguards welfare is used. The small size of mice makes
sampling challenging, and use of some routes is controversial due to perceived impact on animal
welfare. However, to date, no summary of the evidence relating to welfare impacts arising from
these techniques has been presented. This paper presents a systematic review of the literature,
with quality appraisal of the studies and an assignment of certainty in the evidence. We conclude
that there is not enough high-quality evidence available to make a determination on optimal blood
sampling route. We provide recommendations for improving future laboratory animal welfare
research through standardisation of outcome measures and enhanced adherence to experimental
design and reporting guidelines.

Abstract: Blood sampling is often performed in laboratory mice. Sampling techniques have the
potential to cause pain, distress and impact on lifetime cumulative experience. In spite of institutions
commonly providing guidance to researchers on these methods, and the existence of published
guidelines, no systematic evaluation of the evidence on this topic exists. A systematic search
of Medline, Scopus, and Web of Science was performed, identifying 27 studies on the impact of
recovery blood sample techniques on mouse welfare and sample quality. Studies were appraised
for quality using the SYstematic Review Centre for Laboratory animal Experimentation (SYRCLE)
risk of bias tool. In spite of an acceptable number of studies being located, few studies examined the
same pairwise comparisons. Additionally, there was considerable heterogeneity in study design and
outcomes, with many studies being at a high risk of bias. Consequently, results were synthesised using
the Synthesis Without Meta-analysis (SWiM) reporting guidelines. Grading of Recommendations,
Assessment, Development and Evaluation (GRADE) was utilised for assessment of certainty in
the evidence. Due to the heterogeneity and GRADE findings, it was concluded that there was
not enough high-quality evidence to make any recommendations on the optimal method of blood
sampling. Future high-quality studies, with standardised outcome measures and large sample sizes,
are required.

Keywords: mouse; blood sample; well-being; retrobulbar; submandibular; sublingual

1. Introduction

It is common in biomedical research for protocols to require blood collection from mice (Mus
musculus) in order to measure a range of circulating products. The small size of these animals makes
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Animals 2020, 10, 989

such procedures challenging, but a range of sampling methods are documented and widely used.
Common considerations in the selection of sample techniques are their practicality and ease of use,
the ability to attain the desired blood volume, sample quality and impact on animal well-being [1,2].

Retrobulbar bleeding (retroorbital) enables acquisition of larger blood volumes (e.g., 0.2–1 mL) [3],
but has been controversial due to the risk of substantial tissue damage to the eye [3,4]. Anecdotally,
it appears that this technique has fallen out of favour, particularly in some jurisdictions, such as
Australia. This has led to the development of alternative methods. The most common alternative is
facial (also commonly called submandibular) vein venepuncture [5]. Despite the rise in popularity
of this method, perhaps driven by the aesthetically repugnant use of the ocular area, veins in the
facial region lie beneath other important tissues such as glandular tissue [6]. This method then also
poses a risk of causing secondary complications via tissue damage. Sublingual vein puncture is
another alternative method which yields large-volume collections [4]. In contrast to the submandibular
technique, sublingual sampling is generally performed under anaesthesia to immobilise the animal [4].
Anaesthesia, as an adjunct, has the potential to impact both positively and negatively on animal
well-being, through minimisation of tissue damage [1], or ‘hangover’ effects from the drugs. Anaesthetic
use will also influence the practicality of the technique due to equipment needed and the time taken
to perform.

A range of methods are available for the attainment of smaller volume samples (approximately
0.1–0.15 mL), or for frequent repeat sampling. The tail is commonly used as a blood collection site.
A range of collection techniques are described, including targeted collection from the lateral tail
vein [7,8], tail tip amputation [9–11], and tail incision through cut of the veins [12,13]. Anaesthesia has
been regarded as unnecessary for this site, enabling multiple repeat samples. However, warming of
the animal may be required to encourage vasodilation [3]. This may add to overall impact on animal
well-being. The lateral tarsal or saphenous vein is a common alternative to the tail. Similarly, it requires
no anaesthetic and has the added advantage of not requiring external methods for vasodilation.
Removal of the scab enables serial blood sampling [3].

Whilst pain, discomfort and physiological stress arising from blood sampling are likely to be
short-lived, as one of the most common procedures performed on laboratory animals, researchers and
animal ethics committees have a duty to utilise or promote the method with least impact on animal
well-being. Furthermore, with the demise of retrobulbar sampling on supposed ethical grounds, it is
imperative that an evidence-based approach to the selection of alternative methods is used. Whilst
there have been a range of studies investigating the impact of a number of the sampling techniques on
mice well-being, these studies typically only contrast a few techniques, and are practically limited in
terms of sample sizes. The aim of this systematic review is to present the evidence related to common
recovery blood sampling techniques in mice, with regard to animal well-being. Through identification
of all relevant evidence, assimilation of study findings to increase statistical power, and study appraisal,
it is our intention that this systematic review will provide increased strength of evidence to better
inform researchers, ethics committees, and policy makers in their decision making.

2. Materials and Methods

A priori protocol was created for this review and has been registered on the SYstematic Review
Centre for Laboratory animal Experimentation (SYRCLE) database for animal intervention studies [14].

2.1. Eligibility Criteria

Inclusive criteria were as follows: (P) studies that include post-weaning inbred or outbred
laboratory mice. Neonatal/pre-weaning mice were excluded; (I) studies that evaluated recovery,
non-surgical blood sampling techniques. Included techniques were: sublingual, retrobulbar sinus,
facial, tail sampling methods, and saphenous vein. Studies that examined both one-off and serial
sampling were eligible for inclusion; (C) studies were included that compared the intervention
to no blood sample, or other included recovery sample method. Studies with no control group
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(observational studies) were also eligible for inclusion; (O) outcomes such as mortality, quantifiable
measures of mouse well-being such as behavior change, bodyweight change, morbidity and quantifiable
measures of sample quality such as hemolysis were included. Outcomes in either the immediate
post-sampling period or over the longer term were considered for inclusion; and (S) experimental and
quasi-experimental study designs including randomised controlled trials, non-randomised controlled
trials, and before and after studies were eligible for inclusion. Observational studies were considered
for inclusion.

2.2. Search Strategy

The search strategy aimed to locate published studies in English. An initial limited search of
Medline was undertaken to identify articles on the topic. The text words contained in the titles and
abstracts of relevant articles, and the index terms used to describe the articles were used to develop a
full search strategy for Medline. The search strategy, including all identified keywords and index terms,
was adapted for Scopus and Web of Science database searches. The three databases were searched
in May 2019 using the developed search strategies (see Supplementary Table S1) and the search was
updated in March 2020. Key concepts used for searching were “mice”, “blood sample”, “welfare” and
“blood sample quality”. Reference lists of all studies selected for critical appraisal were screened for
additional studies. Contact with study authors was undertaken where necessary to clarify findings or
seek further information. Studies published from database inception were eligible for inclusion.

2.3. Study Selection

Following the search, all identified citations were collated and uploaded into EndNote X8.0.1 and
duplicates removed. Titles and abstracts were screened by one reviewer (A.W.) for assessment against
the inclusion criteria for the review. Potentially relevant studies were retrieved in full and their citation
details imported into the Joanna Briggs Institute System for the Unified Management, Assessment and
Review of Information (JBI SUMARI, Joanna Briggs Institute, Adelaide, Australia) [15]. The full text of
selected citations was assessed in detail against the inclusion criteria by two independent reviewers
(A.W. and T.B.). Disagreements that arose between the reviewers at each stage of the study selection
process were resolved through discussion. The results of the search, with reasons for study exclusions,
are presented in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
flow diagram (Figure 1) [16].
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Figure 1. The PRISMA flow diagram for the systematic review detailing the database searches, the
number of abstracts screened and the full texts retrieved.

2.4. Assessment of Methodological Quality

Eligible studies were critically appraised for methodological quality by two independent reviewers
(A.W. and T.B.) using the SYRCLE risk of bias tool [17]. Any disagreements that arose were resolved
through discussion. All studies, regardless of the results of their methodological quality, underwent
data extraction and synthesis. Consideration of the methodological quality of individual studies is
discussed in the narrative synthesis.

2.5. Data Extraction

Data were extracted from studies included in this review by two independent reviewers (A.W. and
T.B.) using an electronic form developed by the authors (see Supplementary Table S4 for full extraction
templates). Extracted data included specific details about the mice populations sampled, the study
design, blood sample routes, and the outcomes of significance to the review objective, being an indicator
of animal well-being. If the data were presented as figure or other form, they were extracted with
the Software Getdata Graph Digitizer 2.26 0.20 (S. Federov, Moscow, Russia). Any disagreements
that arose were resolved through discussion. Authors of papers were contacted to request missing or
additional data, where required.
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2.6. Data Synthesis

Due to the nature of the data extracted, it was decided by the review team that a meta-analysis of
any format (including a pairwise meta-analysis or a network meta-analysis) was not appropriate for
any data included in this review. In most cases, the studies contributing data towards a particular
outcome were extremely heterogeneous. Clinical heterogeneity existed between studies in terms of the
intervention timing, frequency of the blood taking procedures, the gauge of the needle used, and the
amount of blood taken per procedure. There was also heterogeneity in terms of the characteristics of the
mice used (strain, sex, age, etc.). In the few circumstances in which studies were homogeneous enough
to facilitate an appropriate meta-analysis, the primary authors rarely provided complete reporting of
data, often only reporting p-values, a statement of (non-)significance, or simply showcasing their results
in the form of a figure or graph that the review team had to “digitize”. The review team are cognizant
that ‘digitizing’ data from figures is a subjective, highly variable and imprecise method in which to
collect data, and are hesitant to include data collected via this method in any formal meta-analysis.

Because of these limitations and deviations from the methods as specified in the protocol, data
were synthesised according to the reporting guidelines of Synthesis Without Meta-analysis (SWiM) [18]
for each outcome presented. This has occurred for each outcome and is covered in detail in the
results section.

2.7. Assessing Certainty in the Findings

The Grading of Recommendations, Assessment, Development and Evaluation (GRADE) approach
for grading the certainty of evidence was followed [19,20] and a Summary of Findings (SoF) has
been created using the GRADEPro GDT software (McMaster University, ON, Canada) [21]. The SoF
reports plasma glucose concentration (mmol/L), plasma corticosterone concentrations (ng/mL), faecal
corticosterone concentrations (ng/0.05 gram of faeces) and bodyweight (% change). The SoF has been
presented in Table 1.
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3. Results

3.1. Description of Studies

Of the 31 full texts reviewed (Figure 1), 27 articles were eligible for inclusion. The date of
publication of these articles ranged from 1995 to 2020, and no relevant studies were identified that were
published prior to 1995. Five studies were retrieved through manual searching of the reference list of
included studies. The characteristics of the included studies are summarised in Table 2. Observational
studies were eligible for inclusion. However, the majority of the studies (25) adopted a randomized
controlled study (RCT) design.

Out of the studies included, 78% evaluated more than one blood sampling method and tended
to compare outcomes between blood sample methods. Methods evaluated included: 14 (52%) on
facial vein sampling, 14 (52%) on the retrobulbar route, nine (33%) on tail incision, seven (26%) on tail
tip amputation, five (19%) on the tail vein method, five (19%) using saphenous sampling, five (19%)
on the sublingual, and two (7%) on a non-surgical jugular vein route. A further three studies used
miscellaneous methods and uncommon routes of phlebotomy, including the use of blood-sucking bugs,
a submental route, and puncture of the tail tip. For reporting, we have used consistent terminology in
describing the methods. The definitions we propose are reported below.

Effects of serial blood sampling were examined in 16 (59%) of studies. Blood sampling interval
varied widely across these studies, ranging from a few minutes to 8 week intervals. This finding creates
challenges in comparing these studies to examine serial sampling effects. Only four studies (15%) used
both male and female mice. Of these studies, 50% reported statistical analysis of sex difference and
incorporated findings in data presentation.

In a number of studies there were associated conditions, which ordinarily might be considered as
confounders in study interpretation. These included the use of anaesthesia for sampling, and warming
methods for obtaining tail vein samples. Only four out of the 14 studies on the retrobulbar route did
not use anaesthesia, whilst 3/5 on the sublingual route were performed conscious. Given that these
conditions are regularly used for these methods, and may be mandated by ethics committees, they
were considered a part of the method itself and were incorporated in data synthesis. However, where
these conditions varied across studies, rendering comparison inappropriate, this has been reported.

Sample quality measures were reported in six (22%) of the studies. Sample quality was not a
primary focus of this review and consequently it should be noted that we utilised a restricted definition
of quality, mainly focusing on sample haemolysis and clotting. Furthermore, our search was restricted
to studies which looked at quality in conjunction with animal welfare outcomes. We may therefore
have not identified all published studies evaluating quality of samples via the different routes.
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3.2. Note on Terminology

A variety of sampling routes from the tail were described with little consistency in naming. For the
purposes of comparison, we have defined as follows: (1) tail amputation involves the removal of the
tip of the tail with a blade, (2) tail incision uses a blade to cut the tail laterally, and (3) tail vein is the
targeted collection of blood by insertion of a needle directly into the lateral tail vein.

The submandibular vein, as described in [5], targets the vascular bundle in the caudal part of the
jaw. This terminology is commonly used, but perhaps erroneously [39]. The preferred term based on
an examination of mouse anatomy is the facial vein [39]. This is the term used in this review, in spite of
some usage of ‘submandibular’ in reviewed studies.

During retrobulbar bleeding, also called retroorbital bleeding, a capillary tube is used to disrupt
the retrobulbar venous sinus located behind the eye [8]. Some authors refer to this route as the
retroorbital plexus, inferring that a plexus is present in the mouse. This anatomical nomenclature
may also be incorrect, although there exists controversy in the claim [39]. We have applied the term
‘retrobulbar’ in summarising these studies.

The terms saphenous vein, referring to a site near the ankle [8], sublingual for beneath the
tongue [4], and jugular, for accessing the vein in the craniocervical region [8] were universally referred
to in the studies evaluating them, and are reported as such.

Finally, the submental vein referred to in one study [33] has also been described as a misnomer by
an eminent veterinary anatomist, with a suggestion that the site actually targeted was the inferior labial
vein [40]. In spite of this, given that only one study reported on this technique, we have continued to
refer to this as the submental route.

3.3. Animal Welfare Outcomes

Animal welfare is an umbrella term, defined by the summation of the individual summed
experiences of an individual [41]. The nature of affective states experienced by the animal, and their
relative weighting over time, typically defines whether an animal has, on balance, good or poor
welfare [42,43]. Affective states comprise emotions such as pain, fear and joy [44]. For laboratory
animals, the term “cumulative experience” has been coined [45]. Cumulative experience has been
defined as: ‘the sum of all the events and effects, including their quantity, intensity, recovery between
and memory thereof, that impact adversely, positively, and by way of amelioration on the welfare of
an animal over its lifetime’ [45]. Whilst phlebotomy techniques are generally considered to produce a
short-lived response in an animal, given that they are conducted frequently, they may have a significant
impact on cumulative experience that can be minimised through appropriate evidence-based selection
of sampling routes.

The included studies utilised a range of measures for assessing animal affect to provide an
indication as to potential welfare impact. Utilising a combination of physiological and behavioural
methods is generally regarded as superior in the holistic measurement of welfare state [46,47].
A short description of the main outcomes considered in this review follows. These measures have
been categorised into (1) measures of physiology, (2) clinical and pathological parameters and (3)
behavioural measures and (4) blood sample quality measures.

3.4. Physiological Measures

The major physiological measures investigated were those reflecting fear or arousal, via the
hypothalamic–pituitary–adrenal (HPA) axis response [2,7–11,13,24,31,35,36,38] and the associated
release of stored glucose [1,22,23,25,29,32,34,37]. Stress almost invariably activates the HPA axis, which,
via a sequence of steps, leads to glucocorticoid production—the principle rodent glucocorticoid being
corticosterone. Corticosterone serves to regulate glucose, allowing for its release from reserves in the
short term, and carrying out other metabolic actions with the goal of establishing homeostasis [48].
Typically, blood serum or plasma is used to measure corticosterone [49] or glucose concentrations [50],
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with an increase implying an acute stress response. Measurement of faecal corticosterone metabolites
(FCM) has recently been proposed due to the advantage of being non-invasive. FCM provide a
retrospective measure of the HPA axis response with lag time from peak in blood to faecal excretion
being 9 h in mice [51], thus reflecting sampling method and subsequent recovery [2].

3.5. Clinical and Pathological Parameters

General health parameters such as fur condition, inactivity or dehydration status are commonly
implemented in severity score sheets for rodent experiments. A change in these parameters can provide
an indication of reduced welfare or disease but may not on their own be a sensitive indicator of a stress
response. Studies evaluating welfare typically combine these measures with other physiological or
behavioural parameters, as occurred in the included studies. Procedure-specific adverse events were
important to include as outcome measures, since these may have considerable impact on individual
welfare. Furthermore, an increased incidence of such events would prevent recommendation of a
technique for practice. Events considered in the studies included haemorrhage from the ear and nares,
ocular lesions, circling and convulsions.

Mortality rate is a commonly used indicator providing a retrospective measure of welfare, since it
may be influenced by disease, trauma or environmental problems [52].

Other measures utilised are arguably less indicative of animal affective state, but may provide
insight by inference—for example, the quantification of tissue damage through post-mortem or
histology [1,4,8,24,27–29,32,33,36,38] may imply pain or loss of function.

3.6. Behavioural Measures

Behavioural outcomes were widely reported and ranged from evaluation of spontaneous behaviour,
such as eating (ascertained through bodyweight), vocalisation or inactivity, through to the use of
well-established behavioural tests of anxiety or affective state [2,8,12,30,32].

Bodyweight loss can result from a variety of causes all of relevance to well-being. These include
disease, poor or lack of nutrition, as well as eating behaviour which is potentially compromised
by a stress response or trauma associated with a procedure. However, stable bodyweight does not
necessarily imply that well-being is not impaired, or even positive in nature [53]. Whilst the use of
bodyweight alone as a measure of welfare is fairly crude and non-specific, it is a commonly used
surrogate parameter for welfare [54].

Nest building is a spontaneous behaviour that has been proposed to represent a ‘luxury’ behaviour
which is highly motivated but non-essential in the laboratory [55]. As such these behaviours are
generally the first to be reduced during times of stress [44]. Therefore, poor or reduced performance in
this behaviour may indicate a reduction in well-being [55].

Elevated plus maze is used as an assay for anxiety-related behaviour, and typically utilises several
different outcome measures to ascertain level of anxiety behaviour, with the general presumption being
that increased open arm activity is anti-anxiety behaviour [56]. Open arm activity can be measured as
the number of entries or duration. A range of other parameters are frequently collected in this test,
including velocity in open and closed arms and distance covered. These are, however, typically a
measure of locomotor activity rather than anxiety per se [57].

The open field test is used to gather information on ambulation and emotionality [58]. Ambulation
or activity can be measured using total distance travelled in the test. Thigmotaxis is used as a measure
of anxiogenic behaviour, with thigmotaxis increasing as anxiety increases. This is typically measured
through entries into the central zone or time spent in the centre versus the periphery [58].

3.7. Blood Sample Quality Measures

Based on our restricted definition of measures of blood sample quality, measures of hemolysis
and clotting were considered in our synthesis. Hemolysis is the most common pre-analytical sources
of error in clinical laboratory and generally leads to sample rejection and the need for blood re-draw.
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The finding therefore has animal welfare as well as experimental implications. Furthermore, invisible
hemolysis can lead to discharge of cell constituents and false results [59]. Clotting may occur where
the blood is slow to fill the collection container, or when considerable manipulation of the vein by the
needle has occurred. The presence of clot can therefore give a good indication of the ease with which
sample can be collected via the particular route but may also be lessened by operator experience [60].
These samples are unable to be analysed for most laboratory tests.

4. Methodological Quality

Overall, the risk of bias of the included studies was high. Often, the nature of the intervention
precluded adequate blinding of the operators involved in the blood taking procedures. Whilst it was
discussed by the review team that this would be inherent in the included studies, it would still warrant
a rating of a “high” for this particular domain. Table 3 details the risk of bias assessments for each
domain for included studies, whilst Figure 2 displays the percentage of studies that achieved either
a low, unclear or high risk of bias for each domain. See Supplementary Table S2 for full reviewer
judgment for the assessment of methodological quality.

 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Other (Other sources of bias)

Selective outcome reporting (Reporting bias)

Incomplete outcome data (Attrition bias)

Blinding (Detection bias)

Random outcome assessment (Detection bias)

Blinding (Performance bias)

Random housing  (Performance bias)

Allocation concealment (Selection bias)

Baseline Characteristics (Selection bias)

Random sequence generation  (Selection bias)

Low risk of bias Unclear risk of bias High risk of bias

Figure 2. Percentage of studies that achieved either a low, unclear or high risk of bias for each domain
using the SYstematic Review Centre for Laboratory animal Experimentation (SYRCLE) risk of bias
tool. Although randomisation was mentioned in several articles, lack of reporting of the method used
resulted in an unclear risk of bias for most items. Blinding was impossible to achieve due to the inherent
nature of the study design.
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4.1. Selection Bias

There was a high risk of selection bias for the majority of the included studies. Only one study
was at a low risk of selection bias for all three signalling questions used [27]. The generation of an
adequate randomisation sequence was reported in only 8 studies [12,13,22,23,25,27,30,34], while 10
studies [1,2,4,8,11,28,29,32,36,38] stated that randomisation took place but failed to report the actual
methods used, thus being assigned as “unclear”. For the remaining studies, randomisation did not
take place, or was not mentioned. Baseline characteristics were identified to be similar between groups
for only 10 included studies [1,2,8,12,22,23,27,30,31,38], and only 3 [2,27,38] studies reported adequate
methodological details on the use of appropriate and proper allocation concealment.

4.2. Performance Bias

There was a high risk of performance bias across all included studies. Due to the design of
the studies reviewed and the nature of the blood sampling interventions employed, blinding was
not achieved, nor possible. In addition, only seven included studies [12,13,22,25,30,32,38] employed
a method of random housing, or utilised a methodology which reduced the possibility of cage
associated biases.

4.3. Detection Bias

Only 7 [7,10,13,22,25,34,37] of the 27 included studies were recorded as having a “low” risk for
both signalling questions used to ascertain detection bias. Whilst blinding of the outcome assessor was
not necessarily confirmed for these studies, the majority have been considered to be at low risk as they
utilised objective, biochemically validated outcome measures. Of the studies that were of high risk
due to the lack of blinding of the outcome assessor, it was mainly due to the inclusion of outcomes
such as behavioural assessment that required subjective judgment on the part of the outcome assessor.
These were considered to have been at a high risk.

4.4. Attrition Bias

Overall, there was a low risk of attrition bias for the included studies. Only four [9,23–25]
studies were at high risk of attrition bias. One study did not analyse every animal data point [25],
inappropriately removing outliers from the reported analysis. Two studies [23,24] experienced loss to
follow-up due to failures in the blood collection experimental design. These data were not adequately
discussed or analysed in the reported results. Finally, [9] failed to report the number of animals
randomised to each group, and therefore, loss to follow-up could not be appropriately assessed.
Additionally, four studies [7,10,33,35] were reported as having an unclear risk of attrition bias due to a
lack of consistent reporting of animal numbers.

4.5. Reporting Bias

Only two studies [26,37] were at high risk of reporting bias. In one of these studies, behavioural
observations were stated to be an outcome of interest [26]. However, no results on this outcome have
been reported in relation to the bleeding technique. Meanwhile, the reporting in another study [37] was
considered to be poor quality, with animal numbers not provided for each treatment group, making
assessment of reporting bias difficult.

4.6. Other Bias

The only other potential source of bias was the non-disclosure of a funding or supporting body,
or lack of conflict of interest. Fourteen included studies were at a high risk of bias due to this
factor [1,4,8,13,22–24,27,31–35,37]. One study was also considered to be at a high risk of an additional
bias, as it was a retrospective review of records from a separately reported, 3 year study [26].
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5. Effects of the Interventions

Seven outcomes arising from the included studies were synthesised using vote counting
based on direction of effect. These outcomes were plasma glucose (single/serial sample), plasma
corticosterone (single/serial sample), facial corticosterone, bodyweight change (single/serial sample),
nest building hemolysis and clotting. A summary of the results of this synthesis is provided in
the Summary of Findings table (Table 1). The full analysis and reporting of these outcomes are
provided in Supplementary Table S3. Remaining outcomes investigated in the studies are presented
narratively below.

5.1. Mortality

Mortality, expressed as a% of study sample based on conversion from the absolute figures, was
presented in two studies [26,29]. Both of these studies examined the facial vein route, with [29]
additionally comparing with the retrobulbar sample route. These studies evaluated serial sampling
at intervals of up to one week. Frolich et al. 2018 also made comparisons with single-sample
groups. It is worth noting that the study by Forbes et al. 2010 [26] was a retrospective case-control
study with some variation in blood sampling interval and a concurrent study design, potentially
confounding interpretation of findings. Due to a sole pairwise comparison both single and serial
sampling comparison have been synthesised narratively and are not supplemented with a table.

In a retrospective study [26] with facial vein sampling performed serially, a mortality rate of 4/214
mice was observed (≈2%). Frolich et al. 2018 [29] reported a substantially higher mortality rate of (4/12,
33%) when mice were serially sampled by the facial vein route. There was no associated mortality
with the single-sample facial vein route or retrobulbar routes, or serial retrobulbar sampling [29]. Both
studies utilised a similar sampling interval of approximately 1 week.

5.2. Adverse Events

Clinical signs or adverse events were considered in four studies [27,29,30,33]. These covered
all three of the large sample methods, that of retrobulbar, sublingual and facial vein sample. Regan
et al. 2016 also studied submental sampling [33]. There was considerable heterogeneity in the types
of adverse events reported which ranged from numbers of repeat attempts at sampling to instances
of haemorrage from the site. Events also ranged in severity from mild, such as corneal opacity, to
life-threatening. This finding implied that simple addition of incidences of event would provide
a biased picture. Furthermore, some adverse events were clearly specific to the sample location,
for example ocular lesions or ear canal hemorrhage rendering direct comparison non-meaningful. For
this reason, results have been summarised narratively.

The number of punctures needed to obtain a sufficient blood sample was significantly less for
retrobulbar bleeding (1.03 punctures), compared to facial vein (1.45) and sublingual (1.31), (p < 0.001
in all comparisons) [30]. Sublingual puncture caused haemorrhage from the nares in 3.33% of mice.
Interestingly this rate was increased after the use of anaesthesia to 10.56% of mice [30].

Clinical signs following facial vein bleeding were evaluated in three studies [27,29,30]. Signs
included inactivity after collection and being unsteady on release. These occurred at a frequency of
1/20 animals (5%) [27]. The more serious adverse effect of haemorrhage from the ear canal occurred
at a rate of 2/20 (10%) [27]. These adverse events occurred when using needle, rather than lancet
puncture [26]. Frolich et al. 2018 [29] similarly reported inactivity, ear and nose haemorrhage, as well
as head tilt, convulsions, circling and corneal opacity, at rates of approximately 17–25%, but only with
serial facial vein samples. Rates of haemorrhage from the ear canal were 2.78%, with an approximate
doubling when anaesthesia was used (5.56%) in the Gjendal et al. 2020 study [30].

The most common adverse event reported with retrobulbar sampling was corneal opacity and
periocular tissue prolapse occurring at a rate of 2/12 animals (17%) [29]. The incidence of corneal
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opacity was increased in serial RBB to 5/12 (42%) animals [29]. However, no ocular abnormalities were
observed after use of this sampling route in the Gjendal et al. 2020 study [30].

In contrast to other studies Regan et al. 2016 [33], reported no adverse signs after retrobulbar,
facial or submental bleeding in a cohort of 15 per group. Minor inflammation was noted at the point of
capillary tube insertion in the retrobulbar group but this resolved quickly.

5.3. Histology

Nine studies evaluated histological findings [1,4,8,24,28,29,32,36,38]. Only three of these studies
evaluated small vein sample routes [24,32,36]. There was significant heterogeneity in method
of reporting which ranged from narrative summary [8,24,32,38], to incidence [1,4,29,36], to a
semi-subjective scoring system [28]. There were further differences since lesions were observed
in different anatomic regions as would be expected based on sampling location. For example, ocular
trauma was reported in retrobulbar sampling, yet was not seen after facial sampling. Similarly, foreign
body steatitis is typically caused by hair shaft penetrance of the area and is less likely to occur when
sampling hairless regions. In assimilating findings a judgement call has to be made as to whether
the increased incidence of a histological finding implies greater welfare impact, or whether this is
constituted by greater severity of lesion, or combination thereof. For these reasons, it was considered
that vote counting was inappropriate and results have been summarised narratively (Figure 3).

Figure 3. Histological characteristics observed in studies comparing large-volume sample sites. Size
of slice represents relative incidence. Difference in reporting prevented assimilation of all findings.
Compiled from [1,4,29,32,38]. Note that animals may have demonstrated more than one histological
finding. n represents the number of animals.

Retrobulbar sampling consistently led to microscopic evidence of haemorrhage [4,8,28,36] in
structures around and within the orbit, including the muscle, retroorbital sinus, harderian gland
and nasolacrimal duct. Inflammatory infiltrate with constitute cells changing over time post-sample
was also a key feature [4,8,28,36]. Occasional broken hair shafts setting up a foreign body reaction
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were reported [28,29,36,38]. Optic nerve damage appears to be a rare finding [4]. Massive necrosis,
mononuclear cell infiltration, and fibroplasia of the harderian gland was observed in 2/18 animals [36].

Jugular vein sampling led to histological changes such as haemorrhage, inflammatory infiltrate,
degenerative change, and oedema in muscle, subcutaneous connective and adipose tissue [8].

In facial-punctured animals, macroscopic observations were characterized by subcutaneous
haemorrhage and oedema with an acute inflammatory response [1,36]. Focal muscle necrosis was also
observed [1]. Signs of trauma persisted for five days [1]. When compared together, sublingual sampling
led to fewer traumatic lesions than facial [1]. Lesions in the former were characterized by minimal
to slight haemorrhage, with minimal acute inflammation [1,36]. Scar formation and production of
granulation tissue was occurring after 5 days [1]. Trichogranuloma has been observed with both of
these methods [2,36].

Anaesthesia appears to impact on severity and type of lesions noted. Comparatively fewer
indicators of histological change were observed in retrobulbar sampling with anaesthesia compared
to the conscious method [8]. In facial vein-sampled animals a diffuse acute neutrophilic/fibrinoid
inflammatory response was noted after conscious sampling, whereas the inflammatory response was
more chronic in anaesthetized animals [1].This difference in response was likely related to the presence
of hair fragments deep within the puncture site in a number of animals [1].

Histology findings following tail sampling were generally mild. Mild neutrophilic inflammation
was a consistent finding in mice sampled by tail incision [24,36], which also extended to the dermis
in some animals [32]. In a proportion (3/5) of animals, tail amputation resulted in transection of the
last caudal vertebra [32]. Additionally all of these animals had neutrophilic inflammation (generally
mild) and fibrin at the tail tip [32]. In contrast to tail tip amputation, tail incision led to a shorter
period of epidermal oedema, tail muscle involvement with necrosis and inflammatory infiltrate, and
earlier proliferation of fibroblasts [36]. The inflammatory infiltrate progressed from neutrophilic to
mononuclear cell in both groups over time [36]. Lesions following tail vein sample were primarily in
the subcutaneous tissue and adipose tissue [8].

The incidence of histological change was higher after saphenous sample than tail vein (29.4%
vs. 13.97% after 1 h) and lesions in the muscle were reported [8]. Alternately, minimal histological
change, characterised by minor inflammatory infiltrate and bleeding into the muscle, was observed
after saphenous puncture in another study [36]. The authors commented that this finding may have
resulted from imperfect tissue sampling.

5.4. Behavioural Tests of Anxiety

5.4.1. Elevated Plus Maze (EPM)

Three studies evaluated EPM performance after blood sampling [2,12,32]. Harikrishnan et al.
2018 [12] investigated all three major blood sampling routes, as well as tail incision. Whilst Moore et al.
2017 [32] examined tail amputation and tail incision in comparison with facial vein sampling. Teilmann
et al. 2014 [2] compared facial and tail vein sampling using an EPM as part of a triple test. A further
consideration is that the study by Harikrishnan et al. 2018 [12] utilised anaesthesia for retrobulbar
sampling, but all other routes were performed conscious in this study and in other studies. This factor
may confound study interpretation in spite of the behavioural testing occurring 24 h after sampling.
As a result of the differences in experimental design, vote counting was considered inappropriate and
results have been summarised narratively. A summary findings table (Table 4) for both the EPM and
OFT behavioural test is provided below.
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Table 4. Summary of direction of effect for behavioural tests elevated plus maze (EPM) and open field
test (OFT) when compared to sham/unmanipulated controls or baseline values.

Single-Sample Method
and Reference

Behaviour
Test

Measure
General Direction of

Effect on Measure
Timeframe for

Measure

Retrobulbar

Harikrishnan et al. 2018
[12]

EPM Anxiety ↑ 24 h

OFT Anxiety ↑ 24 h

OFT Locomotor activity ↓ 24 h

Facial Vein

Harikrishnan et al. 2018
[12]

EPM Anxiety = 24 h

OFT Anxiety = 24 h

OFT Locomotor activity = 24 h

Moore et al. 2017 [32]
EPM Anxiety =

Few hours
post-procedural

OFT Anxiety =
Few hours

post-procedural

Teilmann et al. 2014 [2] Triple Test Anxiety ↑ 24 h

Sublingual

Harikrishnan et al. 2018
[12]

EPM Anxiety ↑ 24 h

OFT Anxiety = 24 h

OFT Locomotor activity ↓ 24 h

Tail Incision

Harikrishnan et al. 2018
[12]

EPM Anxiety ↑ 24 h

OFT Anxiety = 24 h

OFT Locomotor activity = 24 h

Moore et al. 2017 [32]
EPM Anxiety =

Few hours
post-procedural

OFT Anxiety =
Few hours

post-procedural

Tail Vein

Teilmann et al. 2014 [2] Triple Test Anxiety ↓ 24 h

Tail Amputation

Moore et al. 2017 [32]
EPM Anxiety =

Few hours
post-procedural

OFT Anxiety =
Few hours

post-procedural

In Harikrishnan et al. 2018 [12], the groups spent significantly different durations in the open arms
(p = 0.03), yet there were no differences in time spent in closed arms or the number of open-arm visits.
The groups also differed in the number of centre visits (p = 0.002). Facially vein-punctured animals did
not differ from controls in these parameters, whereas retrobubular sampling caused greatest deviation
from controls with reduced centre visits, least time in the centre and reduced activity. Sublingual and
tail incision led to intermediate deviations from control values, frequently exhibiting more anxiety
behaviour than facially sampled animals, but not differing from each other.

Moore et al. 2017 examined facial, tail amputation and tail incision routes to find that phlebotomy
group did not affect performance in the elevated plus maze [32].
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5.4.2. Open Field Test (OFT)

Four studies evaluated OFT performance after blood sampling [2,8,12,32]. Harikrishnan et al.
2018 [12] investigated all three major blood sampling routes, as well as tail incision. Whilst Moore et al.
2017 [32] evaluated tail amputation and tail incision, in comparison with facial vein sampling. Teilmann
et al. 2014 [2] compared facial and tail vein sampling using an OFT as part of a triple test. Tsai et al.
2015 [8] studied retrobulbar (with and without anaesthesia), facial, tail vein, and saphenous bleeding.

Tsai et al. 2015 [8] measured total distance travelled in the test which is an important measure of
locomotor activity. Distance travelled differed between groups being longest in mice that underwent
tail vein bleeding (2.183 cm) or saphenous (2.110 cm), followed by mice that underwent retrobulbar
(1.699 cm) and facial vein bleeding (1.226 cm). This difference was significant for facially vein-sampled
animals, but non-significant for other pairwise comparisons. Facial vein-sampled animals also had a
lower average speed. This study has not been included in the summary table because values were not
compared to a sham/unmanipulated control to enable a determination on direction of effect.

The study by Harikrishnan et al. 2018 [12] utilised anaesthesia for retrobulbar sampling but all
other routes were performed conscious in this and in other studies. This may be a consideration in
interpretation, in spite of testing occurring 24 h after sampling.

Mice subjected to retrobulbar sinus puncture were significantly less active than control mice for all
three OFT parameters in Harikrishan et al. 2018 [12]. This was not observed for mice that underwent
tail incision or facial vein puncture. An effect of anaesthesia was apparent since mice subjected only
to isoflurane anaesthesia showed greater activity, and a higher number of centre entries, than mice
subject to retrobulbar puncture under isoflurane anaesthesia [12]. This contrasts with the Tsai et al.
2015 study [8], where mice that underwent retrobulbar bleeding with anaesthesia performed similarly
in the OFT to mice sampled without anaesthesia.

There were no differences in display of anxiety behaviour between facial vein-sampled, tail
incision, sublingual and retrobulbar groups, as indicated by visits and time spent in the centre of
the field [12]. Alternately, mice sampled by facial vein generally avoided the open field in the triple
test with the authors concluding that they expressed more anxious behaviour than tail vein-sampled
animals [2].

In Moore et al. 2017 [32], the facial vein group exhibited a significantly lower average speed
in the OFT compared to tail amputation and incision groups. No other between-group differences
were observed.

6. Discussion

As common techniques performed in biomedical research studies involving mice, blood sampling
methods may have considerable impact on cumulative experience. Furthermore, retrobulbar sampling
has been considered controversial and its use is vetoed in some laboratories. Whilst summary
documents or guidelines exist on this topic, a number of these are now older documents and it is not
clear whether they have been based on a systematic review of the available evidence (see, e.g., [3,61]).
This review represents the first systematic review on recovery blood sampling techniques in mice
based on their impact on animal welfare and sample quality.

6.1. Impact of Blood Sample Route on Mouse Welfare

Whilst there is a substantial body of evidence on the impact of blood sampling on animal welfare
with 27 studies sourced, the heterogeneity in terms of sampling routes compared, and outcomes
measured, renders it problematic to make any recommendation. Despite the large number of studies,
few performed the same pairwise comparisons, with the same outcome measures. We were also unable
to perform any assimilation of the behavioural data given the heterogeneity. This is unfortunate,
as arguably these measures may provide a better measure of well-being and animal impact than a
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measure of the short-term stress response. Given the above caveat, some general points taken from the
assimilation are presented.

For serial blood sampling, as a general rule, small-volume sampling routes may be beneficial
over large-volume sampling routes based on the findings for glucose, plasma corticosterone and
bodyweight (Table 1). This would seem plausible based on physiological principles given the reduced
blood volume lost, and therefore reduced chance of hypotension, haemorrhagic shock and impaired
tissue and organ metabolism that can result [62].

Whilst it might be expected that head-focused routes would have a greater impact on bodyweight
than methods focused at the tail and leg, this was only borne out for the facial and retrobulbar routes.
The finding that bodyweight loss did not occur with sublingual sampling (data from two studies) is
intriguing given the mouth focus, and requires further study to confirm.

It is often assumed that anaesthesia improves animal well-being following procedure performance,
yet the findings are inconsistent. For example, beneficial effects of isoflurane use were found, with
reduced anxiety being observed in the OFT [12] and decreased histological lesion severity after
retrobulbar and facial sampling [1,8]. However, anaesthesia caused a doubling in the incidence of the
serious adverse effect of ear bleeding after facial vein bleeding, and a tripling in rate of bleeding from
the nares after sublingual puncture as observed in [30]. Perhaps the best current advice in this regard is
to determine anaesthetic use on a case-by-case basis, dependent on the blood sampling route, and the
researcher’s level of technical expertise and comfort with the procedure. These apparent discrepancies
also need future targeted research focus.

The difference in serial mortality rate observed for the facial vein route between the studies
of [26,29] (2% vs. 33%) is striking. This is especially so since the technique is widely used in laboratory
animal practice, and this mortality rate would likely raise ethical concerns for continued performance
amongst many ethics committees. These results may be an artefact of the small sample sizes employed
in the Frolich et al. 2018 study, with a potential effect of learning/re-familiarisation. Mortality rates may
have declined as the skill was reacquired with larger numbers of animals sampled. Only one of the
included studies specifically investigated the effect of experience on outcomes measured [28]. Based
on pathological findings, findings from this study were that experience with retrobulbar sampling
had little impact on outcome. However, it is suggested that this effect may have been overlooked in
the included studies, and deserves further research attention, and an agreed criterion to standardise
expertise level.

As a final point, based on the evidence available, the reason for the demise of the retrobulbar route
for ethical reasons remains unclear. The synthesis implies that it is associated with zero mortality [29],
none [30,33] to mild clinical ocular abnormalities [29], and similar severity of histological lesions
to other large-volume sampling routes [36,38]. This change in policy direction is more surprising
given that this route has generally been replaced by facial vein sampling, which arguably can lead
to a similar number, if not more, potentially negative outcomes [27,29,33,38]. It is speculated that
pictures, or dialogue showing the horrendous (likely rare) outcome of globe perforation after sampling,
may have influenced decision making in this regard. Perhaps a more appropriate focus for policy
makers should be how to best train and ensure operator competency in this technique in order to
avoid the occurrence of serious adverse effects. It is certainly by no means clear whether the proposed
alternative facial route is more beneficial for animal well-being and this should be a priority for
future research.

6.2. Evidence Completeness and Quality and Recommendations for Future Research

This review identifies a number of factors preventing recommendations on choice of mouse blood
sampling route being made. These include (1) that in spite of a reasonable number of studies on the
topic, there were often few studies examining the same pairwise comparison; (2) there was a lack
of standardised outcome measures relevant to well-being and timepoints for comparison; (3) many
studies were at high risk of bias, either by virtue of study design or deficiencies in reporting. When
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considering that there have been significant and repeated recent efforts to improve the reporting
standards of animal research, and that guidelines to assist animal research have been widely available
since 2010 [63–66], the overall poor quality of reporting of the included studies is problematic. Simple
details prescribed by the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines,
such as description of the randomisation procedure, were only reported by three studies published
after 2010 (of 16 total). This highlights how far animal-based research needs to come to be considered
rigorous, transparent and transferable.

Generally, RCTs are desirable due to their placement in the hierarchy of evidence. However,
given the practical and widespread nature of these interventions, and therefore the importance of
external validity, it may be desirable to investigate these techniques using large-scale, well-designed
observational studies. This may avoid issues alluded to earlier, where small sample sizes may lead to
artefacts. Alternatively, RCTs that are multicentre in nature to increase sample size could be performed.
These studies may be able to reduce confounding by issues such as technique experience as part of a
dilution effect due to the use of many operators.

One of the major limitations of this systematic review was the inability to perform a meta-analysis,
which is the ideal method to synthesise and present data from multiple, comparable studies. However,
due to the heterogeneity that existed between studies, performing a meta-analysis was never considered
to be appropriate. While this factor has severely limited the impact of our results in terms of making
a determination on the effects of blood sample route on animal welfare, it does provide us some
insight as to how a meta-analysis may be facilitated for future systematic reviews on this topic. Ideally,
the relevance and reproducibility of outcome measures used to assess welfare in adult mice should be
validated and discussed in the field, so that consensus may be reached, and experiments standardised
accordingly. However, by far the most common barrier to performing a meta-analysis encountered
was the underreporting of results by authors of the primary studies. Often, authors simply reported
their results as a figure or a graph, and a statement of (non-)significance. While this may suit the
purposes of the primary author in confirming or rejecting their null hypothesis, this underreporting
greatly reduces the transferability and comparability of these data. A simple solution to this problem
would be for scientific journals to start mandating that submitting authors provide complete data sets.
This tactic is already being employed by international journals such as PLoS One, Springer Nature and
Science [67–69] and may reduce the need to resort to alternate, less robust data synthesis strategies [70].
However, until this becomes a standard, as it has in clinical research, this issue will continue to plague
animal-based research.

7. Conclusions

In spite of a substantial body of evidence investigating welfare associated with blood sampling
techniques in mice, it was concluded that there was not enough, high-quality evidence to make any
recommendations on the optimal method of blood sampling from the point of view of animal welfare.
Future high-quality studies, with standardised outcome measures and large sample sizes, are required.

There is an urgent need, as highlighted by many authorities, to increase quality (and/or reporting)
of animal research at all stages from inception to reporting. The use of guidelines such as those
published by ARRIVE [64], and protocol registration, can assist in achieving this. Journal editors
also need to advise researchers of guidelines and enforce provisions, which will no doubt serve as an
educative as well as compliance function.
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20. Schünemann, H.; Brożek, J.; Guyatt, G.; Oxman, A. Handbook for Grading the Quality of Evidence and the
Strength of Recommendations for Using the GRADE Approach (Updated October 2013). Available online:
gdt.guidelinedevelopment.org/app/handbook/handbook.html (accessed on 23 November 2016).

21. GRADE Working Group. GRADEpro GDT; McMaster University: Hamilton, ON, USA, 2014.
22. Aasland, K.; Skjerve, E.; Smith, A. Quality of blood samples from the saphenous vein compared with the tail

vein during multiple blood sampling of mice. Lab. Anim. 2010, 44, 25–29. [CrossRef]
23. Christensen, S.D.; Mikkelsen, L.; Fels, J.; Bodvarsdottir, T.; Hansen, A. Quality of plasma sampled by different

methods for multiple blood sampling in mice. Lab. Anim. 2009, 43, 65–71. [CrossRef]
24. Durschlag, M.; Wurbel, H.; Stauffacher, M.; Von Holst, D. Repeated blood collection in the laboratory mouse

by tail incision—Modification of an old technique. Physiol. Behav. 1996, 60, 1565–1568. [CrossRef]
25. Fernández, I.; Peña, A.; Del Teso, N.; Pérez, V.; Rodríguez-Cuesta, J. Clinical biochemistry parameters in

c57bl/6j mice after blood collection from the submandibular vein and retroorbital plexus. J. Am. Assoc. Lab.
Anim. Sci. 2010, 49, 202–206.

26. Forbes, N.; Brayton, C.; Grindle, S.; Shepherd, S.; Tyler, B.; Guarnieri, M. Morbidity and mortality rates
associated with serial bleeding from the superficial temporal vein in mice. Lab. Anim. 2010, 39, 236–240.
[CrossRef] [PubMed]

27. Francisco, C.C.; Howarth, G.S.; Whittaker, A.L. Effects on animal wellbeing and sample quality of 2 techniques
for collecting blood from the facial vein of mice. J. Am. Assoc. Lab. Anim. Sci. 2015, 54, 76–80. [PubMed]

28. Fried, J.H.; Worth, D.B.; Brice, A.K.; Hankenson, F.C. Type, duration, and incidence of pathologic findings
after retroorbital bleeding of mice by experienced and novice personnel. J. Am. Assoc. Lab. Anim. Sci. 2015,
54, 317–327. [PubMed]

29. Frohlich, J.R.; Alarcón, C.N.; Toarmino, C.R.; Sunseri, A.K.; Hockman, T.M. Comparison of serial blood
collection by facial vein and retrobulbar methods in c57bl/6 mice. J. Am. Assoc. Lab. Anim. Sci. 2018, 57,
382–391. [CrossRef] [PubMed]

30. Gjendal, K.; Kiersgaard, M.K.; Abelson, K.; Sorensen, D.B.; Ottesen, J.L. Comparison of sublingual, facial and
retro-bulbar blood sampling in mice in relation to animal welfare and blood quality. J. Pharmacol. Toxicol.
Methods 2020, 103, 106680. [CrossRef]

31. Madetoja, J.; Madetoja, M.; Mäkinen, J.; Riuttala, E.; Jokinen, J. Blood sampling from the tail vein, in
comparison with two other techniques, causes less stress to mice. Scand. J. Lab. Anim. Sci. 2009, 36, 215–221.

32. Moore, E.S.; Cleland, T.A.; Williams, W.O.; Peterson, C.M.; Singh, B.; Southard, T.L.; Pasch, B.; Labitt, R.N.;
Daugherity, E.K. Comparing phlebotomy by tail tip amputation, facial vein puncture, and tail vein incision
in c57bl/6 mice by using physiologic and behavioral metrics of pain and distress. J. Am. Assoc. Lab. Anim.
Sci. 2017, 56, 307–317.

33. Regan, R.D.; Fenyk-Melody, J.E.; Tran, S.M.; Chen, G.; Stocking, K.L. Comparison of submental blood
collection with the retroorbital and submandibular methods in mice (mus musculus). J. Am. Assoc. Lab.
Anim. Sci. 2016, 55, 570–576.

34. Rogers, I.T.; Holder, D.J.; Mcpherson, H.E.; Acker, W.R.; Brown, E.G.; Washington, M.V.; Motzel, S.L.;
Klein, H.J. Influence of blood collection sites on plasma glucose and insulin concentration in conscious
c57bl/6 mice. J. Am. Assoc. Lab. Anim. Sci. 1999, 38, 25–28.

35. Shirasaki, Y.; Ito, Y.; Kikuchi, M.; Imamura, Y.; Hayashi, T. Validation studies on blood collection from the
jugular vein of conscious mice. J. Am. Assoc. Lab. Anim. Sci. 2012, 51, 345–351.

36. Sørensen, D.B.; Metzdorff, S.B.; Jensen, L.K.; Andersen, K.H.; Teilmann, A.C.; Jensen, H.E.; Frøkiær, H.
Time-dependent pathologic and inflammatory consequences of various blood sampling techniques in mice.
J. Am. Assoc. Lab. Anim. Sci. 2019, 58, 362–372. [CrossRef] [PubMed]

37. Tabata, H.; Kitamura, T.; Nagamatsu, N. Comparison of effects of restraint, cage transportation, anaesthesia
and repeated bleeding on plasma glucose levels between mice and rats. Lab Anim. 1998, 32, 143–148.
[CrossRef] [PubMed]

52



Animals 2020, 10, 989

38. Teilmann, A.C.; Madsen, A.N.; Holst, B.; Hau, J.; Rozell, B.; Abelson, K.S.P. Physiological and pathological
impact of blood sampling by retro-bulbar sinus puncture and facial vein phlebotomy in laboratory mice.
PLoS ONE 2014, 9, e113225. [CrossRef] [PubMed]

39. Silverman, J. (Ed.) Clinical biochemistry parameters in c57bl/6j mice after blood collection from the
submandibular vein and retroorbital plexus. J. Am. Assoc. Lab. Anim. Sci. 2010, 49, 202–206.

40. Constantinescu, G.M.; Duffee, N.E. (Eds.) Comparison of submental blood collection with the retroorbital
and submandibular methods in mice (mus musculus). J. Am. Assoc. Lab. Anim. Sci. 2017, 56, 711–712.

41. Mellor, D.J.; Beausoleil, N. Extending the ’five domains’ model for animal welfare assessment to incorporate
positive welfare states. Anim. Welf. 2015, 24, 241–253. [CrossRef]

42. Mason, G.; Mendl, M. Why is there no simple way of measuring animal welfare? Anim. Welf. 1993, 2,
301–319.

43. Whittaker, A.L.; Marsh, L.E. The role of behavioural assessment in determining ’positive’ affective states in
animals. CAB Rev. 2019, 14, 1–13. [CrossRef]

44. Boissy, A.; Manteuffel, G.; Jensen, M.B.; Moe, R.O.; Spruijt, B.; Keeling, L.J.; Winckler, C.; Forkman, B.;
Dimitrov, I.; Langbein, J.; et al. Assessment of positive emotions in animals to improve their welfare. Physiol.
Behav. 2007, 92, 375–397. [CrossRef]

45. Pickard, J. Review of the Assessment of Cumulative Severity and Lifetime Experience in Non-Human Primates Used
in Neuroscience Research; Animal Procedures Committee: London, UK, 2013.

46. EFSA Panel on Animal Health & Welfare (AHAW). Welfare. Statement on the use of animal-based measures
to assess the welfare of animals. EFSA J. 2012, 10, 2767.

47. Otovic, P.; Hutchinson, E. Limits to using hpa axis activity as an indication of animal welfare. ALTEX 2014,
32, 41–50. [CrossRef] [PubMed]

48. Ralph, C.R.; Tilbrook, A.J. Invited review: The usefulness of measuring glucocorticoids for assessing animal
welfare. J. Anim. Sci. 2016, 94, 457–470. [CrossRef] [PubMed]

49. Bekhbat, M.; Glasper, E.R.; Rowson, S.A.; Kelly, S.D.; Neigh, G.N. Measuring corticosterone concentrations
over a physiological dynamic range in female rats. Physiol. Behav. 2018, 194, 73–76. [CrossRef] [PubMed]

50. Brown, M.J.; Winnicker, C. Chapter 39—Animal Welfare. In Laboratory Animal Medicine, 3rd ed.; Fox, J.G.,
Anderson, L.C., Otto, G.M., Pritchett-Corning, K.R., Whary, M.T., Eds.; Academic Press: Boston, MA, USA,
2015; pp. 1653–1672.

51. Touma, C.; Palme, R.; Sachser, N. Analyzing corticosterone metabolites in fecal samples of mice: A noninvasive
technique to monitor stress hormones. Horm. Behav. 2004, 45, 10–22. [CrossRef] [PubMed]

52. Clough, G. Environmental effects on animals used in biomedical research. Biol. Rev. Camb. Philos. Soc. 1982,
57, 487–523. [CrossRef] [PubMed]

53. Jirkof, P.; Rudeck, J.; Lewejohann, L. Assessing affective state in laboratory rodents to promote animal
welfare—What is the progress in applied refinement research? Animals (Basel) 2019, 9, 1026. [CrossRef]

54. Dietze, S.; Lees, R.K.; Fink, H.; Brosda, J.; Voigt, J.-P. Food deprivation, body weight loss and anxiety-related
behavior in rats. Animals 2016, 6, 4. [CrossRef]

55. Jirkof, P. Burrowing and nest building behavior as indicators of well-being in mice. J. Neurosci. Methods 2014,
234, 139–146. [CrossRef]

56. Walf, A.A.; Frye, C.A. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents.
Nat. Protoc. 2007, 2, 322–328. [CrossRef]

57. Biedermann, S.V.; Biedermann, D.G.; Wenzlaff, F.; Kurjak, T.; Nouri, S.; Auer, M.K.; Wiedemann, K.; Briken, P.;
Haaker, J.; Lonsdorf, T.B.; et al. An elevated plus-maze in mixed reality for studying human anxiety-related
behavior. BMC Biol. 2017, 15, 125. [CrossRef]

58. Seibenhener, M.L.; Wooten, M.C. Use of the open field maze to measure locomotor and anxiety-like behavior
in mice. J. Vis. Exp. 2015, e52434. [CrossRef] [PubMed]

59. Koseoglu, M.; Hur, A.; Atay, A.; Cuhadar, S. Effects of hemolysis interference on routine biochemistry
parameters. Biochem. Med. (Zagreb) 2011, 21, 79–85. [CrossRef] [PubMed]

60. Magnette, A.; Chatelain, M.; Chatelain, B.; Ten Cate, H.; Mullier, F. Pre-analytical issues in the haemostasis
laboratory: Guidance for the clinical laboratories. Thromb. J. 2016, 14, 49. [CrossRef] [PubMed]

61. Removal of blood from laboratory mammals and birds: First report of the bva/frame/rspca/ufaw joint
working group on refinement. Lab. Anim. 1993, 27, 1–22. [CrossRef] [PubMed]

53



Animals 2020, 10, 989

62. McGuill, M.; Rowan, A. Biological effects of blood loss: Implications for sampling volumes and techniques *
commentary: H. Richard Adams. ILAR J. 1989, 31, 5–20. [CrossRef]

63. Osborne, N.; Avey, M.T.; Anestidou, L.; Ritskes-Hoitinga, M.; Griffin, G. Improving animal research reporting
standards: Harrp, the first step of a unified approach by iclas to improve animal research reporting standards
worldwide. EMBO Rep. 2018, 19, e46069. [CrossRef]

64. Kilkenny, C.; Browne, W.J.; Cuthill, I.C.; Emerson, M.; Altman, D.G. Improving bioscience research reporting:
The arrive guidelines for reporting animal research. PLoS Biol. 2010, 8, e1000412. [CrossRef]

65. O’Connor, A.M.; Sargeant, J.M.; Gardner, I.A.; Dickson, J.S.; Torrence, M.E.; Dewey, C.E.; Dohoo, I.R.;
Evans, R.B.; Gray, J.T.; Greiner, M.; et al. The reflect statement: Methods and processes of creating reporting
guidelines for randomized controlled trials for livestock and food safety. J. Vet. Intern. Med. 2010, 24, 57–64.
[CrossRef]

66. Sargeant, J.M.; O’Connor, A.M.; Dohoo, I.R.; Erb, H.N.; Cevallos, M.; Egger, M.; Ersbøll, A.K.; Martin, S.W.;
Nielsen, L.R.; Pearl, D.L.; et al. Methods and processes of developing the strengthening the reporting of
observational studies in epidemiology—Veterinary (strobe-vet) statement. J. Vet. Intern. Med. 2016, 30,
1887–1895. [CrossRef]

67. Nature Publishing Group. Availability of Data & Materials. 2017. Available online: http://www.nature.com/
authors/policies/availability.html (accessed on 30 April 2020).

68. Science. Science: Editorial Policies. 2017. Available online: http://www.sciencemag.org/authors/science-
editorial-policies (accessed on 30 April 2020).

69. Silva, L. PLOS’ New Data Policy: Public Access to Data. EveryONE: PLOS ONE Community Blog. 2014.
Available online: http://blogs.plos.org/everyone/2014/02/24/plos-new-data-policy-public-access-data-2/
(accessed on 30 April 2020).

70. McKenzie, J.; Brennan, S. Chapter 12: Synthesizing and presenting findings using other methods. In Cochrane
Handbook for Systematic Reviews of Interventions; Version 6.0 (Updated July 2019); Higgins, J.P.T., Thomas, J.,
Chandler, J., Cumpston, M., Li, T., Page, M.J., Welch, V.A., Eds.; Cochrane: London, UK, 2019; Available
online: www.training.cochrane.org/handbook (accessed on 30 April 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

54



animals

Article

The Pharmacokinetics of Medetomidine
Administered Subcutaneously during
Isoflurane Anaesthesia in Sprague-Dawley Rats

Leila T. Kint 1, Bhedita J. Seewoo 2,3,4, Timothy H. Hyndman 5, Michael W. Clarke 6,

Scott H. Edwards 7, Jennifer Rodger 3,4, Kirk W. Feindel 2,8 and Gabrielle C. Musk 1,9,*

1 Faculty of Health and Medical Sciences, The University of Western Australia, Perth 6009, Australia;
leila.kint@uwa.edu.au

2 Centre for Microscopy, Characterisation and Analysis, Research Infrastructure Centres, The
University of Western Australia, Perth 6009, Australia; bhedita.seewoo@research.uwa.edu.au (B.J.S.);
Kwfeinde@dal.ca (K.W.F.)

3 Experimental and Regenerative Neurosciences, School of Biological Sciences,
The University of Western Australia, Perth 6009, Australia; jennifer.rodger@uwa.edu.au

4 Brain Plasticity Group, Perron Institute for Neurological and Translational Science, Perth 6009, Australia
5 School of Veterinary Medicine, Murdoch University, Perth 6150, Australia; t.hyndman@murdoch.edu.au
6 Metabolomics Australia, Centre for Microscopy, Characterisation and Analysis,

The University of Western Australia, Perth 6009, Australia; michael.clarke@uwa.edu.au
7 School of Animal Veterinary Sciences, Charles Sturt University, Wagga Wagga 2650, Australia;

sedwards@csu.edu.au
8 School of Biomedical Sciences, the University of Western Australia, Perth 6009, Australia
9 Animal Care Services, the University of Western Australia, Perth 6009, Australia
* Correspondence: gabrielle.musk@uwa.edu.au

Received: 28 May 2020; Accepted: 17 June 2020; Published: 18 June 2020

Simple Summary: Rodents, including rats, are used as animal models for research investigating
neurological diseases in humans. To enable this research the animals are anaesthetized to facilitate
imaging of the brain, but the anaesthetic drugs impact the results of the research. To minimize the
variation between studies anaesthetic protocols should be similar. A common anaesthetic regime is
the combination of two drugs (medetomidine and isoflurane); however, there is much variation in
the doses of these drugs and the way in which they are administered. To provide some evidence to
facilitate the standardization of anaesthetic protocols this study was performed to elucidate the details
of what the body does to these drugs when they are administered in a certain way. Three groups of rats
were studied to determine the desired dose of medetomidine when isoflurane is used at a low dose
(approximately 0.5%). The results of the study are an evidence-based suggestion for medetomidine
and isoflurane anaesthesia during functional magnetic resonance imaging (fMRI) studies.

Abstract: Anaesthetic protocols involving the combined use of a sedative agent, medetomidine,
and an anaesthetic agent, isoflurane, are increasingly being used in functional magnetic resonance
imaging (fMRI) studies of the rodent brain. Despite the popularity of this combination, a standardised
protocol for the combined use of medetomidine and isoflurane has not been established, resulting in
inconsistencies in the reported use of these drugs. This study investigated the pharmacokinetic detail
required to standardise the use of medetomidine and isoflurane in rat brain fMRI studies. Using mass
spectrometry, serum concentrations of medetomidine were determined in Sprague-Dawley rats
during medetomidine and isoflurane anaesthesia. The serum concentration of medetomidine for
administration with 0.5% (vapouriser setting) isoflurane was found to be 14.4 ng/mL (±3.0 ng/mL).
The data suggests that a steady state serum concentration of medetomidine when administered
with 0.5% (vapouriser setting) isoflurane can be achieved with an initial subcutaneous (SC)
dose of 0.12 mg/kg of medetomidine followed by a 0.08 mg/kg/h SC infusion of medetomidine.

Animals 2020, 10, 1050; doi:10.3390/ani10061050 www.mdpi.com/journal/animals55
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Consideration of these results for future studies will facilitate standardisation of medetomidine and
isoflurane anaesthetic protocols during fMRI data acquisition.

Keywords: functional MRI; rat anaesthesia; refinement

1. Introduction

Anaesthetic protocols using a combination of medetomidine and isoflurane, are increasingly being
used in functional magnetic resonance imaging (fMRI) studies of the rodent brain [1–10]. The use of
medetomidine for these studies was first reported in 2002 [9], whilst the use of low dose isoflurane
(<0.5% vapouriser setting) in conjunction with medetomidine as an anaesthetic regime was first
reported in 2012 [3,4,8].

Medetomidine is an α2-adrenoceptor agonist that causes sedation, hypertension, bradycardia,
respiratory depression, hyperglycaemia, diuresis, muscle relaxation and analgesia [11–26]. The potency
and receptor selectivity of medetomidine has led to its widespread use in veterinary anaesthesia,
mostly in dogs and cats [27]. Medetomidine causes sedation through the activation of central
α2-adrenoceptors in the locus coeruleus, which prevents excitatory neurotransmitter release in
the central nervous system and thereby depresses cortical arousal [13–15]. Vascular side effects of
medetomidine occur due to the activation of peripheral α2-adrenoceptors, which causes a transient and
marked increase in systemic vascular resistance [17,18]. This vasoconstriction is followed by a decrease
in vascular tone due to suppression of central nervous system-mediated sympathetic stimulation on
blood vessels.

Isoflurane is a GABAergic fluorinated ether that causes anaesthesia, respiratory depression,
bronchodilation, vasodilation, hypotension and muscle relaxation [28,29]. Isoflurane is commonly used
for clinical and veterinary anaesthesia due to its rapid onset of action, short recovery time, safety and
titratability [29–31]. The minimum alveolar concentration of isoflurane in adult Sprague-Dawley rats is
1.46 ± 0.06% [32].

The benefit of combining medetomidine with isoflurane specifically for fMRI studies has been
described. When >0.1% isoflurane is administered with medetomidine, the epileptic activity caused by
medetomidine is suppressed [4,21,22]. Furthermore, the drug combination allows for maintenance of a
steady state of anaesthesia for >4 h, with consistent fMRI data [3]. In contrast, when medetomidine
is administered alone via a constant rate infusion (subcutaneous (SC) or intravenous (IV)), it is not
possible to maintain a steady state of sedation for >3 h. It has been reported that medetomidine
administered alone can only be used in fMRI experiments >3 h if the initial infusion dose is increased
three-fold after 90 min, or if medetomidine is specifically administered using an initial IV injection
of at least 0.05 mg/kg medetomidine followed by a subsequent continuous SC or IV infusion of at
least 0.1 mg/kg/h medetomidine, whereby the initial dose cannot be omitted, and the dose cannot be
decreased [1,33].

Despite the increasing popularity of this combination of medetomidine and isoflurane,
a standardised anaesthetic protocol for their combined use for rodent brain fMRI studies has not been
established [4,34]. Various protocols are described with variable doses of both medetomidine and
isoflurane, different routes of administration of medetomidine, and variation in the time of fMRI data
collection relative to the time of medetomidine administration [3,4,6,7,34–36]. For example, in seven
rodent fMRI studies employing medetomidine and isoflurane anaesthesia, the dose of isoflurane
for maintenance of anaesthesia varied from 0.25–1.4% [3,4]. Furthermore, reported loading doses
for medetomidine range from 0.03 to 0.15 mg/kg and the subsequent infusion doses range from
0.03 to 0.1 mg/kg/h [35,36]. In addition, the initial injection was administered via the intravenous (IV),
intramuscular, intraperitoneal or subcutaneous (SC) routes and the infusion via the IV, intramuscular
or SC routes. The time of fMRI data collection after the initial administration of medetomidine ranged
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from 15 min to 90 min [3,7,36]. This variation in the use of medetomidine and isoflurane in rodent
brain fMRI studies may be attributed to a lack of comprehensive data on the pharmacokinetics and
pharmacodynamics of medetomidine in rodents. Importantly, the serum concentration of medetomidine
when administered with low dose isoflurane for rodent brain fMRI studies is unknown. Thus,
the rationale for the administration of medetomidine alongside isoflurane for rodent brain fMRI studies
is largely derived empirically [1–9]. However, there is now evidence that both resting-state and evoked
blood-oxygen-level-dependent (BOLD) fMRI signals are altered by the type of anaesthetic drug(s) used
and their dose [37–44]. Thus, the many aforementioned inconsistencies in the use of medetomidine
and isoflurane may be hindering the interpretation, generalisation, meta-analysis and reproducibility
of rodent brain fMRI studies.

Medetomidine substantially reduces the dose of isoflurane required to achieve stable anaesthesia,
therefore minimising anaesthetic-induced distortions of BOLD fMRI signals. When dogs are
administered a dose of 0.03 mg/kg IV medetomidine, there is a reduction of the minimum alveolar
concentration of isoflurane by 47.2% [45]. Furthermore, when rodents are anaesthetised with a combined
medetomidine and isoflurane dose of 0.06 mg/kg/h IV and 0.5–0.6%, respectively, they exhibit levels
of anaesthesia comparable to rodents treated either medetomidine 0.1 mg/kg/h IV or isoflurane
1.3% [34]. Reducing the dose requirement of each drug is beneficial, as high doses of each drug
in isolation are associated with significant drug-specific distortions of BOLD fMRI signals [34].
This artefact occurs because BOLD fMRI studies rely on the coupling between local blood flow and
local neuronal activity (known as neurovascular coupling) to infer and therefore measure neural
activity [44,46,47]. BOLD signals in anaesthetised rodents are considered an accurate measure of neural
activity when they produce an image reflective of brain activity in the awake rodent. Conversely, BOLD
signals are considered inaccurate when they produce an image reflective of fMRI-induced-stress or
anaesthetic-induced changes in the BOLD effect [34,48]. Recent evidence suggests that BOLD fMRI
signals obtained during medetomidine and isoflurane anaesthesia can be used to accurately measure
rodent brain activity [34]. This attribute can be partially explained by the synergistic effects of the
drugs on preserving neurovascular coupling [3,35]. When administered alone, medetomidine alters
the BOLD effect by causing cerebral vasoconstriction, bradycardia, decreased cerebral blood flow and
altered astrocyte activity [4,35,49]. In contrast, when isoflurane is administered alone, it alters the BOLD
effect by inducing vasodilation in cerebral vasculature [1,50]. Accordingly, when medetomidine and
isoflurane are administered together, medetomidine appears to attenuate isoflurane-induced cerebral
vasodilation, leading to better preservation of neurovascular coupling [51].

To better utilise medetomidine and isoflurane anaesthesia in rodent fMRI studies, their use
should be standardised. To this end, the pharmacokinetic profile of medetomidine during combined
medetomidine and isoflurane anaesthesia needs to be elucidated, and the serum concentration
of medetomidine in this context needs to be identified. The aim of this study was to describe
the pharmacokinetics of medetomidine during isoflurane anaesthesia and determine the serum
concentration of medetomidine when administered with 0.5% (vapouriser setting) isoflurane, so that
an evidence-based dosing regimen of medetomidine could be determined for rat brain fMRI studies.

2. Materials and Methods

The study was approved by the University of Western Australia’s Animal Ethics Committee
(RA/3/100/1599) and conducted in accordance with the Australian code for the care and use of animals
for scientific purposes, 8th edition [52]. The rats were housed in an AAALAC (Association for the
Assessment and Accreditation of Laboratory Animal Care) facility.

2.1. Animals

Twenty-four male, eight-week-old, Sprague-Dawley rats (Rattus norvegicus) were imported from
the Animal Resources Centre (Canning Vale, WA, Australia) as specific pathogen free rats. Rats were
transported in groups to the animal care facility and held for at least three days prior to the study.
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The rats were housed in a temperature-controlled environment on a 12 h light-dark cycle with food
and water ad libitum at M-block in QEII Medical Centre (Nedlands, WA, Australia). The cages were
individually ventilated with minimum dimensions of 38.8 cm wide, 40.6 cm long and 21 cm high
on coarse aspen bedding. The rats were housed in pairs, fed a commercial rat diet (Specialty Feeds
Meat Free Rat and Mouse Diet, Glen Forrest, Australia) that was autoclaved prior to introduction
into the animal facility and were provided with acidified drinking water (pH 2.5–3). Food was not
withheld prior to anaesthesia. On the day of the procedure, the rats were transferred to the Centre for
Microscopy Characterisation and Analysis (University of Western Australia, Nedlands, Australia).

2.2. Experimental Procedure

The rats were randomly allocated to three experimental groups: Group T for determination of
the target serum concentration of medetomidine when administered with low dose isoflurane for
rodent brain fMRI studies (n = 8); Groups IV and SC for determination of the SC bioavailability of
medetomidine during isoflurane anaesthesia (n = 8 each).

On the days of the procedures, the rats were anaesthetised with isoflurane (Isothesia™,
Henry Schein Animal Health, 2000, Australia) in an induction chamber (4% isoflurane in 100%
medical oxygen, 2 L/min). Once adequately anaesthetised (recumbent, no response to toe pinch)
the rats were transferred onto the experimental benchtop and positioned for delivery of isoflurane
throughout the experiment (0.5–2% isoflurane vapouriser setting in 100% medical oxygen, 1.5 L/min,
Darvall Zero Dead Space face mask circuit, Advanced Anaesthesia Specialists) under a heat lamp.
Physiological monitoring included body temperature, respiratory rate, heart rate, electrocardiography
(PC-SAM Small Animal Monitor, SA Instruments Inc., 1030 System), exhaled isoflurane and CO2

(data not shown) (ISATM Sidestream Gas Analyzer, Masimo Sweden AB and PHASEIN and Lightning
Multi-Parameter Monitor Vetronic Services Ltd., Newton Abbot, UK) and blood glucose concentration
(Accu-Chek Guide, Roche, Mannheim, Germany). These variables were recorded every 5 min. A single
rat was studied at any one time, during the hours of 8 a.m. and 6 p.m.

Medetomidine (1 mg/mL, Ilium Medetomidine Injection, Troy Laboratories Pty. Limited,
Glendenning, Australia) was administered according to the treatment group. In Group T, rats were
administered an initial dose of medetomidine of 0.05 mg/kg SC over 1 s via a 29 G insulin syringe
(BD Ultra-Fine Insulin Syringe, Becton Dickinson Pty Ltd., Macquarie University Research Park North
Ryde, Australia), immediately followed by a continuous medetomidine infusion of 0.15 mg/kg/h SC,
administered via a 25 G butterfly catheter connected to a single syringe infusion pump (Legato 100
Syringe Pump, KD Scientific Inc., Holliston, MA, USA). This protocol was developed empirically
and used in our laboratory [10]. In the IV and SC groups, rats were manually administered a single
dose of either IV (through a catheter placed in a lateral tail vein) or SC (under the skin over a flank)
medetomidine at 0.05 mg/kg. The concentration of isoflurane was immediately reduced to 0.5% after
administration of the initial dose of medetomidine and then subsequently altered to maintain an
adequate depth of anaesthesia as assessed by response to toe pinch, heart rate and respiratory rate.

For serial blood sampling, a catheter was placed in the lateral tail vein (22 G, 1 IN, BD Angiocath
IV Catheter, BD Australia, Seven Hills, NSW, Australia), secured with surgical tape and flushed with
heparinised saline (5 IU/mL). In Group T, blood samples were collected 60 and 90 min after the initial
dose of medetomidine. The conditions during anaesthesia were consistent with those observed in
previous studies performed in this laboratory and were considered suitable for identification of the
target concentration of medetomidine. In the IV group, blood was collected before medetomidine
administration and 2, 5, 10, 20, 30, 60, 120 and 180 min afterwards. In the SC group, blood was
collected before medetomidine administration and 10, 20, 30, 40, 50, 60, 120, 180 and 240 min
afterwards. Following collection of the final sample, but before recovery from anaesthesia, the rats
were euthanised via an intraperitoneal or IV injection of pentobarbitone (160 mg/kg, Lethabarb, Jurox,
Rutherford, Australia).
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2.3. Blood Sampling

Approximately 0.5 mL of blood was collected at each timepoint by inserting a 23 G butterfly
catheter (SV*23BLK, Terumo Australia Pty Ltd., Macquarie Park, NSW, Australia) into the injection port
of the tail vein catheter. The initial saline-diluted drops of blood were discarded before sample collection.
A glucometer was used to immediately measure the blood glucose concentration (Accu-Chek Guide,
Roche, BellaVista, Australia). After each sample, the catheter was flushed with 0.5 mL of heparinised
saline (5 IU/mL) to prevent clot formation in the catheter and replace blood volume. In the event that
sufficient blood could not be collected from the catheter, blood was drawn percutaneously from the
lateral saphenous veins, medial saphenous veins or femoral arteries through a butterfly catheter.

All blood samples were collected in 3 mL Eppendorf tubes and allowed to clot at room temperature
for 10 min before refrigeration. Refrigerated samples were centrifuged within 4 h of collection
using an Eppendorf MiniSpin plus centrifugation at 2000× g for 10 min. Approximately 0.2 mL of
serum supernatant from each sample was collected and transferred into new 3 mL Eppendorf tubes.
These serum samples were then frozen at −80 ◦C.

2.4. Serum Analysis

The analyses were performed at Metabolomics Australia (University of Western Australia,
Nedlands, Australia). Medetomidine concentrations of the serum samples were analysed using a liquid
chromatography-tandem mass spectroscopy (LC-MS/MS) technique. The internal standard during
analysis was medetomidine-13C,d3 hydrochloride (Sapphire Bioscience, Redfern, Australia).

To process the serum for analysis, 20 μL of serum were added to 50 μL of working internal
standard (50 ng/mL labelled medetomidine-13C,d3 in 50:50 methanol:water plus 0.1% formic acid) and
vortexed for 10 s. The mixture was then vortexed with 1 mL ethyl acetate for 120 s, after which they
were centrifuged at 3000 rpm for 5 min. Then, 900 μL solvent were evaporated to dryness for 30 min at
40 ◦C before being reconstituted in 70 μL of 50:50 methanol:water.

Processed serum extracts of 2 μL were run on an Agilent 6460 LC-MS/MS in 2D mode using isotope
dilution to adjust for instrument response. Solvent A was LC-MS/MS grade water (Thermo Optima)
with 0.1% formic acid (Merck). Solvent B was LC-MS/MS grade methanol (B & J) and 0.1% formic
acid (Merck). Column one was an Agilent 2.1 × 50 mm 2.6 μm C18 Poroschell and column two was a
Phenomenex Kinetex 3 × 150 mm 2.6 μm Biphenyl phase. The flow rate was set at 0.5 mL/min and a
gradient was run from 50% B to 80% B in 10 min. The column was washed with 98% B and then returned
to 50% B by 7 min. Compounds were heart cut from column one to column two between 0.4–0.9 min.
Medetomidine and medetomidine-13C,d3 were monitored with transitions 201 > 95 and 204.1 > 98,
respectively, with a collision energy of 15. Assay calibration was achieved by spiking drug free matrix
matched rat plasma to create a calibration curve, with the r2 typically >0.9999. Assay precision was
assessed during the project by extracting 4 samples in triplicate and the intra-assay CV ranged from
2.1–5.7%. The limit of quantitation for the assay was 0.1 ng/mL.

2.5. Pharmacokinetic and Pharmacodynamic Calculations

The maximum serum concentration (Cmax) of medetomidine following SC administration was
the highest measured concentration for each animal. The time at Cmax (tmax) was also determined.
The elimination rate constant (λz) was calculated as the negative slope of the semilogarithmic plot of
each animal created from the terminal three time points (t = 120, 180 and 240 min). The elimination
half-life (t1/2β) was calculated as ln(2)/λz. The area under the serum concentration time curve (AUC0→∞)
was estimated by the trapezoidal rule extrapolated to infinite time. Standard formulae were used to
calculate the total body clearance (Cl=dose/AUC) [53] and volume of distribution at pseudo-equilibrium
(Vdarea = Cl/λz) [54].

The target serum concentration of medetomidine (Ctarget) was obtained from the rats in Group T
and was taken as the mean serum concentration of MED at t = 60 and 90 min. The loading dose (LD)
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was estimated from the product of Vdarea and Ctarget. The maintenance dose rate (MD) was calculated
from the product of Cl and Ctarget.

2.6. Trial of Results

To trial the calculated drug administration regime for SC administration of medetomidine an
additional two rats were administered medetomidine with isoflurane to ensure the conditions for
anaesthesia were stable and uneventful. The dose of medetomidine in these two trials was an initial SC
dose of 0.12 mg/kg medetomidine delivered over 5 s followed by a SC infusion of 0.08 mg/kg/h with
0.5% (vapouriser setting) isoflurane.

2.7. Statistical Analyses

Data were tested for normality using a D’Agostino and Pearson test and compared using Student’s
t-test or Mann–Whitney test (GraphPad Prism). The p-value used to define statistical significance was
0.05. Data are expressed as mean ± standard deviation or as otherwise stated.

3. Results

3.1. Group T

The rats weighed 333.2 ± 19.3 g (n = 6). Data from two rats were excluded from the study due to
inaccurate weight records at the time of anaesthesia and therefore incorrect doses of medetomidine
being administered. Otherwise anaesthesia was uneventful and a stable heart rate (307.9 ± 30.7 bpm),
respiratory rate (52.9± 8.3 breaths/min) and normothermic temperature (38.1± 0.7 ◦C) were maintained.
The blood glucose concentration at 60 min was 20.9 ± 3.0 mmol/L and at 90 min was 23.2 ± 2.6 mmol/L
(Figure 1). The vapouriser setting for inhaled isoflurane was maintained at 0.5% after induction of
anaesthesia, whereby from 5 to 90 min after the initial dose of medetomidine the exhaled isoflurane
concentration was 0.49 ± 0.05% (Table 1).

Figure 1. Time course of mean (±standard deviation) blood glucose concentration during anaesthesia
of Sprague-Dawley rats in Group T (0.05 mg/kg medetomidine subcutaneous (SC) followed by a
continuous infusion of 0.15 mg/kg/h SC with 0.5% isoflurane; squares) and Group SC (0.05 mg/kg
medetomidine SC; triangles).
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Table 1. Mean (±standard deviation) concentration of expired isoflurane during administration
of isoflurane after an initial dose of medetomidine of 0.05 mg/kg SC followed by a continuous
medetomidine infusion of 0.15 mg/kg/h SC (Group T) or a medetomidine dose of 0.05 mg/kg SC
(Group SC). The delivery of isoflurane was adjusted as necessary to maintain an adequate depth of
anaesthesia, as assessed by response to toe pinch, heart rate, respiratory rate and expired carbon dioxide
concentration. Only results for the first 90 min are shown.

Expired Isoflurane (%)

5 min 10 min 15 min 25 min 35 min 45 min 60 min 90 min

Group T (n = 6) 0.6 (± 0.2) 0.6 (± 0.4) 0.5 (± 0.3) 0.5 (± 0.04) 0.5 (± 0.1) 0.5 (± 0.1) 0.4 (± 0.1) 0.5 (± 0.1)
Group SC (n = 7) 1.2 (± 0.5) 1.0 (± 0.5) 1.0 (± 0.3) 1.0 (± 0.1) 1.0 (± 0.1) 1.0 (± 0.1) 1.0 (± 0.2) 1.2 (± 0.3)

The serum medetomidine concentration at 60 min after the initial medetomidine dose was
13.9 ± 3.9 ng/mL (range 9.9–20.8 ng/mL) which was similar to that at 90 min (p= 0.329): 15.0 ± 2.0 ng/mL
(range 12.0–18.1 mg/mL). Therefore, for the purposes of identifying the serum concentration of
medetomidine when administered with low dose isoflurane for rat brain fMRI studies, these data were
grouped, and the target serum concentration of medetomidine was determined to be 14.4 ± 3.0 ng/mL.

3.2. Group IV

The rats weighed 333.6± 17.2 g (n= 8). In seven of the Group IV rats, respiratory arrest was observed
immediately after manual administration of the IV injection of medetomidine, and gentle external
chest compressions were performed. After 2 min, spontaneous ventilation resumed. Anaesthesia was
otherwise uneventful. The blood glucose concentration peaked at 60 min at 16.6 ± 2.4 mmol/L and at
180 min at 11.2 ± 2.3 mmol/L.

Fifteen minutes after the administration of IV medetomidine, half of the rats required the vapouriser
setting for isoflurane to be increased from 0.5% isoflurane. By 35 min, all the rats required the vapouriser
setting for isoflurane to be increased from 0.5% isoflurane and maintained at approximately 1–2%.

The serum medetomidine concentration peaked at 2 min at 754.6 ± 672.5 ng/mL
(range 122.1–2139.4 ng/mL). Given the variability of these data, the IV group was excluded from
pharmacokinetic calculations.

3.3. Group SC

The rats weighed 317.9 ± 19.9 g (n = 7). Data from one rat (the first) was excluded from the
study as it was administered an initial SC dose of medetomidine of 0.1 mg/kg and became apnoeic
for approximately 2 min, requiring external chest compressions. The seven subsequent rats were
administered a lower dose of 0.05 mg/kg SC medetomidine and anaesthesia was uneventful. The blood
glucose concentration peaked at 120 min at 20.4 ± 3.4 mmol/L (Figure 1).

The inhaled isoflurane concentration required to maintain an adequate depth of anaesthesia
throughout the procedure in Group SC was more variable than in the other groups (Table 1). The serum
medetomidine concentration peaked at 60 min at 3.4 ± 0.9 ng/mL (Figure 2).
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Figure 2. Time course of mean (±standard deviation) serum medetomidine concentration after
subcutaneous administration of 0.05 mg/kg medetomidine in six Sprague-Dawley rats.

3.4. Pharmacokinetic Calculations

The pharmacokinetic and pharmacodynamic parameters were calculated from the mean serum
medetomidine concentration data (Table 2). To achieve a target medetomidine concentration of
14.4 ± 3.0 ng/mL an initial SC dose of 0.12 mg/kg medetomidine followed by a SC infusion of
0.08 mg/kg/h medetomidine should be administered during isoflurane anaesthesia.

Table 2. Individual and mean (±standard deviation) pharmacokinetic (PK) and pharmacodynamic
parameters after administration of 0.05 mg/kg SC medetomidine in seven Sprague-Dawley
rats. Cmax =maximum serum concentration; tmax = time of Cmax; λz = elimination rate constant;
t1/2β = elimination half-life; AUC0→∞ = area under the serum concentration time curve from time = 0
to∞; Cl = total body clearance; Vdarea = volume of distribution at pseudo-equilibrium; LD = loading
dose; MD =maintenance dose.

Rat ID
Cmax

(ng/mL)
tmax

(min)
λz

(/min)
t1/2β

(min)
AUC0→∞

(ng.min/mL)
Cl

(mL/kg/min)
Vdarea
(L/kg)

LD
(mg/kg)

MD
(mg/kg/h)

R 4.9 60 0.0095 73.0 664.7 75.2 7.9 0.1142 0.0651
S 3.3 60 0.0118 58.7 570.8 87.6 7.4 0.1070 0.0758
T 4.4 50 0.0112 61.9 610.1 82.0 7.3 0.1055 0.0709
U 3.7 40 0.0130 53.3 485.3 103.0 7.9 0.1143 0.0891
V 2.9 120 0.0107 64.8 511.8 97.7 9.1 0.1316 0.0845
W 2.8 60 0.0112 61.9 485.6 103.0 9.2 0.1325 0.0891
X 3.3 120 0.0084 82.5 704.4 71.0 8.5 0.1218 0.0614

Mean
(SD)

3.6
(0.7)

72.9
(30.6)

0.0108
(0.0014)

65.2
(9.0)

576.1
(81.1)

88.5
(12.1)

8.2
(0.7)

0.1181
(0.0101)

0.0765
(0.0105)

3.5. Trial of Results

Two additional rats were administered medetomidine with isoflurane at the doses calculated in
this study. The vapouriser setting for isoflurane could be maintained at or below 0.5% and anaesthesia
was uneventful. Given the calculated initial dose was higher than that used in groups SC and IV the
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initial dose was administered over five seconds to mitigate the risk of apnoea (as observed in the IV
group and the first rat in the SC group that was administered 1.0 mg/kg SC). Apnoea did not occur
when the initial dose was delivered over five seconds.

4. Discussion

The present study shows that steady state serum concentrations of medetomidine will be achieved
in male Sprague-Dawley rats if an initial SC dose of medetomidine of 0.12 mg/kg is administered
in combination with continuous 0.5% (vapouriser setting) isoflurane, followed by a SC infusion of
medetomidine at 0.08 mg/kg/h. This regime appears to provide suitable conditions for anaesthesia
when the initial dose is delivered over five seconds. This result is within the range of doses reported in
the literature [34,35].

The Group T result was used as the target serum concentration of medetomidine when administered
with 0.5% (vapouriser setting) isoflurane. The anaesthetic protocol in this group was based on
consultation with researchers using combined medetomidine and isoflurane anaesthesia in ongoing
resting-state rodent fMRI studies. Given the apparent empirical success of the protocol in achieving
strong and reproducible fMRI signals [10], rats under this protocol were hypothesised to achieve a
steady state concentration of medetomidine. Data from rats in Group SC were used to determine
the SC bioavailability of medetomidine during combined medetomidine and isoflurane anaesthesia.
Collectively, the data from the two groups were used to inform the SC administration of medetomidine
in rodents with low dose isoflurane.

The intention was to use data from both the IV and SC groups to perform pharmacokinetic
calculations. However, the data from Group IV were excluded from the analysis due to considerable
variation in this data set. We attribute the variation to the use of a single cannula for both IV drug
administration and subsequent serial blood sampling. Issues arising from the use of a single cannula
have been investigated and described by Gaud et al. [55]. They report that the use of a single cannula
is not suitable for pharmacokinetic studies. Some compounds will experience non-specific binding
to the cannula that may contaminate the first few blood samples taken from the cannula and lead to
overestimation of serum concentrations [55]. Manually flushing the cannula with heparinised saline can
help dislodge bound medetomidine, therefore reducing serum concentration overestimation. However,
the flushing can also cause increased variation in measured serum medetomidine concentration due
to the random error associated with repeated hand-operated techniques. This oversight likely led to
inaccurate serum concentrations in the Group IV and hence exclusion of these data.

The Group T data suggest that a steady state serum medetomidine concentration of
14.4 ± 3.0 ng/mL is suitable for rats undergoing brain fMRI with 0.5% (vapouriser setting) isoflurane.
This combination of drugs creates conditions suitable for prolonged anaesthesia (hours) without major
anaesthetic-specific distortion of BOLD fMRI signals [10]. Future studies could consider using various
doses of medetomidine and isoflurane to better define the therapeutic range for these drugs in the
context of optimising the quality of fMRI images.

In the present study, the elimination half-life of medetomidine in rats was calculated to be
65.2 (±9.0) min. Similar values were calculated by Bol et al. (56.2 and 57.4 min) in a study of
dexmedetomidine that was administered to Harlan-Sprague-Dawley male rats by two different IV
infusion protocols [11]. In our study, and the work by Bol et al., drug concentrations were analysed
for 210–240 min, and in neither study did blood medetomidine nor dexmedetomidine concentrations
become undetectable. In contrast, a slower elimination half-life (1.6 h) was reported by Salonen et al.
after tritium (3H)-labelled medetomidine was administered SC to male and female Sprague-Dawley rats.
Furthermore, Salonen et al. detected plasma radioactivity at five and eight hours after administration
of 3H- medetomidine [56]. The persistence of medetomidine at these time points (five and eight hours)
may suggest that in our four-hour study, and in the study by Bol et al., the elimination rate constant
was overestimated and therefore the elimination half-life was underestimated. This parameter could
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be explored in future studies by quantifying blood medetomidine (or dexmedetomidine) levels for
several hours after administration.

The first rat in Group SC was administered a rapid initial dose (<one second, delivered manually)
of 0.1 mg/kg SC medetomidine and became apnoeic for approximately two minutes. This response
was not previously observed when the initial SC medetomidine dose was mechanically delivered in
one second. Thus, the decision was made to alter the initial SC dose in Group SC from 0.1 mg/kg to
0.05 mg/kg for the remaining seven rats in that group. Although rats in Group IV also became apnoeic
after administration of medetomidine, the dose in this group was not altered. The rationale to not
alter the dose in Group IV was that transient apnoea could be managed with manual external chest
compressions with the rat in sternal recumbency. To mitigate the risk of apnoea, the initial dose could
be delivered over a longer time period; so during the trial of the calculated initial and infusion dose,
the initial dose was administered over five seconds by the infusion pump. The conditions during
anaesthesia were stable and uneventful.

Measurement of blood glucose concentrations was performed opportunistically and was not the
primary aim of the project. Nevertheless, hyperglycaemia developed in all the rats in this study and
although this side effect of medetomidine is described in rats its impact on experimental outcomes
is not clear [57]. The mechanism of hyperglycaemia is a combination of anti-ADH (antidiuretic
hormone) effects and alterations in insulin sensitivity, resulting in an osmotic diuresis [58]. This side
effect of administration of medetomidine should be considered when designing anaesthetic regimens
for research.

There are a number of limitations to this study which must be considered when interpreting the
results. Only male, eight-week-old, Sprague-Dawley rats were used in this small study. This cohort
limits the direct applicability of the results to female rats, other rat strains and mice. The age of the rats
in this study is also a limitation of the model as adult animals may have a different pharmacokinetic
profile for medetomidine. Future studies could expand the applicability of these results by investigating
the pharmacokinetics of medetomidine in female rats, pregnant rats, obese rats, different ages and
strains of rats and mice. In addition, the pharmacokinetic calculations could only be performed with
serum concentrations of medetomidine that were obtained following SC administration. The data
from Group IV was unfortunately excluded. Nevertheless, the data from Group SC were utilized in
isolation, which meant that during the sampling period, the serum concentrations of medetomidine
were assumed to be in pseudo-equilibrium. Thus, calculating the volume of distribution using the
area method (Vdarea) was appropriate [59]. The loading dose should be calculated using the volume of
distribution calculated at steady state (Vdss). Given Vdarea is usually only larger than Vdss by a small
amount, our calculated loading dose is likely to still be a reliable estimate. Furthermore, single doses
of medetomidine and isoflurane were evaluated in this study as the aim was to determine a target
concentration of medetomidine based upon empirical evidence of using these doses. Future work
should consider the evaluation of alternative doses and their impact on fMRI outputs. Finally, the target
dose as determined by Group T was based on the premise that quality fMRI images were acquired
(in previous work in the lab) with the empirical protocol. Correlation of our conclusions with the quality
of fMRI images has not been performed.

For studies where multiple imaging sessions are scheduled and the animals recover from
anaesthesia, the administration of atipamezole is prudent. This drug antagonises medetomidine and
is routinely administered in the laboratory in which this study was performed when rats recover
from anaesthesia.

The benefit of combined medetomidine and isoflurane anaesthetic protocols in rodent brain
fMRI studies may be compromised by inconsistencies in these anaesthetic protocols between studies.
Anaesthetics alter BOLD fMRI signals and these inconsistencies hinder the interpretation, generalisation,
meta-analysis and reproducibility of rodent brain fMRI studies. Future brain fMRI studies should
consider an evidence-based approach to the use of medetomidine and isoflurane anaesthetic protocols
to standardise the regime between studies.
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5. Conclusions

The data suggest that a serum medetomidine concentration of 14.4 ± 3.0 ng/mL is suitable for rats
undergoing brain fMRI with 0.5% (vapouriser setting) isoflurane.
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Simple Summary: Various euthanasia methods are currently employed for guinea pigs at their
experimental or humane endpoint; however, many have significant limitations or negative animal
welfare implications. Captive bolt euthanasia has been used in the guinea pig meat industry but
has not been explored in a research setting. This work aimed to investigate the use of a penetrating
spring-loaded captive bolt gun as a refinement to guinea pig euthanasia in research. The study found
that when compared to blunt force trauma, the captive bolt procedure performed well against all
parameters of humane slaughter of production animals and appears to be a feasible refinement for
animal welfare.

Abstract: Guinea pigs (Cavia porcellus) have been used in research since the 19th century to collect data
due to their physiological similarities to humans. Today, animals perform a vital role in experiments
and concerns for laboratory animal welfare are enshrined in the 3R framework of reduction, refinement
and replacement. This case study explores a refinement in humane euthanasia of guinea pigs via
the use of an irreversible penetrating spring-loaded captive bolt (CB). Penetrating spring-loaded CB
stunning for euthanasia (CBE) was performed on 12 guinea pigs with the parameters for humane
slaughter of production animals in order to assess the suitability of this method of euthanasia in
contrast to blunt force trauma (BFT). All 12 of the guinea pigs were rendered immediately unconscious
with excellent experimental tissue quality collection, high repeatability of results and operator (n = 8)
preference over BFT. Overall, CBE in guinea pigs appears to be a feasible refinement for animal
welfare, human preference and improved tissue quality for experimental collection in settings where
uncontaminated tissues are required.

Keywords: guinea pig; Cavia porcellus; captive bolt; humane euthanasia; laboratory animal;
humane killing

1. Introduction

For over 200 years, guinea pigs have played an important role as an animal model in biomedical
research due to their greater physiological parallels with humans in comparison to other species of
rodents and rabbits [1,2]. There is an increasing level of awareness and importance of animal welfare
at each stage of research with animals which includes ensuring a humane death. A humane death
or euthanasia is defined as achieving immediate stress-free insensibility and death [3–5] The very
definition of humane euthanasia supports the 3R’s framework of replacement, reduction, refinement as
proposed by Russell and Burch in 1959 [6]. The full replacement of animals in some areas of research
can be difficult, and at times animal use may still be required. Whenever the use of animals cannot be
replaced, it is incumbent on the research community to apply the principle of refinement at all stages
of research to improve animal welfare and care [6].

Animals 2020, 10, 1356; doi:10.3390/ani10081356 www.mdpi.com/journal/animals69
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Captive bolt (CB) is a technique that can be applied in the humane euthanasia of animals.
Despite its benefits during humane slaughter, it is yet to be applied in the research setting for
the collection of uncontaminated non-brain tissue. The CB devices used can be hand-held with
a retractable bolt powered by either a spring, compressed air, gun powder or a blank cartridge,
and placed on a specific area on the cranium of the animal [7]. Once triggered, it will lead to either
stunning (reversible loss of consciousness) or death [7]. CB placements and their effectiveness differs
between various animals. [4,7–10] There are two types of CB: non-penetrating and penetrating [7].
Non-penetrating CB leads to stunning via the transfer of kinetic energy into the cranium and brain and
is usually followed by a secondary euthanasia method [4,5,7,11]. In contrast, penetrating CB results in
death due to the bolt fracturing the skull and entering the brain, subsequently causing irreversible
physical damage to the cerebral cortex, brain stem and the thalamus [10,12–14]. The five indicators of
successful stunning are lack of corneal blink reflex, rhythmic breathing, righting reflexes, vocalization
and head/neck tension [5,15,16]. These indicators are reliable to assess the effectiveness of the shot as
CB damages the region of the brain responsible for these responses [12,15,16]. The technique has not
been tested in a research setting using a non-commercial captive bolt device and a methodology for
laboratory use is yet to be developed. The application of this technique is thought to be transferable
and potentially valuable in animal research models requiring chemically uncontaminated and intact
non-brain tissues.

The use of a captive bolt to perform humane euthanasia (CBE) has been demonstrated through
numerous experiments to be efficacious and humane across a wide range of species, including:
guinea pigs [13], rabbits [17], piglets [8,18–22], joeys [11,23], ruminants [24–27], and avian species [28].
Some of these results showed CBE produced immediate death in 100% of animals [28]. The effective
use of this method has also been documented in guinea pigs for humane slaughter in the meat industry,
which demonstrates its feasibility in this species [22].

While blunt force trauma (BFT) is a common technique to euthanize guinea pigs in research
requiring chemically uncontaminated tissues, there are no known published studies assessing the use
of BFT in this species. In other vertebrates, this technique has been compared to CB. In a study based
on 170 rabbits by Walsh et al., CBE was shown to be more effective than BFT, with BFT failure rates
of up to 23% due to insufficient force [17]. Likewise, studies on piglets, sheep/lambs, and kids have
also shown that CBE will produce extensive brain damage before pain can be perceived and caused
instantaneous death. In these studies, the failure rate was between 0–6% in animals [8,18,19,22,25–27].
This is in contrast to a study on piglets which determined that BFT had a similar failure rate of up to
24%, hence the need for repeated blows [22].

Compassion fatigue is a form of post-traumatic stress disorder. It is defined as exhaustion from
the stress of feeling empathetic towards animals and feeling unable to help them in any way [29,30].
This important concept is now readily recognizable in staffworking with animals. Compassion fatigue
is believed to be exacerbated by performing euthanasia on a regular basis and is partly dependent
on the type of method used [29]. A study performed by Rohlf et al. on 148 animal workers in
animal shelters, veterinary clinics and research laboratories reported that they experienced mild and
moderate stress symptoms (39% and 11%, respectively) from performing euthanasia [31]. Similarly,
a systematic review conducted by Scotney et al. demonstrated staff involved in performing euthanasia
(animal shelters, veterinary clinics or research laboratories) was correlated with increased work stress
and was hence a contributing factor to developing compassion fatigue [32]. In particular, laboratory
staffmay experience guilt when euthanizing research animals [33]. Therefore, if the euthanasia method
has high animal welfare and acceptable aesthetics, then the staffmember or “operator” may be less
likely to experience compassion or emotional fatigue.

As part of a study requiring the collection of chemically uncontaminated tracheal tissues from
guinea pigs (University of Melbourne Animal Ethics ID: 1814500.3), researchers would often use cranial
blunt force trauma (BFT) followed by exsanguination or decapitation [34,35]. However, facility staff,
animal welfare veterinarians and researchers all expressed concerns with BFT. It was found to be a
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method operators wished to avoid and has been shown in other studies to potentially have a risk of
low repeatability due to inappropriate force or technique, and it is very dependent on the individual
operator [5,35,36]. Furthermore, there are known concerns that this method of euthanasia can lead to
physical, emotional and compassion fatigue in personnel due to the human–animal bond [5,18,37–41].
Prior to identifying CBE as an alternative technique to BFT, other methods of humane euthanasia were
considered. Table 1 outlines the currently available experimental methods of guinea pig euthanasia
with their known respective advantages and disadvantages.

After a literature review of possible known options, it was extrapolated that CBE could be suitable
for non-brain tissue collection with no chemical residues and possible improvements in experimental,
animal and human welfare outcomes when compared to the BFT method [5]. The aim of this case
study was to develop and trial a protocol to refine the method of humane euthanasia of guinea pigs
for research requiring the collection of uncontaminated non-brain tissues. This paper introduces an
alternative application of an existing method of humane euthanasia in a novel setting using CB and the
criteria for humane slaughter to ascertain both the practicality and humaneness (animal and human)
of using CBE on guinea pigs [15] for research.
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2. Materials and Methods

Equipment: A penetrating spring-loaded CB called ‘The Ballista’ (Bunny Rancher, Shapleigh,
ME, USA), was used in this research (see Figures 1 and 2 below). This hand-held device was placed
mid-forehead on the guinea pigs (see Figure 2 below). The device delivered 6.7 joules with each
shot [51].

 

Figure 1. ‘The Ballista’: a penetrative spring-powered captive bolt (CB) gun used for the euthanasia of
guinea pigs in this research. Image used with permission [51]

1 Disc  

2 Bolt  

3 Trigger Button

4 Headpiece  

5 Handle Area  

Muzzle 

Figure 2. (Left): ‘The Ballista’ spring-powered non-penetrating captive bolt. (Right): The red cross
denotes where the captive bolt was positioned on the guinea pigs.

Parameters to determine humane euthanasia: There are currently no specific recommendations
for CB use in guinea pigs. Hence, the livestock parameters of an absence of corneal blink reflex,
rhythmic breathing, righting reflexes, vocalization and head/neck tension were utilized for this study.

Experiment: Operators first trialed the device on oranges to gain familiarity with the device.
Excess breeding stock of male rat cadavers weighing 250 g or more were used to trial the device prior
to use in guinea pigs. Twelve tri-color short-haired American female and male guinea pigs aged
16–22 weeks, weighing 500 g or more, were sourced as excess stock. Guinea pigs were euthanized
using CBE. Accurate placement of the CB was first practiced on euthanized rats retrieved from other
experiments to decrease the number of guinea pigs needed. All guinea pigs used were part of another
animal ethics approved research project (University of Melbourne Animal Ethics ID: 1814500.3) as the
researchers agreed to use this method as their humane euthanasia technique. Two personnel were
required, with a total of 8 operators performing this method. Prior to the procedure being performed,
each guinea pig was moved to a quiet place away from the others. One operator wrapped and held the
guinea pig in a towel with its head resting on a rolled-up towel to elevate the head, increase comfort
and decrease stress. The second operator pre-loaded the spring prior to positioning the penetrating
spring-loaded CB on its head at the intersection between lines drawn from the base of the ears with the
contralateral eyes (see Figure 2). When triggered, a retractable bolt was fired with the aim of producing
effective and instantaneous unconsciousness. Animals were unwrapped to assess the 5 livestock
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humane euthanasia parameters. This was determined using five indicators (absence of corneal blink,
rhythmic breathing, audible vocalization, righting reflex and head/neck tension) in each individual.
Exsanguination was performed within the next 20–30 s. The results were recorded in and reviewed.

3. Results

All 12 guinea pigs failed to show signs of corneal blink, righting reflex, audible vocalization,
head/neck tension and rhythmic breathing immediately after the initial shot. Based on these criteria,
all guinea pigs were considered to have been stunned and rendered unconscious immediately.
No additional shots were required for any of the guinea pigs. Exsanguination via severance of the
lower abdominal aortic vessel was performed within 20–30 s of the initial shot to ensure death. A few
of the guinea pigs were seen to display signs of involuntary muscle fasciculations and slow hindlimb
pedaling motions, which lasted for less than 30 s. The bolt produced cranial skull fractures with
associated subcutaneous hemorrhages, but the overlaying skin remained intact. While there was no
evidence of puncture or bleeding overlying the site where the bolt penetrated the skull (Figures 3 and 4),
there was a discrete palpable, circular depression in the cranium the size of the captive bolt diameter.
Mild epistaxis (n = 3) was seen post-CBE. Informal debriefing with the operators (n = 8) and researchers
(n = 4) suggested they all favored CBE over the BFT method. They stated CBE had a greater yield
of higher quality uncontaminated tissue and was less physically, emotionally and compassionately
fatiguing than BFT [52].

 

Figure 3. Skin intact from penetrative CB site.

 

Figure 4. Skin removed from penetrative CB site.
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4. Discussion

This study demonstrated that the penetrating spring-loaded CBE device can be a useful technique
in the humane euthanasia of experimental animals by successfully producing instant and irreversible
unconsciousness in 100% of the guinea pigs. This assessment of loss of consciousness is based on
the absence of reflexes and the significant palpable physical damage to the skull, indicating sufficient
damage to the vital regions of the brain [5,16,53]. The small but consistent result in this study
exceeds the accepted animal welfare standard proposed by Temple Grandin for livestock in abattoirs,
whereby 95% of animals should be immediately stunned with a single shot [54]. It also further
supports the results from the study conducted by Limon et al. on South American commercial guinea
pigs and is comparable to findings for other vertebrate species. In this study, some guinea pigs
displayed involuntary muscle fasciculations and slow hindlimb pedaling motions after the initial
shot. Both pedaling and head/neck movements are known autonomic movements controlled by reflex
circuits in the spinal cord; thus, they commonly occur even after spinal severance due to the residual
activity of these circuits [7,53,55].

The CB device used in this study was purchased from a commercial supplier which advertised
it as a penetrating CB device. From the above results, all the skulls had extensive fractures,
which is characteristic of a penetrating CB, although the skin remained intact after the procedure.
This appearance is more characteristic of a non-penetrating CB which has a concussive effect without
the bolt entering the cranium or penetrating the skin. Hence, while the skin remained intact, this paper
refers to the device as a penetrating CB based on the photographs post-euthanasia as the bolt has clearly
entered the cranium. An unexpected outcome of the experiment was that the overlying cranial skin of
all guinea pigs was not compromised and remained intact. This observation was different to what was
anticipated, especially given the extent of the fractures observed, and is not a typical characteristic of
a penetrating CB. The intact skin may potentially be the result of the increased elasticity of the skin
around the head in a guinea pig compared to the skin of other animals, such as cattle and rabbits,
where the skin is more tightly adhered to their skulls. The cranial fractures associated with the position
of the CB on the skull was expected given the nature of the device. The combination of the absence of
measured parameters and post-mortem examination (hemorrhages and fractures) demonstrated that
CBE resulted in effective stunning and insensibility in all the guinea pigs studied, even though the
overlying skin was not compromised.

4.1. Effectiveness of Captive Bolt in Animals

Currently, there is only one published review of CBE in guinea pigs. This study was performed
on South American commercial guinea pigs and four different slaughter methods were compared
(cervical dislocation, electrical head-only stunning, carbon dioxide stunning and penetrating CB) [13].
Similarly to this paper, a small sample size of guinea pigs was used (10) with one guinea pig
requiring a second shot. This could be argued as a 10% fail rate which is above the Temple Grandin
recommendations for humane euthanasia with CB. Possible reasons for this guinea pig requiring a
second shot may have been related to handling and restraint, incorrect placement of the CB, differences
in devices or device failure. These problems have been described in other studies investigating CB in
other species, in which insufficient pressure and/or penetration of the device, inaccurate placement
of the device, inappropriate CB chosen for the intended species or prior head injury in animals were
associated with failure of CBE or the need for multiple attempts [10,20,23,26,28]. These are all aspects
to be managed and explored appropriately when using CBE. It is noteworthy that the use of CBE in
our study for experimental tissue collection did not result in failure for any animal involved, despite
the relative inexperience of the researchers with this technique.

The findings from these papers, along with this present study, support the conclusion that CBE
can be an effective and humane method of euthanasia across many vertebrate species. In contrast,
BFT has been shown to have a comparatively high failure rate. BFT also has the potential to more
frequently fail the international standard of having at least 95% of animals being stunned after an
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initial blow/strike to preserve animal welfare. Therefore, when compared to CBE, BFT has a higher
potential to negatively impact the welfare of guinea pigs and other vertebrate animals. The use of
CBE appears to support the 3R framework principle of refinement by utilizing a more humane and
preferable method to BFT in animals used for research.

4.2. Uncontaminated Tissues

At times, high quality chemically uncontaminated non-brain tissues are required for medical or
biomedical research purposes. According to the operators in this study, the tracheal tissues collected
were of a higher quality compared with tissues obtained from previous experimental work utilizing
the BFT method. In these types of experiments, the majority of other euthanasia options available for
guinea pigs (see Table 1) are not ideal as they have the potential to contaminate tissues, decrease tissue
quality and affect metabolic serum biomarkers [45,46]. These issues can be potential confounders that
can affect or compromise experimental outcomes, which could mean the information obtained may be
incorrect or inconclusive. As such, the use of CBE over BFT supports the 3R principle of reduction as
fewer animals may be required when higher quality tissues are used with better results. By utilizing
high quality tissues, fewer animals may be used as research outcomes which may be more robust
with a lower rate of rejected tissues. In regards to guinea pigs raised for human consumption, there
is a legal and ethical requirement to ensure that meat products do not have any chemical residues
unsuitable for human consumption and that animals are humanely killed. The use of CBE can be seen
as a preferred method to support refinement due to potential improvements in animal welfare and
research outcomes whenever intact brain or nasal tissues are not required [5].

4.3. Physical, Emotional and Compassion Fatigue

Operators anecdotally reported increased satisfaction with using a CBE compared to BFT due
to the decreased variability of the effectiveness and easier application of the technique. This could
potentially reduce the likelihood of physical, emotional and compassion fatigue being experienced by
the operators. This is similar to statements made by other operators in different experiments which also
rated CBE as the most aesthetically pleasing method of euthanasia when compared to BFT [8,17,22].
Aspects of operator fatigue include physical, emotional and compassion fatigue. Physical fatigue can
be reduced when the CB is correctly placed on the cranium as the kinetic energy is delivered by the
device [56,57]. This is different to the use of BFT which relies on the force applied by operators.

Emotional and compassion fatigue can also be linked to the human–animal bond. This bond is
thought to be a contributing factor in the compassion fatigue experienced by people working in the
animal profession [29]. Thus, by reducing the strain on the human–animal bond, both emotional and
compassion fatigue can possibly be reduced. In this study, the operators using the CB reported this
method to be more aesthetically appealing, as the bolt did not appear to significantly compromise
the skin (Figures 3 and 4). They also felt the method of euthanasia was more humane. As a result,
this method appeared to be less confronting and overall more appealing to operators, and potentially
less detrimental to their wellbeing.

While the human element is an important aspect of humane euthanasia, the psychological
aspect of this euthanasia technique was not objectively assessed in this paper. However, the initial
anecdotal evidence appears to be positive. In future studies, a survey could be used to assess the
emotional effect of CBE use to further investigate the human welfare aspect of various techniques of
humane euthanasia. Overall, there was a verbalized positive impact on the physical and psychological
well-being of operators when using this method in this case study. However, for CBE to be successful
in future experimental studies or settings, adequate training and correct restraint of the animals must
be ensured, and an appropriately sized CB device must be used and maintained. Other causes for
CBE failure can arise if personnel are not adequately trained, which can lead to incorrect restraint of
animals and placement of the device. If any of the above are performed incorrectly, higher levels of
physical and emotional fatigue can occur due to failure of the device or technique [5,7–9,20]. Therefore,
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correct training and device usage is essential to decrease the chances for physical, emotional and
compassion fatigue, as well as reducing risks to personnel and animals [3,36,58].

4.4. Limitations and the Future

Due to the small sample size of guinea pigs, aspects such as device fatigue and physical
fatigue experienced by operators from loading the spring with each guinea pig were not
evaluated. Other potential parameters that determine insensibility and success of stunning include
measuring auditory evoked potential (AEP) and electroencephalogram (EEG) activity with electrodes.
Both correlate to the cessation of convulsions, loss of reflexes and brain death [8,59,60]. These were
not used in this study as the five parameters for humane livestock slaughter were deemed adequate
to indicate insensibility. The use of EEG in CBE also risks damaging the electrodes and was deemed
inappropriate for this study [8].

Additional parameters to measure could include the absence or presence of a heartbeat. However,
cardiac contractions can continue in unconscious or brain-dead animals and thus this parameter was
not used [8,18,61]. Whilst histological changes or scoring of the damage to the cranium and brain
could have been assessed (skull fractures were easily observed and palpated), the degree of brain and
cranial damage was not considered essential in this study [8,13,17,18]. An area that would benefit from
additional investigation would be to explore alternate types of restraint and equipment. The current
technique described requires a handler and a CB operator. It would be beneficial to develop or modify
a device to enable the task to be performed by only one CB operator.

Finally, a different type of CB device could be tested. The use of an industrial CB
(gunpowder-powered, compressed air or CO2 blank cartridges) may be more suitable than the
spring-powered CB in larger cohorts or in an abattoir setting for animals bred for human consumption.
This is because the spring-loaded CB is designed to be used for <1000 animals per year and can
experience device fatigue more quickly compared to an industrial CB [51]. The downside of an
industrial CB is that they are more expensive and require more comprehensive training to use.
However, the use of an industrial CB can result in less physical fatigue compared to a spring-loaded
CB as there is no requirement to physically pull the spring with each use. Thus, the use of industrial
CBs could be considered if a greater number of animals are to be used in a study due to larger cohorts
or in other settings (i.e., an abattoir). It should also be noted that as of 2020, within Australia, CB is an
accessible humane euthanasia technique as there are no legal requirements to hold a firearms license
when using a CB in six out of the seven Australian states and territories. The authors are aware of
similar legislation in other countries, which makes CBE a potentially accessible and humane euthanasia
technique internationally in research and other settings.

From this study and other studies that have been undertaken, it can be tentatively proposed
that CBE can be used as a suitable alternative for the collection of non-brain uncontaminated tissues.
A drawback of this study is the small sample size available at the time. Further research should
be undertaken to review the potential failure rate on a larger population to determine potential
complications. Future studies in refinement could explore different handling/restraint techniques
or devices, and the effects of the use of different CBs. Additional work can be performed to ensure
consistency of the results from this study. As compassion and emotional fatigue are so prevalent, any
future studies should incorporate formal surveys of operator preferences regarding their levels of
physical, emotional and compassion fatigue and how this changes when performing euthanasia in
different conditions.

5. Conclusions

In conclusion, this small study has shown CBE can be an ideal and humane method compared to
other techniques (i.e., BFT) when uncontaminated tissues are needed. Thus far, it has been shown to
have favorable experimental, animal and human welfare outcomes in guinea pigs where high quality,
uncontaminated non-brain tissue collection is required. Future research could increase the sample size
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and use alternative parameters (e.g., AEP, EEG, post-mortem and histological changes) to corroborate
the evidence for the effectiveness of CBE. Other areas to be explored could be the use of an industrial
CB, alternative restraining methods or devices, and the inclusion of formal surveys to evaluate operator
attitudes and experiences in performing CBE.
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Simple Summary: Sheep are used in biomedical research. A European survey was conducted with the
goal of identifying the need for improvement in the use of sheep. Most participants were veterinarians
working at academic institutions. Two thirds have been working with sheep for more than 5 years, and
their answers emphasized the importance of healthy sheep to be used in biomedical research, as about
60% have encountered health problems not related to study protocol. Other important points were sheep
availability and the trust into and experience of the sheep supplier. This survey identified important
points for refinement in the use of sheep in biomedical research with health status and monitoring as
possible starting points.

Abstract: Currently, there is a lack of detailed information about sheep used for biomedical research.
Therefore, a European survey was conducted among sheep users gathering information on the current
situation, with emphasis on animal selection criteria and issues encountered in practice. The ultimate
goal was to identify needs for improvement, which will subsequently lead to a refinement and
reduction of the total number of animals used for experimental studies. From the 84 respondents,
77.4% were veterinarians, 71.4% were employed at academic institutions and 63.1% had worked with
sheep as research animals for more than 5 years. The majority of the respondents were using females
(79.8%) with no clear age preference, mainly for surgical procedures and testing medical devices.
The main criteria for choosing a sheep supplier were the animals’ health status, their availability, the
trust and experience in the sheep provider and the animals’ uniformity. Approximately 60% of the
respondents had encountered problems in their sheep not related to the experimental protocol and
almost half of them did not have a health monitoring program for their animals. In conclusion, there
is definitely a need for refinement in selecting sheep used in biomedical research, with their health
status as possible starting point.

Keywords: sheep; survey; preclinical research; health

1. Introduction

According to European Union (EU) reports [1], approximately 20,000 sheep are enrolled in research
projects each year in EU member countries. Article 10 of the EU Directive 2010/63 states that a member
state shall ensure that inter alia laboratory rodents, rabbits, dogs and cats, but not sheep or other
farm animals, may only be used in studies where those animals have been bred for use in studies [2].
Moreover, to the authors’ knowledge, there are currently no publications regarding the detailed criteria
for selecting sheep for biomedical research. The health status of the animals is often only briefly
described (i.e., clinically healthy) and there are no reports of compliance to the recommendations
for the health monitoring of ruminants of the Federation of European Laboratory Animal Science
Associations (FELASA) published in 2000 [3].
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The goal of this European survey among sheep users was to gather information on the current
situation, with emphasis on animal selection criteria and issues encountered in practice. Our motivation
was to identify needs for improvement which will subsequently lead to a refinement and reduction of
the total number of sheep used for experimental studies.

2. Materials and Methods

A survey was conducted between September 2016 and January 2017 among sheep users in
biomedical research, with a focus on EU countries and Switzerland. The aim of the questionnaire was
to gain more in-depth knowledge about the field of research in which sheep are used, the level of
experience of the users, the animal characteristics and selection criteria as well as the issues encountered
in practice.

The survey comprised 16 questions and was initially distributed as hard copies at the Swiss Laboratory
Animal Science Association (SGV) Annual Meeting, Basel, Switzerland (13–14 September 2016). At the
beginning of October 2016, an online version of the survey was created using surveymonkey.com in
English (Figure S1) and in French (Figure S2) and distributed with the aid of several European Societies
and networks: the Swiss Laboratory Animal Science Association (SGV), the Swiss Animal Welfare
Officers Network, the European Society of Laboratory Animal Veterinarians (ESLAV), the European
College of Laboratory Animal Medicine (ECLAM), the French Association for Laboratory Animal
Science & Techniques (AFSTAL) and the Email for Vets in Laboratory Animal Medicine List (VOLE).
A total of 84 responses were collected before the end of January 2017, when the survey was closed.

All answers were anonymous; the participants could write comments while answering some of
the questions and at the end of the survey. After collecting all the answers, the data were exported to
an Excel workbook.

3. Results

Among the respondents, 77.4% were veterinarians and 6% were animal care takers or technicians.
From the total number of participants, 31% were conducting research activities and 15.5% were
animal facility managers (multiple roles possible). Most of the respondents were working at academic
institutions when the survey was conducted (71.4%), 15.5% were working at private companies,
while 13.1% were working at other types of institutions.

The personnel’s experience, together with education and training, being a very important factor
when performing in vivo research, the participants were asked about their previous experience working
with sheep. According to their answers, at the time that they filled out the questionnaire, 63.1% had
worked with sheep for at least 5 years, 28.6% for 1–5 years and 8.3% for less than 1 year. The majority
of institutions or companies where they were employed (86.9%) had more than 5 years of experience in
working with sheep, 8.3% had used sheep for 1–5 years and 4.8% for less than 1 year.

When asked about the number of animals used/year, 29.8% of the respondents reported between 1
and 20 animals, 26.2% were using between 21 and 50 animals, 14.3%, 51–100 animals and 27.4% more
than 100 sheep/year.

In order to have a more precise overview of the sheep biomedical studies, the survey also aimed to
identify the experimental field in which the animals were used; the answers are illustrated in Figure 1.

84



Animals 2020, 10, 1528

 

Figure 1. Main field of research using sheep (multiple answers possible).

When questioned about the origin of the sheep they were using, the respondents reported
purchasing the sheep either from local farms (59.5%), commercial breeders (19%) or had their own
flock (21.5%).

As the sex bias in biomedical research is an important topic that has been frequently addressed
lately [4], the sheep users were also asked about the sex of the animals they used for their studies.
The majority were using females (79.8%), 19% used neutered males, 16.7% intact males, while, for 19%,
either the sex of the animals was not important or animals were selected based on availability. For this
question, multiple answers were possible and thus the percentages add up a total of 134%, indicating
both female and male (both intact and neutered) were used by some institutions.

Regarding the age range of the sheep at the beginning of the study, 46.4% of the respondents
were using animals that were 1–2 years old, 33.3% older than 2 years, 32.2% younger than 1 year old,
while 13.1% did not consider this to be important or used the animals that were available. Multiple
answers were possible, and, based on the total percentage (125%), sheep of different ages are used by
some respondents. Approximately half of the respondents (51.2%) did not have any preference for the
sheep breed.

The main criteria for choosing a sheep supplier has not been reported in biomedical publications
so far. The respondents were asked to rate several criteria in the order of importance. The animals’
health status ranked first, followed by their availability, the trust and experience in the sheep provider
and the animal homogeneity/uniformity (Figure 2).

Only 51.2% of the participants had a health monitoring program for their sheep. Among the
diseases for which the animals had been screened, Q Fever was the most frequently cited. Half of the
respondents reported that they were vaccinating their sheep (overall, almost one third had vaccinated
against clostridia).

When asked if they had encountered problems in their sheep not related to the experimental
protocol, 57.1% answered positively and, except one participant that reported problems at lambing,
all the others mentioned health problems in the comments section for this question.

More than half of the respondents did not know the current purchase cost for their sheep; 67.9%
could not estimate how much they would be willing to pay for a sheep with a controlled health status.
The other 32.1% proposed prices ranging from EUR 50 to 1000.
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Figure 2. Main criteria for choosing a sheep supplier (several options were possible, rated from 5
(very important) to 1 (not important)).

4. Discussion

The goal of this survey among sheep users was to gather information on the current situation, with
emphasis on animal selection criteria and issues encountered in practice if sheep are used for biomedical
research. This survey has revealed that, currently, there is a strong need for improvement regarding
sheep selection for biomedical research. The major issue identified was the animals’ health status,
which was, unfortunately, often insufficiently known when the animals were enrolled in experiments.
With about 60% of the participants reporting on having encountered health issues unrelated to the
experimental protocol, this seems to be a common problem. This may have a great impact on the
experimental results, on the reproducibility of the findings and engender unnecessary ethical and
scientific costs.

In this survey, only half of the participants followed a health monitoring program in sheep,
whereas such programs are considered to be state of the art in rodent facilities. Furthermore, if there
are sheep monitoring program in place, they differ substantially from institution to institution and are
focused on only a few pathogens. It has to pointed out that the EU Directive 2010/63 states Annex
III (requirements for establishments and for the care and accommodation of animals) in Section 3.1
that “establishments shall have a strategy in place to ensure that a health status of the animals is
maintained that safeguards animal welfare and meets scientific requirements. This strategy shall
include regular health monitoring, a microbiological surveillance program and plans for dealing with
health breakdowns and shall define health parameters and procedures for the introduction of new
animals” [2]. Beside the legal requirement, in the authors’ opinion, health and welfare monitoring
is refinement. The definition of “refinement” in animal experimentation has evolved significantly in
recent decades. Russel and Burch, the creators of the 3Rs concept, described as refinement “simply to
reduce to an absolute minimum the amount of stress imposed on those animals that are still used” [5].
They further characterized refinement as “an art or an ability to improvise”, mentioning that “the
greatest experimenters have been artists in this sense”. Several decades later, Buchanan-Smith et al. [6]
proposed a “harmonised progressive definition” of refinement, “in line with changes in animal ethics
and animal welfare science” that included “health and welfare monitoring”. Unfortunately, in the 21st
century, despite guidelines and recommendations from experts [3,7–9], there are still no reports of the
implementation of this harmonized definition in terms of health monitoring for sheep used for research
purposes. The recently published recommendations of best practices for the health management of
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ruminants and pigs used for scientific and educational purposes of the FELASAmight be a first step in
establishing best health and welfare management practices (i.e., refinement) at institutions [10].

Considering that the animals’ availability ranked second among the criteria for selecting a sheep
provider, it could be useful in the future to have specialized sheep breeders for biomedical research
that ensure a good level of control and knowledge of the animals’ health status.

5. Conclusions

This survey identifies health status, health monitoring and sheep provider as starting points for
refinement in the use of sheep for biomedical research. This is in line with the harmonized, progressive
definition of refinement [6].

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/9/1528/s1,
Figure S1: Survey Sheep English version, Figure S2: Survey sheep French version.
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Simple Summary: Measurement of the nociceptive threshold (NT) is widely used in the study of
pain and its alleviation. This records the intensity of a stimulus that causes pain to the test subject.
The end point of the test that indicates when the subject experiences pain, the NT, is a behavioural
escape response. Detection of a reliable and repeatable response depends on the animal behaving
normally throughout testing. Restraint and an unfamiliar environment may prevent the animal from
displaying normal behaviour and impede acquisition of robust NTs. Remotely controlled testing
enables NT data to be collected from unrestrained animals behaving normally. Development of a
remote controlled system for measurement of thermal and mechanical NTs in a range of large animal
species is described. Normal “baseline” thermal and mechanical NTs from untreated animals are
reported. This information can be used to improve both the welfare of the animals under investigation
and the quality of the data collected. Remote controlled systems are now in use worldwide in both
the study of pain physiology and in developing new pharmaceutical and non-drug-based methods of
pain relief.

Abstract: Nociceptive threshold (NT) testing is widely used for the study of pain and its alleviation.
The end point is a normal behavioural response, which may be affected by restraint or unfamiliar
surroundings, leading to erroneous data. Remotely controlled thermal and mechanical NT testing
systems were developed to allow free movement during testing and were evaluated in cats, dogs,
sheep, horses and camels. Thermal threshold (TT) testing incorporated a heater and temperature
sensor held against the animal’s shaved skin. Mechanical threshold (MT) testing incorporated
a pneumatic actuator attached to a limb containing a 1–2 mm radiused pin pushed against the
skin. Both stimuli were driven from battery powered control units attached on the animal’s back,
controlled remotely via infra-red radiation from a handheld component. Threshold reading was held
automatically and displayed digitally on the unit. The system was failsafe with a safety cut-out at
a preset temperature or force as appropriate. The animals accepted the equipment and behaved
normally in their home environment, enabling recording of reproducible TT (38.5–49.8 ◦C) and MT
(2.7–10.1 N); precise values depended on the species, the individual and the stimulus characteristics.
Remote controlled NT threshold testing appears to be a viable refinement for pain research.

Keywords: refinement; pain; nociceptive threshold; horse; cat; dog; sheep; camel

1. Introduction

Nociceptive threshold (NT) testing is widely used in studies of pain, analgesia, hyperalgesia
and allodynia. Such testing records the intensity of a stimulus that causes pain to the test subject.
Ethical, humane and repeatable methods for applying the stimuli and evaluating the responses are
essential for producing robust data and maximizing animal welfare. A ramped noxious stimulus,
usually thermal, mechanical or electrical, is applied, and the intensity of the stimulus at which a clear
aversive response occurs is taken as the nociceptive threshold [1]. The threshold is expected to increase
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after analgesic treatment and to decrease with hyperalgesia and allodynia. Nociceptive threshold
testing is very widely used for translational studies in rodents, both for drug development as well as
for fundamental study of the physiology of pain. This is exemplified in, for example, Gugliandolo
and colleagues’ investigation into neuropathic pain in mice [2]. They used latency of the response to a
thermal stimulus applied to the underside of the foot (Hargreaves test) and the withdrawal threshold
for mechanical pressure on the plantar area of the foot (electronic von Frey filament test) to evaluate the
hypersensitivity induced by sciatic nerve crush and its prevention by the treatment under investigation.
Although rodents are not physically restrained for these tests, they must be contained in a special cage
and be in close proximity to the tester, which may affect their behaviour [3]. Other tests such as the tail
flick [1] and the Randall-Sellito method [4] used in rodents may involve actual physical restraint with
even greater impact on behaviour. Larger animals are used less commonly for translational studies but
their inclusion is essential for investigation into species-specific physiology and pharmacodynamics.
The greater size of these species enables the equipment supplying the stimulus to be attached to the
animal, for which rodents are too small. Remote control of this equipment without restraint or close
proximity of the tester allows the animal to display natural behaviour.

There are a number of essential criteria for NT testing [5]. The stimulus must be repeatable over a
few hours and reproducible over the weeks or months of a longitudinal study. The stimuli must not
cause tissue damage, both for animal welfare and also so that the stimulated site is not sensitized to
subsequent tests. It is essential that the stimulus is stopped as soon as the animal responds, and that there
is a cut-out to prevent tissue damage if no response occurs. The end point of the test that indicates when
the subject experiences pain, the NT, is a behavioural escape response and must be clearly identified.
For instance, this includes stamping the foot or lifting the leg when a limb site is used. Turning to
nose or bite at, and bending or jumping away from a site on the body is also seen. Detection of this
response depends on the animal behaving normally throughout testing. Restraint and an unfamiliar
environment may prevent the animal from displaying normal behaviour and impede acquisition of
robust NTs. A relaxed, undisturbed animal ensures that responses are not suppressed by fear or
distraction. It is often a requirement of studies investigating the effects of both analgesics (increased
NT) and increased sensitivity (decreased NT) that the same animal can be tested at intervals over a
period of at least 24 h. Testing over several days may be needed for investigation of, for instance,
inflammatory pain and its treatment.

Thermal and mechanical testing has been used for many years in large (non-rodent) animals,
particularly for analgesic drug development in the target species [6,7]. A thermal system designed
specifically for cats was reported in 2002 [8] and has subsequently been widely used for analgesic
drug evaluation in this species [9,10]. The thermal probe applied to the body was connected to the
control unit by a cable. The cat was able to move around an individual cage while attached, but the
cable was vulnerable to damage from the cat and caused some restriction of movement. The inherent
disadvantages of a wired system were underlined by experience of its use in the cat. All the behavioural
criteria described above apply to this species, but its unique temperament and desire to chase and bite
the cables made a wireless control system highly desirable.

In horses and farm animals, the need for a cable connection generally led to the animal being
restrained in stocks. Mechanical NT testing has also commonly been carried out in these larger species
by exerting noxious pressure from a blunt ended pin pushed onto the surface of a limb [11–13].
These systems have all been driven by a variously sized and often noisy control box, again necessitating
restraint in stocks. The animal is close to potentially fear-inducing or distracting machinery and human
contact, which both prevent normal behaviour and limit the duration of a continuous study.

The potential advantages of testing unrestrained animals with a small and silent system were
apparent. A wireless, remote controlled thermal NT testing system was first developed for cats and
subsequently extended to larger animals, and then followed by a mechanical system for larger animals.
Remote control of NT testing presents an additional challenge to purely telemetric recording as the
power to drive the noxious stimulus must also be remotely controlled and attached to the animal.

90



Animals 2020, 10, 1556

This report describes the development and early validation of remote controlled systems for
thermal and mechanical NT testing in a number of large (non-rodent) animal species. The data
presented were collected during preparation for subsequent research protocols from animals tested
in Australia, Brazil, Germany, Norway, Saudi Arabia, Switzerland, the UK and the USA under the
authorization of the appropriate animal use ethical committee for each research establishment. Some of
the data were presented at the World Congress of Veterinary Anaesthesia in 2006 [14] and to the
Association of Veterinary Anaesthetists in 2008 [15].

2. Materials and Methods

2.1. Animals

All animals were housed, handled and fed according to the local institutional guidelines. All were
confirmed as healthy from a clinical examination conducted during acclimatization. According to
the species and their familiarity with the handling procedures, all animals were acclimatized to the
testing environment for at least 30 min up to several days. Again according to the species, they were
accustomed to wearing equipment for at least 30 min before testing. Naïve research animals wore
dummy equipment for a few hours a day for several days before testing.

Cats: Group DEV was studied during the original development of the remote system. This group
comprised 24 purpose-bred neutered (17 f, 7 m) domestic short haired (DSH) cats aged 1–4 years,
weighing approximately 3–6 kg. They were group-housed and brought in pairs to the testing
environment at least 2 h before any testing. Testing took place with the cats roaming freely in adjacent
large wire-sided cages. Group CNSW comprised 2 adult neutered DSH cats housed at night and
ranging freely outside during the day (6–8 kg). They were brought to the testing area at least 2 h before
testing and were studied roaming freely in a large wire-sided cage. Group CWS comprised 2 young
adult neutered DSH cats kept as household pets (3–4 kg). They were brought to the testing area at least
2 h before testing and were studied roaming freely in the room.

Dogs: Three groups of dogs were studied. Group DNSW comprised two mixed breed adult
neutered male dogs (weighing 24 and 28 kg bodyweight). Group COL included 3 male and 3 female
8–9-month-old Walker hounds weighing 20–24 kg. Group WS comprised a Labrador, a spaniel and a
mixed breed (15–25 kg). Groups DNSW and COL were kennel-housed in pairs or groups with lead
and free range exercise daily. Group DWS dogs were kept as domestic pets. All dogs were brought to
the study area at least two hours before any testing and studied whilst freely moving in large open-top
wire cages or in the entire room.

Horses: Six groups of horses were studied. Group HPEN comprised four adult standardbreds,
two mares and two geldings weighing 450–550 kg. They were turned out to pasture at night and
stabled during the day. Testing took place in their own stall. Group HBR comprised 10 mixed breed
young adult gelding horses weighing 268–460 kg. The horses were turned out on pasture at night
and housed in part-covered yards for the duration of any testing schedule. They were brought to the
testing stall and allowed at least 30 min acclimatization with the equipment in place before any testing.
They were lightly restrained with a headcollar and long rope. Group HWS comprised two young
Arab mares weighing 450 kg. They were kept at pasture and brought to the large open testing barn
at least one hour before testing. They were also lightly restrained with a headcollar and long rope.
Group HNSW comprised one adult Thoroughbred gelding weighing 475 kg. He was kept at pasture
and allowed 30 min acclimatization before any testing, lightly restrained with a headcollar and rope in
a small paddock. Group HNO comprised two adult Norwegian Trotter mares (450–500 kg). They were
stabled throughout the study, and testing took place with them freely moving in their own stall. Group
HHAN comprised seven adult warmblood horses weighing 650–700 kg, three geldings and four mares.
They were also stabled throughout the study, and testing took place with them freely moving in their
own stall. None of the groups was fed during testing.
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Sheep: Two groups of sheep were studied. Group SWA comprised three calm, pregnant Merino
sheep during preparation for a larger project investigating post-operative hyperalgesia. They were
housed and tested in large, raised, wire-sided open-top pens in full view of their companions. They were
allowed at least 30 min with the equipment in place before any testing. Group SZU comprised eight
young adult Swiss Alpine sheep (castrated males and females, around 50 kg bodyweight). They were
group-housed in large wire-sided open-top pens; testing was performed in a smaller area partitioned
off with wire-sided hurdles, without separating the subject from its companions. At least 30 min
acclimatization was allowed with the equipment in place before any testing started.

Camels: Three young adult dromedary camels were studied (group DCSA). One male and
two females, weighing 6–700 kg, were included. They were housed in open yards but brought into
individual horse stalls for the duration of the study. They were acclimatized to the testing environment
for two days before any testing, which took place in their individual stalls.

2.2. Thermal system

The first remote controlled thermal NT testing system was aimed specifically for use in cats to
replace the wired system developed in 2002 [8]. The remote system incorporated a similar thermal
probe with the heating element adjusted to give the same heating rate (0.6 ◦C/s). The thermal probe
comprised a heater and temperature sensor mounted together in heat conducting epoxy as a flat
10 × 10 mm probe weighing 5 gm [14] using battery power and an infra-red (IR) link (Maplins, UK).
The probe was held against the cat’s shaved thorax with an elasticated band. Constant and repeatable
pressure against the skin was maintained by inflating a modified blood pressure bladder behind the
probe. At each test, the heater was activated, and when the cat responded by twitching the skin,
jumping, turning, flinching or occasionally vocalizing, the stimulus was terminated immediately and
the threshold temperature recorded. A maximum cut-off temperature of 55 ◦C was set to minimize
skin damage if the cat did not react at lower temperatures.

For remote control, the equipment was miniaturized so that the circuit board and batteries could
be carried by the cat on a 50 cm wide back pack positioned on the dorsal thorax (Topcat Metrology
Ltd. WTT1) (Figure 1). The back pack was held onto the cat using an elasticated band, and the circuit
board and batteries were secured using Velcro®, with vulnerable cables under a soft, flexible cover.
The underside of the band held the bladder and temperature probe against the thorax. The pressure
transducer for control of the bladder pressure was attached to the circuit board, and a window between
30 and 70 mmHg was indicated by illumination of red and green LEDs on the circuit board. Tubing
between bladder, transducer and a non-return valve (used for manual bladder inflation with a 20 mL
syringe) was housed under the soft covering. The sensor output was displayed on a 3-digit display
with peak hold, also fixed onto the band. The whole system weighed 320 g (Figure 2). Heating was
controlled by IR signal operated manually and was activated only when the remote control handset
button switch was depressed, so was failsafe if operator or IR contact was lost. For each test, the heater
was switched on and held on by the operator who released the button, thereby stopping the heating,
when the cat reacted. The display unit held the peak reading at the point the heater was switched off,
and this temperature was recorded as the threshold. Peak hold was overridden by a second IR control
via the handset in order to read skin temperature before the start of each test. Mirrors mounted on the
walls of the cage allowed the display to be read whichever way the cat was facing.
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Figure 1. Remote controlled thermal unit worn by a small cat (3 kg) free roaming in a room.

 

Figure 2. Remote controlled cat thermal band with cover removed.

The remote controlled system was also used with dogs. It was intended to replace the wired
system previously reported [16]. The feline equipment was modified only by using a longer thoracic
strap to secure the back pack on the larger species. Heating rates of 0.6–0.8 ◦C/s were used, and the
cut-out temperature was 55–60 ◦C. Testing on the thorax produced similar responses, including
skin twitching, turning to the probe site, biting at the band, flinching and moving away, but rarely
vocalization. Testing on a leg site was also used as described below for larger animals.

For larger animals, the electronics and batteries were mounted in a shaped box on the animal’s
back, held in place by a larger version of the band used in cats and dogs (Topcat Metrology Ltd. WTT2)
(Figure 3). Two digital temperature displays were used, mounted on each side of the control box.
Two IR receivers were also used, mounted on each side. These modifications enabled IR control in

93



Animals 2020, 10, 1556

the much larger accommodation space needed for larger animals and for the display to be read from
outside the stall whichever way the animal was facing. In camels, a single cuboid box mounted on the
side of the hump was adopted as the top of the hump was too high and rounded for the shaped box
(Figure 4). A further development was to place the transmitter high on the wall of the stall, wired to the
handset, and the receiver mounted on an aerial attached to the animal’s back (Figure 5a,b). A similar
thermal probe as in cats was used, with a heating rate of 0.8 ◦C/s. Constant contact between probe and
skin was assured with the same pressurized bladder. The temperature probe was positioned either on
the thorax, under the control unit, or it was placed on the dorsal metacarpus or metatarsus using a
smaller elasticated band and connected to the control box by a longer ribbon cable. On dogs, sheep,
small horses and camels, the probe was secured on a limb without a pressure bladder; consistent
contact was assured by careful adjustment of the elastic strap (Figure 6). A limb site was not tested on
cats. The response to thoracic stimuli was a skin twitch, turning to the site, bending away from the site
or becoming agitated. Limb stimuli evoked stamping, a snatched leg lift or nosing at the site. Cut-off
was set to 55–60 ◦C.

 

Figure 3. Remote controlled thermal unit on an unrestrained sheep in its pen.

 

Figure 4. Cuboid thermal unit mounted on a camel’s hump.
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(a) (b) 

Figure 5. (a) Thermal unit with receiver mounted on aerial on a horse’s back. (b) Transmitter placed
high on stable wall.

 

Figure 6. Thermal probe positioned on the limb with a carefully tensioned elastic and Velcro® band.

A modified probe [17] was incorporated into the system for all species from 2013. The style of
heating probe used in each group is indicated in Table 1. Heating rates of 0.6 ◦C/s were used in cats
and dogs, 0.8 ◦C/s in horses and sheep, and around 2 ◦C/sec in camels.

Thermal Testing Schedule (see Table 1)

Baseline thermal nociceptive thresholds (TTs) were collected from conscious animals who had
not received any medication. The TT for each animal was recorded as the mean of at least 3 tests
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recorded at 10 min intervals. When first applied, familiarization and training for both tester and subject
comprised a series of up to 7 tests at no less than 10 min intervals in order to establish the reaction of
the individual subject. This was repeated several hours later and usually again over the following few
days to allow complete familiarization. Once training was completed, baseline TT was taken as the
mean of 3–5 tests within 10%. Tests were conducted at ambient temperatures of around 21 ◦C in dogs
and cats but ranging from 11 to 30 ◦C in the larger species.

During development in cats, 12 of group CDEV (CDEV1) were tested with both the original
wired and the remote controlled systems in order to confirm that the remote system produced stimuli
and TTs similar to the original. These cats had been previously familiarized with the original wired
system. The remaining 12 cats were tested with only the new system (Group CDEV2). Four DEV1 cats
(DEV1a) were tested without any drug treatment with both systems on separate occasions either on
consecutive days or with not more than 12 months between testing days. Two cats were tested with the
wired system first and two with the wireless first. Each cat was tested 5–13 times at 15 min intervals
with each system. A further four CDEV1 cats (DEV1b) were also treated with opioids to examine the
performance of the wireless system when thermal thresholds were raised above normal. Two cats
received intramuscular (IM) butorphanol 0.4 mg/kg and two received sub-lingual (SL) buprenorphine
20 μg/kg. Three tests at 15 min intervals were made before treatment, and at intervals not less than
15 min post treatment for up to 24 h. The mean of the pretreatment tests was taken as the baseline TT
for that individual (see Table 2).

Historical data from CDEV1 cats using the wired system [6] and CDEV2 cats using the wireless
system [18] were compared before, during and after treatment with buprenorphine (20–80 μg/kg).
Three to five tests were performed before treatment, and at intervals not less than 30 min for 24 h
after treatment.

Thoracic baseline TTs were collected from cats in groups CNSW and CWS and from dogs in DNSW,
DCOL and DWS. The CNSW group cats and the DNSW dogs each received 1.0 mg/kg methadone
intramuscularly (IM) after baseline TT had been recorded. The TT was then recorded at 15 min intervals
until it returned to baseline.

Baseline TTs were collected from horses in groups HPEN (thorax and legs), HBR (thorax and leg),
HWS (thorax and leg), HNSW (thorax), HNO (thorax) and three from HHAN (thorax). Horses in groups
HBR (n = 5), HNSW, HNO, HWS and HPEN were treated with intravenous (IV) 0.2 mg/kg methadone,
0.15 mg/kg methadone and 0.25 mg/kg xylazine, 0.2 mg/kg methadone, 0.1 mg/kg butorphanol
and 0.03 mg/kg acepromazine or 0.5 mg/kg xylazine and 0.025 mg/kg butorphanol, respectively,
after baseline TT had been recorded, and NTs were measured at 15–30 min intervals for 3 h and on the
following day, 16–18 h later.

In sheep, the responses to thoracic stimuli were difficult to detect and this site was abandoned.
Baseline limb TTs were collected in groups SWA (metatarsal site) and SZU (stifle and metatarsal area).
The thoracic site was not attempted in camels, and only baseline leg TTs were recorded.

2.3. Mechanical System

The mechanical stimulus was produced by a single blunt ended pin driven onto the surface of
the skin by a pneumatic actuator [19] positioned on the dorsal surface of the metacarpus, midway
between the carpus and the metacarpo-phalangeal joint (Figure 7). Increasing pressure in the actuator
drives the pin. The system is calibrated to give force (in N) as the stimulus intensity. The responses to
stimulation of the limb are similar to those seen with thermal stimulation at the same site.
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(a) (b) 

Figure 7. Pneumatic actuator: (a) secured with boot and carefully tensioned band on the forelimb of a
horse standing free in its stall, (b) the leg side of the actuator showing probe tip in resting position.

The remote controlled device (Topcat Metrology Ltd. WMT2) was first developed in horses to
replace the wired system by modifying the manually operated system previously described [20–22],
where pressure was produced in a syringe compressed by hand. Indicator lights were used to keep
the force rise rate within a predefined window. The system was silent and allowed rapid removal of
the stimulus at threshold via a vent valve. The remote controlled system was operated via IR signal
from a handset activated by the assessor in the same way as for the thermal system. The modification
to include the aerial on the animal’s back was also used for the mechanical system. The shaped unit
was positioned on the horse’s back and secured with Velcro® to a fly-sheet or surcingle. A pressure
reservoir, recharged between tests, was mounted alongside the control unit (Figure 8). This supplied a
miniature, silent, solenoid metering valve (Kinesis, UK) to increase the cuff pressure at a predetermined
rate. The valve was controlled via a feedback circuit from a pressure transducer in the force actuator.
The final vent valve configuration was “normally shut”, but opened once a second when in standby
mode. This required less power, therefore improving battery life. It also ensured that the subject was
familiarized with the regular click of valve operation, which although insulated to a low volume,
could act as an audible clue if only present during the test. At the start of the test, the click simply
changed from the vent valve to the pressure valve.

Threshold reading was held automatically and displayed on a digital display on both sides of the
control unit. The system was failsafe with a safety cut-out at a preset force and a pressure relief valve
with electronic interlock to remove the stimulus if the remote signal was lost. The system was validated
by mounting the probe onto a force transducer (Kenwood, UK) and recording force rate rise (FRR)
during calibration. Human thresholds were measured at 5 min intervals on the dorsal metatarsals of
two of the researchers (PT, MD) to evaluate an initial pressure in the supply reservoir of 32, 43 and
49 kPa (240, 320 and 370 mmHg).
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Figure 8. Horse with mechanical system in place: control unit and reservoir mounted on the back,
with pressure line to the actuator on the foreleg.

The mechanical system was too large for use in cats and dogs and was not tested in sheep,
although at least those of over 40 kg would be suitable. The control box for camels was a cuboid design
fitted to the side of the hump in the same way as the thermal system.

Mechanical Testing Schedule

Baseline mechanical nociceptive thresholds (MTs) were collected from conscious animals who
had not received any medication. The MT for each animal was recorded as the mean of at least three
tests recorded at five minute intervals. When first applied, familiarization and training for both tester
and subject comprised a series of up to 10 tests at no less than 5 min intervals in order to establish the
reaction of the individual subject. This was repeated several hours later and usually again over the
following few days to allow complete familiarization. Once training was completed, baseline MT was
taken as the mean of 3–5 tests within 10%.

Baseline data were collected from horses in groups HPEN, HBR and four from HHAN (see Table 3).
Horses in group HPEN were treated with 0.5 mg/kg xylazine and 0.025 mg/kg butorphanol IV after
baseline MT had been recorded, and NTs were measured at 10–15 min intervals for one hour and
on the following day, 20 h later. A set of baseline data was also collected from the four horses in
group HHAN, each test within 2 min of the same time points tested with the wired system previously
described [21] and attached to the same actuator. In this case, the tester stood close to the horse and
manually operated a syringe to generate the stimulus.

Baseline data were collected from the three DCSA camels using a 0.5 mm probe tip at a
mid-metacarpal site (see Table 3). The actuator was positioned on the lateral aspect to prevent
it from being dislodged when the camel lay down. Data were collected at 10 min intervals with a force
rise of 2 N/s.

2.4. Data Analysis

Descriptive data are presented, including range and mean ± SD as appropriate. An unpaired t-test
on the excursions (ΔT ◦C = threshold temperature–skin temperature) was used to compare the data
collected with wired and wireless systems in cats and horses. Friedman’s test was used to compare
baseline data with NT after opioid treatment as the data are not normally distributed due to “capping”
of the peak TT by the cut-off (GraphPad Prism v8). p < 0.05 was regarded as significant.
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3. Results

3.1. Thermal System

3.1.1. Evaluation of Remote Control (Table 1)

The IR control was successful in all the species, and there were few incidents where contact was
lost. The signal was used either by pointing the transmitter directly at the control unit on the animal or
by intentionally reflecting the signal off a reflective surface. The only materials that proved inadequate
for reflection were rough high wooden roofing in a barn or horse bedding on the ground. Inclusion
of the aerial on the animal and a fixed transmitter position prevented loss of contact through human
error in misdirecting the signal and facilitated separation of the tester from the animal. Low ambient
temperature did not affect the unit’s function, except that more power (i.e., a fully charged battery)
was required to heat to threshold temperature from a lower starting point.

Table 1. Skin temperature (◦C) (range) and thermal nociceptive threshold (◦C) (TT) (mean ± SD (range))
recorded with a remote controlled system during training in cats, dogs, sheep, horses and camels.

Species, Group (site) Skin Temp (◦C) TT (◦C) Probe Style
Max TT (◦C)
After Opioid

Cut-Out (c/o)
Temp (◦C)

Cat
CDEV n = 12 (thorax) 38.6–39.6 43.2 ± 3.0 (41.2–45.8) old c/o 55
CNSW n = 2 (thorax) 36.2–37.1 45.1 ± 1.8 (43.6–48.1) new c/o 55
CWS n = 2 (thorax) 36.2–36.4 45.8 ± 0.1 (45.7–45.9) new n/a 60

All cats (thorax) 44.7 ± 1.1

Dog
DNSW n = 2 (thorax) 35.9–36.6 43.5 ± 0.8 (42.7–44.6) new c/o 55
DCOL n = 6 (thorax) 37.3–38.2 47.9 ± 1.4 (45.9–49.8) new n/a 60

DWS (n = 3) (leg) 30.4–33.0 42.7 ± 1.4 (38.4–5.3) new n/a 60

All dogs (thorax) 45.7 ± 2.5

Horse
HBR (n = 10) (thorax) 36.3–37.3 54.2 ± 2.0 (51.9–58.4) new n/a 55

HBR (n = 10) (leg) 31.5–34.0 46.9 ± 3.2 (41.0–51.3) new c/o 55
HWS (n = 2) (leg)

(thorax)
35.7
34.8

54.4
52.7

new
new

n/a
c/o

60
60

HNSW (n = 1) (thorax) 36.2 50.9 new c/o 60
HNO (n = 2) (thorax) 33.7–36.4 50.5 ± 3.4 (45.0–54.4) new c/o 60

HHAN (n =3) (thorax) 35.8–36.8 50.5 ± 3.2 (47.2–56.0) old n/a 60
HPEN (n = 4) (thorax) 31.1.–31.7 46.4 ± 1.9 (44.5–48.2) old n/a 60

HPEN (n = 4) (leg) 21.0–30.5 45.7 ± 1.7 (43.4–47.3) old 56.2 60

All horses (leg) 49.0 ± 3.8
All horses (thorax) 50.9 ± 2.4

Sheep
SWA (n = 3) (leg) 32.3–35.3 51.2 ± 1.9 (48.8–54.1) new n/a 60

SZU (n = 8) (leg, stifle) 30.5–34.9 53.7 ± 3.0 (48.9–c/o) old n/a 70
(leg, metatarsal) 18.0–26.2 55.0 ± 1.6 (53.0–c/o) old n/a 70

All sheep (leg) 52.4 ± 2.6

Camel
DCSA (n = 3) (leg) 24.2–27.2 95.0 ± 14.3 (74.9–106.0) custom n/a 130

Probe: old style [8], new style [17]. Cut-out (c/o): temperature set to cease heating automatically when no response
is detected. Opioid treatment: butorphanol, methadone, buprenorphine or methadone/sedative combinations as
detailed in the text.

3.1.2. Comparison with Wired System

In the four DEV1a cats, mean ± SD baseline with the remote system was 43.6 ± 2.1 ◦C and with
the wired system 42.0 ± 1.7 ◦C. Excursions (TT – skin temperature) in four cats (DEV1a) were 5.0 ± 1.1,
2.8 ± 0.9, 3.0 ± 0.5, 4.0 ± 2.1 ◦C (remote) and 4.4 ± 1.3, 3.4 ± 1.3, 5.3 ± 1.3, 6.1 ± 1.0 ◦C (wired). Excursions
measured with both systems were not statistically different. Peak excursions in two cats were >13.1 ◦C
(reached cut-out) 10–105 min after butorphanol, similar to previous data from opioid-treated cats using
the original system [23,24].
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In group DEV1a cats (n = 4), the skin temperature was always higher when recorded by the
remote system compared with the wired (wired 36.8 ± 0.6 and remote 39.4 ± 1.5, p < 0.001). Remote
TT was higher than wired in only one cat, and the mean difference was small although significantly
different (wired 42.0 ± 1.7 and remote 43.6 ± 2.1, p < 0.01). However, the excursions recorded with the
remote system were smaller than with the wired (wired 5.2 ± 1.4 and remote 4.3 ± 2.0, p < 0.05). The TT
in all Group DEV1b (n = 4) cats increased after opioid treatment. Peak excursions ranged between 16.1
and 18.2 ◦C, which is similar to published data (Table 2).

Table 2. Thermal thresholds (TTs) in group DEV1b cats. Peak excursions (skin–TT difference) after
treatment with intramuscular (IM) butorphanol 0.4 mg/kg or sub-lingual (SL) buprenorphine 20 μg/kg.
Published approximate mean peak delta T data after buprenorphine and butorphanol included
for comparison.

Maximum Excursion ◦C
Cat/Reference Butorphanol Buprenorphine

5 18.1
6 16.4
7 18.2
8 16.1

Lascelles and Robertson [23] 18
Robertson et al. [24] 17

The historical data from CDEV1 cats (n = 12) using the wired system [6] and CDEV2 cats (n = 12)
using the wireless system [18] showed that mean skin temperature in CDEV1 cats was always 1–2 ◦C
lower than in CDEV2 cats. The TT in both groups increased significantly after buprenorphine treatment,
remaining higher than pretreatment from 60 to 240 min in CDEV1 and from 30 to 300 min in CDEV2.
The TTs were similar except 1–2 h after treatment, when CDEV2 TTs were higher.

3.1.3. Cats

The cats were undisturbed by the equipment and behaved normally whilst wearing it for several
hours. The only impediment in those freely ranging in a room was inability to enter a space only as
wide as the cat, when the back pack was caught and slid back. This did not occur in animals loose in
a large cage. Cats treated with opioids tended to roll over; this sometimes caused the back pack to
slip and require adjustment before a reading could be made. Response at TT was a clear skin flick
or turn towards the heated site. Occasionally the cat would jump forwards at TT. Vocalization was
rare. Group CNSW baselines ranged from 43.6 to 46.4 ◦C, reached cut-out (55 ◦C) 30 min after IM
methadone (1 mg/kg) and remained higher than baseline for 3 h. Group CWS cats’ baselines were
within the same range (see Figure 9a,b).

3.1.4. Dogs

The dogs rapidly became accustomed to the equipment and behaved normally whilst wearing
it for several hours. Younger, more active dogs required more acclimatization than calmer animals.
They tended to scratch at the back pack with a hindleg when it was first put on. Clear responses
included a skin flick, turning to, scratching or biting at the site and jumping forwards. Vocalization
was very rare. Baseline TT in group DNSW dogs ranged from 42.7 to 44.6 ◦C, reached cut- out (55 ◦C)
10 min after IM methadone (1 mg/kg) and remained higher than baseline for 3 h. In group COL,
mean ± SD baseline skin temperature was 37.7 ± 0.3 and TT 47.9 ± 1.4 ◦C (see Figure 9a,b).

3.1.5. Horses

All the horses accepted the equipment without any reaction. Occasionally it was pushed posteriorly
if a horse rubbed on a wall or fence, but repositioning was rarely required. Responses at TT on the leg
were a clear leg lift or stamp, or occasionally the horse would nose or even bite at the site. Responses
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to the thoracic site were more difficult to detect as a skin flick could be obscured by the more bulky
testing equipment used in large animals and the horses appeared less responsive at this site. However,
a skin flick, a bend of the body away from the testing site or turning to look at the site were also
commonly seen. Skin temperature was lower on the leg than the thorax and was more dependent on
ambient temperature. The TT was higher on the thorax than on the leg. Group HBR skin temperatures
were 36.7 ± 0.4 (thorax) and 32.7 ± 1.0 (leg), and TT 54.8 ± 1.8 (thorax) and 46.9 ± 3.2 ◦C (leg). Group
HPEN skin temperatures were 36.7 ± 0.4 (thorax) and 32.7 ± 1.0 (leg), and TT 54.8 ± 1.8 (thorax) and
46.9 ± 3.2 ◦C (leg). Leg skin temperature and TT were significantly lower than on the thorax (p < 0.001).
Skin temperature and TT ranges in the smaller groups (HWS, HNO, HWS) are shown in Table 1.
The TT in horses given analgesic treatment (groups HBR, HNSW, HNO, HWS and HPEN) increased
above baseline between 10 min and 1–2 h. It reached cut-out (55 or 60 ◦C) in all except HPEN horses
where the highest TT was 53 ◦C. All TTs had returned to baseline three hours after dosing and were
within the same range the following day (see Figure 9a,b).

g

(a) 

 
(b) 

Figure 9. (a) Mean ± SD baseline (no treatment) thermal nociceptive thresholds (TTs) (◦C) measured
on the thorax in cats (n = 16), dogs (n = 8) and horses (n = 21) and on a leg in horses (n = 15), sheep
(n = 11) and camels (n = 3). (b) Mean ± SD pre treatment and peak post analgesic treatment (see text
for detail) TTs (◦C) measured on the thorax in cats (n = 6), dogs (n = 2) and horses (n = 8) and on a
forelimb in horses (n = 10). Thermal threshold reached cut-out (55◦ or 60 ◦C as shown) in all cats, dogs
and in horses using the leg site. For the horse thoracic site, those reaching cut-out (n = 4) were deemed
a TT of 60 ◦C for illustrative purposes.
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3.1.6. Sheep

All the sheep accepted wearing the back pack with very little acclimation time. The calm SWA
sheep tolerated the testing protocol without any problems, and the response at TT was a clear leg lift
or stamp. Skin temperature and TT ranges are shown in Table 1. The young flighty Swiss mountain
sheep were much more difficult to test as they appeared to adopt a prey species freeze when agitated
or frightened by anything unfamiliar, particularly the presence of people. Many tests went to cut-out
with no response detectable. When the tester was hidden outside the room responses were lower,
in accordance with values reported in other sheep [25]. This is demonstrated by sheep 5201 with a leg
skin temperature of 34.3 ◦C: with a tester standing in the same room, the temperature consistently
reached cut-out with no response. When the tester was obscured from the sheep outside at a window,
and outside the pen, TT was 53.7 ◦C (see Figure 9a).

3.1.7. Camels

The camels willingly accepted the equipment on their backs. Shaving the skin to enable contact
with the thermal probe caused more aggravation than wearing the limb bands once they were
positioned. The response at threshold was a clear leg lift or stamp. However, the camels tolerated
much higher temperatures than other species, and custom probes with a faster heating rate were
developed for them. Even after reaching temperatures in excess of 100 ◦C, there were no skin lesions
other than a slight indent under the footprint of the probe. No pain, swelling or abrasion of the skin
was seen. Skin temperature in the DCSA group was 26 ± 1.6 and TT 95.0 ± 14.3 ◦C (see Figure 9a).

3.2. Mechanical System

3.2.1. The System (Table 3)

The unit functioned as intended; the solenoid metered valve resulted in an FRR that did not
deviate by more than 0.1 N regardless of the initial reservoir pressure. IR control was successful in both
species tested, as for the thermal system. The continuous quiet click of the vent valve during standby
and of the pressure valve during the test was ignored by all the subjects, confirming the benefit of
the regular opening of the vent valve during standby between tests. If the signal contact was lost for
any reason, however, the failsafe system vented the pressure in the actuator and that test was aborted.
Incorporating the fixed transmitter and the aerial mounted on the animal’s back ensured that this was
extremely rare, and there were few incidents where contact was lost. Human MT from five tests was
7.3 ± 0.3 N, consistent with data from previous devices [21], with a coefficient of variation of 3.6%.
Cut-out was set at 20–25 N.

Table 3. Mechanical nociceptive thresholds (MTs) (mean ± SD and range) using a limb-mounted
actuator under infra-red remote control during training in horses and camels.

Species, Group MT (N) Pin Diameter Max MT after Opioid (N)

Horse
HPEN (n = 4) 10.3 ± 4.6 (3.0–15.0) 3 pin 20.3

HBR (n = 10) (leg) 5.6 ± 2.3 (2.7–10.1) 1 mm n/a
HHAN (n = 4) 6.3 ± 2.2 (4.0–9.9) 1 mm n/a

All horses (1 mm pin) 5.9 ± 2.2

Camel
DCSA (n = 3) 13.8 ± 2.3 (11.2–15.5) 0.5 mm n/a

3.2.2. Horses

The horses tolerated the equipment in the same way as the thermal unit, and both could be
accommodated on the horse’s back at the same time. The response at MT was indistinguishable from
the response to thermal stimulation at a similar site, namely a leg lift, stamp or turning to and nosing
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the actuator. Baseline MT in the HBR, HPEN and HHAN (n = 4) groups was 5.6 ± 2.3 N, 10.3 ± 4.6 N
and 6.3 ± 2.2 N, respectively (See Figure 10a). In the HPEN group, MT increased above baseline for
30–60 min after the analgesic treatment. It returned to baseline by 75 min and remained at baseline
(7.9 ± 2.5 N) 24 h later ((See Figure 10b). The MT measured simultaneously with the wired system
(4.1 ± 1.3 N) in the four HHAN horses was significantly lower (p < 0.05) than when measured by
remote control ((See Figure 10c).

  
(a) (b) (c) 

Figure 10. (a) Mean± SD baseline (no treatment) mechanical nociceptive thresholds (MTs) (N) measured
on a leg in horses (n = 14) and camels (n = 3). (b) Mean ± SD pre treatment and peak post analgesic
treatment (see text for detail) MTs (N) measured on a foreleg in four horses using a 3-pin actuator.
(c) Mean ± SD baseline (no treatment) MTs (N) measured on a foreleg of 4 horses with a wired system
(close proximity and contact with the tester) and with the infra-red remote controlled system (horse
unrestrained and tester outside the stall). Measurements with each system were made within less
than 5 min.

3.2.3. Camels

The camels tolerated the mechanical equipment as easily as the thermal, and both units were
worn together for several hours at a time with no effect on normal behaviour. Responses to stimulation
were a clear leg lift or stamp. The DCSA group baseline MT was 13.8 ± 2.3 (See Figure 10a).

4. Discussion

This report documents the development and evaluation of remote controlled systems for TT and
MT testing in large animals. Remote control by IR of both thermal and mechanical systems proved
reliable. The baseline data were consistent, and increased thresholds were detected after analgesic
treatment. Although NT testing does not mimic the complexities of true clinical pain, enabling normal
behaviour should bring the response to a drug closer to clinical reality than in a restrained animal
and therefore provide information that more closely resembles how a drug will behave under clinical
conditions. The adaptations required both for power to activate the stimulus and for the control circuits
to be placed on the animal were successful. Thermal stimulation depended only on small electrical
components producing heat, and the main requirement was sufficient miniaturization for the electronics
and sufficient battery power to be carried on the back of an animal as small as the cat. The mechanical
system, however, required generation of air pressure to drive the actuator pin, necessitating attachment
of a gas reservoir and metered pressure control being fitted to the animal. Wired or handheld MT testing
systems driving a pneumatic actuator can make use of manual compression of a syringe [21,22,26].
Both air reservoir (the syringe) and pressure control (e.g., following visual pressure indicators) are
under operator control and not fixed to the animal. The system adopted for the remote control system
incorporated solenoid metering valves and an air reservoir of at least 60 mL. This proved too large for
dogs and cats, but suitable for larger animals.
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Most of the criteria for NT testing outlined by Beecher [5] were met. The aspects concerning
repeatability of the stimulus, minimal tissue damage, immediate cessation of the stimulus when the
animal responds and automatic cut-off if there is no response are no different from wired or handheld
devices [8,22]. Features to prevent tissue damage and to ensure stimulus repeatability have been
addressed elsewhere [17]; this report concentrates on aspects that allow normal behaviour and a clear
escape response at threshold.

All the species tolerated wearing the equipment well. The larger, herbivore animals often required
no acclimation to this at all. Young, playful dogs and cats required more “dummy” sessions, but reliable
data could be collected in all cases with time and handling appropriate to the species. Complete free
roaming was clearly not possible as the IR system would be out of range and the animal must be within
sight of the tester for its response to be seen. However, testing was entirely feasible within a room or
large kennel for small animals and in a stall without the use of stocks for large animals. Absence of
wires and cables was particularly valuable in cats and young, playful dogs.

In contrast to handheld units, remote NT testing limits the stimulus site to body parts where
the probe or actuator can be reliably fixed to the animal’s body. Mechanical testing in particular is
limited as the actuator must react against something to generate the force. A band around a limb
provides the necessary configuration, but application to other parts of the body is more difficult.
Although fixing the thermal probe on the thorax was both straightforward and suitable for cats and
dogs, in the larger animals it was sometimes difficult to detect the end point, in part as the thorax was
obscured by the bulkier equipment but also because the response itself was less clear. Independent
investigations examined the response to NT at different sites, and both concluded that the thorax
was less reliable and NTs were higher [27,28]. Large animals in stalls are more likely to be bothered
by flies, resulting in confusing skin twitches over the body. Testing the limb is generally preferable,
except when opioid analgesia is employed when an alternative site maybe better. Opioids often
produce locomotor stimulation in otherwise pain-free healthy horses and obscure the leg lift or stamp
response. In cold weather, a further disadvantage of the limb site for thermal testing was the low skin
temperature of the limbs requiring more power to heat to threshold temperature. It is of note that
skin temperature and TT in the cats were higher with the remote system than the wired. This was
considered likely to be due to the larger bulk of the remote band providing more insulation than
the narrow band without circuit boards used for the wired system. The original wired probes also
included a substantial aluminium support that conducted heat away, probably contributing to lower
indicated skin temperature. However, in spite of the higher temperatures recorded with the remote
system, the excursions (TT – skin temperature) were similar. This has led to use of the excursions in
many reports [29], at least for statistical analysis, as it removes one source of variation.

The precise NTs recorded are dependent on many factors including the site, the style of the
stimulus probe, the environment and the breed or strain of the species under study. This makes results
from studies in different laboratories difficult to compare. Remote testing may reduce the variation by
allowing normal behaviour but it still remains extremely important that all the conditions are detailed,
and strict consistency within one study is essential. A further central source of disparity within a study
is individual variation. There is usually a range of skin temperature and both TT and MT even within
a group of similar animals [30], and reducing all other sources of variation is necessary to produce
useful data. It is important to describe the site, heating rate, probe style and the environment in order
to understand the data fully.

It is well recognized that distraction alters the perception of pain [31] and, however caused,
may affect recorded NT. Furthermore, the importance of enabling a natural escape response to indicate
the NT has been emphasized [32]. Any distraction or, particularly in prey species, anything threatening
or frightening will illicit abnormal behaviour, particularly freezing, and may prevent a natural escape
response [33]. The potential for the tester to be unseen by the animal subject is of particular benefit
in prey species unaccustomed to contact with humans. This was illustrated by the sheep who did
not respond when the tester was in the same room. Our own unpublished observations with rabbits
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support this: there was no response to thermal stimulation unless the tester was hidden, when TTs
similar to dogs and cats were recorded. The effect of close proximity of the tester was illustrated even
in calm horses who were quite familiar with humans. The MTs in the HHAN horses were significantly
lower when tested with the wired compared with the remote controlled system. This is presumably
due to an element of anticipation and apprehension with close proximity, when there are visual and
perhaps audible clues that the stimulus is coming. This effect is further illustrated in sows [22] where
hand-held MT testing was compared with a limb-mounted actuator, albeit still connected by a light
pressure line. Baseline MTs were 13–17 N with the handheld device and 18–23 N with the limb fixed
actuator, incorporating the same probe tip.

This investigation did not address reproducibility of the NT in the same animals over days, weeks
or more. Remote control would in theory probably foster stable baseline thresholds. Learning to
anticipate an aversive experience is less likely if the animal’s behaviour is unaffected and no cues
reinforce anticipation. Dogs undergoing MT testing with a handheld device at several sites at 10–15 s
intervals had lower MTs when tested 10–14 days later [34]. It was concluded that the dogs had learned
to respond to the same stimulus more quickly. This effect was probably exacerbated by the necessary
restraint, the high frequency of the tests and the use of a large probe tip (1 cm diameter), which requires
a larger force to produce the same pressure as the smaller probe tips used here. Pain is experienced
when the stimulus intensity is sufficient to stimulate nociceptive nerve endings by pressure; the high
forces required to generate sufficient pressure with a large probe surface area may squash the dog
and be unpleasant even before they produce pain. Remote control does not address all these potential
confounders; care with the frequency of repeated stimuli and the forces applied are equally important
as lack of restraint and freedom of movement.

In spite of this experience with a handheld device [35], a number of studies using remote controlled
NT testing have demonstrated good reproducibility. In dogs, TTs were shown not to change over
daily testing for 3 days [36] and in cats over several months [6]. In horses, neither TT nor MT changed
significantly over several weeks [27,37–39]. Pastern MT remained stable or even increased with
familiarity over a few weeks, even when attached to the operator by a long light pressure line [26].
The ability of remote control to avoid visual cues and allow normal behavior presumably contributes
to this.

Neither TT or MT remote control testing were evaluated in cattle, nor MT testing in sheep.
In principle, these should both be suitable species for remote controlled systems, being large enough to
carry the bigger control boxes on the back. Sheep tolerated the back-mounted remote thermal control
system willingly. Actuators applied to limbs have been used in cattle standing in stocks [12,13], and it
seems likely that the remote systems would have similar advantages over wired in the same way as in
horses. Thermal threshold has been measured successfully in both neonatal and young foals [40].

Camels reacted to MT testing in a similar manner to cattle and horses, and the remote system
functioned well in relatively recalcitrant animals once all the equipment was in place [41]. Thermal
testing in camels was challenging: the high limb thresholds are presumably a result of adaptation to
withstand desert and sandstorm temperatures of over 50 ◦C.

The IR remote controlled systems have now been used for formal investigations into pain and
analgesics in cats [42,43], dogs [29], sheep [25] and horses [37–39,44].

5. Conclusions

Remote controlled thermal nociceptive threshold testing in cats, dogs, sheep, horses and camels
and mechanical threshold testing in horses and camels was well tolerated. It allowed free movement
and normal behaviour during testing and resulted in data consistent with wired systems. Remote
controlled nociceptive threshold testing is a useful refinement for pain research as the animal can
behave normally without restraint or proximity of the tester.
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Simple Summary: Grimace scales for laboratory animals were first reported ten years ago. Yet, despite their
promise as pain assessment tools it appears that they have not been implemented widely in animal research
establishments for clinical pain assessment. We discuss potential reasons for this based on the knowledge
gained to date on their use and suggest avenues for further research, which might improve uptake of their
use in laboratory animal medicine.

Abstract: Animals’ facial expressions are widely used as a readout for emotion. Scientific interest in the
facial expressions of laboratory animals has centered primarily on negative experiences, such as pain,
experienced as a result of scientific research procedures. Recent attempts to standardize evaluation of
facial expressions associated with pain in laboratory animals has culminated in the development of
“grimace scales”. The prevention or relief of pain in laboratory animals is a fundamental requirement
for in vivo research to satisfy community expectations. However, to date it appears that the grimace
scales have not seen widespread implementation as clinical pain assessment techniques in biomedical
research. In this review, we discuss some of the barriers to implementation of the scales in clinical
laboratory animal medicine, progress made in automation of collection, and suggest avenues for
future research.

Keywords: facial expressions; pain; grimace scales; mice; rat; rabbit

1. Introduction

Animal welfare is an important societal concern [1,2]. The use of animals in biomedical scientific
research is widespread, and globally significant, with approximately 115 million animals used per
year [3]. Incontrovertibly, there is an ethical obligation to safeguard welfare of these animals through
employing strategies to minimize pain, fear, and distress [4–6], in addition to the promotion of positive
welfare states. However, to achieve this, validated methods for identification of animal emotional state
are required. Despite significant research attention, ascertaining nature and strength of animal emotion
remains a challenging task [7–11].

The study of emotion in laboratory animals has typically focused on aversive states such as pain.
This area of study was driven by two perspectives: a scientific and welfare standpoint. The scientific
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viewpoint, based on the extrinsic value of the animal, relates to the robustness of results acquired from
animal models. There is an abundance of data on the impact of pain on a wide range of metabolic,
immunologic, and other processes in the body. These alterations introduce variability or confound
interpretation of results [12–14]. The welfare viewpoint, considering the intrinsic value of the animal,
assumes that pain occurs frequently in animal models and should therefore be avoided or minimized
for the benefit of the animal. Notwithstanding, differences between these viewpoints in terms of
underlying motivation for study, the requirement for a reliable, practical method for assessment of
pain is shared by both.

Recently, evaluation of complex motor responses, such as facial and corporal expression was
proposed as a neurobiological readout of mammalian brain neuro-circuitry associated with emotional
experience [11,15–17]. The former has received significant research attention, especially in rodents,
as a potential assessment method for both positive and negative emotional states [9]. There remains
controversy as to the communicative function of facial expressions in rodents, since these species tend
to prioritize other senses such as olfaction and touch in communication [8]. However, the finding that in
mice, lesions of the insular cortex, modulate facial pain expressions supports the use of facial expression
assessment. The insular cortex is associated with human pain perception; hence it is assumed by
analogy that facial grimace may represent a negative emotional experience [18]. Furthermore, studies
on empathy tends to suggest that rodents are communicating the presence of a painful state to others,
to elicit an empathic response [19]. Although not specifically demonstrated, it is feasible that this
may be occurring through interpretation of facial expression [8]. Additionally, it was recently shown
through the use of machine learning methods that facial expressions in mice may not only indicate
direction of effect or valence of emotion (positive or negative), but intensity and persistence [20].

Attempts to standardize evaluation of facial expressions for pain assessment has culminated
in the development of the “grimace scales”. These were developed originally for mice [18] and
were adapted for use in rats [21], rabbits [22,23], sheep [24,25], ferrets [26], cats [27] and horses [28].
Grimace scales are simplified methods for evaluating facial expressions specifically related to pain
based on the assessment of action units focusing on the eyes, ears, and cheeks. The utility of the scales
was well-established across a range of laboratory animal species and animal model types. However,
this evaluation has typically focused on their use via retrospective video recording review, and as a
research tool to obtain data relevant to the animal model. There are fewer dedicated studies into the
scales as ‘bedside’ pain assessment tools for rapid evaluation of pain status in laboratory animals in
order to implement humane endpoints or provide analgesia. Therefore, the focus of this review is
to discuss the practical utility of grimace scales in a range of laboratory animal species, identifying
barriers to their use and potential confounders. The focus will be on laboratory animal rodents as the
most common species used in biomedical research, but research from other species will be drawn
upon. It is anticipated that this review will guide biomedical researchers, animal technicians and ethics
committees when implementing pain assessment methods as part of research protocols.

2. History of Facial Expression Scoring for Pain in Laboratory Animals

In recognition of the poor translation of outcomes from animal pre-clinical studies on pain
physiology and analgesic development to humans [29,30], there has been a recent focus on development
of methods for assessment of the affective pain response using non-evoked (spontaneous) responses [31].
Grimace scales are one such response derived from human facial codification scales [32,33]. The Facial
Action Coding System (FACS) systematically catalogs all possible movements of the facial muscles,
or combinations of them, such as lowering the eyebrows, tightening and closing the eyelids, wrinkling
the nose, and raising the upper lip. Categorization of changes in these muscle movements or
so-called “Facial Action Units” (FAU) enables facial recognition and categorization of emotions [16,34].
The finding that facial codification scales could quantify pain in humans with limited or non-existent
verbal communication [35], provided the basis for using FAU in the development of grimace scales
(GS) for animals (see [36]).
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The mouse grimace scale (MGS) was the first to be developed. Langford et al. [18] in 2010
applied a nociceptive abdominal constriction test through administration of acetic acid that allowed the
elucidation of facial action units that reliably detected pain. Validation was performed using a variety
of traditional preclinical pain assays [18]. Five action units were described: (1) orbital tightening,
(2) nose bulge, (3) cheek bulge, (4) ear position and (5) whisker change. A year later, Sotocinal et al. [21]
in 2011 published the rat grimace scale (RGS) comprising four action units, due to consolidation of
nose and cheek flattening into one unit. Utility of the RGS to detect pain was demonstrated in standard
pre-clinical nociceptive tests in addition to following a surgical laparotomy procedure. Furthermore,
the RGS was shown to be modified after analgesic administration indicating the specificity to pain [21].
Furthermore, the development of grimace scales in other common laboratory animal species followed,
see Table 1.

Table 1. Original studies in which grimace scales were developed for a range of species commonly
used as laboratory animals.

Species Validation Method Action Units Study

Mouse Grimace
Scale (MGS)

Fourteen commonly used
preclinical pain assays.

Five Units: (1) Orbital tightening, (2) Nose
bulge, (3) Cheek bulge, (4) Ear position and

(5) Whisker change
[18]

Rat Grimace
Scale (RGS)

Three pain-eliciting procedures performed. (1)
intraplantar administration of Complete

Freund’s adjuvant (CFA); (2) intra-articular
administration of kaolin/carrageenan; and (3)

post-operative pain after laparotomy.

Four Units: (1) Orbital tightening,
(2) Nose/cheek flattening, (3) Ear changes,

(4) Whisker change
[21]

Rabbit Grimace
Scale (RbtGS)

Pain caused by ear tattooing, a routine
procedure used to identify rabbits. Analgesic
test applied in the form of prilocaine/lidocaine

(EMLA) local anesthetic

Five Units: (1) Orbital tightening, (2) Cheek
flattening, (3) Nose shape, (4) Whisker

position, (5) Ear position.
[22]

Sheep Grimace
Scales (Sheep

Pain Facial
Expression

Scale—SPFES)

Clinical model based on mastitis and footrot
Five Units: (1) Orbital tightening, (2) Cheek
tightness, (3) Ear position, (4) Lip and jaw
profile, (5) Nostril and philtrum position

[25]

Ferret (FGS) Surgery involving the implantation of an
intraperitoneal telemetry catheter

Five Units: (1) Orbital tightening, (2) Nose
bulging, (3) Cheek bulging, (4) ear changes,

(5) Whisker retraction
[26]

Piglets (PGS)
Castration and tail docking. Validated orbital
tightening for tail docking but remarked that

further validation needed.

Ten used for development, later study [37]
modified to three: (1) Ear Position,
(2) Cheek Tightening/Nose bulge,

(3) Orbital Tightening

[37,38]

Cat (FGS) Acute pain arising as a result of a variety of
clinical conditions

Five units: (1) Ear position, (2) Orbital
tightening, (3) Muzzle tension, (4) Whisker

change, (5) Head position
[27]

Horse (HGS) Surgical castration

Six units: (1) Stiffly backward ears,
(2) Orbital tightening, (3) Tension above the

eye area, (4) Prominent strained chewing
muscles, (5) Mouth strained and

pronounced chin, (6) Strained nostrils and
flattening of the profile

[28]

3. Terminology Around Pain Classification and Assessment

A variety of terms are often used to describe pain and the assessment methods applied to it.
Pain is usually classified according to the duration of its effect or its originating source within the
body [39,40]. Acute pain arises at the time of injury and is often experienced as different in nature
to the alternatively described ‘chronic’ pain. The latter generally referring to pain experienced over
a longer duration, although there appears to be no accepted duration marking the transition from
acute to chronic pain [41]. An alternative distinction between the two time-course descriptors was
suggested by scientists: that related to functionality. Acute pain is argued to be adaptive, provoking a
learned response by the animal to avoid a similar painful insult in the future [39]. Chronic pain on the
other hand is said to be maladaptive [42]. However, this latter point is controversial with a variety of
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studies (see [43] for review) suggesting that pain-related hypervigilance may influence estimation of
risk, subsequent behavior, and thus enhance survival.

Pain scales themselves are often described in terms of their validity, reliability, sensitivity [41].
Validity describes the extent to which the scale measures its intended outcome i.e., pain. There are
several sub-categories describing validity. The most commonly referred to in the context of grimace
scales are face validity and construct validity. Face validity describes what the test appears to be
measuring i.e., pain. Construct validity relates to the extent to which the scales measure that specific
construct. Therefore, the test needs to be both sensitive and specific to pain [44,45]. In pain studies
construct validity is often determined using an applied analgesic test, since this is assumed to reduce
pain and thereby reduce grimace scores if the test is truly pain-related [44]. External validity refers to
how generalizable the measure is to other settings. In the context of grimace scales this is relevant in
taking the scales from research scenarios to the clinical setting. This relates to practicability to perform
during the working day, simplicity of the task, as well as the need for equipment and training. To date,
this is the area that has received the least attention with regard to grimace scales.

Reliability refers to the scale producing the same result each time it is used both within, and
between animals, and time points [46]. In the context of grimace scales, this is determined by the
variability resulting in a single observer’s measurements (intra-observer variability), the variation
between different observers’ measurements (inter-observer), and variability between laboratories or
research centers [44]. Sensitivity describes the ability of the scale to accurately identify changes in the
degree of pain such that subtle changes are recognized [45]. In the context of pain scales this is often
indicated when scale changes that occur correlate in direction, and proportion with other measures [45].
It is common in assessment of pain in veterinary species to achieve measurement accuracy in pain
scoring by using a smaller number of broad category groups, such as mild, moderate, and severe,
rather than expecting sensitivity when small differences in scores are considered. The following
will consider how all of these measurement characteristics may influence the clinical applicability of
grimace scales for use in biomedical research.

4. Clinical Applicability of Grimace Scales in Biomedical Research

4.1. Development of Real-Time Grimace Scores

There is now an extensive body of literature on the application of grimace scales in a range of
animal models used commonly in biomedical research. The majority of this validation work has
occurred in rodent models. It is beyond the scope of this review to describe all of the models used
but the range includes oncology (see e.g., [47–50]), infectious disease [51], pain models [48,52,53],
neurological conditions [33,54,55], genetic conditions [56], and maxillofacial interventions [49,50,57].
However, the vast majority of research to date has performed grimace scoring retrospectively from
captured video footage.

Retrospective scoring is likely superior when using grimace scores to inform research outcomes,
for example determining efficacy of analgesics or success of model induction. These methods allow
for the possibility of replication, by multiple observers where appropriate, with an increased time
available for scoring at the researcher’s leisure. A cage-side or ‘real-time’ method on the other hand
would ideally provide instant assessment allowing interventions to support welfare, for example by
implementing humane endpoints or administering analgesics. Development of the latter is clearly of
more interest to ethical review committees and animal carers needing to make rapid clinical decisions.
To date there has been substantially less focus on development and validation of real-time methods.

Miller and Leach [58] in 2015 performed the first comprehensive evaluation of a real-time method
applied in mice. In this study, both retrospective and real-time scoring were compared. Real-time
scoring was performed by observing mice three times over a 10 min period, while animals were
being filmed for the retrospective analysis. Grimace scores were calculated by summation of each
action unit as described by Langford et al. [18], and totals were then averaged across the observation
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points. Live scores were always found to be significantly lower than corresponding retrospective video
scoring. The authors posed that this could have resulted from the activity levels and changing nature
of the face during live scoring. Blinking for instance, resulting in a score of 0 for orbital tightening,
will likely be selected at least some of the time as a result of random chance selection of photographs
for scoring. In a real-time scenario, the rapid nature of blinking will likely preclude its scoring.
Similarly, Chartier et al. [47] in 2020 also found consistently lower scores from live scoring compared
to retrospective scoring in a mouse model of colitis-associated colo-rectal cancer. One potential
explanation for this trend is that the presence of a human observer influences performance of the facial
action units, for example, an increased alertness to the human (predator) could lead to wider eyes and
‘pricked’ ears, lowering the grimace score. On the contrary, intriguing findings from Sorge et al. [59]
demonstrated that not all observers are equal, with no impact of a female observer on scores in rats
and mice (obtained retrospectively), but a reduction of scores in the presence of a male [59]. In the
first investigation of real-time scoring in rats, Leung et al. [60] in 2016 found that interval observations
(15 s of observation) were able to discriminate between control and analgesic–treated groups whereas
point observations (conducted several times over a period) showed poor group discrimination. In this
study, substantial variability was seen between single observations of either point or interval. Limits
of agreement, with a retrospective scoring system were however fairly large with a 0.5 score range
either side of the bias meaning there is was a substantial risk of both over or underestimating the score.
Furthermore, point scoring became generally unreliable at discriminating groups when done for less
than 2 min, assumed to be due to a loss of power due to fewer observations. A later rat study by
the same research group [61], investigated the interval method compared to a retrospective method
in a colitis model showing the former to be reliable in predicting pain, with scores similar to the
standard method.

The implications of these findings for clinical pain assessment are several. Firstly, it needs to be
considered that although good discriminant ability was generally found in these studies, results were
obtained by statistical combination of multiple scores. In a clinical scenario, an observer is likely to
take one score, and not have the means or time to mathematically manipulate the values to arrive at a
reliable score. Secondly, the Leung et al. [60] study suggests that variability across the observation
period is likely and that at least 2 min of observation is needed. It is unlikely to be practical for a
caregiver to spend 2 min per animal performing pain assessment across a study. In this case, some
other more general method of distress measurement is likely to be needed to ‘triage’ animals for
secondary grimace assessment. There has been no investigation of the effect of movement to the clear
cages, in isolation, as typically occurs in grimace studies as opposed to scoring occurring in the home
cage environment. Several factors may influence the grimace scoring between these two scenarios.
The novelty of the scoring box may trigger a state of alert influencing grimace scores in a similar vein
to that suggested for the presence of a human observer. This novelty may indeed contribute to the
variability seen between scores over time since habituation will eventually occur. Alternately, if scoring
in the home cage, the presence of cage furniture, a potential more relaxed state of the animal in its
familiar environment, or even the influence of circadian rhythms (see later) may all variously influence
the action units or ability to see them accurately. A further consideration with real-time scoring is
that there may be an inherent observer bias as the animal’s overall demeanor, or presence of other
pain behaviors such as twitching may be noted leading the observer to err on the side of higher action
unit scores when unsure. This is not necessarily an issue per se in a clinical scenario since the goal
is to recognize sick animals for further evaluation and treatment. However, these other behaviors
may not be unique to pain but represent general sickness behavior that may not be able to be rectified
by analgesic administration, and hence inappropriate medication administration may occur. If such
biasing were occurring it would be expected that there may be differences in grimace scoring between
observers experienced with working with the species in question versus more naïve observers [47].

Notwithstanding, these findings some research groups do appear to have been able to use the
MGS or RGS in a point observation, real-time scenario to obtain predicted results. For example,

113



Animals 2020, 10, 1838

in chemotherapy-induced toxicity models in mice [62], and rats [63] single grimace scores allowed
distinguishing between groups and followed the progression of the disease course as expected,
after induction of chemotherapy-induced gut toxicity. Alternately, Hsi et al. [64] in 2020 were unable
to use point mouse grimace scores to distinguish between groups either supplemented or not with
dextrose following bariatric surgery. However, in this experimental design there was no sham group
so it is unknown whether the MGS can reliably determine pain in this model [64].

There is clearly a need for further validation of real-time observation methods with a particular
focus on one-off observations versus a series of observations, correlation with other established
measures of pain assessment, inter-observer variability and home cage versus novel area.

4.2. Impact of Biology and the Environment

4.2.1. Strain and Sex Differences

There is some evidence that features of biology, performance of routine procedures, or aspects
of the environment may influence grimace scores. This has implications for setting of intervention
scores (see later), and should be a consideration in driving further research or recommendations for
application to clinical practice.

Aspects of biology have perhaps been the most researched with regard to their impact on grimace
scores. The greatest implication of such changes likely relates to any differences between rodent strains
or stocks given the wide range typically used in research. In mice, strain differences in MGS scores in
animals not exposed to any painful interventions was demonstrated. Miller and Leach in 2015 [58]
found that C3H/He mice showed significantly higher scores than CD-1 and C57BL/6 animals, although
the order of effect for the latter two strains was different between males and females. In female BALB/c
mice the grimace score was even higher than C3H/He (males were not investigated in this study).
Cho et al. [65] in 2019 similarly demonstrated a difference in MGS scores post-craniotomy, with C57BL/6
mice with lower scores than CD-1 animals [65]. However, in pairwise comparisons of the CBA and
DBA/2 strains in two further studies, no differences were found [66,67]. It was suggested by some
authors that detection of facial features in dark animals may be more difficult [65,68]. Improving the
image quality and providing a contrasting background color when recording appear to mitigate
the effects [18], hence this may not be a feature of animal pigmentation per se. It should, however,
be noted that in the Miller and Leach [58] 2015 study, female C57BL/6 animals were not scored the
lowest; that place being taken by the white CD-1 animals. Brown C3H animals also occupied an
intermediate position. In a clinical scenario where real-time scoring is likely to take place the issue of
poor background contrast on videos is not of concern. However, some investigation of the effects of
color on live grimace scoring is warranted since it may be equally as difficult for a human observer to
distinguish features such as whiskers against a similar coat color background, especially when trying
to observe at a distance so as not to influence the animal’s behavior.

Differences between sexes have also been uncovered in research to date on the MGS, but results
are complex and suggest there may be strain interactions. For example, Miller and Leach [58] observed
no differences in MGS scores between male and female C57BL/6 mice [58]. However in the same
study, both CD-1 and C3H/He males had greater scores than their female counterparts [58]. Similarly,
male BALB/c mice had higher grimace scores than females [69]. Alternately, Cho et al. [65] found no
sex differences in CD-1 mice, although differences in response to analgesic were noted with females
appearing to respond to carprofen with a reduction in grimace score more readily than males [65].
In rats, limited studies were carried out into sex differences but no differences were found in the original
validation study [21], or in a later study [70]. Unfortunately, it appears that most grimace studies in
rats and mice appear to have been conducted in one sex, with a large proportion using male animals,
see e.g., [52,71–73]. This bias in study design toward males, coupled with the enhanced understanding
of the existence of different pathways and immune-cell types for pain processing between male and
female rodents [74], renders extrapolation of findings to female rodents problematic.
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4.2.2. Impact of Routine Procedures

It is clear that procedures occurring fairly often as part of vivarium routines may influence
responses and should be taken into consideration when considering practical implementation of the
grimace scales. For example, several studies evaluated the impact of anesthetics on rodent grimace
scales. In general, both inhalational and injectable anesthetics lead to a short-term increase in grimace
scores in both rats [73] and mice [66,75,76], although strain differences in the presence of this response
were reported [66,75,76]. While this response is generally short-lived, repeated exposures lead to
enhanced duration of the increase [68,73]. This is a particular consideration since grimace assessment
would typically occur post-operatively to allow rescue analgesia administration and there is suggestion
that the score increase may persist for up to a few hours post anesthesia [75,76].

There is a growing body of evidence that non-aversive handling of mice leads to reduced anxiety
and improved resilience in the face of accompanying pain [77–79]. Cupping or tunnel handling are
proposed as alternatives to the traditional method of picking up by the tail [78]. Perhaps somewhat
surprisingly given the reported specificity of the MGS for pain there is some evidence that method
of routine handling influences MGS with increased scores in mice handled by the tail compared to
those that were tunnel handled [69]. This contradicts the findings of a previous study where no
differences between the two methods were reported [67]. This is an area that should be a priority for
further investigation for several reasons. Firstly, since non-aversive methods have not been widely
incorporated into laboratory animal practice, especially among researchers [80], it is quite likely that
mice even within one study will be subject to different handling techniques. Any effect of handling
method on grimace score could therefore confound interpretation of grimace scores used to determine
research protocol effects on pain. Secondly, while there appears to have been no dedicated study on
whether tail handling induces pain, there is suggestion that it is non-painful, yet aversive [78]. If the
method is actually non-painful this calls into question the specificity of the MGS for pain, and therefore
whether it has construct validity.

Ear tagging or ear notching are routine handling procedures used to permanently identify
laboratory animals [81]. These procedures are known to cause acute pain as reflected by alterations in
physiological indices such as heart rate and blood pressure [82]. However, the results obtained by Miller
and Leach [81] in mice did not reveal any change to MGS scores as a result of ear notching [81]. In a later
mouse study, with a factorial study design evaluating handling method with ear tagging or tattooing,
MGS increased following ear tagging but tattooing or restraint had no impact on scores [69]. Alternately,
Keating et al. [22] in 2012 showed that ear tattooing in rabbits led to increases in rabbit grimace scale
scores that were ameliorated by the application of a local topical anaesthetic (lidocaine/prilocaine) [22].
Corticosterone measures in this study suggest that the pain response was short-lived and had resolved
by 1-h post-procedure. Given that only three studies, performed in different species, evaluated these
common procedures, it would be unwise to draw firm conclusions. However, the lack of grimace score
increase in the Miller and Leach [81] study does imply that the scale may not be sensitive to pain of a
mild and short-lived nature either intrinsically, or as a result of practical features whereby the pain
is missed due to the scoring process required. Conversely, this finding provides some evidence that
routine procedures may have minimal effect on grimace scales, thus reducing potential confounding
when using the scales for humane endpoint implementation. When reconciling the difference in
findings between this [81], and the later study, Roughan and Sevenoaks [69] in 2019 speculated that ear
tagging may be perceived as more painful than notching due to the prolonged irritation by the tag [69].

4.2.3. Environmental Impacts

If the grimace scales are to be used as a practical tool they need to be repeatable across time and
conditions, and not subject to extraneous influences. This requirement also relates to their face validity
as reliable indicators of pain. In common with the other factors that may influence the scales, there has
been limited research in this sphere.
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Miller and Leach in 2015 [58] performed a comprehensive evaluation of some of the factors
that might be predicted to influence grimace responses. One factor that may have an impact is the
circadian cycle and whether differences in score occur across the day. For both live scoring and
retrospective scoring, there were largely no differences seen between scores dependent on whether
scoring took place in the morning, lunchtime or at the end of the day. There were some exceptions
to this with BALB/c mice showing a greater live MGS score at noon compared to am and C57BL/6
mice showing higher retrospective MGS scores in both afternoon time points in comparison to the
morning. It should be noted that in this, as in the majority of the studies examining grimace scores,
animals were scored during the light phase of the circadian cycle when they would be expected to
be inactive. There is some evidence that grimace scores may not be comparable between dark and
light conditions with the finding that MGS was higher in the dark than in bright light in CD1 mice
treated with a peptide believed to induce pain and migraine symptoms [83]. Analysis of the action
units showed that the transition to light caused a significant decrease in orbital tightening and nose
bulge [83]. Given that this finding was also observed in vehicle controls it appears unrelated to the
migraine symptoms, and may be an aspect of normal biology needing consideration. Alternately,
Matsumiya et al. 2012 found no difference in baseline MGS scores between morning and evening
but did find that in operated animals scores were higher in the dark cycle, implying that pain was
greater in the mice active phase [84]. However, in consideration of the use of the scales as a practical
tool the reality is that most scoring will occur during the working day, in the light cycle, and therefore
the findings of Miller and Leach in 2015 [58] provide confidence that time of scoring should not
influence the score. A further important outcome from Miller and Leach [58] was that there was no
effect of repeatedly being placed in the photography boxes on grimace score i.e., a habituation effect
over the three occasions used [58]. The later study by Jirkof et al. [85] in 2020 supports this finding.
This provides assurance that longitudinal monitoring post-procedure could occur throughout the
day without the need to account for time of day or habituation to the box. However, as discussed
earlier the need to remove animals to a separate box does impede the practical application of the test.
Further study should consider time of day effects in the non-stimulated home environment.

There is further evidence of an impact of the external environment on grimace scores.
Sorge et al. [59] compared grimace responses of mice and rats recorded after a painful insult, in the
presence of a male compared to a female. Significant decreases in grimace response were recorded
compared to the situation with no observer in the room. Females did not induce such a change.
The findings therefore suggest that olfactory cues from human males lead to a physiological stress
response, and associated stress-induced analgesia.

There is also some evidence of inter-laboratory variation in the outputs obtained from behavioral
testing, to include MGS scores. In a multicenter study, Jirkof et al. [85] in 2020 demonstrated some
quantitative differences in scores, although they were qualitatively comparable (direction of effect).
However, variability between research centers in the MGS, especially when presented as a median
score, was less pronounced than in burrowing behavior readouts [84]. This inter-lab variability was
recognized across the spectrum of preclinical research pursuits, arising as a result of environmental
variables leading to stress [86]. While this issue may be a concern when considering basic-to-clinical
translation and reproducibility, it is less likely to be of concern for clinical application of the grimace
scales. As a clinical tool, provided good inter and intra-observer, and thus intra-site agreement is
obtained, grimace scores may be relied on locally for welfare determination subject to some of the
other caveats discussed in this paper.

4.3. Validity

If grimace scales are to be implemented as a routine clinical assessment tool in biomedical research
facilities, there needs to be a clear understanding of whether they are specific to pain, and can reliably
measure pain in the models being used. This is important because it influences the animal caretaker’s
decision as regard to treatment options, for example, whether analgesics will be effective in mitigating
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clinical signs. It can be seen from the above discussion that there are a range of external factors that
affect grimace scores, speaking to their validity as a pain assessment tool; anesthetics are a prime
example. Setting aside the lack of study into their application in a real-time scenario, which influences
their generalizability, another key concern is whether they are valid for all pain types. Results of the
original Langford et al. [18] in 2010 study suggested that the technique was only applicable for acute
pain states [18], since changes were not recorded after the application of traditional models of chronic
pain, such as chronic constriction injury (CCI). However, there have now been a range of studies,
largely performed in mice, which suggest that the grimace scale may be applicable for pain that is
chronic or neuropathic in nature, or of a non-surgical origin (see [36] for detailed discussion).

The study findings of Akintola et al. [52] in 2017 contradict the previous results of Langford et al.
2010 with both RGS and MGS increasing after application of the CCI model in these species. Pain arising
from cancer has also been shown to cause an elevation of the MGS, for example in colo-rectal cancer [49]
and in a metastatic breast cancer model [49,50]. The MGS was successfully used in models expected to
produce pain of a neuropathic nature, for example in headache and migraine [55,87] and craniotomy [65].
There is also suggestion that pain of a visceral nature elevates scores based on studies evaluating
colonic nociception [88], pelvic pain [89], colitis [61], and alimentary mucositis [62,63]. Hereditary
sickle cell disease frequently leads to painful episodes in human patients. Cold treatment of transgenic
sickle mice led to increased grimace scores, which were alleviated using a known analgesic agent.
Furthermore, body changes of decreased length and increased back curvature were also correlated
with the change in grimace scores [56]. These findings lend support to the proposition that the grimace
scales have good construct validity for non-acute pain.

Despite these findings, results from other studies implies that further evaluation of the grimace
techniques are necessary to ascertain validity. For example, in contradiction to later work [62,63]
demonstrating elevations in scores in rats and mice with mucositis, Whittaker et al. [90] in 2015 found
no change in grimace scores in a rat model, albeit using retrospective rather than real-time scoring.
However, this study did find increases in frequency of established behavioral indicators of pain such
as back arching and twitching [90]. Alternately, Leung et al. [61] in a rat DSS- colitis model found
grimace score increases in the absence of an increase in composite behavioral score.

Other studies also raise questions of whether the grimace scales are truly unique to pain.
Caecal ligation and puncture models are commonly used to study sepsis [91]. While sepsis is undoubtedly
a painful condition based on human reports [92], there is also an overwhelming cytokine response causing
sickness behavior. Studies to date on this model [51,93] have not teased apart the possible contribution of
this sickness response to the facial expression changes. There is a study that lends support to this idea;
the work of Yamamoto et al. in 2016 [94], while not employing the published rat grimace scale, provides
evidence that nausea influences the eye action unit. Toxin administration, which might also be expected
to cause dual symptoms of pain and sickness, similarly elevated the MGS [95]. Furthermore, analgesic
administration was not always successful in reducing the scores implying an alternate cause of the facial
action unit response. Finally, head injury may alter the animal’s ability to influence the facial action units
via neural mechanisms and render grimace scores unreliable [44].

4.4. Automation of Techniques

One of the main current barriers to widespread clinical application of the grimace scales is the lack
of understanding as to their validity and reliability when used for live scoring. However, as illustrated,
there is now a wealth of literature on the validity and application of retrospective techniques using
video or photo footage. In a clinical scenario these methods have limited application due to the
time taken to extract the images, perform the scoring and potentially combine scores using statistical
methods. However, there was some investigation of a range of technologies which minimize the time
taken for various aspects of this process. At the simplest level use of freeware video to JPG converter
software can reduce the time associated with manual searching and capture of images from recorded
video footage by automating the capture process [48]. However, this still requires manual viewing
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of the selected images to obtain unobstructed head shots. Sotocinal et al. [21] in 2011 developed
Rodent Face Finder® which is able to detect rodent eyes and ears to generate stills of rodent faces.
This software was used in a range of studies measuring grimace scores in both rats and mice see
e.g., [44,52,84,96]. Recently, another research group generated an algorithm to generate repeatable,
non-observer biased, standardized and randomized pictures in one step. The authors suggest that
their system offers benefits in scoring animals with dark fur and allowing several animals to be filmed
and generate images simultaneously [97]. They further went on to show that the system was robust
across several facilities potentially minimizing issues around inter-laboratory variability as discussed
previously [98].

This process of semi-automation makes grimace scoring somewhat more applicable to a clinical
environment but the time taken to manually score images is still likely to be a barrier to implementation.
In recent years, there has been some progress on further automation of facial expression recognition
using machine learning techniques. Deep learning methods allow classification and predictions on the
data without previous feature design [99]. Tuttle et al. 2018 [99] first trained a neural network using
human scored mouse images. Their system was highly accurate (94% agreement with human scores)
for a binary (pain versus no pain) output, with scores correlating highly with human-assigned scores.
Other groups have similarly demonstrated the promise of deep learning methods for use with the
MGS when based on binary outputs [100,101]. Progress has also been made toward automating a facial
pain expression system in sheep using techniques used in human facial recognition [102,103].

These automation methods are in their infancy and no doubt there will be further development
of these techniques over the next few years. A key issue currently is that they lack sensitivity-
being only able to distinguish a painful from a non-painful state. This renders their current use for
welfare assessment and endpoint implementation limited. However, given the success and practical
implementation of machine learning methods in recognition of human facial expression, it is likely to
be only a matter of time before a similar level of sensitivity of scoring will be possible in animal–focused
methods [104].

5. Practical Considerations

The above discussion highlights some areas in need for future research particularly in regard to
practical usage of the grimace scales in laboratory animal medicine. A key issue is what to do with
the data when it is acquired, and what it means for the animal. In research use of the grimace scales,
statistically significant differences in grimace scores in comparison with controls are typically reported.
However, in a clinical scenario, a mass of data or control animals’ results may not be available to make
this comparison on the spot. Moreover, statistical significance may not always equate with clinical
significance. There needs to be ascertainment of the level of grimace score at which pain is actually
occurring, since the evidence suggests that grimace scores in healthy animals are rarely zero [58].
Some attempts were made to address this issue with the development of intervention thresholds.
Scores that are above this level signify that the animal is in pain, and consideration should be given to
providing rescue analgesia [105]. These thresholds would need to be derived based on the method of
combining individual action unit scores used, for example in the MGS summation of scores leads to a
maximum of 10, whereas averaging leads to a maximum of 2. Oliver et al. [105] in 2014 determined
for rats that 0.67/2 was a suitable intervention threshold. An intervention threshold has also been
suggested for sheep (above 5/10) [25], and cats (0.39/1) [27]. It was considered by the authors in
the sheep study that false positives for pain were unlikely above this cut-off score, although it was
acknowledged that due to low test sensitivity some animals scoring below five may have a painful
condition [25]. Since individuals experience pain differently, and there are associated sex differences
in both pain experience and response to analgesics, work is needed to tailor intervention thresholds
considering these factors. Additionally, consideration should be given to the fluctuating nature of
pain [106], rendering regular monitoring, scoring and comparison with previous scores critical [44].
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Monitoring staff need to consider tailoring of analgesic regimes due to animals potentially being in
more pain in their active phase (see e.g., [84]), which may fall outside of staffed hours.

Given, the lack of established intervention thresholds perhaps the best current advice would be to
use a holistic approach in pain assessment and consider grimace scores alongside other measures of
well-being such as standard clinical scoring, and where possible look for trends in score progression
within the same animal to guide decision-making. Animal carers also need to consider the potential
impacts of inter and intra-observer variability on scoring which may be significant when statistical
methods on group data are not used to smooth out variability. A prudent approach, where possible,
would be to use the same scorer in a clinical case. This concern also brings up the issue of training of
scorers which has received minimal research attention. Some studies implied that minimal training,
such as the provision of online instructions, is all that is necessary to achieve consistent results between
expert and novice scorers [69,107]. However, another study has shown that more in-depth training,
using practice scoring associated with structured opportunities for discussion, enhanced scoring
ability [108].

6. Conclusions and Future Directions

Despite 10 years of investigation, widespread uptake of grimace scoring in biomedical research
has not occurred. The grimace scales offer enormous potential for clinical use in biomedical research.
They are simple, require no equipment and were shown through research study to have good construct
validity for most conditions. However, the methodology used in research on grimace scales is unlikely
to lend to practical implementation due to its time intensive and retrospective nature. To date,
few studies have investigated the validity of grimace scales in scenarios requiring on the spot pain
assessment and clinical decision-making. Key areas for focus are on grimace score validity in animals
housed in home cages, the reliability of using a limited number of real-time observation points,
the impact of observers on scores, and the need for observer training. This is an area in urgent need for
future research to realize the potential value of grimace scales.

One area that has received attention is the automation of scales using machine learning and
algorithmic methods. This is a welcome development and will enhance the practical potential of
grimace scales. It is hoped that in future years, grimace scale scoring may just be one of several
outcome measures acquired routinely through facility-automated systems. This scenario is most likely
to address the practical issues inherent when dealing with large numbers of animals, going some way
toward addressing public concern around ethical decision-making in biomedical research.
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Simple Summary: The ability to identify and assess pain is paramount in animal research to address
the ‘refinement’ principle of the 3Rs (Reduction, Refinement, Replacement), satisfy public acceptability
of animal use in research and address ethical and legal obligations. Many physiological, behavioural
and physical pain assessments are commonly used, but all have their limitations. Grimace scales
are a promising adjunctive behavioural pain assessment technique in some mammalian species
used in research. This paper reviews the extant literature studying pain assessment techniques in
general, and grimace scales specifically, in animal research. The results indicate that the grimace
scale technique is simple and able to be used spontaneously at the ‘cage side’, is non-invasive in its
application, highly repeatable, reliable between interobserver and intraobserver applications and easy
to train and use. The use of grimace scales should be more frequently considered as an important
parameter of interest in research and animal wellbeing. Further research into the use of grimace scales
is required to develop scales for a wider range of animal species, increase applicability in studies
specifically related to pain assessment and for further validation of the technique.

Abstract: The 3Rs, Replacement, Reduction and Refinement, is a framework to ensure the ethical
and justified use of animals in research. The implementation of refinements is required to alleviate
and minimise the pain and suffering of animals in research. Public acceptability of animal use in
research is contingent on satisfying ethical and legal obligations to provide pain relief along with
humane endpoints. To fulfil this obligation, staff, researchers, veterinarians, and technicians must
rapidly, accurately, efficiently and consistently identify, assess and act on signs of pain. This ability is
paramount to uphold animal welfare, prevent undue suffering and mitigate possible negative impacts
on research. Identification of pain may be based on indicators such as physiological, behavioural,
or physical ones. Each has been used to develop different pain scoring systems with potential
benefits and limitations in identifying and assessing pain. Grimace scores are a promising adjunctive
behavioural technique in some mammalian species to identify and assess pain in research animals.
The use of this method can be beneficial to animal welfare and research outcomes by identifying
animals that may require alleviation of pain or humane intervention. This paper highlights the
benefits, caveats, and potential applications of grimace scales.

Keywords: grimace scores; pain; laboratory animals; pain assessment

1. Introduction

The 3Rs, Replacement, Reduction and Refinement, is a fundamental framework used internationally
to ensure the ethical and justified use of animals in research [1]. The implementation of refinements
is required to alleviate and minimise the pain and suffering of animals used in research. Public
acceptability of animal use in research is contingent on satisfying the ethical and legal obligations
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to provide appropriate pain relief along with humane endpoints for potentially painful procedures.
To fulfil this obligation, staff, researchers, veterinarians, and technicians must rapidly, accurately,
efficiently and consistently identify and assess signs of pain in their target species, and act accordingly.
The ability to identify and assess pain and suffering is paramount to animal welfare in research to
prevent undue suffering and any possible consequent negative impact on research outcomes.

Identification of pain may be based on several indicators such as physiological, behavioural,
or physical ones. Each of these has been used to develop different pain scoring systems, with potential
benefits and limitations in identifying and assessing pain. Grimace scores are a promising adjunctive
behavioural technique in some mammalian species to facilitate in identifying and assessing pain in
research animals. The use of this method can be beneficial to animal welfare and research outcomes by
identifying animals that may require alleviation of pain or humane intervention. A discussion of the
benefits of grimace scales, including their potential applications, is included in this paper.

1.1. Eligibility Criteria

The inclusion criteria were: publication in English; assessments of pain in research animals and
livestock; mammalian grimaces scales in animals; studies key to the development of grimace scales;
studies that used facial units as an indicator of pain assessments in animals.

1.2. Search Strategy

The search strategy aimed to only find articles published in English or translated into English.
There was no restriction on the date of publication. Articles were searched for between June–July
2020. Keywords used to search all databases and references sources were animal grimace score, animal
grimace scale, animal pain assessment, animal pain indicators, animal pain face, animal pain scales
and the NC3Rs website. All papers were retrieved and downloaded into Endnote with X8.0.1 with any
duplicates removed. What is pain and why does it matter?

The International Association for the Study of Pain defines pain as: ‘An unpleasant sensory
and emotional experience associated with, or resembling that associated with, actual or potential
tissue damage’ [2]. Pain can be further categorised as acute, visceral or chronic. Acute pain serves an
evolutionary and adaptive function to signal and avoid potential or actual damage to tissues. This type
of pain may result from an injury or surgical wound [3–5]. Visceral pain is due to the activation of
stretch or pressure receptors in visceral organs. Unalleviated or poorly treated acute pain can progress
to chronic pain. The latter is the result of neuroplastic changes occurring within the nervous system,
rendering the body more sensitive to pain and can even create sensations of pain without any external
stimuli [3–7]. It is important to be able to manage and assess all types of pain in research mammals and
avoid the inadvertent development of chronic pain. While the types of pain may manifest differently,
research staffmust be able to assess and alleviate pain to maintain optimal animal wellbeing (mental
and physical).

There are moral, legal and ethical obligations that require those working with animals to manage
pain [5,7–13]. The recognition, assessment and treatment of pain is an essential aspect in public support
and acceptability in the use of animals for research [7,12,13]. Using the precautionary principle, animal
ethics committees and research staffmust acknowledge the potential for pain [5,10,12,14]. They must
also consider the experimental and animal welfare consequences of pain and take steps to ensure pain is
adequately managed during procedures [3–5,15]. Regulatory frameworks often apply, as a precaution,
the anthropomorphic principle, by which any procedure causing, or expected to cause, pain in humans,
may produce pain in animals. The European Union, United Kingdom and Australian regulations
operate on this principle and require the alleviation of pain for research animals. Exceptions to the
alleviation of pain may be granted for studies that measure pain and/or distress. However, even in
these exceptional cases, there is always a maximum threshold level of pain before intervention is
required [5,10,12,14–17]. Although management of pain and associated humane interventions will
vary due to the nature of the experimental outcomes, researchers are required to intervene with
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predetermined criteria to alleviate pain or, if necessary, humanely euthanise animals. For practical
purposes, animal users can only fulfil this obligation for humane intervention if they are able to identify
pain rapidly, consistently and accurately in their target species.

Unalleviated pain results in alterations in animal behaviour, physiology, and physical states [18–20].
These changes can be identified in various ways through behavioural observation, biochemistry,
haematology, endocrinology and physical alterations in locomotion or posture [4,21]. In addition
to the suffering of the animal, these changes may impact experimental outcomes and become a
confounder by increasing experimental variability and producing negative affective states. Conversely,
positive emotional states of animals are linked to less experimental variability and more robust
experimental results [22,23]. The full spectrum of potential confounders to unmitigated pain is not
entirely understood; however, the literature supports that there are experimental and animal welfare
benefits in identifying and subsequently treating pain and alleviating negative effects on animals used
for research [3,17,19,21–24].

1.3. Pain Faces

Humans are known to display a series of facial expressions linked to the experience of pain [25,26].
Those so-called ‘pain faces’ are used in human medicine to detect, as well as assess, pain in non-verbal
humans (i.e., infants) [7,25,26]. These pain faces can be used to develop grimace scales and capitalise
on the human propensity to focus on the facial area [27,28]. The conservation of these pain faces is also
present in many non-human mammalian species [26,29–34] and are a naturally useful method in the
identification and assessment of pain. However, as with any technique, Grimace scales have benefits
and limitations. These are important to acknowledge and take into considerations before their use.

1.4. Pain Assessment Requirements

There are a series of important considerations when determining if a method is an appropriate
test in identifying and/or assessing pain. The testing method must reliably produce the same result
independent of the observer and the number of times an animal is observed. These are, respectively,
known as intraobserver and interobserver agreement. It should also be consistent between testing
timepoints and observers [7,35,36]. An ideal method should be easy to train and not require specialist
knowledge or equipment [7,33,36–38].

A suitable test must demonstrate validity by accurately determining or reflecting the presence or
absence of pain [7,35,36,39]. To determine the validity of a pain assessment technique, we should test
the animals before the painful stimulus, after the introduction of the painful stimulus and once pain
relief has been provided. The test should demonstrate an absence of pain before the painful stimulus,
an increase in pain at the introduction of the painful stimulus, and a subsequent reduction in observed
pain on the delivery of an appropriate analgesic [7,36]. Ideally, the test should be able to demonstrate a
dose–responsive curve to pain based on the administration of appropriate analgesia [40–44].

The specificity and sensitivity of a test are also crucial to ensure animals are correctly identified
when pain or welfare concerns arise. If the specificity is too low, there is a risk of pain being
incorrectly identified, potentially leading to unnecessary interventions such as pain relief or humane
euthanasia [3,7,15,36]. Alternatively, if the sensitivity is too low, experimental animals may reach their
threshold for intervention while being inaccurately identified as not painful, therefore remaining in
pain possibly even beyond their humane endpoint. An appropriate method would demonstrate both
high sensitivity and specificity to ensure correct assessment and correct management of arising pain or
welfare issues [3,7,15,36].

Cage or pen-side pain identification techniques should rely on spontaneous rather than retrospective
indicators of pain. It ensures humane intervention can be applied promptly with animals not left in distress
for any extended length of time [9,45,46]. The assessment of pain should preferably be a non-invasive
method, to avoid the risk of eliciting a pseudoanalgesic stress response, inhibiting the ability of the
observer to detect pain accurately [47–50]. Techniques such as assessing the quality of nest-building in
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mice [3,15,18,51–53] or degree of burrowing in rodents are non-invasive, observatory, proxy measures
to wellbeing and potentially pain [3,15,18,54,55].

1.5. Confounders to Pain Identification

Some caveats must be maintained when selecting a pain assessment technique. Many pain
assessment indicators may be ambiguous. The choice of a pain identification tool or methodology must
be specific to the species and validated for the procedures or experimental work being performed [56–60].
It well accepted that not all animals demonstrate the same signs of pain, even for a similar nociceptive
stimulus [36,61]. Many research animals are prey animals and as such, are prone to hide signs of pain
or demonstrate a freeze response, rendering pain assessments challenging [21,46,50,62–66]. The types
of procedures or experiment performed should not obscure the ability of the technique to detect
pain [39,56–58,67]. Pain identification should be consistent across the species regardless of sex, strain or
breed; however, differences in pain thresholds between sexes or strains may exist [67,68]. Additionally,
some natural behaviours (i.e., flehmen response, aggression) [3,4,32,69–72] or physiological indicators
(i.e., cortisol, heart rate) [3–5,7,15,17,21,66] may be equivocal and require differentiation. Whenever
possible, the choice of technique should accurately identify an animal in pain, independent of the
procedure or behaviour performed, species, affective or physiological state, sex, strain or breed.

1.6. Non-Grimace Scale Pain Assessment

The individual expression, magnitude and experience of pain can vary between animals [67,68].
There are known difficulties in measuring the magnitude of a particular animal’s pain or distress which
can make the absolute measurement or degree of pain challenging to assess [4,21,62,68,73–75].

Before the development and use of grimace scales, a variety of indicators have been used in an
attempt to identify and assess pain. These can be grouped into behavioural, physiological and physical
indicators (Table 1). Typically, behavioural indicators have the benefit of being non-invasive, observational,
requiring limited equipment and offering an opportunity to capture signs of pain in species or individuals
that may hide signs of pain (i.e., prey) [3,21,50–55,66]. Many behavioural assessment techniques take time
(>5 min), require extensive training, are more retrospective than spontaneous, and may be non-specific
proxy indicators to pain [4,18,76–78]. Physiological indicators (neuroendocrine or sympathetic nervous
system) are often non-specific markers related to stress or distress [3,5,21,79,80]. They do have the
benefit of being relatively quantifiable but often require specialised equipment, are retrospective,
usually require animal handling or restraint with the potential for a confounding pseudoanalgesic
effect [47–49] or are a non-specific stress response [3,4,8,81]. Physical indicators such as changes
in posture, locomotion and production yields, have been correlated with the presence of pain in
animals [3,8,15,17,21,64,66,82–85]. However, physical indicators are just as often non-specific indicators
of non-painful animal wellbeing or environmental factors [3,5,8,15,17,21,64,66,82,84].

Ideally, a pain assessment technique should ensure accurate pain identification and minimal
opportunity for the confounding of experimental outcomes due to experimental procedures, sex,
breed/strain, or species. At present, there is not a single non-invasive, low-cost behavioural, physical or
physiological pain assessment technique that is spontaneous, pain-specific, easy to train and quick to use
(Table 1) [5,15,16,21,38,46,53,78,86–89]. With the exception of some behavioural ethograms [63,78,90,91],
other methods are unable to give a reliable dose-dependent response to pain. While many pain
identification methods have their use and benefits, their use in the cage or pen-side management of
animal pain and/or in the timely and appropriate application of humane intervention is limited.

Thus, a myriad of techniques has been developed in an attempt to assess and capture the
various expressions of pain in animals. These tools usually revolve around three dimensions:
behavioural, physiological, and physical [5,73]. Table 1 categorises and reviews some commonly
used assessments [3,4,7,8,15,21,80] in terms of their dimension, ability to be timely (spontaneous),
non-invasiveness, spontaneous, easiness to train, and low-cost with minimal or no equipment requirements.
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1.7. Grimace Scales in Animals

Grimace scales are proving to be a useful methodology for the identification of pain in research
that meets most of the prerequisites for identifying and assessing pain in research animals. A range
of research species-specific grimace scores has been developed (Table 2) and used in a wide range
of experimental studies and research settings (Table 3). The initial methodology in the mapping of
pain and the development of a facial action coding system (FACS) was developed in humans [97,98].
A FACS is an anatomical classification system used to map facial movements and facial muscles areas
involved in facial contraction and relaxation. Photographs and videos scored by blinded observers
serve as the base of facial mapping for FACS. FACSs offers the ability to code and identify expressions
of pain via the individual components of facial expressions known as facial action units (FAUs) [99].
FAUs consistent with the expression of pain can then be used to develop a pain face or ‘grimace’ [99].
Regions of the face that have been found to change during the expression of pain include the eye,
nose, cheek, mouth, ear and whiskers [8,81,100]. The position or carriage of the head is also found
to change in some species as well [33,64,68,85,101,102]. The FAUs related to the expression of a
grimace face in mammalian animals used in research are included in Table 4. From this known
‘grimace face’, the severity of the pain experienced can be objectively scored from images and/or film of
animals in a known naturally (i.e., lameness, mastitis) [37,82,85] or experimentally induced (i.e., plantar
incision [41,44,103] state of pain.

Table 2 summarises many of the available studies that demonstrate a successful use of grimace
scales in research animals. The table outlines which species-specific grimace scales have been validated,
shown to be pain-specific, demonstrated a dose-dependent relationship, used in real-time and were
easy to use. The different pain states to which they are applicable is also listed. In all but one species
(guinea pigs) [63,78,90], observers were found to correctly, reliably and objectively identify pain in
animals when using facial expressions or facial action units.
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Table 3. Grimaces Scales Facial Action Units by Species.

Facial Action Unit or Indicator Species

Orbital Tightening and/or Change in Orbital Area

Cattle [68,85]
Equine [33,102]
Feline [101]
Ferret [106]
Lamb [107]
Pig [114]
Piglet [116]
Mouse [100]
Rabbit [45]
Rat [41]
Sheep [70,82]

Cheek Tightening or Flattening

Cattle [68,85]
Equine [33]
Lamb [107]
Pig [114]
Piglet [116]
Sheep [70,82]
Rabbit [45]
Rat [41]

Cheek Bulge
Ferret [106]
Mouse [100]

Nose Bulge

Ferret [106]
Mouse [100]
Pig [114]
Piglet [116]
Rabbit [45]

Nose Flattening
Equine [33]
Lamb [107]
Rat [41]

Lowered Head Carriage

Equine [33,102]
Cattle [68,85]
Feline [101]
Sheep [70]

Lip curling
Equine [92]
Sheep [70]

Abnormal Nostril or Philtrum shape

Cattle [68,85]
Equine [33,102]
Lamb [107]
Rabbit [45]
Sheep [70]

Eye Rolling Cattle [68]

Ear Position

Cattle [68]
Equine [33,102]
Feline [101]
Ferret [106]
Lamb [107]
Mouse [100]
Pig [114]
Piglet [116]
Rabbits [45]
Sheep [70,82]

Whisker Position

Feline [101]
Ferret [106]
Mouse [100]
Rabbit [45]
Rat [41]

Abnormal Lip or mouth shape

Equine [33,102]
Feline [101]
Lamb [107]
Sheep [70]

Open Mouth +/− Tongue Extruded Cattle [68]
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Table 4. Grimace Scales by Experimental Study or Pain Type.

Pain or Study Type Species

Visceral

Cattle [85]
Equine [92]
Mouse [100]
Rat [44,55,121,123]

Chronic
Mouse [108]
Rat [55,120,128,129]

Acute

Equine [33,35,37,102,105]
Cattle Gleerup [68,85]
Ferret [106]
Lamb [107]
Mouse [35,40,76,77,100,109–111]
Pig [114]
Piglet [91,115–117]
Rabbit [28,45]
Rat [41,43,44,55,60,95,103,118,120,122–132]
Sheep [70,82]

Neuropathic
Mouse [108]
Rats [95,126]

Soft Tissues Surgery

Equine [33,35]
Ferret [106]
Lamb [107]
Mouse [40,76,77,111]
Pig [114]
Piglet [115–117]
Rabbit [28]
Rat [41,44,60,125,127,130,132]

Orthopaedic Surgery
Mouse [109,110]
Sheep [70]

Surgical, Mechanical, Branding,
or Hypersensitivity Injury

Equine [102]
Cattle [68]
Mouse [100,112]
Rabbit [45]
Rat [41,103]

Dental
Equine [104,105]
Mouse [112]
Rat [43,124,128,129,131]

Stifle injury
Mouse [100]
Rat [120]

Intraplantar CFA Rat [41,103,118]

Intracerebral Haemorrhage Rat [42]

Head and Ocular Pain
Mouse [109]
Equine [105]

Footrot Sheep [82]

Mastitis
Cattle [85]
Sheep [82]

Lameness
Cattle [85]
Sheep [44,82,118,130,132]

Sickle Anaemia Mouse [83]

Cold hypersensitivity Mouse [83]

Myocardial Infarction Mouse [110]

Laminitis Equine [37]

Cystitis Mouse [100]

Sepsis Rat [121]

Control animals (negative or positive) were also included throughout this process and a simple
species-specific grimace scale was developed [25,33,41,107]. The scoring system most commonly
used in grimace scales is a three-point scale to determine if a specific FAU is not (score = 0),
moderately (score = 1), or obviously present (score = 2) [41,45,100]. The scale must then demonstrate a
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dose-dependent change in pain scores on the delivery of analgesia [7]. Further research is typically
performed to ensure the applicability of the grimace scale across multiple pain scenarios or environments,
sex, strain/breed, age, as well as type and length of painful stimuli [7]. The scoring system can be used
three ways. Firstly, it can determine either the absence or presence of pain. Secondly, it can offer some
distinction between the intensity of pain via the summation of total scores. A change by two or more
points is considered to be a legitimate alteration in pain intensity [133]. Thirdly, a threshold score can
be set to offer guidance to research staff as to when to intervene to provide pain alleviation or humane
euthanasia of research animals. The process of developing a grimace scale is time intensive but once
developed and validated is relatively easy to train research staff to use [7,38,70,85,101].

2. Advantages and Uses

Grimace scales have been applied across numerous research models, species and environmental
contexts [41,128] (Table 4). They are a technique that can also be used to detect pain in existing pain
research models as well as analgesic drug studies [40–42,45,60,77,109,110,128–130]. Grimace scales
offer the ability to detect and assess the severity of pain, determine the potential benefit of any analgesic
intervention and assist in identifying humane interventions. The technique is of practical value as it can be
used at the cage or pen-side level as a spontaneous indicator of pain [39,41,55,75,92]. As a methodology,
it has the added benefit of being easy to teach to a range of observers including research staff, clinical
veterinarians, animal scientists and undergraduate and graduate students [38,41,55,75,129]. Overall,
the grimace scale methodology appears to be acceptably conserved and validated across a number
of mammalian species and range of experiments. It is likely this technique has the capacity to be
applied across an even greater range of mammalian species and experimental settings (Tables 3 and 4).
However, a careful systematic assessment will always be required to ensure applicability, accuracy
and validity.

Grimace scale facial expressions are proving to be a useful [81] complement to existing tools in
the assessment of animal wellbeing. The scores generated from the grimace scale should be used in
conjunction with the context in which the animal is scored, its history, the procedure performed and
the general parameters for wellbeing and signalment (sex, strain, species). When used appropriately,
it is an excellent method to identify pain and as an adjunct to maintaining animal wellbeing in
research studies [3,64,70,82,85,87]. Using this technique has the potential to improve pain detection in
research animals and enable observers (i.e., research staff) a better opportunity to provide analgesia,
humane euthanasia or identify animals requiring reassessment. The use of these grimace scales
can be a vital tool to enable mitigation of the experience of pain in animals and refine animal
welfare outcomes [41,60,66,75,76,82,100,114,128]. Unlike other types of pain assessment, grimace
scales are spontaneous and usable in real-time [7,45,55,76,87,91,92,101]. They can also be matched and
corroborated against other known indicators of pain or painful diseases including, but not limited to,
lameness [37,64,82,85], cortisol [70], behavioural ethograms [81,85,91,92], acute laminitis [37], mastitis
and foot rot [82]. A future area for development and benefit is the use of software automation in the
development and scoring of facial expressions. The use of scoring software along with the installation
of video cameras into enclosures may be able to enhance and hasten the development of grimaces,
offer highly accurate grimace scores for animals in pain but also allow the remote monitoring and
scoring of affected animals [41,59,134,135].

Another benefit of the system is simplicity, as it enables staff to distinguish a painful face from a
non-painful one. Using a three-point scale is thought to be very useful in the reduction in subjectivity
and offers observers greater clarity, confidence and support as to when to administer pain relief or
humane intervention [7,75,81]. Reduction in grimace scores has been shown to occur on the application
of pain relief [33,35,41,45,82,85,100,102] in a dose-dependent manner [40,41,128]. Therefore, grimace
scales have the potential to assess both the presence and severity of pain. The use of grimace scales
can alert research staff to animal discomfort, which may require additional monitoring, assessment
or analgesia.
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Grimace scales are a non-invasive method in the detection of pain [7,81,100]. Many of the animals
utilised in research are known ‘prey’ species with a high degree of stoicism and evolutionary adaptation
to minimise expressions of pain or poor welfare states [50,63–65,74]. Consequently, an ideal pain
identification and assessment should be non-invasive and should reduce the possibility for these prey
animals to minimise their expression of pain or for the potential of stress-induced analgesia [47–50].

Both experienced and inexperienced observers can identify pain with a significant intraobserver
and interobserver agreement [41,57,60,66,76,82,100,114]. A potential benefit of using grimace scales to
identify and assess pain in animals is that extensive animal experience is not required. Observers varied
in their background experience to research and animal work and their training in pain assessment
techniques. The observers ranged from students (undergraduate and postgraduate), veterinarians,
animal care professionals, and early to late-career researchers [33,38,70,75,101,106,114,116]. Another
favourable outcome when using grimace scales is that a natural empathy or innate understanding of
animal behaviour is not necessary nor is a belief in the ability of an animal to experience pain. Through
the use of a grimace scale, pain identification and assessment can be more objective (for or against the
presence of pain). It also requires research staff to formally record a score and monitor animals for
signs of pain, which can offer a more precise framework to determine when humane intervention or
pain relief is needed [36].

The apparent usefulness of grimace scales could be related to several factors. One of which is that
it capitalises on the innate human tendency to focus on the facial area when observing an animal [28].
Interestingly, many FAUs (orbital tightening, ear position and cheek area) appear to be conserved across
mammalian species [33,41,45,82,100] (Table 3) and may be tapping into an evolutionary conservation
repertoire of known FAUs. It may help explain how even the single identification of a few potentially
evolutionarily conserved FAUs can still be useful in detecting pain [35]. It is supported via statistical
modelling which has identified the FAUs most strongly correlated with a pain face, thereby offering the
potential to isolate which FAUs are critical for use in a grimace scale (i.e., statistically significant) and
which ones may detract from the scale (i.e., equines have four and mice have two critical FAUs) [35].
It may explain why grimace scales are one of the few techniques proven to be robust across several
different mammalian species when compared to other pain assessment techniques [34]. However, by
using only the minimum number required of FAUs to score pain, the ability to determine appropriate
intervention thresholds and assess pain intensity may be reduced.

The use of FACS and subsequent combinations of FAUs appears to be an excellent method
to identify changes in facial features, which are consistent with the experience of pain in
animals [33,40,41,76,82,85,92,101,104,106,114,130]. The grimace scale method seems to meet many of the
requirements for an ideal pain identification technique. It is known to be a reliable and validated method
of assessing pain in many of the commonly used research animals [33,35,40,41,45,70,82,85,100,106,114].

3. Limitations

Similar to any tool, grimace scales have their caveats and limitations. The creation of pain
and grimace scales takes considerable time to develop [3,41,61,62,99]. FAUs can be species-specific
with each FAU requiring validation and ideally, statistical modelling and weighting, to determine its
significance in the system [8]. This means the number of FAUs can vary amongst species with mice
having five FAUs [100], rats four [41], sheep three to five [70,82], lambs five [107], equines six [37],
ferrets three [106], cattle three to four [68,85], rabbits five [45] and pigs and piglets three [91,114].
While some FAUs movements appear to be tightly conserved (i.e., orbital tightening), others vary
amongst species. These variations can be contradictory between species and may be due to age of
the animal [107,115] and/or musculature of the face. The nose and philtrum areas tend to be areas
with greater variation amongst mammals [37,82]. For example, rats and rabbits [41,45] will flatten
their nose when in pain while mice and ferrets bulge their noses [100,106]. Therefore, each species
requires the development of its own precise facial or grimace scoring system. Currently there are
several commonly used mammalian research species that either do not have developed grimace scales
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or are yet to be fully developed. These include hamsters, dogs, guinea pigs, and non-human primates.
Further work is needed to develop and determine the validity of grimace scales in these species.

Pain expression and threshold levels can also vary slightly amongst breed or strain [67,68].
Baseline grimace scores need to be taken for every cohort daily for approximately three days before
the initiation of an experiment or potentially painful stimuli to minimise these variations [75]. False
positives are known to occur in a small range of scenarios such as sedation/anaesthesia, sleeping
status [41,56,75,100], or during bouts of aggression [32]. Therefore, grimace scales should not be used
during those times. Additionally, it is important to note that facial variations may occur between
individuals. As a result, absolute scores may be less important than a change in the score by two points
or more (i.e., trends) [133], and a more ‘trends-based’ approach could be more useful. There are also
times when the grimace scales can result in a false positive with animals not demonstrating a pain
face during a known painful procedure. For example, ear clipping in mice did not demonstrate any
changes in grimace scores [57] and neither did experimentally induced gastrointestinal mucositis in
rats [58]. There is discussion around the differences found in the length of time of post-painful stimuli
that an animal may display a pain face and hence a grimace score. Early peer-reviewed publications
questioned the ability of grimace scales to be useful for more than 24 h after a painful event [59,100].
More current studies have demonstrated that pain can be identified in animals via grimace scales for
more than 24 h and more than 14 days after a painful stimulus [55,82,108,120,128,129]. From the recent
literature and available publications, it is clear this technique has applications beyond its initial use.

The history of the animal, the species, breed/strain, environmental context, procedures performed,
and general parameters of wellbeing must be considered when using grimace scores [7,64,75,81]. There
is still research to be conducted to explore the use of grimace scales. Currently, not every grimace
scale has been fully validated (ferret, piglet, lamb) and additional species may yet benefit from their
development (goats or other small mammals). Preliminary work does suggest that guinea pigs do not
appear to be good candidates for facial pain scales. These studies used behaviourial ethograms which
included elements of commonly and strongly conserved facial expressions (i.e., orbital tightening) and
did not find any significant correlation of these expressions as indicators of pain [63,78,90]. It may be
that grimace scales are not appropriate for these species or the FAUs associated with pain are different
to other mammalian species. Many scales have only been used in specific settings or studies and
need further work to determine if they are affected by common agricultural or animal procedures
such as restraint in lambs [107] or piglets [115]. There is still variability in the available literature as to
the length of time a grimace score can be detected in some species and studies [58,128] as well as its
applicability of use [56] which should be further explored. While grimace scales have been developed
and validated for several mammalian species, it is known there are species-specific variations in the
expression of pain faces (guinea pigs) which may determine the development of a grimace to be
unsuitable or require a different approach.

4. Application and Summary

In an ideal situation, a single pain identification technique would be sufficient across all species
and scenarios; however, this currently does not exist and may never exist, given pain is an individual
multifactorial experience [61]. Nonetheless, the growing body of literature is demonstrating that,
overall, pain faces in mammalian species are often expressed and can be identified during most
procedures, pain types, and contexts. Most of the variation found when using grimace scores to identify
and assess pain is in the strength of association, the magnitude of certainty and the consistency of
grimace score expression. Even with these variations, the use of grimace scales appears to be good at
detecting pain in mammals [41,45,64,70,85,87,91,100–102,106,114]. However, if studies could be more
standardised in their approach and the use of grimace scales, this may be beneficial in reducing minor
confounding elements (i.e., handling, conspecifics) or in identifying areas of improvement. Future
studies and the day to day practical and experimental application of this technique would benefit from
having a formally validated and consistent training program, complete with video and photographic
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materials. A standard training program would be useful for grimace score users and has been useful
for other pain scoring systems [38,46,86]. Part of the development, training and implementation of
grimaces could be enhanced by the use of various technologies such as automated or semiautomated
software for scale development and scoring via video surveillance [41,59,134,135]. These nascent
technologies are often unfeasible due to cost, infrastructure constraints and a lack of development but
in the future their use may play a greater role in grimace scoring systems.

The identification and mitigation of pain fulfil an essential and required aspect of refinement when
working with animals in research. As of yet, no single indicator or technique is considered sufficient in
the identification and assessment of pain. Several peer-reviewed publications have advocated multiple
measures of animal welfare, and pain should be employed to mitigate the potential negative effects
of pain on animal welfare and research outcomes [3,4,9,15,21,61,64]. Using a combination of relevant
retrospective and spontaneous techniques applied on a case by case basis can maximise the opportunity
to detect and assess pain in research animals. It minimises the chance for pain to be undetected and
maximises the opportunity to preserve animal welfare and research outcomes. While there are known
limitations, grimace scales to at least identify potential indicators of pain are useful tools [60]. The use
of grimace scales with other parameters of pain and/or animals wellbeing is likely to increase the ability
of research staff to identify and assess pain in mammals and offer appropriate humane interventions.
At this time grimace scales are a potentially promising and important pain identification tool; however,
further work should be performed in a consistent manner to validate existing work as well as explore
new applications to other species, conditions and experimental studies.

To achieve good animal welfare and research outcomes and meet legal and ethical obligations,
it is paramount to utilise a consistent and accurate pain identification method. The use of a grimace
score can assist in fulfilling these obligations by identifying pain and allowing a timely intervention
via analgesia or humane endpoints. Grimace scales are thus proving to be a valuable tool with a
myriad of applications. Their use can offer improvements in animal welfare and more robust animal
research outcomes [9,64]. While grimace scales are not without limitations, there is a growing body
of literature and evidence to suggest they can be a significantly useful adjuncts in the detection and
assessment of pain in a variety of species and research studies [7,35,41,66,76,100]. When used correctly
by trained individuals along with an animal’s history and basic wellbeing criteria, grimace scales can
be a practical, accurate and easy method to identify pain in research animals to provide refinements in
experimental animal welfare and outcomes [38,61,75]. Future applications of their use could focus on
different types of experimental studies, new species, neonates, standardisation in training protocols,
and correlation of multiple observations over time.

5. Conclusions

While there are some identified limitations, grimace scales appear to be a valid tool for pain
assessment in many mammalian animals, and have many benefits compared to non-grimace pain
assessment techniques. Due to the simplicity of spontaneous use, non-invasive application, repeatability
of results, interobserver and intraobserver reliability and ease of training, the use of grimace scales
should be more frequently considered as an important parameter of interest in research and animal
wellbeing. In addition, this technique has the capacity to satisfy the requirement for refinement in
accordance with the 3Rs. Additional research into the use of grimace scales is required for other species,
pain-related or other specific studies, and further validation.
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Simple Summary: Fentanyl patches offer “stress free” postoperative pain management in rabbits.
It has been shown that fentanyl uptake is dependent on exogenous and endogenous factors of the
area where the patch is applied. The purpose of the study was to investigate three different locations
(neck, inner and outer surface of the ear) to obtain reliable fentanyl plasma concentrations above those
previously shown to be analgesic. The fentanyl plasma concentration was measured at several time
points after patch application. In addition, the practicability of the proposed methods was evaluated.
The group with application on the neck had the fastest uptake and equal to or over the analgesic
plasma concentration for up to 72 h. The outer surface of the ear had slightly slower uptake and
shorter analgesic duration whereas fentanyl uptake at the inner surface of the ear was insufficient to
provide plasma analgesic concentration. The preparation of the neck proved to be the most laborious
because of the thin and dense fur and the removal of the patch resulted in erythema. In conclusion,
depending on how long potent analgesia is required, either the neck or the outer surface of the ear are
suitable for patch application enabling “stress free” and reliable postoperative analgesia in rabbits.

Abstract: Transdermal patches allow a noninvasive and “stress free” analgesia in rabbits. As fentanyl
uptake is dependent on exogenous and endogenous factors of the area where the patch is applied,
this study investigated three different locations (neck, inner and outer surfaces of the ear) for fentanyl
patch application to provide adequate and reliable fentanyl plasma concentrations above those
previously shown to be analgesic. Fentanyl plasma concentration was measured at different time
points (3, 6, 9, 12, 18, 24, 36, 48, 72, 96, 120 h) and rabbits were assessed for their general conditions
and treatment-related side effects. Practicability of the proposed methods was evaluated. Following
patch application on the neck, fentanyl plasma concentrations equal to or above the analgesic value
were measured in all rabbits between 6 and 72 h. Comparable concentrations were reached between
9 and 48 h in all animals for the outer ear surface. However, for the inner ear surface, analgesic
concentrations were not reached, even if practicability was considered the best for this location.
Preparation of the neck skin was judged as the most cumbersome due to the clipping of the dense fur
and patch removal resulted in erythema. In summary, the application of the fentanyl patch on the
neck and outer ear surface allowed the reach of reliable plasma concentrations above the analgesic
threshold in rabbits. When applied on the neck, fentanyl patches provided the longest duration of
analgesic plasma concentrations, whereas patch application and removal were easier on the outer
ear surface.

Keywords: transdermal fentanyl patch; rabbit; postoperative analgesia; refinement
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1. Introduction

Rabbits are commonly used as animal models in biomedical research, e.g., orthopedic studies
concerning bone healing, cartilage repair and infection studies [1–3]. In these experimental studies, the
animals often undergo invasive surgeries which require systemic analgesia for several days. Looking
into the literature, the administration of systemic analgesia in invasive experimental studies involving
rabbits increased significantly from 16% (1995–997) to 50% (2005–2007) [4,5]. Additionally, despite
improvement in the last 20 years it is reported that pain management is still inadequate for pet
rabbits [6]. Nevertheless, optimization of postoperative analgesia protocols is still highly needed as
studies investigating effective analgesia for surgical interventions have been rarely reported for this
species [7]. Among opioids, the most commonly used drug was buprenorphine as the first-line therapy
over this period [4].

Buprenorphine, a partial μ-receptor agonist opioid, is commonly used for perioperative pain
control in laboratory animal species [4]. Despite the long duration of action, multiple injections are
required daily to guarantee a continuous analgesic coverage [8]. As rabbits are highly susceptible to
stress and anxiety [9,10], repeated handling and medical interventions should be kept to a minimum
to improve animal welfare. As an alternative, titrating analgesic drugs to effect would carry the risk
of letting pain go undertreated, as pain recognition in a prey species like the rabbit represents a true
challenge [10,11], even though the rabbit grimace scale is a promising tool to assess postoperative
pain [12].

An opportunity to ensure a noninvasive and “stress free” analgesia is through the use of
transdermal patches which provide a continuous release of medications into the bloodstream over a
considerable period. Fentanyl, a potent m-agonist synthetic opioid characterized by a short half time,
would not be adequate for postoperative analgesia in rabbits as an injectable formulation, but becomes
interesting as a transdermal patch. Fentanyl patches were developed by the Alza Corporation and
came on the market in 1991. These patches provide a sustained and constant drug release into
the systemic circulation for at least 72 h, and are commonly prescribed in human medicine to treat
chronic cancer pain [13]. In 1995, the first animal study investigating these opioid releasing patches
in dogs was published [14]. Later, their off-label use in the veterinary medicine, especially in the
experimental fields for postoperative pain therapy, became popular due to their properties as a
noninvasive long-term delivery form. In a study from Foley et al., the use of fentanyl patches placed
on the neck of rabbits was investigated for the first time and considered to be efficacious [15]. In other
species such as dogs, cats, sheep, horses and minipigs, the application of the analgesic patches has
further been investigated [14,16–23]. It was shown that exogenous and endogenous factors such as
the amount of subcutaneous fat, skin integrity, structure and arrangement of hair follicles, possible
dermal depots, body core temperature, skin thickness, first-pass cutaneous biotransformation as
well as the environmental temperature caused strong intra- and inter-individual differences in the
uptake of fentanyl into the bloodstream. Therefore, the prediction of fentanyl plasma concentrations
is difficult [5,8,14,18,24]. Based on this described variability of drug absorption depending on the
application locations, it was hypothesized that there is a variation in the uptake of fentanyl into the
blood when different application locations are used [24]. The goal of this study was to investigate
different locations for fentanyl patch application (neck, inner and outer surfaces of the ear) in rabbits.
We assumed that the application on the inner or outer surface of the ear would provide a more
reliable absorption of fentanyl with less variability due to a more homogenous anatomy and easier
site preparation.
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2. Materials and Methods

2.1. Study Design

In this experimental, prospective study, the New Zealand White rabbits (NZW) were randomly
and equally assigned to three groups, differing in the location of patch application: outer surface of the
ear (group 1, n = 6), inner surface of the ear (group 2, n = 6) and neck between the scapulas (group 3,
n = 6). In all groups, fentanyl patches were covered with a tape (Leukoplast, BSN Medical GmbH,
Hamburg, Germany) to ensure a continuous contact throughout the study period.

Venous blood samples withdrawn at different time points (Figure 1) were centrifuged and frozen
at −80 ◦C until analysis of fentanyl plasma concentration. Additionally, treatment-related side effects
were recorded, and practicability of the proposed methods was evaluated to determine the most
adequate location for patch application in rabbits. No surgical procedures were performed as only the
drug’s absorption curve was investigated in this trial.

Figure 1. Study design. Fentanyl plasma concentrations higher than 0.5 ng/mL were considered to be
analgesic based on previous reports [13,19]. Outcome parameters were time spent above threshold
concentration, variability of fentanyl plasma concentrations and practicability of patch application.

2.2. Animals

Eighteen specific pathogen free (according to FELASA guidelines), female New Zealand White
rabbits, weighing 3.05 to 3.80 kg with an age of 23 to 24 weeks at the start of the study were purchased
from Charles River Laboratories (Sulzfeld, Germany). The study was performed in an AAALAC
(Association for Assessment and Accreditation of Laboratory Animal Care) approved institution
according to the Swiss animal welfare regulations and approved by the ethical committee of the canton
Graubünden, Switzerland (No. 2016_40).

Upon delivery, the animals were given at least two weeks to acclimatize to the housing conditions
(17 +/− 2 ◦C, > 30% humidity, 10 to 20 air changes per hour 12:12 h light-dark cycle). Animals were
group housed with a maximum of 15 animals per group, on straw and fed with hay, supplemental
food (3140, Kaninchen & Meerschweinchen, Haltung, Standard, Kliba NAFAG, Switzerland) as well as
some fresh carrots daily. Animals had free access to water. For the 5–day study duration, rabbits were
single housed in stainless steel cages with ground floor area of 5600 cm2. The cages are 62 cm high and
there is an increase area with an area of 1971 cm2, underneath which the rabbits can hide. The cages
were littered down with straw. Feeding was done the same manner as before, providing a piece of
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wood for gnawing and offering the hay in a fodder rack as additional environmental enrichment.
Before inclusion into the study, the rabbits underwent a general clinical examination by a veterinarian.
During the experimental period, the animals’ welfare was regularly evaluated at least twice a day by a
veterinarian. After the end of the study, the rabbits were reintegrated in their initial group.

2.3. Materials

In this study, a 12 μg/h transdermal fentanyl patch (Fentanyl-Mepha Matrixpfl, Mepha Pharma
AG, Switzerland) was used. Due to the recommendation of a dosage of 2 μg/kg/h in sheep and up to
5 μg/kg/h in small animals (dogs, cats) described in several former studies, the 12 μg/h patch size was
chosen [5,7,22]. The mean administered dose rate of fentanyl was 3.60 μg/kg/h (Dmax = 3.93 μg/kg/h,
Dmin = 3.16 μg/kg/h).

2.4. Fentanyl Patch Application Process

Rabbits were sedated with Medetomidin (200 μg/kg) and Midazolam (0.5 mg/kg) both mixed in a
syringe and given intramuscularly approximately 15 min before starting skin preparation. Thereafter,
the rabbits were placed in sternal recumbency, eye ointment (Vitamin A Blache Augensalbe, Bausch
& Lomb Swiss AG, Switzerland) was applied and oxygen (flow rate 1 L/min) was provided via face
mask. The required site was carefully clipped using two different clippers depending on the location.
For the location on the ear, the clipper Isis (GT420 Aesculap, Germany; cutting length 0.5 mm) was
utilized. For the neck, another mechanical fur clipper (model GH703/10 (Favorita II GT104), Aesculap,
Germany; cutting length 0.1 mm) was used in the interscapular region due to the increased density of
hair at this site. During clipping extreme precautions were taken not to traumatize the application site
to avoid influencing fentanyl absorption.

Afterwards, skin was degreased with swabs (Mesoft, Moelnlycke, Sweden) soaked in alcohol
(Softasept, B. Braun Vet Care GmbH, Germany) to ensure a good contact of the patch with the skin.
While waiting for 5 min to air dry, the ear not used for patch application was clipped and prepared
aseptically with alcohol for the placement of a 22 G catheter (Vasofix Safety, B.Braun Meisungen AG,
Germany) in the marginal ear vein. The catheter, inserted to facilitate blood withdrawal, was wrapped
with tape (Durapore, 3 M (Schweiz) GmbH, Switzerland) and a roll of gauze (Mesoft) to hold it in place.
After each blood withdrawal, the catheter was flushed with approximately 0.5 mL of heparinized 0.9%
NaCl (B.Braun Meisungen AG, Germany) and a mandrin (Mandrin Vasofix, B.Braun Meisungen AG,
Germany) was inserted. On the dry application site, the sticky side of the patch was then pressed
on the skin with the palm of the hand and kept there for 1 min to ensure a good patch-skin contact.
Finally, the patch was fixed with tape (Leukoplast) to prevent the loosening of the patch detachment
during animal handling.

2.5. Sample Collection and Plasma Fentanyl Analysis via ELISA

Venous blood sampling was performed immediately prior to the application of the patch and 3, 6,
9, 12, 18, 24, 36, 48, 72, 96, 120 h thereafter. In a few cases arterial blood was sampled, if no venous
sample could be obtained. At each sampling time point, approximately 1 mL of blood was collected
in a 1.3 mL EDTA-covered tube (1.3 mL K3E, Sarstedt, AG & Co, Nümbrecht, Germany). A venous
catheter was always used to withdraw blood samples. For the first 24 h the catheter was left in the
marginal ear vein. Thereafter, a new catheter was inserted for each blood sampling. EDTA-tubes
were then centrifuged for 15 min, at 23 ◦C and 1000 rcf (Centrifuge 5810R, Vaudaux-Eppendorf AG,
Switzerland) within 2 h of collection.

Subsequently, the obtained plasma was transferred into Eppendorf tubes (Vaudaux-Eppendorf
AG, Switzerland) and stored at −80 ◦C until analysis. Plasma fentanyl concentrations were measured
by using a commercially available human enzyme-linked immunoabsorbent assay (ELISA). Fentanyl
Kits (Adnova, Fentanyl (Human) ELISA Kit, Taiwan) were used according to the manufacturer’s
instructions. Additionally, serial dilutions of fentanyl standard (Fentanyl Sintetica 0.5 mg/10 mL) in
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fentanyl negative rabbit plasma were measured on the ELISA-plate, as a standard curve. The absorbance
was read at 450 nm using a Mithras microplate reader (Berthold Technologies, Bad Wildbad, Germany).
Each sample was tested in duplicates.

2.6. Scoring and Practicability

During the study, the rabbits were scored twice a day. The scoring system included observation of
food and water intake, assessment of the general conditions, body weight and rectal temperature as well
as defecation and coprophagy. Additionally, practicability was assessed based on the following criteria:
ease of preparation, quality of patch adhesiveness, ease of daily checks, occurrence of undesired
patch detachment before the end of the study, ease of patch removal and skin condition after patch
removal. Any findings in respect to these criteria were noted and at the end a subjective three level
scoring system (positive, neutral and negative assessment) comparing the three groups was applied by
one veterinarian.

2.7. Statistical Analysis

For all locations descriptive statistics was used to describe fentanyl uptake over time. The goal of
this study was not to find significant difference between groups. As we are aiming towards a reliable
postoperative analgesia for all animals, the main outcome was the time all animals of one group had a
fentanyl plasma concentration above the threshold of 0.5 ng/mL.

3. Results

One rabbit was excluded from the study and subsequently replaced due to CNS symptoms
occurring 18 h after patch application. Necropsy revealed a thromboembolism as the most likely reason
for the symptoms, caused by repeated blood withdrawal.

3.1. Plasma Fentanyl Concentrations

In group 1 (outer surface of the ear; Figure 2) plasma concentrations considered to be analgesic
(0.5 ng/mL) was reached in 3 out of 6 rabbits 3 h after patch application, while all the animals in this
group were above threshold at 9 h. In group 3 (neck; Figure 3), 2 out of 6 animals reached threshold at
3 h, while all 6 animals at 6 h (mean plasma concentration of 1.26 ng/mL). In contrast, only 1 out of
6 rabbits in group 2 (inner surface of the ear; Figure 4) reached the threshold at 18 h, while the others
stayed below the threshold for the whole duration of the study.

 
Figure 2. Fentanyl plasma concentrations group 1 (outer surface of the ear).
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Figure 3. Fentanyl plasma concentrations group 3 (neck).

 
Figure 4. Fentanyl plasma concentrations group 2 (inner surface of the ear).

Mean steady state concentrations in group 1 and 3 were similar (2.24 and 2.23 ng/mL) but the
timing was different. Group 1 reached the peak concentration at 18 h, whereas group 3 at 48 h. Every
animal of group 1 reached concentrations above 0.5 ng/mL between 9 and 48 h, while animals of group
3 between 6 and 72 h after patch application (Figure 5).
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Figure 5. Fentanyl plasma concentrations of all groups.

3.2. Practicability

Findings of the practicability assessment are summarized in Table 1.

Table 1. Assessment of the practicability for the different locations. For each criteria, a subjective
three level scoring system (positive, neutral and negative assessment) comparing the three groups
was applied.

Aspect
Group 1

(Outside Ear)
Group 2

(Inside Ear)
Group 3
(Neck)

Ease of preparation Neutral Positive Negative
Quality of patch adhesiveness Positive Positive Positive

Ease of daily checks Positive Neutral Negative
Occurrence of undesired patch detachment Positive Negative Neutral

Ease of patch removal Negative Positive Negative
Skin condition after patch removal Negative Positive Negative

Ease of preparation: For patch application on the outer surface of the ear, group 1 needed a moderate
effort to clip and disinfect the skin. Compared to the outer surface of the ear, the inner surface (group
2) needed minimal effort to clip due to almost no hair growth. However, it took longer to degrease the
skin. Group 3, with the patch located on the neck, showed the highest density of hair growth combined
with very thin hair. As a result, even with another more powerful clipper, it took longer to clip the fur
in this location. Additionally, fighting wounds were discovered in this location while clipping, which
made it hard to place the patch in exactly the same position on each rabbit avoiding these skin lesions.

Quality of patch adhesiveness was comparable in all groups—no difference could be noticed.
Ease of daily checks: Animals of group 1 were the easiest to check, as the outer surface of the ear

was promptly visualized. Tape loosening could be seen without manipulation. In contrast, in group 2
loosening of the tape and patch underneath could only be noticed while handling the rabbit. Group 3
differed from the other groups as a check of the patch was only feasible while holding the rabbit, as the
patch on the neck resulted covered by the surrounding fur.

Occurrence of undesired patch detachment: Patch loosening in terms of detaching edges occurred
starting 48 h after patch application particularly in group 2 and 3 but also in one animal of group 1,
72 h after patch application. Signs of mild manipulation (scratching) of the tape by the rabbits could
be observed in all groups suggesting some irritation engendered by the presence of the tape/ patch.
While in group 1 manipulation lead to partial patch loosening in just one animal, detaching of the
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patches occurred in 5 of 6 animals of group 2 and 3 of 6 in group 3. Obvious and strong manipulation
of the tape covering the patch was visible in 2 of 18 animals namely in group 2 and 3.

Ease of patch removal: Patch removal 120 h after application was the easiest and most stress-free
for the animals in group 2 due to greasy skin and just a few regrown hair at this location. In contrast,
group 1 and 3 showed a high density of regrown fur, which made it painful and hard to remove the
tape and the patch in all these animals.

Skin condition after patch removal: Group 2 showed no signs of skin reaction after patch removal,
whereas in group 1 and 3, a diffuse erythema underlying the drug-delivery portion of the patches was
recognized in all the animals (Figure 6).

Figure 6. Representative images of skin condition after patch removal (left: group 1, middle: group 2
and right: group 3).

No differences in general condition, food or water intake, body weight, defecation, coprophagy or
temperature were noticed among the three groups.

4. Discussion

The aim of the study was to determine fentanyl plasma concentrations in rabbits from patches
applied at three different locations with the final aim to refine (postoperative) analgesia. A standard
skin preparation and patch application protocol was applied to avoid inconsistent results as previously
reported [16]. For the different locations, fentanyl plasma concentrations were measured, and
practicability of patch application, maintenance and removal were assessed. To the authors’ knowledge,
the current study is the first to report fentanyl plasma concentrations in rabbits following patch
application at different locations.

The results of this study indicate that the patch placed on the neck provided fentanyl plasma
concentrations higher than 0.5 ng/mL from 6 to 72 h after application. This plasma concentration
was reached earlier and peak concentrations were higher when the patch was applied on the neck
compared to both ear sites. However, preparation of this location was the most complex due to the
high density of fur. Additionally, animal handling was needed to check the patch adhesion on the skin.
Furthermore, patch removal was accompanied by aversive reactions and lead to mild skin erythema.
The cause of the erythema associated with patch application seemed to be due to the occlusive nature
of the patch systems [24]. Cutaneous irritation was often encountered and limits the duration of time, a
patch can be worn at a single site. However, the adhesive agent on the tape may be causally related, too.

For patches applied on the outer ear surface analgesic plasma fentanyl concentrations were
measured from 9 to 48 h, whereas skin preparation was easier than in group 3. We hypothesize, that a
reason for the difference in fentanyl absorption might be owed to the influence of a difference in body
temperature, as it is described in several former studies. In fact, a temperature of 40 ◦C can raise drug
delivery up to one third [8,25]. Rabbits can regulate their ear blood flow, which might lead to a lower
drug delivery due to a lower body temperature in contrast to the neck. Depending on how long potent
analgesia is requested, the application on the outer surface of the ear pinna might still be relevant
for the attachment of fentanyl patches. There is a study published by Christou et al. using sheep,
in which the change of fentanyl patches after 24 and 72 h is performed to investigate the fentanyl

154



Animals 2020, 10, 1778

plasma concentrations thereafter [26]. It was shown that a patch change lead to an extended period of
analgesia without a lack of insufficient pain management in between and a higher peak concentration
due to pre-loading. Additionally, the peak concentration increased in that study, although we assume
that this does not represent an advantage, as long as a certain threshold plasma concentration is
exceeded permanently. Most likely the incidence of side effects will increase with rising values.

An obvious finding of our study is that it is inappropriate to apply the fentanyl patch on the inner
surface of the ear. While practicability was good and the upcoming burden for the rabbit low, fentanyl
plasma concentrations were below the predefined threshold, which implies the unsuitability of this
location. Low plasma concentrations in this group might be attributable to poor drug penetration
due to endogenous and exogenous influences such as differing skin conditions as described in former
studies [24,27]. Additionally, rate of manipulation was higher in this group, which probably favored
detaching of the patches in 5 of 6 animals. Furthermore, fixation of the patch with tape was more
difficult due to the concave anatomy of the ear pinna, which probably also facilitated detachment.
However, frequent checks to ensure that the patch is still in place were necessary in all groups.

Individual peak values of animals of group 1 and 3 showed a high variability within the study
period. Probably several individual factors, like different pH, variable depot formation in the stratum
corneum and dermis, different body temperatures and differences in cutaneous blood flow, influenced
this outcome as previously reported [24].

The neck has been already described for patch application in rabbits, but a detailed description of
skin preparation and patch application process have not been reported [15]. In the present study, the
method of application was accurately planned and described to avoid variations in drug absorption
due to differences in site preparation. Riviere and Papich showed that abrasion removes the stratum
corneum barrier and can alter the transdermal flux [24]. Foley and coworkers investigated plasma
fentanyl concentrations in rabbits using different methods of hair removal. For rabbits with clipped
hair, comparable to the study described here, they reported a peak of 1.11 ± 0.32 ng/mL at 24 h and a
decrease to 0.77 ± 0.21 ng/mL 72 h after patch application [15]. This is lower than the peak values in
this study, even though fentanyl patches with a half dose rate were used: 3.60 μg/kg/h in this study
versus 6.67 μg/kg/h reported by Foley and coworkers. One possible explanation for the better uptake is
the use of alcohol to degrease the skin and ameliorate the drug uptake in this study. Two other studies
reported the use of alcohol to degrease the skin prior to patch application in sheep [8,26]. In other
studies involving dogs and cats, no degreasing with alcohol was performed [18,28,29].

The main limitation of this study is that rabbit-specific fentanyl plasma concentration able to
provide analgesia is unknown. In humans, the minimum effective plasma concentration for analgesia
is assumed to range between 0.5 and 2.0 ng/mL [11]. Previous veterinary studies extrapolated this
range to animals such as sheep, rabbits and minipigs [15,16,23]. In former human studies, wide ranges
of 0.23 to 3 ng/mL were described [13,30]. In humans, contrasting evidence has been reported about
the relationship between respiratory adverse effects and fentanyl plasma concentration. While in
one study concentrations above 2.0 ng/mL were suggested to cause respiratory depression [31]. In
another study no correlation between fentanyl plasma concentrations and side effects was found [32].
In our study, no obvious adverse effects were observed, although concentrations above 2.0 ng/mL
were measured. However, there was no evaluation of heart rate and respiratory frequency, which are
known among others to be influenced at an early stage [33]. In cats, a plasma concentration higher
than 2.2 ng/mL was observed to cause dysphoric behavior [17]. No dysphoria was observed in the
rabbits of the present study.

Further limitations of this study are the use of only female rabbits. In humans, no difference
in fentanyl uptake between male and female patients has been shown. To our knowledge, this has
not been investigated yet in animals [34]. Another limitation is the use of a commercially available
enzyme-linked immunosorbent assay (ELISA) developed to analyze human samples and no second
test was performed to verify the results. In the literature the use of several different tests for analysis of
fentanyl plasma concentration has been reported. A human ELISA was used in sheep, while no details
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were provided about the ELISA method applied in the study by Gilbert et al. [16,26]. In contrast to
this, tests as the liquid chromatography–MS and gas chromatography–MS methods served for analysis
in humans as well as in sheep [16,30,35]. Besides these tests, radioimmunoassays (RIA) are commonly
used for analysis of plasma or serum fentanyl concentrations, too [29,36].

Concerning the timing of fentanyl patch application in experimental settings, some additional
aspects need to be considered. Based on the findings of the present study, at least 6 h are needed
for the fentanyl patch to provide a potentially analgesic plasma concentration. This implies that
additional analgesics are needed to cover this period if the patch is applied during preparation for
surgery. Some authors recommend patch application 12–24 h prior to surgery in dogs and sheep to
achieve sufficient analgesia for surgery [7,12,37]. However, earlier application also means more stress
for the rabbit, as an additional handling session accompanied by sedation would be needed. Another
important aspect is the desired duration of pain treatment with opioids, which will depend on the
invasiveness of surgery as well as administration of other pain medication (e.g., NSAIDs). This has
to be defined for each study or patient and adapted as needed. Patches can be removed earlier or a
second patch could be applied to extend the analgesic effect. As already mentioned, the effects of a
patch change were investigated in sheep [26], while no comparable studies have been performed in
rabbits so far.

5. Conclusions

The present findings support the use of transdermal fentanyl patches as a method to provide
long-lasting analgesia in NZW rabbits. Depending on how long potent analgesia is required, either the
neck or the outer surface of the ear are suitable for patch application. Summarizing, the administration
of the patch can simplify postoperative pain management in laboratory rabbits and improve animal
welfare in sense of the 3R.
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Simple Summary: Providing adequate and prolonged pain relief to sheep undergoing invasive
orthopedic surgery while keeping side effects and stress for the animals at a minimum is challenging.
Transdermal patches continuously releasing the synthetic opioid fentanyl through the skin, are a frequently
used method in veterinary and human medicine. To refine the current analgesia protocol, we compared
the uptake of fentanyl from a transdermal fentanyl patch applied at two different skin locations in sheep.
The fentanyl plasma levels were measured at different time points over five days. The patch applied on
the foreleg resulted in a faster fentanyl uptake with higher peaks and a longer time within or above
the target fentanyl plasma concentration when compared to the one on the thorax. Additionally, it was
easier to apply the patch at the foreleg than at the thorax. Our findings suggest that the fentanyl patch
should be applied to the foreleg 3–6 h before the painful insult and that its effect should last at least 48 h.

Abstract: When using animals in biomedical research, investigators have the responsibility to
ensure adequate analgesia. Currently, transdermal fentanyl patches (TFP) are often used to provide
postoperative analgesia in large laboratory animals. The aim of this study was to compare the
fentanyl uptake resulting from TFP applied at two different locations, namely the foreleg and the
thorax, in healthy adult sheep. Twelve sheep received a TFP with an intended dosage of 2 ug/kg/h.
Blood samples were taken at different time points over a period of five days and the fentanyl plasma
levels were measured. The TFP applied on the foreleg allowed a faster fentanyl uptake with higher
peaks and a longer time within or above the target concentration of 0.6–1.5 ng/mL, shown to be
analgesic in humans, when compared to the one on the thorax. Assuming that the effective plasma
concentration described for humans is providing analgesia in sheep as well, the present findings
suggest that it should be sufficient to apply the TFP 3–6 h before the painful insult and that its effect
should last at least 48 h. Furthermore, when TFP are used to provide postoperative analgesia in sheep,
they should be placed on the foreleg rather than on the thorax.

Keywords: 3R principles; refinement; analgesia; transdermal fentanyl patch; sheep

1. Introduction

Animals are frequently used in research, in particular in biomedical studies [1]. The selection of the
appropriate animal species and a model for the specific scientific question under investigation are the
first steps towards a successful study [2,3]. If the species and model utilized have not been tailored to the
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study goal, it might prove impossible to answer the research question. Furthermore, when planning an
animal study, it is necessary to consider the 3R principles. An animal study should only be considered
if no alternative method exists to answer the research question (replace). Further, by careful planning,
it should also be ensured that a maximum of relevant information is obtained from as few animals as
possible (reduce), and last but not least, the burden of the animals is alleviated as much as possible by
adapting standard protocols and procedures to the chosen species and model (refine) [2].

Sheep are commonly used as a preclinical model in orthopedic research [1,4–9]. They are chosen
due to their similarities to humans in terms of body weight, rate of bone healing [7], and characteristics
of mineralization of long bones [1]. Additionally, the size of several bones can be compared with the
one of humans [10]. For example, sheep were employed by Yamamuro et al. to test a prosthesis for the
replacement of the lumbar vertebrae [6], and by den Boer et al. to develop a new segmental long bone
defect model [7]. In an implant-associated infection study, Boot et al. used a sheep model to investigate
different treatment strategies after implantation of a intramedullary implant in the tibia [8]. In all these
models and the majority of orthopedic research, surgical intervention is essential to mimic the clinical
problem. As in clinical cases, surgical interventions require the implementation of an appropriate
analgesic protocol. In research, the analgesic protocol is not only a tool but can also be an important
determinant for the study outcome since pain can majorly impact the reproducibility of results [11].
Therefore, an analgesic protocol tailored to the species and model is a necessity not only for animal
welfare reasons, but also to ensure the acquisition of high-quality data.

In order to control pain produced by invasive surgeries, analgesic drugs are typically administered
pre-, intra- and a postoperatively. Before and during surgery, the sheep is under general anesthesia
with a venous access allowing easy administration of analgesic medication intravenously. On the
contrary, after surgery, the sheep is awake, and administration of pain medication can be stressful.
In addition, pain assessment during the postoperative phase is very challenging and insufficient
analgesia could easily be unrecognized [12,13]. An adequate postoperative analgesic protocol should
therefore guarantee constant analgesia adapted to the level of pain inflicted with minimal side effects
and stress.

Opioids are analgesics for moderate to severe pain, often used to obtain sufficient pain relief due
to invasive surgical procedures [14]. Fentanyl is a strong synthetic opioid commonly used in analgesia
protocols for humans and animals [15–19]. Due to the short half-life of this drug, systems allowing
continuous administration are required [16]. During surgery, fentanyl can be given by continuous rate
infusion (CRI) via infusion pumps. Such tools can be heavy and can disturb the freedom of movement
of sheep when awake. For this reason, fentanyl, as an injectable medication, is not the method of choice
during the postoperative phase. However, fentanyl can also be applied via a transdermal fentanyl
patch (TFP), which consists of a polyacrylate adhesive layer allowing absorption of fentanyl through
the skin (according to the information provided by Mepha® Pharma AG). With such a TFP providing
a continuous and prolonged fentanyl administration, the sheep can be left undisturbed, neither stressful
injections nor infusion pumps are needed [20,21]. Therefore, the transdermal application of fentanyl is
a suitable method to provide analgesia for a time period of several days [16].

In sheep, the foreleg is a commonly used location for TFP since the application is very simple [20,22].
However, not only the ease of application but also the onset of action as well as the overall achieved
fentanyl plasma concentration should be considered. In a study by Ahern et al., the TFP was applied
12 h prior to surgical intervention to compensate the slow uptake and achieve analgesic levels
intraoperatively [22]. In dogs, TFP application has been recommended even 24 h before surgery [23].
In horses however, it has been shown that the application of a TFP at the foreleg results in a lower
absorption rate and lower fentanyl plasma levels when compared to the application at the groin region
or thorax [24]. In another study in horses by Orsini et al., the TFP applied at the thorax showed a fast
fentanyl uptake [25]. Considering these findings in horses, it is logical to hypothesize that the thorax
might be preferable in sheep as well, because of better skin perfusion, less affected by temperature
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variation and lower mobility when compared to the limb. Additionally, the onset of action might be
faster, making it unnecessary to apply the TFP many hours before its desired effect.

The comparison of different locations for TFP application in sheep has not been described yet.
The aim of this study was to compare the fentanyl uptake resulting from a TFP applied at two

different locations, namely the foreleg and the thorax, in healthy adult sheep.
Following TFP application, fentanyl plasma levels were measured at different time points. It was

hypothesized that with the TFP applied at the thorax the fentanyl uptake would be faster and a higher
peak would be reached than with the TFP applied at the foreleg.

2. Materials and Methods

2.1. Study Design

This experimental, prospective, randomized study was approved by the Cantonal Committee
for Animal Experiments of Graubünden (GR-TVB No. 35_2018) and conducted in an AAALAC
International approved facility. The sheep were randomly assigned to one of two equal groups (n = 6
per group) by drawing lots. An ear tag with an internal consecutive number was used as identification.
In one group, the TFP (fentanyl Mepha® Matrix patches/Mepha Pharma AG/57362) was applied to the
foreleg and in the other group to the thorax (Figure 1)

 
Figure 1. Study Design Overview—The letter “F” in the first picture shows the locations of the TFP on
the sheep. However, only one location was used per sheep. After application of a transdermal fentanyl
patch (TFP) to one of two possible locations depending on group allocation, fentanyl plasma levels
were measured at different time points.

The foreleg was defined as the middle of the lateral surface starting from the elbow joint proximally
and ending at carpal joint distally. The region of the thorax was defined as approx. 5 cm caudal from
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the scapula, at the thorax (Figure 2). The primary outcome, the fentanyl plasma level, was measured at
12 different time points.

 

Figure 2. Transdermal fentanyl patch location—left picture: foreleg, right picture: thorax.

2.2. Animals

Sheep included in this study were all females and more than 2 years old and determined to be
healthy based on clinical examination, hemogram (hematocrit and white blood cell count determined
by a “Vet ABC” (ABX Diagnostics, France) and biochemistry analysis (total proteins measured with
a refractometer). None of the sheep had undergone anesthesia or surgery before to exclude any prior
effects. In total, 13 female White Swiss Alpine sheep were part of this study (mean age 3.2, range 2 to
6.5 years; mean weight 76.2 kg, range 59.5 to 99.5 kg). The sheep were acclimatized to the research
facility and the daily routine for 2 weeks in shared pens prior to TFP application. The stable had
a 12 h day/night cycle and all sheep had access to daylight in form of a window. Temperature was
maintained between 15 and 20 ◦C, with relative humidity above 30%, and 10–15 air changes per hour
were performed. Maintenance diet consisting of a mixture of straw, hay, silage, maize, and salt was fed
twice a day. Water was available ad libitum in an automatic water drinker.

2.3. Transdermal Fentanyl Patch Application and Long-Term Catheter

A fentanyl dosage of 2 μg/kg/h was targeted based on previous literature [22,26]. For each sheep,
the required dose was approximated using the available TFP sizes of 12 μg/h, 25 μg/h, 50 μg/h and
100 μg/h.

The sheep were sedated with an intramuscular injection of detomidine (0.04 mg kg−1; Equisedan;
Dr. E. Graeub AG, Bern, Switzerland). After 15 min, the left jugular vein was prepared aseptically and
a permanent catheter (Certofix® Mono, B.Braun, Sempach, Switzerland) was placed using a Seldinger
method [27]. The catheter was sutured with a 2-0 Ethilon II (Ethicon Inc., Somerville, NJ, USA) on three
points and covered with adhesive retention dressing. Additionally, a cotton bandage and cohesive
bandage was applied to prevent the catheter from loosening. The TFP location was then prepared
according to the group. The area was clipped (Figure 2) (foreleg group: 10 cm wide band around
the foreleg; thorax group: 15 × 15 cm square on left thorax) and carefully shaved with warm water
and soap (Softaskin®, B.Braun). Then, the area was degreased by scrubbing three times with Ethanol
80% and allowed to dry for 5 min. The TFP were applied 75 min after the sedation. This time was
chosen so all sheep had the same sedation effect when the TFP was applied. The TFP was covered
with a self-adhesive “vet polster bandage” by HENRY SCHEIN® (product code: 900-9911). For the
foreleg, this bandage was cut to fit once around the foreleg while for the thorax a square was cut out
about 2–3 cm larger than the area covered by the TFP. Above the polster bandage, a cohesive bandage
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(“cohesive elastic crepe bandage”, 20 m × 10 cm, HENRY SCHEIN®, product code: 900-8588) was
applied. Depending on the TFP location, this bandage was either wrapped around the foreleg or
around the entire thorax (Figure 3).

 

Figure 3. Work flow of the long-term catheter placement and transdermal fentanyl patch application.

2.4. Blood Withdrawal

Blood samples were taken at 12 different time points: 0 (before TFP application), and then 3, 6,
9, 12, 18, 24, 36, 48, 72, 96, and 120 h after the application of the TFP (Figure 1). All blood samples
were taken using the long-term catheter. The first 5–6 mL were discarded and afterwards an EDTA
blood tube (9 mL S-Monovette®, Sarstedt AG&Co.KG) was filled. Then, the catheter was flushed with
10 mL Saline with 500 IE Heparin/mL (Heparinum natricum, FRESENIUS Medical Care (Schweiz) AG).
Within two hours after withdrawal, the blood samples were centrifuged for 10 min with 2500 rpm.
The plasma was aliquoted in Eppendorf tubes (Vaudaux-Eppendorf AG, Schönenbuch, Switzerland)
and frozen at −80 ◦C until analysis.

2.5. Blood Analysis

Fentanyl plasma levels were analyzed by a human enzyme-linked immunoabsorbent assay
(Forensic ELISA-Kit, Neogen Toxicology). Standard values were created by adding known fentanyl
concentrations (8 in total, fentanyl 0.5 mg/10 mL solution for injection, Sintetica S.A., Switzerland)
to plasma of fentanyl-naive sheep. Fentanyl-naïve plasma was used as the blank. The absorbance
was read at 450 nm using a Mithras microplate reader (Berthold Technologies). Both standards and
samples were measured in duplicates and the assay was performed according to the protocol.

2.6. Study Outcomes

The primary outcome of this study was the fentanyl plasma level. As an analgesic fentanyl plasma
level for sheep is not described in the literature, the minimum analgesic fentanyl plasma level described
for opioid-naive human patients and corresponding to the concentration range of 0.6–1.5 ng/mL was
used as a reference in the present study [28]. Time to reach the concentration threshold of 0.6 ng/mL
and duration of effect, defined as fentanyl concentration > 0.6 ng/mL, were evaluated.
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Secondary outcomes were recorded twice a day from TFP application until the end of the study
(5 days) to detect potential fentanyl related side effects. Physiological parameters, including rectal body
temperature and respiratory rate, water and food uptake, as well as amount and texture of feces were
evaluated at regular intervals. Furthermore, the condition of the bandage and the patch application site
were evaluated. The TFP was removed after the last blood sample was taken. Pictures of the skin from
every sheep were taken to assess the skin reaction to the TFP or to the bandage. General behavior, and in
particular the occurrence of sedation or excitation, was observed and described. Additionally, the body
weight was taken before TFP application and after TFP removal, always before sheep were fed.
These data were collected by the same observer for all time points. This person was also responsible
for handling of the sheep before the study commenced, clinical examination, and the blood work.

2.7. Statistics

A descriptive statistical analysis was performed for the data of this study as a statistically
significant difference is not necessarily connected to an appropriate fentanyl level. The number of
sheep that achieved the predefined fentanyl plasma level of 0.6–1.5 ng/mL was determined. The goal
was to define the time period during which the expected minimum fentanyl plasma level was achieved
in every individual sheep.

3. Results

Thirteen sheep were part of this study. One sheep of the thorax group was excluded as the TFP
detached 18 h after placement. Data from this sheep were excluded from the study. All sheep recovered
well after sedation.

3.1. Primary Outcome: Fentanyl Plasma Level

Based on the selected TFP size, the overall average expected fentanyl administration rate was
2.08 μg/h/kg (range 2.01 to 2.16 μg/h/kg). The average expected fentanyl administration rate was
2.01 μg/h/kg (range 2.01 to 2.16 μg/h/kg) in the foreleg group and 2.07 μg/h/kg (range 2.01 to 2.1 μg/h/kg)
in the thorax group.

In the foreleg group, five out of six sheep achieved a fentanyl plasma level threshold of >0.6 ng/mL
after 3 h, and all sheep within 6 h. At least this level was maintained in all sheep for a minimum of 48 h
and in four out of six sheep for a maximum of 72 h (Table 1, Figure 4). In the thorax group, only two
sheep had fentanyl levels above 0.6 ng/mL after 3 h, four sheep after 6 h, five sheep after 9 h, and all six
sheep after 12 h (Table 1, Figure 5). At 24 h, all six sheep still had a concentration above 0.6 ng/mL.
However, thereafter it started to decline so that, by 36 h, the level of 0.6 ng/mL was achieved in only
five sheep, at 72 h in three sheep, and by 96 h two sheep had level above 0.6 ng/mL. When comparing
both groups, the fentanyl uptake was more consistent in terms of the onset of the desired plasma
concentration as well as duration of effect (Figure 6), when applied to the foreleg than to the thorax.
At 120 h, no sheep from either group were above the predefined threshold levels.

All sheep in the foreleg group were above 1.5 ng/mL at least once during the study, with 5/6 sheep
reaching this level already after 3 h. In contrast, two out of six sheep of the thorax group never attained
a fentanyl plasma level of 1.5 ng/mL and only one sheep reached this value after 3 h. A fentanyl plasma
level > 1.5 ng/mL was achieved in all sheep of the foreleg group between 6 h and 18 h. In the thorax
group, only four out of six sheep reached a plasma level of 1.5 ng/mL. These sheep achieved the
predefined fentanyl plasma level between 9 h and 36 h. At 96 h, no sheep from either group was in the
target plasma level range.

For the individual fentanyl plasma concentration peaks see Table 1.
In the foreleg group, one sheep displayed a striking drop in plasma levels after 24 h with values

well above the 1.5 ng/mL threshold before (18 h) and after (36 h).
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Table 1. Fentanyl plasma level of both groups (values marked in yellow are above 0.6 ng/mL; values marked
with green are above 1.5 ng/mL; every column represents one sheep).

Fentanyl Concentration ng/ml

Foreleg Thorax

Timepoint 1 2 3 4 5 6 7 8 9 10 11 12

0 h 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
3 h 3.11 6.46 1.56 0.32 2.27 6.28 5.67 0.01 1.43 0.01 0.48 0.23
6 h 8.56 7.57 6.58 8.20 11.99 9.60 5.80 0.37 3.78 0.00 3.10 1.21
9 h 9.12 9.96 5.63 7.13 5.26 2.17 7.87 0.48 3.85 0.87 3.15 2.21

12 h 9.20 5.29 8.54 8.01 11.95 5.82 7.33 0.65 3.94 1.24 3.83 2.38
18 h 7.29 4.51 4.75 5.20 7.48 5.82 5.00 0.90 3.91 1.33 3.92 4.69
24 h 2.21 3.30 4.08 0.72 2.77 3.23 4.05 0.71 3.52 1.30 3.43 4.78
36 h 2.03 1.84 3.13 1.60 2.19 2.04 2.09 0.38 3.38 0.85 2.02 4.55
48 h 1.26 0.88 1.97 1.48 0.96 2.08 1.20 0.21 2.36 0.83 1.36 3.31
72 h 1.37 0.71 1.14 0.43 0.21 1.54 1.17 0.01 1.53 0.40 0.28 2.11
96 h 0.51 0.08 0.32 0.56 0.11 0.26 0.52 0.01 0.77 0.11 0.01 0.94
120 h 0.19 0.01 0.20 0.07 0.01 0.28 0.30 0.01 0.18 0.01 0.01 0.11

Figure 4. Foreleg—Fentanyl plasma level over time (the fentanyl level within the area marked in yellow,
correspond to the minimal analgesic plasma level of 0.6–1.5 ng/mL described for humans; the area
above marked in green represents values higher than 1.5 ng/mL).
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Figure 5. Thorax—Fentanyl plasma level over time (the fentanyl level within the area marked in yellow,
correspond to the minimal analgesic plasma level of 0.6–1.5 ng/mL described for humans; the area
above marked in green represents values higher than 1.5 ng/mL).

Figure 6. Fentanyl plasma levels measured over time for TFP applied at the foreleg (red) and thorax
(black) displayed in a box plot graph (the fentanyl level within the area marked in yellow, corresponds
to the minimal analgesic plasma level of 0.6–1.5 ng/mL described for humans; the area above marked
in green represents values higher than 1.5 ng/mL).

3.2. Secondary Outcomes

In all sheep, the general behavior and bodyweight were affected by the TFP. All sheep lost weight
during the study. The average weight loss was 3.7 kg (range from 1–9 kg) at 120 h. The average weight
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loss was 4 kg for the foreleg group and 3.3 kg for the thorax group. The parameters that remained
unchanged were respiratory rate (12–40/min), rectal body temperature (38.0–39.5 ◦C), water uptake
and amount and texture of feces, which remained within normal limits for all sheep at all time points.
Food uptake was reduced for the first three days for all sheep.

For all sheep, the bandage stayed in place regardless of the location. After TFP removal, the skin
was slightly reddened and slightly moist in half of the sheep. These observations were made in both
groups. In one sheep of the foreleg group, a part of the bandage rubbed the skin and created a 2× 0.3 cm
superficial wound.

During the first 36 h after TFP application, all sheep showed similar alternating phases, of being
apathetic or excited. Apathy was observed as a reduced response to environmental influences (observer,
food etc.). Excitement was shown as nervous behavior or pressing their head against the door of
the fence when the observer entered the pen. Three sheep were mainly extremely nervous, 3 others
head-pressed, and during this time period two sheep were observed frequently walking back and forth
along the fence.

Eight out of 12 sheep displayed hypersalivation. These behavioral abnormalities started in six
sheep after 3 h, in four sheep after 6 h, and in two after 12 h. In seven sheep, the abnormal behavior
disappeared 72 h after TFP application. For the rest after 36 h. These behavioral changes occurred in
both groups equally and were not related to a specific fentanyl plasma level.

4. Discussions

Aim of this study was to quantify and compare the characteristics of fentanyl uptake following
the application of a TFP at two different locations, namely the foreleg and the thorax, in healthy
adult sheep. It was hypothesized that the absorption of fentanyl at the thorax is better, leading to
a faster onset of action and a higher peak of fentanyl plasma levels than at the foreleg. Contrary to
our hypothesis, the faster absorption and highest plasma concentration values were observed for TFP
applied on the foreleg. For this patch location, the lowest peak measured was 8.01 ng/mL and five out
of six sheep reached fentanyl plasma levels > 1.5 ng/mL after 3 h, whereas for the patch applied to
the thorax, the highest concentration reached was 7.87 ng/mL, only one sheep achieving levels above
1.5 ng/mL after 3 h.

It has been shown that the transdermal uptake rate of fentanyl is influenced by the characteristics
of the skin. Especially the subcutaneous fat content [29], but also other characteristics of the skin such
as skin thickness, corneal layer, temperature, blood vessel architecture, as well as perfusion [30,31] have
an impact on absorption in transdermal drug delivery. The specific skin characteristics of the foreleg
seemed to favor the fentanyl uptake at this location compared to the thorax. Lyne et al. described
significant differences of the skin composition and thickness between sheep breeds and differences
depending on the skin location. Skin areas with wool were thinner compared to skin areas with no or
less hair [32].

In line with this, a fast and efficient uptake of fentanyl from the foreleg has been previously
reported by Ahern et al. in sheep [22]. However, in horses it has been shown that the application
of a TFP to the foreleg results in a lower absorption rate and lower fentanyl plasma level when
compared to the application to the groin region or thorax [21]. This was confirmed in another study in
horses where the TFP applied at the thorax resulted in a fast uptake of fentanyl [22]. The discrepancy
between the reported finding in horses and the present study might be due to differences in skin
composition between species. According to Riviere et al. [31], differences in the pharmacokinetics
of fentanyl uptake between species is linked to differences in the thickness of the stratum corneum.
Bouclier et al. described morphological differences between species (rabbit, rat, mice, minipig) and
humans [33]. In addition, Bartek et al. showed differences in terms of skin permeability in rat, rabbit,
pig, and human [34].

In sheep, other locations for TFP application have also been described in the literature. Jen et al. [35]
applied a TFP at the intrascapular region resulting in lower values and a slower uptake than the one
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achieved in the foreleg group of the present study. In another study, Musk et al. reported a sufficient
analgesia applying the TFP at the groin region of pregnant sheep undergoing a hysterotomy and
laparotomy. The efficacy of analgesia was assessed via a pain score postoperatively [36]. These two
examples as well as the present study highlight differences in fentanyl uptake when patches are applied
at different locations in sheep and thereby enabling scientists to use these differences to refine their
analgesic protocols. Other possibilities to refine postoperative pain management in sheep are discussed
in an article by Lane et al. [37] mentioning a transdermal patch releasing buprenorphine for seven days.
A buprenorphine patch was applied in minipigs in a study by Thiede et al., in which a therapeutic
plasma levels were reached at least for 72 h [38]. Considering the behavioral changes observed in our
study after fentanyl patch application, it could be of interest to compare clinical efficacy and side effects
of fentanyl and buprenorphine administered via transdermal route, buprenorphine being potentially
associated with lower incidence of side effects.

Behavioral changes (inter alia dysphoria, hypersalivation) were observed after patch application
in both groups. These behavioral changes were also described by Marchionatti et al. in a Holstein
calve [39]. The TFP dosage of 2 μg/kg/h used in this study is based on the literature [22,26]. In sheep
undergoing surgery and treated with the dosage of 2 μg/kg/h, this dysphoria is normally not seen
at our institution. In dogs and cats it is described that pain from a surgery can hide side effects like
dysphoria due to opioids [40]. Most likely, the “missing” pain in this study conducted in healthy,
pain free animals could be a reason for the observed behavior. These side effects were very likely
caused by fentanyl since all sheep underwent an uneventful clinical examination by a veterinarian
at the beginning of the study. The sheep were normal again after the first 36 h. However, a reliable
correlation of the side effects to fentanyl would only be possible with a control group undergoing the
same procedure (sedation, long-term catheter, bandage, blood taking) without a TFP application.

Hypersalivation caused by opioids is to our knowledge not described in sheep. However nausea
and vomiting are described in small animals [14] and might have caused hypersalivation in the
sheep of the present study. In addition, hypersalivation is described in dogs after application of
a TFP [41]. The sheep in this study lost weight most likely due to the behavioral changes in the first
days leading to reduced food uptake. This weight loss as an additional side effect indicates again the
need of an adequate dosage of fentanyl adapted to the surgical procedure. No other side effects of
fentanyl described in literature (i.e., respiratory depression, reduced food uptake, reduced gut motility,
and hyperkinesia [14,42]) were observed in this study

From a practical point of view, the application of the TFP to the foreleg was slightly easier.
However, the risk of tightening the bandage too much and creating a wound or edema, is higher at the
foreleg. Regular controls of the bandage after TFP application are highly recommended.

The major limitation of this study is assuming the same fentanyl plasma level being analgesic in
sheep as in humans. To our knowledge, no study identifying the minimal analgesic level in sheep has
been published and even for humans a wide range is reported in the literature. Frequently referenced
by other veterinary studies [38,39,43] is the range between 0.5 and 2 ng/mL as the minimal analgesic
level published in a review in the early nineties [44]. In an older study, 0.6 ng/mL has been reported [45].
In a more recent article by Grape et al., the analgesic plasma level for humans of 0.6–1.5 ng/mL was
described and used as a reference in this study [28]. Even though it is common practice to apply the
human minimal analgesic level for different species in veterinary medicine, it would clearly be beneficial
to establish these levels for frequently treated species. However, as it is already challenging to define
the minimal analgesic level in humans, it is even more so in animals. Therefore, the present study was
designed without surgical intervention or other painful stimuli to avoid interaction with the additionally
necessary medication and surgery as well as individual differences in pain sensitivity between animals.
Thus, evaluation of the analgesic effectiveness using a pain score was not feasible. Further studies are
needed to describe the minimum analgesic level for fentanyl in sheep, using quantitative assessment
methods like for example the nociceptive withdrawal reflex [46].
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Fentanyl plasma levels can be measured by different methods, which may result in some
discrepancies regarding the reported levels between studies. In this study a commercial ELISA-Kit
was used. Ahern et al. [22] analyzed samples using liquid and gas chromatography mass spectrometry.
Even though the same dose was applied to the animals, the measured fentanyl plasma levels were
substantially lower compared to the present study. Using an ELISA-Kit from a different company,
Christou et al. [20] measured lower values as well. However, Jen et al. [35] showed that both methods
mentioned are positively correlated. Therefore, the difference between the two locations described
here is valid even though the peak values may differ if a different detection method would have been
used. In the foreleg group, one sheep displayed a striking drop in plasma levels after 24 h. This sample
might be diluted due to unknown reasons. No other explanation can be given.

Only female sheep were used in this study, as it was shown in a recent European survey that
female sheep are used significantly more often in research [1,4–9,47] most likely due to the fact
that males are usually castrated shortly after birth. However, Solassol et al. showed that sex does
not influence fentanyl uptake in humans [48] and to our knowledge, information about the effect
of sex on transdermal fentanyl uptake in sheep is not recorded. Suárez-Morales et al. compared
fentanyl doses needed by male and female human patients undergoing general anesthesia and showed
a higher dose level was required in females [49]. Many other studies investigating the influence of
sex on the response to opioids in rodents [50] showed the same tendency with males having a higher
sensitivity to opioids [51–53]. However, this result could not be shown in a study using fentanyl in
Sprague-Dawley rats [54].

In an experimental animal study, the analgesia protocol should provide reliable and appropriate
pain relief in all sheep, and therefore decreasing the need for additional, individual pain medication
which could impact the outcome. In this study, the TFP applied to the foreleg demonstrated a reliable
onset of fentanyl uptake in all animals. After 6 h, all sheep of the foreleg group reached the level of
1.5 ng/mL fentanyl plasma level and five of these after 3 h. Therefore, an application of the TFP 12 h
before the desired onset of effect as done by Ahern [22] may not be needed.

5. Conclusions

A TFP, applied either on the foreleg or on the thorax, induced an effective fentanyl uptake in
healthy sheep. However, a faster uptake, longer duration of action and easier application were observed
for the foreleg compared to the thorax. Assuming that the effective plasma concentration described for
humans is providing analgesia in sheep as well, the present findings suggest that it should be sufficient
to apply the TFP 3–6 h before the painful insult and that its effect should last at least 48 h.
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Simple Summary: Calf disbudding is a painful husbandry practice on dairy and beef cattle farms.
Continuing efforts to enhance the accuracy of pain assessment can aid in the application of effective
anti-nociceptive (analgesic) agents in non-verbal animals. The aim of this study was to evaluate the
changes in the expression of genes involved in inflammation and pain sensitisation in response to
removal of horn buds in calves, using hot-iron cauterization. The efficacy of an analgesic, meloxicam,
was also tested in attenuating the changes in expression of the studied genes post-disbudding. It was
revealed that cautery disbudding induces significant changes in the expression of genes involved
in inflammation. Meloxicam was able to blunt the increased expression of some of the genes at 4 h
and 24 h after disbudding, while it could not attenuate the increased expression of a few other genes
associated with inflammation.

Abstract: Calf disbudding is a painful husbandry practice on dairy and beef cattle farms. An objective
measurement of pain is useful to reliably evaluate the pain intensity and anti-nociceptive (analgesic)
efficacy of therapeutic agents. The aim of this study was to investigate the changes in peripheral
leucocyte inflammatory cytokine gene expression in calves after disbudding, and to assess whether
the changes in cytokine gene expression could be an indicator of the efficacy of analgesic drugs.
In a randomised controlled study, 16 calves (aged 31 to 41 days and weighing 58 to 73 kg), undergoing
routine disbudding, were randomly allocated into two groups (n = 8 in each group). Calves in
the control group received no analgesic, while those in the treatment group received 0.5 mg kg−1

meloxicam subcutaneously prior to disbudding. Disbudding was performed using an electric
debudder. Blood (10 mL) was sampled from the jugular vein just before and 4 and 24 h post-disbudding,
RNA was extracted from leukocytes, and the transcription of 12 genes of interest was assessed using
nCounter gene expression assay. The results showed significantly higher transcription (compared
to baseline values) of the studied genes (except CRH, IFNγ, and IL10) in the control group calves
at either 4 or 24 h post-disbudding. The administration of meloxicam one hour before disbudding
significantly attenuated the upregulation of IL6, PGHS2, TAC1, NOS1, and CRH gene transcription
post-disbudding, while it did not suppress the elevated transcription of acute and pro-inflammatory
cytokines such as IL1β, IFNγ, IL8, and TNFα genes. In conclusion, nCounter gene expression assay
seems to be a promising tool to study the expression of cytokine genes and thus could be used for the
pre-clinical evaluation of novel analgesics.
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1. Introduction

Calf disbudding is a routine management practice on dairy and beef cattle farms. The veterinary
medical associations in several countries recommend this procedure to be performed at an early
age [1]. Since late 2019, the disbudding of calves in New Zealand requires the administration of a local
anaesthetic [2]. However, it is still performed without the provision of analgesia in most countries. Pain is
a subjective state, and it can only be measured indirectly in non-verbal animals [3]. Previous studies
have used a variety of pain assessment methods following calf disbudding. These include changes
in behaviour [4] and/or physiological variables such as plasma cortisol [4–7], substance P levels [8,9],
heart rate, eye temperature [7,8,10], nociceptive thresholds [7,8], and performance measures such as
activity and weight gain [11].

During the recent decade, several studies have focussed on evaluating the effect of local anaesthetics
and nonsteroidal anti-inflammatory drugs (NSAID) in mitigating the acute pain and distress following
the disbudding/dehorning of calves [3,9,11]. The findings of those studies varied regarding the effects
of local anaesthetics and/or analgesics on measures of pain and welfare following disbudding in
calves. While some studies demonstrated that pre-procedural administration of local anaesthetics
and/or analgesics resulted in benefits such as acute pain relief, increased weight gains, and growth
rates [3,11], a few other studies did not find any significant reduction of physiological and behavioural
changes [8,9,12]. None of the pain assessment methods have been described as the gold standard for
measuring the nociceptive blocking ability of analgesics.

The molecular mechanisms behind nociception and the resultant peripheral and central
sensitisation are gradually being unravelled. Cytokines are small proteins secreted by different cell
types at the site of injury and by systemic immune cells in response to injury [13]. They appear rapidly
following injury due to active gene transcription and translation by the injured cells. They initiate
the acute phase response and induce the production of other pro-inflammatory cytokines resulting
in amplified response to injury. Increased expression of inflammatory cytokine genes has been
demonstrated post-surgery in humans and rodents [14], while perioperative analgesia attenuated
the rise in inflammatory cytokine levels and postoperative pain scores in humans [14]. In addition,
a significant increase in the expression of inflammatory cytokine mRNA was evident in tissue samples
from the testes, epididymis, and scrotum after the castration of calves [15]. Important pro-inflammatory
cytokines include interleukin 1 beta (IL1B), interleukin 6 (IL6), interleukin 8 (IL8), tissue necrosis
factor α (TNFα) and interferon gamma (IFNγ) [13], while interleukin 10 (IL10) is an anti-inflammatory
cytokine, and its induction has been shown to attenuate systemic inflammatory response [16]. Apart from
pro-inflammatory cytokines, several molecules involved neuroactive ligand–receptor interaction, such
as the nitric oxide synthase 1 (NOS1), prostaglandin-endoperoxide synthase 2 (PGHS2), angiotensin
II receptor type 2 (AGTR2), corticotropin-releasing hormone (CRH), nerve growth factor (NGF), and
tachykinin precursor 1 (TAC1), have an important role in nociception pathways [17]. Very few studies
looked at the expression of inflammatory cytokine genes in response to calf disbudding [18,19].
A precise understanding of the cytokine response to injury can be exploited therapeutically to improve
animal welfare.

Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) is routinely used
to investigate gene expression. However, the enzymatic reactions (reverse transcription and
polymerization) used in this method could contribute to variability. nCounter gene expression
assay enables the amplification-free multiplex detection of nucleic acids by the molecular barcoding of
target molecules using a colour-coded probe pair [20].

The aim of this study was to investigate the changes in peripheral leucocyte inflammatory cytokine
gene expression, using nCounter assay, in calves after disbudding, and to assess whether the changes in
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cytokine gene expression could be an indicator of the efficacy of analgesic drugs. It was hypothesised
that the cautery disbudding of calves would induce significant changes in systemic inflammatory
cytokine gene transcription, and that meloxicam (an NSAID analgesic) administered before disbudding
would significantly attenuate the changes in cytokine gene expression.

2. Materials and Methods

2.1. Animals, Groups and Ethics Approval

This trial was undertaken on Holstein–Friesian Jersey crossbred calves born at the AgResearch
farm, Tokanui, Hamilton, New Zealand, during the July to September calving season. The study
protocol (#15/61) was approved by the Massey University Animal Ethics Committee, Palmerston North,
New Zealand. Sixteen calves (aged 31 to 41 days and weighing 58 to 73 kg), undergoing routine
disbudding, were randomly allocated into two groups (n = 8 in each group). Randomisation was
performed by an online software QuickCalcs (GraphPad Software, San Diego, CA, USA). Calves in
the control group received no analgesic before disbudding, and those in the treatment group received
meloxicam prior to disbudding. During the study period, the calves were housed together indoors in
a calf-rearing unit floored with wood shavings and maintained under normal farm practice.

2.2. Disbudding and Blood Sampling

Calves in the treatment group received 0.5 mg kg−1 meloxicam (Metacam 20 mg/mL for injection,
Boehringer Ingelheim, NZ Ltd., Manukau, New Zealand) subcutaneously (SC) 1 h prior to disbudding.
No analgesic was administered to the control group calves. Calves in both groups were sedated with
0.1 mg kg−1 Xylazine (Xylazine 2% injection, Phoenix Pharm Distributors, Auckland, New Zealand)
intravenously 10 min before disbudding. Disbudding was performed by a single veterinarian in all
calves by cautery, using an electric debudder (Shoof International Ltd., Cambridge, New Zealand).
The contact time between the cautery iron and each horn bud was maintained for 12–15 s [11].
Blood (10 mL) was sampled from the jugular vein into heparinised vacutainers just before and 4 and
24 h post-disbudding and transported to the laboratory at ambient temperature for processing. The 4
and 24 h sampling time points post-disbudding were chosen with a view to study the kinetics of
the early and late transcription of cytokine and neuroactive ligand-receptor genes. Since calves in
the control group received no analgesic either prior to disbudding, meloxicam (0.5 mg kg−1 SC) was
administered soon after the final sampling at 24 h post-disbudding to alleviate pain.

2.3. RNA Extraction and Purification

Two ml of heparinised blood contained in a 50 mL conical tube was mixed with 20 mL pre-warmed
tris-buffered ammonium chloride (TAC) buffer (46 mM Tris-Cl, pH 8.1, and 1 mM CaCl2), incubated
at 37 ◦C for 10 min, and centrifuged at 350× g for 7 min at room temperature. The supernatant was
discarded, and the pellet was re-suspended in one mL of RNeasy Lysis Buffer (Qiagen GmbH, Hilden,
Germany). RNA in the lysates was purified using a QIAamp RNA Blood Mini Kit (Qiagen GmbH,
Hilden, Germany), and its quantity and quality were assessed using a Nanodrop spectrophotometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA concentrations in the samples were adjusted
to ≥25 ng/μL and stored at −80 ◦C.

2.4. Enumeration of Gene-Specific RNA

The detection and enumeration of RNA specific to 15 genes (12 of interest and 3 reference) was
performed using nCounter gene expression assay [20]. Forty-eight RNA samples pertaining to the
16 animals, over three time points, were analysed using a custom-designed probe panel for 15 genes.
Details of the genes, their Genebank accession numbers, and the position of target sequences are shown
in Table 1. The simultaneous detection of mRNA of the 15 genes (Table 1) was undertaken using
this assay as per the protocol outlined in the nCounter™ Gene Expression Assay Manual, v.20090807
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(NanoString, Seattle, WA, USA). In brief, the gene-specific capture and reporter probes were hybridised
to complementary target mRNA (around 100 ng) in solution by overnight incubation at 65 ◦C in
a thermocycler, followed by washing off the excess probes and non-target transcripts in the solution
by a two-step magnetic bead-based purification on the robotic nCounter™ Prep Station (NanoString,
Seattle, WA, USA). Subsequently, the tripartite molecules were eluted and immobilised on cartridge for
the enumeration of different colour-coded probe-mRNA hybrids, using a nCounter™ Digital Analyzer
(NanoString, Seattle, WA, USA) with maximal sensitivity (555 fields of view, FOV).

Table 1. Details of genes analysed for transcription in peripheral leukocytes.

Gene Gene Category Genebank Accession Target Sequence Position

IFNγ Pro-inflammatory cytokine NM_174086.1 503–602
IL1B Pro-inflammatory cytokine NM_174093.1 331–430
IL6 Pro-inflammatory cytokine NM_173923.2 293–392

IL8 (CXCL8) Pro-inflammatory cytokine NM_173925.2 278–377
TNFα Pro-inflammatory cytokine NM_173966.2 950–1049
IL10 Anti-inflammatory cytokine NM_174088.1 145–244

AGTR2 Neuroactive ligand-receptor XM_001249373.2 1206–1305
CRH Neuroactive ligand-receptor NM_001013400.1 443–542
NGF Neuroactive ligand-receptor NM_001099362.1 558–657

NOS1 Neuroactive ligand-receptor XM_867630.5 2657–2756
PGHS2 Neuroactive ligand-receptor NM_174445.2 881–980
TAC1 Neuroactive ligand-receptor NM_174193.1 317–416

GAPDH Reference NM_001034034.1 213–312
GUSB Reference NM_001083436.1 1815–1914

YWHAZ Reference NM_174814.2 147–246

2.5. Processing mRNA Expression Data

Tabulated data in comma-separated value (CSV) format, obtained from the nCounter™ Digital
Analyzer as reporter code count (RCC) file, was input into nSolver™ Analysis Software, version 4.0
(https://www.nanostring.com/products/analysis-software/nsolver) and analysed as per the “nCounter
Gene Expression Data Analysis Guide”, MAN-C0011-04 (NanoString, Seattle, USA). The reporter
library file containing the CodeSet information specific for the genes in this study was used to undertake
the quality control routine. Default quality control (QC) settings were used: an Imaging QC (a measure
of the percentage of requested fields of view successfully scanned in each cartridge lane) of <75;
a Binding Density QC (a measure of reporter probe density in each cartridge lane) range of 0.1 to
2.25; a Positive Control Linearity QC (a measure of correlation between the counts observed for the
positive control probes and the concentrations of the spike-in synthetic target nucleic acids) of <0.95;
and a Positive Control Limit of Detection QC (indicates whether the counts for the positive control
E probe and target sequence spiked in at 0.5 fM, assumed to be the system’s limit of detection, are
significantly above the counts of the negative control probes) of ≤2 SD above the mean of the negative
controls. All samples (except a 24 h sample for an animal in the meloxicam group) passed the quality
control. A background minimisation of counts was undertaken by subtracting the number of counts
for the highest negative control +2 SD from all the mRNA counts. Subsequently, a positive control
normalisation of RNA counts was then performed using the geometric mean of the 6 positive controls
included in the nCounter assay. Finally, a biological normalisation of gene-specific RNA counts was
undertaken based on the RNA counts of the chosen three mRNA reference genes (glyceraldehyde
3-phosphate dehydrogenase (GAPDH), glucuronidase beta (GUSB), and 14-3-3 protein zeta/delta
(YWHAZ), and the final counts were exported into an Excel workbook.
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2.6. Statistical Analyses

Differences in normalised mRNA counts with respect to the 12 genes of interest were tested using
a mixed model analysis in SAS® 9.4 (SAS Institute Inc. Cary, NC, USA). The employed model included
the fixed effects of group (control versus meloxicam), time (0, 4, and 24 h), and their interaction,
and the random effect of animals. An autoregression 1 (AR1) model [21] was used to account for the
covariance between the repeated measures within the individuals. In addition, to account for minor
differences in the baseline (0 h) mRNA counts within each group, baseline values were considered as
a covariate in the mixed model. The normality of residuals of data was checked by Shapiro–Wilk and
Anderson–Darling tests using the CAPABILITY Procedure in SAS® 9.4 and the residuals were found
to be normally distributed. Probability (p) values of ≤0.05 were considered statistically significant.

A priori power analysis could not be undertaken since there were no prior studies in cattle
that used nCounter gene expression assay for pain-related cytokines. Hence, an indicative post-hoc
power analysis was performed to estimate the power of detecting a significant difference between
the two groups at a given time point as well as between two time points within a group. Power was
estimated for two genes (IL8 and PGHS2) that exhibited significant differential expression between
groups at 4 and 24 h post-disbudding, respectively. Power was calculated using G*Power software [22],
assuming a simple t-test for differences between two independent means. The mean and standard
deviation of mRNA counts, as well as sample size of the groups, were used as input values to
estimate the realised power. The level of significance was set at 5%. Based on the observed effect size,
the number of individuals required to achieve power values up to 1 were extrapolated for each of
those two genes. Similarly, using the same software, the power of detecting a significant difference
in mRNA counts (compared to baseline values) of IL8 and PGHS2 genes at 4 and 24 h, respectively,
was also determined. A paired t-test for differences between two dependent means (matched pairs)
was assumed. The observed mean and standard deviation of mRNA counts at the two time points as
well as sample size were inputted, and a correlation of 0.5 between the readings at the two time points
was assumed.

3. Results

Least square means ± standard errors (LSM ± SE) for normalised mRNA counts in peripheral
leukocytes with respect to the 12 genes of interest in control and meloxicam-administered calves,
prior to as well as at 4 and 24 h post-disbudding, are presented in Figure 1a,b. Significant differences in
mRNA counts, between groups as well as between time points, were observed with regard to IL8, IFNγ,
IL1B, NOS1, and PGHS2 genes. The IL8 gene exhibited significantly higher transcription (compared to
baseline mRNA counts) at 4 and 24 h post-disbudding in both groups (Figure 1a). The IL8 mRNA
counts were particularly high in the control group calves at 4 h post-disbudding, which significantly
differed from those in the meloxicam-administered calves. IL1B transcription was also significantly
higher post-disbudding in both groups, with the mRNA counts at 4 and 24 h in the control group and
at 4 h in the meloxicam group being significantly higher compared to the respective baseline values
(Figure 1a). Furthermore, the IL1B mRNA counts at 4 h post-disbudding in the meloxicam group were
significantly higher compared to those in the control group.

A slight but significant increase in IFNγ gene transcription, compared to time point 0, was evident
in the meloxicam group at 4 and 24 h post-disbudding (Figure 1a). In addition, the mRNA counts
for this gene at 24 h post-disbudding in the meloxicam group were significantly higher than those in
the control group. The mRNA counts for NOS1 and PGHS2 genes were significantly higher in the
control group at 24 h post-disbudding compared to their respective baseline values as well as the
meloxicam-administered group (Figure 1b).
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Figure 1. Transcription profile of selected cytokine and neuroactive ligand-receptor genes in peripheral
leukocytes from calves, in response to cautery disbudding. Two groups of calves (aged 31 to 41 days,
n = 8 per group), that were either administered meloxicam or no analgesic (control), were disbudded using
an electric debudder. mRNA counts in peripheral leukocytes, as determined by amplification-free nCounter gene
expression assay (NanoString, Seattle, WA, USA), were normalised based on the RNA counts of three reference
genes included in the assay. An asterisk (*) over the mean bars indicates a significant (p < 0.05) difference of
transcription compared with respective pre-disbudding mean, within treatment, while significant differences
between the treatment and control group means, within each time point, were denoted with braces and respective
p-values on top of the bars. (a) Data pertaining to angiotensin II receptor type 2 (ATGR2), corticotropin-releasing
hormone (CRH), interleukin 8 (IL8), interferon gamma (IFNγ), interleukin 10 (IL10), and interleukin 1 beta
(IL1B) are shown in this graph. (b) Data pertaining to interleukin 6 (IL6), nerve growth factor (NGF), nitric oxide
synthase 1 (NOS1), prostaglandin-endoperoxide synthase 2 (PGHS2), tachykinin precursor 1 (TAC1), and tissue
necrosis factor α (TNFα) are shown in this graph.
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A significantly higher transcription, compared to respective group baseline mRNA counts,
was observed in the case of AGTR2 (in meloxicam as well as control groups at both 4 and
24 h post-disbudding), IL10 (at 4 h in meloxicam group), IL6 (at 24 h in control group), NGF
(at 4 h in control group), TAC1 (at 24 h in control group), and TNFα (at 24 h in both control and
meloxicam groups) genes (Figure 1a,b). In the case of the CRH gene, although the mRNA counts
were relatively low, a between-group difference was observed at 4 h post-disbudding (Figure 1a).
The mRNA counts for this gene in the control group calves were significantly higher compared to the
meloxicam-administered calves.

Post-hoc power analysis results indicated a power of 0.706 for detecting a significant difference in
the IL8 mRNA counts between the meloxicam and control groups at 4 h post-disbudding, and 0.922 in
the case of PGHS2 mRNA counts between the two groups at 24 h post-disbudding. A sample size of 10
and 16 animals per group would increase the power of detection to 0.8 and 0.9, respectively, in case of
the IL8 gene. Similarly, powers of 0.966 and 0.999 were realised in the case of detecting a within-group
(control) difference (compared to baseline values) in IL8 mRNA at 4 h and PGHS2 mRNA at 24 h
post-disbudding, respectively.

4. Discussion

Peripheral leukocyte inflammatory cytokine gene expression profiles were investigated in calves
in response to cautery disbudding in this study. Both control and meloxicam groups showed significant
changes in a variety of pro- and anti-inflammatory cytokine mRNA after disbudding. There was
a significantly higher transcription of TNFα gene at 24 h post-disbudding in both groups, but no
significant difference was detected at 4 h after disbudding, compared to respective baseline values.
TNFα is mainly secreted by activated macrophages after tissue injury and plays a pivotal role in the
initiation of acute phase response along with other early pro-inflammatory cytokines such as IL1B,
IL6, and IFNγ [23]. Disbudding with hot iron involves the burning of a ring of tissue containing
horn bud cells. The systemic inflammatory response following a burn injury in mice has been
demonstrated to induce the release of a myriad of pro- and anti-inflammatory cytokines, with a peak
of serum TNFα detected at 24 h and 48 h post-burn [24]. Only a few studies [18,19] have assessed
the expression of cytokines and other inflammatory mediators in response to calf disbudding. In the
present study, it is likely that the mRNA levels of TNFα have started rising in the window between
4 and 24 h and by 24 h after disbudding, a significant increase from the basal level was found.
Nonsteroidal anti-inflammatory drugs have been shown to upregulate the production of TNFα from
human peripheral blood leucocytes [25,26]. Results from the current study appear to support this
as the TNFαmRNA of meloxicam group, similar to the control group, significantly increased from
baseline by 24 h post injury.

IL1B, TNFα, and IFNγ have been postulated to be specific and early markers of inflammation
and nociception. No significant differences in IL1B, TNFα, and IL6 mRNA abundance between
sham-handled and disbudded calves treated with a lidocaine block and IV meloxicam have been
reported in one study [18]. In the present study, the mRNA transcripts of both IL1B and INFγ
were found to be significantly elevated in the meloxicam group post-disbudding, compared to the
respective baseline values and values of the control group at 4 h and 24 h. A previous study in
calves reported a similar elevation of these early pro-inflammatory cytokine levels as early as 15 min
after disbudding [19]. In the current study, it is likely that the mRNA of these pro-inflammatory
cytokines had begun to rise at an earlier time point than 4 h, which was the first sampling time
point after disbudding in our study. The finding that meloxicam did not attenuate the rise in early
pro-inflammatory cytokine mRNA in this study appears to support the previous literature that the
administration of only a systemic NSAID without local anaesthetic prior to disbudding/dehorning did
not completely mitigate the acute phase response [9,19,27].

Calves in both groups showed a significantly elevated transcription of the IL8 gene at 4 and 24 h
post-disbudding (Figure 1a). IL8 is a pro-inflammatory cytokine produced by a variety of tissues and
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blood cells in response to inflammation, and it exhibits chemotaxic activities against neutrophils and
T lymphocytes, drawing these cells to the site of inflammation [28]. IL8 has been shown to evoke
hyperalgesia in rats by a prostaglandin-independent mechanism [29]. More recently, plasma IL8
levels were found to be positively correlated with the intensity of burning mouth syndrome pain in
humans [30]. In the current study, the significantly lowered transcription levels of this gene in the
meloxicam group compared to those in the control group at 4 h post-disbudding potentially indicate
the ability of meloxicam to reduce the pain caused by noxious stimuli via its anti-inflammatory effect.
This is supported by the observed significantly higher transcription of the IL10 gene in the meloxicam
group at this time point (Figure 1a). In the current study, the significantly lowered transcription levels
of this gene in the meloxicam group compared to those in the control group at 4 h post-disbudding
potentially indicate the ability of meloxicam to reduce the pain caused by noxious stimuli via its
anti-inflammatory effect. This is supported by the observed significantly higher transcription of IL10
gene in the meloxicam group at this time point (Figure 1a). A similar negative regulatory effect of IL10
on IL8 expression in human monocytes has been documented [31]. It is interesting to see markedly
elevated transcription levels of IL8 in the leukocytes of calves in both groups prior to disbudding.
This could be due to the age of the calves, as it has been found that IL8 levels in healthy infant humans
are significantly higher than those in adults [32]. The high IL8 levels in infants have been attributed
to be a major T cell effector function that has the potential to activate antimicrobial neutrophils and
γδ T cells.

IL6 is a Janus-faced complex cytokine. It is one of the pro-inflammatory cytokines released
early in the cascade [33] and induces the production of acute phase proteins. It also acts as an
anti-inflammatory cytokine. IL6 production has been shown to be significantly upregulated in skin cells
close to a heat-induced injury site in rats at 24 h post-injury [34]. The anti-inflammatory effect of IL6 is
thought to be mediated, in part, through the induction of prostaglandin E2 (PGE2) synthesis, which
in turn leads to the inhibition of TNFα and IL1 receptors and subsequently their production [35,36].
In the present study, IL6 mRNA counts did not significantly change in the meloxicam group, but
the control group exhibited a significant increase at 24 h after disbudding. The precise time point
at which the anti-inflammatory effect of IL6 initiates in the course of inflammation relative to tissue
injury is unknown. Treatment with NSAIDs for 3–6 days after injury in humans has been shown to
result in lesser concentrations of serum IL6 compared to a control group [37]. Thus, it appears that
meloxicam had stabilized the IL6 mRNA levels compared to the control group post-disbudding in the
current study.

In the present study, the mRNA counts of PGHS2, NOS1, substance P (TAC1), CRH, and NGF
showed no significant differences in transcription between pre-and post-disbudding time points
in the meloxicam group. The control group showed a significant increase in the mRNA counts of
these neuroactive ligand–receptor interaction molecules at 24 h post-disbudding. The PGHS2 (aka
cyclooxygenase 2, cox-2) gene encodes the inducible isozyme cox-2, which is predominantly involved
in inflammatory prostanoid biosynthesis in response to injury [38]. Meloxicam is a preferential cox-2
inhibitor [39] and thus inhibits inflammatory prostanoids to produce its therapeutic effects in injured
animals. Our finding of lower PGHS2 mRNA counts in the meloxicam group could possibly reflect
decreased ex vivo prostaglandin E2 synthesis in the plasma after cautery dehorning [40].

TAC1 (a precursor of Substance P, SP) is a neuropeptide member of the tachykinin family and is
widely distributed in the central, peripheral, and enteric nervous systems. Neuronal SP is released
from sensory neurons on noxious stimulation and activates several immune cells such as macrophages,
mast cells, and T lymphocytes [41]. Sensory neuropeptide activated immune cells release inflammatory
mediators such as histamine, arachidonic acid derivatives, and cytokines/chemokines. The synergistic
interplay between SP and prostaglandins has been demonstrated in various inflammation and pain
models [42]. Lower plasma SP concentrations compared with a control group have been reported in
meloxicam-treated calves following scoop dehorning without local anaesthesia [9], which is in line
with the lower mRNA counts of TAC1 in the meloxicam group at 24 h after disbudding in our study.

180



Animals 2020, 10, 1187

Nitric oxide synthases (NOS1) catalyse the oxidation of the amino acid L-arginine to produce
the free radical, nitric oxide (NO). Nitric oxide has been shown to activate the cox enzymes for
prostanoid biosynthesis [43] and facilitate prostaglandin-induced hyperalgesia in rats [44]. The inducible
isoform of NOS (iNOS) is released from macrophages in response to inflammatory stimuli [45].
Nonsteroidal anti-inflammatory drugs have been shown to inhibit the expression of iNOS mRNA
in rat in vitro studies [45]. Likewise, the co-administration of meloxicam and iNOS inhibitor
produced a synergistic anti-inflammatory effect in carrageenan-induced acute inflammation in
rats [46]. The findings from the current study support those of previous studies demonstrating
the efficacy of NSAIDs in inhibiting the NO synthesis, with significantly lower mRNA of NOS1 in the
meloxicam-treated calves compared to the control calves.

The CRH gene encodes a member of the corticotropin-releasing hormone family and is mainly
expressed by the hypothalamic paraventricular nucleus and secreted into the hypophyseal portal
system [47]. It plays a crucial role in eliciting the stress response through stimulation of the hypothalamic,
pituitary, adrenal axis and the secretion of cortisol in response to noxious stimulation [48]. In the
present study, post-disbudding CRH mRNA were significantly higher in the control group than the
meloxicam group at 4 h, and no difference was found in both groups at 24 h after disbudding. Plasma
cortisol concentration peaks within 30 min and returns to pre-treatment levels 6–8 h after cautery
disbudding [6]. It is likely that more obvious changes in CRH mRNA have occurred earlier than
4 h post-disbudding, and only a slight increase could be detected in the control group at 4 h in the
current study.

NGF, a member of the neurotrophin family, is essential for the development and maintenance of
both central and peripheral nervous systems [49]. Rats injected with NGF into paws showed rapid
and prolonged hypersensitivity to noxious thermal stimulation, confirming its role in inflammatory
pain [50]. This inflammatory hyperalgesic effect of NGF is thought to be primarily mediated via
tropomyosin receptor kinase A (TrkA) receptors [51]. In the current study, it is interesting to note
that while there was a significantly higher transcription of NGF in the control group calves at 4 h
post-disbudding, its transcription in meloxicam-administered calves at 4 and 24 h after disbudding
remained relatively unchanged compared to baseline values.

Two recent studies [52,53] revealed the AGTR2 to be a promising target for therapeutics aimed
at treating neuropathic pain. The studies showed that damage to the peripheral nerve might lead
to pain hypersensitivity as a result of signalling through AGTR2 found on peripheral macrophages
infiltrating the site of injury, rather than those on sensory neurons. The activation of AGTR2 on
peripheral macrophages triggers the release of reactive oxygen/nitrogen, which in turn activates the
transient receptor potential ankyrin 1 ion channel, thus leading to nociceptive signaling in sensory
neurons [52]. The current study also revealed the significantly higher transcription of this gene at 4 and
24 h post-disbudding in the calves of both groups (Figure 1a), indicating that meloxicam administration
could not attenuate the transcription of this gene in the peripheral macrophages.

IL10 is a potent anti-inflammatory cytokine, reducing the expression of pro-inflammatory cytokines
to balance the inflammatory response to injury [54]. A significant increase in IL10 gene expression has
been reported 12 h after the burdizzo castration of cattle [15]. The pre-emptive administration of an
NSAID, carprofen, has been shown to have no effect on IL10 mRNA expression [55]. Meloxicam has
been shown to have no effect on the production of IL10 from bovine lymphocytes [56] despite the
involvement of cox-2 (target of meloxicam) in the production of IL10 [57]. Similarly, in the current study,
meloxicam did not affect the upregulation of IL10 mRNA. Taken together, it appears that NSAIDs
such as meloxicam and carprofen do not inhibit cox-2 activity to the extent of suppression of different
populations of immune cells that produce IL10 [56].

In the current study, a representative post-hoc power analysis pertaining to the mRNA data of
two genes, IL8 (at 4 h) and PGHS2 (at 24 h), revealed that there was adequate power (>0.9, except
for between-group differences in the case of IL8 at 4 h, which was 0.71) of detecting between-group
and between time-point differences. In the case of IL8, a sample size of 10 per group would provide
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0.8 power for between-group comparison. It is to be noted that these power analyses were based on
assuming a simple t-test, but for the actual analysis of the study data, a more power linear mixed
model, which would better account for correlation between repeated measures, was employed.

It has been shown in humans [58] that cytokine increases in cerebrospinal fluid (CSF) during
peripheral surgery are more marked compared to those in blood, indicating the role of pro-inflammatory
cytokines in increased central nervous system sensitivity to surgical pain. Hence, to check if a similar
trend was evident in the current study, a 1–2 mL CSF was obtained from the atlanto-occipital joint of
all calves prior to and 4 and 24 h post-disbudding. However, attempts to quantify the transcription of
cytokine and neuroactive ligand-receptor genes (as well as housekeeping genes) in the RNA purified
from those samples were unsuccessful due to the very low yield of RNA (<20 ng/sample) being
inadequate for the employed nCounter gene expression assay. A volume of 8–10 mL of CSF might
contain an adequate number of cells, yielding the required mRNA quantity for the nCounter gene
expression assay.

nCounter gene expression assay (NanoString, Seattle, WA, USA) has been employed in this
study to explore the amplification-free expression of peripheral leukocyte inflammatory cytokine
genes. The transcription of genes, as actual mRNA counts in relation to the inbuilt positive controls as
well as the three selected reference genes (GAPDH, GUSB, and YWHAZ) was successfully quantified.
Although the expression of only 12 genes (plus 3 reference genes) was investigated in the current study,
the expression of as many as 96 genes (of choice) in total could be simultaneously investigated using this
assay. Using this technique, differential transcription of a few cytokine and neuroactive ligand-receptor
genes was detected in the peripheral leucocytes of claves post-disbudding. Disbudding resulted in
an increased transcription of pro-inflammatory cytokine genes (such as IL1β, IFNγ, IL8, and TNFα)
in all calves (control as well as meloxicam groups), while meloxicam administration attenuated the
upregulation of a few other genes (IL6, PGHS2, TAC1, NOS1, and CRH) involved in pain sensitisation
pathways. These findings indicate that meloxicam alone would not be able to completely reduce
the pro-inflammatory response following cautery disbudding. However, the nCounter assay seems
to be an efficient tool to screen combinations of different analgesics for their ability to attenuate the
pro-inflammatory response of a variety of genes. However, further studies need to be undertaken to
validate the findings of this study. It would be interesting to see if this differential transcription of
genes reflects in terms of actual protein levels, using MILLIPLEX® Cytokine/Chemokine panels (EMD
Millipore Corporation, Billerica, MA, USA) that can simultaneously quantify up to 15 different cytokines.
Similarly, corroboration of the differential expression of cytokines with either behaviour-based pain
scores or other objective methods such as electroencephalogram variables would be useful.

5. Conclusions

Hot iron disbudding induced significant changes in the expression of a complex network
of inflammatory cytokine mRNA in the peripheral blood leukocytes of calves. The subcutaneous
administration of meloxicam one hour before disbudding significantly attenuated the upregulation of
IL6, PGHS2, TAC1, NOS1, and CRH gene transcription post-disbudding. The mRNA expression levels
of acute and specific pro-inflammatory cytokines such as IL1β, IFNγ, IL8, and TNFα were significantly
increased after disbudding, and meloxicam did not suppress the elevation of these cytokine mRNA
compared to the control group. The current study results indicate that the administration of only
a systemic NSAID could not completely reduce the acute inflammatory response following disbudding.
nCounter gene expression assay (NanoString, Seattle, WA, USA) was used in the current study, which is
a promising tool to study the expression of cytokine genes and thus could be used for the pre-clinical
evaluation of novel analgesics. However, it would be useful to corroborate these gene transcription
results at protein levels in further studies.
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56. Maślanka, T.; Jaroszewski, J.J. In vitro effects of meloxicam on the number, Foxp3 expression, production of
selected cytokines, and apoptosis of bovine CD25+CD4+ and CD25-CD4+ cells. J. Vet. Sci. 2013, 14, 125–134.
[CrossRef] [PubMed]

185



Animals 2020, 10, 1187

57. Harizi, H.; Juzan, M.; Pitard, V.; Moreau, J.F.; Gualde, N. Cyclooxygenase-2-issued prostaglandin E2enhances
the production of endogenous IL-10, which down-regulates dendritic cell functions. J. Immunol. 2002, 168,
2255–2263. [CrossRef] [PubMed]

58. Bromander, S.; Anckarsäter, R.; Kristiansson, M.; Blennow, K.; Zetterberg, H.; Anckarsäter, H.; Wass, C.E.
Changes in serum and cerebrospinal fluid cytokines in response to non-neurological surgery: An observational
study. J. Neuroinflammation 2012, 9, 242. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

186



animals

Review

Optimal Methods of Documenting Analgesic Efficacy
in Neonatal Piglets Undergoing Castration

Meredith Sheil 1,* and Adam Polkinghorne 2,3

1 Animal Ethics Pty. Ltd., Yarra Glen, VIC 3775, Australia
2 Department of Microbiology and Infectious Diseases, NSW Health Pathology, Nepean Hospital, Penrith,

NSW 2750, Australia; adam.polkinghorne@health.nsw.gov.au
3 Faculty of Medicine and Health, Nepean Clinical School, The University of Sydney Medical School,

University of Sydney, Penrith, NSW 2750, Australia
* Correspondence: mlksheil@me.com.au

Received: 27 July 2020; Accepted: 13 August 2020; Published: 19 August 2020

Simple Summary: Surgical castration in piglets is widely used in commercial pig production systems;
however, it may cause pain and stress to the animal. There is an urgent need to develop effective
pain-relieving medications to use for this procedure. Such products must meet high standards of
proof confirming that they are effective. This requires undertaking trials to determine the duration and
severity of pain that piglets experience during and after castration, and the extent of pain reduction
in anaesthetic/analgesic treated piglets. Unfortunately, responses to pain may be transient, subtle,
or variably expressed. Furthermore, there is no simple “gold standard” method to measure pain
in neonatal piglets. Instead, researchers must rely on using a range of indirect measures of pain of
varying reliability. Without understanding the nature of expression of piglet pain, and the reliability
of test measures to detect it, there is the potential of misinterpreting trial outcomes. Although there is
a high degree of variability in the literature of test methods employed and outcomes obtained, there
is nevertheless a growing body of evidence to suggest that some piglet responses to pain induced by
castration, are more consistently reproduced and specific to the pain experienced during castration
than others. In this narrative review, we examine the potential indicators of pain in neonatal piglets
undergoing castration to determine the optimal methods currently available to most accurately detect
pain and assess pain mitigation.

Abstract: Analgesic products for piglet castration are critically needed. This requires extensive
animal experimentation such as to meet regulatory-required proof of efficacy. At present, there are
no validated methods of assessing pain in neonatal piglets. This poses challenges for investigators
to optimize trial design and to meet ethical obligations to minimize the number of animals needed.
Pain in neonatal piglets may be subtle, transient, and/or variably expressed and, in the absence
of validated methods, investigators must rely on using a range of biochemical, physiological and
behavioural variables, many of which appear to have very low (or unknown) sensitivity or specificity
for documenting pain, or pain-relieving effects. A previous systematic review of this subject was
hampered by the high degree of variability in the literature base both in terms of methods used
to assess pain and pain mitigation, as well as in outcomes reported. In this setting we provide a
narrative review to assist in determining the optimal methods currently available to detect piglet pain
during castration and methods to mitigate castration-induced pain. In overview, the optimal outcome
variables identified are nociceptive motor and vocal response scores during castration and quantitative
sensory-threshold response testing and pain-associated behaviour scores following castration.

Keywords: piglet; castration; pain; behaviour; peri-operative; vocalisation; nociception; neonate;
anaesthesia; analgesia
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1. Introduction

A variety of animal husbandry procedures that cause pain to the animal are routinely employed
in livestock species as a part of effective animal management systems. A primary example of such a
procedure is castration, a technique that involves the removal of the testicles or the removal of testicular
function [1]. In pigs, castration is employed in commercial swine facilities for several purposes,
including improving meat flavour, preventing unwanted breeding and modifying animal behaviour.
It is generally performed in the first week of life in male piglets intended to be kept past sexual maturity.
Meat quality is improved by reducing the potential for ‘boar taint’, an unpleasant odour and flavour
associated with the presence of androstenone (5α-androst-16-ene-3-one), produced in the testes of
intact male pigs following sexual maturity [2]. Castration also reduces the risk of unwanted breeding
that can interfere with the maintenance of genetic lines, and assists with management of boars by
reducing the presence of aggressive behaviours that pose a welfare risk to other animals and also to
the safety of humans interacting with them [3].

Traditional methods involve the use of surgical castration, a rapid (<1 min) method commonly
performed by farmers in piglets between 2–7 days of age. The procedure involves restraining the piglet,
incising the skin of the scrotum, extracting the testes, and severing the spermatic cords. Antiseptic is
commonly sprayed onto the wound, and, less commonly, antibiotics are administered with the piglet
finally returned to its sow. The wound is left to heal by secondary intention [1,4–6]. As an alternative
to this procedure, there is growing interest in raising entire males, and/or the use of immunocastration
by an anti-GnRH vaccine, which has shown to be effective in reducing boar taint and increasing growth
performance in male pigs [7,8]. Whilst this review focusses on methods of assessing pain mitigation
for surgical castration, the reader is referred to comprehensive review articles regarding surgical and
non-surgical options and pig welfare [3,6,9].

Surgical procedures induce pain via a number of mechanisms [10]. The acute phase is primarily
neurally mediated. Tissue incision causes trauma to keratinocytes and nerve fibres at the incision site,
resulting in a barrage of nociceptive neural transmission from the damaged tissue to the central nervous
system (nociception) inducing spinal reflexes such as the nociceptive withdrawal reflex, and, on reaching
the cerebrum, the perception of acute pain and induction of the neuroendocrine response [11]. A second,
sub-acute or prolonged inflammatory phase arises, primarily due to local release of various mediators
in response to tissue damage, that promote ongoing pain or pain hypersensitivity against thermal,
mechanical, and chemical stimuli [12,13]. Pro-nociceptive mediators such as ATP, glutamate, kinins,
cytokines, tropic factors, and prostaglandins activate primary afferent neurons directly or indirectly
to enhance nociceptive signal transmission to the central nervous system [14–17]. Prostaglandins
derived from the arachidonic acid cascade are implicated in the production of inflammatory pain,
and in sensitising nociceptors to the actions of other mediators. Bleeding and coagulation due to
tissue injury are closely associated with the initiation of inflammation resulting in reflex erythema and
acute pain responses. Kallikrein released during coagulation produces bradykinin, a strong allogenic
factor [18]. Degranulation of activated mast cells results in the release of proteases, cytokines, serotonin,
and histamine into the extracellular space. These substances sensitize primary afferent neurons to
produce hyperalgesia [19]. Sensitization of peripheral and central neuronal structures amplifies and
sustains postoperative pain [10,15,19].

Consistent with this, piglet castration is reported to cause pain and stress to the animal involving
(i) discomfort and stress prior to the procedure due to handling and restraint; (ii) acute pain and
stress during the procedure itself associated with incision of the scrotum, separation of the tissue to
release each testicle, followed by severing of the spermatic cord; and (iii) post-operative pain and/or
discomfort in the hours and days following the procedure [1,6]. Despite this, historically, castration
has been typically performed without any pain relief, including in North America [20] and the EU [5].
In a detailed survey of 26 European countries, undertaken as part of the PIGCAS project (Attitudes,
Practices and State-of-the-Art regarding Piglet Castration in Europe) in 2009, in the European Union [5]
it was estimated that 79.3% of the about 98 million male pigs were castrated and analgesic use was
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reported as “very rare” or “never” in most EU member countries surveyed. Over the past decade,
however, welfare concerns and ethical objectives have led to a drive to develop effective pain relief
strategies for piglet castration, along with strategies to support the phasing out of the procedure where
possible. In 2010, for example, the ‘European Declaration on alternatives to surgical castration of pigs’
was agreed, stipulating the intention that from 1 January 2012, surgical castration of pigs should only
be performed with prolonged analgesia and/or anaesthesia. From 2018, the declaration stipulates
that the surgical castration of pigs should be phased out altogether. This has seen progress with
non-surgical alternatives along with exploration of a range of different anesthetic/analgesic options
for piglet castration. These include the use of general anaesthesia (with CO2, isoflurane, or injectable
agents); the use of injectable local anaesthesia (such as lignocaine or procaine) administered by a
combination of subcutaneous scrotal and intra-testicular (i.t.), or infundibular injection 5–15 min prior
to the procedure; and/or the use of non-steroidal anti-inflammatory (NSAID) medications generally also
administered 20 min prior to castration, via intra-muscular (i.m.) injection or oral administration [3,6].
An updated survey of 24 different European countries in 2016 [21] identified significant progress;
however, concluded that the deadlines were far from being met. Whilst 6 of the countries had the
practice of raising entire males, an average 80% of pigs continued to be surgically castrated in the
remainder. The average percentage of piglets receiving immunocastration was 2.7%, 5% of the male
pigs surgically castrated received anaesthesia and analgesia while 41% received analgesia alone [21]
and 54% received no anaesthesia or analgesia. As analgesia alone ameliorates post-operative but not
acute procedural pain, the development of practical and effective anaesthesia for the procedure was
identified as an urgent priority.

The challenge faced by stakeholders in this field is to identify options that are effective in
mitigating pain but are also safe, practical and economically sustainable for use in commercial swine
facilities. Few medications are specifically approved for this use in piglets, and many must be
used off-label under veterinary prescription [3]. General and local anaesthesia may be effective
to provide pain relief during the procedure, but not after [22–25], and may require specialized
equipment or veterinary administration, precluding practicality or commercial viability in many
situations. Although some countries allow farmers to administer injectable local anaesthesia, this is
not widespread [21]. Furthermore, injected sedatives or anaesthetics often require time to take effect
resulting in negative welfare impacts, such as due to the pain of injection and/or the need for double
handling. There may also be negative consequences if agents induce post-operative sedation due to
interference with feeding and increased risk of crushing [3,6]. Although data on this is conflicting,
NSAIDs may assist to mitigate post-operative inflammatory pain [26], however, they appear to offer
little effective alleviation of pain during the procedure or in the early minutes and hours following
the procedure [24–29] when pain is most acute. As NSAIDs take time to reach therapeutic effect, they
commonly require administration well before castration, thus also resulting in negative welfare impacts
due to pain of injection and the need for double handling of piglets. Hence, currently there is a critical
therapeutic gap in availability of practical farmer-applied methods of delivering safe and effective
peri-operative anaesthesia. Our group is investigating the use of a combination topical anaesthetic
and antiseptic formulation, which may be farmer-applied during the procedure, (administered via
intra-operative wound instillation), as a method to mitigate acute peri-operative pain in piglets.
This has proven effective to alleviate castration pain in lambs and calves and is now widely used on
farms in Australia [30,31]. Administered immediately following skin incision, the topical anesthetic
formulation (containing 5% lidocaine, 0.5% bupivacaine, cetrimide, and 1:2000 adrenalin), can act
rapidly, within 30 s, to anaesthetise the wound and the exposed cordal tissues prior to severing the
spermatic cords [32], which is considered the most painful part of the procedure. The longer acting local
anaesthetic bupivacaine is included in the formulation to assist in providing extended post-operative
sensory analgesia [33]. Extensive animal experimentation, such as to confirm safety and efficacy, is
required for regulatory approval and authorization for use in piglets. Prior to commencing such studies,
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we performed a review of methods of assessing analgesic efficacy in neonatal piglets to identify those
most valid, sensitive, and specific for the assessment of pain and the efficacy of analgesic medications.

Proof of anaesthetic/analgesic efficacy is challenging in neonatal piglets. There is no one gold
standard or validated measure of pain in piglets. Signs of pain in neonatal piglets can be subtle
and variably expressed, and readily confounded by extraneous variables, particularly when required
to be examined in the field setting (as opposed to in a laboratory) as is a standard requirement
for regulatory approvals. Nevertheless, it is generally accepted that piglets react to stimuli in a
number of ways including: physiologically, behaviorally, and through resistance movements and
vocalization [1,6]. On this basis, a range of outcome variables have been used to assess piglet pain
during and following castration, and to assess amelioration of pain due to use of local anaesthetics
or analgesia. These include; (a) physiological responses during the procedure [22,25,28,29,34–58],
(b) nociceptive motor responses during the procedure [28,29,32,48,50,55,59,60]; (c) vocal responses
during the procedure [22,25,28,29,32,47,50,60–68]; (d) mechanical sensory testing in the minutes
and hours following the procedure [32,33,45] and; (e) post-operative pain-related behaviours in the
minutes and hours following the procedure [22–24,27–29,35,45,47,51,54,58,63,65–72]. More recently,
newer technologies have been explored including (e) facial expression [45,65,71], and (f) infra-red
thermography (IRT) [29,40,46,52]. Unfortunately, the methods used to examine analgesic efficacy in
the reported literature have varied considerably between investigators, and the detail and quality of
reporting has been highly variable, precluding the ability to make standardized assessments of the
validity of each measure. As highlighted in previous reviews on this topic [26,73,74], this variation in
the methods has impeded efforts to develop science-based guidelines for pain management protocols
for castration.

To be valuable as indicators of pain mitigation, measures must be capable of consistently detecting
a significant difference in pain-associated responses during and/or following castration as compared
with pre-operative values, and/or as compared between castrated and non-castrated piglets. Secondly,
variables must optimally be physiologically and/or clinically relevant to the evaluation of the type of
pain being measured e.g., intraoperative pain or post-operative pain. Ideally, these measures (i) must be
practically measured within the study without being confounded by the assessment of other variables;
and; (ii) have the ability to be measured using an analytical method or measurement device/subjective
assessment tool that has sufficient validation.

In the current review, we summarise literature on the currently available methods for assessing
peri-operative pain in surgically castrated neonatal piglets and provide a critical analysis of the outcome
variables identified to ascertain those that most closely meet these criteria. It is anticipated that this
critical analysis may assist the future development of more standardized methods and optimise (reduce
and refine) future analgesic efficacy trials in this field.

2. Physiological Measurements of Pain in Piglets

Physiological responses occur in response to pain and stress, including activation of the
hypothalamus-pituitary-adrenal axis (HPA-axis) and sympathetic nervous system (SNS), and release
of opiate neuropeptides. This acts to increase the metabolic rate in preparation for flight or fight as well
as mediate the inflammatory response and mitigate pain. Adrenalcorticotrophic hormone (ACTH)
is released by the pituitary and acts on the adrenal gland. Cortisol and adrenalin are released and,
in turn, result in an increase in the level of glucose and lactate in the blood. Activation of the SNS
may result in an increased heart rate and blood pressure and reduced skin temperature as blood is
diverted to muscles and vital organs. β-endorphins (endogenous opioid-neuropeptides) are released
from the anterior pituitary and act on opiate receptors in the peripheral and central nervous system to
induce analgesia principally through effects on mu-opioid receptors. Indicators of the HPA axis and
SNS activation, or β-endorphin release are thus often used as indirect measures of pain.

These physiological responses; however, are not specific to pain. They may be triggered by
stress alone, and/or by tissue trauma (such as induced by surgical incision), even in the absence of
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pain. Surgical studies reveal that animals under a general anaesthetic increased cortisol and ACTH
production, irrespective of the animal’s sensation of pain [75,76]. Haemorrhage alone is known
to result in an increase in ACTH, cortisol, β-endorphin concentration, as well as tissue content of
pro-inflammatory cytokines; (including tumour necrosis factor-alpha (TNF-a) and interleukin-1alpha
(IL-1a), IL-6 and IL10), and opiates have a proposed role in regulating the hemodynamic response to
blood loss [77]. In a porcine model of abdominal surgery, for example, a standardized laparotomy
without visceral involvement was performed on 24 anaesthetized pigs. Surgery gave rise to dramatic
increases in plasma ACTH and cortisol (p < 0.01 and p < 0.001, respectively) within 15 min of incision,
while animals were still under full general anaesthesia [75]. The activation of the HPA axis, and
inflammatory cascade in response to surgical tissue trauma is generally termed the surgical stress
response [78], and plays an important role in haemostasis and fluid homeostasis, immune defence,
endogenous pain mitigation, and wound healing [76].

Similar to other surgical procedures, piglet castration results in an acute physiological response
with activation of the HPA-axis and SNS, and opiate neuropeptide release. Prunier et al. [4] reported
that castration of piglets induced significant (p < 0.05) increases in ACTH from 5 to 60 min, cortisol
(from 15 to 90 min), and lactate (from 5 to 30 min) following the procedure, although no significant
changes in blood glucose were observed. These authors hypothesised that glucose may not increase
in neonatal piglets due to lack of glycogen stores. There is also a very rapid and transient increase
in plasma adrenaline, followed by a longer lasting increase in plasma noradrenaline [4] as well as an
increase in heart rate, blood pressure, and other signs of activation of the SNS such as reduced skin
temperature that have also been reported [4,53,66]. Elevated β-endorphin levels have been reported in
piglets castrated via cutting, but not via tearing the spermatic cord, despite equivalent rises in cortisol,
as well as motor and vocal responses during the procedure [50]. This was hypothesised to be due to
the increased risk of blood loss when cutting as opposed to tearing the cordal tissues.

Highlighting concerns over interpreting such physiological markers as being indicative of pain
rather than in response to surgical tissue trauma, comparisons of anaesthetised and non-anaesthetised
castrated piglets have found no significant difference in stress hormone responses [48,49]. Plasma
cortisol, ACTH, and β-endorphins did not differ significantly between the anaesthetised and
non-anesthetised castration groups indicating that tissue trauma (with inflammatory mediator release)
and/or blood loss, rather than pain, is primarily responsible for the physiological HPA-activation and
opiate neuropeptide response. Cortisol was reported as “not a sensitive tool to judge castration stress”
in piglets castrated under general anaesthesia [49]. This indicates that variability in wound size, blood
loss, and a piglet’s neuroendocrine and immune response to wounding may all have a greater impact
on cortisol levels than pain in piglets undergoing castration.

Furthermore, activation of the HPA axis and SNS may occur simply through handling and
restraining piglets. Marchant-Forde et al. [50] reported that cortisol and β-endorphin levels were
increased 45 min following the procedure in castrated piglets versus sham-handled controls (p < 0.1),
however this was associated with a significant difference in the duration of handling and restraint,
and was no longer evident when these factors were taken into account. Hay et al. [51] did not
find differences in urinary levels of corticosteroids and catecholamines over the 4 days following
surgical castration of piglets, as compared with sham-handled controls. This was considered most
likely due to the short-lived activity of the adrenal and sympathetic axes [4]. Lonardi et al. [52]
reported a short-lived increase in cortisol levels in castrated versus sham-handled animals at 20 min
but not at 3–24 h following the procedure. Lactate and glucose levels were not significantly different
between the two groups. Sutherland et al. [22] reported increased cortisol levels in castrated versus
sham-handled piglets 30–120 min, but not 180 min or 24 h following procedure, however the study
involved prolonged handling of piglets for blood collection and/or administration of anaesthetic
treatments prior to castration, and the actual duration of restraint and handling was not documented
for each piglet to allow group comparisons. Substance P (SP), however, was not significantly different
between groups. SP is a neurotransmitter released directly from damaged nerve fibres at the site of
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tissue damage and is associated with increased pain perception and, hence, used as a biomarker of
pain [79]. Other studies have reported that castrated piglets tended to have higher cortisol levels than
sham-handled pigs, however this did not reach statistical significance at the p < 0.05 level [47,50].
Interestingly, where duration of restraint was controlled to be equivalent between groups, there
were also no significant differences between castrated and sham-handled piglets in plasma levels of
pro-inflammatory cytokines; TNF-α and interleukin-1beta (IL-1β), or on acute phase proteins C-reactive
protein (CRP), serum amyloid A (SAA) and haptoglobin (Hp) and Moya et al. [54] concluded that
pro-inflammatory cytokines and acute phase proteins did not provide relevant information on the
physiological consequences of castration in neonatal piglets. Together, these data suggest that handling
alone may induce a physiological response similar to that of castration in neonatal piglets. Despite the
significant impact that the duration of restraint and handling may have on results, this variable is not
always detailed in study reports or included as a variable in analyses.

Local anaesthetics and NSAIDS act to block pain via different mechanisms. This has important
implications regarding interpreting the validity of biomarkers of HPA axis, neuroendocrine and/or
inflammatory cascade activation as indicators of pain in this setting. NSAIDs mitigate pain via
blockade of the conversion of arachidonic acid to prostaglandins by cyclooxygenase enzymes (COX),
preventing activation of the inflammatory cascade and release of pain-inducing inflammatory mediators.
Prostaglandins also directly stimulate ACTH and cortisol release. Separate from mitigating pain,
NSAIDs thus also may directly mitigate the humoral aspect of the surgical stress response to tissue
trauma [80,81]. A reduction in cortisol following NSAID administration, may be anticipated to indicate
a collateral reduction in production of prostaglandins and other associated pain-inducing inflammatory
mediators in piglets post castration, and hence also an associated decrease in pain. Hence, cortisol or
ACTH levels may provide an indirect biomarker of pain in piglets following NSAID administration.
This is not the case for local or general anaesthetics, however.

Local anaesthetics act by blocking nerve fibre conduction of pain signals. These prevent
pain sensation via local or central nervous system effects, without primary effect on the
humoral/inflammatory response to tissue trauma or associated HPA-axis activation. Biomarkers
associated with the surgical stress response may thus be elevated, even although pain induced by them
is blocked. Such variables are thus unlikely to be reliable indicators of pain in animals administered
local or general anaesthesia. An additional confounding factor in the case of local anaesthetics is
that, in many cases, these are administered in combination with adrenalin. This is to enhance local
anaesthetic effects and minimize risks of systemic absorption. Adrenalin and nor-adrenalin, may have
centrally and/or peripheral effects to stimulate corticotrophin releasing hormone and increase the
breakdown of proopiomelanocortins into ACTH and β-endorphins [82–84]. Exogenously administered
adrenalin may thus confound markers of endogenous HPA-axis and SNS activation and opiate-peptide
production in castrated piglets.

In view of these factors, it is not surprising that studies investigating the impact of local anaesthesia
or analgesia on physiological parameters in piglet castration have shown highly variable and, at
times, apparently conflicting results (Table 1). The more consistent results are seen with the use of
NSAIDs. Compared with piglets castrated without analgesic treatment, significantly reduced plasma
cortisol and/or ACTH levels have been documented in NSAID-treated piglets at 30 min [35,38,41,45],
60 min [35,37,45,46], or up to 4 h post-procedure [35,37]. Others however, have reported no significant
(p < 0.05) effect of NSAIDs administered prior to [25,36,39] or at the time of the procedure [22,42],
on cortisol and/or ACTH, nor acute phase reactants, Hp, SAA, and/or CRP. Bates et al. [40] reported
significantly greater amount of prostaglandin E2 (PGE2) inhibition at 10h, and from 30–100 h post
castration in piglets which had nursed from meloxicam- as opposed to placebo treated sows prior
to procedures. Cortisol and SP concentrations, however, were not significantly different (p < 0.05)
between the two groups. O’Connor [74] and associates concluded a weak recommendation for use of
NSAIDS for pain alleviation in piglets 1–24 h post-castration following a systematic review of available
trial data, based principally on impact on cortisol. In the same review, NSAIDs were not found to have
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any impact on vocalisation to suggest an effect to mitigate procedural pain, which is discussed further
below. Together, these data support the conclusion that some NSAIDs may have activity to reduce the
inflammatory response and HPA-axis activation resulting from tissue trauma in piglets in the hours
following castration, consistent with their known mechanism of action. Where cortisol and ACTH
levels are reduced post castration (despite equivalent handling duration between treatment and control
groups), this may be indicative of the efficacy of NSAIDs to mitigate post-operative inflammatory pain.
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By contrast, as expected, the majority of studies have found little or no impact of either local or
general anaesthesia on markers of the tissue trauma/inflammatory response to piglet castration and
resulting activation of the HPA axis. Pre-emptive use of local anaesthesia via intra-testicular (i.t.) or
infundibular injection, or via topical wound instillation, has been associated with reduced cortisol
levels as compared with untreated animals in some trials [25,40,45], while not in others [25,47,55,56],
or only where local anaesthetics and NSAIDs have been used in combination [20]. As detailed above,
the lack of efficacy of local or general anaesthesia to reduce cortisol or ACTH does not, however,
represent lack of efficacy to mitigate pain. These agents act via a different mechanism and mitigate
pain via blockade of neural transmission. Neural markers of pain mitigation, such as the expression of
the c-fos gene and its protein product, Fos, in neurons of the spinal cord [85], are significantly reduced
when piglets are castrated under effective local or general anaesthesia, as compared with piglets
castrated without anaesthesia [43,44]. Furthermore, this is associated with a dramatic reduction in the
nociceptive physiological [4,53], motor and vocal response to castration [22,25,29,32,48,55,59,60,66,67].
Additionally, reduced post-operative hyperalgesia has been documented in local anaesthetic-treated
piglets [32,33]. Together, these factors are considered to indicate that biomarkers of activation of the
HPA axis, and inflammatory response lack specificity for pain mitigating effects of local and general
anaesthetics, and are poor indicators of pain in piglets castrated under general or local anaesthesia [1].
They are similarly not suited to comparative efficacy trials with NSAIDs.

Based on this review, it is concluded that biomarkers of activation of the HPA axis, SNS,
opiate neuropeptides and immune response, lack specificity as indicators of pain associated with
neonatal piglet castration, and are confounded by the physiological response to restraint and to tissue
trauma. They may provide some indication regarding the efficacy of NSAIDs to reduce post-operative
inflammatory pain; however, are very poor markers of potential pain mitigating effects of local or
general anaesthetics.

3. Nociceptive Motor Responses during Piglet Castration

Piglet castration without anaesthesia induces protracted violent struggling and escape behaviour
in piglets during the procedure [48]. This piglet motor response is usually accompanied by a loud
vocal response and is attributable to the nociceptive withdrawal response to acute pain induced during
the procedure. It is referred to in the literature by a variety of terms including ‘escape attempts’ [50];
‘defense behaviour’ [55,60] or; ‘resistance movements’ [29,59]. Measurement of the nociceptive motor
response is typically conducted by use of a variety of methodologies [86] including (i) ordinal scales [60]
(ii) focal assessments [28,55], (iii) a visual analogue scale (VAS) [29], or; (iv) the use of a numerical rating
scale (NRS) [32,48]. Regardless of the methods used, analysis of the nociceptive motor responses of
piglets consistently detects a marked and significant increase in castrated versus sham-handled animals,
and successful mitigation of this response through use of general or local anaesthesia, indicative of
sensitivity to detect pain mitigating effects (Table 2).
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Numerous studies have demonstrated that the piglet nociceptive motor response to castration is
significantly increased in piglets undergoing castration as compared with sham-handled controls and/or
following the application of effective local or general anaesthesia (Table 2). Marchant–Forde et al. [50]
reported that castration triggered significant escape attempts in piglets undergoing castration compared
to sham-handled controls. Focal sampling observations revealed that the piglet’s nociceptive motor
response often involved a sequence of sequential leg kicks in an attempt to escape, followed by a pause.
Injectable anaesthesia (i.e., 2% Lignocaine) applied via intra-testicular or infundibular injection with an
effective wait time has been shown to reduce the relative proportion of resistance movements from the
entire period of fixation, including during the cutting of the spermatic cords, which elicits the greatest
response and is considered to be the most painful step of the procedure [59]. A subsequent study
investigating lignocaine effectiveness also confirmed less resistance movements during castration in
piglets pre-injected with 10 mg/mL lignocaine into each testicle as compared to untreated animals.
By contrast, pre-emptive i.m. administration of an NSAID did not result in a significant reduction in
nociceptive motor response [28].

To investigate the efficacy of topical anaesthesia to mitigate piglet castration pain when instilled
into the wound and allowed a 30 s wait time, our group recently employed a method in which piglet
castration was recorded on videotape, and the nociceptive motor response was graded off-line by a
blinded trained observer using an NRS (0–2, based on nil, partial, or vigorous full body response)
including scoring at four specific time points during the surgical procedure (i.e., during traction of
each testicle and severance of each spermatic cord). Piglets were settled at the time of commencing
procedures. Nociceptive motor response scores were increased at all four time points in untreated
piglets, and were also shown to be significantly reduced in animals treated with topical anaesthetic
via wound instillation with 30 s dwell time [32]. Together, this literature is considered to indicate
that assessment of nociceptive motor withdrawal response can provide a consistent, sensitive and
repeatable method for documenting piglet pain responses during the castration procedure, and the
efficacy of pain management strategies.

4. Vocal Responses during Piglet Castration

A review of the literature indicates that some changes in piglet vocalisation (i) can be
detected during surgical castration, (ii) can be moderated with the use of anaesthesia and; (iii)
are considered to be indicative of pain (Table 3). Although piglets commonly vocalise when
they are handled, and particularly when restrained, the literature indicates that during castration
piglets may squeal more often, more loudly and/or at a higher frequency than piglets that undergo
sham-handling [1,25,29,47,50,60–65,68]. Castration is reported to produce changes in piglet vocalisation
sound parameters that are comprehensively different to those detected from handling alone [67]. A wide
range of parameters have been employed to measure piglet vocal response including measurement of;
duration, energy or loudness (dB), peak frequency or pitch (Hz), or highest energy (Hz), vocalisation
rate, and/or the percent of piglets that vocalised. Parameters that describe a single event in a call, such
as peak level or peak frequency are considered to provide more consistent results than parameters that
describe an average, such as weighted frequency and main frequency [67]. Most recently, specifically
designed software (STREMODO; Stress Monitor and Documentation System, Forschungsinstitut für
die Biologie Landwirtschaftlicher Nutztiere, Dummerstorf, Germany) [64,87] has been developed to
detect stress vocalisations in piglets. This uses linear prediction analysis [88] to differentiate stress
calls, non-stress calls, or background noise.
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Studies have reported that piglets during castration produced more high-frequency calls
(>1000 Hz), (referred to as screams [67]), than non-castrated controls. Pulling and severing of
the spermatic cords lead to the greatest vocalisation response, greater than those normally emitted
during handling and restraint as well as during the initial incision [67,68]. Vocalisation responses were
also used to compare the castration procedure itself with cutting or tearing of the spermatic cord found
to have little difference on the duration of responses [50]. Interestingly, intra-muscular injection of
analgesics induces vocalisations of similar power (dB), frequency (Hz), and energy as that induced
by pulling and tearing the spermatic cords during castration, and of significantly greater power (dB),
frequency, (Hz) and energy than skin incision [65].

The majority of studies identify that local and general anaesthesia are effective in mitigating piglet
vocal response to castration. Piglets castrated without local anaesthesia produce a higher number
of screams with higher frequencies compared to piglets castrated with anaesthesia [29,60,66,67].
Hansson et al. [29] used a decibel meter during castration to record the highest vocal intensity level
(dB) of piglets castrated with and without a local anaesthetic (lignocaine). Piglets castrated without the
local anaesthetic produced calls of a significantly higher intensity than those administered lignocaine.
Leidig et al. [60] summed the total duration of stress calls relative to the total time of the procedure,
finding that duration of vocalisations of piglets receiving intra-testicular anaesthesia with injectable
procaine was half of that emitted by piglets without anaesthesia. Animals that have received local
anaesthetic injection to the testicle on one side vocalise less when the anesthetised testicle is removed
than the non-anaesthetised testicle, although there was wide variability from animal to animal [89].
Trials examining the impact of NSAID administration at or prior to castration, however, have uniformly
reported little to no impact on piglet vocal responses during castration [22,25,26,36,74] compared to
piglets castrated without NSAID treatment.

Despite the overall consistency of reported outcomes, the actual metrics reported by authors
are very diverse and reporting of measures of variation is poor, such that it is difficult to combine
these data or quantify the effect of anaesthetic interventions on vocalisation [26,74]. A confounder to
studies that rely on the quality of vocalisation responses to assess pain in piglets is that, in most cases,
these findings have been recorded in rooms acoustically isolated from farrowing pens where piglet
castration usually takes place. Since regulatory safety and efficacy trials require demonstration in the
field situation, the sensitivity of pig vocalisation measurements and the consistency of results needs to
be considered against the normal background noise levels, and confounding factors of a farrowing pen
in a commercial farm setting. The presence of the sow and littermates can have confounding effects on
piglet vocal responses. In view of these factors, it may be anticipated that analysis of vocal responses
may not be as sensitive an indicator of pain in regulatory field trial settings as in acoustically separated
research environments.

We recently developed a modified method for quantifying piglet vocal responses in the on-farm
setting [32]. Piglet vocal response was recorded using a decibel meter as well as time-stamped videotape
recording. Off-line analysis by a blinded technician allowed generation of standardised decibel/time
waveform recordings for each piglet, on which the time of various specific procedural events were
able to be marked. This allowed comparison of the peak (dB) and total auditory response (area under
the dB/time waveform curve (AUC)) of each piglet, during specific procedural event-time periods
(e.g., piglet vocal response during traction and severing of each cord). This provided consistency
and specificity to the measurement period. Using this technique, we identified that both the peak dB
and AUC recording were significantly reduced in piglets (n = 20) treated with topical anaesthesia
instilled to the wound followed by a 30 s wait time, as compared with untreated piglets (n = 20) during
traction and severing of the first cord. A trend effect was evident for traction and severing the second
cord however statistical power was affected by increased variability. This finding was in contrast to a
previous report [47] in which vocal responses in castrated piglets treated with topical anaesthetics or
an NSAID were compared with untreated controls (n = 10 per group) using the STREMODO system.
No measurable difference had been recorded between treatment and non-treated castrated groups in
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this trial. This may have been due to lack of sufficient dwell time allowed for efficacy of the topical
anaesthetic agents employed, and/or insufficient power. More recently, we commissioned a further trial
examining vocal response to castration following wound instillation of a topical anaesthetic formulation
(with 30 s dwell time) (n = 44 per group) using peak dB and area under the dB/time waveform (as
above) to compare vocal response to castration between treated and untreated piglets. With increased
power, a significant reduction in vocal response (peak dB and AUC) to traction and severing of both
the first and second spermatic cords was recorded. (Sheil, M; unpublished observations, manuscript in
preparation).

In summary, it is considered that with careful application to ensure targeting of the measurement
period to coincide with the time points of pain generation, and avoidance of confounding factors
(particularly duration of restraint or recordings), measures of piglet vocalisation in response to
castration including; the peak dB, total vocal response (such as area under the dB/time waveform),
the frequency (Hz) of call with the highest intensity (dB (A)), rate of high frequency calls (>1000
Hz) or stress vocalisations using the STREMODO system, appear to provide a relatively consistent
and sensitive method of assessing procedural pain associated with castration, and pain mitigation in
neonatal piglets.

5. Post-Operative Pain-Related Behaviours

In general, measures of behaviour have proven to be more reliable indicators of pain than
physiological measures in animals following castration [1,51]. In other animal species, behaviours
such as decreased or abnormal locomotion, turning the head towards the rump, abnormal postures
including prostration (standing or sitting with head below the shoulders), “hunching” (standing with
kyphosis), “stiffness” (lying with legs tense and extended or walking with a stiff gait), increased or
reduced movements of the tail are considered indicators of pain resulting from castration [30,31,90–92].
More diffuse and variable responses may occur in neonatal animals, however, due to immaturity of
neuronal pathways involved with pain processing [93].

Behavioural disturbances have also been examined in neonatal piglets following castration.
A review of the literature however reveals that in piglets, these behavioural changes may be subtle,
transient and/or variably expressed, such that findings are not always reproducible. In some cases,
contradictory results have also been reported (Tables 4 and 5). Behavioural assessments usually
involve either direct quiet observation and scoring of piglet behaviours by trained blinded observers,
or continuous time-lapse video-recording with off-line scoring either using event monitoring software
or trained blinded observers. Assessments typically include observations of piglet; (i) posture (lying,
standing, sitting, etc.), (ii) location (under heat, in contact with the sow or pen mates versus in isolation),
and (iii) activities, including “non-specific” behaviours (sucking, sleeping, walking, playing, exploratory
or aggressive behaviour, etc., which may be divided into “active” and “inactive” behaviours) and
“pain-specific” behaviours. This latter category, first detailed by Hay et al. [51] based on pain-specific
behaviours reported in other species, includes; “prostration” (standing or sitting with head down
below shoulder height), “huddled up” (ventral lying with at least three legs tucked up), “tremors or
trembling”, “spasms” (localised muscle spasm), “stiffness” (lying with legs tense and extended), “tail
wagging” and “scratching” (rubbing the rump along the floor or walls, also called “scooting”). Authors
have additionally included standing in “hunched” posture (i.e., with kyphosis) or walking with a stiff
or abnormal gait [23,45,52]. Observations may be made by “scan sampling” (i.e., recording the general
posture, position, and behavioural activity of the piglet, with frequent repetition (e.g., every 1–10 min),
over a predetermined time period (generally 2–3 h in the morning and afternoon of each assessment
day), and/or by “focal assessment” (scoring the presence or absence of “pain-specific” behaviours at a
number of predetermined time points). As incidences of individual pain-specific behaviours are low,
aggregation of “pain-specific” behaviours is commonly employed to derive a “total” or “global” pain
score for each piglet over specific time periods [28,45,51,54].

202



Animals 2020, 10, 1450

T
a

b
le

4
.

Su
m

m
ar

y
of

be
ha

vi
or

al
st

ud
ie

s
in

ne
on

at
al

pi
gl

et
s

fo
llo

w
in

g
ca

st
ra

ti
on

.

A
u

th
o

rs
P

ig
le

ts
N

u
m

b
e
r,

A
g

e
,

C
a
st

ra
ti

o
n

E
x
p

e
ri

m
e
n

ta
l

G
ro

u
p

s
M

e
a
su

re
m

e
n

t
M

e
th

o
d

S
ig

n
ifi

ca
n

t
F

in
d

in
g

s
(N

S
E
=

n
o

S
ig

n
ifi

ca
n

t
E
ff

e
ct

)

M
cG

lo
ne

an
d

H
el

lm
an

[7
2]

20
;1

4
da

ys
C

A
ST

;s
ha

m
-h

an
dl

ed
(S

H
A

M
);

Li
gn

oc
ai

ne
(L

)

Ti
m

e
la

ps
e

vi
de

o
re

co
rd

in
g;

3
h

pr
e-

an
d

3
h

po
st

-c
as

tr
at

io
n.

Ev
en

tr
ec

or
de

r
m

on
it

or
ed

ge
ne

ra
lp

os
tu

re
s,

po
si

ti
on

an
d

fe
ed

in
g

be
ha

vi
ou

r

3
h

po
st

-o
p
↓s

ta
nd

in
g;
↑l

yi
ng

(a
w

ay
fr

om
he

at
);
↓n

ur
si

ng
in

C
A

ST
pi

gl
et

s
(l

ow
m

ag
ni

tu
de

,n
o

eff
ec

to
n

w
ei

gh
tg

ai
n)

M
cG

lo
ne

et
al

.[
66

]
10

0;
1,

5,
10

,1
5

an
d

20
da

ys
C

A
ST

;S
H

A
M

Ti
m

e
la

ps
e

vi
de

o
re

co
rd

in
g.

24
h

po
st

-o
p.

A
di

gi
ta

lt
im

in
g

an
d

da
ta

su
m

m
ar

y
pr

og
ra

m
[1

06
]w

as
us

ed
to

m
ea

su
re

th
e

du
ra

tio
n

of
ea

ch
be

ha
vi

or
Et

ho
gr

am
ba

se
d

on
[7

2]

↓ s
ta

nd
in

g
an

d
↑l

yi
ng

an
d
↓n

ur
si

ng
6

h
po

st
-c

as
tr

at
io

n
in

C
A

ST
pi

gl
et

s
(l

ow
m

ag
ni

tu
de

),
no

eff
ec

to
n

w
ei

gh
tg

ai
n.

C
ar

ro
ll

et
al

.[
58

]
90

,3
–1

2
da

ys
C

A
ST

,S
H

A
M

Ti
m

e-
la

ps
e

vi
de

o
re

co
rd

in
g

(W
J-

H
D

50
0A

,
3-

m
in

sc
an

sa
m

pl
e

im
m

ed
ia

te
ly

af
te

r
ca

st
ra

tio
n

fo
r

2
h.

O
bs

er
ve

d
fo

r
“a

ct
iv

e”
(r

un
ni

ng
w

al
ki

ng
),

ly
in

g,
ly

in
g

un
de

r
th

e
he

at
,s

it
ti

ng
,

si
tt

in
g

un
de

rt
he

he
at

,s
ta

nd
in

g,
st

an
di

ng
un

de
r

th
e

he
at

,a
nd

nu
rs

in
g

(m
ut

ua
lly

ex
cl

us
iv

e)
.

N
SE

on
th

e
ti

m
e

th
at

pi
gs

sp
en

tn
ur

si
ng

,l
yi

ng
,s

ta
nd

in
g,

or
si

tt
in

g,
tr

en
d

(p
=

0.
08

)f
or

C
A

ST
to

be
le

ss
ac

ti
ve

th
an

SH
A

M
.

O
ve

ra
ll

ag
e

eff
ec

t(
p
=

0.
01

)o
n

th
e

ti
m

e
th

at
pi

gs
sp

en
ts

ta
nd

in
g,

su
ch

th
at

3-
da

y-
ol

d
pi

gs
st

oo
d

m
or

e
th

an
6-

,9
-,

or
12

-d
ay

-o
ld

pi
gs

.
N

o
eff

ec
to

n
w

ei
gh

tg
ai

n.

Ta
yl

or
et

al
.[

63
]

84
;3

,1
0,

17
da

ys
C

A
ST

;S
H

A
M

Ti
m

e-
la

ps
e

vi
de

o
re

co
rd

in
g;

Sc
an

sa
m

pl
in

g.
Pr

op
or

tio
n

of
to

ta
lb

eh
av

io
ur

s
sc

or
ed

at
10

m
in

in
te

rv
al

sM
on

it
or

ed
ge

ne
ra

lp
os

tu
re

s,
lo

ca
ti

on
nu

rs
in

g
an

d
ac

ti
ve
/in

ac
ti

ve
be

ha
vi

ou
rs

.

↑s
ta

nd
in

g
or

si
tt

in
g

an
d
↓l

yi
ng

0–
2

h
po

st
-c

as
tr

at
io

n
in

C
A

ST
pi

gl
et

s;
↓l

yi
ng

an
d
↑n

ur
si

ng
in

ne
xt

22
h.

N
o

si
gn

ifi
ca

nt
eff

ec
t

(N
SE

)p
os

iti
on

(a
ll

eff
ec

ts
lo

w
m

ag
ni

tu
de

no
eff

ec
to

n
w

ei
gh

tg
ai

n)

H
ay

et
al

.[
51

]
84

;5
da

ys
C

A
ST

;S
H

A
M

(P
re

vi
ou

sl
y

ta
il-

do
ck

ed
)

D
et

ai
le

d
et

ho
gr

am
:p

os
tu

re
,l

oc
at

io
n,

no
n-

sp
ec

ifi
c

an
d

pa
in

-s
pe

ci
fic

ac
ti

vi
ty
/b

eh
av

io
ur

s
an

d
so

ci
al

is
ol

at
io

n/
de

sy
nc

hr
on

iz
at

io
n.

D
ir

ec
t

ob
se

rv
at

io
n.

Sc
an

sa
m

pl
in

g
ev

er
y

10
m

in
im

m
ed

ia
te

ly
po

st
-o

p
an

d
2

h
ea

ch
m

or
ni

ng
an

d
ev

en
in

g
fo

r
5

da
ys

Fi
rs

t2
.5

h;
↑“

pa
in

-s
pe

ci
fic

”
be

ha
vi

ou
rs

(p
ro

st
ra

ti
on

,h
ud

dl
ed

up
,

st
iff

ne
ss

an
d

tr
em

bl
in

g)
,↑

ta
il

w
ag

gi
ng
↑is

ol
at

io
n

an
d

de
sy

nc
hr

on
iz

at
io

n
↓s

uc
kl

in
g/

ud
de

r
m

as
sa

ge
,↑

aw
ak

e
in

ac
tiv

e
in

C
A

ST
pi

gl
et

s.
2–

4
da

ys
;↑

sc
ra

tc
hi

ng
,t

ai
lw

ag
gi

ng
.T

hr
ou

gh
-o

ut
;

↑w
al

ki
ng

an
d

hu
dd

le
d

up
.L

ow
m

ag
ni

tu
de
↑k

ne
el

in
g

ot
he

rw
is

e
N

SE
on

po
st

ur
es

or
w

ei
gh

tg
ai

n

M
oy

a
et

al
.[

54
]E

xp
1

20
;5

–8
h

po
st

-o
p

C
A

ST
;S

H
A

M
D

ir
ec

to
bs

er
va

ti
on

,S
ca

n
sa

m
pl

in
g

ev
er

y
3

m
in

fo
r

3
h

(5
–8

h
po

st
op

);
et

ho
gr

am
ba

se
d

on
[5

1]

↑t
ot

al
“p

ai
n-

sp
ec

ifi
c”

be
ha

vi
ou

rs
(↑h

ud
dl

in
g

up
);
↓w

al
ki

ng
;↑

ud
de

r
m

as
sa

ge
/e

xp
lo

ra
to

ry
ac

ti
vi

ty
an

d
sc

ra
tc

hi
ng

(N
SE

po
st

ur
e

or
po

si
ti

on
)

M
oy

a
et

al
.[

54
]E

xp
2

20
;4

da
ys

C
A

ST
;S

H
A

M
D

ir
ec

to
bs

er
va

ti
on

,S
ca

n
sa

m
pl

in
g

ev
er

y
3

m
in

fo
r

2
h

ea
ch

m
or

ni
ng

an
d

ev
en

in
g

fo
r

4
da

ys
;

et
ho

gr
am

ba
se

d
on

[5
1]

↑ t
ot

al
“p

ai
n-

sp
ec

ifi
c”

be
ha

vi
ou

rs
(↑h

ud
dl

ed
up

;t
re

m
or

s;
sp

as
m

s)
fir

st
0–

2.
5

h;
La

te
r

ti
m

e
po

in
ts
↓s

it
ti

ng
an

d
↑t

re
nd

fo
r

is
ol

at
io

n.
(T

ai
l-

w
ag

gi
ng

no
tr

ec
or

de
d)

K
ei

ta
et

al
.[

28
]

15
0;

m
ea

n
5

da
ys

C
A

ST
;M

el
ox

ic
am

(M
);

D
ir

ec
to

bs
er

va
ti

on
,F

oc
al

as
se

ss
m

en
t

(p
re

se
nc

e/
ab

se
nc

e)
of

“p
ai

n-
sp

ec
ifi

c”
be

ha
vi

ou
rs

”
ba

se
d

on
[5

1]
(p

ro
st

ra
tio

n,
tr

em
or

s
(t

re
m

bl
in

g)
,t

ai
lm

ov
em

en
ts

an
d

is
ol

at
io

n)
at

30
m

in
,1

,2
,4

,a
nd

24
h

po
st

-c
as

tr
at

io
n;

G
re

at
er

pr
op

or
ti

on
sh

ow
ed

to
ta

lg
lo

ba
lp

ai
n

sc
or

e
‘0
′ i

n
M

vs
.

C
A

ST
at

2
an

d
4

h
(N

SE
30

m
in

,1
or

24
h)

K
lu

iv
er

s-
Po

od
te

ta
l.

[2
7]

16
0;

3–
5

da
ys

C
A

ST
;S

H
A

M
;u

nh
an

dl
ed

;
Li

gn
oc

ai
ne

(L
);

M
;L

an
d

M
.(

Pi
gl

et
s

no
tt

ai
l-d

oc
ke

d)

D
ir

ec
to

bs
er

va
ti

on
,S

ca
n

sa
m

pl
in

g;
12

m
in

in
te

rv
al

s
fo

r
3.

5
h

ea
ch

m
or

ni
ng

an
d

af
te

rn
oo

n
fo

r
4.

5
da

ys
;E

th
og

ra
m

ba
se

d
on

[5
1]

,
ta

il-
w

ag
gi

ng
sc

or
ed

se
pa

ra
te

ly
fr

om
ot

he
r

pa
in

-s
pe

ci
fic

be
ha

vi
ou

rs

↑“
pa

in
-s

pe
ci

fic
”

be
ha

vi
ou

rs
(2

–6
h)

,↑
ta

il-
w

ag
gi

ng
in

L
gr

ou
p

(3
da

ys
).
↑s

le
ep

in
g

an
d

in
ac

tiv
e

be
ha

vi
ou

rs
in

al
lg

ro
up

s
in

fir
st

2–
6

h
po

st
-c

as
tr

at
io

n.
N

SE
su

ck
lin

g
be

ha
vi

ou
r

203



Animals 2020, 10, 1450

T
a

b
le

4
.

C
on

t.

A
u

th
o

rs
P

ig
le

ts
N

u
m

b
e
r,

A
g

e
,

C
a
st

ra
ti

o
n

E
x
p

e
ri

m
e
n

ta
l

G
ro

u
p

s
M

e
a
su

re
m

e
n

t
M

e
th

o
d

S
ig

n
ifi

ca
n

t
F

in
d

in
g

s
(N

S
E
=

n
o

S
ig

n
ifi

ca
n

t
E
ff

e
ct

)

H
an

ss
on

et
al

.[
29

]
39

8;
1–

7
da

ys
C

A
ST

;L
;M

;(
L

an
d

M
)

D
ir

ec
to

bs
er

va
ti

on
sc

an
sa

m
pl

in
g;

ea
ch

10
m

in
fo

r
70

m
in

.E
th

og
ra

m
ba

se
d

on
[5

1,
54

,6
1]

.

(L
an

d
M

)g
ro

up
;↓

to
ta

l“
pa

in
-s

pe
ci

fic
”

be
ha

vi
ou

rs
(h

ud
dl

ed
up

,
st

iff
ne

ss
,p

ro
st

ra
ti

on
,t

re
m

or
s/

tr
em

bl
in

g,
sp

as
m

s,
sc

ra
tc

hi
ng

)d
ay

1
po

st
ca

st
ra

ti
on

.

G
ot

ta
rd

o
et

al
.[

45
]

19
6;

4
da

ys

C
A

ST
;S

H
A

M
;2

%
to

pi
ca

l
te

tr
ac

ai
ne

hy
dr

oc
hl

or
id

e
(T

H
C

L)
;6

%
TH

C
L;

M
;

ke
to

pr
of

en
(K

);
to

lf
en

am
ic

ac
id

D
ir

ec
to

bs
er

va
ti

on
,s

ca
n

sa
m

pl
in

g
1

m
in

in
te

rv
al

s
fo

r
0–

30
m

in
an

d
60

–9
0

m
in

po
st

-c
as

tr
at

io
n;

Et
ho

gr
am

ba
se

d
on

[5
4]

↑t
ot

al
“p

ai
n-

sp
ec

ifi
c”

be
ha

vi
ou

r
(t

re
m

or
s,

sc
ra

tc
hi

ng
,h

un
ch

in
g,

ta
il-

w
ag

gi
ng

)C
A

ST
gr

ou
p,
↑is

ol
at

io
n

C
A

ST
an

d
TH

C
L

gr
ou

ps
;↑

st
an

di
ng

in
ac

ti
ve

al
lg

ro
up

s
ex

ce
pt

K
an

d
SH

A
M

in
fir

st
30

m
in

.
N

SE
60

–9
0

m
in

pe
ri

od

Su
th

er
la

nd
et

al
.[

47
]

36
;3

da
ys

C
A

ST
;S

H
A

M
;t

op
ic

al
w

ou
nd

an
es

th
et

ic
(L

,B
an

d
ad

r
ad

m
in

is
te

re
d

to
w

ou
nd

du
ri

ng
pr

oc
ed

ur
e)

D
ir

ec
to

bs
er

va
tio

n,
1

m
in

sc
an

sa
m

pl
in

g
fo

r
18

0
m

in
po

st
-c

as
tr

at
io

n;
et

ho
gr

am
ba

se
d

on
[5

4,
10

6,
10

7]
in

cl
.L

yi
ng

w
ith

or
w

ith
ou

tc
on

ta
ct

,
su

ck
lin

g
be

ha
vi

or
,g

en
er

al
po

st
ur

es
an

d
“p

ai
n-

sp
ec

ifi
c”

be
ha

vi
ou

rs
(h

ud
dl

ed
up

or
sc

ra
tc

hi
ng

).

↑l
yi

ng
w

it
ho

ut
co

nt
ac

ti
n

th
e

C
A

ST
gr

ou
p

Su
th

er
la

nd
et

al
.[

22
]

70
;3

da
ys

C
A

ST
;S

H
A

M
;G

en
er

al
an

ae
st

he
si

a
(G

A
)-

(C
O

2/
O

2)
;N

SA
ID

1
m

in
sc

an
sa

m
pl

in
g

0–
30

,6
0–

90
an

d
12

0–
15

0
m

in
po

st
ca

st
ra

ti
on

;e
th

og
ra

m
as

pe
r

[4
7]

↑l
yi

ng
w

it
ho

ut
co

nt
ac

t;
C

A
ST

fir
st

30
m

in
th

er
ea

ft
er

C
A

S
an

d
C

O
2

pi
gl

et
s

sp
en

tm
or

e
ti

m
e

ly
in

g
w

it
ho

ut
co

nt
ac

tt
ha

n
ot

he
r

tr
ea

tm
en

ts
.↑

to
ta

l“
pa

in
-s

pe
ci

fic
”

be
ha

vi
or

(s
cr

at
ch

in
g,

hu
dd

lin
g,

hu
nc

he
d)

,C
A

S
+

C
O

2,
0–

30
m

in
.

V
is

ca
rd

ie
ta

l.
[7

1]
19

;5
da

ys

C
A

ST
;(

M
an

d
EM

LA
®

cr
ea

m
),

(M
an

d
Pl

ac
eb

o
cr

ea
m

),
(s

al
in

e
an

d
EM

LA
®

),
(s

al
in

e
an

d
pl

ac
eb

o)
,p

ri
or

to
su

rg
ic

al
ca

st
ra

ti
on

,t
ai

ld
oc

ki
ng

an
d

i.m
.i

ro
n

in
je

ct
io

n.

V
id

eo
re

co
rd

in
g

1
h

pr
e-

;0
–8

h
an

d
24

h
po

st
-c

as
tr

at
io

n;
an

al
ys

ed
15

m
in

pe
r

ho
ur

,
et

ho
gr

am
ba

se
d

on
[5

1]
,b

eh
av

io
ur

s
an

al
yz

ed
se

pa
ra

te
ly

,a
nd

gr
ou

pe
d

in
to

“a
ct

iv
e”

an
d

“i
na

ct
iv

e”
ca

te
go

ri
es

↑i
na

ct
iv

e
be

ha
vi

or
s

an
d
↑ta

il-
w

ag
gi

ng
al

lg
ro

up
s

fir
st

6
h

po
st

ca
st

ra
ti

on
an

d
do

ck
in

g
as

co
m

pa
re

d
w

it
h

pr
e-

ca
st

ra
ti

on
an

d
do

ck
in

g.
↑is

ol
at

io
n

in
pi

gl
et

s
ca

st
ra

te
d

w
it

ho
ut

tr
ea

tm
en

ta
s

co
m

pa
re

d
w

ith
tr

ea
tm

en
tg

ro
up

s.
(N

SE
in

di
vi

du
al

“p
ai

n-
sp

ec
ifi

c”
be

ha
vi

ou
rs

ot
he

r
th

an
ta

il
w

ag
gi

ng
,h

ow
ev

er
sm

al
ls

am
pl

e
si

ze
).

V
is

ca
rd

ia
nd

Tu
rn

er
[6

9]
12

0;
5

da
ys

C
A

ST
;S

H
A

M
;M

;K
.

(P
ig

le
ts

no
tt

ai
l-

do
ck

ed
)

V
id

eo
re

co
rd

in
g

1
h

pr
e-

;0
–8

h
an

d
24

h
po

st
-c

as
tr

at
io

n;
an

al
ys

ed
15

m
in

pe
r

ho
ur

;
et

ho
gr

am
ad

ap
te

d
fr

om
[5

1]
as

ab
ov

e.
Be

ha
vi

ou
rs

an
al

yz
ed

se
pa

ra
te

ly
,a

nd
gr

ou
pe

d
in

to
“a

ct
iv

e”
“i

na
ct

iv
e”

an
d

“p
ai

n”
ca

te
go

ri
es

.
“P

ai
n”

in
cl

ud
ed

;t
re

m
bl

in
g,

st
iff

ne
ss

,s
pa

sm
s,

ta
il

w
ag

gi
ng

,a
nd

ru
m

p
sc

ra
tc

hi
ng

A
ll

gr
ou

ps
;A

t0
h,
↑a

ct
iv

e
be

ha
vi

ou
rs

;A
t5

h,
↑s

uc
kl

in
g;

A
t7

h
↑sl

ee
p

co
m

pa
re

d
w

it
h

pr
e-

op
.C

A
ST

,M
,a

nd
K

gr
ou

ps
;A

t2
,7

an
d

24
h

po
st

-c
as

tr
at

io
n
↑ta

il-
w

ag
gi

ng
an

d
“p

ai
n”

be
ha

vi
ou

r,.
(N

ot
e

“p
ai

n”
ca

te
go

ry
in

cl
ud

ed
ta

il-
w

ag
gi

ng
).

(N
SE

sc
ra

tc
hi

ng
or

ot
he

r
in

di
vi

du
al

pa
in

-s
pe

ci
fic

be
ha

vi
ou

rs
)

Yu
n

et
al

.[
23

]
14

3;
5

da
ys

C
A

ST
;N

o
ca

st
ra

ti
on

(l
ef

t
in

tr
ol

le
y)

(N
oC

);
M

;L
;G

A
(i

so
flu

ra
ne

an
d

M
)

V
id

eo
re

co
rd

in
g,

an
al

ys
ed

10
m

in
/h

,p
re

-(
−1

h)
,

0,
1,

2
h

an
d

24
an

d
36

h
po

st
-c

as
tr

at
io

n;
et

ho
gr

am
ba

se
d

off
[5

1,
54

,7
0]

an
d

ot
he

rs
;

be
ha

vi
or

s
an

al
ys

ed
se

pa
ra

te
ly

.(
Sc

an
s

w
er

e
de

la
ye

d
if

pi
gl

et
s

w
er

e
sl

ee
pi

ng
or

fe
ed

in
g)

.

C
om

pa
ri

ng
pr

e
an

d
po

st
ca

st
ra

ti
on

,b
eh

av
io

ur
s

di
ff

er
en

to
nl

y
du

ri
ng

th
e

fir
st

10
m

in
ob

se
rv

at
io

n
in

bo
th

C
A

ST
an

d
N

oC
pi

gl
et

s,
bu

tn
ot

di
ff

er
en

ta
ft

er
1

h.
C

om
pa

ri
ng

C
A

ST
ve

rs
us

N
oC

-a
t0

h,
↑

pr
os

tr
at

io
n

an
d
↓a

gg
re

ss
io

n
an

d
ta

il
w

ag
gi

ng
in

C
A

ST
.A

t1
h

↑p
ro

st
ra

ti
on

an
d

ab
no

rm
al

w
al

ki
ng

,o
th

er
w

is
e

N
SE

at
an

y
ti

m
e

po
in

ts
.M

,L
an

d
G

A
pi

gl
et

s;
0–

2
h
↑le

g
cr

os
si

ng
vs

.N
oC

,
↓a

bn
or

m
al

w
al

ki
ng

an
d

pr
os

tr
at

io
n

M
v

C
A

ST
.A

t2
h
↑t

ai
l

w
ag

gi
ng

G
A

vs
.N

oC
.O

th
er

w
is

e
N

SE

204



Animals 2020, 10, 1450

T
a

b
le

4
.

C
on

t.

A
u

th
o

rs
P

ig
le

ts
N

u
m

b
e
r,

A
g

e
,

C
a
st

ra
ti

o
n

E
x
p

e
ri

m
e
n

ta
l

G
ro

u
p

s
M

e
a
su

re
m

e
n

t
M

e
th

o
d

S
ig

n
ifi

ca
n

t
F

in
d

in
g

s
(N

S
E
=

n
o

S
ig

n
ifi

ca
n

t
E
ff

e
ct

)

V
is

ca
rd

ia
nd

Tu
rn

er
[6

5]
60

;5
da

ys

C
A

ST
;S

H
A

M
(+

sa
lin

e)
;C

A
ST

an
d

bu
pr

en
or

ph
in

e;
SH

A
M

an
d

bu
pr

en
or

ph
in

e
(P

ig
le

ts
no

tt
ai

ld
oc

ke
d)

V
id

eo
re

co
rd

in
g

1
h

pr
e-

;0
–8

h
an

d
24

h
po

st
-c

as
tr

at
io

n;
et

ho
gr

am
ba

se
d

on
[5

1]
be

ha
vi

or
s

an
al

yz
ed

se
pa

ra
te

ly
,a

nd
gr

ou
pe

d
in

to
“a

ct
iv

e”
an

d
“i

na
ct

iv
e”

an
d

“p
ai

n”
ca

te
go

ri
es

.“
Pa

in
”

in
cl

ud
ed

:t
re

m
bl

in
g,

st
iff

ne
ss

,s
pa

sm
s,

ta
il

w
ag

gi
ng

,a
nd

ru
m

p
sc

ra
tc

hi
ng

A
ll

gr
ou

ps
;↑

sl
ee

pi
ng

an
d
↓w

al
ki

ng
,s

ta
nd

in
g

an
d

ac
ti

ve
be

ha
vi

ou
rs

4–
7

h
as

co
m

pa
re

d
w

it
h

0
h.
↑a

ct
iv

e
be

ha
vi

ou
rs

Bu
pr

en
or

ph
in

e
ve

rs
us

ot
he

r
gr

ou
ps

0–
7

h.
↑t

ai
l-

w
ag

gi
ng

an
d

“p
ai

n”
be

ha
vi

ou
rs

24
h

po
st

-c
as

tr
at

io
n,

C
A

ST
ve

rs
us

SH
A

M
gr

ou
p.

N
B:

“p
ai

n”
ca

te
go

ry
in

cl
ud

ed
ta

il-
w

ag
gi

ng
.

Bu
rk

em
pe

r
et

al
.[

24
]

23
5;

3–
7

da
ys

C
A

ST
;L

ig
no

ca
in

e
sp

ra
y

(L
S)

;
or

al
M

;L
S

an
d

or
al

M

di
re

ct
ob

se
rv

at
io

n,
sc

an
sa

m
pl

in
g

ea
ch

5
m

in
fo

r
5

h
pe

ri
od

fo
r

3
da

ys
po

st
op

;t
ot

al
pa

in
an

d
5

“p
ai

n-
sp

ec
ifi

c”
be

ha
vi

ou
rs

ba
se

d
on

[5
1]

(t
ai

l
w

ag
gi

ng
,t

re
m

bl
in

g,
hu

dd
le

d
up

,p
ro

st
ra

te
d,

sc
ra

tc
hi

ng
)

↑t
ot

al
pa

in
-s

pe
ci

fic
be

ha
vi

ou
rs

m
ax

0–
1

h
po

st
ca

st
ra

ti
on

.N
o

si
gn

ifi
ca

nt
di
ff

er
en

ce
ob

se
rv

ed
in

be
ha

vi
ou

r
be

tw
ee

n
tr

ea
tm

en
t

gr
ou

ps
.(

Tr
en

d
fo

r
↑p

ai
n-

sp
ec

ifi
c

be
ha

vi
ou

r
in

LS
gr

ou
p)

La
ng

ho
ff

et
al

.[
35

]
24

5;
4–

6
da

ys

C
A

ST
;M

,fl
un

ix
in

(F
),

m
et

am
iz

ol
e

or
ca

rp
ro

fe
n,

re
sp

ec
ti

ve
ly

,a
dm

in
is

te
re

d
15

to
30

m
in

pr
io

r.

Po
st

-s
ur

gi
ca

lb
eh

av
io

ur
(0

–6
0

m
in

an
d

18
0–

24
0

m
in

af
te

r
ca

st
ra

ti
on
/h

an
dl

in
g)

Ta
il

w
ag

gi
ng

,d
ro

op
in

g
th

e
ta

il,
an

d
ch

an
gi

ng
th

e
po

si
ti

on
w

er
e

re
du

ce
d

in
M

an
d

F
pi

gl
et

s

205



Animals 2020, 10, 1450

Using these methods, abnormalities of behaviour have been documented in the early minutes
and hours after piglet castration, principally consisting of a low magnitude increase in “pain-specific”
behaviours and/or isolation. Although the majority of these behaviours are short-lived (i.e., observed
with the greatest frequency in the first 30 min to 1 h following castration), some particular behaviours
such as increased tail wagging and/or scratching tend to develop later in the post-operative period
and have been observed to be increased for up to 2–5 days post-procedure in some studies [51,65,67],
although not in others [23,25]. Overall in review, when comparing castrated piglets with sham-handled
controls, variation in general postures and non-specific behaviours have been marginal and/or
conflicting, and are generally not considered reliable indicators of piglet pain [27,51,94].

Early studies identified a number of behaviours thought to be indicative of pain in piglets,
including changes in posture, position, and nursing behaviour, with reduced standing and increased
lying away from heat, and reduced nursing in the early hours (3–6 h) following the procedure as
compared with uncastrated controls, effects that were ameliorated by use of lignocaine local anaesthesia
prior to castration [70,72]. A subsequent study [63], however, reported differently, documenting
decreased lying, increased sitting, and increased nursing in piglets post-castration as compared with
uncastrated controls. In all cases, however, the authors reported that effects, although statistically
significant, were marginal and/or of low magnitude. Hay et al. [51] introduced a detailed ethogram
for behavioural assessment of piglets post-castration. This included recording a range of indices of
piglet posture and position, as well as ‘non-specific’ behaviours (such as suckling, walking, running,
sleeping, playing, exploring, aggression), “pain-specific” behaviours (detailed above) as well as “social
cohesion” (isolation and desynchronization). Using this ethogram and scan sampling over 5 days, in
a study of piglets 5 days of age (n = 84) following castration, increased “pain-specific” behaviours
were documented involving greater incidences of prostration, stiffness, trembling, huddled-up posture
and tail wagging as well as increased social isolation and de-synchronisation, during the first 2.5 h
following castration in castrated versus sham-handled piglets. Scratching and tail wagging were
increased at later time points and remained elevated for 2–4 days. There were no significant changes
in other variables, and it was concluded that general postures changes and non-specific activities
were not reliable indicators of pain in piglets post-castration [51]. A number of studies have used
similar ethograms and/or assessment of “pain-specific” behaviours to investigate post-operative piglet
pain since this time (Tables 4 and 5). These have reported changes in “pain-specific” behaviours
and social isolation, generally detectable only during the earliest assessment periods up to 180 min
following castration. A recent study examining shorter time intervals identified significant changes in
“pain-specific” behaviours were only present over the first 30 min post-castration [45]. Most studies
have reported minimal [51,70] or no significant effect on suckling, and all studies have reported no
effects of castration on piglet weight gain when performed on neonatal piglets > 3 days of age (Table 4).
Longer-term behavioural effects have been variably reported. Hay et al. [51] reported scratching was
increased with maximum frequency from 24–48 h post-operatively, and tail wagging was increased
for 4 days. Wemelsfelder and van Putten [61] also documented increased tail wagging in the days
following castration in 4-week old piglets. However, piglets in both these trials had also undergone
prior tail docking, and it was hypothesised that prolonged tail wagging could be related to exacerbation
of tail stump hyperalgesia. Viscardi et al. [65,69] recorded a significant increase in tail wagging, peaking
at 24 h in non-tail-docked piglets, with no significant difference in scratching behaviour. Others have
reported no significant differences in scratching or tail wagging in castrated piglets as compared with
non-castrated controls up to four days post-castration [25,54].

Pre-treatment with local anaesthetic or NSAID analgesic has been shown to result in significant
differences in certain pain-related behaviour in treated piglets less than 2 weeks of age in some
trials [45,47,72], but not others [24,27,69]. McGlone et al. [72] reported that although the changes
in behaviour were only minor, piglets castrated without local anaesthetic were observed to display
significantly reduced standing, increased lying, and reduced nursing behaviours compared to piglets
administered lignocaine via injection prior to castration. Hansson et al. [29] documented reductions
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in total “pain-specific” behaviours in piglets administered both lignocaine and meloxicam (but not
alone) prior to castration as compared with untreated piglets. Sutherland et al. [47] examined the
behavioural responses of piglets after castration and found that untreated animals spent significantly
more time lying without contact (isolation) compared with piglets given topical anaesthetic via wound
instillation during the procedure. In contrast, an alternative study [27] reported that lignocaine injection
prior to castration resulted in increased “pain-specific” behaviour in the first hours after castration as
compared with sham or unhandled controls, or NSAID-treated piglets. This was predominantly due
to a significant increase in tail-wagging and huddling up in the early hours after the procedure, with
increased tail-wagging remaining evident over the first 3 days. It was hypothesised that either the effect
of the lignocaine wore off so quickly that it had no post-operative analgesic effects or the sensation of
the lignocaine wearing offmay have resulted in increased tail-wagging in piglets. Yun et al. [23] also
reported increased tail-wagging in the first 10 min post castration piglets in piglets castrated under
lignocaine or general anaesthesia. In this case, however, tail-wagging was also similarly increased
in non-castrated piglets but not in piglets castrated without anaesthesia or analgesia, as compared
with pre-operative values. Increased tail wagging in the early hours following the procedure was
also reported following post-operative use of lignocaine hydrochloride spray to the wound [24] as
compared with untreated castrated piglets. It was hypothesised that the high proportion of alcohol in
the product and/or its acidic pH may have contributed to afferent nerve sensitisation. Such effects if
present, may be preventable using buffering agents [95,96] and/or formulations that do not include high
alcohol concentrations. Increased tail wagging was not evident in the early hours following castrated
in piglets treated via wound instillation with a combination topical wound anaesthetic and antiseptic
formulation (containing lignocaine along with bupivacaine), as compared with untreated piglets or
pre-operative values [47] (M. Sheil, unpublished observations, manuscript in preparation). In this
situation, it could be hypothesised that bupivacaine provides longer-acting sensory nerve blockade
that may mitigate any sensation as the shorter-acting lignocaine wears off. Using focal assessment and
an amalgamated global “pain-specific” behaviour score, Keita et al. [28] documented reduced scores at
2 and 4 h post-castration between Meloxicam-treated piglets versus those without treatment, however,
there were no significant effects at 30 min, 1 h, or 24 h. Little or no difference in pain-related behaviour
was seen after castration performed with or without general anaesthesia [23,47]. This is not unexpected,
as general anaesthetics act primarily to prevent pain perception at the cortical level, however, they have
little impact on the local cytokine response to tissue trauma that induces afferent nerve sensitisation
and the development of post-operative pain, as detailed above. Hence, post-surgical inflammatory
pain develops as general anaesthetic effects wear off.

It is notable that the majority of studies that have identified changes in “pain-specific” behaviours
in the early hours following castration have been performed using direct observation with scan
sampling and/focal assessment as opposed to continuous video recording techniques. From a scientific
perspective, continuous behavioural observation is generally considered the gold standard for pain
evaluation in animals, as it allows detection of deviation in normal behaviour and is considered
to have the sensitivity to detect subtle or short duration behaviours [97]. Performed using video
recording and off-line analysis, it also avoids the potential for confounding by observer effects on
animal behaviour, and other limitations of live observations, such as reduced number of duration
and frequency behaviours observed. However, video-recording may be impaired by 2-dimensionality,
parallax error, and shadowing. Furthermore, behaviours may be missed when animals are grouped,
hidden, or off-screen, such as may occur frequently in a farrowing pen. Such factors may all contribute
to reduce sensitivity of video-recording methods to the detection of subtle behavioural changes such
as are seen in neonatal piglets in the early post-operative period. It is notable that no significant
differences in “pain-specific” behaviours between castrated and sham-handled neonatal piglets were
evident in the first 2 h following castration in trials using video-recording techniques [65,69] as opposed
to those using direct observation [29,45,51,54]. Data from these trials suggest that video-recording
techniques may have high sensitivity to detect tail-wagging, however, lower sensitivity to detect other
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“pain-specific” behaviours such as tremors, spasms, huddling up, prostration or stiffness in neonatal
piglets. Although two trials [22,47] using direct observation methods also failed to detect significant
differences in “pain-specific” behaviour in piglets post-castration as compared with sham-handled
piglets these trials only examined a narrow range of “pain-specific” behaviours (scooting and huddling
up) as compared with the full range detailed by Hay et al. [51] and involved relatively low piglet
numbers per group. This suggests that the studies may have been underpowered, and/or that important
pain-specific behaviours such as tremors/trembling, prostration, spasms, stiffness and tail-wagging
may have been missed. There are limited validation studies on behavioural methodologies to detect
piglet pain associated with castration, however, Hay et al. [51] compared 10 min scan samples to
continuous sampling on pain behaviours associated with castration and reported no difference in results
when utilizing a scan or continuous methodology. Additionally, Burkemper [24] has reported low
inter-observer error following observer training for direct observation of pain-associated behaviours.
New studies are underway [98], using video recording techniques with event monitoring software, and
comparing continuous versus scan sampling at various intervals, to better understand the sensitivity
and repeatability of this method. New or alternative methods of behavioural assessment such as
examining gait, locomotor performance, and latency to move are also being explored [23,52].

On this basis, our group recently examined pre- and post-operative pain-related behaviour in
castrated piglets 3–5 days of age with and without wound instillation of topical anaesthesia during the
procedure, across two separate trial sites (M. Sheil, unpublished observations). Direct observation
using trained blinded observers was used, with scan assessments of posture and position (including
pain-specific postures and positions, such as prostration, huddled-up, hunched standing, stiffness
and isolation) as well as behaviours (including “non-specific” and “pain-specific” behaviours) which
were recorded every 10 min for 3 h in the morning and 2 h in the afternoon; pre-castration and
over the first 36 h post-castration. In addition, focal assessments of “pain-specific” behaviours
were separately made pre-castration and at 1, 15, 30, 60, 90 min and, 2, 4, 6, 8, 24, and 30 h
post-castration. Our results accord with those of Gottardo et al. [45], who, using similar methods,
reported increased total “pain-specific” behaviour evident predominantly in the first 30 min after
castration, which was mitigated by pre-administration of analgesic medication or post-surgical topical
anaesthetic medication. Additionally, using similar methods, Hansson et al. [29] reported reduced
total “pain-specific” behaviours in the first 70 min period following castration in neonatal piglets
administered both NSAID and local anaesthetic prior to castration. These results suggest that this
method currently provides the most consistent, repeatable method of identifying acute post-operative
pain, and documenting pain-mitigation in the early minutes and hours following castration in neonatal
piglets. We did not find a difference in “pain-specific” behaviours between groups at later times,
based on focal sampling, however, scores at later times were similar to pre-operative values. This is
consistent with findings reported by Yun [23] and associates, who, reported increased pain-related
behaviours in the first 10 min and to a lesser extent at 60–70 min following castration, but not at other
time points measured over 24 h in castrated piglets as compared with non-castrated piglets and/or
pre-operative values. Using scan and/or focal assessment methods, Keita et al. [28], Hansson et al. [29]
and Burkemper et al. [24]. have previously reported relatively increased “pain-specific” behaviour at
later time periods following castration in untreated as compared with analgesia/anaesthesia-treated
piglets, however pre-operative baseline values were not reported in the piglets under study, nor were
sham-handled groups included.

Interestingly, we observed that most piglets were sleeping (~55%) or suckling (~20%) during
baseline (pre-operative) scan observations. A prominent increase in piglet sleeping was evident the
afternoon following castration. A similar finding has been reported by Viscardi et al. [65,69] who
similarly compared piglet behaviour pre- and post-castration. An increase in piglet sleeping has
otherwise been infrequently reported as a post-operative behavioural disturbance in piglets although it
is, however, a well-documented response to aversive stimulation in neonates [99,100] and neuroactive
steroids such as allopregnanolone, and endogenous neuropeptides such as β-endorphin, released in

208



Animals 2020, 10, 1450

response to stress, are known to have potent sedative properties [101–105]. The majority of previous
trials have examined piglet behaviour comparing castrated with sham-handled animals, rather than
using a piglet’s pre-castration behaviour as its own control. As handling and restraint are aversive to
piglets (resulting in a neuro-endocrine and opiate-neuropeptide stress response), increased sleeping
following handling and restraint may be common to both castrated and sham-handled animals.
This could explain a lack of difference in sleep between sham-handled and treatment groups in
previous trials. Kluivers-Poodt et al. [27], for example, reported a large proportion (70–75%) of piglets
sleeping during scan assessments the afternoon following castration or sham-handling, however, there
were not significant differences between castrated and sham-handled piglets. Trends for increased
lying, with reduced standing, walking, exploring etc., and/or reduced active behaviours following
castration, where reported, (Tables 4 and 5) could all be consequent upon an increase in piglets sleeping
following handling, rather than being indicative of post-castration pain. It is interesting to note that
buprenorphine administration prior to handling or castration resulted in a significant reduction in
inactive behaviours (including sleep) and increased active behaviours in the 8 h following castration
or sham-handling in neonatal piglets [67]. Buprenorphine is reported to disrupt sleep and decrease
adenosine concentrations in sleep-regulating brain regions of the Sprague Dawley rat, [101] such
that it could be hypothesised to have similarly disrupted sleep following aversive stimulation in
piglets. A sedative response to aversive stimulation in piglets, if present, could explain the relatively
low proportion of piglets exhibiting “pain-specific” behaviours over the same period, and contribute
to the challenges detecting pain (and determining the efficacy of pain mitigation strategies) using
behavioural observation methods at these later time points. Increased tail-wagging and scratching are
the most consistently reported behavioural disturbances evident during later time periods, particularly
in docked piglets, however, scratching may not be seen to a significant extent for 24 h.
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It is concluded that the expression of pain in neonatal piglets is subtle and confounded by
behavioural responses to handling stress. Pain assessment is confounded by the lack of a validated
assessment method, which has resulted in variability in the methodological approach taken in trials
to date, and in the reported results. This is concerning because of the potential to underestimate
both the degree of pain experienced by neonatal piglets and the ameliorating effects of analgesic
medicines. In review, direct observation of piglet behaviour, pre- and post-castration using frequent
scan and/or focal assessment and an ethogram that includes and is targeted to the observation of
known “pain-specific” postures, positions and behaviours, including; tremors/trembling, spasms,
prostration, huddled up or hunched posture, stiffness, tail-wagging, scratching, and isolation currently
appears to provide the optimal method to most consistently identify a difference in acute pain-induced
behaviour between castrated and non-castrated piglets, and investigate the potential efficacy of
analgesics or anaesthetic medicines in the acute post-operative period. Tail wagging and scratching
are the most consistently reported behavioural anomalies at later time points and appear to be equally
well documented via continuous recording with off-line analysis or direct observational methods.
These variables may however indicate irritation or itch rather than pain, particularly if present in the
absence of other pain indicators (such as hyperalgesia) and appear to be exacerbated in piglets that
are tail-docked.

6. Mechanical Sensory Response Testing

Quantitative sensory testing is a long-established and validated method of assessing the efficacy
of local anaesthesia and wound analgesia in laboratory research and clinical settings [108]. The flexion
reflex, or nociceptive withdrawal reflex, is a reflex response to a nociceptive stimulus resulting in
the withdrawal of a limb or body part from a painful stimulus, which may be abolished by effective
local anaesthesia or analgesia. In the setting of tissue injury, the release of chemical mediators such as
SP, prostaglandins, and bradykinin involved in the inflammatory response, increase sensitisation of
neurons to nociceptive signals resulting in the development of hyperalgesia and a reduction in the
threshold for the nociceptive reflex response [109]. Afferent nerve sensitisation resulting in hyperalgesia
is considered the primary pathological mechanism underlying the development of post-operative
inflammatory pain [10]. The threshold for eliciting the flexion reflex may be clearly measured, including
in rats [110], and pigs [111] and used to assess the development of hyperalgesia and the efficacy of
anaesthetic or analgesic interventions. The reflex is evoked by stimulation of small calibre A6 or C
fibre primary afferents which transmit noxious information. The absence of the reflex response and/or
a measurable change in the reflex threshold may be detected using a variety of stimuli including
needlestick, heat pads, calibrated or electronic Von Frey Filaments and/or pressure algometry.

Von Frey filaments or ‘hairs’ are a set of calibrated filaments that bend when a certain pressure is
reached, allowing a reproducible mechanical stimulus to be delivered, graduating from that inducing
a light-touch sensation through to a pain-weighted stimulation of skin or tissues. Electronic von
Frey anaesthesiometers are also available. Using an electronic von Frey anaesthesiometer, Herskin
and Rasmussen [112] have described thresholds of mechanical nociception in the pelvic limb of pigs,
using four categories of behavioural response (from slight leg movements to kicking) to detect and
grade the threshold response. In addition to laboratory studies in humans, pigs, and experimental
animals, modified techniques have been developed for use “in the field” for assessment of pain and
pain-alleviation in association with surgical husbandry wounds in livestock species. Applied to skin
in proximity to a wound at time points before and after surgery, an animals response to a fixed light
touch and pain-weighted Von Frey filament stimuli can be graded (via NRS) from a nil response (0)
through to; a local twitch (1), or partial (2) or full body (3) nociceptive withdrawal response. The
development of hyperalgesia lowers the threshold for a response, resulting in a greater response score
to application of the same stimulus. This method has provided a sensitive, consistent and repeatable
method of documenting the development of post-operative wound hyperalgesia and assessing the
efficacy of topical or local anaesthetic-induced wound anaesthesia/analgesia in a range of livestock
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species following surgical husbandry procedures, including mulesing, tail docking and/or castration in
lambs [31,113,114], castration and dehorning in calves [30,114]. Using this technique, a heightened
nociceptive motor response to stimulation of a surgical husbandry wound has been documented
in the minutes and hours following the procedure, in lambs, calves, and piglets, as compared
with sham-handled animals, and/or with pre-operative assessments, indicative of the development
of post-operative hyperalgesia. Pre-operative use of injected local anaesthetic (lignocaine) and/or
immediate post-operative use of topical local anaesthetic (Tri-Solfen®) applied to the wound has
resulted in a significant reduction in nociceptive withdrawal responses evident within 1–3 min of
application, and continuing in the minutes and hours following the procedure, indicative of significant
wound anaesthesia or hypoaesthesia [31–33,113–116]. Where present, this has been associated with
evidence of reduced post-operative pain-related behaviour in treated animals over the same period.

In pigs, this method has been shown to elicit similar and measurable responses to those reported
in human studies, and is sensitive to the effects of local anaesthetic agents [111] (Table 6). Von Frey
filaments have been employed in studies to assess the efficacy of pain mitigation in piglets following
surgical castration [32,33]. Wound sensitivity testing involved the use of von Frey monofilaments
of weights 4 g and 300 g and an 18-gauge needle to stimulate the wound and surrounding skin at
predetermined sites prior to treatment and then at defined periods of time afterward. Involuntary
nociceptive motor responses were scored using an NRS as above. Topical anaesthesia using a lignocaine,
bupivacaine adrenalin combination formulation was found to provide rapid wound anaesthesia and
subsequent effective wound analgesia, with treated pigs displaying significantly reduced responses
compared to untreated animals [32,33] within one minute and continuing 2–4 h post operatively,
and showing similar responses to wound stimulation as sham-treated piglets [33]. Pre-operative
lidocaine injection (scrotal and intra-testicular), also induced early wound hypoaesthesia, with reduced
responses as compared with untreated piglets for up to 1 h following castration.
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As an alternative to von Frey filaments and needlestick stimulation, pressure algometry involves
applying a force to a point and measuring the pressure at which a withdrawal response is elicited
using a pressure algometer. Both A and C fibers mediate pain induced by pressure stimulation [108].
Acute pain in piglets following castration and the impact of local and topical anaesthesia (tetracaine) has
also been assessed by pressure algometry [45]. Efficacy of pain relief was assessed prior to and during a
300 min period after castration by scrotal skin pressure sensitivity, amongst other methods. Increasing
pressure was applied to a designated point on the skin of the scrotum adjacent to the incision site and
the pressure point by which a physical or vocalisation response was elicited was recorded. Results were
consistent with behavioural results in which reduced pain-related behaviours documented in the
first 30 min following the procedure were more prominent in NSAID than topical tetracaine-treated
piglets. While one study investigating wound sensitivity in calves found a good agreement between
both Von Frey filament stimulation and pressure algometry [30], other comparative studies in piglets
(M. Sheil, unpublished observations) found pressure algometers were relatively insensitive due to
the soft nature of the scrotal tissues. The pressure device induced discernible indents or trauma to
the soft tissues at the site without consistently eliciting a response. Janczak et al. [117] examined
factors affecting mechanical (nociceptive) thresholds in piglets and the stability and repeatability of
measures of mechanical (nociceptive) thresholds in piglets when using a hand-held algometer to
examine potentially confounding factors. These investigators reported that mechanical (nociceptive)
thresholds can be used both for testing the efficacy of anaesthetics and analgesics, and for assessing
hyperalgesia in chronic pain states in research and clinical settings; however, identified that in piglets
age and weight affected responses to pressure algometry, particularly in the first week of life.

Whilst the number of reports of quantitative nociceptive response testing in neonatal piglets post
castration are limited, direct sensory testing using needlestick and von Frey stimulation with NRS
grading of the nociceptive withdrawal reflex response, has thus to date proven consistent, repeatable,
sensitive and specific to the pathophysiological process generating pain, and is concluded to provide the
optimal method currently available for assessing post-operative hyperalgesia secondary to peripheral
afferent nerve sensitisation following castration in neonatal piglets.

Quantitative sensory testing allows assessment of an animal’s response to noxious stimuli,
(nociception) as an indicator of the peripheral afferent nerve sensitisation that underlies the development
of post-operative pain but does not necessarily indicate the more complex cortical perception of pain,
i.e., the experience of pain in the absence of a direct stimulus. Combining the use of QST with the
assessment of spontaneous pain-related behaviour is recommended when assessing pain mitigation
strategies, such as to provide evidence of reduced experience of pain, as well as reduction in its primary
underlying pathophysiological mechanism.

7. Other Measures of Pain

Several alternative methods to assess perioperative pain in piglets have also been described.
A piglet grimace scale (PGS) was recently proposed as an alternative method to assess castration

and tail docking pain in piglets [71]. Similar methodologies have previously been developed and
validated for a variety of livestock species, including sheep [118] and horses [119]. The piglet PGS
was developed following analysis and comparison between still images of piglet faces captured at
various stages after surgical castration and the concurrent presence/absence of behaviours indicative of
piglet pain. Facial actions indicative of pain were considered to be (i) drawing back of the ears from
a forward position; (ii) the presence of a bulge of skin on the snout in response to cheek tightening;
and (iii) orbital tightening [71]. This initial study reported a strong correlation between PGS score and
behavioural activity in animals in the first several hours after castration [71]. Some doubts about the
robustness of this method to consistently detect pain in neonatal piglets currently exist though. In
a follow-up study applying the PGS, there were not significant differences between sham-handled
and castrated piglets, and a potential cofounder in the form of piglet body weight was identified,
suggesting that facial grimacing may also indicate weakness or stress related to lower body weight
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rather than pain [65]. It was also documented that administration of buprenorphine significantly
reduced facial grimace scores as compared with both sham-handled and untreated castrated piglets. As
buprenorphine also reduced sleep and increased the activity state of both sham-handled and castrated
piglets, this suggests the possibility that piglet activity state (as opposed to pain) may also impact
facial grimace scores. The second issue relates to inter-user operability with one study [45] revealing
that the PGS method was too unreliable for use in comparative evaluation of piglet pain. It failed to
show consistent inter-observer reliability in scoring in 2 of the measures while the 3rd measure, orbital
tightening, did not differentiate the positive and negative control. This is therefore considered to be a
promising new development however further experience and validation are needed for use in in-field
trials of piglet castration pain and analgesic efficacy.

Infra-red thermography (IRT) measurement of skin temperature has also been used as a
non-invasive method to assess pain responses in piglets with conflicting results reported [29,40,42,46,52].
Animals in pain lose heat from the body’s periphery, measurable by IRT, due to activation of the SNS
causing vasoconstriction and redirection of blood flow to the internal organs [120]. Thus, piglets
experiencing significant pain via surgical castration should display quantifiably lower skin temperatures
than sham-castrated piglets or piglets treated with effective pain mitigation strategies. Consistent
with this hypothesis, skin temperature dropped to a greater extent immediately following castration
in untreated piglets as compared with sham-handled animals and those administered both lidocaine
and meloxicam prior to castration [42]. In addition„ cranial temperatures in piglets castrated and
tail-docked following nursing from meloxicam-treated sows were found to be significantly higher
than temperatures recorded in piglets which had nursed from placebo-treated sows up to 60 h after
castration [40]. However, there were no significant differences between groups in IRT values at
other sites (ear or snout-tip). Furthermore, these results conflict with an earlier study that found ear
temperatures were increased in untreated piglets compared to piglets treated with meloxicam (i.m.)
and/or intra-testicular lidocaine prior to castration [29]. Skin temperature measured using IRT at
the wound site did not differ significantly between groups. Similarly, a separate report examining
the effect of NSAID treatment administered to the sow prior to husbandry procedures in piglets,
found decreased skin temperatures in piglets of sows treated with NSAID compared with piglets from
placebo-treated sows at 2 and 4 h post-procedure, with no difference between groups at 1 h, or from
7–24 h following the procedure [46]. These results conflicted with eye temperature recordings in the
same cohort which were increased at 1 h in the NSAID versus the placebo group, but not significantly
different between groups from 2 and 4 h or up to 30 h following procedures. These investigators also
identified significant temperature differences between male and female piglets and a seasonal variation
in skin and eye temperature recordings.

A confounder to IRT measurements in this setting is that body temperature is also affected by
the post-surgical inflammatory response (i.e., not only the SNS response to pain). Lonardi et al. [52],
examined rectal temperature and eye temperature in castrated versus sham-handled piglets and
documented that there was an increase in both rectal and eye temperature over time following
castration or sham-handling and, although some values were numerically higher in castrated animals,
there were no significant differences between the two groups. The increase in eye temperature
correlated with the increase in rectal temperature. It was noted that body temperature is reported to
increase in response to anxiogenic or stress-inducing stimuli or injury (surgery and trauma) secondary
to endogenous inflammatory activation [121–123]. Inflammatory mediators such as TNF-α and IL-1β
are considered the main endogenous pyrogens [121]. These endogenous pyrogens are increased in
piglets 3 h after castration or sham-handling [54]. It was considered that this may explain the tardive
hyperthermia observed in the study in both castrated and handled piglets, although other external
factors interfering with body temperature, such as exposure to heat lamps or time from milk intake
could not be excluded.

NSAIDs have anti-inflammatory and associated direct anti-pyretic effects and thus may have
a lowering effect on temperature that may confound the assessment of any effect due to mitigation
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of the SNS response to pain. This is further complicated by differences in doses and methods of
administration employed in trials, as well as pharmacokinetic parameters of different NSAIDs [124]
and a relative lack of detail regarding effective therapeutic range for anti-inflammatory effects in
neonatal piglets. General anaesthetics may also have direct effects on body temperature and peripheral
vasodilation. Local anaesthetics generally do not have significant direct anti-pyretic effects, however,
are commonly administered with adrenalin, which may cause peripheral vasoconstriction and similarly
confound skin temperature assessment. Yet another confounder is the relationship between the body’s
temperature and circadian rhythms with day/night cycles influencing body temperature results in
meloxicam-treated and untreated castrated piglets [40].

In view of the lack of consistency in results to date, and multiple confounders, thermography
does not currently appear to provide a reliable indicator of pain in neonatal piglets’ post-castration,
particularly following administration of local anaesthesia with adrenalin. Thermography may be more
reliable for assessment of pain or pain mitigation in non-surgical settings.

8. Conclusions

Sensitive, specific, and well-validated methods of assessing pain provide the cornerstone for
developing effective analgesic medications. Unfortunately, there are few such methods available for
assessing pain associated with castration in neonatal piglets. This is confounded by the neonatal
piglet’s physiological response to restraint, handling, and surgical stress due to tissue trauma, and the
seemingly subtle, and short-lived expression of pain in the post-operative period. An understanding of
the strengths and weaknesses of currently available methods for pain assessment is critical to identifying
and developing effective pain mitigation strategies in neonatal piglets. Employing methodologies that
lack specificity or reliability risks underestimating both piglet pain, and the efficacy of pain-relieving
medications, and creates welfare concerns associated with unproductive or counter-productive research.
In the absence of a validated “gold standard” method of assessment, use of a number of different
methods are required and, indeed, this is a foundational requirement for any treatment method seeking
regulatory approval. This review has discussed the potential strengths and weaknesses of a range of
currently available methods of pain assessment in the context of examining the efficacy of different
anaesthetic and/or analgesic treatment options in field trial settings.

Based on the detailed review of different methods for assessing perioperative pain associated
with surgical castration of piglets, this review concludes that:

• there is a relatively short-lived (0–3 h) physiological response to castration in neonatal piglets;
however, physiological parameters lack specificity for pain, and may be significantly confounded
by the surgical stress response as well as response to restraint and handling. They do not
provide a reliable method for assessment of pain-alleviating efficacy of general or local anaesthetic
interventions. Due to differences in mechanisms of action, these parameters may however
provide a more reliable method to assess efficacy of NSAIDs where confounding variables are
adequately controlled.

• pain control during piglet castration may be evidenced most consistently and reliably by a
reduction in spontaneous nociceptive motor response during the procedure such as by NRS or
VAS scoring of intensity of motor response.

• measurement of piglet vocal response to castration provides a second method for assessing pain
control in piglets during the procedure. Variables including; peak dB, total vocal (dB/time) response,
the frequency (Hz) of call with the highest intensity (dB (A)), and the rate of high-frequency calls
(>1000 Hz), or stress calls as documented by STREMODO, appear to provide the most consistent
or reliable parameters for detection of a significant reduction in vocal response.

• for both nociceptive motor and vocal response assessments care should be taken to ensure piglets
are settled prior to commencing procedures and recordings to provide a consistent baseline.
It is also suggested that measures be adopted to minimise confounding factors (such as piglet
responses to restraint and/or extraneous environmental stimulation) by targeting/limiting the
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assessment period as closely as possible to the time of acute pain generation. This is considered
particularly important if studies are required in the field situation as opposed to acoustically
separated environments.

• post-operative pain control is most effectively evidenced by documenting a combination of reduced
peripheral afferent nerve sensitisation with an associated reduction in pain-related behaviour.

• peripheral nerve sensitization (hyperalgesia) is currently most reliably and consistently
documented in neonatal piglets using nociceptive threshold testing with Von Frey and needlestick
as opposed to pressure algometry.

• post-operative pain-related behaviour may be variable, subtle, and short-lived. Careful planning
of variables and time points to be measured as well as power is required. The most consistently
reported behavioural changes indicative of acute pain in piglets post castration include; “huddling
up”, “prostration”, “hunching”, “stiffness” (lying or of gait), “spasms”, “tremors/trembling”,
“isolation”, “tail-wagging” and “scratching”(as defined above), which are most evident in the first
30 min to 1 h following castration. The most consistently reported abnormalities of “pain-specific”
behaviour at later timer points are tail-wagging and “scratching”. It is noted however that both
tail-wagging and scratching may indicate itch or irritation as opposed to pain, particularly if
present in the absence of other indicators of pain (such as presence of hyperalgesia) at these later
time points. They may be exacerbated in piglets that are also tail docked.

• other methods in development such as facial grimace scores and thermography, hold promise in
many situations however do not currently appear to provide a reliable or consistent method of
documenting pain or pain mitigation in neonatal piglets following castration.

It is hoped that this review may assist the future development of more standardized methods
of assessing pain mitigation in neonatal piglets, assist investigators to optimise (reduce and refine)
future analgesic efficacy trials in this field, and support the development and evaluation of innovative
effective and practical approaches to improve piglet welfare where surgical castration is still utilised in
commercial pig facilities worldwide.
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