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ABSTRACT

Multimodal analgesia is gaining popularity in veterinary medicine. It is an approach that
involves the administration of two or three classes of analgesic drugs with different
modes of actions to enhance the analgesic effects and lower the adverse effects
associated with high dose of a single drug. In a series of experiments conducted in this
thesis, the combinations of morphine, dexmedetomidine and maropitant were evaluated
using different pain models with the aim of using them in a multimodal strategy in dogs

undergoing ovariohysterectomy or other surgical procedures.

Firstly, a pilot study evaluating the efficacy of combinations of the test drugs was
performed using a hot-plate test and tail-flick test in rats. The combination of morphine
and maropitant showed a significantly higher (p < 0.0001) tail-flick latency compared to
all other treatment groups indicating a supra-additive effect of spinal analgesia between

morphine and maropitant.

A pharmacokinetic study to investigate the disposition of the test drug combinations
after intramuscular (IM) administration in dogs under anaesthesia was conducted. The
results showed that the elimination half-life of morphine was higher and the clearance
rate was lower when combined with dexmedetomidine compared to morphine and
maropitant combination or morphine alone at higher doses. This effect may have a

clinical advantage of prolonging the dosing interval of morphine.

A study to evaluate and compare the analgesic efficacy of the combination of morphine,
dexmedetomidine and maropitant in dogs undergoing ovariohysterectomy was

conducted. The study showed that dogs receiving the combination of morphine and
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dexmedetomidine had significantly lower (p < 0.05) pain scores, obtained by the short
form of the Glasgow composite measure pain scale and visual analogue pain scale, in
the postoperative period. All dogs that received dexmedetomidine showed arrhythmia

and second-degree heart block immediately after IM administration.

Finally, the efficacy of the test drug combinations was evaluated using changes in
electroencephalographic indices of nociception (median frequency, spectral edge
frequency and total power) in anaesthetised dogs subjected to a noxious electrical
stimulus. The combination of morphine and dexmedetomidine showed a significantly
lower change in the post stimulation median and spectral edge frequencies compared to
all other treatment groups. The dogs receiving dexmedetomidine also demonstrated

arrhythmia and second-degree heart block.

In conclusion, the combination of morphine and dexmedetomidine showed a superior
analgesic effect compared to morphine alone at higher dose and appeared to be the most
effective combination among other combinations of morphine, dexmedetomidine and
maropitant. The cardiovascular changes produced by the test drugs may be clinically
insignificant in fit and healthy dogs. In future, the efficacy of the combination of
morphine, dexmedetomidine and maropitant at other different doses rates and ratios

should also be evaluated.
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CHAPTER 1 GENERAL INTRODUCTION

Pain is an important aspect of determining well-being and overall health in animals.
Pain from surgery and other clinical or non-clinical conditions such as disease, injury,
routine husbandry practices etc. has significant negative effects on animal welfare and
can lead to prolonged recovery, increased risk of infection, delayed wound healing,
decreased food and water intake and alteration in sleep patterns and behaviour
(Tranquilli ef al. 2004). Therefore, it is an ethical responsibility of veterinary

professionals to prevent the occurrence of pain or to reduce it significantly if it occurs.

With the expansion in the knowledge of pain physiology and the effect of different
analgesic drugs, the number of drugs being available to treat pain in veterinary patients,
including dogs has also increased in the recent years. In addition to the traditional
analgesics (opioids, NSAIDs and local anaesthetics), several adjuvant analgesics are
used in combination with mainstay analgesics especially in the companion animals
(Lamont and Mathews 2007). These adjuvant analgesics are either adopted from the
human studies or from the findings of the laboratory animals research or anecdotal
experiences of the clinicians (Lamont and Mathews 2007; Ruel and Steagall 2019). This
act of combining the drugs from different classes is termed as multimodal analgesia. In
addition to the enhanced analgesic effects, combining two or more classes of drugs may
also lead to decrease in adverse effects associated with higher doses of a single drug

(Young and Buvanendran 2012).



Co-administration of morphine with dexmedetomidine and maropitant could be a
potential multimodal analgesic protocol for providing effective peri- and post-operative
analgesia in dogs. This recommendation is based on potential synergies in the
mechanism of action of these drugs in blocking different pain pathways and is explained

in detail in the literature review (Chapter 2).

1.1 The research problem

Drug interaction is a complex phenomenon. The outcome of using a combination of
drugs could be synergistic (supra-additive), additive or sub-additive and this result can
be seen for both the beneficial analgesic effects and the limiting adverse effects
(Miranda et al. 2008; Raffa ef al. 2010). A thorough examination of the interaction
between the drugs is needed to evaluate the efficacy and safety of their combination.
Although morphine, dexmedetomidine and maropitant are used in companion animal
medicine, the analgesic efficacy and safety of the three drugs in combination has not

been evaluated previously.

1.2 Thesis structure

This thesis consists of a series of novel experiments to evaluate and compare the
efficacy and safety of different combinations of morphine, dexmedetomidine and
maropitant. Following the general introduction of the research problem in this chapter,
Chapter 2 presents the review of the literature pertaining to the pain physiology,
pharmacology of the analgesic drugs and the pain assessment techniques relevant to this
study. This is followed by four separate experimental studies (Chapters 3-6) formatted
according to the guidelines of the submitted journals. Appendices, which consist of

additional relevant information but not presented in the publications due to word limits
2



or other reasons have been placed at the end of each chapter.

Experiment 1 (Chapter 3) tested if the combinations of morphine, dexmedetomidine and
maropitant enhances the analgesic effect and decreases the dose of individual drugs
using rat models (hot-plate and tail-flick tests). This was a pilot study conducted to
generate some indicative data about the interaction between the drugs and has been

published in the journal Veterinary Anaesthesia and Analgesia.

Experiment 2 (Chapter 4) investigated the pharmacokinetics of the drug combinations
after intramuscular administration in dogs under anaesthesia. This study was performed
in combination with the EEG experiment in chapter 6. This study has been published in

the Journal of Veterinary Pharmacology and Therapeutics.

Experiment 3 (Chapter 5) evaluated the analgesic efficacy of combination of morphine,
maropitant, and dexmedetomidine in dogs undergoing ovariohysterectomy using the
Glasgow composite pain scores and the visual analogue scale. Pharmacokinetics
analysis of the drugs in this study was also performed. A manuscript on this study is

under revision in the New Zealand Veterinary Journal.

Experiment 4 (Chapter 6) studied the effect of combinations of morphine,
dexmedetomidine and maropitant on electroencephalographic indices of nociception in
response to acute noxious electrical stimulation in anaesthetised dogs. A manuscript
based on this study has been pubished in the Journal of Veterinary Pharmacology and

Therapeutics.

Chapter 7, the final chapter of this thesis, comprises of the general discussion and

conclusions from all the experiments.



CHAPTER 2 LITERATURE REVIEW

2.1 Definition and the neurophysiology of pain

The widely accepted definition of pain was given by the International Association for
the Study of Pain (IASP) which defines pain as “an unpleasant sensory and emotional
experience associated with actual or potential tissue damage or described in terms of
such damage” (Merskey 1979). According to IASP's definition, there are two aspects of
pain experience: sensory and emotional. Sensory experience, also known as
nociception, involves somesthetic senses like pain, touch and heat. The emotional
experience involves cognitive and emotional processing of nociceptive stimuli by the
brain; the stimuli could be existing or imaginary (Abbracchio and Reggiani 2013). In
summary, pain is a conscious and highly subjective experience, which is affected by
memories, emotional, genetic, cognitive and pathological factors (Abbracchio and
Reggiani 2013). The complex nature of pain makes it further difficult to treat in animals
because they cannot verbalize the extent of discomfort they experience or the

effectiveness of analgesics (Anil et al. 2002).

For clinical purposes and depending on duration, pain can be categorised as acute and
chronic. Acute pain is short-lived and often has obvious cause such as trauma, burns,
inflammation and infarctions. It is often associated with autonomic nervous signs
including tachycardia, diaphoresis or elevation in the blood pressure (Gaynor and Muir
2014a). Acute pain normally disappears after the disappearance of the initial damage.
However, maladaptive mechanisms may occur and pain may persist after healing of the

injury leading to the transition to chronic pain (McGreevy et al. 2011). Chronic pain



persists beyond the normal time of healing (Loeser and Treede 2008). It is complex and

often difficult to manage and is recognised as a disease itself.

2.1.1 Anatomy of the pain pathway

There are four main components of the pain process: 1) transduction of noxious
stimuli (mechanical or heat energy ) to electrical signals at free “unencapsulated” nerve
endings branching from main axons in the injured tissue, 2) transmission of electrical
signals from the site of tissue injury to the central nervous system (CNS), 3)
modulation to reduce activity in the transmission system, and 4) perception of signals

as pain (Gaynor and Muir 2014b).

The different components involved in processing of the pain related information are

described below:

2.1.1.1 Peripheral/afferent pathway

Sherrington (1906) proposed the term and definition of “nociception” after noticing that
pain occurs after tissue injury (Sherrington 1906). The mechanical, thermal or chemical
stimulus that produces or has the potential to produce tissue damage is called a noxious
stimulus and the naked nerve endings capable of detecting such stimulus are called as
nociceptors (Loeser and Treede 2008). This process of transduction of noxious stimuli
into electrophysiological activity occurs at specialized free endings of nociceptive

primary afferent neurons.

Different types of nociceptors have been identified, which are classified according to

the afferent sensory nerve fibres involved. In the peripheral nervous system, there are



three main types of sensory fibres: Ap-fibres, Ad-fibres, and C-fibres (Smith and Lewin
2009). AB-fibres have the fastest conductance of action potential because they are
highly myelinated and are large in diameter (Rice and Albrecht 2008). They have a low
activation threshold (Brown and Iggo 1967) and are responsible for the transmission of
tactile information (Ikeda et al. 2014). Ad-fibres are smaller in diameter and thinly
myelinated and thus can conduct the information slower (5-30 m/s) than AB-fibres. As
reported from human studies, they are associated with sharp pricking pain (Stucky et al.
2001; Wickremaratchi and Llewelyn 2006). C fibres are unmyelinated, slower
conducting (0.5-2.0 m/s), and have the highest thresholds for activation. They are
associated with the slower burning type of pain and comprise 70% of all nociceptors in

rats (Stucky et al. 2001).
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Figure 2.1 Parts of pain pathways involved in nociception in a dog.
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2.1.1.2 The spinal cord

The dorsal horn of the spinal cord is a key region where afferent information is
received, modulated and transferred to the higher brain structures. The primary afferent
neurons from receptors in the skin, subcutaneous tissue, muscle fascia, joint capsules
and visceral organs enter dorsal horn and synapse with intrinsic spinal dorsal horn
neurons (Brown 2012). The dorsal horn is organised into a series of parallel laminae
(Rexed 1952). Lamina I is the marginal layer and the lamina II includes substantial
gelatinosa, which is a narrow cellular band near the dorsal limit of the grey matter
(Ralston and Ralston 1979). Rest of the dorsal horn consists of laminae III-VI (Rexed

1952).

Most nociceptive afferents Ad and C-fibres terminate superficially in laminae I- II,
although a small number reach deeper laminae (Sugiura et al. 1986; Todd 2002). The
AB-fibres terminate in the deeper laminae (III-VI). Some afferent neurons are
discovered to be entering the spinal cord through ventral horns (Brown 2012). They are
found to be non-myelinated and primarily originate from visceral organs and their mode
of termination in the spinal cord is not well known. After entering the spinal cord,
primary afferent fibres bifurcate into ascending and descending branches and can enter
the dorsal horn to the segments lower or higher than the segment of their entrance to the

spinal cord (Purves et al. 2001).

While many compounds are proposed as potential endogenous neurotransmitters, the
current knowledge suggests that the major neurotransmitters released in response to the
noxious stimulus from primary afferent neurons in the dorsal horn are the excitatory

amino acids: aspartate and glutamate, and the peptide: substance P (Budai 2000).



The projection neurons from Lamina I project to several areas in the brain including the
thalamus, periaqueductal grey matter (PAQG), lateral parabrachial area, the nucleus of
the solitary tract and medullary reticular formation (Giesler ef al. 1979; Menétrey et al.
1982; Cechetto et al. 1985). About 80 % of the lamina I projection neurons express
NK1 receptors (Todd 2002). Binding of substance P to NK1 receptors has many
functions including the transmission of afferent noxious input. Substance P is
synthesized and transported by a subpopulation of the neurons in the dorsal root
ganglions and is released in the spinal cord in response to noxious stimuli in the
peripheral tissue and acts on the NK1 receptors (Hokfelt ef al. 1975; Brimijoin et al.
1980). Substance P and NK1 receptors also play a pivotal role in the development of
hyperalgesia (Mantyh ef al. 1997). The Lamina I neurons also project into to rostral
ventromedial medulla (RVM) from which the descending neurons project back to the
dorsal horns. Projection neurons are also found in the deeper laminae III-IV which
project primarily to the thalamus. This makes most spinothalamic tract and mainly

carries sensory information.

2.1.1.3 Ascending nociceptive pathways to higher centres

Nociceptive information from the spinal cord is transmitted to the brain via ascending
pathways (second-order neurons). Nociceptive information to the thalamus is
transmitted by the contralateral spinothalamic tract and to the brain stem via
spinoreticular (spinoparabrachial) and spinomesencephalic tract (Craig and Dostrovsky
1999; Schaible 2006). These tracts possess different functions depending on their origin
and destination. Spinoreticular projections to the brainstem are important for the

autonomic component of the pain response, which also acts as an indirect means to



transmit the nociceptive message to the forebrain after being processed by the
brainstem. Studies show that brainstem plays a central role in mediating the stimuli
related to pain perception in animals (Tracey and Mantyh 2007). The nociceptive
information to the various cortical regions is mainly transmitted via the thalamus (Craig

and Dostrovsky 1999).

2.1.1.4 Pain perception and processing in supraspinal centres

Pain perception is a complex phenomenon and much more than processing the sensory
inputs. The nociceptive input does not have a linear relationship with the resultant pain
experienced by a human or an animal. In humans, the pain has three facets: sensory-
descriptive aspect, affective-motivational and cognitive-evaluative (Melzack and Casey
1968; Lamont et al. 2000; Hellyer et al. 2007). The sensory-descriptive aspect involves
the perception of the location, intensity, and quality of pain, and is mediated by
somesthetic cortex in the brain. The affective-motivational aspect consists of
behavioural, emotional and autonomic responses, and involves reticular formation,
hypothalamus and limbic system. This aspect is associated with suffering due to pain
and there is substantial evidence that the neural pathways associated with this aspect are
well developed in animals (Hellyer et al. 2007; Becker et al. 2018). Finally, the
cognitive-evaluative aspect involves the effect of experience, attention and conditioning
and is mediated by the higher cortical functions. The cognitive-evaluative aspect deals
with the anticipation factor (complex feelings like how long will it hurt? Am I going to

die?), and this is not well developed in animals (Hellyer et al. 2007).



2.1.1.5 Descending pathways/ signal modulation

Descending pathways originate from the brainstem and other cerebral structures and
play an important role in the modulation of nociceptive information. These pathways
can be inhibitory (anti-nociceptive) or facilitatory (pro-nociceptive) (Heinricher and
Fields 2013). The inhibitory pathways are active during fight and flight response and
opioid analgesia (Heinricher and Fields 2013). Sustained activation of facilitatory
circuit is found during chronic pain. The neurotransmitters involved in inhibition are
norepinephrine, serotonin, dopamine, opioids, Gamma aminobutyric acid (GABA),
cannabinoids and adenosine and those involved in facilitation are substance P,

glutamate, nerve growth factor and cholecystokinin (Shilo and Pascoe 2014).

Studies have shown that stimulation of higher brain centres such as periaqueductal gray
(PAG) and the lateral reticular formation (LRF) in the midbrain can inhibit the firing of
dorsal horn neurons in response to noxious stimuli (Abbracchio and Reggiani 2013).
Interaction between different descending systems and their normal physiological

function is still not well understood.

2.2 Pain assessment methods in animals

Lack of verbal communication is the major obstacle in evaluation and characterisation
of pain in animals. In the absence of verbal communication, we must depend on
alternative methods to evaluate pain in the animals. Some of such useful methods are:
measurement of physiological parameters; behavioural methods including pain scales;
and utilisation of neurophysiological techniques (Livingston 2010). These methods are

discussed below:
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2.2.1 Measurement of physiological parameters

Based on the assumption that pain can induce changes in the autonomic nervous system,
several physiological parameters have been used in the assessment of pain (Cowen et al.
2015). Such tools include parameters such as heart rate, respiratory rate, blood pressure,
pupillary diameter etc. Measuring physiological parameters can be easy and useful
methods of pain assessment especially if the normal values of the parameters have been
established (Anil ef al. 2002). An advantage of using these parameters is that they are
objective tools and are not affected by observer-based variability as in subjective
methods of pain assessment (Hernandez-Avalos et al. 2019). However, they can be
altered by other confounders such as stress, depth of anaesthesia, medication etc. Thus,
use of only one of such parameters may not be reliable in the precise assessment of pain

(Gaynor et al. 2014b).

Neurohumoral substances such as plasma concentration of adrenal corticosteroids and
associated releasing hormones from the anterior pituitary have also been used in the
assessment of pain. These substances do not directly assess the pain experienced by the
animal but help in identification and grading of pain-induced distress (Mellor ef al.

2000).

2.2.2 Behavioural methods

Changes in behaviour can be used to recognise and assess pain in animals (Reid ef al.
2018). An advantage of using behavioural method is that changes in the behaviour of
animals in response to pain is immediate (Le Bars et al. 2001). It has been shown that
the changes in behaviour correlate with physiological signs of distress in various farm

animals (Carlstead et al. 1993). Several behaviours which can be used to indicate pain
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and distress in animals have been studied which includes postures, facial expressions,
stereotypical movements, vocalizations etc. For reliable assessment of pain, it is
important to describe the subclasses of these behaviours and describe the changes in
those subclasses in response to noxious stimuli (Carlstead ef al. 1993; Morton et al.,

1985).

Although the changes in behaviour reflect the presence of pain in animals,
quantification of pain based on these behaviours remain a challenge (Hansen 2003).
Further, any change in pain experienced may not be reflected as a proportionate

alteration in the behaviour of an animal (Livingston 2010).

Several tests and pain scoring systems based on changes in behaviour in response to
noxious stimulus have been developed to attempt quantification and compare analgesic
drugs and regimen. The behavioural methods of pain assessments used in this PhD
research were hot plate and tail-flick tests in rats and pain scoring systems in dogs

which are described below:

2.2.2.1 Hot plate and tail-flick tests in rats

The hot plate (HP) and tail-flick tests (TF) are the oldest and widely used tests to
measure behavioural response to pain, and to study analgesic efficacy of drugs in rats
and mice (D'Amour and Smith 1941; Eddy and Leimbach 1953). These tests are forms
of nociceptive threshold testing (NTT) involving stimuli of short duration and of fixed
or increasing intensity. Also, the reaction time related to the threshold is measured (Le
Bars et al. 2001). They are easy to perform, require minimal instrumentation, and have

well-defined endpoints.
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Hot plate test involves introducing a rat into an open-ended cylindrical space with a
floor consisting of a metallic plate that is heated by a thermode or a boiling liquid and
measures the nociceptive response of the rat (Le Bars ef al. 2001). Behaviours such as
forepaw or hind paw licking and/or jumping act as the endpoint. Tail flick test measures
the nociceptive threshold to infrared heat stimulus on the rat’s tail. There are two
variants of the tail-flick test: one involves the application of the radiant heat to a small
surface of the tail and another involves immersing of the tail at the pre-set temperature.
The tail-flick test using radiant heat in rats is a simplified version of a test used in
humans (Hardy et al. 1940). The application of the heat to the tail of the rat causes pain
and provokes the withdrawal of the tail by a brief vigorous movement. The reaction
time after application of the heat source is called tail-flick latency (Le Bars et al. 2001).
Although two forms of tail flick test appear to be similar, they differ in terms of the

surface area of the tail stimulated.

Even though the hotplate and tail flick tests are widely used and simple to execute, they
have some limitations. Given that these tests were developed and used mainly to test
opioid analgesics, they may be less sensitive for non-opioid analgesics (Le Bars ef al.
2001). The hotplate test relies upon behaviours such as forepaw or hind paw licking
and/or jumping as the endpoint. The paw licking behaviour is more stereotyped for mice
and is complex in rats. These behavioural endpoints may be affected differently by
different drugs and this could affect the test sensitivity (Carter 1991). Another limitation
of the tail flick test is that it is based on spinally integrated reflex and doesn’t assess

analgesia involving supraspinal sites (D'Amour et al. 1941).
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2.2.3 Pain scoring systems

The first pain scales for the clinical studies in non-rodent species were modified and
adapted from the human pain scales, particularly those used for evaluation of acute pain
in the prelingual children (McGrath 1987; Hansen 2003). In human patients, the
intensity of the pain experienced is self-assessed by the patients and is recorded in the
scales (McGrath 1987). In veterinary patients, the behaviour related to pain is observed
and scored by an experienced veterinarian or a technician. These scales rate the
behaviour of the animals related to pain based on the intensity of the pain experienced

by them.

The most commonly used pain scales in domestic animals are simple descriptive scale
(SDS), the numerical rating scale (NRS), the visual analogue scale (VAS) and

multiparametric or composite scales.

An SDS uses four or five points based on description of the pain related behaviour of an
animal assessed by an experienced veterinarian or a technician (Taylor and Houlton
1984; Waterman and Kalthum 1989). For example, Taylor and Houlton (1984) used an
SDS for comparison of postoperative analgesic effect of morphine, buprenorphine and
pentazocine in dogs where 0= unsolicited howling, 1= resents manipulation of the
operation site, 2= comfortable but slightly uneasy, and 3= very comfortable (Taylor and
Houlton 1984). The advantages of this scale are that it is simple to use, it is not specific
to any species and the observations are not influenced by the visual acuity. However,
this scale has drawbacks such as low sensitivity and significant observer variability

(Gaynor and Muir 2014b).
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The NRS uses multiple behavioural categories which are assigned whole numbers. Each
category has a descriptive definition of pain (Gaynor and Muir 2014b). NRS has been
extensively used in humans and has been shown to be reliable and reproducible in
measuring clinical pain in dogs (Holton ef al. 1998a; Holton ef al. 1998b). NRS
involves thorough examination of the patients based on numerous categories related to
pain, thereby having an advantage of being more sensitive than SDS. A limitation of
NRS is that whole numbers are assigned to the categories and the scale assumes that
there are equal differences between the categories, which may not be true. Also, this
scoring system has not been shown to be sensitive in assessing surgical pain and
evaluating the differences between the analgesics in treating surgical pain in animals

(Gaynor and Muir 2014b).

The VAS is a very simple observer-based scaling system. The VAS consists of a
straight line usually 10 cm long whose ends relates to the extremes in the pain intensity
(Scott and Huskisson 1976). The observer is asked to mark a position corresponding to
the intensity of the pain and the distance to the extreme marked with no pain is the pain
score. VAS has shown to be more sensitive than SDS (Scott and Huskisson 1976;
Holton et al. 1998b) and is proven to be satisfactory for subjective measurement of

pain.

A challenge of using VAS in all species is the quantification (Holton et al. 1998b). The
degree of pain experienced is not always correlated with the extent of the alteration in
the behaviour. In dogs, like in humans, the peripheral environment can modify the pain

response. The postoperative pain response shown by a dog in the recovery room of the
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hospital may be different from that in their home environment. Also, this scale is prone

to significant observer variability.

0 100
i I
No pain Worst possible pain

Figure 2.2: Visual analogue scale for scoring of pain.

Glasgow Composite Measure Pain Scale (CMPS), a pain scoring system developed
by Holton ef al. (2001), was the first scale utilising multiple behaviours and the
assessor-animal interaction factors for the assessment of the acute pain in domestic
animals in clinical and surgical settings (Holton ef al. 2001). It is in the form of a
structured questionnaire to be filled by the observer assessing evoked behaviours and
clinical observations. The behaviours are assigned a score, addition of which provides a
final score that is indicative of the level of pain and analgesic intervention required.
CMPS is unique in veterinary medicine because it was designed using psychometric

principles, which is an established process in human medicine (Reid ef al. 2007).

The CMPS has advantages of being more accurate and involving less observer-based
bias in assessing the pain compared to SDS, NRS and VAS. The observer only needs to
identify the presence or absence of the behaviour related to pain and does not require
specialised skills and experience (Reid et al. 2007; Gaynor and Muir 2014b). However,
a limitation of CMPS is that it is time-consuming to complete the questionnaire, which

might limit its use in a clinical practice situation. Further, the pain scale has been
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validated for its use in assessing acute pain in dogs in a hospital setting but not in

clinical trials after elective surgery (Holton et al. 2001).

For the routine clinical use, a user-friendly, short-form (CMPS-SF) was developed
(Reid et al. 2007). The CMPS-SF considers six behavioural categories with descriptive
items: vocalisation, attention to wound, mobility, response to touch, demeanour, and
posture/activity (see appendix 5). The items are placed in increasing order of intensity
of pain and the assessor chooses the item that best describes the dog’s behaviour. Each
item is assigned a score, which is summed to achieve the total score; the maximum total
score is 24 if the dog is able to walk and 20 if mobility is not possible. The

recommended intervention level for analgesia is 6/24 or 5/20 (Reid et al. 2007).

2.2.4 Neurophysiological technique: EEG

Neurophysiological techniques such as electroencephalography (EEG) have long been
used to analyse the depth of anaesthesia in humans for both clinical and research

purposes (Rampil and Matteo 1987; Long et al. 1989; Schwender et al. 1996).

The electroencephalogram is the summative electrical activity of the population of
neurons (mainly pyramidal type) in the cerebral cortex recorded by the electrodes
placed at various locations on the animal’s head (Brazier 1977; Niedermeyer and da
Silva 2005). Postsynaptic potentials are generated when the action potentials travelling
along the nerve fibres reach the synapse, which can be excitatory or inhibitory
depending on the type of neuron they are generated by. The excitatory and inhibitory
postsynaptic potentials create electrical activity in the extracellular fluids immediately
adjacent to the postsynaptic neuronal membrane. Because neurons are elongated in
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structure, the changes in the extracellular potential along the long cell membrane of
neurons are summated, resulting in an overall electrical vector. The far-field (recorded
at a distance from their sources) potential of this vector, as recorded between the two
electrodes, is the electroencephalogram and represents the overall activity in the

cerebral cortex.

The EEG frequency spectrum can be derived from the raw electroencephalogram by a
mathematical process called fast Fourier transformation (FFT), which converts the EEG
signal from the time domain to the frequency domain. The frequency variables such as
median frequency (F50), 95% spectral edge frequency (F95) and total power (Ptot) are
obtained from the frequency spectrum. The F50 is the frequency below which 50% of
the total power is located and F95 is the frequency below which 95% of the total power

is located (Figure: 2.1).

During unconsciousness and anaesthesia, the brain exhibits synchronised EEG activity
which is manifested as a low frequency and high amplitude waves in the
electroencephalogram (Simons ef al. 1989). The synchronisation occurs when a large
group of neurons depolarise at the same frequency. The awake and conscious state and
arousal are characterized by a high frequency and low amplitude waves in the
electroencephalogram, also referred to as de-synchronization (Simons et al. 1989).
Application of the acute noxious stimuli can also shift the electroencephalogram
towards higher frequency and lower amplitude indicating an increase in the cortical

arousal (Grint et al. 2015).

The electroencephalogram primarily reflects the activity of the cerebral cortex.

However, brain stem and thalamus can also have a strong regulatory influence on the
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cerebral cortex especially during unconsciousness and anaesthesia and thus the
electroencephalogram in such states is also influenced by the lower brain centres

(Simons et al. 1989).

Median frequency: frequency
below which 50% of the total
ower of the EEG is located

Spectral edge frequency
95%: frequency below which
95% of the total power of the
EEG is located

Amplitude (uV)

Total Power:
total area under
the curve

®0ceccccccccccccccccccne

Frequency (Hz)

Figure 2.3: The schematic representation of the three frequencies (F50, F95 and Ptot)

used in EEG spectrum analysis.

From: Murrell and Johnson (2006).

2.2.4.1 EEG for nociception studies and the minimal anaesthesia model

The cerebral cortex receives thalamic nociceptive input directly and is involved in pain
processing (Schnitzler and Ploner 2000). Therefore, EEG can be a useful technique to
study pain processing and nociceptive pathways. Studies show that changes in the
electroencephalogram correlate with subjective pain scores in humans (Chen et al.
1989) and behavioural responses to a nociceptive stimulus in animals (Ong et al. 1997).
Several studies have investigated the effect of externally applied noxious stimulus on

the electroencephalogram of humans under anaesthesia. Some of them have found that a
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de-synchronisation is associated with such stimulus (Rampil and Matteo 1987; Wilder-
Smith et al. 1995; De Beer et al. 1996) whereas others (White and Boyle 1989; Schraag

et al. 1998) have failed to show such association.

The minimal anaesthesia model (MAM) developed by Murrell and Johnson (Murrell et
al. 2003; Johnson et al. 2005b) has been used to evaluate nociceptive responses and
antinociceptive efficacy of analgesic drugs/regimes in a wide variety of mammals,
including horses and ponies (Johnson et al. 1999; Murrell et al. 2003), cattle (Gibson et
al. 2007), sheep (Johnson et al. 2005a), deer (Johnson et al. 2005¢), pigs (Haga and
Ranheim 2005), dogs (Kongara et al. 2010; Kongara et al. 2012; Kongara et al. 2014b),
cats (Kongara et al. 2014a) and rats (Kongara et al. 2014c; Singh et al. 2018). Since the
EEG can be affected by the depth of anaesthesia, the choice of anaesthetic agents and
other analgesics, the MAM standardizes these conditions for the use of EEG to assess
nociception. In this model, animals are kept in a "light" plane of anaesthesia that
maintains unconsciousness but allows generation of the changes in EEG due to noxious
stimulus. The animal studies mentioned above have shown that the noxious stimulus is
associated with an increase in F50 and F95 and decrease in Ptot, with F50 being the
most sensitive indicator of nociception. The MAM is also an ethical model of
nociception because the animals are unconscious under a light plane of anaesthesia but

still able to respond to noxious stimulation.

The MAM involves anaesthetising the animal with halothane following the induction
and maintaining the animal in the low plane of anaesthesia at or near minimum alveolar
concentration (MAC) of halothane for that species (Murrell ef al. 2003; Johnson et al.

2005b). The baseline electroencephalogram is recorded once the target plane of
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anaesthesia is achieved which is followed by a brief noxious stimulus. The post-
stimulus electroencephalogram is measured which is compared with the baselines to

determine the change in EEG in response to the noxious stimulus.

Halothane is used as an anaesthetic of choice because this agent causes less cortical
suppression compared to other anaesthetics (Johnson and Taylor 1998). Also, halothane
does not have analgesic properties (England and Jones 1992) and thus does not interfere

assessing nociception and the effect of analgesics being tested using this model.

2.3 Ovariohysterectomy and pain

Ovariohysterectomy (OHE) is a routine elective surgical procedure in dogs. The Centre
for Veterinary Medicine of the US Food and Drug Administration considers OHE as a
moderately painful procedure (Connolly 2000; Hansen 2003). The pain during and after
OHE is from the surgical incision (somatic pain), manipulation of abdominal visceral
organs, stretching of the ligaments (visceral pain), and inflammation (Hansen et al.
1997; Guerrero et al. 2016). It is still unclear whether somatic or visceral pain
predominates following OHE, since results from previous studies are conflicting.
Carpenter et al. (2004) showed that intraperitoneal administration of lidocaine, a local
analgesic, at the level of the manipulated viscera after OHE in dogs decreased the
postoperative pain scores indicating that pain originating from visceral manipulation
and stretching of the suspensory ligament is the important source of pain form OHE.
Similarly, Fitzpatrick et al. (2010) demonstrated that that application of bupivacaine at
abdominal incision sites in dogs undergoing OHE did not show improved pain,
indicating that the pain from stretching of suspensory ligament might be the main

source of pain during the procedure. However, Bubalo ef al. (2008) showed no
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additional analgesic benefit after lidocaine infiltration of the ovarian pedicle during
OHE, which contraindicates the belief that pain from stretching of the suspensor

ligament is the predominant source of pain during OHE.

2.3.1 Use of analgesics during OHE

The analgesics commonly used for management of pain from OHE and other surgical
procedures in dogs belong to three major class: opioids, nonsteroidal anti-inflammatory
drugs (NSAIDs), and local anaesthetics. In addition, analgesic adjuvants, the drugs
which are primarily used for other purposes than pain but possess analgesic properties,
are also occasionally used in combination with other analgesics for controlling pain

from OHE (Lamont and Mathews 2007).

The full opioid agonists available for the use in veterinary medicine include morphine,
methadone, oxymorphone, hydromorphone, pethidine, codeine, fentanyl, remifentanil,
alfentanil, etorphine, sufentanil and carfentanil (Lamont and Mathews 2007; Borer-Weir
2014). Buprenorphine is a partial agonist and butorphanol and nalbuphine are classified
as agonist-antagonist drugs. The opioid receptors and their mechanism of action are

described below in the section on morphine.

The NSAIDs are among the most commonly used drugs to treat pain in humans and
animals. Salicylates, a naturally occurring NSAID obtained from willow barks, have
been used for a thousand years to treat pain (Vane and Botting 2003). The acetylated
salicylic acid commonly known as aspirin formed the first synthetic NSAID. Aspirin is
still the most common household analgesic in humans (Burke ez al. 2006). The

cyclooxygenase enzymes (COX-1 and/or COX-2) are involved in the synthesis of
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biological mediators called prostaglandins and thromboxane (Vane and Botting 1998).
Prostaglandins, in addition to their number of physiological roles, have a key role in
mediating inflammation and thromboxanes are involved in blood clotting. The
pharmacological action of NSAIDs is through the inhibition of cyclooxygenase
enzymes resulting in inhibition of prostaglandins and thromboxane (Vane and Botting
1998). The NSAIDs available to be used in veterinary medicine include carprofen,
meloxicam, ketoprofen, phenylbutazone, suxibuzone, flunixin, firocoxib, robenacoxib,

mavacoxib and tepoxalin (Borer-Weir 2014).

Local anaesthetics are a class of chemically related compounds that reversibly block the
sensory nerve fibres resulting in blockage of peripheral and central pathways of pain
(Vandam 1987). These drugs act by blocking the Na* channels which result in the
prevention of movement of Na* ions across the concentration gradient from the
extracellular fluid leading to the prevention of depolarisation and blocking the
transmission of the action potentials (Butterworth ez al. 1990) . They completely block
the sensory nerve fibres and prevent the development of the central sensitization of
pain. The local anaesthetics available to be used for veterinary patients are procaine,
amethocaine, lidocaine, prilocaine, mepivacaine, bupivacaine and ropivacaine (Borer-
Weir 2014). Lidocaine and bupivacaine are used to provide local and regional analgesia

during OHE (Carpenter et al. 2004).

Analgesic adjuvants are the diverse group of drugs that are typically newly adapted
from human medicine and laboratory animal research. These drugs are basically
administered with traditional analgesics (opioids, analgesics and local anaesthetics) and

can enhance the analgesic efficacy of the later (Lamont and Mathews 2007). These days
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several analgesics are used as adjuvants, out of which ketamine, gabapentin, alpha-2
adrenoceptor agonists, amantadine and tramadol are few popular ones (Lamont and

Mathews 2007).

A survey involving 282 New Zealand veterinarians showed that opioids were used as a
premedication in 95% of the anaesthesia and analgesia protocols during OHE and
morphine was the most commonly (69%) used opioid (Gates et al. 2020). This study
didn’t reveal the percentage of protocols that used a combination of two or more
analgesics. However, 10 most frequently reported anaesthesia analgesia protocols,
which accounted for 70% of all the protocols, used only one analgesic drug. Similarly,
another survey involving 320 practising veterinarians in New Zealand also showed that
opioids were most frequently used analgesics in small animal practices. It was shown
that 74% of dogs undergoing OHE received at least one analgesic, 39% of dogs
received more than one analgesic drug and only 1% of each received more than two
analgesics under multimodal strategy (Williams et al. 2005). Several studies in other
countries also show that the perioperative use of a combination of two or more
analgesics in dogs undergoing OHE was not a popular choice among veterinarians
(Capner et al. 1999; Hewson et al. 2006; Hugonnard et al. 2004 ). Combining opioid
analgesics with other classes of analgesics enhances the total analgesic effect through
synergistic interaction between the drugs as shown in various animal model experiments
(Kolesnikov 2000; Matthews and Dickenson 2002). This approach is known as
multimodal analgesia (Corletto 2007). Combination with other analgesics also reduces
the overall requirement of opioids (Kehlet 2004), thereby leading to less side effects,
which is described in the morphine section below. One of the reasons behind the

underuse of multimodal analgesia, as shown by various surveys mentioned above, is
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that there are limited studies evaluating the efficacy of the combination of two or more

analgesic drugs or regimens (National Research Council, 2010).

2.4 Analgesic drugs of interest in this PhD research

2.4.1 Morphine

Morphine belongs to a class of analgesic drugs known as opioids. The first report of
opioids is found in the writings of Theophrastus in the third century B.C. and they have
been used as a mainstay analgesic for thousands of years. Morphine is one of the most

commonly used analgesics in the veterinary practice (Clarke et al. 2014).
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Figure 2.4 Molecular structure of morphine.

From: Cong et al. (2015)

2.4.1.1 Mechanism of action

The opioid receptors belong to a large family of G protein-coupled receptors (GPCRs)
which can be activated by endogenously produced opioid peptides and exogenously

administered drugs (Gutstein and Akil 2001). Binding of the opioid agonists to the
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receptors via the G protein can lead to inhibition of adenylyl cyclase, activation of
potassium (K*) conductance and inhibition of calcium (Ca?") conductance (Inturrisi
2002). The net effect of these events is hyperpolarisation of the nerve cells and
inhibition of release of excitatory neurotransmitters (eg: substance P from primary
afferent fibres in the dorsal horn of the spinal cord) resulting in the inhibition of

transmission of the nociceptive impulses (Inturrisi 2002).

The mu (p), delta (3) and kappa (k) receptors (Lord et al. 1977) are the most extensively
studied opioid receptors and nociceptin/orphanin FQ (N/OFQ) receptor is the most
recently discovered member of the opioid receptor family (Waldhoer ez al. 2004;
Donica et al. 2013). Drugs acting as agonists on opioid receptors can produce a wide
range of effects such as analgesia, changes in mood and producing reward behaviour,
alteration of respiratory, cardiovascular, digestive and endocrine systems (Gutstein and
Akil 2001). Morphine exerts the analgesic and adverse effects mainly through its action
on p receptors (Kieffer 1999). In the periphery, the p receptors are found in sensory
neurons in the inflamed tissue (Stein 1995, 2013). They are also widely distributed in
the pre- and postsynaptic sites in the dorsal horn of the spinal cord and in the brain
stem, thalamus and cortex, which constitutes the ascending pathway in pain
transmission. In addition, a high distribution of these receptors is also found in the
descending pain modulatory pathway, which includes the midbrain periaqueductal gray,
the nucleus raphe magnus, the rostral ventromedial medulla, and the dorsal horn of the

spinal cord (Lueptow et al. 2018).

2.4.1.2 Pharmacokinetics of morphine in dogs
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2.4.1.2.1 Absorption and distribution

Morphine is a hydrophilic and lipophobic opioid. It is adequately absorbed through the
gastrointestinal tract, rectal mucosa, and through subcutaneous, intramuscular, epidural
and intrathecal routes (Gutstein and Akil 2001). After its oral administration, the drug
undergoes a significant first-pass metabolism in the liver, which reduces the
bioavailability of morphine to about 20-25% in humans (Glare and Walsh 1991) and 5-
17% in dogs (Dohoo et al. 1994; KuKanich et al. 2005). The pharmacokinetic
parameters observed after administration via different doses and routes in several

studies are shown in Table 2.1

2.4.1.2.2 Metabolism and excretion

In humans, morphine is metabolized by glucuronidation resulting in the formation of
two major metabolites: morphine-6-glucuronide (M-6-G) and morphine-3-glucuronide
(M-3-G) (Yeh et al. 1977). M-3-G does not possess the analgesic property but the M-6-
G exhibits the analgesic potency equal to or higher than morphine (Van Crugten ef al.
1997; Murthy et al. 2002). In dogs, it has been shown that hepatocytes produce M-6-G
in very low concentrations compared to humans (Milne et al. 1996; KuKanich et al.
2005). Very little morphine is excreted in the urine, whereas both M-6-G and M-3-G
metabolites are eliminated via glomerular filtration and excreted in the urine

(Hasselstrom and Séawe 1993).

2.4.1.2.3 Onset of action
Due to its poor lipid solubility and delayed attainment of peak concentration in the CSF,

morphine has a relatively slow onset of action; the onset time is 10-15 min after
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intravascular injection (IV) (Hug et al. 1981) and up to 30 min after IM injection

(Clarke et al. 2014).

Table 2.1 Comparative pharmacokinetics values following morphine administration to

dogs through different routes.

KuKanich Hug Jacqz Dohoo  Dohoo and

et al. et al. et al. etal. Tasker
Author (2005) (1981) (1986) (1994) (1997) Barnhart ef al. (2000)
Dose
0.5 0.3 1 0.5 15 15 0.5 1 2 1
(mg/kg)
Rectal

Route v v v v I\Y Oral I\Y M Rectal sol

sup
Ti2 69.6 72 66 66 522 51.8 949 81.6 65.8 90.5
Vdss 4.6 6.1 1.5 4.1 3.6 2.6 7.2 6.8 6.1 7.6
CL 63 57 51.5 41 57 54 852 912 88.4 84.6
F 100 100 100 100 100 17.9 100 119 16.5 234

All values are reported as means. Ti», elimination half-life (min); Vdss, volume of
distribution at steady state (L/kg); CL, total body clearance (mL/min/kg), F,

bioavailability (%); sol, solution; sup, suppository

2.4.1.3 Clinical and adverse effects of morphine

Although there are many compounds with properties similar to morphine, morphine
remains the standard against which other analgesics are compared. It is typically
administered via intramuscular or subcutaneous routes at fixed dosing intervals, and less
commonly via intravascular routes (Lamont and Mathews 2007). The common
situations in which morphine is indicated include traumatic injuries and perioperative
processes. Perioperatively, it is used to produce analgesia and sedation (Clarke et al.

2014). Morphine can also produce anaesthetic sparing effects of the volatile inhalant
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anaesthetics and a consequent improvement of the cardiovascular functions in some

cases (Muir III et al. 2003).

Morphine is associated with significant adverse effects in all animal species including
dogs. Studies have shown that IV and IM doses of morphine at or below 1 mg/kg can
cause emesis (Blancquaert et al. 1986; Barnhart et al. 2000; Kongara et al. 2012).
Morphine can also cause respiratory depression (Taylor and Houlton 1984;
Mastrocinque and Fantoni 2003), and release of histamines leading to cardiovascular
changes when used intravascularly (Robinson et al. 1988; Guedes et al. 2006; Maiante
et al. 2009). One strategy to reduce its adverse effects and enhance the analgesic
efficacy is by combining it with other classes of analgesics having different modes of

actions (Epstein et al. 2015); this strategy is also known as multimodal analgesia.

2.4.2 Dexmedetomidine

Dexmedetomidine is the dextro-isomer of medetomidine ((4-[2,3] dimethylphenyl]
ethyl)-I Himidazole), and the active compound in the racemic mixture. Medetomidine
belongs to the class alpha-2-adrenoceptor agonists, which also consists of the other
veterinary drugs xylazine, detomidine, and clonidine (Maze and Tranquilli 1991).
Medetomidine is a relatively new and most potent alpha-2-adrenoceptor agonist
currently available in veterinary medicine (Maze and Tranquilli 1991). The alpha-
2/alpha-1 selectivity ratio of 5-10 times more than other alpha-2-adrenoceptor agonists
makes it the most selective agonist (Virtanen ef al. 1988). Dexmedetomidine is a
commonly used sedative and analgesic in a variety of veterinary species (Murrell and

Hellebrekers 2005).
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Figure 2.5: Molecular structure of dexmedetomidine.

From: National Center for Biotechnology Information, PubChem Database.

2.4.2.1 Mechanism of action

The analgesic activity of the alpha-2-adrenoceptors agonists including
dexmedetomidine occurs through receptors present at various sites in the CNS as well
as the periphery. The alpha-2-adrenoceptors are present in high concentration in the
superficial laminae of the dorsal horn of spinal cord where synapsis of the nerve fibre
occurs and brain stem where modulation of noxious stimuli takes place (Ossipov ef al.
1989). In the spinal cord, the presynaptic activation of the alpha-2-adrenoceptors
located on the primary afferents can lead to decrease in calcium influx and inhibits the
release of the neurotransmitters such as substance P (Buerkle and Yaksh 1998). The
activation of the postsynaptic alpha-2-adrenoceptors on projection neurons contributes
to analgesia via hyperpolarization of the nerve cell by increasing the influx of potassium
through Gi protein-coupled potassium channels (North et al. 1987). In addition, the

descending neurons in the spinal cord that regulate afferent nociceptive input and use

30



noradrenaline as the neurotransmitter also have binding sites for the alpha-2-

adrenoceptor receptors agonists (Ossipov et al. 1990).

In addition to the spinal action, studies have shown the involvement of several
supraspinal sites in analgesia. Microinjection studies have shown that alpha-adrenergic
agonists decrease the release of norepinephrine in the brain and inhibit the spontaneous
firing of noradrenergic neurons of nucleus locus coeruleus (a nucleus in the pons and
the principal site for brain synthesis of norepinephrine) (Svensson et al. 1975;
Cedarbaum and Aghajanian 1976). It is also shown that intracerebral microinjections of
alpha-adrenoceptor agonists into the periaqueductal grey inhibits spinal nociceptive
reflex (Yaksh 1985). The sedative action of dexmedetomidine is also through the alpha-

2-adrenoceptor present in locus coeruleus in the brain (Mizobe et al. 1996).

2.4.2.2 Pharmacokinetics of dexmedetomidine

2.4.2.2.1 Absorption and distribution

In dogs and cats, dexmedetomidine can be administered by IV or IM route. The
terminal elimination half-life of intravenously administered dexmedetomidine at doses
of 10 and 20 pg/kg were reported to be 0.66 and 0.78 hours and the clearance rate were

0.97 and 1.24 L/hour/Kg respectively (Kuusela et al. 2000).

The pharmacokinetics of IM dexmedetomidine in dogs has not been studied previously
and the only one study on the pharmacokinetics of IM medetomidine in dogs exist in

the literature. Following the IM injection at dose 80 ug/kg, the drug is rapidly absorbed
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(within 30 min) with a rapid onset of clinical action. The elimination half-life of the

drug was 1.28 hour and the clearance rate was 27.5 ml/min/kg.

2.4.2.2.2 Metabolism and excretion

The medetomidine is metabolized by hepatic hydroxylation in dogs (Salonen 1989)
unlike in human where metabolization by hepatic glucuronidation is more common. The
clearance of dexmedetomidine is slower than levomedetomidine (Kuusela et al. 2000).
The cardiac depressant effect of dexmedetomidine has been attributed for its delayed
elimination (Salonen 1992). The glucuronides are the major metabolites which are

excreted via urine (Salonen 1989).

2.4.2.3 Clinical effects of dexmedetomidine

Dexmedetomidine can produce dose-dependent sedation, analgesia and marked
cardiovascular changes. It has been shown that the analgesic effect of the drug increases
with the dose but a ceiling effect is observed with the sedative effect (Kuusela et al.
2000). The analgesic dose of medetomidine/dexmedetomidine is believed to be much
less than the sedative effect. A study shows that analgesic effect of medetomidine
begins at plasma level of 1-5 ng/ml (Salonen 1992). However, another study shows that
analgesic effect of medetomidine does not exist below the level of 9.5 ng/ml (Kuusela et

al. 2000).

The cardiovascular effects shown by medetomidine/dexmedetomidine are the
consequence of vasoconstriction mediated by alpha-2 receptors at the synapses and dogs

are more prone to this effect (Salmenperi ef al. 1991). In dogs, blood plasma levels of
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dexmedetomidine and medetomidine as low as 2.0 ng/ml and 3.9 ng/ml, respectively
produced significant bradycardia (< 70 bpm) without any significant changes in the
respiration rate (Kuusela et al. 2000). The bradycardia produced by medetomidine and
dexmedetomidine is believed to be dose-dependent. A dose-titration study in dogs
shows that the low doses (1 and 2 pg/kg) of medetomidine produce less cardiovascular
depression but these doses might not be enough to produce sedation (Pypendop and

Verstegen 1998).

2.4.2.4 Interactions between opioids and alpha -2-adrenergic agonists combination

The mechanism of synergistic interaction between opioids and alpha-2-adrenoceptor
agonists is not completely understood, but the involvement of several spinal and
supraspinal sites have been postulated. The alpha-2-adrenoceptor agonists and opiate
receptors can interact with the modulation of nociceptive transmission in the spinal cord
(Sullivan et al. 1987). Single-unit recording techniques have shown that opiates and
alpha-2-adrenoceptor agonists have action at independent binding sites and they may
activate common or interrelated mechanisms (Hamburg and Tallman 1981; Browning et
al. 1982; Sullivan et al. 1987). The anti-nociceptive activity of both these classes of
drugs is partially mediated by descending and serotonergic pathways within the CNS
(Grimm et al. 2000). These descending systems inhibit the spinal transmission of

nociceptive messages (Yaksh 1985; Besson and Chaouch 1987).

Cardoso et al. (2014) reported that antinociceptive effects of dexmedetomidine were
enhanced when combined with morphine and methadone, all injected intramuscularly as

demonstrated by pedal withdrawal reflex test in dogs. In another study, the combination
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of butorphanol (a synthetic opioid), and medetomidine showed greater reduction in the
MAC and lesser response to the tail clamp than butorphanol or medetomidine alone
indicating that the combination could produce superior analgesic effects (Grimm et al.

2000).

In a rat study, spinally (epidural and intrathecal) injected alpha-2 agonists
(medetomidine, dexmedetomidine, xylazine, clonidine and detomidine) potentiated the
analgesic effect of the subcutaneously injected opioid, fentanyl as shown by the tail
withdrawal reaction test (Meert and De Kock 1994). Also, adrenoceptor agonists such
as ST-9, clonidine and medetomidine potentiated the anti-nociceptive effect produced
by several opioids analgesics in various pain models in primates (Yaksh and Reddy

1981), cats (Murata et al. 1989) and rats (Wang et al. 1980; Ossipov et al. 1989).

2.4.3 Neurokinin 1 (NK1) antagonists

Maropitant is a neurokinin 1 (NK1) receptor antagonist commonly used as an
antiemetic in dogs and cats (Trepanier 2015). In dogs, it can prevent vomiting
associated with motion sickness (Benchaoui ef al. 2007b), cisplatin in cancer
chemotherapy (Vail et al. 2007) and administration of a variety of emetogens acting
centrally and peripherally (Sedlacek et al. 2008). Several studies have shown that NK1
receptor antagonists can be effective in managing visceral pain in animals (Laird ef al.

2000; Ruggieri et al. 2000; Okano et al. 2002; Greenwood-Van Meerveld et al. 2003).
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Figure 2.6 Molecular structure of maropitant

From: Krecic and Lavan (2011)

2.4.3.1 Mechanism of action

Maropitant inhibits the binding of endogenously produced substance P, which is an
emetogen, to NK1 receptors and thus controls vomiting (Diemunsch and Grélot 2000).
Binding of substance P to NK1 receptors has many other functions including the
transmission of afferent noxious input (Gamse and Saria 1986; Go and Yaksh 1987;
Yashpal and Dam 1990). Substance P is released in the peripheral sensory nerve
terminals, in the spinal cord and brain in response to noxious stimulation. It functions
alongside other excitatory neurotransmitters such as glutamate and facilitates afferent

noxious transmission resulting in nociception (Go and Yaksh 1987).

2.4.3.2 Reports from previous studies on antinociceptive properties of maropitant

Studies in substance P or NK 1 knocked out mice show that they have an important but
complex role in nociception. Laird et al. (2000) suggest that two separate anti-
nociceptive pathways may exist, one involving substance P and NK1 genes and another

pathway that does not rely on substance P and NK1 (Laird ef al. 2000). Substance P
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may also have a dual action in the brain; at lower doses, it releases endorphins that
produce analgesic effects but at higher doses, it directly excites neuronal activity in
nociceptive pathways (Frederickson et al. 1978). A study in rabbits showed that NK1
receptors play an important role in visceral pain and TAK-637 (a novel NK1 receptor)
inhibits the viscerosensory response produced due to colorectal distention (Okano et al.
2002). NK1 antagonist drugs such as aprepitant, sendide and maropitant show
antinociceptive effect in the rat formalin test model (Sakurada et al. 1995; Aguado et al.

2015).

Maropitant showed an anaesthetic dose sparing effect during visceral stimulation in
dogs and cat undergoing OHE (Boscan ef al. 2011; Niyom ef al. 2013). Only one study
in dogs compared the efficacy of maropitant to morphine on intra-operative
haemodynamic variables and post-OHE pain (Marquez et al. 2015). Maropitant group
showed a significantly lower heart rate and systolic arterial pressure compared to
morphine group during the surgical stimulation. Dogs in both treatment groups required
rescue analgesia from 15 min after extubation but the dogs in maropitant group had a
better quality of recovery and lower pain scores than the ones in morphine group, in the

immediate post-operative period.

Although lots of preclinical and some clinical studies in animal models mentioned
above showed that NK1 receptor antagonists can be a promising analgesic, human
clinical trials have failed to show their effectiveness in managing pain as expected (Hill
2000; Rost et al. 2006). One of the possible explanations for this discrepancy could be

that the human studies have considered mainly somatic pain models whereas several
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animal studies have shown the analgesic effect of NK1 antagonists using the visceral

pain models.

2.4.3.3 Pharmacokinetics of maropitant in dogs

Maropitant is commonly administered peroral and subcutaneously (SC). The absolute
bioavailability of maropitant is higher when administered SC (90.7% at the dose of 1
mg/kg) compared to the oral administration (23.7% at the 2 mg/kg) (Benchaoui et al.
2007a). The bioavailability of orally administered maropitant increases (37% at 8
mg/kg) in a non-linear manner with the increase in the dose of maropitant. The hepatic
first-pass effect is responsible for the low bioavailability of orally administered
maropitant. After SC administration, the absorption is rapid. A study in a gerbil model
has shown that maropitant can cross the blood-brain barrier and act on the central NK1

receptors in the brain (de la Puente-Redondo et al. 2007).

The drug is metabolized in the liver with the involvement of CYP2D15 and CYP3A12,
two isoforms of cytochrome P-450 enzyme system (Benchaoui ef al. 2007a). The
terminal half-life of maropitant is 7.75 hours after dosing at 1 mg/kg and 4.03 and 5.46

hour after dosing at 2 mg/kg and 8 mg/kg, respectively (Benchaoui ef al. 2007a).

Pharmacokinetics of maropitant administered orally and via SC route has been studied

previously but the pharmacokinetics after intramuscular injection remains

uninvestigated.
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2.4.3.4 The adverse effects of maropitant

In addition to its antiemetic and potential analgesic effects, maropitant also produces
some adverse effects (Trepanier 2015). The SC injection can lead to pain at the injection
site, which can be reduced by refrigeration of the drug solution prior to injection. The
drug can also lead to bone marrow hyperplasia in the puppies and thus is not
recommended for puppies under 8 weeks of age. Finally, because the drug undergoes

hepatic metabolization, it should not be used in patients with hepatic dysfunction.

2.4.3.5 Interaction of maropitant with morphine and dexmedetomidine

An additive/supra-additive interaction in analgesic effect is expected between opioids,
alpha-2-adrenoceptor agonists and NK1 receptor antagonists based on the action via the
widespread neurotransmitter, substance P (Nicoll ez al. 1980; Sakurada et al. 1995).
One of the mechanisms by which opioids and alpha-2 adrenoceptor agonists produce
anti-nociception is by inhibiting the release of substance P, at primary afferents.

Maropitant can block the binding of substance P to NK1 receptors.

Maropitant has been used in combination with opioids in previous studies in dogs and
cats (Claude et al. 2014; Martin-Flores et al. 2016). However, these studies focussed on
assessing the antiemetic effect of maropitant and their analgesic effects were not
assessed. These studies show that the combination of morphine and maropitant are well

tolerated and has no adverse effects in dogs and cats.
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3.1 Abstract

Objective To determine if the combinations of morphine, dexmedetomidine, and
maropitant enhance the analgesic effect and decrease the dose of individual drugs in rats

subjected to noxious thermal stimulation with hot plate and tail flick tests.

Study design Randomized, blinded, prospective experimental study.

Animals 96 male Sprague-Dawley rats.

Methods The rats were randomly assigned to the following groups: 1) morphine (3 mg
kg'); 2) dexmedetomidine (10 pg kg™!); 3) maropitant (20 mg kg™!); 4) morphine (1.5
mg kg!) + dexmedetomidine (5 pg kg!); 5) dexmedetomidine (5 pg kg'!) + maropitant
(10 mg kg'!); 6) morphine (1.5 mg kg™!) + maropitant (10 mg kg™!); 7) morphine (1mg
kg!) + dexmedetomidine (3.5 pg kg'!) + maropitant (6.5 mg kg'!'); and 8) normal saline
(0.5 mL), all injected intravenously. The tail flick and hot plate tests were performed
before and 5, 15, 30, 45, 60, 90 and 120 minutes after the injection of the drugs. These
variables were analysed with the effect-time area under curve (AUC) analysis and a

mixed linear model.

Results: Data were analyzed in 94 rats. The rank order of the total analgesic effects of
the treatment groups shown by AUC analysis was found to be Mor > Maro+Mor >
Dex+Mor > Dex > Maro > Dex+Maro+Mor > Dex+Maro > saline for the hot plate test,
and Maro+Mor > Mor > Dex+Mor > Dex+Maro+Mor > Maro > Dex > Dex+Maro >
saline for the tail flick test. The mixed model analysis showed a significant difference
between latencies of the group morphine+maropitant versus all other treatment groups
in the tail flick test (» < 0.0001) and morphine versus saline in the hot plate test (p <

0.05).
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Conclusions and clinical relevance Morphine and maropitant appeared to show a
supra-additive effect for analgesia shown by the tail flick test. Clinical trials should be

conducted to establish its use in treating pain.

Keywords Morphine, Dexmedetomidine, Maropitant, Combination, Analgesia, Rat

model

3.2 Introduction

There is no single analgesic that can control pain effectively and is free of side effects.
Opioids and nonsteroidal anti-inflammatory drugs (NSAIDs) remain the major
analgesics to treat moderate-to-severe pain in veterinary patients (Gaynor 1999). These
drugs, when used singly, are not always able to provide effective analgesia and are
associated with many adverse effects. Opioids can cause respiratory depression, nausea,
and prolonged sedation (Pascoe 2000), and NSAIDS are associated with gastric
bleeding, ulcers and potential renal damage (Lascelles et al. 2005). These adverse
effects limit the use of these drugs at higher dosages. Therefore, drug combination
therapy (multimodal analgesia) is recommended for management of pain. Multimodal
analgesia involves administration of two or more classes of drugs (e.g. opioids,
NSAIDs, alpha-2 agonists etc.) with different modes of action: it is postulated that this
approach may result in an enhanced analgesic effect and require lower doses of each

drug, reducing adverse effects (Jin & Chung 2001; Young & Buvanendran 2012).

Morphine is the prototypical opiate analgesic and one of the most commonly used
perioperative analgesics, but a single dose may not provide an adequate level of
postoperative analgesia and further dosing may be associated with increased incidence

of clinically significant side effects (Pascoe 2000). Dexmedetomidine is a highly
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selective alpha-2 adrenoceptor agonist (Vainio 1989). It can produce analgesia at both
the spinal (Kalso et al. 1991) and supraspinal level (Guo et al. 1996). However, its
potential side effects such as sedation, bradycardia and decrease in cardiac output limit
its use as a potent analgesic (Kuusela et al. 2001). Studies in rodents combining
morphine with alpha-2 agonists showed a decrease in the dose of the individual drugs
required, and better analgesia with little to no cardiovascular effects (Ossipov et al.

1990; Stone et al. 2014).

Maropitant is a neurokinin-1 (NK1) receptor antagonist which may be able to block the
substance P mediated transmission of noxious stimuli. Substance P is released in the
peripheral sensory nerve terminals, in the spinal cord and brain in response to noxious
stimulation (Gamse & Saria 1986; Go & Yaksh 1987; Yashpal & Dam 1990). NK1
receptor antagonist have been shown to block noxious stimuli in the rat formalin test
model (Sakurada et al. 1995; Aguado et al. 2015) and to have an anaesthetic dose
sparing effect in the dog and cat ovariohysterectomy (OHE) model (Boscan et al. 2011;
Niyom et al. 2013). One study in dogs has compared the efficacy of maropitant to
morphine on intra-operative cardiovascular changes and post-OHE pain (Marquez et al.

2015).

There is a lack of data regarding analgesic interaction between morphine,
dexmedetomidine and maropitant. In this study, we examined the analgesic interactions
using a hotplate and tail flick test in a rat model. Hot plate and tail flick tests are simple,
sensitive and commonly used tests to study analgesic efficacy of drugs in rats and mice
(D'Amour & Smith 1941; Eddy & Leimbach 1953). They are easy to perform, require
minimal instrumentation, and have well-defined endpoints. This was a pilot study to test

the efficacy, suitability and safety of the combination of these drugs to be used for

63



clinical trials in small animals. Our hypothesis was that each combination would be
additive, i.e., a combination of two drugs at half of the full dose or three drugs at one
third of the full dose would produce the same degree of analgesia as each drug alone at

the full dose.

3.3 Materials and methods

3.3.1 Study design

After approval from Massey University Animal Ethics Committee (Protocol 16/115),
male Sprague Dawley rats (n = 96) weighing 250- 450g (average 354 g) were used.
Their age at the time of arrival was 6-9 weeks. The animals were obtained from the
Small Animal Production Unit, Massey University, New Zealand.

The rats were randomly selected by coin toss from a population of 384. The cage pairs
that achieved heads were included in the study until we received 96 rats in total. This
study is reported in accordance with the ARRIVE guidelines for experiments involving
animals (Kilkenny et al. 2010). The sample size was calculated with the power of 80%
and the probability of alpha (a) error of 5%.The effect size was estimated as 1.2 based
on previous studies (Hunskaar et al. 1986; Keyhanfar et al. 2013) using similar

methods.

The rats were housed in pairs in plastic cages placed on cage racks in an
environmentally controlled room and standard food and water were available ad libitum
at all times. For identification, the rats were marked on the tail using a non-toxic
permanent marker. The room was kept at a controlled temperature (22 + 1 °C) and
humidity (40-60%) and maintained on a 12-hour light/dark cycle. All testing was
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carried out during the light phase. The rats were allowed to acclimatize in the new
environment for 7 days, and they were picked up and handled gently once a day during
that period. The rats were also adapted to the non-functional hot-plate for 1 minute per
day during the handling period. The health of the rats was checked daily by the small

animal production unit veterinary staff.

The trials in all 96 rats were performed in a one-week period. A tail flick followed by a
hotplate test for one rat was performed on the same day. Rats were separated from each
other only when tests were being performed on one of them. Rats were returned to the

home cage immediately after completion of the tests.

3.3.2 Hot plate and tail flick test

The hot plate and tail flick tests were performed at a station in the same room the rats
were housed. The rats were randomly allocated into eight experimental groups of 12
using a randomization plan generated by an online software QuickCalcs (GraphPad
Software, CA, USA) and the nociceptive response was measured using tail-flick and
hot-plate tests. The treatment groups were as follows:

Group 1 (Mor): morphine (3 mg kg™!)

Group 2 (Dex): dexmedetomidine (10 pg kg™!)

Group 3 (Maro): maropitant (20 mg kg™!)

Group 4 (Dex+Mor): dexmedetomidine (5 pg kg'!) + morphine (1.5 mg kg™')

Group 5 (Dex+Maro): dexmedetomidine (5 pg kg'!) + maropitant (10 mg kg™!)
Group 6 (Maro+Mor): maropitant (10 mg kg™') + morphine (1.5 mg kg™!)

Group 7 (Dex+Maro+Mor): dexmedetomidine (3.5 ug kg!) + maropitant (6.5) mg kg
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+ morphine (Img kg!)

Group 8 (control): normal saline (0.5 mL)

The drugs used were: morphine sulphate (DBL Morphine sulphate injection BP;
Hospira Australia Pty. Ltd., Australia) 5 mg mL!, dexmedetomidine hydrochloride
(Dexdomitor; Zoetis, New Zealand) 0.5 mg mL"!, and maropitant citrate (Cerenia;
Zoetis, New Zealand), 10 mg mL™! (0.9% Sodium Chloride; Baxter, Australia). The rats
were manually restrained using a towel and a perforated perspex tube and the drugs
were injected into the tail vein using a 1 mL syringe and 26-gauge 1/2-inch needle.
Morphine and dexmedetomidine were administered after being mixed together in a
syringe; maropitant was administered separately. For each animal, a baseline response
latency for both tests was determined by two consecutive responses measured at 5
minutes intervals before the administration of the drugs, that were averaged for
statistical analysis. The person performing tests and recording latencies was unaware of

the treatment groups.

A tail flick followed by a hotplate test was performed at 5, 15, 30, 45, 90 and 120
minutes after administration of the drugs. For the tail flick test, a water bath was
maintained at 55 £ 0.5 °C, the rats restrained manually in a soft towel and the distal two
thirds of the tail submerged in the water bath. The tail was quickly removed after the
flick. The time the rat kept its tail in the water was recorded. To protect against tissue

injury, the test was terminated after 10 seconds if the animal did not flick its tail.

A metal hot-plate with a rim was placed in a water bath at 55 + 0.5 °C so that the
bottom of the plate was in contact with the water, but the top was dry. A transparent

acrylic cylinder was placed on the hot-plate to prevent escape. Rats were placed on the
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hot plate and the response time for behavioural changes like paw licking, stamping or
jumping was recorded. The plate was wiped with a wet cloth to remove traces of urine
and faeces and dried after each measurement. A cut-off latency of 15 seconds was used

to avoid tissue damage.

Rats were returned to their home cages and replaced on the cage rack immediately after
completion of the tests. Each animal received only one drug treatment and was
euthanized using carbon dioxide after the tests were performed in the both rats in a
cage. For euthanasia, rats in their home cages were placed into a chamber containing the
room air. Carbon dioxide was gradually delivered at a filling rate of 20% of the

chamber volume per minute until 1 minute after respiratory arrest.

3.3.3 Data Analysis

All data are expressed as mean + standard deviation (SD). The overall antinociceptive
effect of the treatment drugs in the hotplate test and tail flick tests were expressed as a)
mean time-response (latencies) data of all animals in a group at each time point, and b)
the mean area under the effect-time curve (AUC) over the entire time period using

GraphPad Prism version 7.00 for Mac OS X (GraphPad Software, CA, USA).

The dependent variables (tail flick and hot plate latencies) were analysed using a linear
mixed model using the MIXED procedure of the Statistical Analysis System software,
university edition 9.4 (SAS Institute Inc., NC, USA). The linear model included the
fixed effect of time, treatment and interaction between time and treatment and the
random effect of animal to account for repeated measures in the same animal. Least
squares (LS Means) and standard errors (SE) for treatment time and combinations

between treatments and times were obtained and used for multiple mean comparisons
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using the Least Significant Difference as implemented in the MIXED procedure. A p-
value of less than 0.05 was considered statistically significant. There was no significant
difference between the weights of the rats and baseline values, hence those parameters

were not included in the model.

3.4 Results

One rat from group Maro and another from group Mor+Maro groups died during the
study. Data analysis was performed in 94 rats only (n=11 for group Maro and Mor +

Maro, and n=12 for all other treatment groups).

3.4.1 Hot plate test

3.4.1.1 AUC

The mean area under the effect-time curve (AUC) is shown in Figure 3.1a. The rank
order of the AUC which shows the total effect of the drugs was found to be Mor (41.6 +
15.8 seconds) > Maro + Mor (39.9 + 21.0 seconds) > Dex + Mor (38.9 £ 21.5 seconds)
> Dex (38.4 + 10.3 seconds) > Maro (33.4 + 13.9 seconds) > Dex + Maro + Mor (31.2 +

10.1 seconds) > Dex + Maro (30.9 £ 12.7 seconds) > Saline (28.5 £ 8.2 seconds).

3.4.1.2 Mean time-response latencies

After administration of the drugs there was a significant increase in latency times
compared to their baselines in groups Maro (p < 0.05), Maro + Mor (p < 0.0001), Mor +
Dex (p < 0.05), and Mor (p < 0.001). The increase in latency lasted for 30 minutes in
Mor + Dex, 60 minutes in Maro and Mor and 90 minutes in Maro + Mor. Other

treatment groups showed no statistically significant increase in the latency times
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compared to their baselines. Only rats in the treatment group Mor + Maro reached the
cut off time of 10 seconds. The mean time-response latencies are shown in Table 3.1a.
Although there appeared to be some numerical differences in the time-response values
at some time points and the effect-time AUC between treatment groups, the overall
difference between the Least Squares means of the latencies for the treatment groups

was only significant for morphine versus saline (p < 0.05).

3.4.2 Tail flick test

3.4.2.1 AUC

The mean area under the effect-time curve (AUC) is shown in Figure 3.1b. The rank
order of the AUC for the treatment groups was found to be Maro + Mor (630.8 + 530.0
seconds) > Mor (383.0 £ 249.3 seconds) > Dex + Mor (351.3 &+ 143.1 seconds) > Dex +
Maro + Mor (322.8 = 135.5 seconds) > Maro (282.8 + 206.5 seconds) > Dex (267.8 +

96.2 seconds) > Dex + Maro (253.5 + 12.7 seconds)> saline (212.0 + 71.4 seconds).

3.4.2.2 Mean time-response latencies

The mean time-response latencies and the time of peak effect are shown in Table 3.1b.
The treatment groups Mor + Maro (p < 0.0001), Mor (p < 0.05), Mor + Dex (p < 0.05)
and Maro (p < 0.05) showed increased latency times compared to their baselines 15
minutes after administration of the drugs. The increase in latency was observed only at
15 minutes in the group Maro, and till 30, 60, and 90 minutes in the groups Mor + Dex,
Mor and Mor + Maro respectively. Some rats in treatment group Mor + Maro reached
the cut-off of 10 seconds from 15 up to 120 minutes after injection. The proc mixed
procedure showed a significant difference (p < 0.0001) between means of the latencies

between Mor + Maro and all other treatment groups in the tail flick test. This significant
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difference was observed until 60 minutes after drug administration.
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Figure 3.1 Comparison of the analgesic effects in rats of eight drug combinations using
the mean area under the effect-time curve (AUC) of the latencies in a) hot plate test and

b) tail flick test.
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Mor, morphine 3 mg kg'!; Dex, dexmedetomidine 10 pg kg!; Maro, maropitant 20 mg
kg!; Dex+Mor, dexmedetomidine 5 ug kg + morphine: 1.5 mg kg'!; Dex+ Maro,
dexmedetomidine 5 pg kg™! + maropitant 10 mg kg!; Maro+Mor, maropitant 10 mg kg™!
+ morphine 1.5 mg kg'!; Maro+Mor+Dex, maropitant 6.5 mg kg™! + morphine 1 mg kg

'+ dexmedetomidine 3.5 ug kg!; normal saline 0.5 mL.
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Table 3.1 The mean time-response latencies of rats during (a) hot plate test and (b) tail flick test after treatment with eight different analgesic

combinations.

Mor, morphine 3 mg kg'!; Dex, dexmedetomidine 10 pg kg™!'; Maro, maropitant 20 mg kg'!; Dex+Mor, dexmedetomidine 5 pug kg™! + morphine:
1.5 mg kg!; Dex+ Maro, dexmedetomidine 5 pg kg! + maropitant 10 mg kg!'; Maro+Mor, maropitant 10 mg kg! + morphine 1.5 mg kg'!;

Maro+Mor+Dex, maropitant 6.5 mg kg'! + morphine 1 mg kg'! + dexmedetomidine 3.5 pg kg'!; normal saline 0.5 mL.

a)
Mean time-response latency (seconds)

Time after Dex Dex+Maro Dex+Maro+ Dex+Mor Maro Maro+Mor Mor Saline
injection n=12) (n=12) Mor (n=12) (n=11) (n=11) (n=12) (n=12)
(minutes) (n=12)

0 21+04 22+0.6 22+0.5 23+0.6 20+£0.3 23+0.5 22+0.5 20+03
5 25+1.5 27+1.9 2613 31+1.6 23+£23 44+43 2.9+ 1.0* 1.9+0.7
15 24+09 1.9+0.5 33+£1.5 3.7+1.8% 3.2+42" 7.4+ 52" 4.1+1.6™ 1.8+0.7
30 24+09 23+09 33+£1.5 3.8+ 14" 22+1.5 7.8 + 5.8 43 +2.4™ 1.7+ 0.4
45 25+09 24+0.6 29+1.0 34+1.3 29+2.7% 6.1 +4.7M 4+3.0™ 1.8+0.4
60 23+£0.8 20+£0.5 28=+1.1 30+1.2 2.2+1.0° 6+5.1M 3.8+3.2" 1.9+0.5
90 20£0.6 20+0.8 23+1.0 23+1.0 21+1.1 3.8+32" 22+09 1.6+0.7
120 1.9+0.7 1.9+1.0 21+12 2.1+£0.7 2.1+£0.6 28+2.2 1.9+0.5 1.8+0.5




b)

Mean time-response latency (seconds)

Time after Dex Dex+Maro Dex+Maro+Mor Dex+Mor Maro Maro+Mor Mor Saline
njection (n=12) (n=12) (n=12) (n=12) (n=11) (n=11) (n=12) (n=12)
(seconds)

0 47+12 44+13 41+1.1 44+13 46+14 42+1.5 48+1.2 40+0.7
5 52+1.2 50+29 45+1.5 6+t44 4.7+24 6.4+3.6 6+£22 41+09
15 55+14 44+1.7 49+23 6.3 4.1 54+28" 6.9 £4.4"F 7.1+£3.2% 43+14
30 49+1 40+1.2 48+1.3 6.6 4.0 49+1.7 52+£23" 59+1.7% 39+1.1
45 58+14 49+27 47+19 6.0+33 43+1.9 6.0+£3.6" 6.6 £ 3.2 40+14
60 6.5+2.6 46+19 45+1.2 52+238 49+2.1 58+3.6" 6.2 £ 3" 42+1.5
90 55+1.6 39+1.1 38+1.5 43+19 45+2.0 54+347 49+14 41+13
120 52+1.6 38=+1.5 3.8+ 1.7 46+20 48+23 4.1+28 50+1.8 38+1.5

* The least square (LS) means statistically different (p < 0.05) from baseline (T0) within the treatment group.

" The LS means statistically significant (p < 0.05) compared to morphine

#The LS means statistically significant compared to saline




3.5 Discussion

We found that the combination of morphine and maropitant provides a potent anti-
nociceptive effect at doses that are below the individual drug doses in a thermal-induced
pain model. There appears to be a supra-additive effect between morphine and
maropitant that could be due to their action on inhibiting the effects of substance P at
the spinal level. Substance P is one of the neurotransmitters released by nociceptive
primary afferents of the C fibres after noxious thermal stimulus (Duggan et al. 1987)
which binds to neurokinin (NK1) receptors IUPHAR/BPS 2018). Depletion of primary
afferent substance P resulted in substantial thermal anti-nociception in Guinea pigs
(Buck et al. 1981) and increased tail flick and hot-plate thresholds in adult rats (Nagy et
al. 1980). The synergy between morphine and maropitant is biologically plausible as
opioids can inhibit the release of substance P at primary afferents (Nicoll et al. 1980)

and maropitant is an NK 1 antagonist (Benchaoui et al. 2007).

Our results are consistent with findings by (De Felipe et al. (1998) who examined the
analgesic response to morphine in NK1 R knockout (NK1—/—) and normal (NK1+/+)
mice using hotplate and tail flick tests. Morphine increased the hot plate latencies (ie,
provided analgesia) in both NK1—/— and NK1+/+ but the effect in NK1 —/— mice was
significantly lower (p < 0.05) compared to NK1 +/+ mice. This, along with our results,
indicates that the greater-than-additive effect between morphine and maropitant is more
observable at the spinal level than supraspinal level. This could also be the reason why
the significant difference between Mor + Maro and other treatment groups was
exhibited in the tail flick test (spinally mediated) but not in the hotplate test

(supraspinally mediated) in our study. Thus, it is expected that the anti-nociceptive
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effect of a drug combination acting at the spinal level would be more obvious in a tail

flick test.

Dexmedetomidine and maropitant when used singly produced little to no anti-
nociception in both the tests. To our knowledge, there are no studies evaluating the
analgesic efficacy of maropitant using hotplate and tail flick tests. Dexmedetomidine
has been shown to be a very potent anti-nociceptive when administered intrathecally to
rats but the dose required to produce anti-nociception by other parental routes is much
higher (20-30 pg kg-! ) (Guneli et al. 2007; Gursoy et al. 2011). We chose the lowest
doses of drugs we considered likely to be effective when used singly. These doses were
chosen out of concern that high doses of individual drugs might overshadow any
interactions. It is possible that the doses were too low to show a significant increase in
latency times in either test. Dexmedetomidine at higher dose would also have caused

sedation, therefore affecting the observations.

Although the hotplate and tail flick tests are simple to execute, they have some
limitations. They are both thermal stimuli which have been developed and used mainly
to test opioid analgesics (Le Bars et al. 2001) and they have been shown to be less
sensitive for non-opioid analgesics. In our hotplate tests, we relied upon behaviours
such as forepaw or hind paw licking and/or jumping as the endpoint. The paw licking
behaviour is more stereotyped for mice and is complex in rats. These behavioural
endpoints may be affected differently by different drugs and this could affect the test

sensitivity (Carter 1991).
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A limitation of our study was that the number of experiments was too low to show
synergy between these drugs. One approach to demonstrate such synergy is
isobolographic analysis which involves a series of experiments with combinations of
drugs at different dose ratios. This was a pilot study which aimed to produce some
initial indicative data about the interactions between morphine, dexmedetomidine and

maropitant to guide studies in the future.

One rat from group Maro and another from group Mor + Maro died during the study.
Both rats died immediately after injection of the treatment drugs. Postmortem
examination of the Maro rat revealed a large amount of fluid within the airways. This is
a rather non-specific finding and can be attributed to a large number of causes, however,
given the temporal association with the IV administration of maropitant, a non-
cardiogenic cause for the pulmonary oedema secondary to the administration of this
drug cannot be ruled out. Postmortem of another rat from group Mor + Maro did not
show any gross nor histological lesions which could explain the cause of death. Because
the intravenous dose of maropitant in rats has not been reported in the literature, the
dose was extrapolated from that in a dog study (Boscan et al. 2011) using allometric
scaling (Boxenbaum 1982). It is possible that the dose of maropitant used was toxic,
although Aguado et al. (2015) used 30 mg kg-1 intraperitoneally in rats. A dose effect
and toxicological study of maropitant in rats is recommended. Tails of some rats in each
treatment group showed multifocal to coalescing, orange red, crusty exudative
cutaneous excoriative lesions. The histopathology revealed the presence of a vasculitis
in all the tail lesions which is not specific for an aetiology. To minimize the volume of
injection, we used concentrated solutions. Thus, we cannot rule out a drug-induced

irritation leading to self-mutilation in these cases.
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This is the first study we are aware of evaluating the analgesic efficacy of the
combination of these three drugs. The brief noxious stimuli involved in these studies in
normal rats cannot be equated to the pain originating from the tissue damage. These
results offer promise for clinical trials testing analgesic efficacy of these drug

combination during various painful procedures in different veterinary patients.
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4.1 Abstract

The purpose of this study was to evaluate the pharmacokinetics of morphine in
combination with dexmedetomidine and maropitant injected intramuscularly in dogs
under general anaesthesia. Eight healthy dogs weighing 25.76 +3.16 Kg and 3.87 +
1.64 years of age were used in a crossover study. Dogs were randomly allocated to four
groups: 1) morphine 0.6 mg/kg; 2) morphine 0.3 mg/kg + dexmedetomidine 5 pg/kg; 3)
morphine 0.3 mg/kg + maropitant 1 mg/kg; 4) morphine 0.2 mg/kg + dexmedetomidine
3 pg/kg + maropitant 0.7 mg/kg. Blood samples were collected before, 15 and 30 min,
and 1, 2, 3 4, 6 and 8 h after injection of the test drugs. Plasma concentration of the
drugs was determined by liquid chromatography-mass spectrometry. The elimination
half-life (7v#) of morphine was higher and the clearance rate (CL) was lower when
combined with dexmedetomidine (714 = 77.72 + 20.27 min, CL= 119.41 + 23.34
mL/kg/min) compared to maropitant (71 = 52.73 min £ 13.823 mL/kg/min, CL=
178.57 + 70.55) or morphine alone at higher doses (71 = 50.53 &+ 12.55 min, CL=
187.24 + 34.45 mL/kg/min). Combining morphine with dexmedetomidine may increase

the dosing interval of morphine and may have a clinical advantage.

Keywords: alpha-2 adrenoceptor agonist, dogs, halothane, intramuscular, neurokinin -1

receptor antagonist, opioid

4.2 Introduction
Morphine is a prototypical opiate and one of the most commonly used analgesics in

perioperative and post-operative procedures as well as other situations in dogs. The
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intravenous (IV) or intramuscular (IM) administration of morphine is characterized by a
rapid increase in the plasma concentration and fast decline due to a rapid clearance
(Hug, Murphy, Murphy, Rigel, & Olson, 1981). The high clearance rate may lead to the
requirement of frequent dosing or administration of a higher dose in the postoperative

period.

Morphine is associated with several adverse effects in dogs. Studies have shown that IV
and IM dose of morphine at or below 1 mg/kg can cause emesis (Barnhart, Hubbell,
Muir, Sams, & Bednarski, 2000; Blancquaert, Lefebvre, & Willems, 1986; Kongara,
Chambers, & Johnson, 2012). Morphine can also cause respiratory depression (Taylor
& Houlton, 1984; Mastrocinque & Fantoni, 2003) and release of histamines leading to
cardiovascular changes when used intravascularly (Guedes, Rud¢, & Rider, 2006;
Maiante, Teixeira Neto, Beier, Corrente, & Pedroso, 2009; Robinson, Faggella, Henry,
& Russell, 1988). To lower the required doses of morphine and decrease the potential
adverse effects, multimodal analgesia protocols are recommended for pain management
in dogs and cats (Epstein et al., 2015). This is achieved by combining morphine with
other analgesics that act by different mechanisms resulting in synergistic or additive
analgesia (Corletto, 2007). However, pharmacokinetic interaction may occur between
the co-administered drugs which may alter the individual pharmacokinetics and have
clinical relevance (Maurer & Bartkowski, 1993).

A multimodal analgesia protocol combining low doses of morphine with
dexmedetomidine and maropitant has been proposed by the authors for providing peri-
and post-operative analgesia in dogs. Dexmedetomidine is a highly selective alpha-2-
adrenoceptor agonist (Vainio, 1989) and a commonly used sedative and analgesic in

dogs and cats (Murrell & Hellebrekers, 2005). Rat studies have shown anti-nociceptive
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synergism between opioids and alpha-2 adrenoceptor agonist (Ossipov et al., 1990).
Maropitant is a neurokinin -1 (NK1) receptor antagonist used to control emesis of
different aetiologies in dogs and cats (Diemunsch & Grélot, 2000; De la Puente-
Redondo et al., 2007). Maropitant also has an anaesthetic dose sparing effect in dogs
and cats undergoing ovariohysterectomy (OHE) (Boscan et al., 2011;

Niyom, Boscan, Twedt, Monnet, & Eickhoff, 2013) and a supra-additive effect for
analgesia in combination with morphine in a rat model (Karna, Kongara, Singh,
Chambers, & Lopez-Villalobos, 2019).

Pharmacokinetics of IM administered morphine has been studied previously, (Barnhart
et al., 2000; Dohoo, Tasker, & Donald, 1994) but not in combination with other two
drugs dexmedetomidine and maropitant, and not in anaesthetised dogs. The
recommended dose of morphine for sedation and premedication in dogs is 0.2-1 mg/kg
IM (Hall & Clarke, 1983). However, the pharmacokinetics of morphine below 0.5
mg/kg dose has not been studied. The primary aim of the present study was to describe
the pharmacokinetics of three different doses of IM administered morphine (at 0.6
mg/kg when used singly, and 0.3 and 0.2 mg/kg in combination with maropitant and
dexmedetomidine) under anaesthesia. The secondary aim was to investigate the
pharmacokinetics of dexmedetomidine and maropitant in combination with morphine

administered intramuscularly in dogs under anaesthesia.

4.3 Materials and methods

4.3.1!Study design and dogs

The study was approved by Massey University Animal Ethics Committee (protocol no

17/57) and is reported in accordance with the ARRIVE guidelines for experiments

85



involving animals (Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010). The sample
size calculation was based on the expected difference in pharmacokinetic parameters of
morphine derived from previous studies (Dohoo et al., 1994; Barnhart et al., 2000). The
sample size was estimated to achieve the power of experiment of 80% with an alpha

error of 0.05.

Eight healthy dogs (5 Harrier Hounds; 3 Shetland Sheepdogs) were used in a
randomised crossover study with four treatments for each dog separated by a three-
week washout period. The blood plasma concentration level of the test drugs was
analysed at the end of the three-week washout period and no detectable level of drugs
was present. The randomisation schedule of the treatment was generated using PLAN

procedure in SAS for Windows v 9.4 (SAS Institute Inc Cary NC, USA).

The dogs were judged to be in good health by physical examination and history. The
mean age and body weight of dogs were 3.87 + 1.64 years and 25.76 + 3.16 kg

respectively.

The dogs were obtained from the Centre for Canine Nutrition (CCN) at Massey
University, Palmerston North, New Zealand. They were housed in a larger outer pen
during the day and indoor pens in pairs in the night. Dogs were fed once a day and had
unlimited access to water all the time. The dogs were brought to the laboratory on the
day of the experiment and were kept in the laboratory until the final blood collection
time point. After that, they were housed at the MU Veterinary Hospital overnight and

returned to the CCN facility, the next day.

The treatment groups were as follows: group 1 (Mor): morphine 0.6 mg/kg; group 2

(Dex+Mor): morphine 0.3 mg/kg + dexmedetomidine 5 pg/kg; group 3 (Maro+Mor):
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morphine 0.3 mg/kg + maropitant 1 mg/kg; group 4 (Dex+Maro+Mor): morphine 0.2
mg/kg + dexmedetomidine 3 pg/kg + maropitant 0.7 mg/kg, all injected

intramuscularly. The dosages of the drugs were based on clinical opinion of the authors.

4.3.2!Drug administration

The dogs were fasted for 12 hr before each treatment and had unlimited access to water
until premedication. They were premedicated with acepromazine (Acezine 2; Ethical
Agents Ltd, New Zealand) 0.02 mg/kg IM 40 min prior to the anaesthetic induction.
Right saphenous vein was catheterised percutaneously using a 22 gauge 1.00-inch
catheter for anaesthetic induction, blood sampling and administration of Hartmann’s
solution (Baxter Healthcare Ltd, Australia). Anaesthesia was induced with IV Propofol

(Propofol Injection; Mayne Pharma Pty Ltd, Australia) to effect.

After induction of anaesthesia, a cuffed endotracheal tube was used to intubate the
trachea. Anaesthesia was maintained by halothane (HalothaneVet; Merial NZ Limited,
New Zealand) in oxygen delivered via a circle breathing system for 35 min. The End-
tidal halothane (EtHal) was maintained between 0.85% and 0.95% and dogs breathed
spontaneously. The dogs were given Hartmann’s solution IV to maintain systolic
arterial blood pressure above 100 mmHg throughout the anaesthetic period and their
systolic arterial blood pressure was monitored using a Doppler ultrasound pressure
transducer with cuff (Doppler flow detector, Parks Medical Electronics Inc., USA).
Heart rate (HR), respiratory rate (RR), end-tidal halothane tension (EtHal) and end-tidal
COsz tension (EtCOz) of dogs were monitored using an anaesthetic agent monitor
(Hewlett Packard M1025B; Hewlett Packard, Germany). Arterial haemoglobin oxygen

saturation (SpO.) and the temperature was monitored using a pulse oximeter (Pulse Ox-
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Fisher & Paykel Healthcare Ltd, Auckland, NZ), and a digital veterinary thermometer
(Kamsay, USA), respectively. All of these parameters were monitored continuously and

recorded every 5 min.

Dogs were positioned into left lateral recumbency. Immediately after the target EtHal
was achieved, treatment drugs were injected into lumbar epaxial muscles using a 2 ml
syringe and 22 gauge, 1-inch needle. All drugs were injected separately within a minute
starting with morphine followed by maropitant and dexmedetomidine. The drugs used
were morphine sulphate (DBL morphine sulphate injection BP; Hospira Australia Pty.
Ltd., Australia) 5 mg/ml, dexmedetomidine hydrochloride (Dexdomitor; Zoetis, New

Zealand) 0.5 mg/ml and maropitant citrate (Cerenia; Zoetis, New Zealand) 10 mg/ml.

This study was performed in combination with another study measuring the
electroencephalographic (EEG) responses of the treatment drugs after noxious electric
stimulus which has not been described here in detail. Dogs received a brief electrical
stimulus after 30 min of achieving the target EtHal. After 5 min, the halothane was
discontinued and the endotracheal tube was removed when the dogs were able to
maintain their airway. Dogs were monitored for any adverse effects throughout the

study period.

Blood samples (2 ml) were collected before and 15 and 30 min and 1, 2, 3 4, 6 and 8 hr
after injection of the test drugs. Blood collection before injection of the test drugs and at
15 and 30 min was performed under anaesthesia, at 1 and 2 hr were performed during
recovery and the dogs were fully awake at the remaining blood collection time points.
Blood collection was performed using a modified push-pull method (Barr, Gianotti et
al., 2017): before collecting the blood sample for analysis, 2 ml blood was drawn in 5

ml syringe already filled with 2 ml heparinised saline and reinfused after the blood



sample was collected. Blood samples were collected in heparin tubes which were
refrigerated. Plasma was collected by centrifuging at 1,000 g for 10 min and stored at

—80 °C until analysis.

4.3.3!Analytical methodology

4.3.3.1'Liquid Chromatography-Mass Spectrometry (LCMS)

The assay of maropitant was based on published guidelines by Kenward, Elliott, Elliott,
Lee and Pelligand (2017) with some modifications whereas a common method for assay

of morphine and dexmedetomidine was developed in the investigators’ laboratory.

4.3.3.1.1!Instrumentation

Chromatic separation of dexmedetomidine, maropitant and morphine was determined
from plasma samples using the Ultra High Performance Liquid Chromatography system
(Dionex UltiMate 3000 System; Thermo Scientific, Germany) consisting of a vacuum
degasser, a tertiary loading pump, a column oven and an autosampler. A 2.6 um particle
size 100 mm x 2.1 mm column (Accucore 150 C18 Column; Thermo Scientific,
Germany) fitted with an identically packed guard column (Accucore Defender Guard
Column; Thermo Scientific, Germany) was used for all analyses. Mass spectrometry
detection was performed with a hybrid quadrupole orbitrap mass spectrometer (Q

Exactive Focus; Thermo Scientific, Germany).

4.3.3.1.2!Sample preparation
The standards and plasma samples were prepared by precipitating 120 pl of plasma with
300 pl of acetonitrile and vortexing for 30 s. The mixture was centrifuged at 14,000 g

for 10 min and the clear supernatant was passed through phospholipid removal tubes
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(Phree Phospholipid removal; Phenomenex, USA). The filtrate was centrifuged again at
14,000 g for 10 min. The supernatant was transferred to the autosampler vials, 5 pl of

which was injected into the column.

4.3.3.1.3!LCMS Conditions for morphine and dexmedetomidine

For morphine and dexmedetomidine, the mobile phase consisted of 0.1% formic acid in
H>0 and & 0.1% formic acid in acetonitrile (ratio of 90:10). An isocratic flow was
maintained with a flow rate of 0.3 ml/min and a run time of 6 min. The injection volume
was 5 pl and the temperature of the column was 25 °C. The heated electrospray
ionization probe was maintained at 3.30 KV and all analyses were performed in the
positive ionization mode. Nitrogen was used and the sheath, auxiliary and ion sweep gas

flow was 30, 5, and 1 arbitrary units respectively. The capillary tube was kept at 320 °C.

4.3.3.1.4!LCMS conditions for maropitant

For maropitant, the mobile phase consisted of 0.3% formic acid in 5 mM ammonium
formate solution and 0.3% formic acid in acetonitrile. A gradient flow was maintained
with the flow rate of 0.3 ml/min and the run time was of 10 min. The injection volume
was 5 pl and the temperature of the column was 55 °C. The heated electrospray
ionization probe was maintained at 3.30 KV and all analyses were performed in the
positive ionization mode. Nitrogen was used at the sheath, auxiliary and ion sweep gas

flow at 15, 7, and 1 arbitrary units, respectively. The capillary tube was kept at 320 °C.

4.3.3.2'LCMS method validation

The validation for each drug was performed separately. A blank plasma obtained from
an untreated healthy dog was fortified with the stock solution of drugs. The stock

solutions of the drugs were the same as used for the treatment of dogs mentioned above.
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Dexmedetomidine and morphine were dissolved in water and maropitant were dissolved
in methanol. Six standards for the calibration curve ranged from 0.52 to 166 ng/ml for
morphine, 0.25 to 16.6 ng/ml for dexmedetomidine and 5.2 to 1666.67 ng/ml for
maropitant, were used. The lower limits of quantification (LOQ) of the compounds
were determined by the signal-to-noise ratio of 10:1. Relative recoveries at each
concentration were calculated by comparing the mean area response of unextracted
samples (spiked after extraction) with that of control standards following the same
sample preparation. Intra-day and inter-day variation was calculated at all five
concentrations of independently prepared spiked plasma on the same day and three

consecutive days, respectively.

4.3.4'Pharmacokinetic analysis

The pharmacokinetic analysis of concentration-time data was performed using a non-
compartmental model. The maximum plasma concentration of the drug (Csueng/ml)
and time to reach Csue (Tsue:min) were determined as direct observation from the
plasma drug concentration results. Other pharmacokinetic parameters including half-life
of terminal elimination phase (71#, min), area under the plasma concentration-time
curve (AUCo-t, ng*min/ml), area under the plasma concentration-time curve from time
zero to infinity (AUCo-«» , ng*min/ml), volume of distribution based on the terminal
slope (V), mL/kg), clearance (CL, mL/min/kg) and mean resident time (MRT, min)
were calculated using the PKSolver add-in program for Excel 2010 (Zhang, Huo, Huo,

Zhou, & Xie, 2010).
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4.3.5!Statistical analysis

All data are presented as mean + SD unless otherwise stated. All statistical analyses
were performed using Prism 8 for Macintosh (GraphPad Software, Inc., San Diego, CA,
USA). Normality of the data was checked by the D’ Agostino and Pearson normality
test. For the pharmacokinetic parameters for morphine, which was compared in four
treatment groups, the normally distributed data were analysed by one-way ANOVA
(analysis of variance) with post-hoc Tukey’s multiple comparison test and the non-
normally distributed data were analysed using Kruskal-Wallis test with Dunn’s multiple
comparisons as a post-hoc test. For dexmedetomidine and maropitant, which were used
in two treatment groups, the normally distributed data were analysed using a paired t-
test and non-normally distributed data were analysed using Wilcoxon matched-pairs
signed rank test. The association of body weight, breed, and age with PK parameters
were also compared in a similar way as of PK parameters mentioned above. The value

of p < 0.05 was considered significant.

4.4 Results

4.4.1'LCMS method validation

The retention time of morphine, dexmedetomidine and maropitant was 0.8 min, 1.4 min
and 6.65 min and the LOQ was 0.52 ng/ml, 0.25 ng/ml and 5.21 ng/ml respectively. The
calibration curve was linear with correlation coefficient (R?) 0.997 for morphine, and
0.998 for dexmedetomidine and maropitant. The relative standard deviations for intra-
day assay of morphine, dexmedetomidine and maropitant were < 4.62%, <4.90% and <

2.90% and for inter-day assay were < 10.95%, < 11.18% and < 8.15%, respectively. All
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sample analyses were performed in duplicate and analyses were repeated if duplicates

varied more than 5%.

4.4.2'Pharmacokinetics of morphine, dexmedetomidine and maropitant

No adverse effects were seen except bradycardia. The heart rate decreased by 20.00-
61.81% in group Dex+Mor and by 16.66-38.46% in group Dex+Maro+Mor 1-2 min
after administration of dexmedetomidine and remained stable at the decreased level
until recovery from anaesthesia. For all treatment drugs, there was no association of
body weight, age and breed with the clearance of the drugs and other pharmacokinetic
parameters. The semi-log concentration-time curve of different doses of morphine,
dexmedetomidine and maropitant have been shown in Figure 1 and the non-

compartmental model pharmacokinetics of the drugs with statistical analyses are shown

in Table 4.1. !

4.4.2.1'Morphine

The Csygof morphine was 45.92 £ 15.26, 25.7 +9.64, 21.79 + 7.33, and 17.06 + 4.90
ng/ml in treatment groups Mor, Dex+Mor, Maro+Mor, and Dex+Maro+Mor
respectively. The Csygwas observed at 15 (77% of dogs) and 30 (33% of dogs) min
after administration and its concentration decreased below the LOQ 4h after its
administration in the majority of dogs in all the treatment groups. The Csxe and AUCo
also showed a decrease with the dose. Although groups Dex+Mor and Maro+Mor had
the same dose of morphine (0.3 mg/kg), the group Dex+Mor had higher AUCo_o, T17%,

and MRT and lower CL than the group Maro+Mor.
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4.4.2.2'Dexmedetomidine

The Csygof dexmedetomidine was5.44 + 3.07 and 1.83 + 0.49 ng/ml in treatment
groups Dex+Mor and Dex+Maro+Mor respectively. The Csug:(was observed at 15 (50%
of dogs) and 30 (50% of dogs) min after administration and its concentration decreased
below the LOQ after 4 h in the majority of dogs in all the treatment groups. The Csue

and AUCy . decreased significantly with a decrease in the dose.

4.4.2.3'Maropitant

The Csygof maropitant was 1507.62 +499.55 and 1269.67 + 668.04 ng/ml in treatment
groups Maro+Mor and Dex+Maro+Mor respectively. The Csye of maropitant was
observed at 15 (43.75% of dogs) and 30 (56.25% of dogs) min after administration and
the concentration was detected above the LOQ throughout the study period (up to 8 hr
after administration of the drugs). The AUC and Csy showed a decrease in the mean

values but was not significantly different.
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Table 4.1 Pharmacokinetic variables after IM administration of different combinations

of a) morphine, b) dexmedetomidine, and c) maropitant.

Values are reported as mean = SD.

a)
1 B O +,# =%+ H#" +"#, [+ # =% /" S+

* min 50.53 £12.55 77.72 £20.27 52.73+£13.823 58.58 £10.71

+sa( ng/ml 4592 £15.26 25.7+9.64 21.79 £ 7.33* 17.06 + 4.90*

* g min 16.87 £ 5.30 20.62+£7.76 18.75 £ 6.94 16.87 £ 5.30
AUCr# ng/ml*min  3313.55+ 685.43 2614.67 = 534.38 1749.23187 + 817.92* 1289.26 £ 226.63*a
MRT 4 min 75.32+7.48 118.68 + 28.70* 83.618947 + 18.87 87.03+15.94

. L/Kg 13.66 +4.32 13.51+4.98 16.07545 £ 10.35 13.76 +4.34

CL mL/kg/min 187.24 £ 3445 119.41 + 23.34%* 178.57 £70.55 161.01 £ 33.94

;'#!$%&'%(%)*'+,—! (/0771521340524 /16789 = &; <&I*AHISHE " H(k)* "+,-1 _4((/0/ "+ 114213 40524" /1678! = &;<&=1@!
A/BZ/ [+AZh 4/

b)
U BYgYH0" ([@X =%+ # =% /" S+
*r( min 94.46 +24.83 102.24 £46.75
+ a8 ng/ml 5.44+3.07 1.83 £0.49*
*sa( min 31.9+233 41.25+20.83
AUCr# ng/ml*min 769.33 £ 327.26 304.06 + 113.86*
MRT0—0 min 146.80 + 21.51 162.63 £ 65.36
. L/kg 1.17+0.68 1.52+0.72
CL mL/kg/min 8.56 £3.89 11.01 +£3.96

!
UHIGHE THR)* "+, -1 (/077 H 121 3405247 /167891 = &;<&AI*HIS& " H(H)* "+, -1 U((/0/ "+ L#+21 34052} " /167871 = &;<&=1@!
A/BZ/ [+Azh 4/
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LR Y O +"#, [+ H E VA e
* min 255.81 £127.01 177.41 £ 86.86
+me( ng/ml 1507.62 +499.55 1269.67 £ 668.04
* e min 22.5+8.02 26.25 + 15.63
AUCr# ng/ml*min  227629.49 + 70610.39  172683.24 + 74781.54
MRT 4 min 32336+ 116.01 221.86+70.58
. L/kg 1.61+0.59 1.35+0.82
CL mL/kg/min 4.77+1.45 4.15+1.64

UHSHEATH) "+, -.(/0( 1 "H.(&*", 12" #(315(&)67)8(O0(Bh& " ¥ "#.(&*", 12" #(34: (&)67)(;(
<H=RH<H* &I H(>(2)6T)B(=0( T (H"™ 1 "#.(&*", 10" #(34: (&)67) (5 (&S , 3™ H(/(&)67)8(80)
BUE™ B (H" " 0 H(&*", 12"H(319(&)67) (; (<H=RA<H* &1 H(= ()67 ( (&S , S "H(BIA(&)T)((

D0+, (-, /(1 s LSBCOB2CH(*C(H" &2 SB(#B2&2 ™ $H2* ™ (, 18-#("" pier & $=2& + & ( , BS-&P(E* " E# " $h2* ™
*OHLH(<"+)8( ¥ e QA (T (HEL (" sarF GHusour$"#S(+ ™ <H#"(11#(, BS-&$(E* "E#t "W $H* " Di&A(E+" 1#(

C"* & (&A™ (1*(2 C2" 2HKB(LM ¥ el &tt$ ™ (“H-2<# " H(H2&eHH(C"™ & (WO KAt (1 (2 ™ C2 ™ 2HKN(#E- - 1 B+ & (*C(
<2-K"20+42* * (0$-#<(* " (H1#(H#" &2 " $B(-B* , #8(HPN(QBS- & B(EBHS"$ " E#(
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Figure 4.1 Concentration-time curves for pharmacokinetic variables after IM.

administration of different combinations of (a) morphine, (b) dexmedetomidine and (c)

maropitant in dogs.
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4.5 Discussion

The results of morphine pharmacokinetics in the present study are different from
previous studies (Dohooet al., 1994; Barnhart et al., 2000) that investigated the
disposition of morphine after IM injection in conscious dogs. In the present study, the
single treatment group which received 0.6 mg/kg of morphine, had lower Csyg, AUCo,
CL, higher V), and similar 7v#as in the study conducted by Dohooet al. (1994) after

administering 0.5 mg/kg of morphine.

Multiple factors are responsible for the disposition of the drugs after IM injection,
including perfusion at the site of injection and physiological state of the animal
(Zuidema, Pieters, & Duchateau, 1988). In addition, anaesthesia including
premedication with acepromazine can influence the pharmacokinetics of the drugs by
altering perfusion at the site of injection due to decrease in muscle blood flow,
extraction by target organs, and protein binding (Nimmo & Peacock, 1988; Sinclair &
Dyson, 2012). A study in the sheep model showed that halothane anaesthesia can
decrease regional blood flow and extraction of the test drugs by the liver, lung and
kidneys (Mather, Runciman, &llsley, 1982). Thus, premedication with acepromazine
and general anaesthesia for 35 min could be the reason for lower Csye of morphine in
this study. In addition, the positioning of dogs during anaesthesia (Queckenberg &
Fuhr, 2009) and possible differences in IM injection site compared to the published
studies could also have contributed to the lower concentration of morphine. This study
showed lower Csye and similar 714 of dexmedetomidine compared to a study by Di
Cesare et al. (2019) who investigated the pharmacokinetic profile of 10 pg/kg
dexmedetomidine administered IM in combination with methadone in dogs under

anaesthesia (Di Cesare et al., 2019). The lower Csw of dexmedetomidine in the present
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study was potentially due to the lower dose of the drug used. Also, a high inter-animal
variation in the plasma concentration of dexmedetomidine observed in the present study
might be resulting from dexmedetomidine administration after the induction of
anaesthesia. Di Cesare et al. (2019) has also reported higher variability in plasma drug
concentration of dexmedetomidine during the anaesthetic period which supports our
explanation. The pharmacokinetics of IM maropitant in dogs has not been studied

previously and thus, the comparison could not be made.

Higher 71+ and MRT and lower clearance rate of morphine were seen in group
Dex+Mor compared to Maro+Mor, which used the same doses of morphine (0.3mg/kg).
Morphine is primarily metabolized by the liver and the rate of blood flow to the liver is
an important factor for the clearance of morphine (Garrett & Jackson, 1979).
Dexmedetomidine can decrease the cardiac output and the total flow of blood through
the liver in dogs (Lawrence, Prinzen, & Lange, 1996) and humans (Dutta, Lal, Karol,
Cohen, & Ebert, 2000). A decrease in the flow of blood to the liver could be a reason
for the difference in the pharmacokinetics of morphine when combined with
dexmedetomidine. Having a lower clearance rate has a clinical benefit as this can
increase the dosing interval of morphine and decrease the risk of potential adverse

effects where multiple dosing is required (Toutain & Bousquet-Melou, 2004).

The Ts of morphine and maropitant was observed at 15 min for the majority of dogs.
Previous studies have shown Tgyg at 5.75 - 15.48 min after IM injection of 0.5 and 1
mg/kg morphine (Dohoo et al., 1994; Barnhart et al., 2000). In the present study, the
first blood sampling point was at 15 min and it could be possible that the actual 7sye and
Csws was missed. However, Tsy was delayed up to 60 min for dexmedetomidine. This

might be due to the interaction of dexmedetomidine with a-2b-receptors in the
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peripheral vascular beds (Murrell & Hellebrekers, 2005) leading to vasoconstriction and
decreased absorption of itself and other co-administered drugs (Kallio-Kujala et al.,

2018).

Significant inter-animal variability was seen in the pharmacokinetics of all the three
drugs. IM injection can have large inter-animal variation compared to IV route of
administration because of the variation in the regional blood flow and unintentional
administration into peri-muscular fat (Nordberg, Borg, Hedner, & Mellstrand, 1985;
Autefage, Fayolle, & Toutain, 1990). Some drugs including morphine have been
reported to bind to human muscle and intersubjective variability in the binding could
cause variation in their pharmacokinetics (Fichtl & Kurz, 1978). Human studies have
also shown a wide variation in absorption and distribution of morphine in surgical

patients under anaesthesia (Rigg, Browne, Davis, Khandelwal, & Goldsmith, 1978).

The result of the present study should be interpreted with some limitations. First,
disposition of the drugs was studied in dogs premedicated with acepromazine and
maintained under halothane anaesthesia which has been shown to alter the drug
disposition. Thus, these results apply only to dogs premedicated with acepromazine,
anaesthetized with propofol and maintained under halothane anaesthesia for the initial
35 min. Second, the disposition of drugs can be altered by other co-administered drugs
and different doses of the same drugs were used in the study. This study was a part of a
project that aims to evaluate a multimodal analgesia protocol consisting of a lower dose
of morphine (0.3 or 0.2 mg/kg) combined with dexmedetomidine and maropitant and
compare it with a higher dose of morphine (0.6 mg/kg). Therefore, the results are
applicable only for studies using a combination of morphine, dexmedetomidine and

maropitant at the dose rates used in this study.
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4.6 Conclusion

This study showed that combining morphine with dexmedetomidine and maropitant can
lead to alteration in the pharmacokinetics of the drugs. Combining morphine with
dexmedetomidine can lead to prolonged half-life and decreased clearance rate which

may have a clinical advantage of an increase in the dosing interval.
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SHORT FORM OF THE GLASGOW COMPOSITE PAIN SCALE

Dog’s name

Hospital Number Date [/ |/ Time
Surgery Yes/No (delete as appropriate)

Procedure or Condition

In the sections below please circle the appropriate score in each list and sum these to give the total score.

A. Look at dog in Kennel

Is the dog?
) "
Quiet 0 Ignoring any wound or painful area 0
Cryingiorwhimpeling 1 Looking at wound or painful area 1
GG 2 Licking wound or painful area 2
Screaming 3 Rubbing wound or painful area 3
Chewing wound or painful area 4

In the case of spinal, pelvic or multiple limb fractures, or where assistance is
required to aid locomotion do not carry out section B and proceed to C
Please tick if this is the case [_] then proceed to C.

B. Put lead on dog and lead out of the kennel. C. If it has a wound or painful area
including abdomen, apply gentle pressure 2
inches round the site.

When the dog rises/walks is it?

(i) Does it?

Normal 0 (iv)

Lame 1 Do nothing 0

Slow or reluctant 2 Look round 1

Stiff 3 Flinch 2

It refuses to move 4 Growl or guard area 3
Snap 4
Cry 5

D. Overall

Is the dog? Is the dog?

v) (vi)

Happy and content or happy and bouncy 0 Comfortable 0

Quiet 1 Unsettled il

Indifferent or non-responsive to surroundings 2 Restless 2

Nervous or anxious or fearful 3 Hunched or tense 3

Depressed or non-responsive to stimulation 4 Rigid 4

© University of Glasgow Total Score (i+ii+iii+iv+v+vi) =

P00A+&! " (XICH#4@ . D!-. , = . 402&! , &HAA+! - H0L14-#4864* 4215+, 15.+18 . @4(!

2+, IIPSOSIGH(IEM [\%
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