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Abstract 

Chronic pain causes patients to endure prolonged suffering and discomfort, often having profound 

effects on quality of life. In New Zealand, one in five people currently suffer from chronic pain. To treat 

chronic pain, patients are typically prescribed drugs that activate the mu opioid receptor (MOPr), such 

as morphine, codeine and oxycodone. In recent years in the United States of America, there has been 

a rapid increase in the use of prescription and non-prescription opioid drugs, with opioid overdoses 

now the leading cause of accidental death. In New Zealand, daily doses of prescription opioids 

quadrupled in the ten year period from 2001-2011. Clearly, there is a need for the development of 

more effective and safe medications. This thesis evaluated two classes of non-addictive compounds: 

bioactive lipids and kappa opioid receptor (KOPr) agonists. 

N-docosahexaenoyl ethanolamine (DHEA) is an N-acyl ethanolamine class lipid that is structurally 

similar to the endocannabinoid anandamide. DHEA has previously been shown to have immune-

modulatory effects in vitro, however, the in vivo effects have not previously been tested. Using the 

intraplantar 2% formaldehyde model in mice, DHEA reduced inflammatory and nociceptive pain via 

both intraperitoneal (i.p.) and local intraplantar (i.pl.) administration. DHEA significantly reduced 

formaldehyde-induced footpad oedema and reduced the infiltration of neutrophils into the inflamed 

tissue. The antinociceptive and anti-oedematous effects were not modulated by pre-treatment with 

either cannabinoid 1- or 2-type receptor antagonists. DHEA did not have any effect in a thermal 

nociceptive pain model and did not show any motor coordination impairment or changes in 

thermoregulation. 

In the search for non-addictive analgesics, KOPr agonists are a promising alternative. In contrast to 

MOPr agonists, KOPr agonists play a critical role in regulating the reward system. Salvinorin A (SalA) is 

a selective KOPr agonist that has antinociceptive and anti-inflammatory effects in vivo, with limited 

abuse potential. However, the short duration of action and aversive side effects limit the clinical 

usefulness. The present study aimed to investigate the antinociceptive effects of acute administration 

of novel analogues of SalA. In the dose-response tail withdrawal assay, SalA and the novel analogues 

16-Ethynyl SalA and 16-Bromo SalA were more potent than the traditional KOPr agonist U50,488, and 

16-Ethynyl SalA was more efficacious. 16-Ethynyl SalA and 16-Bromo SalA both had a longer duration 

of action in the warm water tail withdrawal assay and the hot plate test compared to SalA. In the 

intraplantar 2% formaldehyde test, SalA, 16-Ethynyl SalA and 16-Bromo SalA significantly reduced 

nociceptive pain and inflammatory pain, effects which were reversed by the KOPr antagonist nor-

binaltorphimine. SalA, 16-Ethynyl SalA and 16-Bromo SalA reduced paw oedema and reduced the 
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infiltration of neutrophils into the inflamed tissue. However, SalA, 16-Ethynyl SalA and 16-Bromo SalA 

produced motor incoordination effects. However, 16-Ethynyl SalA did not alter thermoregulation. 

The KOPr agonists were further assessed in a model of paclitaxel-induced neuropathic pain. In the 

acute dose-response experiment, 16-Ethynyl SalA was significantly more potent at reducing 

mechanical allodynia compared to morphine in both male and female mice. SalA and 16-Ethynyl SalA 

were more potent at reducing cold allodynia than morphine. In a chronic administration model over 

22 days, for the treatment of cold and mechanical allodynia, all of the opioid treatments reduced pain, 

however, the traditional KOPr agonist U50,488, was the most potent, by reducing the male mechanical 

allodynia and cold allodynia in both sexes back to baseline levels. The ultrastructure of the sciatic 

nerves were studied, however, it was found that U50,488 did not reverse the effects of paclitaxel on 

myelin degeneration and mitochondrial damage.  

Overall, this study has identified DHEA as a modest treatment for inflammatory pain, with reduced 

side effects and a mechanism of action in contrast to other compounds with a similar structure. The 

novel KOPr agonists had significant effects in acute pain models with longer duration of action than 

the parent compound SalA. This is the first known study to investigate the effects of KOPr agonists in 

a paclitaxel-induced neuropathic pain model, showing that KOPr agonists are a potential therapeutic 

avenue for this debilitating condition.  
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Glossary of Pain Definitions 

Unless otherwise stated, all definitions are reproduced from the International Association for the 

Study of Pain with permission (Copyright of IASP Publications, 2017) 

allodynia pain due to a stimulus that does not normally provoke pain 

analgesia absence of pain in response to stimulation which would normally be 
painful 

central sensitisation increased responsiveness of nociceptive neurons in the central nervous 

system to their normal or subthreshold afferent input 

hyperalgesia increased pain from a stimulus that normally provokes pain 

itch/pruritus an unpleasant cutaneous sensation which provokes the desire to scratch 

(Rothman, 1941) 

neuropathic pain pain caused by a lesion or disease of the somatosensory nervous system 

neuropathy a disturbance of function or pathological change in a nerve: in one nerve, 

mononeuropathy; in several nerves, mononeuropathy multiplex; if 

diffuse and bilateral, polyneuropathy 

nociception the neural process of encoding noxious stimuli 

nociceptive neuron a central or peripheral neuron of the somatosensory nervous system that 

is capable of encoding noxious stimuli 

nociceptive pain pain that arises from actual or threatened damage to non-neural tissue 
and is due to activation of nociceptors 

nociceptive stimulus an actually or potentially tissue-damaging event transduced and encoded 
by nociceptors 

nociceptor a high-threshold sensory receptor of the peripheral somatosensory 
nervous system that is capable of transducing and encoding noxious 
stimuli 

noxious stimulus a stimulus that is damaging or threatens damage to normal tissues  

pain an unpleasant sensory and emotional experience associated with actual 
or potential tissue damage, or described in terms of such damage 

pain threshold the minimum intensity of a stimulus that is perceived as painful 

peripheral sensitisation increased responsiveness and reduced threshold of nociceptive neurons 
in the periphery to the stimulation of their receptive fields 

sensitisation increased responsiveness of nociceptive neurons to their normal input, 
and/or recruitment of a response to normally subthreshold inputs 
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Chapter 1: General introduction 

1.1 Prevalence and socioeconomic consequences of chronic pain 

Pain is an important process for survival, acting as a warning system to detect noxious stimuli and 

protect against actual or potential tissue damage. While acute pain can be beneficial, chronic or 

dysfunctional pain causes patients to endure prolonged suffering and discomfort, often having 

profound effects on quality of life (Vartiainen et al., 2016). The Ministry of Health 2015/2016 self-

reported survey found 21% of New Zealand adults live with chronic pain, which is expected to last or 

has lasted longer than 6 months, an increase from 16% in the 2011/2012 survey (Ministry of Health, 

2016). The global estimates of chronic pain vary widely. A meta-analysis of data collected in the United 

Kingdom shows chronic pain prevalence ranging from 35-51% (Fayaz et al., 2016), recent studies in 

the United States of America (USA) range between 11-19% (Kennedy et al., 2014; Nahin, 2015) and 

Australian studies have identified between 16-19% of adults suffer from chronic pain (Henderson et 

al., 2013; Campbell et al., 2015).  

This significant portion of the population suffering from pain creates a large social and economic 

burden. A study in the USA estimated that healthcare and loss of productivity due to pain cost the 

nation up to $635 billion annually, more than the cost of heart disease and cancer combined (Gaskin 

& Richard, 2012). No reliable data could be found on the cost of chronic pain in New Zealand; however, 

a 2010 report on arthritis estimated $3 billion is spent on health care and indirect costs, including 

$1.48 billion in loss of productivity (Access Economics, 2010). People suffering from chronic pain often 

do not sleep well (Finan et al., 2013), feel stigmatised (De Ruddere & Craig, 2016), struggle to maintain 

relationships (Swain & Johnson, 2014) and have increased rates of depression (Outcalt et al., 2015), 

anxiety (Kroenke et al., 2013) and suicide (Campbell et al., 2015). They are also less likely to be in full-

time employment and a recent survey found that 12% of chronic pain suffers left or lost their job 

because of pain (Duenas et al., 2015). Pain is the most common reason for patients to seek medical 

attention (St Sauver et al., 2013); however, 40% of pan-European chronic pain sufferers report 

insufficient treatment (Breivik et al., 2006). Evidently, there are a lot of patients currently suffering 

from chronic pain without effective management, with high social and economic consequences, 

leading to a reduced quality of life. 
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1.2 The physiology of pain 

The physiologic component of pain is termed nociception, which consists of the transduction, 

transmission and modulation of signals produced in response to a noxious stimulus. In basic terms, 

the nociceptive pathway can be considered as a three-neuron chain, with the first-order neuron 

originating in the periphery and projecting to the spinal cord, the second-order neuron ascending the 

spinal cord and the third-order neuron projecting from the thalamus to the cerebral cortex. In reality, 

the pathway is a complex network with other sensory neurons and descending inhibitory neurons that 

modulate the transmission of painful stimuli (reviewed in Lamont et al., 2000; Marchand, 2008; 

Bourne et al., 2014). 

1.2.1 Nociceptors 

Specialised peripheral sensory neurons, named nociceptors (Sherrington, 1906), identify potentially 

damaging stimuli in the skin and most tissues in the body, including the muscles, joints and viscera. 

The skin contains many nociceptors, located in the epidermis and the dermis, which are concentrated 

in areas that are more likely to be exposed to injuries, such as the fingers and toes (reviewed in 

Chouchkov, 2012). The muscles contain fewer nociceptors than the skin, and nociceptors in the muscle 

are widely spread making the pain diffuse rather than localised (reviewed in Mense, 2008). In the 

joints, nociceptors can be activated by mechanical stimuli, such as a tear, or by inflammation, such as 

in rheumatoid arthritis (reviewed in Schaible et al., 2009). The internal organs are protected by the 

skin, muscles and bones and, therefore, have even fewer nociceptors, that are widely distributed, 

leading to a diffuse pain. Of the internal organs, the more highly innervated are the hollow organs, 

such as the intestines, bladder and uterus, which are more likely to be exposed to external hazardous 

agents. The solid organs, such as the liver and spleen, have fewer nociceptors, and therefore, the 

deterioration of these organs can go unnoticed by patients (reviewed in Cervero, 2009; Reed & 

Vanner, 2017). 

Nociceptors are unencapsulated, unmyelinated free nerve endings that branch off the main axon at 

the terminal end of primary afferent sensory neurons (Figure 1.). Ion channels on the nociceptors are 

activated by the inflammatory and chemical mediators released from lysed cells during tissue damage 

(reviewed in Dubin & Patapoutian, 2010). Typically, nociceptors are characterised into three classes 

by the type of stimulus they are able to detect: high-threshold mechanical, thermal and polymodal 

nociceptors. The expression of different ion channels on the nociceptor determines the sensitivity to 

different stimuli. The largest class of ion channels involved in pain transmission are the transient 

receptor potential (TRP) cation channel family, which are capable of sensing noxious temperatures, 
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chemicals and mechanical deformation, causing the TRP channel to open and allow Na+, Ca2+ and Mg2+ 

ions to flow into the neuron (reviewed in Zheng, 2013). The influx of cations leads to depolarisation of 

the membrane, and if the threshold is met, initiates voltage-gated Na+ ion channel-dependent action 

potentials to be transmitted along the primary afferent neuron towards the spinal cord. The signal can 

only be carried in one direction due to the refractory period of the voltage-gated Na+ ion channels and 

hyperpolarisation of the membrane potential due to the efflux of K+ ions. Each action potential has 

the same strength, but the frequency of a set of action potentials encodes information on the intensity 

and duration of the pain (Momin & McNaughton, 2009). 

1.2.2 Primary afferent fibres 

The pain signals generated by nociceptor activation are transmitted to the central nervous system 

(CNS) by the primary afferent neuron. There are two classes of nerve fibres which transmit the pain 

signal generated by the nociceptors: type A, which are medium to large diameter myelinated neurons, 

and type C, small diameter unmyelinated neurons (Gasser, 1941; reviewed in Manzano et al., 2008). 

Neurons with a larger diameter fibre conduct impulses at a higher velocity (Gasser & Erlanger, 1927). 

Aδ fibres are typically associated with mechanical and thermal nociceptors. The impulses are 

conducted rapidly (2-30 m/s) in the large-diameter, thinly myelinated axons, giving the first phase of 

pain, a sharp well-localised sensation (Gasser, 1941; Adriaensen et al., 1983). In contrast, the slow 

transmission (0.6-2 m/s) of polymodal nociceptor impulses is facilitated by the smaller unmyelinated 

C fibres (Gasser, 1941; Lukoshkova, 1976). This process requires a higher threshold of mechanical, 

thermal or chemical stimuli and is particularly associated with damaged tissue or inflammation. The 

sensation is described as secondary pain, a slower burning pain which extends beyond the removal of 

the noxious stimulus. Non-nociceptive information about touch, pressure and vibration are 

transmitted at high speed (30-70 m/s) by large, myelinated Aβ fibres (Gasser, 1941). In the peripheral 

nervous system (PNS), single myelinating Schwann cells wrap around the axon of the neuron forming 

the myelin sheath. The gaps between these glial cells are termed the nodes of Ranvier, with the axon 

in this region expressing many ion channels that are required to propagate the action potential 

(reviewed in Nave & Werner, 2014). The unmyelinated fibres are surrounded by non-myelin forming 

Schwann cells, with multiple axons enveloped in a single Schwann cell (reviewed in Armati & Mathey, 

2013).  

1.2.3 Dorsal root ganglion 

The cell bodies (or soma) of the primary afferent neurons are located in the dorsal root ganglion (DRG) 

or the trigeminal ganglion for innervations from the body and the face, respectively. The DRG are 

found on the dorsal root of the spinal nerve sitting between adjacent vertebrae, with one on each side 
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of the spinal cord to deliver information from each side of the body (Devor, 1999; Figure 1.1). The 

neurons are pseudo-unipolar, meaning the branch innervating from the periphery and the branch 

extending into the dorsal horn of the spinal cord (or the trigeminal subnucleus caudalis for facial 

signals), have a single axon and form a T-junction with a short axon connecting the cell body 

(Lieberman & Landon, 1976). Therefore, the electrical signals between the periphery and spinal cord 

follow a direct pathway, reducing the risk of conduction failure of the sensory information (Amir & 

Devor, 2003). When an electrical impulse is being carried along the axon, the DRG can either further 

propagate the signal, block the signal or act as a low-pass filter and reduce the signal (Gemes et al., 

2013). Furthermore, the cell bodies in the DRG are surrounded by satellite glial cells, which can release 

inflammatory mediators to sensitise the DRG neurons, further propagating the nociceptive signal (Old 

et al., 2015; Echeverry et al., 2017). The cell bodies in the DRG synthesise the receptors, ion channels 

and molecules needed within the sensory neuron. These substances are transported down the axons 

via microtubule-associated motor proteins. Therefore, the DRG is critical for the correct functioning 

of the neuron (reviewed in Sapunar et al., 2012; Bourne et al., 2014). 

1.2.4 The spinal cord 

The primary afferent neurons extend from the DRG through to the dorsal root entry zone, the 

boundary between the PNS and CNS. Once the neuron has entered the CNS, the glial-subtype 

responsible for myelination are the oligodendrocytes, which differ from Schwann cells in that the 

processes from one oligodendrocyte cell can wrap myelin sheaths around multiple axons (reviewed in 

Michalski & Kothary, 2015). The neurons extend vertically for several segments, forming part of the 

dorsolateral Lissauer tract, before entering into the grey matter of the dorsal horn and synapsing with 

second-order neurons. Some of the primary neurons also synapse with interneurons in the dorsal horn 

that are associated with reflexive motor activity. The grey matter of the spinal cord is divided up into 

ten layers termed the Rexed’s laminae, with the first six layers constituting the dorsal horn. Aδ fibres 

typically ascend 3-4 segments of the Lissauer tract and terminate in the Rexed’s lamina I (also called 

the marginal zone), II (substantia gelatinosa) or V (nucleus proprius). C fibres typically ascend one 

segment and terminate in the Rexed’s lamina II. The cell body of the second-order neurons are found 

in the dorsal horn and the axons typically cross over (decussate) through the central canal of the spinal 

cord to the contralateral side and ascend to higher centres. The spinothalamic tract is the major 

ascending pathway carrying information on pain, temperature and crude touch, however, information 

is also carried by the spinoreticular, spinomesencephalic, spinotectal and spinohypothalamic tracts, 

which all make up the anterolateral system located within the white matter of the spinal cord 

(reviewed in Lamont et al., 2000; Marchand, 2008; Figure 1.1; Bourne et al., 2014).  
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Figure 1.1: Pain signalling pathway from the nociceptors of the skin to the spinal cord 

Nociceptors are unencapsulated, unmyelinated free nerve endings found in the skin and other organs 

that sense pain. The nociceptive signal is carried through either large-diameter, myelinated Aδ fibres 

or smaller, unmyelinated C fibres. The primary afferent neuron is pseudounipolar with the cell body 

in the dorsal root ganglion. The primary afferent fibres synapse with the second-order neuron in the 

dorsal horn of the spinal cord. The axon of the second-order neuron crosses through the central canal 

of the spinal cord to the contralateral side and ascends to higher centres, primarily via the 

spinothalamic tract. Some of the primary neurons also synapse with interneurons in the dorsal horn 

that are associated with reflexive motor activity.  



 

6 
 

1.2.5 Brain regions involved in pain perception 

Due to the complex nature of pain processing, there are some variations on the pain tracts in the 

literature, here I have described the simplified versions of the major pathways, however, the 

nomenclature may slightly vary from other sources. In the spinothalamic tract, the second-order 

neuron ascends the spinal cord, through the medulla and pons, and terminates in the thalamus, 

synapsing with third-order neurons. In this way, the thalamus acts as the relay site for signals 

containing sensory information. The third-order neurons deliver information involved in the 

localisation and discrimination of pain to the somatosensory cortex. The spinoreticular tract (also 

known as the spinoreticulothalamic tract) relays the message to the thalamus indirectly, as the 

information ascends the spinal cord and synapses in the brainstem reticular formation before 

projecting into the thalamus, hypothalamus and limbic system (anterior cingulate cortex and insula). 

Some evidence suggests that the spinoreticular tract does not cross the spinal cord, instead, the 

secondary neuron ascends ipsilaterally to the stimulus (Huma et al., 2015). This pathway is involved in 

the autonomic, reflexive, emotional and motivational-affective aspects of pain. The 

spinomesencephalic tract terminates in the periaqueductal grey matter and the midbrain raphe 

nuclei, which are involved in the modulation of the pain pathways. The spinotectal tract, which is often 

included as part of the spinomesencephalic tract, terminates in the superior colliculus and is involved 

in the reflexive movement of the head and eyes towards the painful stimulus. The spinohypothalamic 

tract terminates in the hypothalamus and is involved in the endocrine responses to pain (reviewed in 

Lamont et al., 2000; Marchand, 2008; Bourne et al., 2014) (Figure 1.2). 

Many areas of the brain are involved in aspects of pain processing, perception, anticipation and relief. 

Due to the complex and subjective nature of pain, many brain regions form a ‘pain network’ which 

together give the pain experience. A meta-analysis found that the major regions involved in pain 

included the primary and secondary somatosensory cortex, involved in the perception and registering 

the body part involved and intensity of pain; anterior cingulate cortex and insula, involved in the 

processing and unpleasant feeling of pain; and the prefrontal cortex, involved in pain processing and 

making a plan of action (Apkarian et al., 2005; Koyama et al., 2005). A further study looked at the 

perception of pain through different regions and found that information is initially but simultaneously 

processed in the sensory, motor and limbic areas, before the conscious perception of pain has 

occurred; and then progresses to the prefrontal, parietal and anterior insula networks; and finally to 

the cingulate cortex and hippocampus where activation persists beyond the conscious perception of 

pain, and could be linked to memory encoding and self-awareness of pain (Bastuji et al., 2016). 
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Figure 1.2: Ascending and descending pain pathways 

The major pathway for the transmission of pain is the spinothalamic tract which relays information 

from the dorsal horn of the spinal cord to the thalamus and the somatosensory cortex. The other 

ascending pathways involved in pain processing are the spinoreticular tract, the spinomesencephalic 

tract, the spinotectal tract and the spinohypothalamic tract. The modulation of pain occurs via the 

descending pathway which begins in the periaqueductal grey in the midbrain and extends to the 

nucleus raphe magnus in the rostral ventromedial medulla and finally to the dorsal horn of the spinal 

cord. Figure adapted from Kandel et al. (2000). 
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1.2.6 Modulation of nociception 

1.2.6.1 Gate control theory 

Gate control theory explains the observation that rubbing an injury (or an animal licking an injury) will 

lessen the level of pain. This theory was first published in 1965 (Melzack & Wall, 1965), proposing that 

interneurons in the Rexed’s lamina II (substantia gelatinosa) can have an inhibitory effect on second-

order nociceptive neurons. In this way, the substantia gelatinosa acts as a gate, either allowing the 

nociceptive signal to pass through or modulating it before it reaches the brain. Aδ and C fibres that 

terminate in the substantia gelatinosa inhibit the interneurons and “open the gate”. Aβ fibres which 

carry information on touch, pressure and vibration, activate the inhibitory interneurons, and therefore 

“close the gate”. In this way, rubbing (or licking) an injury to the skin activates the Aβ fibres which 

reduce the transmission of the pain signal. The theory is a simplistic view of the neurons in the spinal 

cord; however, it was revolutionary in understanding the way that nociceptive signals can be 

modulated at the spinal cord level (reviewed in Mendell, 2014; Katz & Rosenbloom, 2015). It is now 

known that pain can also be modulated by the brain via descending antinociceptive pathways. 

1.2.6.2 Descending antinociceptive pathways 

Descending pathways from the brain regulate nociceptive signalling at the dorsal horn of the spinal 

cord (Figure 1.2). The periaqueductal grey receives information from higher brain areas, including the 

hypothalamus, the amygdala and the anterior cingulate cortex, and is the region primarily involved in 

antinociception, including opioid-mediated inhibition of pain signals. Early experiments in rabbits and 

rats found that microinjection of opioids or electrical stimulation of the periaqueductal grey leads to 

a significant analgesic effect (Tsou & Jang, 1964; Reynolds, 1969). It is now known that the 

periaqueductal grey is a region rich in endogenous opioids that inhibit pain signals. Neurons from the 

periaqueductal grey descend into the rostral ventromedial medulla, which acts as a relay centre for 

pain signals, in that serotonergic neurons projecting from this region can either facilitate or inhibit 

pain signals at the dorsal horn of the spinal cord. There are three classes of neurons projecting from 

the rostral ventromedial medulla: on-cells, off-cells and neutral-cells. On-cells facilitate pain and are 

inhibited by opioids (Heinricher et al., 1989; Fields et al., 1995). Off-cells inhibit the nociceptive signal 

and are excited by opioids (Heinricher et al., 1989; Fields et al., 1995). From the rostral ventromedial 

medulla, these serotonergic neurons, as well as noradrenergic neurons from the locus coeruleus, 

project to the spinal cord and synapse with the primary afferent neurons, spinothalamic neurons or 

interneurons in the dorsal horn, leading to regulation of the pain signal (reviewed in Bourne et al., 

2014; Ossipov et al., 2014). 
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1.3 Pain classifications and mechanisms 

Pain is a complex and subjective sensation, described by the International Association for the Study of 

Pain as “an unpleasant sensory and emotional experience associated with actual or potential damage, 

or described in terms of such damage” (IASP Task Force on Taxonomy, 1994). Despite what is known 

about the physiology of pain, there are still many factors which may affect an individual’s experience 

of pain, including cognitive factors (Coghill et al., 2003; Bushnell et al., 2013), environment (Bushnell 

et al., 2015), past traumatic events (Nicol et al., 2016), expectations (Koyama et al., 2005; Taylor et al., 

2017), gender and sex (Fillingim et al., 2009; Ramirez-Maestre & Esteve, 2014). The clinical 

classification of pain can be difficult, as many factors can be considered, including initiating conditions, 

duration, area of the body affected or the underlying mechanism. In the current thesis, pain has been 

classified into three broad categories based on the underlying mechanisms: nociceptive, inflammatory 

and neuropathic pain. However, some pain conditions may have characteristics falling within multiple 

classifications. Further definitions include: allodynia, defined as pain produced by a stimulus that is 

not normally noxious; and hyperalgesia, defined as exaggerated pain in response to noxious stimuli. 

1.3.1 Acute nociceptive pain 

Acute nociceptive pain has a protective function and is essential to survival, as demonstrated in 

families with a congenital inability to feel pain (Cox et al., 2006; Bennett & Woods, 2014; Chen et al., 

2015). The fast, sharp pain acts as a warning system to detect a noxious stimulus and prevent 

impending or actual damage. The nociceptors have high thresholds and are only activated by intense 

stimuli. Therefore, only stimuli which require an immediate response produce the painful reaction and 

the withdrawal reflex. Due to the unpleasant sensation elicited, often the noxious stimuli will be 

avoided in the future. This pain may be in response to injury to the skin, muscles, visceral organs, 

joints, tendons or bones. For example, the pain from a cut or burn to the skin will elicit nociceptive 

pain (reviewed in Woolf, 2010; Baliki & Apkarian, 2015). 

Pain is sensed at the tissue level by transducer proteins and ion channels on the nociceptor (Figure 

1.3). The largest group involved in sensing pain is the TRP family, which is divided into six subfamilies 

in mammals (reviewed in Jardin et al., 2017). The polymodal TRP subfamily vanilloid member 1 

(TRPV1) was found to be responsible for detecting noxious temperatures over 42°C (Caterina et al., 

1999); however, it has since been shown that the warm-hot temperature range can be sensed by many 

vanilloid TRP channels, including TRPV2, TRPV3, TRPV4 (Brauchi et al., 2006; Dhaka et al., 2006) and 

temperature-sensitive potassium channels TREK-1 (Alloui et al., 2006) and TREK-2 (Pereira et al., 

2014). The TRP subfamily melastatin member 8 (TRPM8) cation channel has been shown to sense 
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innocuous cool temperatures (<28°C) (Dhaka et al., 2006; Bautista et al., 2007; Colburn et al., 2007). 

However, intense noxious cold temperatures may involve several channels (Lolignier et al., 2016), with 

evidence for the involvement of TRPM8 (Knowlton et al., 2011; Knowlton et al., 2013), TRP subfamily 

ankyrin member 1 (TRPA1) (Kwan et al., 2006; Gentry et al., 2010; Memon et al., 2017), voltage-gated 

Nav1.9 sodium channel (Leipold et al., 2015; Lolignier et al., 2015) and potassium channels TREK-1, 

TREK-2 and TRAAK (Alloui et al., 2006; Noel et al., 2009; Pereira et al., 2014). 

The high-threshold mechanical nociceptors respond to tactile or mechanical deformation such as 

pinching, cutting or excessive pressure. The ion channels responsible for sensing mechanical stimuli 

are not as well characterised as the ion channels involved in thermal pain transduction. Although 

advancements have been made in understanding the channels in Caenorhabditis elegans and 

Drosophila melanogaster, this has not always translated in the mouse studies (Geffeney & Goodman, 

2012). There is evidence of the involvement of the TRPV1 (Walker et al., 2003; Nozadze et al., 2016), 

TRPV4 (Suzuki et al., 2003; Alessandri-Haber et al., 2005; Tsuno et al., 2017), TRPA1 (Brierley et al., 

2009; McGaraughty et al., 2010; Lennertz et al., 2012) and acid-sensitive ion channels (Price et al., 

2001; Wemmie et al., 2013), TREK-1 and TREK-2 potassium channels (Bang et al., 2000; Alloui et al., 

2006), as well as stomatin-like protein 3 (Wetzel et al., 2007) and Piezo proteins (Coste et al., 2010). 

The TRP channels are also able to act as chemical sensors. The TRPV1 channel was first discovered to 

be sensitive to capsaicin from hot chilli peppers (Caterina et al., 1997), but since then many more 

chemical stimuli have been found the activate TRP channels including spider toxins (Siemens et al., 

2006), allicin from garlic (Macpherson et al., 2005), camphor (Xu et al., 2005), oregano, thyme and 

clove (Xu et al., 2006), formalin (McNamara et al., 2007), mustard oil (Jordt et al., 2004), nicotine 

(Talavera et al., 2009), low pH (Tominaga et al., 1998), and a range of other exogenous and 

endogenous stimuli (reviewed in Dai, 2016). 
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Figure 1.3: Acute nociceptive pain 

Transducer proteins and ion channels on the nociceptor sense when tissue is damaged by heat, cold, 
mechanical deformation or a chemical stimulus. An action potential is generated in the nociceptive 
peripheral sensory neuron following the efflux of K+ and the influx of Na+, Ca2+ and Mg2+. Figure 
adapted from Marchand et al. (2005) and Lumpkin et al. (2010). 
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1.3.2 Inflammatory pain 

Pain is one of the five cardinal signs of inflammation. Injury to tissue initiates an inflammatory 

response that is intended to contain pathogens, clear damaged tissue, and promote repair and tissue 

regeneration. Inflammatory pain has a lower threshold than nociceptive pain. By heightening sensory 

sensitivity after tissue damage, inflammatory pain assists in the healing of the injured body part by 

discouraging physical contact and movement, and promoting rest and repair. Acute inflammatory pain 

can occur in a range of different conditions including wound healing and infection. Chronic 

inflammatory pain is associated with conditions such as rheumatoid arthritis and inflammatory bowel 

disease (IBD) (reviewed in Linley et al., 2010; Woolf, 2010). 

Inflammatory pain leads to the peripheral sensitisation of nociceptors by decreasing the activation 

threshold. Following tissue destruction, inflammation leads to an innate immune cascade yielding the 

release of active factors from blood, local and migrating inflammatory cells and injured cells (Rittner 

& Stein, 2005). Activation of TRP channels can occur via the release of products from the site of injury 

such arachidonic acid (Watanabe et al., 2003) and the products of oxidative stress (Andersson et al., 

2008). During inflammatory pain, the nociceptive terminals release inflammatory mediators such as 

calcitonin gene-related peptide (CGRP) and substance P which increase vascular permeability, leading 

to the formation of oedema and the further infiltration of immune cells (Ji et al., 2014) (Figure 1.4). 

Neutrophils are the most abundant leukocytes found in the circulating bloodstream. Within the first 

hour of the onset of inflammation, neutrophils undergo extravasation and migrate along chemical 

gradients to accumulate at the site of injury (Kolaczkowska & Kubes, 2013). Neutrophil migration is 

associated with increased inflammatory pain and oedema (Guerrero et al., 2008). Macrophages, 

neutrophils and mast cells release further inflammatory mediators including chemokines (Zhang et al., 

2005a), bradykinin (Sugiura et al., 2002), serotonin (Ohta et al., 2006), histamine (Kajihara et al., 2010), 

glutamate (Hu et al., 2002; Sikand & Premkumar, 2007), prostaglandins (Zhang et al., 2008), adenosine 

triphosphate (ATP) (Tominaga et al., 2001) and nerve growth factor (Stein et al., 2006) which lead to 

peripheral sensitisation of the nociceptive sensory neurons. Peripheral sensitisation occurs by a 

reduction in the threshold or an increase in the responsiveness of the nociceptor and contributes to 

the hyperexcitability of the peripheral sensory neurons (Figure 1.4). This occurs when the 

inflammatory mediators bind to receptors on the peripheral nerve, activating downstream protein 

kinases that directly activate the transducer proteins and ion channels. Furthermore, binding of the 

inflammatory mediators leads to posttranslational changes to increase expression of the transducer 

proteins and ion channels, as well as increased trafficking of these proteins and channels to the cell 

surface (reviewed in Pinho-Ribeiro et al., 2017).  
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Figure 1.4: Inflammatory pain mechanisms 

Following tissue injury, immune cells such as macrophages, neutrophils and mast cells infiltrate into 

the damaged tissue. The immune cells release inflammatory mediators such as serotonin (5-HT), 

prostaglandins (PGE2), histamine, bradykinin, cytokines (TNFα, IL-1β, IL-6) and nerve growth factors 

(NGF). These factors act on the respective receptors on the nociceptor of the peripheral sensory nerve. 

The activation of these receptors ultimately leads to the activation of several kinases (PKA, PKC, 

ERK1/2) which leads to the hypersensitivity and hyperexcitability of the neuron via peripheral 

sensitisation of the transducer proteins and ion channels. Other products released from the site of 

injury also activate the transducer proteins and ion channels to generate nociceptive action potentials. 

The activation of the nociceptor further leads to the release of substance P and calcitonin gene-related 

peptide (CGRP), contributing to oedema and further infiltration of immune cells. Figure adapted from 

Marchand et al. (2005) and Ji et al. (2014). 

ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; ERK1/2, extracellular signal-

regulated kinase 1/2; IL, interleukin; PGE2, prostaglandin E2; PKA, protein kinase A; PKC, protein kinase 

C; ROS, reactive oxygen species; TNFα, tumour necrosis factor-α.  
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1.3.3 Neuropathic pain 

Neuropathic pain is not protective but maladaptive, resulting from abnormal functioning of the 

nervous system. Neuropathic pain occurs as a result of damage to the nervous system which is 

characterised by tingling, numbness and on-going spontaneous burning pain. Neuropathic pain is 

largely the consequence of amplified sensory signals and changes in neural processing in the CNS, 

termed central sensitisation, as well as peripheral sensitisation. Examples of conditions associated 

with neuropathic pain include spinal cord injuries, diabetes, multiple sclerosis, stroke, human 

immunodeficiency virus (HIV) infection and chemotherapy treatments. In contrast, dysfunctional 

neuropathic pain is caused by conditions in which there is no damage or apparent neuro-

inflammation, including fibromyalgia and tension-type headache, where substantial pain is evoked but 

there is no noxious stimulus accountable (reviewed in Kuner, 2010; Cohen & Mao, 2014). 

Central sensitisation is defined by the IASP as the increased responsiveness of the nociceptive sensory 

neurons in the CNS to their normal of subthreshold afferent input (IASP Task Force on Taxonomy, 

1994). A number of different mechanisms are responsible for this phenomenon, with short-lasting 

effects due to homosynaptic and heterosynaptic potentiation, whilst longer-lasting maintenance 

effects are due to activation of glial cells, membrane excitability and transcriptional changes. 

Homosynaptic potentiation occurs when the synaptic activity of the nociceptive neurons of the dorsal 

horn is amplified, increasing the level of pain for a localised low threshold stimulus, leading to primary 

hyperalgesia. Heterosynaptic potentiation occurs when subthreshold nociceptive or non-nociceptive 

signals converge on a common dorsal horn neuron, together meeting the action potential threshold 

and increasing the activity of other non-activated synapses on the entire dorsal horn neuron. 

Heterosynaptic potentiation lasts beyond the application of the stimulus and is responsible for 

allodynia and secondary hyperalgesia (reviewed in Woolf, 2011; Vardeh & Naranjo, 2017) (Figure 1.5).  

Following a peripheral nerve injury, neuropathic pain is generated by spontaneous activity occurring 

in both the damaged and surrounding undamaged neurons. An upregulation of voltage-gated Na+ 

channels (Hoeijmakers et al., 2015) and downregulation of K+ channels (Busserolles et al., 2016) 

contributes to the hyperexcitability of the peripheral neurons. In addition, expression of TRPV1 is 

downregulated on damaged neurons but upregulated on surrounding undamaged neurons, leading 

to a sensitisation to heat (Ma et al., 2005). Similarly, changes in the expression of TRPM8 leads to 

sensitisation to cold stimuli (Proudfoot et al., 2006). Peripheral nerve damage induces migration and 

activation of macrophages, which adds to the hypersensitivity of neuropathic pain by releasing 

inflammatory cytokines (Zhang et al., 2016). Peripheral or central nerve damage causes activation of 

CNS glial cells, including microglia and astrocytes, that release cytokines, inflammatory mediators and 
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increase glutamate concentrations, contributing to the pathogenesis and the long-term maintenance 

of neuropathic pain (Old et al., 2015; Echeverry et al., 2017). 

In this thesis, the model of neuropathic pain utilised is paclitaxel-induced neuropathic pain, a model 

that uses a chemotherapeutic to induce changes in the peripheral sensory nerve, the DRG and the 

dorsal horn of the spinal cord, leading to hypersensitivity to mechanical and cold stimulus. The specific 

mechanisms of paclitaxel-induced neuropathic pain are presented in Chapter 5. 

 

 

 

Figure 1.5: Central sensitisation 

Central sensitisation occurs due to homosynaptic and heterosynaptic potentiation leading to the 
amplification of nociceptive signals (hyperalgesia) or activation of nociceptive neurons in the dorsal 
horn from a non-noxious stimulus (allodynia). Figure adapted from Latremoliere and Woolf (2009) and 
Woolf (2011).  
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1.3.4 Sex differences in pain perception 

Men and women perceive pain differently, with increased pain sensitivity and higher prevalence of 

clinical pain in women (Mogil, 2012; Bartley & Fillingim, 2013). Specifically, there is a greater frequency 

of fibromyalgia (Branco et al., 2010), migraine (Victor et al., 2010; Baykan et al., 2015), chronic tension-

type headache (Karli et al., 2006), inflammatory bowel syndrome (IBS) (Pan et al., 2016) and lower 

back pain (Manchikanti et al., 2014) in women, as well as chronic pain syndromes which can only occur 

in women, such as endometriosis. There are male dominant conditions such as gout (Kuo et al., 2015) 

and cluster headaches (Giffin, 2016), however, there is still a greater prevalence of pain in women 

overall (Nahin, 2015). Pain sensitivity in humans has been tested in the laboratory and the results are 

complex but generally show women are more sensitive, have a lower tolerance and are better at 

discriminating between varying levels of pain (Fillingim et al., 2009). One meta-analysis found that the 

mechanical pressure pain thresholds for women were lower and that women tolerate less thermal 

(both heat and cold) and pressure pain than men (Racine et al., 2012).  

The sex hormones have a significant effect on the sex differences in pain perception. Testosterone has 

been shown to have an antinociceptive effect (Gaumond et al., 2002; Ceccarelli et al., 2003; Nag & 

Mokha, 2009), whereas the effect of oestradiol and progesterone are more complicated with both 

pro-nociceptive and antinociceptive effects (Smith et al., 2006; Craft, 2007; Kim et al., 2012). Pain 

sensitivity changes throughout the menstrual cycle, with increased sensitivity in the late luteal and 

early follicular phases (Martin, 2009). In women with high oestradiol levels, endogenous opioid activity 

is increased compared to low oestradiol conditions (Smith et al., 2006), suggesting that oestradiol may 

have an interaction with the endogenous opioid system. There are also psycho-social reasons for the 

differences in pain perception between the sexes, including differences in coping mechanisms (Keogh 

& Eccleston, 2006), as well as sociocultural beliefs, including views around masculinity and pain (Berke 

et al., 2017).  
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1.4 Pre-clinical behavioural models of pain 

To test analgesic compounds, many animal behavioural models have been developed to mimic human 

pain conditions or to screen against specific stimuli. These pre-clinical models are used to study 

characteristic behaviours and in vivo mechanisms associated with pain by using mechanical, thermal, 

electrical, inflammatory and chemical stimuli. However, pain is the result of a complex process and 

one behavioural test may not be representative of the overall pain sensation, therefore, several pain 

models are often used to validate observations (reviewed in Mogil, 2009). In addition, it has been 

shown that stress on the animals can lead to an antinociceptive effect, so care must be taken to select 

models and techniques to reduce this effect (Parikh et al., 2011; Sorge et al., 2014). In the past, it has 

been standard practice to carry out experiments in only male animals to decrease variability caused 

by the different sexes. However, the USA National Institutes of Health (NIH) are now requiring more 

extensive studies using both sexes (Clayton & Collins, 2014), as the importance of gender differences 

are becoming more apparent. In this section, animal models of pain have been reviewed, with a 

particular focus on the models used in this thesis. 

1.4.1 Routes of administration 

Compounds of interest can be administered in different ways to mimic different clinical routes of 

administration. Intraperitoneal (i.p.) injection is commonly used for administration to laboratory 

rodents in which intravenous (i.v.) injection is difficult. The i.p. administration is considered similar to 

oral administration in humans as the liquid is primarily absorbed into the mesenteric vessels and the 

portal vein, undergoing hepatic metabolism before reaching the systemic circulation (Lukas et al., 

1971). However, comparing the two routes of administration in mice, i.p. injection leads to a faster 

absorption into the bloodstream and higher bioavailability as drugs administered orally have to 

undergo luminal metabolism and efflux in the gastrointestinal system (Gavhane & Yadav, 2012). In 

comparison, i.v. injection into the tail vein of rodents delivers the solution into the blood circulation, 

bypassing the luminal and hepatic metabolism, although smaller volumes and non-irritant solutions 

are required to avoid pulmonary oedema and haemolysis. Another common route of administration 

in rodents is via injection into the subcutaneous (s.c.) space in the skin. This method leads to a slower 

rate of absorption of the injected liquid into the capillaries in the skin, however, this route also avoids 

the initial hepatic metabolism that i.p. injected solutions undergo (reviewed in Turner et al., 2011).  

1.4.2 Nociceptive pain models 

Nociceptive models of pain are frequently used to measure the analgesic properties of compounds. 

One of the advantages of using these models is the nociceptive stimulus only needs to be applied for 
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a short duration, therefore reducing the suffering of the animals. Often the stimulus can be retested 

on the same animal within a relatively short period of time, giving information on the duration of 

action of the analgesic compound using a repeated measures design. 

1.4.2.1 Nociceptive response to temperature 

Nociceptive models of pain often use a reflexive pain behaviour, frequently involving a thermal 

stimulus. A common model is the tail withdrawal assay, which involves immersion of the tail in warm 

water, typically at a constant temperature between 50-55°C, generating a characteristic tail flick 

response (D'amour & Smith, 1941). More recently, models have been developed which use an infrared 

beam focussed on the tail, allowing for the test to become automated. The time for the tail to flick is 

measured as a latency, with a longer reaction time indicating an analgesic effect. The tail withdrawal 

behaviour is a spinal reflex which does not require higher brain processes (Irwin et al., 1951); however, 

the analgesic increase in latency involves cortical, brain stem and spinal cord regions and occurs via 

activation of the descending pain pathways (Levy & Proudfit, 1979; Fields et al., 1983; Roberts & Rees, 

1986). 

Another common thermal nociceptive pain model is the hotplate test, where the animal is placed on 

a heat-conducting surface and the time for the animal to lick or withdraw a paw is measured (Woolfe 

& Macdonald, 1944; Eddy & Leimbach, 1953). The classical model uses a hotplate at a constant 

temperature, however, a dynamic hotplate is capable of slowly increasing the temperature, therefore 

measuring the threshold at which the temperature becomes noxious (Hunskaar et al., 1986). The 

hotplate test is a supraspinal reflex, as the act of selecting a paw to withdraw and jumping to escape 

the thermal stimulus involves higher processing (Chapman et al., 1985). A further test using a thermal 

heat stimulus on the hind paw is the Hargreaves’ test, which involves placing the animal in a  glass 

bottom enclosure with a concentrated beam of light directed at an individual paw, therefore isolating 

the noxious stimuli, leaving the other paw as the control (Hargreaves et al., 1988). More recently, a 

thermal probe test which involves applying the probe to the hind paw and rotating to initiate the 

warming process, with the withdrawal latency automatically recorded (Deuis & Vetter, 2016). The 

advantage of this technique is that it can be carried out in the same chamber that mechanical stimuli 

are applied, as opposed to other techniques which require the animal to be placed in a specialised 

enclosure or apparatus, therefore allowing for both measurements to be tested with less 

acclimatisation and stress on the animal.  

Nociceptive pain can also occur to a cold stimulus, using both a cold plate and a dynamic cold plate 

(Bennett & Xie, 1988), however, these are less frequently used than the hotplate. Another cold 

thermal test uses acetone applied to the hind paw (Choi et al., 1994). The acetone evaporates on the 
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skin and produces a cooling effect. The amount of time the animal spends licking, flinching or biting 

the affected paw is measured over time. This technique is often used as a measure of allodynia in 

neuropathic pain models, as naïve mice typically spend a short time responding to this stimulus, 

whereas animals affected by neuropathic pain will respond for a longer period of time (Deng et al., 

2012; Deng et al., 2015; Mangaiarkkarasi et al., 2015; Paton et al., 2017). 

1.4.2.2 Nociceptive response to mechanical stimuli 

Mechanical stimuli are typically used to measure allodynia or hyperalgesia. Mechanical sensitivity is 

often assessed using Von Frey filaments (Von Frey, 1896), which either can be used as a set of manual 

nylon filaments of varying diameter, each exerting a known force; or the more recently developed 

electronic von Frey filament (also known as a dynamic plantar aesthesiometer). The animal is placed 

on an elevated mesh and the filament is held against the plantar surface of the hind paw. The manual 

filaments use an up-down testing paradigm where the presence or absence of the withdrawal reflex 

is recorded for each filament tested (Chaplan et al., 1994; Bonin et al., 2014). The electronic device 

records the specific force exerted that caused the withdrawal reflex (Campana & Rimondini, 2015). 

This technique can be used in a range of different pain models, including the paclitaxel-induced 

neuropathic pain model (Deng et al., 2012; 2015; Mangaiarkkarasi et al., 2015; Paton et al., 2017), 

with a decrease in the withdrawal threshold force indicating allodynia and an increase in the 

withdrawal threshold force indicating analgesia. 

The Randall-Selitto test uses pressure on the paw to measure mechanical thresholds (Randall & Selitto, 

1957). The hind paw is held in a vice-type apparatus and with an increasing pressure placed on the 

paw until the animal shows withdrawal behaviour, struggling or vocalisation. An improvement to this 

procedure was developed by using a strain gauge attached to forceps (Luis-Delgado et al., 2006). The 

forceps slowly increase the pressure until withdrawal of the hind paw occurs. This technique allows 

for the animals to be loosely restrained, rather than with the Randall-Selitto test where the animals 

need to be held inside an apparatus, therefore reducing stress in the animal. 

1.4.2.3 Chemical nociceptive pain models 

Non-reflexive nociceptive pain behaviours often involve the injection of a chemical stimulus into the 

hind paw and may induce both nociceptive and inflammatory pain phases. One example of this is the 

intraplantar formaldehyde assay, whereby formaldehyde is injected into the plantar surface of the 

hind paw. Formaldehyde induces a biphasic effect, with an initial nociceptive phase of pain lasting 

approximately 10-15 min, followed by a second inflammatory phase of pain between 20-60 min. The 

level of pain can be measured by behavioural observations such as weight-bearing behaviours, paw 

withdrawal, flinching and licking (Dubuisson & Dennis, 1977). The effect is concentration-dependent, 
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with low formaldehyde concentrations (0.02-0.2%) showing the nociceptive phase pain only, 

compared to high formaldehyde concentrations (≥1%) which result in the biphasic effects (Rosland et 

al., 1990). The first phase of nociceptive pain is due to the formaldehyde activating the TRP channels, 

directly acting on TRPA1 on the sensory neuron (McNamara et al., 2007), whilst the secondary phase 

is due to the inflammatory processes in the injured tissue.  

1.4.2.4 Visceral nociceptive pain models 

Visceral pain results from the activation of nociceptors of the thoracic, pelvic or 

abdominal viscera. Visceral structures are more sensitive to distention, ischaemia and inflammation 

rather than the more typical cutting or burning stimuli of the skin. Most visceral pain can be 

categorised into either nociceptive pain, including distention pain, for example by urinary stones, and 

ischemic pain, for example, caused by myocardial infarction; or inflammatory pain, including 

appendicitis and gastrointestinal disorders, such as IBD (reviewed in Cervero, 2009; Sikandar & 

Dickenson, 2012). A common visceral pain model is the acetic acid writhing assay, which involves i.p. 

administration of acetic acid. This causes irritation to the serous membranes and leads to the 

characteristic writhing and abdominal contraction movements, the frequency of which is counted over 

time (Koster et al., 1959). Further models of visceral pain involve the injection of chemical agents into 

the hollow organs such as the colon or the bladder. A common model of colon distention involves the 

insertion of a balloon into the colon, which is subsequently inflated and the visceromotor activity of 

the abdominal muscles measured (Ness & Gebhart, 1988). 

1.4.3 Inflammatory pain models 

Models of inflammatory pain often involve the injection of a chemical stimulus or inflammatory agent 

into the hind paw of mice or rats. The intraplantar formaldehyde model of inflammatory hyperalgesia 

produces a severe and immediate peripheral inflammation (Hunskaar et al., 1985; Hunskaar & Hole, 

1987; Shibata et al., 1989; Rosland et al., 1990; Saddi & Abbott, 2000). As previously stated, the 

intraplantar formaldehyde model induces a nociceptive first phase of pain and the second phase of 

inflammatory pain. Studies have shown that analgesic drugs such as morphine and codeine suppress 

pain behaviours in both phases, whereas, non-steroidal anti-inflammatory drugs are only effective for 

treatment of the inflammatory phase (Hunskaar & Hole, 1987).  

Formaldehyde has a short duration of action, lasting about an hour (Tjolsen et al., 1992), whilst other 

compounds have been used to induce a longer lasting inflammatory pain. Carrageenan, phorbol ester, 

capsaicin and complete Freud’s adjuvant are all used as inflammatory stimuli in animal models of pain 

(reviewed in Mogil, 2009). Carrageenan can be injected into the paw, muscle or joint, producing an 

acute inflammatory pain which becomes chronic at around 2 weeks (Hargreaves et al., 1988; 
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Radhakrishnan et al., 2003). Complete Freud’s adjuvant can also be injected into the paw, muscle or 

joint, producing a more persistent chronic inflammatory pain (Fehrenbacher et al., 2001). This model 

can be compared to human conditions such as rheumatoid arthritis and tendonitis. Injection of 

capsaicin produces local inflammation by activating TRPV1-positive nociceptors (Szolcsanyi et al., 

1985; Tominaga et al., 1998), and induces both mechanical and thermal allodynia at the site of 

injection (Simone et al., 1989). Inflammatory pain can also be induced using a bacterial agent, such as 

Mycobacterium butyricum, that can be injected into the joints and used as a model of arthritic pain 

(Petty et al., 1994). 

1.4.4 Neuropathic pain models 

Neuropathic pain occurs due to damage or disease of the nerves in the PNS or CNS. To induce nerve 

damage, a chronic nerve injury can be created through constriction, ligation or transection of either 

the peripheral sciatic nerve (Bennett & Xie, 1988) or spinal nerve at the lumbar region (Kim & Chung, 

1992). These models result in the development of thermal and mechanical allodynia and guarding 

behaviour of the affected limbs (Takaishi et al., 1996). Central damage can also be induced using spinal 

hemi-section (Christensen et al., 1996) and excitotoxin-induced spinal cord injury (Yezierski & Park, 

1993) to model traumatic spinal cord injuries. Neuropathic pain can also be induced using 

chemotherapeutic agents, and neuropathic pain is often measured in rodent models of diabetes, HIV 

infection and chronic ethanol consumption (reviewed in Colleoni & Sacerdote, 2010; Jaggi et al., 2011; 

Hoke, 2012). 

1.4.4.1 Chemotherapy-induced neuropathic pain 

In the clinic, chemotherapeutic agents, such as the commonly used vinca alkaloids, platinum 

derivatives and taxanes, can induce neuropathic pain. Therefore, animal models of chemotherapy-

induced neuropathic pain have been developed using the chemotherapeutic agents vincristine, 

cisplatin, oxaliplatin and paclitaxel (reviewed in Jaggi et al., 2011; Sisignano et al., 2014). The 

chemotherapy drugs are given as multiple systemic treatments, which causes the animals to develop 

chronic thermal and mechanical allodynia over a period of time (about 16 days for paclitaxel-induced 

neuropathic pain). Using a drug-induced neuropathic pain model avoids the need for surgery and is 

clinically more relevant for patients affected by this difficult to treat condition (reviewed in Jaggi et 

al., 2011; Sisignano et al., 2014). For further details on the mechanism of paclitaxel-induced 

neuropathic pain see Chapter 5. 
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1.4.5 Facial grimace scale 

A facial grimace scale has been developed for the measurement of pain in rodents, characterised for 

both mice (Langford et al., 2010) and rats (Sotocinal et al., 2011). The scale judges the facial features 

of the animals for orbital tightening, nose and cheek bulge, ear position and whisker changes assigning 

a score of either ‘not present’, ‘moderate’ or ‘severe’ (Figure 1.6). To set up the experiment, the mice 

are held in small transparent enclosures and filmed for a set period of time. From the video footage, 

each frame containing an in-focus unobstructed head-shot are saved for analysis. The advantage of 

this technique is that it allows for the measure of spontaneous pain rather than purely evoked pain 

behaviours. In humans, facial expressions are often used to assess levels of pain in infants and 

sometimes in non-verbal patients (Arif-Rahu & Grap, 2010; Chang et al., 2015). 

1.4.6 Conditioned pain avoidance behaviours 

Pain can be measured using conditioned behaviours, giving an indication of the aversive component 

of pain, rather than nociceptive processing (reviewed in Li, 2013). Using a two-chamber apparatus 

with dissimilar visual, tactile and sometimes olfactory stimuli to differentiate the chambers, both 

conditioned place aversion (CPA) (Johansen et al., 2001) and conditioned place preference (CPP) 

(Sufka, 1994) paradigms can be used to measure pain avoidance behaviour. CPA involves pairing a 

chamber with a noxious stimulus, and measuring whether the analgesic treatment can reverse the 

aversion to the paired chamber. CPP requires the use of a chronic pain model where the animal is in 

constant pain. The analgesic compound is given in one chamber, and the experiment tests whether 

the animal shows a preference to that paired chamber. Therefore, CPA paradigm tests whether the 

aversive nature of pain can be reduced, whereas CPP paradigm measures whether the pain relief from 

the analgesic was preferable to no treatment. However, one problem with using conditioned 

experiments is that there is a significant learning component, which the sensation of pain may disrupt. 

Other examples of pain avoidance models are the thermal escape test (Mauderli et al., 2000) and 

place escape/avoidance paradigm (LaBuda & Fuchs, 2000). These tests use two chambers, which the 

animal can move freely between. Only one chamber is paired with a noxious stimulus. For example, a 

chamber with a hot floor connected to a chamber with a normal temperature floor; or one chamber 

will have an injured paw repeatedly mechanically stimulated, whilst the other will stimulate the 

uninjured paw. At the beginning of the session, animals will explore both chambers, however, animals 

will differentiate between the chambers and escape from the noxious one, even when the non-

noxious stimulus is paired with an anxiogenic brightly-light chamber (LaBuda & Fuchs, 2000; Pedersen 

& Blackburn-Munro, 2006). When an analgesic is administered, including morphine or gabapentin, the 

preference for the non-noxious chamber is attenuated (Pedersen & Blackburn-Munro, 2006).  
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Figure 1.6: The mouse grimace scale 

The mouse grimace scale characterises the facial features of the animals for orbital tightening, nose 

and cheek bulge, ear position and whisker changes assigned a score of either ‘not present’, ‘moderate’ 

or ‘severe’. Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, 

Nature Methods, Coding of facial expressions of pain in the laboratory mice, Langford et al., copyright 

2010.    
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1.5 Non-opioid analgesics 

A wide range of treatments are available to relieve pain. Since the pain processes can be different, 

treatments are available to target distinct mechanisms for the relief of specific pain. Traditionally, 

analgesics have been placed into two general categories; those that act through the opioid system 

such as morphine and codeine and non-opioid analgesics. Non-opioid analgesics include non-steroidal 

anti-inflammatory drugs and paracetamol, which are widely used to treat non-clinical pain. 

Corticosteroids are often used as adjuvant analgesics, to be used in combination with other pain 

medications. Both opioid and non-opioid analgesics are efficacious and widely used, with opioids the 

most commonly prescribed analgesic for chronic pain (Toblin et al., 2011).  

1.5.1 Non-steroidal anti-inflammatory drugs 

One category of non-opioid analgesics are non-steroidal anti-inflammatory drugs (NSAIDs) that are 

used to treat inflammatory pain and include aspirin (acetylsalicylic acid), ibuprofen and naproxen. The 

common mechanism of action is via non-selective and reversible inhibition of cyclooxygenase (COX), 

causing inhibition of both isoforms COX-1 and COX-2 (Appleby et al., 1994; Ferreira et al., 1997), the 

enzymes responsible for producing prostaglandins and thromboxane from arachidonic acid (Smith et 

al., 1997; Vane & Botting, 1998). Prostaglandins contribute to the peripheral sensitisation of 

nociceptors during inflammatory pain. COX-2 is upregulated during inflammation, causing vasodilation 

and further inflammation and pain by producing prostaglandins, and therefore, inhibition of the COX-

2 isoform leads to the analgesic, anti-inflammatory and antipyretic effects of NSAIDs. Non-selective 

COX inhibitors such as aspirin, ibuprofen and naproxen, cause negative side effects by inhibiting COX-

1 in the stomach lining (Ferreira, 1972; Ferreira et al., 1997), where prostaglandins have a protective 

role in preventing the stomach mucosa from acid erosion (Peskar, 2001). Lowered prostaglandin levels 

can lead to ulcers of the stomach or duodenum and internal bleeding can result (Collier & Pain, 1985). 

COX-1 inhibition can have positive effects, as aspirin irreversibly inactivates COX-1 in platelets, 

inhibiting thromboxane A2-dependent platelet aggregation and reducing the incidence of thrombosis 

(Patrono, 1994). Even though there is a range of NSAIDs available for the treatment of inflammatory 

pain, there are often gastrointestinal side effects or contraindications associated with taking these 

regimes and these drugs are frequently misused (Dhar et al., 2014; Cryer et al., 2016). 

1.5.2 Paracetamol (acetaminophen) 

While the mechanisms of action of NSAIDs are well established, the action of paracetamol (also known 

as acetaminophen) is not as well characterised. Paracetamol has been shown to be ineffective as an 

anti-inflammatory in the periphery, however, paracetamol crosses the blood-brain barrier and has 
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analgesic and antipyretic effects in the CNS (Flower & Vane, 1972; Courad et al., 2001; Engstrom Ruud 

et al., 2013). In the brain, paracetamol has been shown to inhibit the COX pathway in low peroxidase 

environments by reducing the active form of the enzyme rather than by direct binding (Boutaud et al., 

2002). Potential mechanisms for the analgesic effects are via the endogenous cannabinoid system, 

activation of the TRPV1 and TRPA1 channels and the descending serotonergic system (Tjolsen et al., 

1991). 

1.5.3 Cannabinoid receptor agonists 

The cannabinoid receptors are a class of guanine protein-coupled receptors (GPCRs) that are activated 

by phytocannabinoids, compounds derived from plants, such as Δ9-tetrahydrocannabinol (THC); 

endocannabinoids, such as anandamide; and synthetic cannabinoids. The cannabinoid type 1 (CB1) 

receptor is one of the most abundant neuronal receptors found in a reasonably heterogeneous fashion 

throughout the brain and spinal cord, with the highest binding activity in the basal ganglia, cerebellum 

and cerebral cortex (Glass et al., 1997; Ameri, 1999). The cannabinoid type 2 (CB2) receptor is mainly 

expressed on immune cells and tissue related to the immune system, such as the thymus and tonsils 

(Cabral & Griffin-Thomas, 2009). Traditionally, many cultures have used cannabinoid compounds to 

treat pain and nausea, and subsequently, many trials have been carried out to study the analgesic 

effects of these compounds. Cannabinoid receptor agonists have been shown to be effective at 

treating neuropathic (Boychuk et al., 2015; Meng et al., 2017) and multiple sclerosis-related pain 

(Alvarez, 2015), but are not effective at treating acute pain (Stevens & Higgins, 2017). However, 

cannabinoid receptor agonists have been known to decrease locomotor activity, and induce 

hypothermia and catalepsy (Compton et al., 1992), cause dizziness, drowsiness (Fitzcharles et al., 

2016), and cognitive impairment (Vinals et al., 2015), and together with the psychoactive effects of 

THC (Gaoni & Mechoulam, 1964) reduce their clinical potential. However, there remains interest in 

developing selective CB2 receptor or peripherally-restricted agonists, that would avoid the centrally-

mediated side effects (Pertwee, 2012; Kalliomaki et al., 2013; Seltzman et al., 2016; Adams et al., 

2018).   
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1.6 Bioactive lipid compounds 

With an aim to develop more effective analgesic pharmacotherapies with fewer side effects, bioactive 

lipids have been identified as a potential new class of safer analgesics. Fatty acid amides are a diverse 

group of lipid signalling molecules with important biological effects (Di Marzo et al., 2007), including 

some with anti-inflammatory and immune modulatory properties (Hoareau et al., 2009; Skaper et al., 

2013; Keppel Hesselink et al., 2014). The N-acyl ethanolamines (NAE) subclass are of particular 

interest, with one of the most studied compounds, N-palmitoyl ethanolamine (PEA) already used 

therapeutically to treat allergic inflammatory skin conditions in veterinary clinics (Cerrato et al., 2012; 

Abramo et al., 2014; Noli et al., 2015) and is now available in many countries in capsule-form as a 

nutritional supplement (for example, the commercial product PeaPure, JP Russel Science Ltd). 

Furthermore, a recent randomised, double-blind clinical trial found PEA supplementation produced a 

significant reduction in abdominal pain severity in IBS patients compared to placebo (Cremon et al., 

2017). 

1.6.1 N-acyl ethanolamines 

PEA was originally isolated in 1957 as a component of egg yolk, soybean and peanuts (Kuehl et al., 

1957) (Figure 1.7), which explained previous findings that egg yolk contributed to a reduction in 

rheumatic fever (Coburn & Moore, 1943) and peanut oil depressed the sensitivity to tuberculin in 

Bacillus Calmette-Guerin-infected guinea pigs (Long & Martin, 1956). However, there was not much 

interest in PEA until the discovery of the closely-related NAE compound anandamide (N-arachidonoyl 

ethanolamine, AEA, Figure 1.7). Anandamide was the first endocannabinoid compound identified 

(Devane et al., 1992) after the CB1 receptor was cloned in 1990 (Matsuda et al., 1990) and has since 

been shown to also bind to the CB2 receptor (Felder et al., 1996) and TRPV1 (Ross, 2003), producing 

anti-inflammatory and analgesic effects. Anandamide has antinociceptive effects in the intraplantar 

formaldehyde assay in mice, mediated predominately through the CB1 receptor (Calignano et al., 

1998). However, other NAE compounds including PEA and N-oleoyl ethanolamine (OEA, Figure 1.7) 

have been shown to have less or no affinity to the cannabinoid receptors, but may have an ‘entourage 

effect’ due to the fact that the same enzyme, fatty acid amide hydrolase (FAAH), breaks down PEA, 

OEA and anandamide, and the competition ultimately results in higher endogenous anandamide 

concentrations (Ho et al., 2008). PEA does bind to a range of other receptors including the nuclear 

receptor peroxisome proliferator-activated receptor-α (PPAR-α) (Lo Verme et al., 2005), TRPV1 

(Ahern, 2003), the orphan GPCRs GPR55 and GPR119 (Pertwee, 2007; Borrelli & Izzo, 2009) and 

potassium ion channels (Romero & Duarte, 2012). 
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Endogenous PEA is formed from palmitic acid, the most common fatty acid found in animals. Tissue 

concentrations of PEA are reported to be similar to or higher than anandamide in the mammalian 

brain (Lin et al., 2012). It has been proposed that PEA is an endogenous regulator of inflammation to 

maintain cellular homeostasis (PEA was originally named ALIAmide due to the compound acting as an 

‘autacoid local inflammation antagonist’ that reduced mast cell activation) (Aloe et al., 1993; Skaper, 

2017). Many studies have shown that PEA has anti-inflammatory and antinociceptive properties acting 

through multiple targets. In the intraplantar formaldehyde test and the acetic acid-, kaolin- and 

magnesium sulphate-evoked writhing tests, PEA significantly reduced pain behaviours but did not 

have any effect on capsaicin-induced hind paw licking or the hot-plate test in mice (Calignano et al., 

2001). In a neuropathic pain model using chronic constriction of the sciatic nerve in mice, PEA reduced 

both mechanical and thermal allodynia mediated via CB1, PPAR-α and TRVP1 receptors (Costa et al., 

2008), although the authors hypothesise that PEA only directly affects PPAR-α, with the other 

receptors involved due to the ‘entourage effect’ with anandamide. Furthermore, PEA reduced 

carrageenan-induced mechanical hyperalgesia in mice, with the effect abolished in animals lacking 

PPAR-α (D'Agostino et al., 2009). 
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Figure 1.7: Chemical structures of N-acyl ethanolamines 

Chemical structures of N-palmitoyl ethanolamine (PEA), N-oleoyl ethanolamine (OEA), anandamide 

(N-arachidonoyl ethanolamine, AEA), N-eicosapentaenoyl ethanolamine (EPEA) and N-

docosahexaenoyl ethanolamine (DHEA). 
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1.6.2 Long-chain polyunsaturated fatty acids  

Another class of lipids with biological effects are the polyunsaturated fatty acids (PUFAs), which are 

fatty acids that have more than one double bond in the carbon chain. Typically, the long-chain (18 

carbon chain or longer) PUFAs are separated into two groups based on the position of the first double 

bond from the methyl group (omega, ω) at the end of the carbon chain: the n-6 (ω-6) and the n-3 (ω-

3) fatty acids. The fatty acids can also be identified with lipid numbers in the form C:Dn-3 or C:Dn-6, 

where C is the number of carbons in the aliphatic chain, and D is the number of double bonds, which 

are often separated by a single methylene bridge. 

Mammals do not have the desaturase enzymes required to add a double bond into the n-3 or n-6 

position and must obtain the fatty acids containing these bonds from dietary sources (Burr & Burr, 

1930). However, the longer chain PUFAs can be created from dietary intake of the 18-carbon fatty acid 

equivalents. The n-6 PUFA linoleic acid (18:2n-6) is predominately found in corn, safflower, soybean, 

grapeseed and sunflower oils as well as many margarine products (Blasbalg et al., 2011), and can be 

converted to longer chain n-6 PUFAs including arachidonic acid (20:4n-6, Figure 1.9). Deficiency in 

linoleic acid has been reported to cause poor growth, scaly skin lesions and transepidermal water loss 

(Hansen, 1986; Phinney et al., 1993; Hansen & Artmann, 2008).  

The n-3 PUFA α-linolenic acid (ALA, 18:3n-3, Figure 1.8) is found in a range of seeds, nuts and vegetable 

oils, such as flaxseed oil (Calder, 2011). In humans, ALA can be metabolised into eicosapentaenoic acid 

(EPA, 20:5n-3) and then further converted into docosapentaenoic acid (DPA, 22:5n-3) and finally to 

docosahexaenoic acid (DHA, 22:6n-3) (Sinclair, 1975; Emken et al., 1990) (for chemical structures see 

Figure 1.8, for synthesis of PUFAs see Figure 1.9). Deficiency in ALA can lead to visual impairment and 

polydipsia (Neuringer et al., 1984), which occurs as DHA is a major component of the phospholipid 

membranes in the retina and brain and is necessary for eye and nerve functions (Neuringer et al., 

1986). In humans, particularly in adults, the conversion to DHA is not very efficient, with an estimated 

5% of dietary ALA producing DHA (Brenna, 2002; Burdge, 2004; Plourde & Cunnane, 2007). The 

consumption of oily-type fish (for example, sardine, salmon or mackerel) and fish oil capsules deliver 

a higher quantity of DHA and EPA than supplementation with ALA (Brenna et al., 2009; Kris-Etherton 

et al., 2009).  
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Figure 1.8: Chemical structures of n-3 long-chain polyunsaturated fatty acids 

Chemical structures of α-linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3), 

docosapentaenoic acid (DPA, 22:5n-3) and docosahexaenoic acid (DHA, 22:6n-3). 
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Figure 1.9: Synthesis of polyunsaturated fatty acids and the ethanolamine metabolites 

Polyunsaturated fatty acids (PUFAs) must be obtained from dietary sources. The n-3 PUFAs (green) 
pathway begins with the consumption of ALA and the n-6 PUFAs pathway (blue) from LNA. EPA and 
DHA can be converted from ALA or gained from fish oil supplementation. The long-chain PUFAs cross 
the blood-brain barrier and are esterified in phospholipids of the cell membrane. The release of the 
esterified PUFAs from the membrane allows for the production of the N-acyl ethanolamines DHEA, 
EPEA and AEA which are all competitively synthesised and degraded into the corresponding PUFAs by 
the same enzymes. Arachidonic acid produces prostaglandins and thromboxane by COX enzymes. 
Adapted from Bosch-Bouju and Layé (2016).  
AA, arachidonic acid; AEA, anandamide; ALA, α-linolenic acid; COX, cyclooxygenase; DHA, 
docosahexaenoic acid; DHEA, N-docosahexaenoyl ethanolamine; EPA, eicosapentaenoic acid; EPEA, N-
eicosapentaenoyl ethanolamine; FAAH, fatty acid amide hydrolase; LNA, linoleic acid; NAPE-PLD; N-
acyl phosphatidylethanolamine-specific phospholipase-D; NAT, N-acyl transferase; PE, 
phosphatidylethanolamine; PC, phosphatidylcholine.  
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DHA and EPA are associated with many health claims. Many of these disorders that are claimed to be 

treated by DHA and EPA involve inflammation as either the primary driver of disease, or in an 

underlying secondary role, and the mechanism of action of the n-3 PUFAs is likely due to a dampening 

of this inflammatory response. Fish oil supplementation has been associated with the treatment of 

inflammatory diseases, with protection from ulcerative colitis (John et al., 2010) and improvement in 

symptoms in IBD patients (Belluzzi et al., 1996; Barbosa et al., 2003; Calder, 2008; Chan et al., 2014). 

However, other studies have found no benefit (Dichi et al., 2000; Lev-Tzion et al., 2014). There is also 

evidence of the therapeutic effect of fish oil in rheumatoid arthritis sufferers (Fortin et al., 1995; 

Lourdudoss et al., 2017). However, more randomised controlled trial studies are needed to properly 

understand the effect of n-3 PUFAs on disease states, as many of the current trials lack consistency in 

the formulation, dosage and timing of the intervention. 

Many studies also focus on the positive effects on cardiac health. In 2002, the American Heart 

Association recommended the use of DHA and EPA for cardiovascular disease risk reduction (Kris-

Etherton et al., 2002). Since this statement was released, multiple randomised controlled trials have 

shown that DHA and EPA reduce mortality in coronary heart disease patients by 10% and in patients 

with heart failure, they reduce deaths and hospitalisations by 9% (Siscovick et al., 2017). Evidence also 

suggests n-3 PUFAs may be beneficial in decreasing cognitive decline (Dullemeijer et al., 2007; van 

Gelder et al., 2007; Sinn et al., 2012), reducing the risk of developing Alzheimer’s disease (Shinto et 

al., 2014; Wu et al., 2015) and dementia (Barberger-Gateau et al., 2007; Samieri et al., 2008), as well 

as decreasing psychosis (Amminger et al., 2010) and depressive symptoms (Grosso et al., 2014). 

However, further well-designed studies may be required to fully understand the effect of these 

interventions on mental health and neurodegenerative diseases (Cederholm, 2017). Similarly, 

evidence for the positive effects of n-3 PUFAs for diabetes appears to be mixed, with studies either 

finding some benefit (Virtanen et al., 2014; Samimi et al., 2015) or no benefit (Wu et al., 2012b; 

Dasarathy et al., 2015). 

The anti-inflammatory and antinociceptive effects of n-3 PUFAs have been shown in multiple studies 

in vivo. Oral administration of a supplement containing DHA and EPA has been shown to decrease 

visceral pain in the acetic acid-induced writhing test, decrease pain the intraplantar formaldehyde test 

and it had a significant effect in the thermal nociceptive hotplate test in mice (Veigas et al., 2011; 

Nobre et al., 2013). Furthermore, supplementation reduced carrageenan-induced paw swelling and 

immunohistochemistry of the inflamed paw showed a reduction in tumour necrosis factor-α (TNFα) 

and the number of neutrophils present (Nobre et al., 2013). In vitro studies found that n-3 PUFA 

supplementation significantly decreased myeloperoxidase release from stimulated human 

neutrophils and did not present any cytotoxic effects on the cells as assessed using the MTT cell 
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viability assay (Nobre et al., 2013). Oral administration of DHA (without EPA) also had a significant 

effect in the acetic acid writhing test, tail withdrawal assay and in both phases of the intraplantar 

formaldehyde model in mice (Nakamoto et al., 2010).  

One explanation for the anti-inflammatory properties is that an increase in dietary n-3 PUFAs is 

reflected in an increase in the EPA and DHA in phospholipid membranes, which in turn decreases the 

amount of arachidonic acid available in the membranes (Lokesh et al., 1986; Chapkin et al., 1991; 

Peterson et al., 1998). Arachidonic acid from the phospholipid membranes is used to synthesise 

eicosanoids that include prostaglandins, thromboxanes and leukotrienes, which are inflammatory 

mediators and regulators (Dennis & Norris, 2015) (Figure 1.9). Evidence shows that DHA and EPA have 

a role in the downregulated expression of the COX-2 gene and inflammatory cytokine genes, and an 

effect on leukocyte chemotaxis and adhesion, as well as a direct effect on GPR120 and nuclear 

receptor PPAR-γ (reviewed in Calder, 2015). Furthermore, primarily EPA but also DHA, produce anti-

inflammatory lipid mediators called resolvins, protectins and maresins, which have a role in resolving 

inflammation (Serhan et al., 2000; 2002; 2008) and have been shown to treat and protect against 

inflammation in animal models of arthritis (Lima-Garcia et al., 2011) and IBD (Arita et al., 2005). 

However, DHA and EPA can both be converted into the NAE metabolites, N-docosahexaenoyl 

ethanolamine (DHEA, NAE-22:6n-3, Figure 1.7) and N-eicosapentaenoyl ethanolamine (EPEA, NAE-

20:5n-3, Figure 1.7), and the effects of these compounds have not been tested in vivo, making it 

possible that these metabolites are also contributing to the antinociceptive and anti-inflammatory 

effect of the n-3 PUFAs. 

1.6.3 N-docosahexaenoyl ethanolamine (DHEA) 

DHEA is the NAE metabolite of DHA which has been found in abundance in the rat brain (Sugiura et 

al., 1996) and bovine retina (Bisogno et al., 1999) as well as in human plasma (Balvers et al., 2013). 

Eating a diet high in n-3 PUFAs has been linked to an increased concentration of DHEA in brain tissue 

(Berger et al., 2001), as DHEA can be directly converted from DHA via a phospholipase D enzymatic 

reaction (reviewed in Kuda, 2017). DHEA is structurally similar to the endocannabinoid anandamide, 

and DHEA binds to both CB1 and CB2 receptors (Felder et al., 1993; Sheskin et al., 1997; Brown et al., 

2010). The immune-modulatory effects of DHEA have been shown in vitro (Jaggar et al., 1998; 

Meijerink et al., 2011) (see Chapter 3), however, this thesis aimed to study the antinociceptive effects 

of DHEA in vivo, primarily using the intraplantar formaldehyde model of inflammatory pain.  
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1.7 Opioid receptor agonists 

1.7.1 The opioid crisis 

To treat chronic pain, patients are typically prescribed drugs that activate the mu opioid receptor 

(MOPr), such as morphine, codeine and fentanyl (Toblin et al., 2011). The rapid increase in the use of 

prescription and non-prescription opioid drugs in recent years in the USA has been termed the ‘opioid 

crisis’. Unfortunately, chronic treatment with MOPr agonists can actually potentiate pain (Celerier et 

al., 2000; Roeckel et al., 2016), and can lead to dependence and addiction (Compton & Volkow, 2006). 

Drug addiction is a chronic, relapsing brain disorder whereby an individual prioritises drug 

consumption despite negative consequences. Between 21-29% of patients prescribed opioids for 

chronic pain misuse them and 8-12% of those that are prescribed opioids develop opioid use disorder 

(Vowles et al., 2015). Prescription opioids may also act as a gateway to the cheaper and sometimes 

more accessible drug heroin, with 79.5% of surveyed new heroin users starting out by misusing 

prescription opioids (Muhuri et al., 2013; Cicero et al., 2014). 

Long-term use of prescription MOPr agonists results in tolerance (Chu et al., 2006), requiring 

escalating doses to be administered to maintain pain relief in the absence of disease progression. A 

significant side effect of MOPr agonists is respiratory depression (Shook et al., 1990; Dahan et al., 

2001), characterised by slow or inefficient breathing. As users escalate doses due to analgesic 

tolerance, these high doses can lead to respiratory failure or death. Opioid overdoses are the leading 

cause of accidental death in the USA, killing more people than road accidents (Okie, 2010; Rudd et al., 

2016). Opioid-related overdose, which combines prescription and synthetic opioids as well as heroin, 

in the USA for the year 2016 lead to 42,249 deaths (Jones et al., 2018). Synthetic opioids, including 

fentanyl, were involved in 14% of opioid-related deaths in 2010, which rose dramatically to 46% in 

2016 (Jones et al., 2018). In fact, life expectancy dropped in 2015 for Caucasian people in the USA, 

with an estimated 0.21-year loss in life expectancy due to opioid poisoning (Dowell et al., 2017). 

However, global rates of unintentional opioid overdoses have also been steadily rising (Kuehn, 2007), 

and opioid use disorders caused 122,100 global deaths in 2015 (GBD Mortality and Causes of Death 

Collaborators, 2016). In New Zealand, daily doses of prescription opioids quadrupled in the ten-year 

period from 2001-2011 (Berterame et al., 2016) and dispensing rates of oxycodone increased by 249% 

between 2007 and 2011 (Ministry of Health, 2014). Using combined data from Oceania, it is estimated 

that 3% of the population are addicted to opioid drugs (United Nations Office of Drug and Crime, 

2017). The New Zealand Drug Harm Index for 2016 estimated 10 deaths per year related to opioid or 

sedative use (Ministry of Health, 2016). 
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Clinically used opioids, act primarily through the MOPr (Vallejo et al., 2011). Activation of the MOPr 

stimulates the reward pathway by increasing dopamine in the synapse (Di Chiara & Imperato, 1988; 

Titeler et al., 1988), increasing the positive reinforcement of the drug (Maldonado et al., 1997), a 

central process in the development of drug dependence. In the search for non-addictive analgesics, 

kappa opioid receptor (KOPr) agonists are a promising alternative. In contrast to MOPr agonists, KOPr 

agonists play a critical role in regulating the reward system by contributing to the negative-feedback 

of dopamine (Di Chiara & Imperato, 1988). Studies have shown that acute administration of KOPr 

agonists show anti-addictive potential and have antinociceptive (Gallantine & Meert, 2008), anti-

inflammatory (Binder et al., 2001; Bileviciute-Ljungar et al., 2006), and antipruritic effects (Kumagai et 

al., 2010; Akiyama et al., 2015). In contrast to MOPr agonists, KOPr agonists do not inhibit 

gastrointestinal transit (Porreca et al., 1984) and do not cause respiratory depression (Freye et al., 

1983). 

Development of KOPr agonists with fewer side effects (Law et al., 2013; Zhang et al., 2015) and 

reduced abuse potential (Morani et al., 2009) have received increased attention recently (Varadi et 

al., 2015; White et al., 2015; Sherwood et al., 2017b; Soeberdt et al., 2017; Spetea et al., 2017). The 

clinical success of nalfurafine is a promising example of the benefits of developing KOPr agonists. The 

potent KOPr agonist (Seki et al., 1999; also called TRK-820 and the trade-name Remitch) exhibits 

strong analgesic effects (Endoh et al., 1999; Endoh et al., 2000) and is the first KOPr agonist to be made 

clinically available, used in Japan for the treatment of medication-resistant pruritus in haemodialysis 

patients (Kumagai et al., 2010). Furthermore, there is no evidence of abuse liability (Ueno et al., 2013) 

or reinforcement of self-administration (Nakao et al., 2016), demonstrating that KOPr agonists can 

have therapeutic utility without abuse potential.  

1.7.2 The endogenous kappa opioid receptor system 

The KOPr is a class A (rhodopsin-like) γ subfamily of seven-transmembrane GPCRs coupled to Gi/o 

proteins, found in both the CNS and periphery. The KOPr is encoded by the OPKR1 gene, which has 

been cloned in the mouse (Yasuda et al., 1993; Nishi et al., 1994), rat (Chen et al., 1993; Li et al., 1993; 

Meng et al., 1993; Minami et al., 1993; Nishi et al., 1993) and human (Mansson et al., 1994; Simonin 

et al., 1995; Zhu et al., 1995). Recently, the crystal structure was solved for the human KOPr in complex 

with the antagonist JDTic (Wu et al., 2012a) and the agonist MP1104 (Che et al., 2018). The three 

classical opioid receptors (KOPr, MOPr and delta opioid receptor (DOPr)) share approximately 75% 

sequence identity in the transmembrane α-helices and 65% in their intracellular loops, however there 

are larger differences in the extracellular loops and N- and C-termini with only 35-40% sequence 

identity (reviewed in Pogozheva et al., 2005). Activation of the KOPr is particularly associated with 
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regulation of the reward pathway, antinociception, and anxiogenic and stress-related behaviours 

(reviewed in Wang et al., 2010; Lalanne et al., 2014), as well as playing a role in temperature regulation 

(Chen et al., 2005), cardioprotection (Peart et al., 2008; Tong et al., 2011), neuroprotection (Zeynalov 

et al., 2006) regulation of angiogenesis (Yamamizu et al., 2015) and oligodendrocyte-mediated 

remyelination (Du et al., 2016; Mei et al., 2016). 

The KOPr is widely distributed in the human brain and spinal cord, with high concentrations in the 

frontal lobe, temporal lobe, parietal lobe, occipital lobe, amygdala, olfactory bulb, nucleus accumbens, 

nucleus caudate, putamen, thalamus, hypothalamus, ventral tegmental area and the cerebellar 

cortex, as well as moderate expression in the lamina II region of the cervical, dorsal and lumbar spinal 

cord and the DRG (Simonin et al., 1995; Peckys & Landwehrmeyer, 1999; Peng et al., 2012) (for KOPr 

expression in the pain pathways see Figure 1.10). Similar distribution patterns of the KOPr have been 

found in the brains of rodents (DePaoli et al., 1994; Xie et al., 1994), although there are a few 

differences, including the absence of KOPr found in the rat cerebellar cortex compared to high 

expression in humans (Peckys & Landwehrmeyer, 1999), and variation in the relative abundance of 

KOPr in the hippocampus and substantia nigra (Simonin et al., 1995; Peckys & Landwehrmeyer, 1999). 

The KOPr is found on both pre- and post-synaptic dopaminergic, glutamatergic, serotonergic and γ-

aminobutyric acid (GABAergic) neurons in the brain (Svingos et al., 2001; Margolis et al., 2006; Li et 

al., 2012). In the periphery, KOPr expression is not as well characterised, with rat studies finding KOPrs 

in the stomach, small intestine, large intestine, adrenal gland, kidney, lung, testis, ovary and uterus 

(Wittert et al., 1996; Bagnol et al., 1997). The liver had no detectable transcript, whilst the spleen and 

heart had weak signal, although a more recent study in humans found low levels of KOPr in liver, 

spleen, heart tissue, and additionally (from the list in the rat above) in skeletal muscle, thymus and 

pancreas (Peng et al., 2012; Sobanski et al., 2014). 
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Figure 1.10: Brain and spinal cord regions involved in pain processing compared to kappa opioid 
receptor expression 

The ascending pain pathways project to the brain regions involved in pain processing and perception, 

including the thalamus, somatosensory cortex and periaqueductal grey. Kappa opioid receptor (KOPr) 

expression is shown in the relevant areas for pain, addiction and aversion. Blue colour indicates 

relative abundance (darker colour = more abundant). Figure adapted from Cahill et al. (2014), and 

KOPr expression based on radioligand binding and quantitative real-time reverse transcriptase 

polymerase chain reaction data from Le Merrer et al. (2009) and Peng et al. (2012) respectively. 

ACC, anterior cingulate cortex; Amy, amygdala; DH, dorsal horn of the spinal cord; DRG, dorsal root 

ganglion; DS, dorsal striatum; Hipp, hippocampus; Hyp, hypothalamus; NAc, nucleus accumbens; PAG, 

periaqueductal grey; PB, parabrachial nucleus; PFC, prefrontal cortex; S1, primary somatosensory 

cortex; S2, secondary somatosensory cortex; VTA, ventral tegmental area.  
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1.7.2.1 Kappa opioid receptor signalling pathway 

When an agonist binds to the KOPr, several signalling cascades are activated (Figure 1.11). The KOPr 

is associated with the G-protein complex, with activation of the KOPr leading to conformational 

changes and dissociation of the pertussis toxin-sensitive G-protein subunits. The released βγ subunits 

activate G-protein-gated inwardly rectifying potassium channels, enhancing K+ efflux (Grudt & 

Williams, 1993); and inhibit voltage-gated calcium ion channels, inhibiting Ca2+ influx (Rusin et al., 

1997); which leads to the hyperpolarisation of the neuron, decreasing neuronal excitability and 

inhibiting action potential generation. Neurotransmitter release is inhibited due to the decrease in 

Ca2+ levels and subsequent inhibition of Ca2+-dependent vesicular migration. The Gαi subunit inhibits 

adenylyl cyclase activity, leading to a decrease in cyclic adenosine monophosphate (cAMP) (Taussig et 

al., 1993). The G-protein signalling pathway also leads the phosphorylation of c-Jun N-terminal kinase 

(JNK) and to the early phase phosphorylation of extracellular signal-regulated kinase 1 and 2 (ERK1/2), 

which is dependent on phosphatidylinositol 3-kinase (PI3K), protein kinase C ζ (PKCζ) and Ca2+ 

mobilisation (Belcheva et al., 2005). In the dorsal horn of the spinal cord, the overall effect is to 

decrease the excitability of the neuron, therefore inhibiting the pain signal from reaching higher 

processing centres to produce the analgesic effects (Porreca et al., 1984; Ruda et al., 1988). The 

supraspinal action involves decreasing the excitability of the inhibitory GABAergic neurons in the 

periaqueductal grey (Kash & Li, 2018), which in turn reduces the inhibition of the tonically-active 

descending anti-nociceptive pathway system, therefore leading to an analgesic effect. In the reward 

centres, KOPr activation regulates dopaminergic neurons to decrease dopamine release, as well as 

increasing the uptake by the dopamine transporter (DAT), producing the anti-addiction effects (Di 

Chiara & Imperato, 1988; Kivell et al., 2014). 

KOPr agonist binding also produces a β-arrestin-dependent signalling cascade (Figure 1.11). When an 

agonist binds to the KOPr, the C-terminal intracellular domain of the KOPr is phosphorylated by G-

protein receptor kinase 3 (GRK3) and the scaffolding protein β-arrestin is recruited, leading to the 

phosphorylation of p38 mitogen-activated protein (MAP) kinase (McLaughlin et al., 2003; Bruchas et 

al., 2006). Pro-depressive and aversive effects of KOPr agonists have been attributed to the 

phosphorylation of p38 MAPK (Bruchas et al., 2007; 2011; Ehrich et al., 2015). The β-arrestin-

dependent pathway also results in the late phase phosphorylation of ERK1/2, leading to the activation 

of the transcription factor cAMP response element binding protein (CREB). Multiple genes are 

regulated by CREB, including gene expression of dynorphin (Cole et al., 1995) and corticotrophin-

releasing hormone (Itoi et al., 1996). Increased CREB activity results in KOPr-mediated pro-depressive 

effects (Pliakas et al., 2001; Mague et al., 2003) and is an important factor in stress-induced 

behavioural responses to drugs of abuse (Kreibich & Blendy, 2004).  
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The phosphorylation of the KOPr, as well as the β-arrestin-mediated uncoupling of the G-proteins, 

leads to desensitisation of the KOPr as the G-protein pathway can no longer be activated (reviewed in 

Liu-Chen, 2004). Phosphorylation of KOPr leads to the internalisation of the receptor by the formation 

of endocytic vesicles (Schulz et al., 2002), causing down-regulation of the KOPr on the cell surface. 

Recently, it was shown that PKC can also lead to the phosphorylation of the KOPr both agonist-

dependently and –independently, however, only GRK-mediated phosphorylation leads to the 

internalisation of the KOPr and contributes to KOPr agonist tolerance (McLaughlin et al., 2004; Chiu 

et al., 2017). The internalised KOPrs are dephosphorylated and are sorted into endosomes to be 

degraded or recycled back to the plasma membrane (reviewed in Liu-Chen, 2004). 

Evidently, it appears that the majority of the negative side effects, as well as the development of opioid 

tolerance, are mediated through the β-arrestin-dependent pathway, as opposed to the analgesic and 

anti-addiction effects mediated through the activation of the G-protein pathway (Bruchas & Chavkin, 

2010). The idea that an agonist could be designed to preferentially activate the G-protein pathway 

without activating the β-arrestin-dependent pathway is termed biased agonism or functional 

selectivity. Recently this area of drug development has received a lot of attention (White et al., 2015; 

Rankovic et al., 2016; Viscusi et al., 2016; Soeberdt et al., 2017; Spetea et al., 2017), however, the 

application of the theoretical idea of biased agonism has proven more difficult than anticipated. 

Technical differences in measuring and calculating bias, as well as an increasingly complicated 

understanding of the signalling pathways have slowed progress in identifying potential biased 

analgesics (Michel & Charlton, 2018). However, the development of biased agonists at the KOPr is 

discussed in further detail in Chapter 4. 
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Figure 1.11: Kappa opioid receptor signalling pathways 

Binding of an agonist to the KOPr results in the activation of both G-protein and β-arrestin signalling 

pathways. Activation of G-protein signalling leads to the dissociation of the G-protein complex. The βγ 

subunits activate G-protein-gated inwardly rectifying potassium (K+) channels and inhibit voltage-

gated calcium ion (Ca2+) channels, which leads to the hyperpolarisation of the neuron. The Gαi subunit 

inhibits adenylyl cyclase activity, leading to a decrease in cAMP, and further signalling cascades lead 

to the phosphorylation of ERK1/2 and JNK. The β-arrestin-dependent pathway includes the 

phosphorylation of the intracellular domain of the KOPr by GRK3 and β-arrestin recruitment to the 

receptor. This pathway leads to a late phase phosphorylation of ERK1/2 as well as p38 MAPK and 

CREB. Phosphorylation of the KOPr leads to clathrin-mediated receptor internalisation within 

endosomes, followed by either degradation via lysosomes or recycling back to the plasma membrane. 

Figure adapted from Bruchas and Chavkin (2010) and Dogra and Yadav (2015). 

AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; CREB, cAMP response element binding 
protein; ERK1/2, extracellular signal-regulated kinase 1 and 2; Gαi, G-protein αi subunit; Gβγ, G-protein 
βγ subunit; JNK, c-Jun N-terminal kinase; GRK3, G-protein coupled receptor kinase 3; p38 MAPK, p38 
mitogen-activated protein kinase; PI3K, phosphoinositide 3-kinase; PKC ζ, protein kinase C ζ.  
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1.7.2.2 Role of the endogenous kappa opioid system in pain 

KOPr knockout (KOPr-/-) mice were generated by Simonin et al. (1998). Deletion of the KOPr had no 

effect on normal embryonic development and did not cause any gross abnormalities (available at 

Jackson Laboratory as B6.129S2-Oprk1tm1Kff/J). These animals have been tested in a range of 

behavioural models of pain, and show increased sensitivity in the acetic acid writhing test, indicating 

the KOPr system is involved in the perception of visceral pain. No differences were recorded for the 

warm water tail withdrawal, hot plate, tail pressure or intraplantar formaldehyde test for the KOPr-/- 

mice compared to control animals (Simonin et al., 1998). However, a further study found a difference 

in the warm water tail withdrawal assay in female but not male KOPr-/- mice (Martin et al., 2003). In 

MOPr-/- mice, no difference was seen in the warm water tail withdrawal test, but there was an 

increased sensitivity to the hotplate, tail pressure and the intraplantar formaldehyde tests (Martin et 

al., 2003). This likely reflects the higher abundance of MOPrs on the descending antinociceptive tracts 

of the CNS and the larger role that endogenous MOPr peptides, the endorphins, play in pain relief 

(reviewed in Sprouse-Blum et al., 2010). 

The endogenous agonists for the KOPr are the dynorphin class of opioid peptides (Goldstein et al., 

1979; Chavkin et al., 1982) which are posttranslational products formed by cleavage of prodynorphin 

(Day et al., 1998). The most common product is dynorphin A1-17, the natural peptide has 17 amino 

acids, but the shortened 13 amino acid fragment (dynorphin A1-13) is often used in biological studies 

(Chou et al., 1996) (for amino acid sequences see Table 1.1). Intrathecal injection of dynorphin A1-13 in 

the rat spinal cord has an antinociceptive effect 6-10 times more potent than morphine on a molar 

basis (Han & Xie, 1982), and morphine in combination with dynorphin A1-13 produced a synergistic 

antinociceptive effect in the tail withdrawal assay (Ren et al., 1985). 

Dynorphin may also have a role in pain processing. Intraplantar administration into the hind paw with 

the inflammatory agents carrageenan, phorbol ester, yeast or complete Freund’s adjuvant lead to an 

upregulation of dynorphin A1-8 in rat spinal cord (Iadarola et al., 1988), as well as an upregulation 

following spinal cord injury (Malan et al., 2000). In fact, intrathecal dynorphin A1-17 produced 

mechanical allodynia in rats (Vanderah et al., 1996), which was blocked by an N-methyl-D-aspartate 

(NMDA) antagonist but not by the opioid antagonist naloxone (Laughlin et al., 1997), indicating a more 

complicated mechanism of action. Furthermore, after spinal nerve ligation, both prodynorphin 

knockout and wild-type mice have equal allodynia, but this neuropathy was resolved in the knockout 

mice by day 10 compared to no change in the wild-type, indicating that dynorphin may be required 

for the maintenance of neuropathic pain but not the initiation (Wang et al., 2001). Further studies 

found this effect could be blocked using bradykinin receptor antagonists (Lai et al., 2006; Luo et al., 
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2008), suggesting the dynorphin effects may not be opioid receptor-dependent. However, it is clear 

that the endogenous KOPr system is involved in pain processing and can be used as a target for the 

development of analgesic compounds.  

1.7.3 Traditional kappa opioid receptor agonists 

There are a range of KOPr agonists that can be classified into four major categories: 1) arylacetamides, 

such as U50,488, U69,593, enadoline, spiradoline and ICI 204,448; 2) benzomorphans such as 

bremazocine, ethylketocyclazocine and cyclazocine; 3) morphinans such as 6’-guanidinonaltrindole 

(6’GNTI), nalmefene, nalfurafine and cyclorphan; and 4) terpenoids such as RB-64 (Yan et al., 2009), 

collybolide (Gupta et al., 2016) and Salvinorin A and synthetic analogues (see Section 1.7.4.1 Salvia 

divinorum and Salvinorin A). The two most extensively studied selective synthetic KOPr agonists are 

U50,488 (Szmuszkovicz & Von Voigtlander, 1982; Von Voigtlander & Lewis, 1982; Vonvoigtlander et 

al., 1983) and U69,593 (Lahti et al., 1985), which are known as traditional KOPr agonists. Both 

compounds are potent, full KOPr agonists, with binding affinity Ki values of 0.70 ± 0.09 and 0.89 nM 

for U50,488 and U69,593, respectively compared to 0.44 ± 0.06 nM for dynorphin A1-13 in rhesus 

macaque brain membranes (Emmerson et al., 1994) (Table 1.1). 

1.7.3.1 Traditional kappa opioid receptor agonists role in reward 

One of the reasons why KOPr agonists are promising as analgesic medications is the low abuse 

potential (Vonvoigtlander et al., 1983). In the mesolimbic and nigrostriatal dopaminergic neurons, 

U50,488 and bremazocine reduced the release of dopamine, compared to the MOPr agonists 

morphine, methadone and fentanyl which all stimulated dopamine release (Di Chiara & Imperato, 

1988), a central process in the development of drug dependence. In fact, due to the regulation of 

dopamine in the reward centres of the brain by the KOPr system, traditional KOPr agonists have been 

studied as potential anti-addiction pharmacotherapies. Administration of the traditional KOPr 

agonists U50,488 and U69,593 reduced cocaine self-administration in rats (Glick et al., 1995; Kuzmin 

et al., 1997; Schenk et al., 1999; 2001) and rhesus macaques (Negus et al., 1997; Mello & Negus, 2000) 

and morphine self-administration in rats (Glick et al., 1995) and mice (Kuzmin et al., 1997). 

Furthermore, U50,488 attenuated voluntary ethanol intake (Lindholm et al., 2001) and nicotine self-

administration in rats (Ismayilova & Shoaib, 2010). These studies provide convincing evidence of the 

regulatory effect of the traditional KOPr agonists on the rewarding effects of drugs of abuse. 
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Table 1.1: Comparison of dynorphin, traditional agonists and Salvinorin A in binding affinity and selectivity at the kappa opioid receptor 

(1) Binding affinity (Ki) in rhesus macaque brain cortex membranes with [3H]U69,593 as the radioligand, measured in the presence of NaCl (150 mM) 
(Emmerson et al., 1994) *dynorphin A1-13 fragment tested 

(2) Binding affinity (Ki) in human embryonic kidney (HEK)-293 cells stably expressing rat KOPr with [3H]U69,593 as the radioligand (Beguin et al., 2008) 
(3) Potency and binding efficiency in Neuro-2A cells stably expressing human KOPr, EC50 measured using [35S]GTP-γ-S functional assay, Emax relative to U50,488 

(10 µM) (DiMattio et al., 2015) 
(4) Potency and binding efficiency HEK-293 cells stably expressing human KOPr, EC50 measured using intracellular Ca2+ mobilisation assay, Emax relative to 

U69,593 (Chavkin et al., 2004) 
Values expressed as mean ± SEM (**mean ± SD). Ki and EC50 measured in nM, Emax measured in%. 

 Dynorphin peptide U50,488 U69,593 Salvinorin A 

Structure 

Dynorphin A1-17 
H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-
Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-

Gln-OH 

 

 

 

 

 

Dynorphin A1-13 fragment 
H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-

Arg-Pro-Lys-Leu-Lys-OH 

Binding affinity in 
rhesus macaque (1) 

Ki = 0.44 ± 0.06 * Ki = 0.70 ± 0.09 Ki = 0.89 - 

Binding affinity at 
the rat KOPr (2) 

- Ki = 0.42 ± 0.22 Ki = 2.5 ± 0.3 Ki = 0.28 ± 0.22 

Potency and binding 
efficiency at the 
human KOPr (3) 

EC50 = 3.4 
Emax = 73.0 ± 2.0 

EC50 = 30 
Emax = 101 ± 4.2 

EC50 = 94 
Emax = 108 ± 6.6 

EC50 = 23 
Emax = 103 ± 2.9 

Potency and binding 
efficiency at the 
human KOPr (4) 

EC50 = 83 
Emax = 107 ± 8 ** 

EC50 = 24 
Emax = 102 ± 4 ** 

EC50 = 13 
Emax = 100 

EC50 = 7 
Emax = 104 ± 7 ** 
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1.7.3.2 Traditional kappa opioid receptor agonists for the treatment of pain 

The traditional KOPr agonists have proven antinociceptive effects. In nociceptive models of pain, 

U50,488 has been shown to have a significant effect in thermal, mechanical and visceral models (Von 

Voigtlander & Lewis, 1982; Vonvoigtlander et al., 1983; Gallantine & Meert, 2008). In mice, U50,488 

was approximately half as potent as morphine in the tail withdrawal, tail pinch and hydrochloric acid 

writhing test (Vonvoigtlander et al., 1983). In rats, the potency of U50,488 relative to morphine varied 

between the different pain tests, with U50,488 showing approximately half the potency in the air 

writhing assay (ED50 1.4 mg/kg vs 0.6 mg/kg), however, U50,488 had a significantly lower potency in 

the tail withdrawal compared to morphine (ED50 32 mg/kg vs 0.6 mg/kg) (Vonvoigtlander et al., 1983). 

Morphine was also more potent than U50,488 in the warm plate (49.5°C; ED50 1.0 mg/kg vs 4.4 mg/kg) 

and hot plate (54.5°C) assay (ED50 1.2 mg/kg vs 7.0 mg/kg) (Vonvoigtlander et al., 1983). In rhesus 

macaques, a dose of 3.2 mg/kg of U50,488 was required to reach maximum effect in the 55°C tail 

withdrawal assay (France et al., 1994).  

In a more recent paper, U50,488 was further compared to morphine using the tail withdrawal assay 

in Sprague Dawley rats (Gallantine & Meert, 2008). The experiment showed a similar trend to 

Vonvoigtlander et al. (1983), with the ED50 of morphine at 1.26 mg/kg whereas U50,488 didn’t produce 

an antinociceptive effect even at the highest (40 mg/kg) dose (Gallantine & Meert, 2008). However, 

in the acetic acid writhing test, the potency of morphine (ED50 0.79 mg/kg) and U50,488 (ED50 1.00 

mg/kg) were more comparable (Gallantine & Meert, 2008). Interestingly, co-administration of 

U50,488 was able to block the development of morphine tolerance in male Wistar rats and the 

antinociceptive effect of morphine was restored to morphine-tolerant animals following 

administration of U50,488, as measured using the hotplate (55°C) test (Yamamoto et al., 1988).  

In inflammatory models of pain, U50,488 produced dose-dependent antinociception in the 

intraplantar formaldehyde assay via intrathecal injection (Pelissier et al., 1990) and via 

intracerebroventricular (i.c.v.) injection, although the MOPr agonist DAMGO ([D-Ala2,N-Me-Phe4,Gly5-

ol]-enkephalin) and the DOPr agonist DPDPE ([D-Pen2,D-Pen5]-enkephalin) had higher efficacy in the 

assay (Calcagnetti et al., 1988). The intraplantar formaldehyde assay was also tested in the Gallantine 

and Meert (2008) study, which showed an ED50 of 5.2 mg/kg for morphine in both phases of pain, 

whereas U50,488 had an ED50 of 3.81 mg/kg in phase I and 1.66 mg/kg in phase II. U50,488 has also 

been found to dose-dependently reduce arthritis disease score (Wilson et al., 1996). In an arthritis 

pain model, Mycobacterium butyricum was injected in the right hind paw in rats,  contralateral 

administration of U50,488 reduced paw oedema, the spread of inflammation and mechanical 

allodynia (Bileviciute-Ljungar et al., 2006). U50,488 also relieved mechanical hyperalgesia induced by 

the injection of complete Freund’s adjuvant in the rat hind paw (Auh & Ro, 2012). 
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Following chronic constriction of the sciatic nerve in rats, administration of U50,488 in the 

contralateral hind paw reduced mechanical but not thermal allodynia, which was reversed by the 

peripherally restricted antagonist naloxone methiodide (Bileviciute-Ljungar & Spetea, 2004). Further 

experiments with sciatic nerve ligation, measured the autotomy score for six weeks and found that 

U50,488 reduced this behaviour (Bileviciute-Ljungar & Spetea, 2004). 

The agonist U69,593 has been less extensively studied than U50,488. However, for U69,593 i.p. 

administration has shown antinociceptive effects in the hot plate (55°C) in rats (La Regina et al., 1988) 

and the tail withdrawal assay in rhesus macaques (France et al., 1994; Negus et al., 2008). It has also 

been found that U69,593 treatment in female rats shows a faster peak effect at 5-15 min, compared 

to 30 min in males using the tail withdrawal assay, whilst there were no sex differences in the hot 

plate test (Bartok & Craft, 1997). In the complete Freund’s adjuvant model of arthritis pain, U69,593 

significantly reduced paw volume and histological score, as well as reducing the mechanical allodynia 

in a paw pressure threshold test for up to 120 min (Binder et al., 2001).  

1.7.3.3 Side effects of traditional kappa opioid receptor agonists 

Unfortunately, traditional KOPr agonists have side effects that have limited the clinical development 

of these compounds. Administration of U50,488 has been shown to have pro-depressive effects in the 

forced-swim test in mice with an ED50 of 2.35 mg/kg (Zhang et al., 2015). Similarly, pro-depressive 

effects have also been reported with the administration of U69,593 in rats (Mague et al., 2003). The 

traditional KOPr agonists show aversion in the CPA test (Mucha & Herz, 1985; Suzuki et al., 1992; Bals-

Kubik et al., 1993; Skoubis et al., 2001; Ehrich et al., 2015) and in the conditioned taste aversion test 

(Mucha & Herz, 1985). The compounds also cause anxiety measured using the elevated plus maze, 

light/dark test and open field test (Privette & Terrian, 1995; Kudryavtseva et al., 2004; Vunck et al., 

2011; Wang et al., 2016), muscle weakness and sedation (Dykstra et al., 1987; Zhang et al., 2015) and 

diuresis (Tang & Collins, 1985; Dykstra et al., 1987). Due to these side effects, the traditional KOPr 

agonists are not able to be developed any further clinically; however, an alternative strategy is to 

evaluate the potential of structurally-unique KOPr agonists such as Salvinorin A for the development 

of non-addictive pain medications with reduced side effects. 

  



 

46 
 

1.7.4 Novel kappa opioid receptor agonists for the treatment of pain 

1.7.4.1 Salvia divinorum and Salvinorin A 

The neo-clerodane diterpene, Salvinorin A (SalA) was discovered as the first naturally-occurring, non-

nitrogenous KOPr agonist (Chavkin et al., 2004; Roth et al., 2002). SalA is the active ingredient of Salvia 

divinorum, a plant from the Sage family native to Mexico (Valdes, 1994). The plant has traditionally 

been used in the spiritual practices of the Mazatec Indians to produce hallucinogenic experiences as 

well as treating a variety of ailments including headache, diarrhoea, rheumatism and given as palliative 

care (Valdes et al., 1983). Leaves of S. divinorum can either be chewed or smoked, with ingestion of 

the leaves leading to a weak absorption of SalA (Siebert, 1994), whilst inhalation of the smoke gives a 

short-acting, potent hallucinogenic effect which is unique to that of traditional hallucinogens (Hutton 

et al., 2016). 

Today, S. divinorum is used as a recreational hallucinogenic drug (known as Salvia), especially among 

young adults. In several countries, Salvia is legal and is easily accessible over the internet (Hoover et 

al., 2008; Moreira et al., 2014). In New Zealand, Salvia is currently illegal under the 2014 Psychoactive 

Substances Amendment Act. Salvia has been reported to be non-toxic, with no serious adverse effects 

(death or hospitalisation) (Baggott et al., 2010). In a double-blind, placebo-controlled, randomised 

study, 30 males were given Salvia to self-administer over two weeks, with no adverse effects observed 

or reported at an 8-week follow-up (Addy, 2012). Despite the rapid-onset hallucinogenic effects, Salvia 

has a low potential for abuse, with 87% of individuals from a self-administered Salvia study saying they 

would not like to use the drug again (Addy et al., 2015).  

SalA is unique among hallucinogens, as it does not bind to the serotonin 2A receptor (5-HT2A), the 

receptor responsible for the actions of classical hallucinogens such as lysergic acid diethylamide (LSD). 

SalA did not substitute for the discriminative effects of the serotonergic hallucinogen LSD or the 

glutamatergic hallucinogen ketamine in rats, indicating that the effects of SalA are distinct from these 

traditional hallucinogenic compounds (Killinger et al., 2010). SalA instead binds with high affinity and 

selectivity at the KOPr (Roth et al., 2002). SalA is a full KOPr agonist with similar binding affinity and 

efficacy to the traditional agonists U50,488 and U69,593 (Chavkin et al., 2004; Beguin et al., 2008; 

DiMattio et al., 2015) (Table 1.1). Interestingly, the structure of SalA has no resemblance to the 

traditional KOPr agonists and was the first KOPr agonist discovered which did not contain a polar 

nitrogen atom, which was originally considered essential for opioid receptor binding (Roth et al., 

2002). 
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1.7.4.2 Anti-addiction effects of Salvinorin A 

SalA also has potential as a pharmacotherapy for drug addiction. SalA has been shown to attenuate 

dopamine release in the dorsal striatum (Zhang et al., 2005b; Gehrke et al., 2008) and nucleus 

accumbens (Ebner et al., 2010), as well as regulate dopamine transporter activity (Kivell et al., 2014). 

SalA has been studied in several models of reward, particularly for cocaine use, for which there is 

currently no clinically approved therapeutics. SalA has been shown to decrease cocaine-induced 

behavioural sensitisation (Morani et al., 2012) and acute administration of SalA attenuated cocaine-

induced drug-seeking behaviour in a self-administration model in Sprague Dawley rats, without 

causing sedation in spontaneous locomotion tests (Morani et al., 2009) or causing taste aversion to a 

saccharin solution (Morani et al., 2012). In a study by Freeman et al. (2014), SalA acted as a punisher 

of drug-seeking behaviour for the self-administration of cocaine and the MOPr agonist remifentanil in 

rhesus macaques. 

1.7.4.3 Antinociceptive effects of Salvinorin A 

SalA has antinociceptive effects in animal behavioural models of thermal and visceral nociceptive pain. 

SalA produced antinociceptive effects to a thermal stimulus in male Swiss mice, in both the tail 

withdrawal and hot plate (52°C) tests, showing a short 20 min duration of action in the tail withdrawal 

assay (2 mg/kg i.p.), which was attenuated by pre-treatment with the KOPr antagonist nor-

binaltorphimine (nor-BNI) (McCurdy et al., 2006). The antinociceptive effects of SalA were also 

measured in the tail withdrawal assay using intrathecal administration (injected between the lumbar 

regions L5 and L6 of the spinal cord) in male CD-1 mice. SalA produced a dose-dependent 

antinociceptive effect up to 10 min (at the 23.1 nmol dose), an effect that was reversed by pre-

treatment with nor-BNI, but not with the MOPr antagonist β-funaltrexamine (β-FNA) or the DOPr 

antagonist naltrindole, indicating the antinociceptive effect is mediated selectively through the KOPr 

(John et al., 2006). In the acetic acid writhing assay of visceral nociceptive pain, SalA significantly 

reduced the number of responses for up to 15 min (0.5 mg/kg i.p.) in male Swiss mice (McCurdy et al., 

2006). 

SalA also has antinociceptive effects in inflammatory pain models. In male ICR mice, SalA significantly 

reduced lipopolysaccharide (LPS)- and carrageenan-induced paw oedema, which was further studied 

in vitro, showing SalA reduced LPS-stimulated nitrite, TNFα and interleukin-10 (IL-10) levels, and 

inducible nitric oxide synthase (iNOS) expression in mouse peritoneal macrophages (Aviello et al., 

2011). In an inflammatory pain model of colitis, male CD-1 mice administered SalA show significant 

decreases in disease score via both i.p. administration (3 mg/kg) and oral administration (10 mg/kg) 

when given twice daily for 3 days (Fichna et al., 2012). SalA (3 mg/kg i.p. or 10 mg/kg intracolonic) 

produced an antinociceptive effect measured by a decrease in pain responses following intracolonic 
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instillation of mustard oil, which was reversed by nor-BNI and the CB1 receptor antagonist AM251 

(Fichna et al., 2012). 

In the intraplantar formaldehyde assay, SalA reduced the nociceptive and inflammatory phases of pain 

in a dose-dependent manner (0.5-2 mg/kg i.p.), which was reversed by pre-treatment of nor-BNI and 

the CB1 receptor antagonist rimonabant (Aviello et al., 2011). A further study extended the 

intraplantar formaldehyde test to measure the persistent formaldehyde–induced pain effects of over 

7 days. Daily treatment of SalA (2 mg/kg i.p.) significantly reduced mechanical allodynia up to day 7 

(Guida et al., 2012). Both nor-BNI and the CB1 receptor antagonist AM251, but not the CB2 receptor 

antagonist AM630 reduced the effect of SalA (Guida et al., 2012). Electrophysiology experiments were 

carried out to measure the changes in nociceptive specific neuron activity in the spinal cord, with SalA 

transiently normalising the formaldehyde-induced nociceptive activity (Guida et al., 2012). 

Furthermore, SalA reduced the formaldehyde-evoked glial and microglial activation and normalised 

the levels of IL-10 and iNOS expression in the spinal cord (Guida et al., 2012). 

In the sciatic nerve ligation model of neuropathic pain, microinjection of SalA into the insular cortex 

of male Wistar rats produced a significant antinociceptive effect measured with the thermal 

Hargreaves’ test and electronic von Frey aesthesiometer (Coffeen et al., 2018). The effect was blocked 

by the administration of the KOPr antagonist nor-BNI and the CB1 receptor antagonist AM251 

(Coffeen et al., 2018). Interestingly, in several of the models, the antinociceptive effect was reduced 

or attenuated by pre-treatment with CB1 receptor antagonists (Aviello et al., 2011; Fichna et al., 2012; 

Guida et al., 2012; Coffeen et al., 2018), however, binding studies show that SalA is a selective KOPr 

agonist (Roth et al., 2002) and SalA does not substitute in mice trained to discriminate THC (Walentiny 

et al., 2010). Cannabinoid receptor agonists have been shown to have a synergistic action with opioid 

receptor agonists (Grenald et al., 2017) and may form heterodimers with the opioid receptors (Sierra 

et al., 2017). In addition, the CB1 antagonist rimonabant has been shown to attenuate U69,593 

binding to the KOPr, indicating that rimonabant may have antagonistic effects on the KOPr (Walentiny 

et al., 2010; Zador et al., 2015). 

1.7.4.4 Novel synthetic analogues of Salvinorin A 

SalA has reduced side effects compared to the traditional KOPr agonists. However, SalA has been 

shown to cause aversion in CPA (Zhang et al., 2005b), anxiety in the elevated plus maze (Braida et al., 

2009), pro-depressive effects in the forced swim test and intracranial self-stimulation model (Carlezon 

et al., 2006), learning and memory impairments in the eight-arm radial maze and object recognition 

tasks (Braida et al., 2011), and motor incoordination in the inverted screen task (Fantegrossi et al., 

2005) in rodent models. Using male and female rhesus macaques as a non-human primate model, 
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SalA had a sedative effect (0.01-0.1 mg/kg i.v.), as measured by unresponsiveness to environmental 

stimuli and postural relaxation (Butelman et al., 2009). Furthermore, SalA has a short duration of 

action in vivo (Butelman et al., 2007; Ranganathan et al., 2012) as it is quickly metabolised to the 

inactive product Salvinorin B (Schmidt et al., 2005b; Kutrzeba et al., 2009), all of which has limited the 

clinical usefulness of SalA. 

However, longer acting SalA analogues have the potential for development of non-addictive analgesics 

if centrally mediated side effects can be reduced. To improve the therapeutic potential for SalA, two 

strategies for designing analogues have been considered. Firstly, creating a peripherally restricted 

analogue of SalA would potentially remove the negative centrally-mediated side effects (Kivell & 

Prisinzano, 2010). This could be particularly useful at treating inflammatory pain, as inflammation 

leads to the increase in synthesis of opioid receptors in the DRG which are then distributed at higher 

density in the PNS and CNS (Zollner et al., 2003; Puehler et al., 2006). However, compounds tested so 

far have only produced moderate antinociceptive effects (Vadivelu et al., 2011), although, the 

peripherally-restricted KOPr agonist CR665 developed by Cara Pharmaceuticals was advanced to 

Phase II clinical trials (Arendt-Nielsen et al., 2009; Olesen et al., 2013). The second strategy is to take 

advantage of the concept of biased agonism where specific ligands activate distinct downstream 

pathways (Bruchas & Chavkin, 2010). Analogues which can activate the analgesic G-protein pathways 

without the β-arrestin pathway could have reduced side effects (Bruchas & Chavkin, 2010). Recently, 

it has been shown that the clinically-available agonist nalfurafine is ‘extremely’ G-protein biased at 

the human KOPr (Schattauer et al., 2017). 

Our collaborator, Prof. Thomas Prisinzano at the University of Kansas, has created a library containing 

structural analogues of SalA. Many of the modifications have focussed on the functional alterations at 

the carbon-2 and carbon-16 positions. Modifications at the carbon-2 have led to increased potency 

and binding affinity by adding metabolism-protective groups and removing the hydrolysable ester 

(Munro et al., 2008). Modifications at the carbon-16 position may hinder the action of cytochrome 

P450 enzymes metabolising the furan ring and therefore improve the metabolic stability (Wilson et 

al., 1990). In vivo testing of these carbon-2 and carbon-16 SalA analogues have been shown to 

attenuate drug-seeking behaviours with reduced side effect profiles (Riley et al., 2014; Simonson et 

al., 2015; Ewald et al., 2017). This thesis aimed to screen the antinociceptive and anti-inflammatory 

effects of novel analogues of SalA, and further study the promising compounds as potential 

treatments for chemotherapy-induced neuropathic pain.   

 



 

50 
 

1.8 Overall aims, objectives and hypotheses 

Currently, there is an urgent global need for the development of non-addictive analgesic medications. 

This research aimed to screen and evaluate the antinociceptive and anti-inflammatory effects of 

several novel compounds including bioactive lipids and KOPr agonists, all of which have reduced abuse 

potential. The effect of acute administration of the compounds were evaluated in animal models of 

nociceptive and inflammatory pain in mice. Based on previous studies with SalA, it was hypothesised 

that the novel potent compounds would have antinociceptive and anti-inflammatory effects in vivo. 

Further studies into the sedative and thermoregulatory side effects were also evaluated, with the 

hypothesis that DHEA and novel KOPr agonists would show a reduced side effect profiles. 

Additionally, chemotherapy-induced neuropathic pain is a serious problem and can be the reason for 

limiting cancer treatments. This thesis aimed to investigate the efficacy of treating paclitaxel-induced 

neuropathic pain with KOPr agonists and further assess the mechanism of action by quantifying 

demyelination in the sciatic nerve. 

The specific aims of the study were: 

1. To evaluate the acute antinociceptive effects and side effects of the bioactive lipid compound 

DHEA in preclinical models of pain in mice. 

2. To evaluate the acute antinociceptive effects and side effects of novel KOPr agonists in 

preclinical models of pain in mice. 

3. Assess the efficacy of the novel KOPr agonists on paclitaxel-induced neuropathic pain using 

an acute dose-response model for mechanical and cold allodynia. 

4. To further test the KOPr agonists in a chronic model of paclitaxel-induced neuropathic pain 

and evaluate the effects on demyelination in the sciatic nerve. 
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Chapter 2: Methods 

2.1 Animals 

Adult female and male C57BL/6J mice (18-30 g, 8+ weeks old) were used in the paclitaxel-induced 

neuropathic pain experiments. Adult male B6-SJL mice (22-30 g, 8+ weeks old) were used for all other 

experimental procedures. Animals were bred and housed at the Victoria University of Wellington 

(VUW) Animal Facility, New Zealand, however initial breeding stock were supplied from the 

Biomedical Research Unit at the Malaghan Institute of Medical Research, Wellington, New Zealand. 

Animals were originally sourced from the Jackson Laboratories (Bar Harbour, ME, USA). 

All animals were group-housed (maximum 5 mice/cage) in a temperature (20-22°C) and humidity 

(55%) controlled environment. The animals were maintained on a 12-hour light/dark cycle with lights 

on at 7 am. All procedures were undertaken during the light cycle, with procedures never beginning 

in the first hour the lights turned on. Procedures were carried out in the presence of white noise to 

mask the effects of background noise. Access to food pellets (Diet 86, Sharpes Stock Feed, Carterton, 

NZ) and tap water was provided ad libitum except during experimental sessions. For all paclitaxel-

induced neuropathic pain experiments, soft paper/pulp-based Carefresh Natural bedding (Masterpet, 

Lower Hutt, NZ) was used in the home cage to avoid any mechanical stimulation to the paw. In other 

experimental procedures, Kay pine bedding (Masterpet) was used. Each cage had shredded nesting 

material and cardboard rolls as environmental enrichment.  

Animals were handled for at least two days before testing in order to acclimatise to handling and 

prevent stress during experimental procedures. Animals were habituated to the experimental room 

for 30 min each day. If a male observer was present, the animals were habituated to the observer for 

60 min daily before commencing the experiment to reduce stress-induced analgesia (Sorge et al., 

2014). All procedures were carried out with the approval of the VUW Animal Ethics Committee 

(bioactive lipids project, approval number 2013R31; opioid agonist project, approval number 21480). 

All procedures were carried out in agreement with the New Zealand Animal Welfare Act, 1999. In 

accordance with the 3 Rs principles for the ethical use of animals in research (Russell & Burch, 1959), 

efforts were made to reduce total animal numbers by using mice in multiple behavioural experiments. 

Mice which were reused for multiple procedures had a minimum rest period of seven days between 

tests. Animals were reused for the time course tail withdrawal assay, rotarod, temperature change 

and intraplantar formaldehyde assay. All animals which underwent the intraplantar formaldehyde 

assay were immediately culled afterwards. Animals used in repeated procedures did not receive the 

same treatment twice to reduce the effects of opioid tolerance. Treatment-naive animals were used 
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for the warm water tail withdrawal dose-response experiments and all paclitaxel-induced neuropathic 

pain experiments. 

2.2 Drug preparation 

2.2.1 Bioactive lipid compounds 

DHEA was provided by Dr Mikhail Vyssotski at Callaghan Innovation (Lower Hutt, NZ). DHEA was stored 

under argon in the -80°C freezer and freshly prepared on each day of use. DHEA was dissolved in 

dimethyl sulfoxide (DMSO; Sigma-Aldrich, St Louis, MO, USA) and propylene glycol (Sigma-Aldrich) at 

a ratio of 1:4 to make a 2 mg/mL stock solution. This stock was further diluted with phosphate buffered 

saline (PBS, 140 mM NaCl, 2.68 mM KCl, 8.1 mM Na2HPO4, 1.47 mM KH2PO4; Appendix A) to make a 

0.2 mg/mL solution via i.p. injection to give a 2 mg/kg dose (delivered at 10 μL/g). The cannabinoid 

receptor antagonists AM251 and AM630 were purchased from Tocris Bioscience (Bristol, UK). AM630 

and AM251 (1 mg/kg i.p.) were administered with a vehicle containing 1:9 ratio of DMSO and 

physiological (0.9% NaCl) saline prior to DHEA administration, with a pre-treatment time of 30 min 

and 40 min respectively. 

2.2.2 Kappa opioid receptor agonists 

SalA and the analogues were provided by Prof. Thomas Prisinzano (University of Kansas, Lawrence, 

KS, USA). SalA was isolated and purified from S. divinorum leaves and assessed for purity (>98%) using 

high-performance liquid chromatography (HPLC) (Munro & Rizzacasa, 2003; Tidgewell et al., 2004). 

The SalA analogues were synthesised as previously published: 16-Ethynyl SalA and 16-Bromo SalA 

described in Riley et al. (2014); β-THP SalB and EOM SalB described in Prevatt-Smith et al. (2011). All 

the novel SalA analogues were tested for purity (>95%) with HPLC. The traditional KOPr agonist 

U50,488 was purchased from Sigma-Aldrich. Morphine sulphate (Hospira NZ Ltd., 10 mg/mL in saline) 

was purchased from the Capital and Coast District Health Board Pharmacy (Wellington, NZ). All of the 

KOPr agonists and morphine were light-protected and stored at 4°C. 

All of the KOPr agonists were dissolved in a vehicle containing DMSO, Tween-80 (Sigma-Aldrich) and 

physiological saline at a ratio of 2:1:7 respectively. Morphine came pre-prepared in saline but was 

diluted by adding DMSO, Tween-80 and further saline, to achieve an identical vehicle. The KOPr 

agonists were delivered at a volume of 10 µL/g of weight via i.p. injection and delivered at 5 µL/g via 

s.c. injection in the warm water tail withdrawal dose-response experiments. The KOPr antagonist nor-

BNI (Sigma-Aldrich) was dissolved in physiological saline and injected s.c. 24 h prior to testing to 

selectively antagonise the KOPr, as earlier pre-treatment intervals have been shown to also antagonise 

the MOPr (Endoh et al., 1992; Kishioka et al., 2013). 
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2.3 Acute Nociceptive Assays 

2.3.1 Warm water tail withdrawal assay 

On the two days prior to the test day, mice were restrained in transparent plastic tube restrainers 

(internal diameter 24 mm) for 5 min daily, to acclimatise the animals to the procedure and reduce 

restraint stress. Tail withdrawal latencies were measured by immersing one-third of the distal portion 

of the tail in a warm water bath (50 ± 0.5°C) and the time to show the withdrawal response recorded 

with a stopwatch. A maximum tail immersion cut-off of 10 s was used to avoid tissue damage and 

allow for repeated exposure to the thermal stimulus. On the day of the experiment, the baseline 

latency for each animal was measured by averaging three drug-naive tail withdrawal latencies, with 

successive measurements taken at least 5 min apart. Following the experimental procedure, the 

percentage maximum possible effect (%MPE) was calculated for each animal at each time point by 

using the following formula: 

% 𝑀𝑃𝐸 =  (
𝑡𝑒𝑠𝑡 𝑙𝑎𝑡𝑒𝑛𝑐𝑦 − 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑙𝑎𝑡𝑒𝑛𝑐𝑦

10 − 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑙𝑎𝑡𝑒𝑛𝑐𝑦
) ×  100 

2.3.1.1 Time course warm water tail withdrawal assay 

To measure the duration of action, the tail withdrawal assay was measured over a time course 

(Simonson et al., 2015; Paton et al., 2017). Following the baseline latency measurements, mice were 

given an i.p. injection of either DHEA, KOPr agonist or vehicle and the latency to tail withdrawal 

behaviour was determined at 5, 10, 15, 30, 45, 60, 90 and 120 min post-injection for each animal in a 

repeated measures design. One latency measurement was taken at each time point. 

2.3.1.2 Cumulative dose-response tail withdrawal assay 

The cumulative dose-response effects were evaluated using a within animal design (Bohn et al., 2000; 

Paton et al., 2017; Sherwood et al., 2017a). The mice were given s.c. injections at increasing 

concentrations to create cumulative doses. At 30 min post-injection, the tail withdrawal latency was 

measured and the next cumulative dose administered immediately after (30 min time interval based 

on the previous duration of action experiments in the Kivell laboratory). The doses were delivered at 

a volume of 5 µL/g of weight, and the s.c. injections delivered into the scruff of the neck, the left flank 

and the right flank in sequence to avoid continuous injections into the same area. SalA and the 

analogue β-THP SalB, were measured at the following doses: 0.3, 0.6, 1.0, 2.5, 5.0, 7.5, 10.0 mg/kg. 

16-Ethynyl SalA and 16-Bromo SalA were measured at the following doses: 0.3, 0.6, 1.0, 2.5, 5.0, 7.5, 

10.0, 12.5 mg/kg. EOM SalB was measured at the following doses: 0.1, 0.3, 0.6, 1.0, 2.5, 5.0, 7.5 and 

10.0 mg/kg. U50,488 was measured at the following doses: 1.0, 2.5, 5.0, 7.5, 10.0, 20.0 and 30.0 

mg/kg. Typically, higher doses were prepared for the initial experiment, as the effectiveness of the 
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novel agonists in vivo were unknown. However, a judgement was made to terminate the experiment 

when two consecutive results had no substantial increase in latency or the animals were too sedated 

to enter the restrainers. The mice were culled at the end of the procedure. Non-linear regression 

analysis was used to determine potency (median effective dose (ED50)) and efficacy calculated by 

normalising data to the traditional KOPr agonist U50,488 (maximum dose achieved (Emax)). 

2.3.2 Hotplate assay 

Mice were tested using a hotplate (IITC Life Science, Woodland Hills, CA, USA) set at a constant 

temperature of 50°C. The mice were placed in a clear plastic enclosure with a removable lid sitting on 

top of the hotplate surface. The timing began when the mouse was placed on the hotplate and all four 

paws were touching the surface. The time for the mouse to either shake or lick one of the hind paws 

or to exhibit escape behaviour (trying to jump out of the enclosure) was measured with a cut-off of 

30 s to avoid tissue damage. The mice were acclimatised to the sound of the hotplate machine for 30 

min per day and baseline measurements were taken once per day for three days prior to testing. The 

baseline latency was taken as the average of the three measurements. On the test day, an i.p. injection 

of the KOPr agonist or vehicle was administered and measurements were taken at 15, 30 and 60 min 

post-injection. The percentage change at each time point was calculated using the following formula: 

% 𝑐ℎ𝑎𝑛𝑔𝑒 = (
𝑡𝑒𝑠𝑡 𝑙𝑎𝑡𝑒𝑛𝑐𝑦 − 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑙𝑎𝑡𝑒𝑛𝑐𝑦

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑙𝑎𝑡𝑒𝑛𝑐𝑦
) × 100 

 

2.3.3 Intraplantar 2% formaldehyde model 

The apparatus for the intraplantar 2% formaldehyde model used a wooden box (27.5 x 18.5 cm) with 

an open bottom and top (height 30 cm). This box was placed on top of a glass surface with a 45° angle 

mirror placed underneath to facilitate observations of the hind paws via a digital video camera. The 

mice were allowed to habituate to the test enclosure for 15 min before testing. The mice were given 

KOPr agonist, DHEA or vehicle treatment via i.p. injection 5 min prior to the administration of 20 μL of 

formaldehyde (2% in PBS) or PBS control via i.pl. injection. 2% formaldehyde concentration was 

selected based on previous concentrations tested in the Kivell laboratory, which showed 2% was 

sufficient to generate a robust biphasic nociceptive effect. For the i.pl. injection, the mice placed in a 

restrainer and drug or vehicle administered with a 29-gauge needle orientated bevel upwards. The 

needle was inserted under the plantar surface in the centre of the right hind paw, with care to avoid 

blood vessels. In a small number of cases, the injected liquid came back out of the injection site or a 

blood vessel was hit causing bleeding, these animals were excluded from the experimental results. 
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The pain behaviours were recorded for 60 min. The methods of Dubuisson and Dennis (1977) were 

used to assess the pain behaviour of the injected paw using a weight-bearing score. The pain was 

scored as 0 if the mouse showed normal behaviour; 1 for partial weight-bearing with only the digits 

touching the floor; 2 with no weight-bearing with the paw raised; and 3 where the paw was bitten, 

licked or shaken. The videos were blinded and the pain behaviour scores were assigned at 5 s intervals 

for the total 60 min. An average pain score was calculated for each 5 min time period. For the area 

under the curve analysis, the two phases of pain were separated out as follows: 0-15 min phase I 

nociceptive pain; and 20-60 min phase II inflammatory pain. Mice were immediately culled after the 

experimental procedure was completed. 

2.3.3.1 Intraplantar administration of compounds 

To test the local effects of the compounds, treatments were given as an i.pl. injection 5 min prior to 

and in the same hind paw as the 2% formaldehyde i.pl. injection. The initial test compound injection 

was delivered slightly to the left of the centre point of the hind paw, and the second injection of 

formaldehyde was injected slightly to the right. The KOPr agonist, DHEA or vehicle were delivered at 

1 μL/g with a maximum of 30 μL. The KOPr agonists were in a vehicle containing DMSO only, and DHEA 

was in a vehicle containing 1:4 ratio of DMSO and propylene glycol.  

To further investigate the effects of DHEA on inflammatory pain, the DHEA i.pl. injection was given 15 

min following the 2% formaldehyde injection. In the time between the injections, the mice were 

placed into the test enclosure but were not recorded. 

2.3.3.2 Paw oedema 

The mice were restrained and the size of the right hind paw was measured with digital callipers prior 

to the beginning of the experimental procedure. The depth, width and height of the paw were 

measured, however, the decision was made to only use the depth in the oedema calculations as these 

were the only measurements that changed following the administration of formaldehyde. Following 

the 60 min test period, the hind paw was measured again to calculate the percentage change in paw 

depth, using the following formula: 

% 𝑐ℎ𝑎𝑛𝑔𝑒 = (
𝑑2 − 𝑑1

𝑑1
) × 100 

Where d1 is the original depth of the paw and d2 is the depth of the paw 60 min after 2% formaldehyde 

or PBS vehicle i.pl. injection. 
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2.4 Evaluation of immune cell infiltration into footpad tissue 

2.4.1 Footpad tissue dissection 

The footpad tissue from the intraplantar formaldehyde model was assessed for immune cell 

infiltration. Animals were euthanised by CO2 asphyxiation followed by cervical dislocation. The right 

hind paw was removed and the footpad tissue was dissected using a razor blade to slice off the tissue 

from above the bone. The tissue was further processed for either flow cytometry or histology. 

2.4.2 Flow cytometry 

Cell isolation from footpad tissue was carried out using methods modified from Leong et al. (2012) 

and as described in Paton et al. (2017). Immediately following the formaldehyde test (60 min following 

formaldehyde injection), the footpad tissue was dissected and digested for 2 h in complete Iscove’s 

modified Dulbecco’s medium (cIMDM with 10% heat-inactivated foetal bovine serum (FBS), 1% 

penicillin-streptomycin) containing 125 µg/mL Deoxyribonuclease I (DNase; from bovine pancreas, 

Type II-S, Sigma-Aldrich) and 5 mg/mL collagenase I (from Clostridium histolyticum, Sigma-Aldrich) at 

37°C. The digest was pressed through a 40 μm filter (BD Bioscience, San Jose, CA, USA) and the cells 

were washed and resuspended in cIMDM and stored on ice until all samples were ready to be further 

processed. The cells were washed in fluorescence-activated cell sorter (FACS) buffer, resuspended in 

an antibody solution in FACS buffer and incubated in the dark for 15 min at 4°C. The antibody solution 

contained antibodies for the cell surface markers stated in Table 2.1. 
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Cell surface marker Description of cell marker Fluorophore Species Manufacturer 
Optimal 
dilution 

CD45 lymphocyte common antigen PerCP Rat anti-mouse Biolegend 1:800 

CD11c common dendritic cell marker APC Hamster anti-mouse BD Bioscience 1:200 

CD11b macrophage, neutrophil and monocyte marker FITC Rat anti-mouse BD Bioscience 1:400 

F4/80 macrophage marker PE Rat anti-mouse Biolegend 1:200 

Gr-1 myeloid differentiation marker Pacific Blue Rat anti-mouse Biolegend 1:400 

Ly6C monocyte marker AF 700 Rat anti-mouse BD Bioscience 1:200 

CD3 T cell marker PE-Cy7 Rat anti-mouse Biolegend 1:600 

Live/dead stain live/dead fixable blue for UV excitation 
Ext/Em  

~350/~450 nm 
- Life Technologies 1:500 

Table 2.1: Antibodies for flow cytometry labelling 

 
 
AF, Alexa Fluor; APC, allophycocyanin; Ext/Em, excitation/emission; FITC, fluorescein isothiocyanate; PerCP, peridinin-chlorophyll-protein; PE, phycoerythrin. 

5
7 

https://en.wikipedia.org/w/index.php?title=Peridinin-chlorophyll-protein&action=edit&redlink=1
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Cells were resuspended and fixed in 10% formalin at room temperature for 10 min and resuspended 

in FACS buffer, to be analysed by flow cytometry the next day. Flow cytometry was analysed on a LSRII 

Special Order Research Product (BD Bioscience) at the Malaghan Institute of Medical Research with 

the help of Odette Shaw and Kristel Kodar. Single-stained samples of negative control cells were 

included for each fluorophore. Leukocytes were distinguished from non-haematological cells by their 

CD45+ expression. Neutrophils were identified as CD45+/CD11b+/Ly6C-/CD11c-/Gr-1high. Monocytes 

were identified as CD45+/CD11b+/Ly6C+/CD11c-/F4-80-/Gr-1low. Macrophages were identified as 

CD45+/CD11b+/Ly6C-/CD11c-/F4-80+/Gr-1low. Dendritic cells were identified as CD45+/CD11b-

/CD11c+. T cells were sorted out with CD3 expression. All gating strategies removed the dead cells 

using Live/Dead Fixable blue dead cell stain kit. The data were analysed using FlowJo version 10.0 

(FlowJo LLC, Ashland, OR). 

2.4.3 Histology to quantify neutrophils 

2.4.3.1 Frozen sectioning 

The footpad tissue samples from bioactive lipid experiments were fixed in 4% formaldehyde overnight 

and cryoprotected in 30% sucrose in PBS for 24-48 hours until the tissue sunk to the bottom of the 

container. The sections were embedded in Jung tissue freezing medium (Leica Biosystems) and frozen 

at -80°C for long-term storage. Sagittal 10 µm sections were cut using a Leica CM3050 S cryostat 

microtome (Leica Biosystems) and mounted on Superfrost plus slides (Thermo Fisher Scientific). To 

enhance fixation and adherence to the slide, samples were immersed in ice-cold acetone for 10 min 

prior to staining and air-dried overnight. 

2.4.3.2 Paraffin embedding 

The footpad tissue samples from the KOPr agonist experiments were fixed in 4% formaldehyde 

overnight and then stored in 70% ethanol at 4°C. The tissue was placed into a tissue processing 

cassette (Thermo Fisher Scientific) and processed on a Leica TP1020 processor (Leica Biosystems, 

Wetzlar, Germany) using the settings in Table 2.2. The tissue was removed from cassettes and 

embedded in paraffin (Histoplast PE, Thermo Fisher Scientific) using a Leica EG1160 tissue embedding 

system (Leica Biosystems). Sagittal 5 µm sections were cut using a Leica RM 2235 microtome (Leica 

Biosystems) and mounted on Superfrost plus slides. Sections were deparaffinised with xylene 

(histological grade; 2 x 5 min) and then rehydrated through a sequence of ethanol concentrations 

starting at 100% (2 x 5 min) through to 70% ethanol (1 x 5 min). 
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Solution Time 

70% Ethanol 2 hours 

80% Ethanol 1.5 hours 

95% Ethanol 1 hour 

95% Ethanol 1 hour 

100% Ethanol 1.5 hours 

100% Ethanol 1.25 hours 

100% Ethanol 1.25 hours 

100% Ethanol/Xylene 1.5 hours 

Xylene 1 hour 

Xylene 1 hour 

Paraffin wax 1.5 hours 

Paraffin wax (with vacuum) 2 hours 

Table 2.2: Leica TP1020 processor settings for paraffin embedding footpad tissue samples 

 

 
2.4.3.3 Haematoxylin and eosin Y staining 

All of the sections were stained with haematoxylin and eosin Y (H&E) to identify neutrophils. After the 

processing mentioned above, slides were washed with tap water for 5 min and then immersed in 

haematoxylin (Gill’s No. 3, Sigma-Aldrich) for 5 min, before being dipped in tap water until the slides 

were clear of excess stain. The slides were then dipped in acid alcohol (1% HCl in 70% ethanol) 

approximately 10 times and placed back into tap water for 10 min. Slides were then placed in 1% eosin 

Y (Acros Organics, Thermo Fisher Scientific) in an acid alcohol solution (0.5% glacial acetic acid in 70% 

ethanol, Appendix A) for 2 min. Slides were washed in water and dehydrated using 70% (quick pass) 

and then 100% ethanol for 5 min, before being placed in two successive washes with xylene for 5 min 

each. Coverslips were mounted using DPX mounting medium (Thermo Fisher Scientific). In more 

recent experiments, CC aqueous tissue mounting medium (Sigma-Aldrich) was used to replace the 

ethanol and xylene steps at the end. After the eosin Y solution, slides were dipped into tap water until 

clear and then the coverslip was mounted with the CC mountant. 

2.4.3.4 Quantification of neutrophil numbers 

The stained sections were examined using an Olympus IX53 microscope (Olympus New Zealand Ltd.) 

with an Olympus TH4-200 white light and images captured with an Olympus DP73 camera using 

CellSens software. The sections were assessed at 4x magnification and a grid with rectangles 

measuring 140 x 100 μm was placed randomly upon the section. The grid squares that completely 

contained dermis layer were numbered. Using a random number generator, 5 fields of view at 100x 

magnification were assessed for neutrophil numbers in 6 sections per animal (30 fields of view). 
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Neutrophils were identified by the unique multilobular nucleus. Neutrophils were only counted when 

the complete cell was visualised within the field of view, however, neutrophils within blood vessels 

were not counted. The total number of neutrophils per animal was divided by the area of the sections 

counted. The cell counts were performed blind to the treatment. 

2.5 Side effect behavioural assays 

2.5.1 Rotarod Performance Assay 

Mice were assessed for motor coordination on a rotarod apparatus (32 mm diameter barrel; Harvard 

Apparatus, MA, USA) as previously described in Crowley et al. (2016). The mice were initially trained 

on the apparatus in a series of 4 sessions/day over 4 days. The rotarod procedure involved placing the 

mice on the apparatus which was spinning at 4 rpm. Following a few seconds on the apparatus and 

once the mice were positioned correctly so that they were running against the spin of the barrel, the 

acceleration began with the increase from 4-40 rpm over 300 s. The latency to fall from the apparatus 

was measured, with the mice removed from the apparatus if they still remained on at 300 s. On the 

test day, triplicate baseline measurements were taken and only mice able to remain on the rotarod 

for longer than 240 s in every trial were included in the experiment. This was done to exclude any 

animals with pre-existing motor incoordination. The mice were administered an i.p. injection of either 

DHEA, KOPr agonist or vehicle and the latency to fall was measured repeatedly at 15, 30, 45, 60, 90, 

120, 180 and 240 min. The results were expressed as a percentage of the individual animal’s baseline, 

with no value larger than 100%. 

2.5.2 Core Body Temperature 

The core body temperature of the mice was measured via a rectal probe (Acorn series, Singapore). 

The temperature probe was calibrated to 37°C each day prior to use. The mice were placed in a 

transparent plastic tube restrainer and the probe was inserted 1 cm into the anal canal and held in 

place until the temperature stabilised (for no more than 5 s). A baseline measurement was taken 30 

min before the experiment began. Following i.p administration of DHEA, KOPr agonist or vehicle, with 

a single measurement taken at 30, 60, 90 and 120 min post-injection. The change in core body 

temperature was calculated based on the baseline measurement. 
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2.6 Paclitaxel-Induced Neuropathic Pain Model 

2.6.1 Initiation of paclitaxel-induced neuropathic pain 

Paclitaxel was purchased from Tocris Bioscience (Taxol #RDS109750) and stored light-protected at 

4°C. Paclitaxel was made up fresh every day by dissolving in absolute ethanol, cremophor EL (Sigma-

Aldrich) and physiological saline at a ratio of 1:1:18 respectively. The powder had to be completely 

dissolved in the solvent (ethanol) before adding the emulsifier (cremophor) and finally, the saline was 

added immediately prior to use in order to avoid precipitation of the drug. Experimental procedures 

were modified from methods found in Deng et al. (2015) and as described in Paton et al. (2017). Male 

and female C57BL/6J mice were administered paclitaxel 4 mg/kg i.p. injections on four alternate days 

to give a cumulative dose of 16 mg/kg (see Figure 2.2). The paclitaxel was made as a 0.4 mg/ml solution 

and delivered at 10 μl/g. Control mice were given equivalent doses of the cremophor vehicle and were 

housed in separate cages to the paclitaxel-treated animals. Mechanical and cold allodynia were 

assessed every second day to measure the progression of paclitaxel-induced effects. Mice were placed 

in transparent plastic chambers upon a metal mesh stand. After a 20 min habituation to the apparatus, 

each hind paw was measured in duplicate for each type of stimulation, always beginning with 

mechanical. On days with behavioural measurements and a paclitaxel dose, measurements were 

always taken prior to the administration of paclitaxel. 

2.6.2 Mechanical allodynia 

Mechanical allodynia was measured using a 20-piece set of Semmes Weinstein von Frey filaments 

(Touch Test Sensory Evaluator Kit for Animal Research, #58011, Stoelting, IL, USA). Filaments 

numbered from 2 to 9 were used, with testing always beginning with filament number 5. The filament 

was applied at a right angle to the plantar surface of the hind paw with enough force to produce a 

slight bend in the nylon filament. The force that each filament bends at is proportional to the diameter 

and inversely proportional to the length (see Table 2.3 for target forces of each monofilament). The 

filaments were held for 3 s or until a positive withdrawal response was observed. A positive 

withdrawal response was defined as a sharp withdrawal of the paw upon application of the filament 

or flinching immediately on removal of the filament. Mechanical allodynia was measured using a 

simplified up-down method (Bonin et al., 2014), where a withdrawal response resulted in the use of 

next lower filament in the subsequent test; if no withdrawal response was observed, the next higher 

filament was used (for examples see Figure 2.1). This continued until 5 filaments had been 

administered. The paw withdrawal threshold was calculated by using the outcome of the fifth filament 

used in each testing sequence and adding or subtracting a value of 0.5 filament intervals if the 

response to the fifth filament was negative or positive, respectively (Bonin et al., 2014). Mechanical 
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allodynia for each animal was calculated by averaging the paw withdrawal thresholds from duplicate 

values for each hind paw. 

 

 

Filament no. Evaluator size Target force* (g) Target force* (mN) 

2 2.36 0.02 0.196 

3 2.44 0.04 0.392 

4 2.83 0.07 0.686 

5 3.22 0.16 1.569 

6 3.61 0.40 3.922 

7 3.84 0.60 5.882 

8 4.08 1.00 9.804 

9 4.17 1.40 13.725 

 
Table 2.3: Target force of the von Frey filaments used to measure mechanical allodynia 

Manufacturers (Stoelting Co.) details on the individual von Frey filaments used to measure mechanical 

allodynia. The evaluator size refers to the value of log10(10 x force in milligrams) and is used as a handle 

marking to identify the filaments. *The target forces are derived from tests performed by the 

manufacturer and individually calibrated within a 5 % standard deviation. 

 

 

  
 
 

            

 
 
 
 
 

Trial  
no.    

 2 3 4 5 6 7 8 9     2 3 4 5 6 7 8 9 

1    O        1    O     

2     X       2     O    

3    O        3      O   

4     X       4       O  

5    O        5        X 

 

Figure 2.1: Examples of the simplified up-down von Frey filament testing scheme 

Two examples of the simplified up-down method using von Frey filaments to test for mechanical 

allodynia. The testing always begins with filament number 5. No withdrawal response (O) means the 

next highest fibre is subsequently used. A positive withdrawal response (X) means that the next lowest 

fibre is used next. The withdrawal scores are 5.5 and 8.5 for these two examples.  

         Filament no. 
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2.6.3 Cold allodynia 

Using a 1 mL syringe, a bubble of acetone was administered to the plantar surface of the hind paw 

with care not to cause any mechanical stimulation with the end of the syringe. The amount of time 

the animal reacted to the stimulus was recorded within 60 s of the application. A positive reaction was 

defined as elevating, licking, biting or shaking of the paw. Two measurements were taken for each 

hind paw alternately with 5 min between consecutive applications. Cold allodynia for each animal was 

calculated by averaging the duration of time (s) spent responding to the acetone across the 4 

applications. 

2.6.4 Acute dose-response procedure in paclitaxel-treatment mice 

On day 15 following the initial paclitaxel injection, the cumulative dose-response effects of the KOPr 

agonists and morphine were assessed in the paclitaxel-treated male and female mice using a within-

animals design (Figure 2.2). The KOPr agonists, morphine, or equivalent volumes of the vehicle were 

administered via s.c. injection every 30 min at increasing concentrations to create cumulative doses, 

with the mechanical and cold allodynia measured 30 min following each dose. The effects were 

measured in each hind paw once for each dose. The treatments were delivered at a volume of 5 µl/g 

of weight, and the s.c. injections delivered into the scruff of the neck, the left flank and the right flank 

in sequence to avoid continuous injections into the same area. SalA and the analogues β-THP SalB, 16-

Ethynyl SalA and 16-Bromo SalA were measured at the following doses: 0.3, 0.6, 1.0, 2.0, 5.0 and 10 

mg/kg. The traditional KOPr agonist U50,488 and morphine were measured at the following doses: 

0.5, 1.0, 2.0, 5.0, 10 and 20 mg/kg. Non-linear regression analysis was used to determine potency 

(ED50) with the data compared to morphine. 

2.6.4.1 Grimace scale photos 

During the first experimental replicate of the acute dose-response procedure, the mice treated with 

paclitaxel were closely monitored as this was the first instance of using this procedure in the Kivell 

laboratory. On days 0, 4, 7, 11 and 15, the mice that received paclitaxel were placed in the behavioural 

observation platform and observed for 5 min each, with behavioural observations related to 

spontaneous pain were recorded (Langford et al., 2010). The scale judges the facial features of the 

animals for orbital tightening, nose and cheek bulge, ear position and whisker changes assigning a 

score of either ‘not present’, ‘moderate’ or ‘severe’ (Figure 1.6). Images were taken to represent the 

behaviours observed. The grimace scale was not measured in any further experimental replicates as 

spontaneous pain in the mice was deemed to either be not present or at very low levels. 
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2.6.4.2 Kappa opioid receptor antagonist experiment 

To understand the involvement of the KOPr in the anti-allodynic effects of the novel agonists, the KOPr 

antagonist nor-BNI was used. Nor-BNI is a long-acting KOPr antagonist (up to 28 days) which has 

transient MOPr antagonism for up to 4 hours after administration (Munro et al., 2012). To selectively 

antagonise the KOPr, nor-BNI was administered s.c. 24 hours before the dose-response procedure 

with 16-Ethynyl SalA and 16-Bromo SalA. For this procedure, 3 male and 3 female mice were used per 

treatment group. 

 

 

 

 

 

Day: 0* 1 2 3 4* 5 6 7* 8 9 10 11* 12 13 14 15* 

 

 

 

 

Figure 2.2: Experimental design for the acute dose-response procedure in paclitaxel-treated mice 

Schematic showing the experimental design for the acute dose-response experiment. Animals 

received 4 mg/kg i.p. of paclitaxel on days 0, 2, 4 and 6. The shaded days indicate when animals were 

assessed for mechanical and cold allodynia. On days where allodynia measurements and paclitaxel 

administration both occurred, measurements were always taken prior to injections. The dose-

response experiments were carried out on day 15, after the baseline mechanical and cold allodynia 

measurements. * indicates days during the first experimental replicate that images were taken of the 

paclitaxel-treated mice to analyse on the grimace scale. 

 

  

Daily paclitaxel injection of 4 mg/kg i.p. Dose-response 
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2.6.5 Chronic administration of treatment 

The efficacy and tolerance effects of chronic administration of the KOPr agonists were measured in 

C57BL/6J male and female mice with established paclitaxel-induced neuropathic pain. Two different 

treatment regimens were tested, with the initial dose beginning on either day 7 or day 16 following 

the first treatment of paclitaxel (for comparison of experimental design see Figure 2.3). 

2.6.5.1 Drug preparation 

The drugs for each of the chronic administration experiments were made up in stock solutions and 

used for a maximum of 7 days before a fresh solution was prepared. The stock solution contained the 

DMSO and Tween-80 portion of the vehicle solution. Every day an aliquot of the stock solution was 

taken and physiological saline added to create the final drug solution in a 2:1:7 vehicle containing 

DMSO:Tween-80:saline. The stock solutions made up in the same volume and blinded by another 

student in the laboratory. The drug treatments were not decoded until after the conclusion of the 

experiment.  

In the early initiation of treatment on day 7 procedure, the doses were based on the ED60 values from 

the dose-response experiment. This dose was selected to better reflect a clinical setting where drugs 

are administered at lower doses and are titrated higher when required. However, following the results 

of the early initiation experiment, the higher ED80 dose was administered in the initiation of treatment 

on day 16 experiments to improve the potency of the antinociceptive effects and to produce tolerance 

effects in the time frame measured. 

2.6.5.2 Early initiation of treatment on day 7 

To test the effect of chronic treatment on early stages of paclitaxel-induced neuropathic pain, initial 

treatments began on day 7 (Figure 2.3A). The doses used were the ED60 value of the mechanical 

allodynia dose-response results for the combined male and female mice. The treatments were as 

follows: 16-Ethynyl SalA, 1.3 mg/kg; 16-Bromo SalA, 1.9 mg/kg; U50,488, 3.2 mg/kg; morphine, 4.3 

mg/kg; and vehicle (2:1:7 ratio containing DMSO:Tween-80:saline). Animals were given a daily i.p. 

injection starting on day 7. On all the odd-numbered days the treatment was given 30 min prior to 

mechanical and cold allodynia testing. On the even-numbered days, the mechanical and cold allodynia 

testing occurred prior to the treatment to understand the development of the paclitaxel-induced pain 

symptoms without treatment. The experimenter was blinded to the treatments each animal received. 

The experiment continued up to day 24 when the animals were euthanised. 
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2.6.5.3 Initiation of treatment on day 16  

To test the effect of the treatments on the stable paclitaxel-induced neuropathic pain, initial 

treatments began on day 16 (Figure 2.3B). Following the measurements on day 15, animals were 

assigned to treatment groups to ensure an equivalent average mechanical allodynia score across all 

groups, with care taken to reduce the number of animals from the same cage (and therefore the same 

litter) receiving the same treatment. The experimenter was blinded to the treatments each animal 

received. The doses used were based on the ED80 value obtained from the mechanical allodynia dose-

response results. Animals were given daily i.p. injections starting on day 16. The treatments were as 

follows: 16-Ethynyl SalA, 3 mg/kg; 16-Bromo SalA, 4 mg/kg; U50,488, 10 mg/kg; morphine, 10 mg/kg; 

and vehicle (2:1:7 ratio containing DMSO:Tween-80:saline). On all the even numbered days the 

treatment was given 30 min prior to mechanical and cold allodynia testing. On the odd numbered 

days, the mechanical and cold allodynia testing occurred prior to the treatment. Treatments continued 

up to day 38, with the animals euthanised on day 39 and the sciatic nerve, spinal cord and DRG tissue 

collected. 

2.6.5.4 Tissue collection 

Animals were euthanised by CO2 asphyxiation and sprayed with 70% ethanol to reduce the fur from 

contaminating the dissection samples. An incision was made into the peritoneal cavity and the portal 

vein under the liver was cut. The diaphragm was removed to expose the heart and the animals were 

perfused with 20 mL of 1x PBS using a 23 gauge needle. The animals were further perfused with 10 

mL 4% formaldehyde solution (in PBS, Appendix A). The sciatic nerve was isolated by making an 

incision along the mid-thigh and the skin retracted. The posterior thigh muscles were split to expose 

the sciatic nerve. The nerve was lifted using forceps and each end of the nerve cut. The right sciatic 

nerve was used for immunohistochemistry and the left sciatic nerve was used for electron microscopy. 

The mice were decapitated and the spinal column cut at the sacral region. The spinal cord was 

removed using hydraulic extrusion, where a 19 gauge needle was inserted into the spinal column at 

the distal end and flushed out into a petri dish using 10 mL of 1x PBS. The DRG was then dissected by 

isolating the lumbar spinal column and identifying the T13 vertebra from the attachment of the most 

distal costae. The L1 vertebra and DRG were identified as the next proximal after T13. The lumbar 

spinal column was split in half longitudinally on the midline and placed under a dissecting microscope 

medial side facing up. The meninges were peeled back and removed with forceps and individual 

lumbar DRG removed with care taken to remove the axons. 

 



67 
 

A 

Day: 0 1 2 3 4 5 6 

Days 7-23: daily administration of KOPr or MOPr agonist or vehicle 
Odd numbered days: treatment 30 min before measurements 

Even numbered days: measurements before treatment 

24 

 

 

 

 

 

B 

Day: 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Days 16-38: daily administration of KOPr, MOPr agonist or vehicle 
Even numbered days: treatment 30 min before measurements 

Odd numbered days: measurements before treatment 

39 

 

 

 

 

Figure 2.3: Experimental design for the chronic treatment of the KOPr agonists in mice with established paclitaxel-induced neuropathic pain 

Schematic showing the experimental plan for the chronic treatment with either KOPr agonist, morphine or vehicle in mice with paclitaxel-induced neuropathic 

pain. The shaded days indicate when animals were assessed for mechanical and cold allodynia. On days where allodynia measurements and paclitaxel 

administration both occurred, measurements were always taken prior to injections. (A) Early initiation of treatment had the administration of the opioid 

agonists or vehicle beginning on day 7 and finishing on day 24. (B) The second treatment regime had the Initiation of treatment on day 16 and the cull day on 

day 39 where sciatic nerve, lumbar spinal cord and dorsal root ganglion tissue were collected. 

Daily paclitaxel injection of 4 mg/kg i.p. Cull day 

 

Daily paclitaxel injection of 4 mg/kg i.p. Cull day 
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2.7 Transmission electron microscopy 

2.7.1 Tissue collection and processing 

Sciatic nerve tissue samples were collected as previously described (Section 2.6.5.4) for analysis with 

transmission electron microscopy (TEM). The samples used were from the second replicate of the 

chronic administration of the opioid treatments which begun on day 16. The male mice that received 

the vehicle/vehicle, vehicle/paclitaxel or U50,488/paclitaxel treatment were used (n = 3/treatment 

group). The samples were fixed for up to 2 hours in piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) 

buffer (0.1 M PIPES, 1 N NaOH, pH 7.4, see Appendix A) containing 2.5% glutaraldehyde (EM grade, 

distillation purified, ProSciTech, Kirwan, Australia). The glutaraldehyde was added to the PIPES buffer 

immediately prior to use to reduce polymerisation. 

2.7.2 Staining and imaging 

The staining and imaging were carried out by Dr St John Wakefield at the Department of Pathology 

and Molecular Medicine at the University of Otago, Wellington campus. Samples were processed in 

1% osmium tetroxide in PIPES buffer for 1 hour, then dehydrated through an ethanol series (50-100%) 

and embedded in Procure 812 epoxy resin (Proscitech, Australia). Thin sections were cut on an 

Ultracut T ultramicrotome (Leica Microsystems) and stained with a saturated alcoholic solution of 

uranyl acetate for 15 min, followed by Reynolds lead citrate for 5 min. Images were captured on a 

Philips CM-100 transmission electron microscope operated at 80 kV. Images were taken of 20 fields 

of view at 2500x magnification. The images received from Dr Wakefield were coded to allow for blind 

analysis of the g-ratio and atypical mitochondria counts. 

2.7.3 Calculation of g-ratios 

The g-ratio gives a measure of the myelin relative to the size of the axon. G-ratios were calculated for 

individual myelinated axons in the sciatic nerve samples using a plugin (available online at 

http://gatio.efil.de/) for the ImageJ software (version 1.52b, USA National Institutes of Health, 

Bethesda, MD, USA). The semi-automated plugin was used to analyse transverse nerve sections by 

randomly selecting a target fibre, which the user manually draws around the outer border of the 

myelin sheath and subsequently draws the outside of the axon (Figure 2.4). The plugin automatically 

calculates the g-ratio (axon diameter/outer myelin border diameter). The 20 images for each animal 

were used to count 100 random selected myelinated axons. Only axons which were in full view within 

the image were included. The average g-ratio was calculated for each animal.  
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2.7.4 Atypical mitochondria counts 

The percentage of atypical mitochondria were also counted in the images produced by electron 

microscopy. All of the mitochondria present in 100 myelinated axons (between 301-362 individual 

mitochondria/mouse) were counted and either categorised as typical or atypical. Swollen, enlarged 

or vacuolated mitochondria were determined to be atypical (Figure 2.4, based on methodology in 

Chen et al., 2017a).  

 

 

 

Figure 2.4: Images showing how the g-ratio and atypical mitochondria were measured 

Transmission electron microscopy images of the sciatic nerve. The g-ratio was calculated using a plugin 

for ImageJ that calculates the ratio of the axon diameter (red dashed line) to the myelin diameter (red 

solid line). Swollen and vacuolated atypical mitochondria are shown with red arrows. Examples of 

typical mitochondria are seen in the first panel.  
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2.8 Statistical Analysis 

GraphPad Prism (version 7.03, GraphPad Software, La Jolla, CA, USA) and SPSS Statistics (version 25, 

IBM, Armonk, NY, USA) were used to determine statistical significance. All graphs were prepared using 

GraphPad Prism. Values represented as the mean ± standard error of the mean (SEM) and were 

considered significant when p < 0.05. The data sets were tested for normality using the D’Agostino 

and Pearson omnibus normality test unless otherwise stated. Data sets with p < 0.05 in the normality 

test were analysed with a non-parametric test, the Mann-Whitney test instead as Gaussian 

distribution could not be assumed. Unpaired t-tests were used to compare between two groups. 

Comparison of multiple treatment data was analysed using one-way analysis of variance (ANOVA) 

followed by Bonferroni post-tests. Comparisons of multiple effects were analysed using two-way 

ANOVA followed by Bonferroni post-tests. Two-way repeated measures ANOVA was used when one 

variable was measured over time. Post-hoc testing was only performed if the interaction result from 

the ANOVA was significant. The p values reported for the post-tests were adjusted for multiple families 

of comparisons. 

2.8.1 Dose-response analysis 

To understand the relationship between increasing the dose and the effect on tail withdrawal or 

mechanical and cold allodynia were analysed by creating a dose-response curve in GraphPad Prism. 

The data underwent a logarithmic (base 10) transformation, before a non-linear regression was 

carried out. The four parameter variable slope with least squares ordinary fit was used to fit the curve 

to the data sets. For the tail withdrawal experiment, on constraints were set. For mechanical allodynia, 

the top constraint was set no more than 9.5. For cold allodynia, the bottom constraint was set at no 

less than 0. The extra sum-of-squares F test with the bottom, top, logED50 and hillslope parameters 

was used to compare the treatment curves, with the null hypothesis that one curve fits all data sets. 

If the results showed a different curve fit each data set, then the ED50 and Emax values were compared 

with one-way ANOVA analysis. The logED50 ± SEM were used for comparison, as the values were 

calculated on a logarithmic scale and the ED50 values would, therefore, have an asymmetrical SEM. 

The Emax values were calculated as a percentage of the control treatment. 

 2.8.2 Three-way interactions 

In the paclitaxel-induced neuropathic pain model, the effects of treatment, sex and time on either the 

mechanical withdrawal thresholds or the cold reaction times were analysed using SPSS Statistics. This 

analysis was carried out with a three-way repeated measures mixed ANOVA, with treatment and sex 

set as between-subjects variables and time as the within-subjects variable. The normality of the data 
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was assessed with the Shapiro-Wilk test using the standardised residuals. The homogeneity of 

variances was measured using the Levene’s test of equality of error variances. If the data was non-

normal and had unequal variances at some time points, then the data was transformed. The box plots 

were inspected to ascertain whether the data was negatively or positively skewed. Slightly negatively-

skewed data was corrected with square root transformation. Moderately negatively-skewed data was 

corrected with logarithmic transformation. Slightly positively-skewed data was corrected with a 

reflect and square root transformation. The sphericity of the data was tested using Mauchly’s test. If 

the p < 0.05, the assumption of sphericity was violated and the Greenhouse-Geisser correction was 

applied. If there was a significant three-way interaction of treatment, sex and time, then the two-way 

interactions of treatment and sex were assessed at each time point. If there was no significant three-

way interaction, the simple main effects of any significant two-way interactions were assessed. The 

Bonferroni correction applied for multiple families of comparisons and the adjusted α level reported. 
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Chapter 3: Investigating the antinociceptive and anti-

inflammatory effects of DHEA 

3.1 Introduction 

3.1.1 N-docosahexaenoyl ethanolamine (DHEA) 

DHEA (also known as synaptamide) was originally discovered in rat brain tissue (Sugiura et al., 1996) 

and bovine retina (Bisogno et al., 1999). Since being discovered, DHEA has also been found in human 

plasma in both free and esterified states, at similar levels as anandamide (Balvers et al., 2013). DHEA 

can be synthesised from DHA-containing phosphatidylethanolamine within cell membranes of the 

brain and is released on demand (reviewed in Kuda, 2017). In piglets, consuming a diet high in n-3 

PUFAs led to a large increase in the amount of DHEA (9-10 fold) and EPEA (5 fold) in the brain tissue 

(Berger et al., 2001). Since this finding, a further study confirmed that mice fed a DHA-rich fish oil diet 

had increased DHEA concentrations in both brain tissue and plasma, however, concentrations of PEA, 

OEA and EPEA did not change, and there was a decrease in anandamide concentration in the brain 

tissue (Wood et al., 2010). Similar results were found in human plasma, with fish oil dietary 

supplementation leading to an increase in DHEA, with a decrease seen in OEA, PEA and anandamide 

concentrations (Balvers et al., 2013). 

DHEA is similar in structure to the most studied NAE compound, anandamide, which has anti-

inflammatory effects mediated through the cannabinoid receptors (Jaggar et al., 1998). DHEA also 

binds relatively weakly to both cannabinoid receptors, with greater affinity to the CB1 receptor (Brown 

et al., 2010). However, the affinity of DHEA at the CB1 receptor is approximately 8-times less than 

anandamide (Sheskin et al., 1997) (Table 3.1). DHEA is degraded by FAAH, the same enzyme 

responsible for the breakdown of anandamide, however, evidence suggests DHEA is a worse substrate 

than anandamide (Balvers et al., 2010; Sonti et al., 2017). The binding affinity of DHEA was measured 

in the presence of phenylmethylsulfonyl fluoride, a non-selective protease inhibitor, which inhibits 

the action of FAAH, and these conditions lead to a 5-fold increase in the binding affinity of DHEA for 

the CB1 receptor (Brown et al., 2010) (Table 3.1). DHEA has also been shown to have effects mediated 

through the ligand-dependent transcription factors PPAR-α (Meijerink et al., 2015) and PPAR-γ 

(Meijerink et al., 2015), which have well-documented effects in lipid metabolism, as well as essential 

roles in the expression of inflammatory cytokines and differentiation of immune cells (Meijerink et al., 

2011). 
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Binding affinity (1) CB1 Ki = 39.2 ± 5.7 nM Ki = 324.1 ± 9.2 nM Ki = 162.3 ± 13.6 nM 

Binding affinity (2) 
CB1  Ki = 633 (292 to 1372) nM Ki = 2000 (989 to 4045) nM 

CB2  Ki = 3843 (2995 to 4932) nM Ki = 9027 (6451 to 12630) nM 

Binding affinity with 
PMSF protease 

inhibitor (2) 

CB1  Ki = 124 (94.8 to 162) nM Ki = 55 (37.5 to 80.9) nM 

CB2  Ki = 2441 (1320 to 3473) nM Ki = 3440 (2324 to 5092) nM 

Potency and binding 
efficiency (2) 

CB1  
EC50 = 50 (2.74 to 911) nM 

Emax = 26.5 (16.3 and 36.8) % 
EC50 = 1361 (223 to 8288) nM 

Emax = 40.6 (24.7 to 56.6) % 

CB2  
EC50 = 42 (2.6 to 676) nM 

Emax = 23.1 (15.7 to 30.5) % 
EC50 = 397.1 (22.2 to 7085) nM 

Emax = 22.9 (13.4 to 32.5) % 

Table 3.1: Comparison of the ethanolamines in binding affinity and selectivity for the cannabinoid receptors 

(1) Binding affinity (Ki) in synaptosomal brain preparation from whole rat brain with [3H]HU-243 as the radioligand. Data expressed as mean ± SEM (Sheskin 

et al., 1997) 

(2) CB1 receptor measured in MF1 mouse whole brain membranes and the CB2 receptor in CHO-hCB2 cell membranes. Binding affinity (Ki) calculated for 

displacement of [3H]CP55940 in the presence and absence of the non-selective protease inhibitor, phenylmethylsulfonyl fluoride (PMSF, 100 μM). Potency 

(EC50) and binding efficiency (Emax) calculated for an increase in stimulation of [35S]GTPγS binding from basal levels. Data expressed as mean (95% 

confidence limits) (Brown et al., 2010) 
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3.1.2 Anti-inflammatory effects of DHEA 

DHEA has potent immune-modulatory effects in vitro, however, the mechanism of action is unclear, 

with different studies showing the effects to be both cannabinoid receptor-dependent and -

independent. In cultured mouse 3T3-L1 adipocytes, administration of DHEA (10 nM) decreased the 

levels of the LPS-stimulated inflammatory cytokines, IL-6 and monocyte chemotactic protein-1 (MCP-

1) (Balvers et al., 2010). The IL-6 release was attenuated by a combination of both CB2 receptor and 

PPAR-γ antagonists, however, the antagonists had no effect on the MCP-1 levels. The parent 

compound DHA did not have any effect on IL-6 or MCP-1 levels, showing that the effects of DHEA were 

not due to the conversion into DHA. In the murine RAW264.7 macrophage cell line and in murine 

peritoneal macrophages, DHEA dose-dependently (0.1-10 μM) reduced LPS-stimulated inflammatory 

nitric oxide release and suppressed the production of MCP-1, with more potent effects than 

anandamide, OEA and DHA (Meijerink et al., 2011). A further study found that the effect of DHEA did 

not involve the CB1 and CB2 receptors or PPAR-γ, however, DHEA did decrease the levels of 

prostaglandins and thromboxanes in the RAW264.7 macrophages, which are COX-2 mediated 

eicosanoids, indicating that the mode of action of DHEA may be related to the COX-2 enzyme 

(Meijerink et al., 2015).  

3.1.3 Other effects of DHEA 

Evidence from in vitro studies show that DHEA has antiproliferative and cell growth inhibitory effects 

in prostate cancer cell lines, which were not blocked by CB1 or CB2 receptor antagonists (Brown et al., 

2010). In contrast, the anti-proliferative effects of EPEA in one cell line was reduced by selective CB1 

and CB2 receptor antagonists (Brown et al., 2010). However, the concentrations required for the anti-

proliferative effects are likely physiologically-impossible, so the clinical effects remain unclear. Further 

studies have shown that DHEA stimulates neurite growth and synaptogenesis in developing 

hippocampal neurons independently of the cannabinoid receptors (Kim et al., 2011a; Kim et al., 

2011b) and promotes axon growth in cultured cortical neurons (Kharebava et al., 2015). 
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3.2 Aims and hypotheses 

DHEA has previously been shown to have immune-modulatory effects in vitro, however, the in vivo 

effects have not been tested. The overall aim of this study was to investigate the in vivo effects of 

DHEA in mice, primarily using the intraplantar formaldehyde model, which gives a biphasic effect of 

both nociceptive pain and inflammatory pain. It was hypothesised that DHEA would have a significant 

antinociceptive effect in the inflammatory phase of pain, similar to the parent compound DHA and 

other NAE class lipids.  

The specific aims of the study were to: 

1. Determine whether DHEA had an antinociceptive effect in nociceptive and inflammatory pain 

using the intraplantar 2% formaldehyde assay. To further understand the involvement of the 

cannabinoid receptors, the effects of DHEA were tested following pre-treatment with the CB1 

receptor antagonist AM251 and the CB2 receptor antagonist AM630. 

2. Investigate the effects of DHEA on formaldehyde-induced paw oedema and local 

inflammation using H&E staining to identify neutrophils in the swollen footpad tissue. 

3. Assess the duration of action of the antinociceptive effect of DHEA using the warm water tail 

withdrawal assay. 

4. Evaluate the side effect profile of DHEA using the accelerating rotarod performance assay and 

the change in core body temperature. 
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3.3 Results 

3.3.1 The effect of intraperitoneal injection of DHEA in the intraplantar 2% 

formaldehyde test 

The intraplantar formaldehyde test produced two phases of pain, the initial nociceptive pain lasting 

up to 15 min, and the secondary inflammatory phase of pain lasting from 20 to 60 min. The 

administration of DHEA (2 mg/kg i.p.) in the intraplantar formaldehyde model showed a significant 

interaction of treatment x time [F(60,408) = 3.918, p < 0.0001] (Two-way repeated measures ANOVA; 

Figure 3.1A). Bonferroni post-tests showed that DHEA (2 mg/kg) significantly reduced the pain score 

in the inflammatory phase of pain at 25 (p = 0.0083), 30 (p < 0.0001) and 35 min (p < 0.0001) when 

compared to the vehicle/formaldehyde-treated positive control (Figure 3.1A). Further animals were 

treated with DHEA following a pre-treatment with either the CB1 receptor antagonist AM251, the CB2 

receptor antagonist AM630 or a combination of both antagonists, however, no antagonist groups 

were significantly different to the DHEA treatment group at any time points (p > 0.05). 

The area under the curve (AUC) was calculated for both phase I nociceptive pain (0-15 min) and phase 

II inflammatory pain (20-60 min). One-way ANOVA showed a significant effect of treatment for both 

phase I [F(5,34) = 50.10, p < 0.0001] (Figure 3.1B) and phase II pain [F(5,34) = 78.78, p < 0.0001] (Figure 

3.1C). Bonferroni post-tests showed that DHEA (2 mg/kg) significantly reduced the phase I pain (p = 

0.0085; Figure 3.1B) and phase II inflammatory pain (p < 0.0001; Figure 3.1C). When compared to the 

DHEA treated group, the cannabinoid antagonists AM251 or AM630 or AM251 and AM630 combined 

were not significantly different in either phase I (p = 0.6935, p > 0.9999 and p > 0.9999 respectively; 

Figure 3.1B) or in phase II (p = 0.4328, p > 0.9999 and p > 0.9999 respectively; Figure 3.1C). Therefore, 

the results show that i.p. administration of DHEA leads to a reduction in the overall nociceptive pain 

and inflammatory pain, which was not mediated through the cannabinoid receptor system.  
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Figure 3.1: DHEA has antinociceptive and anti-inflammatory effects via intraperitoneal injection in 
the intraplantar 2% formaldehyde test 

(A) Time course of pain behaviour following intraplantar 2% formaldehyde (F) injection into the right 

hind paw. DHEA (2 mg/kg) treatment showed a significant reduction in pain compared to the 

vehicle/formaldehyde-treated positive control. Antagonist treatments did not produce a significant 

difference at any time point compared to the DHEA treatment group. Two-way repeated measures 

ANOVA with Bonferroni post-tests. (B-C) Area under the curve (AUC) was calculated for phase I 

nociceptive pain (0-15 min, B) and phase II inflammatory pain (20-60 min, C). DHEA showed a 

significant difference in phase I and II pain compared to the vehicle/formaldehyde-treated positive 

control. The antagonist treatments did not show a significant difference compared to the DHEA 

treatment group. One-way ANOVA with Bonferroni post-tests. **p < 0.01, ***p < 0.001, ****p < 

0.0001 compared to the vehicle/formaldehyde treated control. n.s. = not significant. Values presented 

as mean ± SEM, n = 7-11 per group and n=5 for all antagonist treatment groups.  
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3.3.2 The effect of DHEA on paw oedema and infiltration of neutrophils into 

the footpad tissue following intraplantar 2% formaldehyde administration 

Following the injection of formaldehyde in the footpad, an inflammatory reaction occurs leading to an 

acute oedema of the footpad tissue. The percentage change in the depth of the footpad injected with 

2% formaldehyde was measured to give an indication of the inflammatory reaction that had occurred, 

and whether DHEA dampened this effect. One-way ANOVA showed a significant effect of treatment 

[F(5,34) = 19.82, p < 0.0001] (Figure 3.2A). Bonferroni post-tests revealed that DHEA (2 mg/kg) 

significantly reduced (p < 0.0001) the level of paw oedema compared to mice only exposed to the pain 

stimulus with vehicle treatment. There was no significant effect in the groups treated with DHEA and 

cannabinoid antagonists AM251 (p = 0.1843), AM630 (p = 0.8023) or with a combination of both 

antagonists administered together (p = 0.1221). 

Within the first hour of the onset of inflammation, neutrophils undergo extravasation and migrate 

along chemical gradients to accumulate at the site of injury (Kolaczkowska & Kubes, 2013). Neutrophil 

migration is associated with increased inflammatory pain and oedema (Guerrero et al., 2008). 

Therefore, as an indication of the inflammatory response, the migration of neutrophils into the area 

was measured histologically. The footpad tissue was collected at the 60 min endpoint, and the H&E 

stain was used to identify and count the number of neutrophils present. One-way ANOVA showed a 

significant effect of treatment [F(3,15) = 36.87, p < 0.0001] (Figure 3.2B). Bonferroni post-test analysis 

showed a significant effect between the vehicle/formaldehyde control group and the DHEA treatment 

group (p < 0.0001). There was no significant effect when the cannabinoid receptor antagonists were 

administered (p > 0.9999). Therefore, DHEA reduced the local level of swelling and infiltration of 

neutrophils in the formaldehyde-mediated inflamed tissue, however, the effects of DHEA were not 

mediated via the cannabinoid receptors.  
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Figure 3.2: DHEA reduces paw oedema and the number of neutrophils in the footpad tissue 

(A) The depth of the right hind paw was measured before the intraplantar 2% formaldehyde injection 

and measured again at the end of the testing period (60 min) and the percentage change calculated. 

DHEA (2 mg/kg) showed a significant reduction in paw oedema compared to the 

vehicle/formaldehyde-treated positive control. (B) Neutrophil numbers were counted in H&E stained 

footpad tissue following the intraplantar formaldehyde test. DHEA (2 mg/kg) reduced the number of 

neutrophils in the inflamed tissue, which was not mediated by the cannabinoid receptors.  n = 4-6 per 

group. (C-F) Representative images showing neutrophil infiltration into the inflamed footpad tissue 

following (C) vehicle/vehicle, (D) vehicle/formaldehyde, (E) DHEA/formaldehyde and (F) 

DHEA/formaldehyde with AM251 and AM630 pre-treatment. Markers indicate neutrophils. One-way 

ANOVA with Bonferroni post-tests. ****p < 0.0001 compared to the vehicle/formaldehyde treated 

control. n.s. = not significant. n = 7-11 per group and n = 5 for all antagonist treatment groups. Values 

presented as mean ± SEM. Scale bar = 20 μm.  
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3.3.3 The effect of local administration of DHEA in the intraplantar 2% 

formaldehyde test 

To further evaluate whether the effects of DHEA were locally mediated, the treatment was given as 

an intraplantar (i.pl.) injection in the same hind paw as the 2% formaldehyde injection (based on 

experimental procedures in Lamb et al., 2012). Two-way repeated measures ANOVA showed a 

significant interaction of treatment x time [F(36,300) = 2.41, p < 0.0001] (Figure 3.3A). Bonferroni post-

tests showed DHEA (2 mg/kg) significantly reduced the formaldehyde-mediated pain at 30 min (p = 

0.0003). Using the i.pl. administration of the 2:1:7 vehicle lead to a significant level of pain compared 

to the i.p. administration in the previous experiment (for analysis see Appendix B). Since the 

vehicle/vehicle control showed a pain response, a DHEA/vehicle treatment was also administered to 

a group of animals. In the time course, there was a significant difference between the DHEA/vehicle 

treatment group and the vehicle/vehicle treatment group at 5 min (p = 0.0186). However, no other 

time points showed a statistically significant effect (p > 0.05). 

The AUC analysis revealed a significant effect of treatment for phase I [F(3,25) = 43.66, p < 0.0001] 

(Figure 3.3B) and phase II pain responses [F(3,25) = 12.59, p < 0.0001] (Figure 3.3C). DHEA (2 mg/kg) 

significantly reduced the level of nociceptive pain in phase I pain (p = 0.0004; Figure 3.3B) and 

inflammatory pain in phase II (p = 0.0429; Figure 3.3C). Since the vehicle/vehicle control showed pain 

in both phases, it was compared to the DHEA/vehicle group. DHEA reversed the effects of the vehicle 

injection in phase I pain (p = 0.0008; Figure 3.3B) but not phase II pain (p > 0.9999; Figure 3.3C). 

Therefore, DHEA significantly reduced pain locally, however, DHEA did not reduce the pain level below 

that of the vehicle/vehicle control. 

The paw oedema was measured to assess the level of inflammation in the hind paw. One-way ANOVA 

showed a significant effect of treatment [F(3,24) = 3.047, p = 0.0481] (Figure 3.3D). There was a 

significant difference between the DHEA/formaldehyde group and the vehicle/formaldehyde group (p 

= 0.0234). This indicates that DHEA is having an effect on the level of inflammation at the site of the 

local injection. However, there was no significant difference between DHEA/vehicle and 

vehicle/vehicle (p = 0.7594), showing that DHEA treatment could not reduce the swelling caused by 

the vehicle/vehicle control. 

 

  



 

82 
 

0 10 20 30 40 50 60
0

1

2

3

Veh/Veh

DHEA/F

Veh/F

DHEA/Veh

Time (min)

P
a
in

 S
c
o

re

***

#

Phase I Phase II

Veh
/V

eh

Veh
/F

D
H
E
A
/F

D
H
E
A
/V

eh

0

10

20

30

P
h

a
s
e
 I
 A

U
C

***

***

****

Veh
/V

eh

Veh
/F

D
H
E
A
/F

D
H
E
A
/V

eh

0

25

50

75

100

125

P
h

a
s
e
 I
I 
A

U
C

n.s.

*****

Veh
/V

eh

Veh
/F

D
H
E
A
/F

D
H
E
A
/V

eh

0

20

40

60

80

%
 c

h
a
n

g
e

*

n.s.

n.s.

A

B C D

 

Figure 3.3: DHEA has antinociceptive and anti-inflammatory effects via local intraplantar injection 
in the intraplantar 2% formaldehyde test 

(A) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 

paw. DHEA (2 mg/kg) treatment showed a significant reduction in pain compared to the 

vehicle/formaldehyde-treated positive control. Antagonist treatments did not produce a significant 

difference at any time point compared to the DHEA treatment group. Two-way repeated measures 

ANOVA with Bonferroni post-tests. ***p < 0.001 for DHEA/formaldehyde group compared to the 

vehicle/formaldehyde treated control. #p < 0.05 for the DHEA/vehicle group compared to 

vehicle/vehicle treatment group. (B-C) Area under the curve (AUC) was calculated for phase I 

nociceptive pain (0-15 min, B) and phase II inflammatory pain (20-60 min, C). DHEA significantly 

decreased the effect of formaldehyde in phase I and II pain compared to the vehicle/formaldehyde-

treated positive control and decreased the effect of the vehicle in phase I pain. (D) The percentage 

change in the paw oedema depth revealed a significant difference between the DHEA/formaldehyde 

treated animals and the vehicle/formaldehyde treated animals. One-way ANOVA with Bonferroni 

post-tests. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant. Values presented as mean ± SEM, 

n = 6-9 per treatment group. 
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3.3.4 The effect of local injection of DHEA on the inflammatory phase of pain 

To understand the effect of DHEA on the inflammatory phase II of pain, DHEA was administered locally 

following the phase I pain. The animals were given an i.pl. injection with 2% formaldehyde and after 

15 min, DHEA (2 mg/kg) was also administered via i.pl. injection. Two-way repeated measures ANOVA 

showed a significant interaction of treatment x time [F(16,120) = 2.152, p = 0.0101] (Figure 3.4A). Control 

(vehicle/vehicle) mice showed a significant difference compared to the vehicle/formaldehyde control 

at 50 min (p = 0.0050) and 55 min (p = 0.0015). The DHEA/formaldehyde treatment group did not 

show a significant difference at any time point compared to the vehicle/formaldehyde treatment 

group (p > 0.05). AUC analysis showed a significant effect of treatment [F(2,15) = 6.413, p = 0.0097] 

(Figure 3.4B). Bonferroni post-tests revealed a significant difference between the negative control 

group (vehicle/vehicle) and the positive control group (vehicle/formaldehyde) treatments (p = 

0.0083). However, there was no difference between the DHEA/formaldehyde and 

vehicle/formaldehyde groups (p > 0.9999). Paw oedema measurements were taken at the start of the 

experiment and at the 60 min time point, and the percentage change calculated. One-way ANOVA 

showed no significant effect of treatment in the paw oedema [F(2,15) = 2.048, p = 0.1635] (Figure 3.4C), 

indicating that there was the same level of swelling in both the negative and positive controls, 

indicating that the test is not sensitive enough. In conclusion, the positive and negative controls 

showed a significant difference overall in the AUC analysis, however, DHEA was not able to 

significantly reduce the level of pain in this experiment.  
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Figure 3.4: DHEA has antinociceptive and anti-inflammatory effects via local intraplantar injection 
in the inflammatory phase of the intraplantar 2% formaldehyde test 

(A) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 

paw. DHEA (2 mg/kg) was administered at 15 min post-formaldehyde and did not show a significant 

difference compared to the vehicle/formaldehyde control. Two-way repeated measures ANOVA with 

Bonferroni post-tests. (B) Area under the curve (AUC) analysis of the pain behaviour revealed a 

difference between vehicle/vehicle and vehicle/formaldehyde groups but DHEA did not reverse the 

effects of the formaldehyde injection. One-way ANOVA with Bonferroni post-tests. (C) The percentage 

change in paw swelling showed no effect of treatments. One-way ANOVA with Bonferroni post-tests. 
##p < 0.01 for vehicle/vehicle group vs vehicle/formaldehyde group. Values presented as mean ± SEM, 

n = 6 per treatment group. 
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3.3.5 The effect of DHEA in the warm water tail withdrawal assay 

The warm water tail withdrawal assay measures the spinal reflex in reaction to a thermal stimulus 

(Irwin et al., 1951). Typically, this assay is used to measure the antinociceptive effects and the duration 

of action of the compound of interest compared to the vehicle control. The assay was used to measure 

the antinociceptive effect of DHEA (2 mg/kg) via i.p. administration. Two-way repeated measures 

ANOVA showed no significant interaction of treatment and time [F(8,96) = 0.703, p = 0.6881], and no 

main effect of treatment [F(1,12) = 0.2303, p = 0.6399] or time [F(8,96) = 1.168, p = 0.3264] (Figure 3.5), 

indicating that DHEA has no effect in this assay at the dose tested compared to the vehicle-treated 

control group.  

3.3.6 The effect of DHEA on motor coordination and core body temperature 

regulation 

Since DHEA has been previously shown to have activity at the cannabinoid receptor, side effect 

behavioural models were chosen which have relevance to activation of the cannabinoid receptors. 

The cannabinoid receptor system has been shown to induce motor incoordination via the CB1 

receptor, with THC administration (15-30 μg intracerebellar microinfusion) leading to a reduced 

latency in the rotarod performance test (Dar, 2000). Anandamide has been shown to reduce 

locomotor activity in rats in the open field test (Bruijnzeel et al., 2016), however, the effect of 

anandamide on the rotarod performance test is unclear. Therefore, the rotarod performance assay 

was carried out to assess the level of motor coordination or sedation in the animals treated with DHEA 

(2 mg/kg) compared to the vehicle treatment over 120 min. Two-way repeated measures ANOVA 

showed no significant interaction of treatment x time [F(6,60) = 16.74, p = 0.5842] and no main effect 

of treatment [F(1,10) = 0.0024, p = 0.9621] (Figure 3.6A), indicating that DHEA does not have an effect 

on motor coordination at the dose tested. 

Cannabinoid receptor agonists are known to cause hypothermia. Anandamide (Crawley et al., 1993; 

Fride & Mechoulam, 1993; Smith et al., 1994) and THC (Varvel et al., 2005) are known to produce 

hypothermic effects in mice. The core body temperature of DHEA treated mice were measured to 

ascertain whether there were any cannabinoid receptor-dependent effects on thermoregulation. The 

change in core body temperature was measured using a rectal probe over a 120 min time-course. 

Two-way repeated measures ANOVA showed no significant interaction of treatment and time [F(4,48) = 

1.298, p = 0.2842]  or main effect of treatment [F(1,12) = 1.054, p = 0.3249] (Figure 3.6B), indicating that 

DHEA (2 mg/kg) does not affect the level of core body temperature. 
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Figure 3.5: DHEA has no effect in the warm water (50°C) tail withdrawal assay 

The maximal possible effect (%MPE) at each time point was calculated as a percentage based on pre-

treatment baseline latencies. Mice were treated with either vehicle or DHEA (2 mg/kg i.p.) and the tail 

withdrawal latencies measured up to 120 min. DHEA showed no significant effect of treatment 

compared to vehicle control. Two-way repeated measures ANOVA. Values presented as mean ± SEM, 

n = 7 per group. 
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Figure 3.6: DHEA had no effect on motor coordination or core body temperature 

(A) Mice were treated with either vehicle or DHEA (2 mg/kg i.p.) and the rotarod performance 

measured up to 120 min. DHEA showed no significant effect of treatment compared to vehicle control. 

n = 6 per group. (B) Mice were treated with either vehicle or DHEA (2 mg/kg i.p.) and the core body 

temperature measured up to 120 min. DHEA showed no significant effect of treatment compared to 

vehicle control. n = 7 per group. Two-way repeated measures ANOVA. Values presented as mean ± 

SEM.  
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The main effects of the DHEA study are summarised in Table 3.2 below. 

 

DHEA (i.p.) 
DHEA (i.p.) + 

AM251 
DHEA (i.p.) + 

AM630 

DHEA (i.p.) + 
AM251 + 
AM630 

DHEA (i.pl.) 

Formaldehyde model      

- Time course 25-35 min n.s. n.s. n.s. 5, 30 min 

- Phase I pain ↓ n.s. n.s. n.s. ↓ 

- Phase II pain ↓ n.s. n.s. n.s. ↓ 

- Paw oedema ↓ n.s. n.s. n.s. ↓ 

- Neutrophil count ↓ - - n.s. - 

Tail withdrawal      

- Time course n.e. - - - - 

Rotarod      

- Time course n.e. - - - - 

Core temperature      

- Time course n.e. - - - - 

 
Table 3.2: Summary of the antinociceptive and side effects of N-docosahexaenoyl ethanolamine  

↓ indicates a reduction compared to the vehicle/formaldehyde treatment. n.s. = antagonist treatment 

does not significantly alter effects of DHEA. n.e. = no effect of DHEA compared to vehicle control.  
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3.4 Discussion 

The importance of n-3 PUFAs in the diet is well known and fish oil tablets containing DHA and EPA are 

one of the most popular dietary supplements in the developed world (Clarke et al., 2015). These lipid 

compounds have beneficial effects on a range of disease states, particularly in conditions with an 

inflammatory aspect (Calder, 2015; Lorente-Cebrian et al., 2015; Cederholm, 2017; Siscovick et al., 

2017). The anti-inflammatory and antinociceptive effects of n-3 PUFAs have been shown in multiple 

studies in vivo and in vitro (Nakamoto et al., 2010; Veigas et al., 2011; Nobre et al., 2013). However, 

there are many different potential mechanisms of action for these compounds. One downstream 

mechanism which has not been well explored is the effect of the NAE metabolites, a class of lipid 

compounds which have proven anti-inflammatory properties. Specifically, DHEA is the NAE metabolite 

of DHA which has been found in abundance in the brain and retina, and increases in DHEA are seen 

following an n-3 PUFA enriched diet (Sugiura et al., 1996; Bisogno et al., 1999; Berger et al., 2001). 

DHEA has been previously shown to bind to both the CB1 and CB2 receptors (Felder et al., 1993; 

Sheskin et al., 1997; Brown et al., 2010) and has anti-inflammatory properties in vitro (Meijerink et al., 

2015). Therefore, this study was designed to understand the in vivo effects of DHEA. 

3.4.1 Effects in the intraplantar 2% formaldehyde test 

To the best of our knowledge, this is the first study to investigate the in vivo effects of DHEA using 

behavioural models of pain. The intraplantar formaldehyde test was selected for the acute 

inflammatory pain reaction produced, as well as the nociceptive pain phase. DHA, the parent structure 

of DHEA, was effective in both phases of the intraplantar formaldehyde test in mice when 

administered orally (Nakamoto et al., 2010; Nobre et al., 2013). The endocannabinoid NAE compound 

anandamide was effective via i.p. administration in the second phase of the intraplantar formaldehyde 

test in Wistar rats (Jaggar et al., 1998). Conversely, a study in Swiss male mice found that anandamide 

was not effective in either phase of pain when administered via i.p. injection, although this study only 

assessed the effect of formaldehyde over a 30 min time period, as opposed to the typical 60 min 

(Calignano et al., 1998). In the present study, the i.p. administration of DHEA produced a significant 

decrease in both the nociceptive and inflammatory phases of pain (Figure 3.1). Analysis of the time 

course showed a significant effect of DHEA from 25-35 min, but the area under the curve analysis 

indicated a significant effect on the nociceptive phase of pain, indicating a relatively short onset of 

action of the compound. This experiment indicates that i.p. administration is an appropriate method 

for administration of this compound to produce antinociceptive effects. 
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Recently, a radiolabelling experiment with DHEA has shown that the compound is present in the brain 

15 s following i.v. administration in the tail vein of male Swiss-Webster mice (Sonti et al., 2017). The 

brain concentration remained between 1.7-2.0 %IA/g (percent injected activity per gram) from the 15 

s time point up to 60 min, with the highest concentrations in the midbrain, brain stem and 

hypothalamus. The urine concentration increased significantly from 15 min. Similarly, in an 

experiment carried out for this thesis, [13C]-DHEA was administered via i.p. injection and the 

concentration in whole brain samples assessed by mass spectroscopy (analysed at Callaghan 

Innovation). The results indicated that at the two time points measured, 10 and 30 min, DHEA had 

reached the brain at an approximate concentration of 18 ng/mL (same average for both time points). 

However, due to a small sample size per treatment group and the low concentration being at the limit 

of the sensitivity of the mass spectroscopy instrument, the results must be interpreted with caution. 

However, the evidence does suggest that DHEA is able to cross the blood-brain barrier and enter the 

brain tissue rapidly, although, this does not necessarily mean the mode of action of the antinociceptive 

effects occurs in the CNS. 

In the Calignano et al. (1998) study, anandamide was ineffective when administered via i.p. injection, 

however, it was effective in the first phase of the intraplantar formaldehyde test when administered 

via local i.pl. injection and systemic i.v. injection. However, the dose-response of the effects showed 

local administration to be 100 times more effective than the systemic administration (ID50 values of 

0.1 mg/kg/i.pl. vs. 10 mg/kg/i.v.). Another NAE compound, PEA, showed a significant effect in both 

phases following i.pl. administration. A further study found that local injection of anandamide reduced 

pain in both phases in male Wistar rats, whereas injection into the contralateral hind paw did not 

show any reduction in pain scores (Guindon et al., 2006). Therefore, it is likely that these NAE 

compounds are producing antinociceptive effects by acting in the periphery rather than CNS. In the 

present study, the local administration of DHEA had a significant effect in both the nociceptive and 

inflammatory phases of pain when compared to the vehicle control (Figure 3.3), indicating a potential 

peripheral mechanism of action. Nevertheless, it is possible that the compound crossed into the 

bloodstream via capillaries in the skin and into the CNS to produce the antinociceptive effects. 

Unfortunately, the local administration of the vehicle solution led to a significant level of pain in both 

phases compared to the vehicle control for the i.p. administration (for analysis see Appendix B). To 

further test the effects of DHEA, the vehicle control was compared to DHEA without formaldehyde-

induced pain. In this case, DHEA reduced the first phase of pain only (Figure 3.3), indicating that the 

level of inflammation and therefore inflammatory pain, induced by the vehicle or the double injection 

procedure could not be reduced by DHEA. 
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For the final experiment using the intraplantar formaldehyde test, DHEA was administered i.pl. at the 

beginning of the inflammatory phase of pain, to test whether the onset of action would change the 

effectiveness of the compound. In this experiment, there was a significant difference between the 

vehicle control and the formaldehyde control, confirming that the procedure had worked, although, 

over the time course, there was only significant difference at the 50-55 min time points (Figure 3.4). 

Since the paw would have already been inflamed by the i.pl. injection of both the formaldehyde and 

the inflammatory vehicle, in the time before the second injection (at the 15 min time point) 

nociceptors would have undergone peripheral sensitisation, and therefore the second i.pl. injection 

induced the same amount of pain irrespective of what was administered in the previous injection.  

DHEA did not show a reduction in the level of pain. This could be due to DHEA requiring a longer time 

to produce antinociceptive effects and DHEA could have a mechanism of action which prevents the 

formation of inflammation rather than reducing established inflammation. However, it is likely that 

the experiment was not sensitive enough to measure any effects of the DHEA treatment, as there was 

not a large change in the inflammatory pain level between the positive and negative control and there 

was no significant difference between any of the treatments for the paw oedema measurements.  

Injection of formaldehyde into the footpad tissue causes an acute local inflammatory reaction. 

Measuring the size of oedema induced by the formaldehyde gives an indication of the level of 

inflammation that has occurred. Previous studies show that anandamide did not reduce 

formaldehyde-induced (Guindon et al., 2006) or carrageenan-induced paw oedema, although PEA did 

show anti-oedema effects in the carrageenan model (Wise et al., 2008). In the results presented here, 

both the i.p. administration and the local i.pl. administration of DHEA reduced the formaldehyde-

induced paw oedema over a 60 min time period (Figure 3.2; Figure 3.3). DHEA also reduced the level 

of neutrophil infiltration into the inflamed tissue at the dose tested (Figure 3.2). Both of these 

processes were independent of the cannabinoid receptors. 

DHEA is structurally similar to the endocannabinoid NAE compound anandamide and has proven 

binding affinity to the CB1 and CB2 receptors (Brown et al., 2010). The anti-inflammatory effects of 

DHEA in vitro in 3T3-L1 adipocyte cells were mediated through activation of the CB2 receptor in a 

previous study (Balvers et al., 2010). Therefore, in assessing the effects of DHEA, it was decided to 

antagonise the cannabinoid receptor system to evaluate the in vivo mechanism of action. The results 

show that the antinociceptive effects in the intraplantar formaldehyde test were independent of both 

CB1 and CB2 receptors (Figure 3.1). In addition, antagonism of the CB1 and CB2 receptors did not 

change the ability of DHEA to reduce paw oedema or decrease neutrophil infiltration into inflamed 

tissue (Figure 3.2). It also shows that the effect of DHEA is not due to the ‘entourage effect’ whereby 

increasing the levels of NAEs leads to competition at the degrading FAAH enzyme, leading to an 
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increase in anandamide levels. Since anandamide acts through the cannabinoid receptors, if the 

entourage effect was responsible for the effects of DHEA, it would be expected that the 

antinociceptive effects would be blocked by AM251 and AM630 administration.  

After the study in this chapter had been carried out, a paper was published showing DHEA had COX-2 

inhibitory properties in vitro (Meijerink et al., 2015), although there had been earlier speculation to 

this effect, with discussion of unpublished data in a review article by the same group (Meijerink et al., 

2013). The paper found that in the RAW264.7 macrophage cell line, the CB1 and CB2 receptors and 

PPARs were not involved in the anti-inflammatory effects, but instead, DHEA reduced levels of 

eicosanoids produced by COX-2 (Meijerink et al., 2015). With the addition of this information, it is 

possible that the effects presented here for DHEA could be due to COX-2 inhibition, which is the 

analgesic mechanism of action of NSAIDs. This could explain why DHEA shows different results in the 

intraplantar formaldehyde test compared to anandamide and PEA which are predominately mediated 

by the CB1 and CB2 receptor respectively (Calignano et al., 1998). 

3.4.2 Effect in the warm water tail withdrawal assay 

The warm water tail withdrawal assay can be used to assess antinociceptive effects on thermal 

nociceptive pain, and give an indication of the onset and duration of action of test compounds. 

Unfortunately, DHEA did not produce a significant effect in this assay (Figure 3.5). Since the warm 

water tail withdrawal assay assesses the nociceptive processes at the spinal cord, the results indicate 

that DHEA may act in the periphery rather than the CNS. Although it is possible that DHEA does act in 

the CNS but is inactive in this model of pain. On the contrary, oral administration of n-3 PUFAs or DHA-

enriched supplement does produce a significant effect in the tail withdrawal assay (Nakamoto et al., 

2010; Nobre et al., 2013). Therefore, DHA, the precursor to DHEA, may have a different mechanism of 

action or the metabolism of these lipid compounds following oral vs. i.p. administration may affect 

the bioavailability and antinociceptive effects. The lipid mediators resolvins are hydroxylated 

derivatives of EPA (E-resolvins) and DHA (D-resolvins) and have a role in resolving or dampening 

inflammation (Serhan et al., 2000; Serhan et al., 2002; Serhan et al., 2008), therefore it is possible that 

this is the mechanism of action of the n-3 PUFAs.    

3.4.3 The side effects of DHEA 

Since the structure of DHEA is similar to the endocannabinoid anandamide, and DHEA has previously 

been shown to have CB1 and CB2 activation (Brown et al., 2010), two side effects associated with 

cannabinoid receptor activation were selected to be tested. The motor coordination of the animals 

was tested using the accelerating rotarod performance test, although DHEA treatment did not have 



 

93 
 

any effect on motor coordination (Figure 3.6A). The effect of DHEA on thermoregulation was tested 

using a rectal probe to assess the core body temperature changes over time, and similarly, the 

administration of DHEA did not have any effect on the core body temperature (Figure 3.6B). 

Conversely, anandamide has been shown to cause hypothermia in mice (Crawley et al., 1993; Fride & 

Mechoulam, 1993; Smith et al., 1994) and reduce locomotor activity in rats in the open field test 

(Bruijnzeel et al., 2016), however, the effect of anandamide on the rotarod performance test is 

unclear. Other cannabinoid receptor agonists have been shown to cause motor incoordination in the 

rotarod performance test in mice, such as THC (Dar, 2000), and synthetic agonists HU-210 and 

CP55,940 (DeSanty & Dar, 2001). Together this indicates that, unlike anandamide, DHEA does not have 

side effects which are related to cannabinoid receptor activation. 

3.4.4 Limitations and future directions 

The in vivo antinociceptive effects of DHEA had not previously been assessed, and therefore 

information about the onset and duration of action were unknown. When screening a drug for 

antinociceptive effects, a repeated-measures test can be used to understand these dynamics. 

Typically, we would use the tail withdrawal assay, due to the fact that the warm water gives a 

nociceptive response but doesn’t cause tissue damage, so that it can be repeated over a set amount 

of time. However, DHEA did not have any effect in the warm water tail withdrawal. Therefore, in the 

intraplantar formaldehyde test, DHEA was given a short 5 min pre-treatment time to avoid losing any 

early effects of the compound. As an indication, anandamide, PEA and other NAE compounds had a 

30 min pre-treatment with i.p. administration in the carrageenan-induced oedema test (Wise et al., 

2008) and 15 min pre-treatment when administered i.pl. in the intraplantar formaldehyde test 

(Guindon et al., 2006). DHA has been given 30 min before carrying out the intraplantar formaldehyde 

test, however, this was via oral administration (Nakamoto et al., 2010; Nobre et al., 2013). The 

intraplantar formaldehyde test could potentially be repeated with a longer pre-treatment time and a 

higher dose to test for a dose-dependent effect. Anandamide, PEA and other NAE compounds have 

been tested up to 50 mg/kg via i.p. administration (Wise et al., 2008). Finally, to assess the site of 

action, the DHEA compound could be administered via intrathecal or i.c.v. injection, and if no 

antinociceptive effects were produced this would show that the effects were occurring in the 

peripheral tissue.  

Since DHEA is structurally similar to anandamide, and DHEA has binding affinity to both the CB1 and 

CB2 receptors, the cannabinoid system was antagonised in the present study. However, the results 

show the antinociceptive effects of DHEA were not mediated through the CB1 or CB2 receptors. 

Evidence from a previous in vitro study indicates that DHEA may be a COX-2 inhibitor (Meijerink et al., 
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2015). To measure whether DHEA is inhibiting COX-2, plasma and tissue homogenate samples could 

be taken from mice and the concentration of COX-mediated eicosanoids in the samples measured 

using enzyme-linked immunosorbent assay (ELISA) or liquid-chromatography mass spectroscopy 

analysis as the Meijerink et al. (2015) paper carried out (LC-MS/MS). The eicosanoids produced by the 

COX pathways that could be analysed include prostaglandin (PG)E2, PGD2, PGF2α and thromboxane B2 

and could be compared to metabolites of other enzymatic pathways, including lipoxygenase and 

cytochrome P450. The results could be compared to a known selective COX-2 inhibitor, such as 

Celecoxib or SC-58125; and a known selective COX-1 inhibitor such as SC-560 or FR-122047.  

However, it is possible that the effects seen for DHEA could be due to the FAAH enzyme hydrolysing 

DHEA into DHA and ethanolamine, and the DHA having antinociceptive effects. This could be ruled out 

by administering a FAAH inhibitor, which should not alter or increase the effects of DHEA, as more 

DHEA would be available since the method of degradation would be removed. If a FAAH inhibitor 

decreased the action of DHEA, it could be concluded that some of the effects were due to conversion 

to DHA. However, since FAAH is not specific for this pathway, inhibiting this enzyme would also affect 

the levels of anandamide and arachidonic acid. FAAH inhibition would increase anandamide levels, 

which would produce a cannabinoid receptor-mediated antinociceptive effect.    

Further experiments could be carried out with other inflammatory pain models, to build a greater 

body of evidence for the antinociceptive effect of DHEA on inflammatory pain. Examples of potential 

models include carrageenan- or capsaicin-induced inflammatory pain, as well as arthritis models 

involving the injection of complete Freund’s adjuvant into joints, and models of visceral inflammation, 

including the acetic acid writhing test. DHA and NAE compounds have known antinociceptive effects 

in these models (Calignano et al., 2001; Wise et al., 2008; Clapper et al., 2010; Nakamoto et al., 2010; 

Nobre et al., 2013). However, the scope of this thesis was to screen potential antinociceptive drugs 

and then expand further study on the most promising compounds. The selection criteria were 

predominately based on the dose-response and duration of action effects in the warm water tail 

withdrawal assay, which could not be calculated for DHEA, as the compound was not active in this 

model at the concentration tested. The KOPr agonist compounds presented in Chapter 4 had more 

potential in the acute antinociceptive models, and therefore these compounds were given priority for 

further development. 
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3.5 Summary 

DHEA reduced inflammatory and nociceptive pain the in the intraplantar formaldehyde test in mice 

with both i.p. and local i.pl. administration, which did not appear to be modulated by pre-treatment 

with CB1 and CB2 receptor antagonists. DHEA significantly reduced formaldehyde-induced footpad 

oedema and reduced the infiltration of neutrophils into the inflamed footpad tissue independent of 

the cannabinoid receptor activation. Further studies are required to understand the mechanism of 

these antinociceptive effects, although one likely mechanism is via COX-2 inhibition. DHEA did not 

have any effect in the warm water tail withdrawal assay and did not show any motor coordination 

impairment or changes in thermoregulation, indicating the mechanism of action is likely to be in the 

periphery rather than the CNS. 
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Chapter 4: Investigating the antinociceptive and anti-

inflammatory effects of novel kappa opioid receptor 

agonists 

4.1 Introduction 

In the search for non-addictive analgesics, KOPr agonists are a promising alternative to MOPr agonists. 

SalA has proven antinociceptive and anti-inflammatory effects in vivo (Ansonoff et al., 2006; John et 

al., 2006; McCurdy et al., 2006; Aviello et al., 2011; Fichna et al., 2012; Guida et al., 2012; Rossi et al., 

2016), however, a short duration of action (Prisinzano, 2005; Butelman et al., 2009; Teksin et al., 2009; 

Ranganathan et al., 2012), plus aversive (Zhang et al., 2005b) and anxiogenic side effects (Braida et al., 

2009) have limited their clinical development (see Section 1.7.4.4 for further details on side effects of 

SalA). In the current chapter, the antinociceptive and anti-inflammatory effects of novel KOPr 

analogues of SalA have been assessed in behavioural models in mice.  

4.1.1 Novel analogues of Salvinorin A 

Many SalA analogues have been created with functional alterations at the carbon-2 position. 

Modifications at this position have increased the duration of action by adding metabolism-protective 

groups and removing the hydrolysable ester. Two novel compounds which have been created by 

altering the functional group at the carbon-2 position are methoxymethyl ether SalB (MOM SalB) and 

ethoxymethyl ether SalB (EOM SalB), which both have increased binding affinity and potency 

compared to parent compound SalA in Chinese hamster ovary (CHO) cells expressing the human KOPr 

(Munro et al., 2008; Prevatt-Smith et al., 2011) (Table 4.2). EOM SalB also has a binding affinity to the 

human MOPr of 41 ± 3 nM (Prevatt-Smith et al., 2011) (Table 4.1), however, a previous study had 

found the affinity at the rat MOPr to be > 1,000 nM using competitive inhibition of [3H]diprenorphine 

(Munro et al., 2008). 

EOM SalB was more metabolically stable in an in vitro rat liver microsome assay compared to SalA 

(Ewald et al., 2017), and was more stable in baboons when measured with positron emission 

tomography (PET) and in rats administered via i.p. injection brain concentrations declined more slowly 

than SalA (Hooker et al., 2009). EOM SalB has been shown to attenuate drug-seeking behaviour in 

cocaine-induced reinstatement of self-administration and attenuated the locomotor effects of 

cocaine, without causing sedation in the spontaneous locomotor activity test, anxiety in the elevated 

plus maze or depressive-like effects in the forced swim test (Ewald et al., 2017). MOM SalB attenuated 

cocaine-induced drug seeking, however, the compound also reduced natural reward behaviours in 
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sucrose self-administration studies and showed pro-depressive effects in the forced swim test in rats 

(Morani et al., 2013). In discrimination studies, MOM SalB and EOM SalB both substituted for U69,593 

(Baker et al., 2009) and SalA (Peet & Baker, 2011) in rats, indicating that the animals could not 

recognise differences between these compounds. 

Further carbon-2 modifications have been made to the SalA structural scaffold to create β-

tetrahydropyran SalB (β-THP SalB) and Mesyl SalB, and both have similar binding affinity and potency 

compared to SalA when measured in CHO cells expressing the human KOPr (Harding et al., 2005; 

Prevatt-Smith et al., 2011; Kivell et al., 2018) (Table 4.2). Both attenuated drug-seeking behaviour in 

cocaine-induced reinstatement self-administration studies in rats without causing sedation in 

spontaneous locomotor tests (Morani et al., 2013; Simonson et al., 2015). Mesyl SalB has also been 

shown to reduce alcohol intake in mice subjected to chronic escalation drinking of ethanol but did not 

reduce sucrose self-administration (Zhou et al., 2017). We have previously shown that both 

compounds have a longer duration of action than SalA (45 min for β-THP SalB and 60 min for Mesyl 

SalB vs 30 min for SalA) in the warm water tail withdrawal assay in mice (Simonson et al., 2015; Paton 

et al., 2017). Recently, further modification at the carbon-2 produced the conformationally-restricted 

compound spirobutyrolactone SalB (Spiro SalB), with similar potency and selectivity to SalA (Sherwood 

et al., 2017a). We also showed that Spiro SalB had similar antinociceptive effects to SalA in the 

intraplantar 2% formaldehyde test and the warm water tail withdrawal assay (Sherwood et al., 2017a).  

Modifications have also been made at the carbon-16 position on the furan ring of SalA (Riley et al., 

2014). The addition of a bromine group at this carbon-16 position produced the compound 16-Bromo 

SalA and the addition of an ethynyl group produced the compound 16-Ethynyl SalA. Both compounds 

have similar potency at the KOPr compared to the parent compound SalA measured in CHO cells 

expressing the human KOPr (Beguin et al., 2009; Riley et al., 2014) (Table 4.2). In rats, 16-Bromo SalA 

and 16-Ethynyl SalA attenuated drug-seeking in cocaine prime-induced reinstatement without 

decreasing spontaneous locomotor activity (Riley et al., 2014). The compounds also reduce the 

rewarding value of cocaine in progressive ratio self-administration but do not attenuate the natural 

reward pathway in sucrose self-administration studies (Ewald, 2015; Young, 2015). 
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 MOPr DOPr 

SalA > 1,000 nM (2) > 10,000 nM (1) 

MOM SalB (1) 390 ± 20 nM 2,840 ± 180 nM 

EOM SalB (1) 41 ± 3 nM 1,017 ± 99 nM 

β-THP SalB (1) > 10,000 nM > 10,000 nM 

Mesyl SalB (2) 6,820 ± 660 nM > 10,000 nM 

Spiro SalB (5) Emax = 0% up to 10,000 nM Emax = 0% up to 10,000 nM 

16-Ethynyl SalA (4) EC50 ≥ 10,000 nM n.d. 

16-Bromo SalA EC50 ≥ 10,000 nM (4) > 1,000 nM (3) 

 

Table 4.1: Comparison of Salvinorin A and analogues for binding affinity and potency for the mu 
and delta opioid receptors 

(1) Binding affinity in Chinese hamster ovary (CHO) cells expressing hMOPr or hDOPr with [3H]DAMGO 
and [3H]DADLE as the radioligands respectively (Prevatt-Smith et al., 2011) 

(2) Binding affinity in CHO cells stably expressing hMOPr and hDOPr with [125I]IOXY as the radioligand 
(Harding et al., 2005) 

(3) Binding affinity in CHO cells stably expressing mDOPr with [3H]diprenorphine as the radioligand 
(Beguin et al., 2009) 

(4) Potency (EC50) for inhibition of forskolin-induced cAMP accumulation in CHO cells expressing 
hMOPr (Riley et al., 2014) 

(5) Efficacy (Emax) for inhibition of forskolin-induced cAMP accumulation in CHO cells expressing 
hMOPr and hDOPr (Sherwood et al., 2017a) 

n.d. = not determined. Values presented as mean ± SD. 
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U50,488 SalA MOM SalB EOM SalB β-THP SalB Mesyl SalB Spiro SalB 

16-Ethynyl 
SalA 

16-Bromo 
SalA 

Ref 

R1 - 

   

 

 

*attachment 
point (carbon-2) 

   

R2 - -H -H -H -H -H -H  -Br 
 

Binding affinity, 
Ki (nM) 

 7.4 ± 0.7 1.9 ± 0.2 3.13 ± 0.40 6.21 ± 0.40     (1a) 

 1.9 ± 0.2    2.3 ± 0.1    (2a) 

2.2 ± 0.2 2.5 ± 0.6       2.9 ± 0.3 (3a) 

EC50 (nM) 
[35S]GTP-γ-S assay 

 40 ± 10 6 ± 1 0.65 ± 0.17 60 ± 6 30 ± 5 (2b)    (1b) 

2.9 ± 0.2 2.1 ± 0.6       2.4 ± 0.2 (3b) 

Emax (%) 
[35S]GTP-γ-S assay 

 120 ± 2 118 ± 2 127 ± 5 109 ± 3 112 ± 4 (2b)    (1b) 

100 105 ± 4       108 ± 5 (3b) 

EC50 (nM) 
 inhibition of cAMP 

0.80 ± 0.40* 0.030 ± 0.004      0.019 ± 0.004 0.040 ± 0.01 (4) 

 0.21 ± 0.06     0.6 ± 0.2   (5) 
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Table 4.2: Comparison of Salvinorin A and analogues in binding affinity and selectivity at the KOPr 

(1) (a) Binding affinity (Ki) in Chinese hamster ovary (CHO) cells expressing hKOPr with [3H]U69,593 as the radioligand. (b) Potency (EC50) and efficacy (Emax) 
measured with the [35S]GTP-γ-S functional assay in CHO cells expressing the hKOPr and Emax compared to U50,488 (Prevatt-Smith et al., 2011) 

(2) (a) Binding affinity (Ki) in CHO cells stably expressing hKOPr with [125I]IOXY as the radioligand. (b) Potency (EC50) and efficacy (Emax) measured with the 
[35S]GTP-γ-S functional assay in CHO cells stably expressing the hKOPr and Emax compared to U50,488 (Harding et al., 2005)  

(3) (a) Binding affinity (Ki) in CHO cells stably expressing hKOPr with [3H]diprenorphine as the radioligand. (b) Potency (EC50) and efficacy (Emax) measured with 
the [35S]GTP-γ-S functional assay in CHO cells stably expressing the hKOPr and Emax compared to U50,488 (Beguin et al., 2009) 

(4) Potency (EC50) for inhibition of forskolin-induced cAMP accumulation in CHO cells expressing hKOPr, with all compounds reported showed an Emax of 
100%. *value for U69,593 rather than U50,488 (Riley et al., 2014) 

(5) Potency (EC50) for inhibition of forskolin-induced cAMP accumulation in CHO cells expressing hKOPr. All reported compounds showed an Emax of 100% 
(Sherwood et al., 2017a) 

Values presented as mean ± SD (Ref 1-2) and mean ± SEM (Ref 3-5)
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4.1.2 Biased agonism at the kappa opioid receptor 

Traditional KOPr agonists, such as U50,488, are associated with many side effects including sedation, 

anxiety, aversion and dysphoria (Mucha & Herz, 1985; Suzuki et al., 1992; Bals-Kubik et al., 1993; 

Privette & Terrian, 1995; Skoubis et al., 2001; Mague et al., 2003; Kudryavtseva et al., 2004; Vunck et 

al., 2011; Ehrich et al., 2015; Zhang et al., 2015; Wang et al., 2016). However, the concept of biased 

agonism, where a ligand can preferentially activate desired signalling pathways, has renewed interest 

in designing improved KOPr agonist analgesics. It is proposed that the antinociceptive effects of the 

KOPr are associated with G-protein regulation of ion channels, resulting in reduced neuronal 

excitability. Whereas, the negative side effects tend to be associated with the β-arrestin-dependent 

signalling cascades (see Section 1.7.2.1 for further details on KOPr signalling pathways). 

Side effect data collected in the Kivell laboratory group in Sprague Dawley rats suggests that some of 

the novel SalA analogues may be G-protein biased. 16-Ethynyl SalA and 16-Bromo SalA did not cause 

sedation in spontaneous locomotor tests (Riley et al., 2014) and do not cause anxiety in the elevated 

plus maze or light-dark test, or have depressive-like effects in the forced swim test (Ewald, 2015; 

Young, 2015; Culverhouse, 2015). In the CPA paradigm, 16-Ethynyl SalA did not show aversive effects 

(Culverhouse, 2015), however, 16-Bromo SalA was aversive (Ewald, 2015). Neither 16-Ethynyl SalA nor 

16-Bromo SalA produced long-term memory impairments in the novel object recognition task (Welsh, 

2017). Similarly, EOM SalB and β-THP SalB did not cause sedation in spontaneous locomotor activity, 

anxiety in the elevated plus maze or depressive-like effects in the forced swim test (Ewald et al., 2017). 

EOM SalB did not induce aversive effects in CPA, however, β-THP SalB did (Ewald et al., 2017).  

Negative side effects have been associated with late phase ERK1/2 and p38 MAPK activation (Bruchas 

& Chavkin, 2010). The phosphorylation of these kinases were measured using western blotting 

studies, which revealed that 16-Bromo SalA did not activate ERK1/2 or p38 MAPK in the rat dorsal 

striatum or prefrontal cortex, however, in the nucleus accumbens, there was significant 

phosphorylation of p38 MAPK but not ERK1/2 (Ewald, 2015). This indicates that 16-Bromo SalA may 

be acting preferentially through the G-protein biased pathways.  

The bias can be calculated by using the potency and efficacy results from both G-protein and β-arrestin 

assays, using the following formula as in Crowley et al. (2016): 

 

log(𝑏𝑖𝑎𝑠 𝑓𝑎𝑐𝑡𝑜𝑟) = log (
𝐸max(𝑡𝑒𝑠𝑡)× 𝐸𝐶50(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝐸𝐶50(𝑡𝑒𝑠𝑡)× 𝐸max(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
)

𝛽−𝑎𝑟𝑟𝑒𝑠𝑡𝑖𝑛

− log (
𝐸max(𝑡𝑒𝑠𝑡)× 𝐸𝐶50(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝐸𝐶50(𝑡𝑒𝑠𝑡)× 𝐸max(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
)

𝐺−𝑝𝑟𝑜𝑡𝑒𝑖𝑛 
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Where the control compound is a balanced agonist with similar potency in both assays, which has 

been set as U50,488 (Schattauer et al., 2017), SalA (White et al., 2015) or dynorphin A1-17 (DiMattio et 

al., 2015) in previous studies. Using this formula, a bias factor of 1 is a balanced agonist, less than 1 is 

G-protein biased and more than 1 is β-arrestin biased. As a further complication, the importance of 

understanding the bias factor in different species has been shown in multiple studies. DiMattio et al. 

(2015) calculated the bias factor for a range of KOPr agonists in N2a cells stably transfected with either 

the human or mouse KOPr. The results showed that SalA was significantly biased towards the β-

arrestin pathway for the human receptor, but had similar activation of both pathways at the mouse 

KOPr. On the contrary, U50,488 was biased towards the β-arrestin pathway at the mouse receptor but 

was unbiased at the human KOPr. Similarly, a recent study found that nalfurafine was extremely G-

protein biased at the human KOPr but was biased to a much lesser extent at the rat KOPr (Schattauer 

et al., 2017). 

However, investigations into the cell signalling pathways induced by the novel SalA analogues are 

ongoing in the Kivell laboratory and are not the focus of this thesis. The analogues tested in this thesis 

have reduced side effects in vivo, and therefore the aim was to assess the antinociceptive potential 

and the effects on motor coordination and thermoregulation.  
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4.2 Aims and hypotheses 

SalA is a KOPr agonist that has antinociceptive and anti-inflammatory effects in vivo, with limited 

abuse potential. However, the short duration of action and aversive side effects limit the clinical 

usefulness. The present study aimed to investigate the antinociceptive and anti-inflammatory effects 

as well as the side effects of acute administration of novel analogues of SalA in mice. It was 

hypothesised that altering the functional group at the carbon-16 position would increase the duration 

of action and potency at the KOPr and alter the bias factor towards a compound with fewer side 

effects. 

The specific aims of the study were to: 

1. Screen the potency and efficacy of the novel KOPr agonists by measuring the dose-response 

effect in the warm water tail withdrawal assay. From these results, select efficacious 

compounds to assess in further assays.  

2. Assess the antinociceptive effects and duration of action to a thermal stimulus in the warm 

water tail withdrawal assay and hotplate assay. 

3. Determine whether the novel compounds 16-Ethynyl SalA and 16-Bromo SalA are effective in 

the intraplantar 2% formaldehyde test and antagonise the KOPr using nor-BNI. 

4. Investigate the effects of the novel KOPr agonists on formaldehyde-induced paw oedema and 

the level of local inflammation in the swollen paw using flow cytometry and histology to 

identify immune cell populations. 

5. Evaluate the side effect profile by assessing motor coordination using the accelerating rotarod 

performance assay and thermoregulation using core body temperature measurements. 
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4.3 Results 

4.3.1 Cumulative dose-response effects using the warm water tail withdrawal 

assay 

The warm water tail withdrawal assay measures the spinal reflex in response to a thermal stimulus. In 

this procedure, an escalating cumulative dose of the KOPr agonists were administered via s.c. injection 

and the tail withdrawal behaviour measured at 30 min intervals. Non-linear regression analysis was 

used to determine the potency (median effective dose, ED50) and the efficacy (maximum response, 

Emax) and the values were compared to the traditional KOPr agonist, U50,488. Analysis of the dose-

response curves revealed that a different curve fits each data set, demonstrating a significant effect 

of treatment [F(20,244) = 25.92, p < 0.0001] (Figure 4.1). All of the data sets passed normality testing 

(D’Agostino & Pearson omnibus K2 normality test). The ED50 values showed that SalA and all of the 

novel SalA analogues were significantly more potent when compared to U50,488 (for p values see 

Table 4.3). The Emax values showed that only 16-Ethynyl SalA had a significantly higher maximum effect 

than U50,488 (for p values see Table 4.3). The vehicle control group were administered the same 

number of injections as the KOPr treated animals, with no significant increase in the %MPE over time 

(p = 0.4032, see Appendix C.1). 

For this thesis, 16-Ethynyl SalA and 16-Bromo SalA were selected for further investigation in additional 

models of acute pain, because of the high efficacy of 16-Ethynyl SalA and the fact that both 

compounds had been extensively tested for side effects in rats, with both compounds showing a 

reduced side effect profile compared to SalA. β-THP SalB was investigated in conjunction with Master’s 

student Nitin Kumar and published in the European Journal of Pain (Paton et al., 2017). Studies into 

the antinociceptive effects of EOM SalB are ongoing in the Kivell laboratory.  
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Figure 4.1: Dose-response effects of KOPr agonists in the warm water tail withdrawal assay 

Cumulative dose-response effects of KOPr agonists. The maximal possible effect (%MPE) at each dose 
was calculated as a percent based on the pre-treatment baseline latencies. Values presented as mean 
± SEM, n = 6. The U50,488, SalA and β-THP SalB data sets are also presented in Paton et al. (2017). 
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 Potency 
ED50 (mg/kg) 

logED50 ± SEM 
p value for 

ED50 compared to 
U50,488(1) 

Efficacy 
Emax ± SEM(2) 

p value for 

Emax compared to 
U50,488(3) 

R2 value 

U50,488 6.28 0.825 ± 0.131 - - 100 - - 0.689 

SalA 2.11 0.324 ± 0.109 0.0494 * 87.8 ± 12.1 > 0.9999 n.s. 0.850 

16-Ethynyl SalA 1.54 0.187 ± 0.122 0.0036 ** 171.0 ± 21.5 0.0343 * 0.889 

16-Bromo SalA 2.06 0.314 ± 0.174 0.0326 * 107 ± 32.7 0.1012 n.s. 0.887 

β-THP SalB 1.42 0.152 ± 0.0865 0.0029 ** 108 ± 7.61 > 0.9999 n.s. 0.787 

EOM SalB 0.632 -0.200 ± 0.135 < 0.0001 **** 84.9 ± 8.19 > 0.9999 n.s. 0.806 

Table 4.3: Statistical analysis of the dose-response effects of the KOPr agonists in the warm water tail withdrawal assay 

(1) One-way ANOVA with Bonferroni post-tests, reported p values are for comparison to the ED50 of U50,488 
(2) Emax calculated as a percentage of the maximum height of the U50,488 curve 
(3) One-way ANOVA with Bonferroni post-tests, reported p values are for comparison to the Emax of U50,488 
n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
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4.3.2 Duration of action SalA, 16-Ethynyl SalA and 16-Bromo SalA in the warm 

water tail withdrawal assay 

To measure the onset and duration of action of the KOPr agonists, the warm water tail withdrawal 

assay technique was used again, however, the animals were administered a single i.p. injection, and 

the tail withdrawal behaviour repeatedly measured over time. For the SalA cohort, two-way repeated 

measures ANOVA showed a significant effect of treatment [F(2,26) = 19.18, p < 0.0001], time [F(8,208) = 

11.74, p < 0.0001] and interaction of treatment x time [F(16,208) = 3.923, p < 0.0001] (Figure 4.2A). 

Bonferroni post-tests showed that SalA had a significant antinociceptive effect for the 1 mg/kg dose 

at 5-30 min (p < 0.05) and a significant effect for the 2 mg/kg dose at 5-30 min (p < 0.05). 16-Ethynyl 

SalA also showed a significant effect of treatment [F(2,18) = 15.44, p = 0.0001], time [F(8,144) = 16.25, p < 

0.0001] and interaction of treatment x time [F(16,144) = 3.546, p < 0.0001] (Figure 4.2B). 16-Ethynyl SalA 

showed a significant antinociceptive effect for the 1 mg/kg dose at 10-15 min and a significant effect 

for the 2 mg/kg dose at 5-60 min (p < 0.05). Finally, 16-Bromo SalA showed a significant effect of 

treatment [F(2,18) = 12.85, p = 0.0003], time [F(8,208) = 11.74, p < 0.0001] and interaction of treatment x 

time [F(16,208) = 3.923, p < 0.0001] (Figure 4.2C). 16-Bromo SalA had a significant antinociceptive effect 

at 1 mg/kg at 10-60 min and for the 2 mg/kg dose at 10-15 and 45-60 min (p < 0.05). 

The AUC was calculated for the each of the treatments, with the vehicle controls pooled together, to 

understand the overall antinociceptive effect of the KOPr agonists. Comparison of the 1 mg/kg doses 

of the KOPr agonists showed a significant effect of treatment [F(3,43) = 32.55, p < 0.0001] (Figure 4.2D), 

with SalA (p < 0.0001), 16-Ethynyl SalA (p = 0.0008) and 16-Bromo SalA (p = 0.0009) showing an 

increased level of antinociceptive effect compared to vehicle. SalA had a significantly larger effect than 

16-Ethynyl SalA (p = 0.0059) and 16-Bromo SalA (p = 0.0053). There was no difference between 16-

Ethynyl SalA and 16-Bromo SalA (p > 0.9999). The 2 mg/kg doses also showed a significant effect of 

treatment [F(3,37) = 20.3, p < 0.0001] (Figure 4.2E). SalA (p < 0.0001), 16-Ethynyl SalA (p < 0.0001) and 

16-Bromo SalA (p = 0.0040) had a significant effect compared to vehicle. There was no difference 

between any of the KOPr agonists at the higher dose (p > 0.05).  
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Figure 4.2: Duration of action of KOPr agonists in the warm water (50°C) tail withdrawal assay 

The maximum possible effect (%MPE) at each time point was calculated as a percentage based on the 
pre-treatment baseline latencies. Mice were treated with either vehicle, SalA, 16-Ethynyl SalA or 16-
Bromo SalA and the warm water (50°C) tail withdrawal latencies measured up to 120 min. (A) SalA 
showed a significant duration of action up to 30 min. (B) 16-Ethynyl SalA showed a significant effect 
up to 15 min for the 1 mg/kg dose and 60 min for the 2 mg/kg dose. (C) 16-Bromo SalA showed a 
significant duration of action up to 60 min at both doses. Two-way repeated measures ANOVA 
followed by Bonferroni post-tests. (D-E) Area under the curve (AUC) analysis of the tail withdrawal 
behaviour, comparing the 1mg/kg doses (D) and the 2 mg/kg doses (E). SalA (1 mg/kg) had an overall 
increased antinociceptive effect compared to both 16-Ethynyl SalA and 16-Bromo SalA. One-way 
ANOVA with Bonferroni post-tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for 2 mg/kg 
doses vs. vehicle control. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 for 1 mg/kg doses vs. vehicle 
control. Values presented as mean ± SEM, n = 7-12.  
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4.3.3 Duration of action in the hotplate assay 

The hotplate assay measures the withdrawal response from a thermal stimulus to the paws, which 

involves supraspinal processes, as opposed to the warm water tail withdrawal assay which evaluates 

a spinal reflex. Similar to the previous experiment, the onset and duration of action can be measured 

using this technique. Two-way repeated measures ANOVA showed there was a significant effect of 

treatment [F(3,20) = 4.365, p = 0.0161], time [F(3,60) = 18.95, p < 0.0001] and treatment x time interaction 

[F(9,60) = 3.586, p = 0.0013] (Figure 4.3A). Bonferroni post-tests showed that SalA (2 mg/kg) had a 

significant antinociceptive effect at 15 min (p = 0.0293). Whereas, both the novel analogues showed 

a longer duration of action, with 16-Ethynyl SalA significant at 15 (p = 0.0024) and 30 min (p < 0.0001), 

and 16-Bromo SalA at 15 (p = 0.0007) and 30 min (p = 0.0011). The AUC analysis analysed the total 

antinociceptive effect and had a significant effect of treatment [F(3,20) = 4.795, p = 0.0112] (Figure 4.3B). 

16-Ethynyl SalA (p = 0.0142) and 16-Bromo SalA (p = 0.0076) had a significant effect compared to 

vehicle, whereas SalA did not (p = 0.1549). 

  



 

111 
 

15 30 45 60
-5

0

5

10

15

20

25

30

35

40

Time (min)

%
 c

h
a

n
g

e

Vehicle
SalA (2)

16-Ethynyl (2)

16-Bromo (2)

*
**
***

****
**

V
eh

ic
le

S
al

A
 (2

)

16
-E

th
yn

yl
 (2

)

16
-B

ro
m

o 
(2

)
0

20

40

60

80

A
U

C

*

*

A B

 

Figure 4.3: Duration of action of the KOPr agonists in the hotplate (50°C) assay 

The percentage change in the paw withdrawal time on the hotplate (50°C) was calculated based on 
pre-treatment baseline latencies. (A) Mice were treated with either vehicle, SalA (2 mg/kg), 16-Ethynyl 
SalA (2 mg/kg) or 16-Bromo SalA (2 mg/kg) and the withdrawal latencies measured up to 60 min. 16-
Ethynyl SalA and 16-Bromo SalA showed a significant duration of action to 30 min, whilst SalA only 
had a significant effect at 15 min. Two-way repeated measures ANOVA followed by Bonferroni post-
tests. (B) Area under the curve (AUC) analysis of the antinociceptive effects showed a significant effect 
for 16-Ethynyl SalA and 16-Bromo SalA. One-way ANOVA with Bonferroni post-tests. *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001 vs. vehicle control. Values presented as mean ± SEM, n = 6. 
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4.3.4 The effect of SalA in the intraplantar 2% formaldehyde model 

The intraplantar formaldehyde model was used to assess the ability of the KOPr agonists to reduce 

nociceptive and inflammatory pain. SalA was initially administered via i.p. injection, with two-way 

repeated measures ANOVA showed a significant effect of treatment [F(4,39) = 24.7, p < 0.0001], time 

[F(12,468) = 27.78, p < 0.0001] and interaction of treatment x time [F(48,468) = 5.153, p < 0.0001] (Figure 

4.4A). Bonferroni post-tests showed that SalA reduced the effects of the i.pl. administration of 2% 

formaldehyde from 5-50 min (p < 0.05). The KOPr antagonist reversed the effects of SalA at 5 and 30-

40 min (p < 0.05). Because previous studies have shown that cannabinoid receptor antagonism 

reduces the antinociceptive effects of SalA (Aviello et al., 2011; Fichna et al., 2012; Guida et al., 2012; 

Coffeen et al., 2018), the CB1 receptor antagonist AM251 administered as a pre-treatment, however, 

this did not alter the effects of SalA. One-way ANOVA showed a significant effect of treatment for the 

AUC analyses of phase I [F(4,39) = 4.179, p < 0.0001] (Figure 4.4B) and phase II pain [F(4,39) = 5.131, p < 

0.0001] (Figure 4.4C). SalA reduced the effects of formaldehyde in phase I (p < 0.0001) and phase II (p 

< 0.0001) and in both phases, nor-BNI significantly reversed the effect of SalA (phase I, p = 0.0242; 

phase II, p = 0.0185), whilst AM251 treatment had no significant effect (phase I, p = 0.5302; phase II, 

p > 0.9999). The paw oedema measurements showed a significant effect of treatment [F(4,27) = 15.46, 

p < 0.0001] (Figure 4.4D). SalA significantly reduced paw oedema compared to the 

vehicle/formaldehyde treatment (p < 0.0001), and there was a significant effect with the pre-

treatment of nor-BNI (p = 0.0146) but not AM251 (p > 0.9999).  

A second experiment had SalA administered via i.pl. injection at the same paw as the 2% 

formaldehyde. There was a significant effect of treatment [F(2,15) = 25.95, p < 0.0001], time [F(2,180) = 

18.7, p < 0.0001] and interaction of treatment x time [F(24,180) = 3.11, p < 0.0001] (Figure 4.4E). 

Bonferroni post-tests showed that SalA reduced the formaldehyde-induced pain from 5-10 and 20-60 

min (p < 0.05), and at the 10 min time point SalA also reduced the effect of the vehicle (p = 0.0423). 

AUC analysis showed a significant effect of treatment for phase I [F(2,15) = 25.89, p < 0.0001] (Figure 

4.4F) and phase II [F(2,15) = 20.03, p < 0.0001] (Figure 4.4G). SalA significantly reduced the effects of 

formaldehyde in phase I (p < 0.0001) and phase II (p < 0.0001). The paw oedema measurements 

showed a significant effect of treatment [F(2,14) = 6.782, p = 0.0087] (Figure 4.4H), however, there was 

no significant effect of SalA treatment on formaldehyde-induced paw oedema (p > 0.9999). 
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Figure 4.4: Antinociceptive effect of SalA in the intraplantar 2% formaldehyde assay 

(A) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 
paw. SalA (2 mg/kg i.p.) treatment showed a significant reduction in pain compared to the 
vehicle/formaldehyde treated control.  
(B-C) Area under the curve (AUC) was calculated for phase I nociceptive pain (0-15 min, B) and phase 
II inflammatory pain (20-60 min, C). SalA showed a significant reduction in both phases of pain 
compared to the vehicle/formaldehyde treatment. The antagonist nor-BNI treatment reversed the 
effects of SalA.  
(D) The percentage change in the paw oedema depth revealed a significant difference between the 
vehicle/formaldehyde control and SalA. The antagonist nor-BNI reversed this effect.  
(E) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 
paw. SalA (2 mg/kg i.pl.) treatment showed a significant reduction in pain compared to the 
vehicle/formaldehyde treated control.  
(F-G) AUC analysis showed SalA significantly reduced phase I (F) and phase II (G) pain. 
(H) The percentage change in the paw oedema depth revealed no significant difference between the 
vehicle/formaldehyde control and SalA. 
(A, E) Two-way repeated measures ANOVA with Bonferroni post-tests. (B-D, F-H) One-way ANOVA 
with Bonferroni post-tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for SalA vs. 
vehicle/formaldehyde control. ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 for SalA vs. SalA + nor-BNI. †p < 
0.05 for SalA vs vehicle/vehicle. n.s. = not significant. Values presented as mean ± SEM, n = 13 for 
vehicle/formaldehyde control group (i.p. experiment) and SalA (2 mg/kg i.p.), all other groups n = 6. 
Number in brackets indicates dose in mg/kg and F = formaldehyde i.pl. administration. 
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4.3.5 The effect of 16-Ethynyl SalA in the intraplantar 2% formaldehyde assay 

The novel KOPr agonist, 16-Ethynyl SalA, was tested via i.p. injection in the intraplantar formaldehyde 

assay, and two-way repeated measures ANOVA showed a significant effect of treatment [F(4,26) = 26.06, 

p < 0.0001], time [F(12,312) = 35.97, p < 0.0001] and interaction of treatment x time [F(48,312) = 4.324, p < 

0.0001] (Figure 4.5A). The 2 mg/kg dose had a significant antinociceptive effect from 5-10 min, 25-45 

min and 60 min (p < 0.05), and the 1 mg/kg dose had a significant effect at 25-35 min (p < 0.05) 

compared to the vehicle/formaldehyde treatment. The KOPr antagonist nor-BNI reversed the effect 

of the 2 mg/kg dose at 5 and 25-40 min (p < 0.05). One-way ANOVA analysis of the AUC data showed 

a significant effect of treatment in phase I [F(4,26) = 24.58, p < 0.0001] (Figure 4.5B) and phase II [F(4,26) 

= 21.1, p < 0.0001] (Figure 4.5C). For the nociceptive phase I pain, 16-Ethynyl SalA reduced the pain at 

2 mg/kg (p = 0.0001) but not 1 mg/kg (p = 0.1019). Nor-BNI significantly reversed the effect of the 2 

mg/kg dose (p = 0.0054). In the inflammatory phase, the pain was reduced by the 2 mg/kg (p < 0.0001) 

and 1 mg/kg dose (p = 0.0200), and nor-BNI reversed the effect of 2 mg/kg dose (p = 0.0012). The 

treatments also had a significant effect on the level of paw oedema [F(4,27) = 12.79, p < 0.0001] (Figure 

4.5D), with the 2 mg/kg dose of 16-Ethynyl SalA showing a reduction in the level of swelling (p = 

0.0096), which was reversed by pre-treatment with nor-BNI (p = 0.0009), however, the 1 mg/kg dose 

did not have an effect (p > 0.9999). 

The antinociceptive effects of 16-Ethynyl SalA were further assessed by administering via i.pl. 

injection, and two-way repeated measures ANOVA showed a significant effect of treatment [F(2,15) = 

25.3, p < 0.0001], time [F(12,180) = 17.89, p < 0.0001] and interaction of treatment x time [F(24,180) = 3.693, 

p < 0.0001] (Figure 4.5E). 16-Ethynyl SalA (2 mg/kg) had a significant effect from 5-60 min compared 

to the vehicle/formaldehyde control. For this route of administration, one-way ANOVA showed there 

was a significant effect of treatment in phase I [F(2,15) = 26.47, p < 0.0001] (Figure 4.5F), phase II [F(2,15) 

= 21.12, p < 0.0001] (Figure 4.5G) and the paw oedema measurements [F(2,14) = 6.501, p = 0.0101] 

(Figure 4.5H). 16-Ethynyl SalA significantly reduced pain in phase I (p < 0.0001) and phase II (p < 0.0001) 

but did not reduce the level of paw oedema compared to the vehicle/formaldehyde treatment group 

(p > 0.9999). 
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Figure 4.5: Antinociceptive effect of 16-Ethynyl SalA in the intraplantar 2% formaldehyde test 

(A) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 
paw. 16-Ethynyl SalA (1-2 mg/kg i.p.) treatment showed a significant reduction in pain compared to 
the vehicle/formaldehyde treated control group. 
(B-C) Area under the curve (AUC) was calculated for phase I nociceptive pain (0-15 min, B) and phase 
II inflammatory pain (20-60 min, C). 16-Ethynyl SalA showed a significant reduction in both phases of 
pain compared to the vehicle/formaldehyde treatment, which was reversed using the KOPr antagonist 
nor-BNI.  
(D) The percentage change in the paw oedema depth revealed a significant difference between the 
vehicle/formaldehyde treatment and the 2 mg/kg dose of 16-Ethynyl SalA. The antagonist nor-BNI 
reversed the effect of the 2 mg/kg dose. 
(E) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 
paw. 16-Ethynyl SalA (2 mg/kg i.pl.) treatment showed a significant reduction in pain compared to the 
vehicle/formaldehyde treated control. 
(F-G) AUC analysis showed 16-Ethynyl SalA significantly reduced in phase I (F) and II (G) pain compared 
to the vehicle/formaldehyde-treated positive control.  
(H) The percentage change in the paw oedema depth revealed no significant difference between the 
vehicle/formaldehyde control and 16-Ethynyl SalA. 
(A, E) Two-way repeated measures ANOVA with Bonferroni post-tests. (B-D, F-H) One-way ANOVA 
with Bonferroni post-tests. *p < 0.05, **p < 0.01 for 2 mg/kg doses vs. vehicle control. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001 for 2 mg/kg dose vs. vehicle/formaldehyde control. #p < 0.05, ##p 
< 0.01, ###p < 0.001, ####p < 0.0001 for 1 mg/kg dose vs. vehicle/formaldehyde control.  Values 
presented as mean ± SEM, n = 6-7 and n = 5 for nor-BNI antagonist group. Number in brackets indicates 
dose in mg/kg and F = formaldehyde i.pl. administration. 
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4.3.6 The effect of 16-Bromo SalA in the intraplantar 2% formaldehyde assay 

The novel KOPr agonist, 16-Bromo SalA, was tested via i.p. administration in the intraplantar 

formaldehyde model, and two-way repeated measures ANOVA showed a significant effect of 

treatment [F(4,28) = 43.75, p < 0.0001], time [F(12,336) = 58.07, p < 0.0001] and interaction of treatment x 

time [F(48,336) = 5.046, p < 0.0001] (Figure 4.6A). Over the time course, Bonferroni post-tests showed 

the 2 mg/kg dose of 16-Bromo SalA reduced pain at 30 min (p = 0.0207) and the 1 mg/kg dose reduced 

at 25 (p = 0.0269) and 30 min (p = 0.0006). One-way ANOVA analysis showed a significant effect of 

treatment for the AUC analysis of phase I [F(4,28) = 46.59, p < 0.0001] (Figure 4.6B) and phase II [F(4,28) = 

35.8, p < 0.0001] (Figure 4.6C), as well as for the paw oedema measurements [F(4,28) = 11.06, p < 

0.0001] (Figure 4.6D). 16-Bromo SalA did not show a significant reduction in phase I or phase II pain 

for either dose (p > 0.05). However, there was a reduction in the level of paw oedema at 1 mg/kg (p = 

0.0083) and 2 mg/kg (p = 0.0218), and the pre-treatment of nor-BNI significantly reversed the effects 

of the 2 mg/kg dose (p = 0.0044). 

The local effects of 16-Bromo SalA were further tested by administering the compound via i.pl. 

administration, which showed a significant effect of treatment [F(2,15) = 8.141, p = 0.0040], time [F(12,180) 

= 24.12, p < 0.0001] and interaction of treatment x time [F(24,180) = 2.542, p = 0.0003] (Figure 4.6E). 16-

Bromo SalA showed significant effects at 10, 20-35 and 55 min (p < 0.05). There was a significant effect 

of treatment for the phase I AUC data [F(2,15) = 11.21, p = 0.0011] (Figure 4.6F), phase II AUC data [F(2,15) 

= 6.507, p = 0.0092] (Figure 4.6G) and the paw oedema measurements [F(2,13) = 4.785, p = 0.0277] 

(Figure 4.6H). 16-Bromo SalA produced a significant reduction in nociceptive pain (p = 0.0108), but not 

inflammatory pain (p = 0.1153) or paw oedema (p = 0.2260).   
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Figure 4.6: Antinociceptive effect of 16-Bromo SalA in the intraplantar 2% formaldehyde test 

(A) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 
paw. 16-Bromo SalA (1-2 mg/kg i.p.) treatment showed a significant reduction in pain compared to 
the vehicle/formaldehyde treated positive control group.  
(B-C) Area under the curve (AUC) was calculated for phase I nociceptive pain (0-15 min, B) and phase 
II inflammatory pain (20-60 min, C). 16-Bromo SalA did not show a significant reduction in both phases 
of pain compared to the vehicle/formaldehyde control group.  
(D) The percentage change in the paw oedema depth revealed a significant difference between the 
positive control and both doses of 16-Bromo SalA. The antagonist nor-BNI reversed the effect of the 
2 mg/kg dose. 
(E) Time course of pain behaviour following intraplantar 2% formaldehyde injection into the right hind 
paw. 16-Bromo SalA (2 mg/kg i.pl.) treatment showed a significant reduction in pain compared to the 
vehicle/formaldehyde treated controls. 
(F-G) AUC analysis of 16-Bromo SalA showed a significant reduction in phase I pain compared to the 
vehicle/formaldehyde treated controls.  
(H) The percentage change in the paw oedema depth revealed no significant difference between the 
vehicle/formaldehyde group and 16-Bromo SalA treatment. 
(A, E) Two-way repeated measures ANOVA with Bonferroni post-tests. (B-D, F-H) One-way ANOVA 
with Bonferroni post-tests. *p < 0.05, **p < 0.01 for 2 mg/kg doses vs. vehicle/formaldehyde control. 
#p < 0.05, ##p < 0.01, ###p < 0.001 for 1 mg/kg doses vs. vehicle/formaldehyde control. Values presented 
as mean ± SEM, n = 6-8. Number in brackets indicates dose in mg/kg and F = formaldehyde i.pl. 
administration. 
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4.3.7 Neutrophil infiltration into inflamed footpad tissue 

To further assess the anti-inflammatory effects of the KOPr agonists, we used flow cytometry as a 

preliminary screen to understand the effect of the KOPr agonists on inflammatory cell populations. ICI 

204,448 was used as a known KOPr agonist with peripherally-restricted antinociceptive effects (Shaw 

et al., 1989; Inan & Cowan, 2004). One-way ANOVA analysis showed a significant effect of treatment 

[F(3,55) = 5.387, p = 0.0016] for the neutrophil population (Figure 4.7A). Administration (2 mg/kg i.p.) of 

SalA (p = 0.0387) and ICI 204,448 (p = 0.0045) both lead to a significant reduction in neutrophil cell 

counts in the inflamed tissue. The monocyte analysis showed a significant effect of treatment [F(3,53) = 

3.639, p = 0.0184], however, only the vehicle/vehicle and vehicle/formaldehyde controls were 

significantly different (p = 0.0229; Figure 4.7B). There was no significant effect of treatment in the 

macrophage [F(3,53) = 1.689, p = 0.1804] (Figure 4.7C) or dendritic cell populations [F(3,55) = 0.0910, p = 

0.9647] (Figure 4.7D). 

Following on from the flow cytometry experiment, the neutrophil cell counts were further quantified 

in H&E stained footpad sections. The tissue from this portion of the study was collected by Master’s 

student Nitin Kumar, cryoprotected and stored in the -80°C freezer and sectioned using a cryostat 

microtome. One-way ANOVA revealed a significant effect of treatment [F(4,31) = 43.37, p < 0.0001] 

(Figure 4.8). Administration (2 mg/kg i.p.) of ICI 204,448 (p < 0.0001), SalA (p < 0.0001) and β-THP SalB 

(p < 0.0001) all lead to a significant reduction in neutrophil counts compared to the 

vehicle/formaldehyde treatment.  
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Figure 4.7: KOPr agonists only reduce neutrophil cell populations in inflamed tissue 

The immune cell populations in footpad tissue were evaluated using flow cytometry following the 
administration of ICI 204,448 or SalA (2 mg/kg i.p.) (A) Both KOPr agonists reduced the level of 
neutrophils in the tissue. (B-D) The KOPr agonists had no effect on macrophage (B), monocyte (C) or 
dendritic cell (D) counts. One-way ANOVA with Bonferroni post-tests. *p < 0.05, **p < 0.01 vs. 
vehicle/formaldehyde control. Number in brackets indicates dose in mg/kg and F = formaldehyde i.pl. 
administration. Values presented as mean ± SEM, n = 13-23 and n = 8 for vehicle control. Data also 
presented in Paton et al. (2017). 
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Figure 4.8: KOPr agonists reduce neutrophil counts in H&E stained footpad tissue sections 

(A-E) Representative images showing neutrophil infiltration into the footpad tissue following the 

intraplantar formaldehyde test with the treatments (A) vehicle/vehicle, (B) vehicle/formaldehyde, (C) 

ICI 204,448 (2 mg/kg)/formaldehyde, (D) SalA (2 mg/kg)/formaldehyde and (E) β-THP SalB (2 

mg/kg)/formaldehyde. Markers indicate neutrophils. Images were taken at 100x magnification. Scale 

bar = 20 μm. (F) Neutrophil counts in H&E stained footpad tissue, showing all KOPr agonists reduced 

the infiltration of neutrophils compared to the vehicle/formaldehyde control. One-way ANOVA with 

Bonferroni post-tests. ****p < 0.0001 compared to the vehicle/formaldehyde treatment group. 

Values presented as mean ± SEM. n = 6-12. Data also presented in Paton et al. (2017). 
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Since the H&E stained sections showed a similar result to the flow cytometry experiment, I sought to 

analyse the tissue collected from the intraplantar 2% formaldehyde assays presented earlier in this 

chapter (Figure 4.4, 4.5 and 4.6). However, to improve the cell morphology of the tissue sections, 

paraffin-embed sections were used rather than the previous procedure which used frozen sections 

due to the samples being stored in the -80°C freezer. The aim was to replicate the results for SalA, as 

well as generate results for the novel analogues 16-Ethynyl SalA and 16-Bromo SalA and include the 

animals that received the antagonist treatment schemes. 

One-way ANOVA revealed there was a significant effect of treatment [F(7,24) = 36.83, p < 0.0001] (Figure 

4.9). The findings from the previous studies were further confirmed as SalA significantly reduced the 

number of neutrophils in the tissue sections (p < 0.0001). The novel agonists, 16-Ethynyl SalA and 16-

Bromo SalA, also both reduced the neutrophil counts compared to the vehicle/formaldehyde control 

(p < 0.0001). Pre-treatment with nor-BNI reversed the effects of SalA (p < 0.0001), 16-Ethynyl SalA (p 

= 0.0007) and 16-Bromo SalA (p < 0.0001), indicating that the reduction in the neutrophils in the tissue 

was KOPr-mediated.  
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Figure 4.9: Novel SalA analogues reduce neutrophil counts in paraffin-embedded footpad tissue 
sections 

Neutrophil counts in paraffin-embedded, H&E stained footpad tissue. SalA, 16-Ethynyl SalA and 16-
Bromo SalA reduced the level of neutrophil infiltration into the footpad tissue compared to the 
vehicle/formaldehyde positive control. Pre-treatment with the KOPr antagonist nor-binaltorphimine 
(nor-BNI) reversed the effect of all the KOPr agonists. One-way ANOVA with Bonferroni post-tests. 
****p < 0.0001, n.s. = not significant, compared to the vehicle/formaldehyde treatment group. Values 
presented as mean ± SEM. n = 4. 
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4.3.8 Rotarod performance assay 

The rotarod performance test measures motor coordination and is frequently used to assess the 

sedative effects of novel drugs. The KOPr agonists were compared to a standard dose of morphine (10 

mg/kg i.p.). Morphine significantly reduced the time spent on the rotarod apparatus for 15-120 min 

(p < 0.05), and this data has been previously published (Crowley et al., 2016). Each of the KOPr agonists 

was compared to the morphine results, to compare the relative sedative effects. 

Two-way repeated measures ANOVA showed that the SalA cohort had a significant effect of treatment 

[F(2,15) = 10.21, p = 0.0016], time [F(8,120) = 20.52, p < 0.0001] and interaction of treatment x time [F(16,120) 

= 11.41, p < 0.0001] (Figure 4.10A). Bonferroni post-tests showed a reduction in the latency at 15-30 

min (p < 0.05). At 15 min, SalA induced more sedation than morphine (p < 0.0001). However, at 30-

120 min morphine was more sedative (p < 0.05).  One-way ANOVA showed a significant effect of 

treatment for the AUC analysis [F(2,15) = 10.45, p = 0.0014] (Figure 4.10B), with Bonferroni post-tests 

showing no significant effect between SalA and vehicle (p = 0.2553), however, there was a significant 

effect when morphine was compared to both vehicle (p = 0.0012) and SalA (p = 0.0493).  

For the 16-Ethynyl SalA experiment, two-way repeated measures ANOVA showed a significant effect 

of treatment [F(3,20) = 8.036, p = 0.0010], time [F(8,160) = 17.01, p < 0.0001] and interaction of treatment 

x time [F(24,160) = 3.783, p < 0.0001] (Figure 4.10C). The 1 mg/kg dose was sedative at 30 min (p = 0.0049) 

and the 2 mg/kg dose at 15 (p = 0.0180) and 30 min (p = 0.0234). Morphine had significantly more 

sedation at 45-120 min compared to the 1 mg/kg dose; and 45-60 and 120 min compared to the 2 

mg/kg dose (p < 0.05). The AUC analysis showed a significant effect of treatment [F(3,20) = 8.147, p = 

0.0010] (Figure 4.10D). There was no significant difference between vehicle and both 16-Ethynyl SalA 

at 1 mg/kg (p > 0.9999) and 2 mg/kg (p = 0.8507), however, there was significant effect for morphine 

compared to the 1 mg/kg dose (p = 0.0065) and the 2 mg/kg dose of 16-Ethynyl SalA (p = 0.0349).  

The 16-Bromo SalA experiment showed a significant effect of treatment [F(3,20) = 7.519, p = 0.0015], 

time [F(8,160) = 12.46, p < 0.0001] and interaction of treatment x time [F(24,160) = 2.524, p = 0.0003] (Figure 

4.10E). Only the 1 mg/kg dose of 16-Bromo SalA had a significant effect at 30 min (p = 0.0199). 

Morphine had significantly more sedative effect compared to the 2 mg/kg dose at 30-60 min and 120 

min (p < 0.05); and compared to the 1 mg/kg dose at 60 and 120 min (p < 0.05). The AUC analysis 

showed a significant effect of treatment [F(3,20) = 7.593, p = 0.0014] (Figure 4.10F). Bonferroni post-

tests showed no significant effect between vehicle and both the 1 mg/kg (p = 0.5406) and 2 mg/kg (p 

> 0.9999) dose of 16-Bromo SalA. There was a significant effect between morphine and the 2 mg/kg 

dose of 16-Bromo SalA (p = 0.0138), but no effect between morphine and the 1 m/kg dose (p = 0.0691).   
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Figure 4.10: KOPr agonists cause motor incoordination in the rotarod performance assay 

Using a rotarod apparatus set to accelerate from 4-40 rpm over 300 s, morphine (10 mg/kg i.p.) 
showed a significant decrease in motor coordination. (A) SalA showed a significant effect at 15-30 min. 
(B) Area under the curve (AUC) analysis showed no difference between vehicle and SalA. (C) 16-
Ethynyl showed a significant effect at 15-30 min. (D) AUC analysis showed no effect between the 
vehicle and both doses of 16-Ethynyl SalA. (E) 16-Bromo SalA had a significant impairment at 30 min 
at 1 mg/kg. (F) AUC analysis showed no overall effect of 16-Bromo SalA on sedation when compared 
to vehicle. (A, C, E) Two-way repeated measures ANOVA, (B, D, F) One-way ANOVA, all with Bonferroni 
post-tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 for 2 mg/kg dose (above) or morphine 
(below) vs. vehicle. #p < 0.05, ##p < 0.01, ###p < 0.001 for 1 mg/kg dose vs. vehicle. Values presented as 
mean ± SEM, n = 6. Morphine dataset also appears in Crowley et al. (2016).  
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4.3.9 Core body temperature 

The core body temperature was measured to assess the effect of the KOPr agonists on 

thermoregulation. Previous work from the Kivell laboratory has shown that SalA caused a decrease in 

core body temperature from 20-60 min at 2 mg/kg (Kumar, 2014). Two-way repeated measures 

ANOVA showed that 16-Ethynyl SalA had no effect of treatment [F(2,15) = 1.098 , p = 0.3590], time [F(4,60) 

= 1.532 , p = 0.2043] or interaction of treatment x time [F(8,60) = 1.115 , p = 0.3666] (Figure 4.11A). The 

AUC analysis also showed no significant effect of treatment [F(2,15) = 1.061, p = 0.3706] (Figure 4.11B). 

However, for the 16-Bromo SalA cohort, there was a significant effect of treatment [F(2,15) = 16.67, p = 

0.0002], time [F(4,60) = 9.581, p < 0.0001] and interaction of treatment x time [F(8,60) = 7.816, p < 0.0001] 

(Figure 4.11C). The 2 mg/kg dose of 16-Bromo SalA significantly reduced core body temperature at 

30-90 min and the 1 mg/kg dose at 60-90 min (p < 0.05). The AUC analysis showed a significant effect 

of treatment [F(2,15) = 17.16, p = 0.0001] (Figure 4.11D) and Bonferroni post-tests showed 16-Bromo 

SalA had a significant effect at 1 mg/kg (p = 0.0264) and 2 mg/kg (p < 0.0001). Overall, this indicates 

that like the parent compound SalA, 16-Bromo SalA is having a hypothermic effect on the mice, 

whereas 16-Ethynyl SalA did not cause any change in thermoregulation. 
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Figure 4.11: 16-Bromo SalA reduced core body temperature in mice 

Mice were given an i.p. injection of either vehicle, 16-Ethynyl SalA or 16-Bromo SalA. Core body 
temperature change was calculated as the difference from the baseline measurements. (A) 16-Ethynyl 
SalA showed no effect on core body temperature. (B) Area under the curve (AUC) analysis showed no 
overall significant effect of 16-Ethynyl SalA. (C) 16-Bromo SalA significantly decreased the core body 
temperature up to 90 min. (D) AUC analysis showed a significant effect of 16-Bromo SalA for both 
doses. (A, C) Two-way ANOVA, (B, D) One-way ANOVA, all with Bonferroni post-tests. *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001 for 2 mg/kg doses vs. vehicle control. #p < 0.05, ##p < 0.01, ###p < 
0.001 for 1 mg/kg doses vs. vehicle control. Values presented as mean ± SEM, n = 6. 
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The main effects of the acute KOPr agonist study are summarised in Table 4.4 below. 

 

SalA (2) 
SalA (2) + 
nor-BNI 

16-Ethynyl 
(2) 

16-Ethynyl (2) 
+ nor-BNI 

16-Bromo 
(2) 

16-Bromo (2) 
+ nor-BNI 

Tail withdrawal       

- Dose-response ED50  > U50,488 - > U50,488 - > U50,488 - 

- Dose-response Emax = U50,488 - > U50,488 - = U50,488 - 

- Time course 5-30 min - 5-60 min - 10-60 min - 

Hotplate       

- Time course 15 min - 15-30 min - 15-30 min - 

Formaldehyde model 
(i.p. admin) 

      

- Phase I pain ↓ ↑ ↓ ↑ n.e. - 

- Phase II pain ↓ ↑ ↓ ↑ n.e. - 

- Paw oedema ↓ ↑ ↓ ↑ ↓ ↑ 

-Neutrophil infiltration ↓ ↑ ↓ ↑ ↓ ↑ 

Formaldehyde model 
(i.pl. admin) 

      

- Phase I pain ↓ - ↓ - ↓ - 

- Phase II pain ↓ - ↓ - n.e. - 

- Paw oedema n.e. - n.e. - n.e. - 

 
Table 4.4: Summary of the antinociceptive effects of the kappa opioid receptor agonists 

Summary of the main effects of the KOPr agonists at the 2 mg/kg dose. ↓ indicates a reduction 
compared to the vehicle/formaldehyde treatment. ↑ indicates antagonist treatment significantly 
reversed the effects of the KOPr agonist. n.e. = no effect of KOPr agonist compared to control.   
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4.4 Discussion 

There is a large proportion of the global population suffering from chronic pain without effective 

management, clearly showing there is a need for the development of more effective and safe 

medications. Specifically, the development of efficacious analgesics without addictive properties 

remains a high priority. KOPr agonists are unique, as contrary to MOPr agonists, KOPr agonists do not 

have abuse potential. SalA has proven antinociceptive and anti-inflammatory effects in vivo (Ansonoff 

et al., 2006; John et al., 2006; McCurdy et al., 2006; Aviello et al., 2011; Fichna et al., 2012; Guida et 

al., 2012; Rossi et al., 2016), however, a short duration of action (Prisinzano, 2005; Butelman et al., 

2009; Teksin et al., 2009; Ranganathan et al., 2012), plus aversive (Zhang et al., 2005b) and anxiogenic 

side effects (Braida et al., 2009) have limited the clinical development. The novel analogues 16-Ethynyl 

SalA and 16-Bromo SalA have reduced side effects in vivo (Riley et al., 2014; Kivell laboratory 

unpublished data). This study was designed to understand the antinociceptive effect of these 

compounds in behavioural models of pain in mice. 

4.4.1 Antinociceptive effects in acute thermal models of pain 

The KOPr agonists were assessed for the antinociceptive dose-response effects using the acute warm 

water tail withdrawal assay. SalA and the novel analogues all had an increased potency (ED50 value) 

compared to the traditional agonist U50,488, however, there were no significant differences between 

any of the other KOPr agonists (Figure 4.1; Table 4.1). This shows that SalA and the novel analogues 

have an improved antinociceptive effect compared to the traditional agonist, although the novel 

analogues were no more potent than the parent compound SalA. The only compound which was more 

efficacious (higher Emax value) than U50,488 was 16-Ethynyl SalA (Figure 4.1; Table 4.3), which is an 

important improvement as the KOPr agonists display relatively modest effects in the warm water tail 

withdrawal assay in comparison to MOPr agonists. Comparison of the dose-response effects of 

U50,488 to morphine found that the ED50 values were not significantly different, however, the efficacy 

of morphine was significantly higher at 100% compared to 19.7 ± 4.6% for U50,488 (for a full analysis, 

see Appendix C.2). This shows that the whilst the traditional KOPr agonist U50,488 has a similar 

potency to morphine, the overall antinociceptive benefit is considerably lower. These results are 

similar to findings in Simonin et al. (1998), where it was found that KOPr-/- mice did not have any 

altered effect in the warm water (50°C) tail withdrawal assay. Although a follow-up study found that 

female KOPr-/- mice had decreased tail withdrawal latencies (Martin et al., 2003). In Sprague Dawley 

rats, morphine had dose-dependent antinociceptive effects in the warm water (55°C) tail withdrawal 

assay with an ED50 value of 1.26 mg/kg, whilst even up to a dose of 40 mg/kg U50,488 did not have 

any antinociceptive effect (Gallantine & Meert, 2008). The results indicate that the traditional KOPr 
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agonists are not very effective in this thermal model of pain, however, the model is a useful way of 

repeatedly measuring the antinociceptive effects of the compounds as a fast screening tool, whilst 

reducing the suffering of the animals due to the short duration of the nociceptive stimulus.  

The KOPr agonists were also assessed in the warm water tail withdrawal assay using a repeated 

measures paradigm to measure the duration of action. One of the problems with SalA is that the 

structure is rapidly metabolised to the inactive Salvinorin B, and therefore the antinociceptive effects 

of SalA are short-lasting which is not optimal for clinical use. In this study, the effects of SalA at the 

higher dose (2 mg/kg i.p.) lasted from 5-30 min (Figure 4.2A). The novel agonist 16-Ethynyl SalA (2 

mg/kg i.p.) had a longer total duration, with significant effects from 5-60 min (Figure 4.2B). The 

duration of action was the same for 16-Bromo SalA (2 mg/kg i.p.), but there was a slower onset of 

action, with significant antinociceptive effects observed between 10-60 min (Figure 4.2C). The peak 

antinociceptive effects for each of the compounds was 15 min, indicating that the cumulative dose-

response effects in the previous experiment may have been more potent if administered every 15 min 

rather than 30 min. However, the dose-response experiment for SalA was repeated at both a 15 min 

and 30 min interval between subsequent injections by another member of the Kivell laboratory, 

showing consistent results for both time schedules with the ED50 values at 1.30 mg/kg and 1.29 mg/kg 

respectively (Sherwood et al., 2017a; unpublished data). In the second model of thermal nociceptive 

pain, the hotplate test was used at the same temperature as the warm water tail withdrawal assay. 

At the 2 mg/kg (i.p.) dose, SalA had a duration of action of 15 min, whilst both the novel analogues 

had a duration of 15-30 min (Figure 4.3).  

The results for SalA were similar to those found in the literature. McCurdy et al. (2006) found that SalA 

produced antinociceptive effects in the tail withdrawal assay in male Swiss mice, at 2-4 mg/kg i.p. 

showing a 20 min duration of action. However, the study used an automated analgesia meter with a 

light beam as the thermal stimulus, which may not be directly comparable to immersion of the tail 

into warm water as the procedure in the current thesis. The hotplate (52°C) model was also carried 

out in the McCurdy et al. (2006) study, however, the measurements were only taken at one time point, 

10 min following i.p. injection of SalA, which had a significant effect at the 1 mg/kg dose, but not 2 

mg/kg. The longer duration of action of the novel KOPr agonists compared to SalA indicates that the 

novel compounds may have improved pharmacokinetic profiles. These analogues were designed to 

decrease the metabolism of the furan ring of the SalA scaffold (Riley et al., 2014). It has been 

previously shown that carbon-2 alterations of the SalA structure, such as the analogue EOM SalB, are 

more metabolically stable (Ewald et al., 2017), while less is known about the effects of carbon-16 

alterations, it has been predicted that modifications at this position may hinder the action of 

cytochrome P450 enzymes (Wilson et al., 1990). Since the short duration of action of SalA is one factor 
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that has limited the clinical development of the KOPr agonist, the increase in the duration for the novel 

analogues is a promising development. 

4.4.2 Antinociceptive effects in the intraplantar 2% formaldehyde test 

The antinociceptive effects of the KOPr agonists were further assessed using the intraplantar 

formaldehyde model of both nociceptive and inflammatory pain. Initially, SalA was tested via i.p. 

injection at a single dose to test whether the results were consistent with previous work from our 

laboratory and the literature. At 2 mg/kg, SalA produced antinociceptive effects between 5 and 50 

min, with a significant reduction in both phase I and phase II pain observed (Figure 4.4A-C). Previous 

results from the Kivell laboratory has found that SalA (2 mg/kg i.p.) reduced pain from 5-10 and 25-40 

min (Paton et al., 2017; Kumar, 2014) and consistent with other studies which show effects between 

5-10 and 20-60 min (Aviello et al., 2011). It was hypothesised that the majority of the antinociceptive 

effects would be mediated selectively via KOPr activation, however, previous studies have shown that 

the CB1 receptor may also be involved (Aviello et al., 2011; Guida et al., 2012). However, the CB1 

receptor antagonist rimonabant, used in the Aviello et al. (2011) study, has been shown to attenuate 

U69,593 binding to the KOPr, indicating that rimonabant may have antagonistic effects on the KOPr 

(Walentiny et al., 2010; Zador et al., 2015) and the CB1 antagonist AM251 has been shown to have 

antagonism at the MOPr (Seely et al., 2012; Ostadhadi et al., 2016). Pre-treatment with the KOPr 

antagonist nor-BNI reversed the effects of SalA at 5 and 30-40 min and significantly increased the 

levels of pain in phase I and II AUC analysis. However, AM251 did not have any effect on the pain 

score. This is consistent with the binding studies that show SalA is a selective KOPr agonist (Roth et 

al., 2002). Cannabinoid and opioid receptor agonists have been shown to have a synergistic action 

(Grenald et al., 2017), possibly via convergence of downstream GPCR signalling pathways or via the 

formation of heterodimers (Hojo et al., 2008; Sierra et al., 2017), which has been used as the 

explanation for the previous findings that SalA was partially attenuated by cannabinoid receptor 

antagonism. However, since the current study did not show any significant change with the pre-

treatment of AM251, further studies were not carried out to investigate any other cannabinoid 

receptor-mediated effects.  

Aviello et al. (2011) speculated that higher doses of SalA (2 mg/kg i.p.) may have a central target, 

whilst lower doses (0.5 mg/kg) appeared to have a peripheral effect greater than the central effects. 

In the present study, SalA was administered via i.pl. injection at the site of inflammation, to assess the 

local effects of the KOPr agonist. The results show that SalA (2 mg/kg i.pl.) reduced pain between 5-

60 min and reduced the total pain levels in phase I and II AUC analysis (Figure 4.4E-G). Interestingly, 

SalA did not reduce the level of paw oedema when administered locally, whereas via i.p. injection the 
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swelling was reduced in a nor-BNI-sensitive manner (Figure 4.4). It is likely that the combination of 

two injections into the same site, the inflammatory effect of the DMSO vehicle and the short pre-

treatment time may have played a role. The combination of both i.pl. injections (20 μL + ≤30 μL) is less 

than or equal to the maximum volume (50 μL) recommended for this route of administration (Shimizu, 

2004; Turner et al., 2011), although the combination of both injections appears to have produced an 

inflammatory and nociceptive response (paw oedema in the vehicle/vehicle control for i.p. 

administration was -0.393 ± 0.826% compared to the vehicle/vehicle control for the i.pl. experiment 

which increased paw depth by 23.6 ± 4.6%). Whether this response is due to the two injections causing 

increased injury to the area, or from irritation caused by the DMSO vehicle is unclear. The procedure 

was based on methods from Lamb et al. (2012), however, this study used rats, which have a much 

larger paw volume and area to inject. Also, the drug of interest in this study, herkinorin, was delivered 

in the solvent dimethylacetamide, which may have different effects to the vehicle used in the present 

thesis. The novel compounds 16-Ethynyl SalA (Figure 4.5D,H) and 16-Bromo SalA (Figure 4.6D,H) both 

did not reduce paw oedema via i.pl. administration, however, data presented for DHEA in Chapter 3, 

showed a reduction in paw oedema when administered locally, although DHEA was dissolved in a 

vehicle containing propylene glycol.  

Following the SalA results in the intraplantar formaldehyde model, both of the novel analogues were 

tested for dose-dependent antinociceptive effects. The i.p. administration of 16-Ethynyl SalA 

produced antinociceptive effects in phase I at 2 mg/kg and in phase II at both doses, which was 

reversed by nor-BNI (Figure 4.5A-C). 16-Bromo SalA did not overall reduce either phase of pain but did 

have an effect on the 25-30 min time points when the data was analysed over a time course (Figure 

4.6E-G). For the i.pl. administration, again 16-Ethynyl reduced both phases of pain (Figure 4.5E-G), 

however, 16-Bromo SalA only reduced phase I pain, although, at the 25-35 and 55 min time points 

within the inflammatory phase, 16-Bromo SalA induced a reduction in pain score (Figure 4.6E-G). For 

the results with SalA and 16-Ethynyl SalA, there was a reduction in inflammatory pain (phase II) and a 

reduction in oedema, however, 16-Bromo SalA reduced oedema but did not significantly reduce the 

overall inflammatory pain. This indicates that 16-Bromo SalA may be having a more potent anti-

inflammatory effect as opposed to an antinociceptive effect, although oedema induces inflammatory 

pain, and similarly inflammatory pain induces oedema via substance P and CGRP release (Ji et al., 

2014). However, oedema is not the only marker of inflammation, and 16-Bromo SalA did reduce 

inflammatory pain at two time points when the results were compared over the time course. The 

reduction in antinociceptive potency of 16-Bromo SalA when compared to the other two compounds 

may be partially due to the fact that 16-Bromo SalA has a larger molecular mass and therefore the 

doses of SalA, 16-Ethynyl SalA and 16-Bromo SalA are not equimolar. Conversion of the 2 mg/kg dose 
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into the mol/kg equivalent is shown in Table 4.5. To directly compare the results, the KOPr agonists 

could be administered as mol/kg instead of mg/kg or given a dosing scheme based on the results of 

the warm water tail withdrawal dose-response experiment. 

KOPr agonist Molecular mass (g/mol) Equivalent dose (mol/kg) 

SalA 432.46 4.62 x 10-6 

16-Ethynyl SalA 456.49 4.38 x 10-6 

16-Bromo SalA 535.38 4.03 x 10-6 

Table 4.5: The 2 mg/kg dose of the KOPr agonists converted into mol/kg 

 

4.4.3 Anti-inflammatory effects of the kappa opioid receptor agonists 

Previous studies have shown SalA to have anti-oedema and anti-inflammatory properties (Aviello et 

al., 2011; Fichna et al., 2012). Aviello et al. (2011) found that SalA (0.5 mg/kg i.p.) reduced LPS (0.05%)- 

and carrageenan (2%)-induced paw volume in male ICR mice for 2-6 h following the inflammatory 

insult. In the present study, i.p. administration of SalA and both the novel analogues significantly 

reduced the formaldehyde-induced paw oedema. To better understand the effect of the KOPr agonists 

on formaldehyde-induced inflammation, two methods were utilised to quantify the infiltration of 

immune cells. As a preliminary screen to understand the immune cell populations in digested footpad 

tissue, cells were labelled with an array of antibodies to known immune cell surface markers and flow 

cytometry used to profile immune cell infiltration. Both SalA and ICI 204,448 significantly reduced 

neutrophil infiltration into the paw (Figure 4.7). In the present study, however, we did not see a 

reduction in the macrophage, monocytes or dendritic cell numbers. This is likely due to the short one-

hour duration of the intraplantar formaldehyde model of acute inflammation. Neutrophils were 

further assessed via histological counts in H&E stained footpad tissue-matched from the animals in 

the intraplantar formaldehyde assay. The results confirmed that SalA and ICI 204,448 and well as β-

THP SalB significantly reduced neutrophil numbers compared to the vehicle/formaldehyde control 

(Figure 4.8).In a further experiment, 16-Ethynyl SalA and 16-Bromo SalA were also found to reduce 

the level of neutrophil infiltration into the inflamed tissue, in a nor-BNI reversible manner (Figure 4.9). 

During inflammatory pain events in the peripheral tissue, the nociceptive terminals release CGRP and 

substance P which increase vascular permeability, leading to the formation of oedema and the further 

infiltration of neutrophils into the inflamed tissue (see Figure 1.4). In addition, NGF and cytokine 

signalling during inflammation leads to an increase in synthesis of opioid receptors in the DRG, leading 

to a higher distribution of the receptors at the peripheral nociceptive terminals (Zollner et al., 2003; 

Puehler et al., 2006). Therefore, the conclusion could be made that SalA and the novel analogues bind 
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to the KOPr on the nociceptor, leading to hyperpolarisation of the sensory neuron, and therefore 

reducing the release of CGRP and substance P, which in turn reduces the level of oedema and 

neutrophil infiltration into the footpad tissue.  

4.4.4 Side effect profiles of the kappa opioid receptor agonists 

Opioid drugs have known motor incoordination and sedative effects. The traditional KOPr agonist 

U50,488 induced motor incoordination assessed on the rotarod performance assay at the doses that 

produced antinociception in the acetic acid writhing test in both mice and rats (Vanderah et al., 2004; 

2008). White et al. (2015) found that SalA induced motor incoordination in the rotarod performance 

test for 30 min at 3-10 mg/kg (s.c.) in female and male C57BL/6J mice, compared to the G-protein 

biased agonist RB-64 which did not cause any motor deficits. In male NIH Swiss mice, SalA (0.5-2 mg/kg 

i.p.) disrupted climbing behaviour in the inverted screen task, a model of motor coordination, with the 

effect lasting only 5 min, compared to U69,593 (1 mg/kg i.p.) for which the effects lasted 10 min 

(Fantegrossi et al., 2005). In male and female Rhesus macaques as a non-human primate model, SalA 

had a sedative effect (0.01-0.1 mg/kg i.v.), as measured by unresponsiveness to environmental stimuli 

and postural relaxation (Butelman et al., 2009).  

In the present study, the effects of the KOPr agonists on motor coordination were measured over 240 

min and compared to morphine (10 mg/kg i.p.) as a positive control (Figure 4.10). SalA and 16-Ethynyl 

SalA (2 mg/kg i.p.) showed a decrease in latency from 15-30 min. Both novel analogues at the 1 mg/kg 

dose decreased the latency at the 30 min time point. The SalA results show a longer duration than a 

previous study in the Kivell laboratory (15 min vs 30 min), however, the previous study used a stable-

speed (16 rpm for 120 s) rotarod procedure, whereas the current study used an accelerating 

procedure (4-40 rpm over 300 s), which is a more sensitive measure. Morphine produced the longest 

duration of motor incoordination effects with significantly impaired motor performance seen up to 

120 min. However, morphine has a longer antinociceptive duration of action compared to the KOPr 

agonists evaluated (120 min for 10 mg/kg i.p. morphine in the warm water tail withdrawal assay; 

Shivaperumal, 2017), which could simply explain the longer duration of sedation produced. At the 15 

min time point, SalA was more sedative than morphine, however, morphine had a significantly greater 

effect on motor coordination than the KOPr agonists for the overall AUC analysis (Figure 4.10).  

The core body temperature was measured due to the effect of opioid analgesics on thermoregulation. 

At the primary site for the control of body temperature, the preoptic anterior hypothalamus, i.c.v. 

administration of MOPr agonists caused hyperthermic responses, whereas KOPr agonists caused 

hypothermic responses (Xin et al., 1997). Morphine has a biphasic effect in rodents, with low doses 

inducing a hyperthermic effect, whilst high doses produce hypothermia (Baker & Meert, 2002; 
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Safrany-Fark et al., 2015; Lu et al., 2017). Previous studies show that U50,488 produces a hypothermic 

effect in guinea pigs (Adler et al., 1991), Sprague Dawley rats (Spencer et al., 1988) and Swiss Webster 

mice (25 mg/kg i.p.) (Bhalla et al., 2010). In 129S6 mice, SalA (50 μg i.c.v.) but not Salvinorin B, reduced 

body temperature for up to 120 min, an effect that was not seen in KOPr knock-out mice (Ansonoff et 

al., 2006). In a self-reported human study, participants reported experiencing changes in body 

temperature in previous experiences with the drug (Maqueda et al., 2015), however, two other human 

studies have reported no changes in body temperatures, although these studies administered SalA via 

smoking (Addy, 2012) or sublingually (Mendelson et al., 2011), and these routes of administration may 

alter the effects. Prior to the current thesis study, our laboratory showed that SalA (2 mg/kg i.p.) had 

a significant hypothermic effect between 20-40 min in mice (measurements were taken at 10 min 

intervals up to 60 min; Kumar, 2014). In the present study, 16-Ethynyl SalA had no effect on 

thermoregulation, whereas 16-Bromo SalA produced a significant decrease in core body temperature 

from 30-90 min (Figure 4.11). The fact that 16-Ethynyl SalA did not alter body temperature indicates 

the compound may be a better candidate for clinical development compared to SalA or 16-Bromo 

SalA. 

4.4.5 Limitations and future directions 

One of the confounding features of the warm water tail withdrawal assay and hotplate test is that the 

initial skin temperature can alter response latencies. In rodents, the tail is important in 

thermoregulation as vasodilation in the extremities is used to lose heat, with longer tails found in mice 

exposed to high temperatures during development and shorter tails in those exposed to low 

temperatures (Al Hilli & Wright, 1983; Gordon et al., 2014). The withdrawal behaviour occurs when a 

critical temperature is sensed by the nociceptors in the skin of the tail or hind paw. Therefore, the 

time it takes to reach the nociceptive threshold temperature and antinociceptive effect is dependent 

on the initial skin temperature (Berge et al., 1988; Hole & Tjolsen, 1993). The ambient temperature 

directly correlates to the hind paw and tail skin temperatures, and both temperatures are inversely 

correlated to the thermal withdrawal latency (Vitkova et al., 2015). In the current study, the ambient 

temperature was controlled at 20-22°C, but the procedures did not take into account the tail or hind 

paw skin temperature. Since SalA and 16-Bromo SalA caused significant decreases in core body 

temperature (Figure 4.11), this could lead to vasoconstriction in the tail, lowering the skin temperature 

and increasing the latency, which would be interpreted as an antinociceptive effect. In addition, 

restraint stress in rats leads to a decrease in skin temperature at standard laboratory conditions (Aydin 

et al., 2011) and an increase in core body temperature (Cristina-Silva et al., 2017). From the available 

literature, it is also unclear if this restraint effect is limited to rats or also extends to mice. However, 
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in the present study, restraint stress was reduced by acclimatising the animals to the restrainer for 

two days prior to the experiment.  

To improve upon the warm water tail withdrawal procedure, tail skin temperatures could be recorded 

prior to each withdrawal measurement and a correction applied to the latency depending on the skin 

temperature (Tjolsen et al., 1989). However, this notion was questioned by Lichtman et al. (1993), 

who found that the tail withdrawal latency was not influenced by skin or core body temperature. The 

Lichtman et al. (1993) study showed that both morphine and THC reduced core body temperature in 

male ICR mice, but this did not lead to a reduction in tail skin temperature, and raising the ambient 

temperature completely attenuated the hypothermic effects without influencing the antinociceptive 

effects measured using the warm water tail withdrawal assay. Even if the lowered core body 

temperature led to a decrease in tail skin temperature, it is likely that the change in tail withdrawal 

latency would be beyond the sensitivity of the assay. Previous studies had used a lower temperature 

stimulus on rats with baseline tail withdrawal latencies in the range of 5-8 s, which is more sensitive 

to subtle changes compared to the current study which had a mean baseline latency of 0.90 ± 0.02 s 

(Berge et al., 1988; Tjolsen et al., 1989; Hole & Tjolsen, 1993; Vitkova et al., 2015). Therefore, it can 

be concluded that the hypothermic effects of the KOPr agonists would likely have a negligible effect 

on the tail and paw withdrawal latencies. 

A factor that may have more influence is the variance caused by the experimenter. In this study, the 

warm water tail withdrawal assay and hotplate latencies were measured using a stopwatch, which 

relies heavily on the reaction times of the experimenter. Since the KOPr agonists have reasonably 

weak effects to thermal stimuli, the difference between the baseline and test latencies is only a few 

seconds, which allows for greater influence by the experimenter, who has to first observe the 

behaviour, then make a decision as to whether the behaviour meets the criteria and finally press the 

button on the stopwatch the end the experiment. The accuracy of this assay relies on quick reaction 

times and likely influenced by how experienced and confident the experimenter is at carrying out the 

procedure and potentially leading to day-to-day experimental variance. Although this effect was likely 

lessened by carrying out vehicle controls within every cohort tested, the accuracy could be improved 

by using an automated apparatus. In addition, in future experiments, instead of purely measuring the 

depth of the footpad, a plethysmometer could be used to measure the entire paw volume for a more 

accurate, less subjective measure, however, this methodology is not currently available in our 

laboratory. 

SalA and 16-Ethynyl SalA had potent effects to a chemical stimulus in the intraplantar formaldehyde 

assay, however, it is important to test compounds in multiple behavioural models, especially since the 
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compounds have a motor incoordination effect which may have reduced the capability of the animals 

to lift their paws in reaction to the formaldehyde stimulus. Other models that could be used are 

carrageenan- or capsaicin-induced inflammatory pain models. U50,488 was effective in the M. 

butyricum arthritic pain model (Bileviciute-Ljungar et al., 2006) and reduced complete Freund’s 

adjuvant-induced hyperalgesia in rats (Auh & Ro, 2012), protocols which could be repeated with the 

novel KOPr analogues. In addition, the endogenous KOPr system appears to be important for sensing 

visceral pain (Simonin et al., 1998), and peripherally-restricted KOPr agonists are particularly potent 

in visceral pain models (Rivière, 2004; Arendt-Nielsen et al., 2009; Albert-Vartanian et al., 2016). 

Therefore, the novel KOPr analogues could be tested using the acetic acid writhing test in mice. In this 

model, SalA dose-dependently reduced the mean number of responses for 15 min (McCurdy et al., 

2006). Since the novel SalA analogues have a longer duration of action in both of the thermal models 

tested in the current thesis, it would be hypothesised that 16-Ethynyl SalA and 16-Bromo SalA would 

have a longer effect than SalA.  
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4.5 Summary 

In the dose-response tail withdrawal assay, SalA and the novel analogues 16-Ethynyl SalA, 16-Bromo 

SalA, EOM SalB and β-THP SalB were more potent that U50,488 and 16-Ethynyl SalA was more 

efficacious. 16-Ethynyl SalA and 16-Bromo SalA both had a longer duration of action in the warm water 

tail withdrawal assay (60 min vs. 30 min for SalA) and the hot plate test (30 min vs. 15 min for SalA). 

In the intraplantar formaldehyde test, SalA and 16-Ethynyl SalA significantly reduced nociceptive pain 

and inflammatory pain when administered by both via i.p. and local i.pl. injection, effects which were 

reversed by the antagonist nor-BNI. 16-Bromo SalA reduced nociceptive pain following local i.pl. 

injection and inflammatory pain from 25-30 min via i.p. injection. SalA, 16-Ethynyl SalA and 16-Bromo 

SalA all reduced paw oedema when administered via i.p. injection, but not when administered locally. 

The formaldehyde-injected footpad tissue was collected and flow cytometry analysis revealed a 

significant reduction in neutrophil cell counts following administration of SalA. This result was 

confirmed in H&E stained sections, with further analysis showing 16-Ethynyl SalA and 16-Bromo SalA 

reduced neutrophil numbers, an effect that was nor-BNI reversible. Unfortunately, in the rotarod 

performance test, SalA, 16-Ethynyl SalA and 16-Bromo SalA all produced motor incoordination effects. 

In addition, 16-Bromo SalA also produced hypothermic effects up to 90 min, however, 16-Ethynyl SalA 

did not have any effect on core body temperature. Overall, 16-Ethynyl SalA appears to be a promising 

novel candidate for the treatment of acute inflammatory pain, with reduced side effects compared to 

the parent compound SalA. 
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Chapter 5: Investigating the antinociceptive effects of 

kappa opioid receptor agonists on paclitaxel-induced 

neuropathic pain 

5.1 Introduction 

Chemotherapy-induced neuropathic pain (CINP) is a common side effect of treating cancer (Sisignano 

et al., 2014; Addington & Freimer, 2016) with 68% of chemotherapy patients reporting CINP within 

the first month of treatment (Seretny et al., 2014). Many cancers are treated with chemotherapy 

drugs that induce CINP, such as the commonly used vinca alkaloids, platinum derivatives and taxanes, 

and specifically vincristine, cisplatin, oxaliplatin and paclitaxel (Table 5.1; reviewed in Jaggi et al., 2011; 

Sisignano et al., 2014; Ewertz et al., 2015). CINP is often characterised by spontaneous tingling or 

burning pain, hypersensitivity to mechanical and cold stimuli, and numbness (Forman, 1990; 

Dougherty et al., 2004). CINP is chronic in nature and consequently can be very debilitating, 

significantly impacting the quality of life and independence of cancer sufferers (Beijers et al., 2014; 

Mols et al., 2014). Often CINP is identified as the reason for limiting either the dose or length 

of chemotherapy treatment. In severe cases, this can even result in the termination of treatment 

(Holmes et al., 1991; Rowinsky et al., 1993). Furthermore, CINP may persist for months following 

cessation of chemotherapy treatment, increasing the negative impact on patients (van den Bent et al., 

1997). Unfortunately, the problem is also hindered by the lack of effective medications to treat chronic 

neuropathic pain (Hershman et al., 2014).  

 

Taxanes Platinum-derived Vinca alkaloids Others 

Paclitaxel Cisplatin Vincristine Bortezomib 

Docetaxel Carboplatin Vinblastine Thalidomide 

 Oxaliplatin Vinorelbine  

  Vindesine  

Table 5.1: Common chemotherapeutic agents that cause chemotherapy-induced neuropathic pain  
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5.1.1 Paclitaxel-induced neuropathic pain 

Paclitaxel (clinically available under the brand name Taxol) was originally isolated from the bark of the 

Pacific yew tree (Taxus brevifolia) (Wani et al., 1971). Paclitaxel was approved as a taxane 

chemotherapy drug in the 1990s and is now widely used to treat solid tumours such as ovarian, breast, 

cervical, prostate, non-small cell lung, gastric, head and neck, Kaposi’s sarcoma and pancreatic cancers 

(reviewed in Khanna et al., 2015). Paclitaxel has antineoplastic effects by binding to β-tubulin, 

promoting polymerisation and stabilisation of microtubules (Schiff et al., 1979), in contrast to other 

chemotherapy drugs like vinca alkaloids which prevent microtubule polymerisation (Bensch & 

Malawista, 1968). Cells treated with paclitaxel arrest at metaphase, stopping progression into 

anaphase, inhibiting mitosis and ultimately leading to cellular death by apoptosis (reviewed in Weaver, 

2014). However, arrest at the mitotic checkpoint as the sole mechanism of action may not be sufficient 

to explain the considerable efficacy of paclitaxel. Evidence suggests that at lower, more clinically 

relevant doses of paclitaxel, cells proceed through mitosis into anaphase, however, chromosomes 

divide on multipolar spindles, dividing the chromosomes in multiple directions, resulting in cells with 

the incorrect number of chromosomes and, consequently, cell death (Zasadil et al., 2014). 

The pathogenesis of paclitaxel-induced neuropathic pain involves dying-back axonal damage, causing 

the distal sensory axons to degenerate in the PNS, and sensitisation of nociceptive afferents, leading 

to neuropathic pain symptoms in the hands and feet in a ‘stocking and glove’-type distribution 

(Forman, 1990; Dougherty et al., 2004). Neuropathy also occurs in the DRG, where the cell bodies of 

the peripheral sensory neurons are located. The DRG lack an efficient neurovascular blood-brain 

barrier (Allen & Kiernan, 1994), allowing for diffusion of neurotoxic compounds, such as paclitaxel, 

which has been shown to accumulate in the DRG (Cavaletti et al., 2000; Wozniak et al., 2016). 

However, the exact mechanism of action of paclitaxel-induced neuropathic pain is not fully defined 

and numerous underlying mechanisms have been published. The current chapter will focus on the 

most significant mechanisms of paclitaxel-induced neuropathic pain (see Figure 5.1). 

One mechanism of action is by disruption of axonal transport in the sensory neurons that relay the 

pain signal. Neurons are particularly reliant on intracellular transport due to the elongated axon, with 

proteins and other essential materials transported from the cell body in the DRG, as well as clearing 

toxic materials from the axon back to the cell body (reviewed in Yogev et al., 2016; Prior et al., 2017). 

This is especially important for innervations into the epidermis, as the distal portion of the axons must 

withdraw and reinnervate as the epidermal cells regularly turn over (Cheng et al., 2010). Since 

paclitaxel leads to microtubule dysfunction, this can hinder axonal transport, leading to axonal 

degradation and loss of nociceptive innervations (Siau et al., 2006; LaPointe et al., 2013; Bober et al., 



 

147 
 

2015; Gornstein & Schwarz, 2017; Pease-Raissi et al., 2017). It has been suggested that the ‘stocking 

and glove’ distribution of paclitaxel-induced neuropathic pain could be due to the greater effect of 

axonal transport dysfunction in the long axons that extend to the extremities (Gornstein & Schwarz, 

2014).  

Paclitaxel treatment also causes mitochondrial damage in the axons of the peripheral sensory neurons 

and lumbar DRG, characterised with an increased frequency of swollen and vacuolated mitochondria 

(Flatters & Bennett, 2006; Barriere et al., 2012). Paclitaxel leads to the opening of the mitochondrial 

permeability transition pore, leading to swollen or vacuolated mitochondria which have dysfunctional 

respiration and ATP production due to disrupted proton gradient across the inner membrane (Zheng 

et al., 2011). Increased levels of the atypical mitochondria and mitochondrial reactive oxygen species 

have been correlated to increased paclitaxel-induced neuropathy (Flatters & Bennett, 2006; Jin et al., 

2008; Duggett et al., 2016). Interestingly, this mitotoxic effect was observed in the sensory axons of 

the dorsal root of the spinal cord, however not in the motor neurons of the ventral root, which is 

consistent with the fact that paclitaxel induces sensory but not motor deficits (Xiao et al., 2011).  

Intracellular Ca2+ levels are increased in paclitaxel-induced neuropathy (Siau & Bennett, 2006), which 

can alter the neuronal excitability, neurotransmitter release and synaptic plasticity of the primary 

sensory neurons. In a rat model of paclitaxel-induced neuropathic pain, hypersensitivity of the skin 

was found in the glabrous skin of the hind paw, but not the hairy skin of the hind paw or thigh, and 

the nociceptive neurons innervating the hind paw were associated with higher intracellular Ca2+ 

compared to the neurons innervating the thigh (Yilmaz & Gold, 2015; Yilmaz et al., 2017). 

Mitochondria are important in maintaining intracellular Ca2+ homeostasis by uptaking Ca2+ (Rizzuto et 

al., 2012), however, the paclitaxel-induced myotoxicity impairs this function (Kidd et al., 2002). 

Paclitaxel also increases Ca2+ levels via the phosphoinositide signalling pathway and from endoplasmic 

reticulum stores (Boehmerle et al., 2006; Boehmerle et al., 2007). Additionally, paclitaxel induces 

changes in the expression of membrane ion channels  (Zhang & Dougherty, 2014), leading to the 

development of spontaneous action potential generation in the sensory neurons (Samineni et al., 

2017). Paclitaxel treatment increased the mRNA and protein levels of the α2δ-1 subunit of voltage-

gated Ca2+ channels (Xiao et al., 2007; Kawakami et al., 2012), the molecular target of the neuropathic 

pain drug gabapentin (Gee et al., 1996). In rats, gabapentin significantly reduced paclitaxel-induced 

mechanical allodynia (Xiao et al., 2007; Mangaiarkkarasi et al., 2015). Voltage-gated Na+ channels also 

appear to be involved in the development of paclitaxel-induced neuropathy, with upregulation of 

Nav1.7 following paclitaxel treatment in Sprague Dawley rats (Zhang & Dougherty, 2014) and in human 

DRG neurons in vitro (Chang et al., 2018; Li et al., 2018). Furthermore, in rodents, selective inhibition 

of the TRP channels TRPV1 (Hara et al., 2013; Kalynovska et al., 2017), TRPA1 (Materazzi et al., 2012) 
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and TRPV4 (Alessandri-Haber et al., 2008; Costa et al., 2018) reduced paclitaxel-induced neuropathic 

pain.  

Inflammation also has a significant effect on the development of paclitaxel-induced neuropathic pain. 

In Sprague Dawley rats, activating transcription factor 3 (ATF3), a marker of neuronal injury (Tsujino 

et al., 2000), had increased expression in the nuclei of myelinated sensory neurons and satellite cells 

in the DRG, as well as in myelinating Schwann cells in the sciatic nerve of paclitaxel-treated animals 

(Peters, 2007). Schwann cells form the myelin sheath in the PNS and paclitaxel treatment leads to 

degeneration or breakdown in myelin (Jia et al., 2017), by inducing Schwann cell dedifferentiation into 

an immature state (Imai et al., 2017), an effect that was found at higher levels in the distal segment 

of the sciatic nerve compared to the proximal section (Tasnim et al., 2016). In Sprague Dawley rats, 

paclitaxel-induced the activation of spinal astrocytes, measured by the presence of glial fibrillary acidic 

protein (GFAP), however, there was no activation of microglia, measured using OX42, Iba-1 and 

phosphorylated p38 (Zhang et al., 2012). Increased expression of GFAP was also found in the satellite 

glial cells of the DRG, however, on the contrary, this study also found that there was an increase in 

OX42-positive microglia in the dorsal horn of the lumbar spinal cord (Peters, 2007). Activation of the 

glial cells triggers the release of proinflammatory cytokines, including TNFα, IL-1β and IL-6, leading to 

neuronal hypersensitivity, neurogenic inflammation and neuropathic pain (Old et al., 2015; Echeverry 

et al., 2017). IL-8 also appears to be important in the development of paclitaxel-induced neuropathic 

pain, as a selective inhibitor of the CXC motif chemokine receptor 1/2 (CXCR1/2) suppressed the 

progression of mechanical and cold allodynia in Wistar rats (Brandolini et al., 2017).  

In rodent models, paclitaxel treatment led to the infiltration of CD68-positive macrophages into the 

DRG and peripheral sciatic nerve (Peters, 2007; Tasnim et al., 2016). Paclitaxel activates Toll-like 

receptor 4 (TLR4) and increased expression of MCP-1 in the DRG (Zhang et al., 2013; Li et al., 2014), 

resulting in the infiltration of macrophages that release proinflammatory cytokines, including TNFα, 

inducing persistent neuropathic pain (Zhang et al., 2016). When Sprague Dawley rats were treated 

with the clodronate to inhibit macrophage infiltration or the TLR4 antagonist LPS-RS, paclitaxel-

induced loss of intra-epidermal nerve fibres and hind paw sensitivity were reduced (Zhang et al., 

2016). The paclitaxel-induced loss of intra-epidermal nerve fibres in the hind paws of rats is also 

associated with increased numbers of Langerhans cells in the affected skin (Siau et al., 2006). 

Cutaneous Langerhans cells may cause sensitisation of the remaining epidermal nociceptive neurons 

by the release of nitric oxide (Qureshi et al., 1996) and TNFα (Deng et al., 2003). 
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Figure 5.1: Mechanisms of paclitaxel-induced neuropathic pain 

Paclitaxel induces many changes in the skin, peripheral nerve, dorsal root ganglion and dorsal horn of the spinal cord that lead to neuropathic pain.  
AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; ATF3, activating transcription factor 3; GFAP, glial fibrillary acidic protein; Glu, 
glutamate; GluR, metabotropic glutamate receptor; NK-R, neurokinin-1 receptor; NMDA, N-methyl-D-aspartate receptor; ROS, reactive oxygen species; SP, 
substance P; TRP, transient receptor potential ion channel. 
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5.1.2 Sex differences in paclitaxel-induced neuropathic pain 

Paclitaxel is frequently used in female patients (used as a chemotherapeutic for breast, ovarian and 

cervical cancers, as well as other cancers in both sexes), however, the majority of preclinical studies 

used male mice or rats (Table 5.3 and Table 5.4). In chronic pain studies, women typically have 

increased pain sensitivity and a higher prevalence of clinical pain (Mogil, 2012; Bartley & Fillingim, 

2013). The paclitaxel-induced neuropathic pain was measured in male and female mice in 10 inbred 

strains. Mechanical allodynia was measured using von Frey filaments, which found that males had 

significantly increased levels of allodynia for all the strains combined, but there was no significant 

effect of strain and sex interactions (Smith et al., 2004). In a further study using NMRI mice, the female 

animals had increased paw licking using the acetone model of cold allodynia, specifically in the onset 

of paclitaxel-induced neuropathic pain from days 7-11 (Naji-Esfahani et al., 2016). However, there was 

no significant difference between the sexes in the development of mechanical allodynia measured 

using von Frey filaments. In Sprague Dawley rats, no sex differences were observed during the 

manifestation and maintenance phase of paclitaxel-induced mechanical allodynia and in the dose-

response effects of morphine treatment (Hwang et al., 2012). However, further research is required 

to understand the sex difference effects of paclitaxel treatment.  

5.1.3 Potential therapies for paclitaxel-induced neuropathic pain 

The American Society of Clinical Oncology clinical practice guideline states that there are currently no 

therapeutics that can be recommended for the prevention of CINP as there is not sufficient or 

consistent evidence from any randomised placebo-controlled trials (Hershman et al., 2014). For the 

treatment of established CINP, the serotonin-norepinephrine reuptake inhibitor (SNRI) duloxetine is 

the only agent which is moderately recommended (Hershman et al., 2014; for clinical trial details see 

Table 5.2). However, the clinical trial which found efficacy with duloxetine included patients with a 

mixture of paclitaxel, oxaliplatin, docetaxel and cisplatin CINP (Smith et al., 2013). Serotonergic and 

noradrenergic signalling has been associated in the development of vinca alkaloid and platinum 

derived CINP (Thibault et al., 2008; Hansen et al., 2011; Aziz et al., 2014; Barzegar-Fallah et al., 2014) 

and another SNRI venlafaxine has been shown to be effective at reducing oxaliplatin neurotoxicity in 

a relatively small clinical trial (Durand et al., 2012). However, duloxetine is weaker at treating 

paclitaxel-induced neuropathic pain (Smith et al., 2013).  
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Therapeutic Mechanism Dose Duration Patients Results Ref 

Duloxetine Serotonin-
norepinephrine 
reuptake inhibitor 

Oral 30 mg daily for 1 week, 
then 60 mg daily for 4 weeks 

5 weeks 231 patients with paclitaxel, 
oxaliplatin, docetaxel or cisplatin CINP 

Reduced CINP compared to 
placebo 

(1) 

Gabapentin Modulates α2δ-1 
subunit of 
voltage-gated 
Ca2+ channels 

Oral dose escalated up to 
2700 mg daily 

6 weeks 115 patients with paclitaxel, docetaxel, 
carboplatin, cisplatin, oxaliplatin, 
vincristine or vinblastine CINP 

No difference to placebo (2) 

Lamotrigine Voltage-gated Na+ 
channel blocker 

Oral 25 mg daily, escalated 
every 2 weeks up to 300 mg 
daily 

10 weeks 131 with paclitaxel, docetaxel, 
carboplatin, cisplatin, oxaliplatin, 
vincristine or vinblastine CINP 

No difference to placebo (3) 

Nortriptyline Serotonin-
norepinephrine 
reuptake inhibitor 

Oral 25 mg daily, escalated 
every week up to 100 mg 
daily 

9 weeks 51 patients with cisplatin CINP No difference to placebo (4) 

Amitriptyline  Serotonin-
norepinephrine 
reuptake inhibitor 

Oral 10 mg daily, escalated 
every week up to 50 mg 
daily 

8 weeks 44 patients with vinca alkaloid, 
platinum derivative or taxane CINP 

No difference to placebo (5) 

Ketamine NMDA receptor 
antagonist 

Oral 40 mg daily, escalated 
up to 400 mg 

16 days of 
stable dose 

214 patients with CINP No difference to placebo (6) 

Nabiximols Cannabinoid 
receptor agonists 

Oral spray containing THC 
and cannabidiol, 1-12 sprays  

4 weeks of 
stable dose 

16 patients with paclitaxel, vincristine 
or cisplatin CINP  

No difference to placebo (7) 

Amitriptyline, 
baclofen & 
ketamine 
(topical) 

Baclofen: GABA 
receptor agonist 

1.31 g gel with 40 mg 
amitriptyline, 10 mg 
baclofen & 20 mg ketamine, 
one spoonful twice daily 

4 weeks 208 with vinca alkaloid, platinum 
derivative or taxane CINP 

Trend towards benefit over 
placebo for sensory 
symptoms (p = 0.053)  

(8) 

Amitriptyline & 
ketamine 
(topical) 

As above Cream containing  
2% ketamine & 4% 
amitriptyline, twice daily 

6 weeks 462 with vinca alkaloid, platinum 
derivative or taxane CINP 

No difference to placebo (9) 

Table 5.2: Randomised placebo-controlled clinical trial data for the treatment of established chemotherapy-induced neuropathic pain 

References: (1) Smith et al. (2013), (2) Rao et al. (2007), (3) Rao et al. (2008), (4) Hammack et al. (2002), (5) Kautio et al. (2008), (6) Fallon et al. (2018), (7) 
Lynch et al. (2014), (8) Barton et al. (2011), (9) Gewandter et al. (2014).
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Despite a lack of significant and consistent evidence from clinical trials, a range of medications are 

used for the clinical management of CINP (reviewed in Kim et al., 2015; Flatters et al., 2017). Typically, 

the first-line treatment is with voltage-gated Ca2+ channel-modulating anticonvulsants (gabapentin, 

pregabalin), tricyclic antidepressants (amitriptyline, nortriptyline), SNRIs (duloxetine) or topical 

lidocaine patches (voltage-gated Na+ channel inhibitor). Many of these therapies have been tested in 

preclinical studies with rodent models showing potential in treating and preventing paclitaxel-induced 

neuropathic pain (Table 5.3 and Table 5.4). Gabapentin reduced established paclitaxel-induced 

mechanical allodynia and thermal hyperalgesia in male ddY mice (Matsumoto et al., 2006), female 

BALB/c mice (Thangamani et al., 2013) and Sprague Dawley rats (Xiao et al., 2007). Amitriptyline 

reduced paclitaxel-induced thermal hyperalgesia in BALB/c mice (Thangamani et al., 2013). However, 

many of these compounds lack efficacy in the randomised placebo-controlled clinical trials (Table 5.2). 

Opioid receptor analgesics, including hydrocodone, morphine, oxycodone, methadone, fentanyl 

patches or tramadol are considered a third-line therapy as long-term treatment with MOPr agonists is 

not recommended (Finnerup et al., 2015; Grace et al., 2016). However, one benefit of using opioid 

analgesics is the immediate relief from pain, compared to the first-line treatments that require 

titration up to the correct dosage (reviewed in Kim et al., 2015; Flatters et al., 2017). In male Sprague 

Dawley rats, Flatters and Bennett (2004) found that 4 mg/kg morphine was ineffective at treating 

paclitaxel-induced mechanical allodynia and 8 mg/kg only produced a 50% reversal of mechanical 

allodynia. However, in a further study by Rahn et al. (2008), it was found that 4 mg/kg normalised the 

mechanical withdrawal thresholds to pre-paclitaxel baseline levels. In paclitaxel-treated male Sprague 

Dawley rats, it was found that the order of potency for MOPr agonists was: morphine < oxycodone < 

fentanyl (Mori et al., 2014). Unfortunately, MOPr agonists are associated with many side effects and 

can induce hyperalgesia (Grace et al., 2016), tolerance (Chu et al., 2006) and addiction (Compton & 

Volkow, 2006). In comparison, KOPr agonists have fewer side effects and could be developed as an 

improved analgesic for paclitaxel-induced neuropathic pain. From the available evidence, it appears 

that KOPr agonists have not been previously assessed in a model of paclitaxel-induced neuropathic 

pain or CINP.
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Therapeutic Mechanism Rodent model Paclitaxel 
regimen 

Treatment Outcome of study Ref 

WIN 55,212-2 CB receptor agonist Male Wistar rats 1 mg/kg i.p. x 4 
alternate days 

Daily on days 
1-14 

1 mg/kg i.p. prevented the development of thermal hyperalgesia 
and mechanical allodynia 

(1) 

Cannabidiol Weak CB receptor 
agonist 

Male and female 
C57BL/6 mice 

8 mg/kg i.p. x 4 
alternate days 

Daily on days 
1-14 

5-10 mg/kg i.p. prevented development of cold and mechanical 
allodynia 

(2) 

Cannabidiol Weak CB receptor 
agonist 

Female C57BL/6 
mice 

8 mg/kg i.p. x 4 
alternate days 

Daily on days 
1, 3, 5 and 7 

2.5-5 mg/kg i.p. prevented mechanical hyperalgesia, reversed by 
5-HT1A antagonist but not CB1 or CB2 receptor antagonists 

(3) 

Desipramine Serotonin-
norepinephrine 
reuptake inhibitor 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily from day 
-6 to day 22 

10 mg/kg daily via osmotic pump (s.c.) blocked development of 
mechanical and cold allodynia 

(4) 

Tetrodotoxin Inhibits voltage-
gated Na+ channels  

Female CD-1 mice 2 mg/kg i.p. x 5 
daily 

Daily on days 
1-5 

3-6 μg/kg s.c. prevented development of cold allodynia and 
mechanical allodynia but not heat hyperalgesia 

(5) 

Minoxidil K+ channel opener Female C57BL/6J 
mice 

4.5 mg/kg i.p. x 4 
alternate days 

On the 4 
alternate days 

25-50 mg/kg i.p. protected from thermal insensitivity and 
alleviated mechanical allodynia 

(6) 

FeTMPyP & 
MnTE-2-PyP 

Peroxynitrite 
decomposition 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily up to 
day 15 

1-10 mg/kg s.c. prevented development of mechanical allodynia 
and hyperalgesia  

(7) 

IB-MECA A3 adenosine 
receptor agonist 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily on days 
1-16 

0.1 mg/kg i.p. prevented mechanical hyperalgesia (8) 

Minocycline Inhibits microglia 
 

Male Sprague 
Dawley rats 

8 mg/kg i.p. x 3 
alternate days 

Daily on days 
1-8, measured 
up to day 12 

30-50 mg/kg i.p. prevented development of mechanical 
allodynia, reduced degeneration of intra-epidermal nerve fibre 
loss, 

(9) 

Minocycline Inhibits microglia Male Wistar rats 1 mg/kg i.p. x 4 
alternate days 

Daily on days 
1-14 

15 mg/kg i.p. prevented the development of thermal 
hyperalgesia and mechanical allodynia 

(1) 

Ibudilast 
(AV411) 

Suppresses glial 
activation 

Male Sprague 
Dawley rats 

1 mg/kg i.p. x 4 
alternate days 

Daily on days 
12-19 

7.5 mg/kg i.p. mechanical allodynia remained stable (10) 

Acetyl-L-
carnitine 

Neuroregenerative 
properties 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily on days 
1-20 

50-100 mg/kg oral gavage prevented the development of 
mechanical allodynia 

(11) 

Olesoxime Neuroregenerative 
properties 
(mitochondria) 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily on days -
1 until day 15 

3-30 mg/kg oral gavage prevented mechanical allodynia and 
hyperalgesia  

(12) 

Table 5.3: Preclinical results for the prevention of the development of paclitaxel-induced neuropathic pain 

References: (1) Burgos et al. (2012), (2) Ward et al. (2011), (3) Ward et al. (2014), (4) Deng et al. (2016), (5) Flatters et al. (2006), (6) Chen et al. (2017a), (7) Doyle et al. 
(2012), (8) Janes et al. (2014), (9) Liu et al. (2010), (10) Ledeboer et al. (2006), (11) Nieto et al. (2008), (12) Xiao et al. (2009).  
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Therapeutic Mechanism Rodent model Paclitaxel 
regimen 

Treatment 
intervention 

Outcome of study Ref 

Morphine MOPr agonist Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Acute on day 
21 

4 mg/kg i.p. ineffective, 8 mg/kg i.p. reduced mechanical 
allodynia by 50% 

(1) 

Morphine MOPr agonist Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Acute on day 
21 

4 mg/kg i.p. reduced mechanical allodynia (2) 

Morphine MOPr agonist Male Wistar rats 1 mg/kg i.p. x 4 
alternate days 

Acute on day 
22 

2.5-10 mg/kg i.p. reduced mechanical allodynia and heat 
hyperalgesia, reversed using naloxone 

(3) 

Morphine MOPr agonist Male Sprague 
Dawley 

1 mg/kg i.p. x 10 
on days 1-5, 8-12 

Acute on day 
16-18 

0.17-1 mg/kg s.c. dose dependently reduced mechanical 
allodynia 

(4) 

Methadone MOPr agonist Male Wistar rats 1 mg/kg i.p. x 4 
alternate days 

Acute on day 
22 

5 mg/kg i.p. reduced mechanical allodynia and heat hyperalgesia, 
reversed using naloxone 

(3) 

Oxycodone MOPr agonist Male Sprague 
Dawley 

1 mg/kg i.p. x 10 
on days 1-5, 8-12 

Acute on day 
16-18 

0.1-0.56 mg/kg s.c. dose dependently reduced mechanical 
allodynia 

(4) 

Fentanyl MOPr agonist Male Sprague 
Dawley 

1 mg/kg i.p. x 10 
on days 1-5, 8-12 

Acute on day 
16-18 

0.003-0.017 mg/kg s.c. dose dependently reduced mechanical 
allodynia 

(4) 

AM1241 & 
AM1714 

CB2 receptor 
agonists 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Acute on day 
21 

10 mg/kg i.p. both reduced mechanical allodynia, reversed with 
specific CB2 receptor antagonist 

(2) 

AM1710 CB2 receptor agonist Male and female 
C57BL/6J mice 

4 mg/kg i.p. x 4 
alternate days 

Daily from day 
15-23 

5 mg/kg i.p. reversed mechanical and cold allodynia, mediated by 
CB2 receptors 

(5) 

WIN 55,212-2 CB receptor agonist Male Wistar rats 1 mg/kg i.p. x 4 
alternate days 

Acute on day 
22 

1 mg/kg i.p. reduced heat and mechanical withdrawal thresholds, 
reversed by CB1 receptor antagonist 

(6) 

THC CB receptor agonist Male and female 
C57BL/6J mice 

4 mg/kg i.p. x 4 
alternate days 

Daily from day 
15-23 

5-10 mg/kg i.p. daily attenuated mechanical and cold allodynia (5) 

MK-801 NMDA receptor 
antagonist 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Acute on day 
17 

0.2 mg/kg i.p. (maximally tolerated dose) no significant effect at 
reversing mechanical allodynia  

(1) 

Ketamine NMDA receptor 
antagonist 

Male Wistar rats 1 mg/kg i.p. x 4 
alternate days 

Acute on day 
22 

50 mg/kg i.p. reduced mechanical allodynia and heat 
hyperalgesia 

(3) 

Amitriptyline SNRI Female BALB/c 
mice 

2 mg/kg i.p. x 5 
daily 

Acute on day 7 10 mg/kg i.p. reduced thermal hyperalgesia (7) 

Desipramine SNRI Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily from day 
18-46 

10 mg/kg daily via osmotic pump (s.c.) reversed established 
mechanical and cold allodynia 

(8) 

Gabapentin Voltage-gated Ca2+ 
channel inhibitor 

Male ddY mice 4 mg/kg i.p. x 1 Acute on day 
14 

3-30 mg/kg i.p. reduced mechanical allodynia and thermal 
hyperalgesia for up to 24 hours post-treatment 

(9) 

Gabapentin Voltage-gated Ca2+ 
channel inhibitor 

Female BALB/c 
mice 

2 mg/kg i.p. x 5 
daily 

Acute on day 7 10-30 mg/kg i.p. reduced thermal hyperalgesia (7) 
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Gabapentin Voltage-gated Ca2+ 
channel inhibitor 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

From day 26, 
daily for 4 days 

100 mg/kg i.p. reduced mechanical allodynia and expression of 
α2δ-1 subunit normalised in the spinal cord 

(10) 

Ethosuximide Voltage-gated Ca2+ 
channel blocker 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Acute on day 
27 

450 mg/kg i.p. reduced mechanical allodynia (1) 

Tetrodotoxin Inhibits voltage-
gated Na+ channels  

Female CD-1 mice 2 mg/kg i.p. x 5 
daily 

Acute on day 7, 
10 & 14  

1-6 μg/kg s.c. reduced heat hyperalgesia (day 7), cold allodynia 
(day 10-14)and mechanical allodynia (day 10) 

(11) 

E139 Inhibits voltage-
gated Na+ channels  

Female BALB/c 
mice 

2 mg/kg i.p. x 5 
daily 

Acute on day 7 10-40 mg/kg i.p. reduced thermal hyperalgesia  (7) 

Ralfinamide Inhibits voltage-
gated Na+ channels 

Male C57BL/6 
and ICR mice 

2 mg/kg i.p. x 5 
daily 

Once allodynia 
established 

5-20 mg/kg intragastric dose-dependently alleviated mechanical 
allodynia for up to 300 min (highest dose) 

(12) 

Lamotrigine Inhibits voltage-
gated Na+ channels 

Male Wistar rats 2 mg/kg i.p. x 4 
alternate days 

From day 26, 
daily for 5 days 

40 mg/kg oral gavage significantly reduced thermal and 
mechanical hyperalgesia 

(13) 

HC-030031 TRPA1 antagonist Male C57BL/6 
mice 

6 mg/kg i.p. x 1 Acute on day 8 300 mg/kg intragastric reduced mechanical allodynia (14) 

HC-067047 TRPV4 antagonist Male C57BL/6 
mice 

6 mg/kg i.p. x 1 Acute on day 8 10 mg/kg i.p. reduced mechanical allodynia (14) 

AMD3100 CXCR4 antagonist Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Acute on day 
20 

10 mg/kg i.p. did not suppress mechanical or cold allodynia (15) 

FSLLRY-amide PAR2 antagonist Male ICR mice 1 mg/kg i.p. x 4 
alternate days 

Once allodynia 
established 

0.1-10 nmol intrathecal reversed mechanical allodynia and heat 
hyperalgesia 

(16) 

FeTMPyP & 
MnTE-2-PyP 

Peroxynitrite 
decomposition 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Acute on day 
16 

10 mg/kg i.p. and 1 nmol/kg intrathecal reduced mechanical 
allodynia and hyperalgesia 

(17) 

Ibudilast 
(AV411) 

Suppresses glial 
activation 

Male Sprague 
Dawley rats 

1 mg/kg i.p. x 4 
alternate days 

Twice daily on 
days 19-25 

7.5 mg/kg i.p. resulted in sustained attenuation of mechanical 
allodynia  

(18) 

IL-1RA IL-1 receptor 
antagonist 

Male Sprague 
Dawley rats 

1 mg/kg i.p. x 4 
alternate days 

Acute on day 
18 

150 μg intrathecal transiently (3 hours) reverses mechanical 
allodynia 

(19) 

Acetyl-L-
carnitine 

Neuroregenerative 
properties 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily on days 
17-26 

100 mg/kg oral gavage significantly inhibited mechanical 
allodynia, the effect lasted until 4 days post final treatment 

(20) 

Olesoxime Neuroregenerative 
(mitochondria) 

Male Sprague 
Dawley rats 

2 mg/kg i.p. x 4 
alternate days 

Daily on days 
27-31 

10-100 mg/kg oral gavage significantly reduced mechanical 
hyperalgesia and allodynia 

(21) 

Table 5.4: Preclinical results for the treatment of paclitaxel-induced neuropathic pain 

References: (1) Flatters and Bennett (2004), (2) Rahn et al. (2008), (3) Pascual et al. (2010), (4) Mori et al. (2014), (5) Deng et al. (2015), (6) Pascual et al. (2005), (7) 
Thangamani et al. (2013), (8) Deng et al. (2016), (9) Matsumoto et al. (2006), (10) Xiao et al. (2007), (11) Nieto et al. (2008), (12) Liang et al. (2018), (13) Chogtu et al. 
(2011), (14) Materazzi et al. (2012), (15) Deng et al. (2012), (16) Chen et al. (2011), (17) Doyle et al. (2012), (18) Ledeboer et al. (2006), (19) Ledeboer et al. (2007), (20) 
Flatters et al. (2006), (21) Xiao et al. (2009). 
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5.2 Aims and hypotheses 

SalA and the novel analogues 16-Ethynyl SalA and 16-Bromo SalA have been shown to have 

antinociceptive effects in acute models of pain in mice. The aim of the present chapter was to assess 

the effects of the KOPr agonists in a model of paclitaxel-induced neuropathic pain. In addition, these 

carbon-16 analogues were compared to β-THP SalB, a carbon-2 analogue of SalA. β-THP SalB has 

antinociceptive effects in acute models of pain (Paton et al., 2017) and, therefore, was further 

assessed in the paclitaxel-induced neuropathic pain model. It was hypothesised that the KOPr agonists 

would have antinociceptive effects via both acute administration and, due to the fact that the novel 

compounds have less β-arrestin-associated side effects, would show reduced tolerance in the chronic 

administration model.  

The specific aims of the study were to: 

1. Establish the paclitaxel-induced neuropathic pain model using mechanical and cold allodynia 

as measures of neuropathic pain. 

2. Assess the antinociceptive potency and efficacy of the novel KOPr agonists, 16-Ethynyl SalA, 

16-Bromo SalA and β-THP SalB, in the acute dose-response model with comparisons between 

the sexes. 

3. Further establish a chronic KOPr agonist treatment model for animals with paclitaxel-induced 

neuropathic pain. 

4. In the chronic administration model, evaluate the potency and tolerance effects of selected 

KOPr agonists that showed the most promise in the dose-response procedure. 

5. Assess the effects of the KOPr agonists on myelin degeneration using transmission electron 

microscopy.  
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5.3 Results 

5.3.1 Establishing a model of paclitaxel-induced neuropathic pain in mice 

The dosage regimen for inducing the paclitaxel-induced neuropathic pain model was based on 

methodology from Deng et al. (2015), with 4 x 4 mg/kg injections on alternate days. This methodology 

was selected as the study showed robust paclitaxel-induced effects in both female and male C57BL/6J 

mice. The animals were closely monitored over the 15 days for the paclitaxel effects to be established 

consistently. The animals were weighed every alternate day to assess the effect of paclitaxel on the 

general health of the mice. A three-way repeated measures mixed ANOVA with a Greenhouse-Geisser 

correction was run to understand the effects of treatment, sex and time on the percentage weight 

change. The three-way interaction of treatment, sex and time was not significant [F(3.952,458.4) = 29.016, 

p = 0.133] and none of the two-way interactions were significant (p > 0.05; Figure 5.2). This indicates 

that paclitaxel treatment does not affect the body weight measurements of the mice in either sex.  

To further monitor the well-being of the mice, the paclitaxel-treated animals from the first 

experimental replicate were also observed for spontaneous pain behaviours using the grimace scale 

on days 0, 4, 7, 11 and 15 (n = 12 male paclitaxel-treated animals). Only a single mouse showed any 

spontaneous grimace scale behaviours, observed on both day 4 and 7 (Figure 5.3). No other pain 

behaviours were observed in any of the animals. The grimace scale behaviours were not used as a 

measure of pain beyond the first experimental replicate. 

The effects of paclitaxel on mechanical and cold allodynia were carried out over 7 experimental 

replicates. The complete results were combined to understand the effect of paclitaxel treatment on 

mechanical and cold withdrawal thresholds, and if there was a different effect of paclitaxel on the 

sexes. Initially, all of the baseline measurements from day 0 were compared to test for any inherent 

sex differences. Unpaired t-test analysis found there was no difference in the mechanical threshold 

between the sexes [t(118) = 0.3782, p = 0.7059] (Figure 5.4A); however, females had a significantly 

longer reaction time to the cold acetone stimulus compared to males on day 0 [t(118) = 3.79, p = 0.0002] 

(Figure 5.4B).  

5.3.1.1 Mechanical withdrawal thresholds 

A three-way repeated measures mixed ANOVA was run to understand the effects of treatment, sex 

and time on the mechanical withdrawal thresholds on days 2-15, as the day 0 measurements were 

baseline pre-treatment values as analysed above. A reflect and square root transformation was carried 

out to correct the negatively-skewed data and improve the homogeneity of variances as assessed by 

the Levene’s test for equality of variances. Mauchly’s test of sphericity indicated that the assumption 
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of sphericity had been violated, so a Greenhouse-Geisser correction was applied. The three-way 

interaction of treatment, sex and time was not statistically significant [F(6.183,717.2) = 2.053, p = 0.055], 

meaning that the treatment did not affect the sexes differently over time. There was a statistically 

significant two-way interaction between treatment and time [F(6.183,717.2) = 66.771, p < 0.0005] and 

between treatment and sex [F(1,116) = 9.744, p = 0.002]. Statistical significance of a simple main effect 

was accepted at a Bonferroni-adjusted alpha level of 0.006 due to multiple families of comparisons. 

There were statistically significant simple main effects of treatment at days 4-15 (p < 0.006), 

specifically the day 15 values which are measured prior to the dose-response procedure were 

significantly different [F(1,116) = 808.585, p < 0.0005] (Figure 5.5B). The simple main effects of sex were 

not significant at any day (p > 0.006; day 15 [F(1,116) = 1.132, p = 0.290] Figure 5.5B). Overall, this shows 

that the paclitaxel treatment group were significantly different to the vehicle treatment group, but 

that paclitaxel affected each sex the same on each day. 

5.3.1.2 Cold stimulus reaction times 

A three-way repeated measures mixed ANOVA was run to understand the effects of treatment, sex 

and time on the reaction times to the cold acetone stimulus on days 2-15. A logarithmic 

transformation was carried out to correct the positively-skewed data and improve the homogeneity 

of variances. The assumption of sphericity was violated so a Greenhouse-Geisser correction was 

applied. The three-way interaction of treatment, sex and time was statistically significant [F(6.618,767.7) = 

3.284, p = 0.002] (Figure 5.5C). Statistical significance of a simple main effect was accepted at a 

Bonferroni-adjusted alpha level of 0.006. There was not a significant simple two-way interaction of 

treatment and sex at any time point (p > 0.006), however, there was a significant main effect of both 

treatment and sex on days 2-15 (p < 0.006; Figure 5.5C). Specifically, on day 15 prior to the 

commencement of the acute dose-response procedure, there was no two-way interaction of 

treatment and sex [F(1,116) = 3.381, p = 0.069], however, there was a main effect of treatment [F(1,116) = 

662.034, p < 0.0005] and sex [F(1,116) = 24.907, p < 0.0005] (Figure 5.5D). Overall, this means that there 

is an effect of paclitaxel treatment and an inherent difference between the sexes reaction to the cold 

stimulus, however, the effect of paclitaxel on the sexes is equal, so that the same sex differences are 

maintained over the time period.  

5.3.1.3 Outcome of establishing the paclitaxel-induced neuropathic pain model 

After treating the mice with an accumulative dose of 16 mg/kg of paclitaxel, the animals showed no 

sign of weight loss and minimal spontaneous behavioural signs of pain. It was found that female mice 

inherently had a longer reaction time to the cold stimulus and this sex difference was maintained with 

paclitaxel treatment. By day 15, mice administered paclitaxel had significantly lower mechanical 

withdrawal thresholds and had increased reaction times to the cold acetone stimulus.  
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Figure 5.2: Paclitaxel treatment did not cause a weight change in mice 

The weight of the mice undergoing the acute paclitaxel experiment was closely monitored. No 
significant difference was found between the vehicle and paclitaxel-treated mice. Arrows indicate 
paclitaxel (4 mg/kg i.p.) or vehicle treatment. Weight was always measured prior to the administration 
of treatment. Values presented as mean ± SEM, vehicle male n = 18, vehicle female n = 16, paclitaxel 
male n = 50, paclitaxel female n = 36.  
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Figure 5.3: Representative images of the observed changes in the mouse grimace scale following 
administration of paclitaxel 

Images were taken of spontaneous grimace scale behaviour during the first replicate of the acute 
paclitaxel experiment on days 0, 4, 7, 11 and 15 (n = 12 paclitaxel-treated animals). A single mouse 
showed nose bulge and ear position changes, observed on day 4 and 7. The other behaviours were 
not observed (n.o.) in any mouse on any day. 
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Figure 5.4: Female mice have longer baseline reaction times to a cold acetone stimulus 

(A) The baseline (day 0) mechanical thresholds were not different between the sexes. (B) The baseline 
reaction times to a cold acetone stimulus were significantly higher in females compared to males. 
Unpaired t-test. Values presented as individual data points, with a line indicating the mean ± SEM. 
Male n = 68, female n = 52. 
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Figure 5.5: Paclitaxel treatment induces mechanical and cold allodynia in male and female mice 

(A) Paclitaxel treatment induced mechanical allodynia on days 4-15, shown as a reduction in 
withdrawal score and measured using von Frey filaments. (B) The day 15 results show an effect of 
treatment but not sex. (C) Paclitaxel treatment had a significant effect of treatment on days 2-15, seen 
as an increase in reaction time to a cold acetone stimulus. (D) On day 15 there was an effect of 
treatment and sex, but no interaction of both factors. Arrows indicate days that treatment was 
administered. Three-way mixed ANOVA. *p < 0.006 shows the significant effect of treatment at given 
time point. Values presented as SEM ± mean, with individual data points shown in (B) and (D), vehicle-
treated males n = 18, vehicle-treated females n = 16, paclitaxel-treated males n = 50, paclitaxel-treated 
females n = 36.  
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5.3.2 Cumulative dose-response effects of kappa opioid receptor agonists 

Following the initiation of paclitaxel-induced mechanical and cold allodynia, the dose-response effects 

of the novel KOPr agonists were measured on day 15. Cumulative doses of the KOPr agonists, 

morphine or vehicle controls were administered subcutaneously and both the mechanical and cold 

allodynia measurements taken at 30 min time points post-injection. Non-linear regression analysis 

was used to determine the potency (ED50 and ID50) by comparing the values to morphine. There were 

no significant differences in the baseline or day 15 measures of mechanical or cold allodynia effects 

when the mice were grouped dependent on the subsequent dose-response treatment, showing the 

mice were assigned to treatments in an unbiased manner (see Appendix D.1 and D.2). 

5.3.2.1 Mechanical allodynia 

The treatment curves were analysed and separated for sex that showed a different curve fit each data 

set, demonstrating a significant effect of treatment [F(20,410) = 12.72, p < 0.0001] (Figure 5.6). Equivalent 

treatments with vehicle did not have any antinociceptive effect over time (see Appendix D.3). The ED50 

values were compared and showed a significant interaction of treatment and sex [F(4,370) = 8.099, p < 

0.0001] (Table 5.5). Treatment with U50,488 showed males had a significantly more potent ED50 value 

compared to the females (p = 0.0136), whilst the opposite was found with SalA treatment, with SalA 

treatment in females significantly more potent than in males (p = 0.0040). For morphine, 16-Ethynyl 

SalA and 16-Bromo SalA there was no significant effect between the sexes. When the male treatment 

groups were compared to morphine, only 16-Ethynyl SalA was significantly more potent (p = 0.0152). 

When comparing to the female morphine treatment group, the females treated with SalA (p = 0.0098) 

and 16-Ethynyl SalA (p = 0.0242) were significantly more potent.  

5.3.2.2 Cold allodynia 

Analysis of the treatment curves showed a different curve fit each data set, indicating a significant 

effect of treatment [F(20,410) = 19.41, p < 0.0001] (Figure 5.6 and Figure 5.7). Equivalent treatments with 

vehicle did not have any antinociceptive effect on the cold stimulus over time (see Appendix D.3). 

When the data was separated for sex, two-way ANOVA found that there was no interaction of 

treatment x sex [F(4,370) = 0.2473, p = 0.9112] (Table 5.6). Since there was no interaction, the sexes 

were combined to understand the main effects of each of the treatments. With the data combined, 

there was a significant effect of treatment on potency [F(5,420) = 6.797, p < 0.0001] (Table 5.7). SalA (p 

= 0.0034), 16-Ethynyl SalA (p < 0.0001) and β-THP SalB (males only, p = 0.0002) had significantly more 

potent antinociceptive effects compared to morphine.  
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Figure 5.6: Antinociceptive dose-response effects of novel KOPr agonists in mice separated by sex 
with paclitaxel-induced neuropathic pain 

Antinociceptive dose-response effects of morphine and KOPr agonists comparing male and female 

mice with established paclitaxel-induced neuropathic pain. Mechanical allodynia was measured in (A) 

males and (B) females. Cold allodynia was measured in (C) males and (D) females. Veh refers to 

paclitaxel-treated animals treated with vehicle as opposed to the KOPr agonists. D15 refers to the 

values on day 15 post-paclitaxel prior to the dose-response experiment. BL refers to pre-paclitaxel 

baseline values. n = 7 all treatments in males (except vehicle n = 8), and n = 6 for all treatments in 

females. Values presented as mean ± SEM. 
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Figure 5.7: Antinociceptive dose-response effects of novel KOPr agonists in combined male and 
female mice with established paclitaxel-induced neuropathic pain 

Antinociceptive dose-response effects of morphine and KOPr agonists in combined male and female 
mice with established paclitaxel-induced neuropathic pain with (A) mechanical and (B) cold allodynia. 
Veh refers to paclitaxel-treated animals treated with vehicle as opposed to the KOPr agonists. D15 
refers to the values on day 15 post-paclitaxel prior to the dose-response experiment. BL refers to pre-
paclitaxel baseline values. n = 7 for β-THP SalB (males only), all other opioid receptor agonist 
treatments n = 13 (7 males, 6 females) and n = 14 for vehicle treatment (8 males, 6 females). Values 
presented as mean ± SEM.   
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Table 5.5: Dose-response effects of the KOPr agonists in female and male mice with established paclitaxel-induced mechanical allodynia 

The potency (ED50) of the antinociceptive effects of the opioid receptor agonists were measured in mice of both sexes. U50,488 had more potent effects in 
males compared to females, whereas SalA was more potent in females. When the KOPr treatments for each sex were compared to morphine, 16-Ethynyl SalA 
was significantly more potent in males and females. SalA was more potent than morphine in females only. Non-linear regression analysis. Two-way ANOVA 
with Bonferroni post-tests. n = 13 (7 males, 6 females). n.s. = not significant, *p < 0.05, **p < 0.01. 

 

 

 

Opioid receptor 
agonist 

ED50 value 
(mg/kg) 

logED50 ± SEM Two-way ANOVA comparisons R2 value 

 Male Female Male Female Male vs Female 
Male vs. Male 

treated with morphine 
Female vs. Female 

treated with morphine 
Male Female 

Morphine 2.16 3.83 0.334 ± 0.106 0.583 ± 0.070 > 0.9999 n.s. -  -  0.828 0.893 

U50,488 1.23 4.38 0.0898 ± 0.111 0.641 ± 0.093 0.0136 * > 0.9999 n.s. > 0.9999 n.s. 0.853 0.808 

SalA 3.94 0.992 0.596 ± 0.122 -0.0035 ± 0.1011 0.0040 ** > 0.9999 n.s. 0.0098 ** 0.546 0.842 

16-Ethynyl SalA 0.645 1.08 -0.191 ± 0.124 0.0346 ± 0.126 > 0.9999 n.s. 0.0152 * 0.0242 * 0.800 0.760 

16-Bromo SalA 1.27 1.25 0.104 ± 0.098 0.0954 ± 0.0842 > 0.9999 n.s. > 0.9999 n.s. 0.0925 n.s. 0.819 0.881 

 β -THP SalB 1.04  0.0166 ± 0.110    > 0.9999 n.s.   0.806  



 

167 
 

Opioid receptor 
agonist 

ID50 value  
(mg/kg) 

logID50 ± SEM R2 value 

 Male Female Male Female Male Female 

Morphine 2.06 3.64 0.314 ± 0.117 0.561 ± 0.101 0.782 0.800 

U50,488 1.06 2.08 0.0267 ± 0.168 0.319 ± 0.120 0.735 0.793 

SalA 0.597 1.03 -0.224 ± 0.191 0.0132 ± 0.118 0.652 0.794 

16-Ethynyl SalA 0.312 0.712 -0.506 ± 0.204 -0.148 ± 0.137 0.734 0.780 

16-Bromo SalA 1.20 1.44 0.0801 ± 0.129 0.157 ± 0.107 0.743 0.802 

Table 5.6: Dose-response effects of the KOPr agonists in female and male mice with established 
paclitaxel-induced cold allodynia  

Non-linear regression analysis was used to calculate the potency (ID50) of the antinociceptive effects 
of the opioid receptor agonists measured in mice of both sexes. Two-way ANOVA showed there was 
no significant interaction of treatment and sex. n = 13 (7 males, 6 females). 

 

 

  



 

168 
 

Opioid receptor 
agonist 

ID50 value 
(mg/kg) 

logID50 ± SEM 
p value for ID50 
compared to  

morphine 
R2 value 

Morphine 2.71 0.433 ± 0.078 -  0.781 

U50,488 1.46 0.165 ± 0.103 0.3899 n.s. 0.749 

SalA 0.822 -0.0853 ± 0.128 0.0034 ** 0.774 

16-Ethynyl SalA 0.477 -0.321 ± 0.123 < 0.0001 **** 0.725 

16-Bromo SalA 1.31 0.119 ± 0.091 0.1928 n.s. 0.635 

β-THP SalB 
(males only) 

0.481 -0.318 ± 0.157 0.0002 *** 0.774 

Table 5.7: Antinociceptive dose-response effects of KOPr agonists in combined male and female 
mice with established paclitaxel-induced cold allodynia 

Non-linear regression analysis was used to calculate the potency (ID50) of the antinociceptive effects 
to cold stimulus on day 15 following the first injection of paclitaxel in mice, with data for both sexes 
combined. SalA, 16-Ethynyl SalA and β-THP SalB (males only) had more potent antinociceptive effects 
than morphine. The efficacy of the treatments were not significantly different. One-way ANOVA with 
Bonferroni post-tests. β-THP SalB n = 7 males only, all other agonists n = 13 (7 males, 6 females). n.s. 
= not significant, **p < 0.01, ****p < 0.0001. 
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5.3.2.3 Antagonism of the kappa opioid receptor 

The novel SalA analogues 16-Ethynyl SalA and 16-Bromo SalA were antagonised at the KOPr by pre-

treating with nor-BNI. Pre-treatment with nor-BNI was administered 24 hours before the dose-

response experiment to selectively antagonise the KOPr (Munro et al., 2012). The day 15 values, prior 

the dose-response procedure, were not significantly different between treatment groups, indicating 

that antagonising the KOPr on day 14 had no effect on the established neuropathic pain (see Appendix 

D.4). The non-linear regression analysis of the mechanical allodynia results showed that a different 

curve fit each treatment group [F(9,216) = 78.47, p < 0.0001] (Figure 5.8A). One-way ANOVA analysis 

showed a significant effect of treatment at the final KOPr agonist dose of 10 mg/kg [F(3,34) = 129.9, p < 

0.0001] (Figure 5.8B). Bonferroni post-tests showed a significant difference with pre-treatment of nor-

BNI for 16-Ethynyl SalA (p < 0.0001) and 16-Bromo SalA (p < 0.0001). One-way ANOVA analysis of the 

cold allodynia data also showed a significant effect of treatment [F(3,34) = 96.54, p < 0.0001] (Figure 

5.8D) and there was a significant effect of pre-treatment with nor-BNI for 16-Ethynyl SalA (p < 0.0001) 

and 16-Bromo SalA (p < 0.0001). The results show that the antinociceptive actions of the novel SalA 

analogues are mediated via the KOPr.  

5.3.2.4 Outcome of cumulative dose-response treatment of paclitaxel-induced neuropathic pain 

Overall, the antinociceptive effects of the KOPr agonists for the treatment of mechanical allodynia 

showed a significant interaction of sex and treatment. U50,488 was more potent in males compared 

to females but had no improvement over morphine for either sex. SalA was more potent as a 

treatment in females and was more potent than morphine in females. 16-Ethynyl SalA affected the 

sexes the same and was more potent than morphine for both males and females. For the treatment 

of cold allodynia, the combined sexes data showed SalA and 16-Ethynyl SalA were more potent than 

morphine. In both mechanical and cold allodynia, 16-Bromo SalA was equally potent to morphine. 

Finally, antagonist studies showed that the antinociceptive effects of 16-Ethynyl SalA and 16-Bromo 

SalA were mediated by the KOPr. 
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Figure 5.8: KOPr antagonism reduces the antinociceptive effect of the novel KOPr agonists 

The selective KOPr antagonist nor-BNI was administered 24 hours prior to the commencement of the 
dose-response procedure for treatment with the novel KOPr agonists 16-Ethynyl SalA and 16-Bromo 
SalA. (A) Dose-response curve of antinociceptive effects against mechanical allodynia. (B) Nor-BNI 
reduced the antinociceptive effects of the KOPr agonists (10 mg/kg) to the mechanical stimulus. (C) 
Dose-response curve of antinociceptive effects against cold allodynia. (D) Nor-BNI reduced the 
antinociceptive effects of the KOPr agonists (10 mg/kg) to the thermal stimulus. One-way ANOVA with 
Bonferroni post-tests. Values presented as mean ± SEM, with individual data points presented (B) and 
(D). n = 13 for KOPr agonist treatment without nor-BNI, n = 6 for groups with nor-BNI pre-treatment. 
****p < 0.0001.  
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5.3.3 Early initiation of chronic daily treatments on day 7 

Due to the efficacy of the novel KOPr agonists 16-Ethynyl SalA and 16-Bromo SalA at treating 

paclitaxel-induced mechanical and cold allodynia in the acute dose-response model, the novel 

agonists were further tested in a chronic model of paclitaxel. Chronic opioid treatment is more 

representative of a possible clinical situation and was also used to test the opioid tolerance effects 

over time. Initially, it was decided to begin treatment on day 7, to potentially prevent the further 

development of neuropathic pain soon after the initial onset of symptoms. The mice were matched 

to treatment groups based on the day 6 allodynia values (see Appendix E.1). The treatment with either 

morphine, the traditional KOPr agonist U50,488, or the novel agonists 16-Ethynyl SalA and 16-Bromo 

SalA began on day 7, with daily administrations up to day 24. On the odd-numbered days and the final 

day 24, the treatment was given 30 min prior to the behavioural measurements. On the even-

numbered days, the behaviours were measured prior to the administration of the treatment to test 

whether the treatment was reducing overall the neuropathic pain condition or only temporally 

limiting the symptoms (for experimental design see Figure 2.3A). 

5.3.3.1 Treatment of mechanical allodynia 

The experimental replicate was carried out with a sample size of 6, with 3 males and 3 females. Three-

way repeated measures mixed ANOVA showed there was no three-way interaction of sex, treatment 

and time [F(29.286,134.7) = 1.459, p = 0.078] and no effect of sex and treatment [F(5,23) = 0.654, p = 0.662], 

therefore, the sexes were combined for further analysis. Two-way repeated measures ANOVA was 

used to understand the effect of treatment and time on the mechanical withdrawal thresholds for the 

days where treatment occurred before the behaviour. There was a significant interaction of treatment 

x time [F(45,261) = 4.332, p < 0.0001] (Figure 5.9A). Bonferroni multiple comparisons showed a significant 

difference between the vehicle/vehicle negative control and the vehicle/paclitaxel positive control on 

all days from 9-24 (p < 0.0001). Compared to the vehicle/paclitaxel control group, morphine treatment 

significantly increased the withdrawal thresholds on days 9-24 and U50,488 increased the thresholds 

on days 17-24 (p < 0.05). The novel compounds increased the level of mechanical allodynia at the 

earlier time points of day 11-13 for 16-Ethynyl SalA and day 11 for 16-Bromo SalA (p < 0.05). At day 

23, 16-Ethynyl SalA reduced the level of mechanical allodynia (p < 0.05). To understand the main effect 

of treatment, the AUC was calculated for days 7-24. One-way ANOVA showed a significant effect of 

treatment [F(5,29) = 57.57, p < 0.0001] (Figure 5.9B). Compared to the vehicle/paclitaxel treatment 

group, only morphine had a significant improvement in mechanical withdrawal threshold (p < 0.0001), 

and the morphine treatment group was not significantly different to the vehicle/vehicle control (p > 

0.9999). U50,488 (p = 0.4257), 16-Ethynyl SalA (p > 0.9999) and 16-Bromo SalA (p > 0.9999) were not 

significantly different to the vehicle/paclitaxel control.  
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5.3.3.2 Treatment of cold allodynia 

For the cold allodynia measurements, there was no three-way interaction of sex, treatment and time 

[F(21.486,98.836) = 1.098, p = 0.362] and no effect of sex and treatment [F(5,23) = 0.878, p = 0.511], therefore, 

the sexes were combined for further analysis. To test the effects of the opioid treatments on the 

reaction times to the acetone stimulus, a two-way ANOVA showed an interaction of treatment x time 

[F(45,261) = 4.35, p < 0.0001] (Figure 5.9C). Bonferroni post-tests showed a significant effect between 

the vehicle/vehicle negative control and the vehicle/paclitaxel treatment on day 11 and 15-24 (p < 

0.05). The opioid treatments produced a reduction in the cold stimulus reaction times, for morphine 

on days 17 and 23-24; U50,488 on days 17-19 and 23-24; 16-Ethynyl SalA on days 17-19 and 23-24; 

and 16-Bromo SalA on days 17 and 24 (p < 0.05). On day 13, 16-Ethynyl SalA increased the level of cold 

allodynia compared to the vehicle/paclitaxel control (p = 0.0040). The AUC analysis showed a 

significant effect of treatment [F(5,29) = 11.47, p < 0.0001] (Figure 5.9D). The Bonferroni post-tests 

showed a significant difference between vehicle/paclitaxel treatment and U50,488/paclitaxel 

treatment (p = 0.0017), in fact, U50,488/paclitaxel treatment was not different to the vehicle/vehicle 

negative control (p = 0.5496). Morphine (p > 0.9999), 16-Ethynyl SalA (p > 0.9999) and 16-Bromo SalA 

(p = 0.7334) were not significantly different to the positive control.  
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Figure 5.9: Antinociceptive effects of early initiation of chronic daily treatments in mice with 
paclitaxel-induced neuropathic pain 

(A) Time course showing the effects of chronic opioid treatment on paclitaxel (ptx)-induced 
mechanical allodynia. (B) Area under the curve (AUC) analysis showing the main effect of treatment. 
Morphine (4.3 mg/kg i.p. daily) reduced mechanical thresholds back to vehicle levels. (C) Time course 
showing the effects of chronic opioid treatment on paclitaxel-induced cold allodynia. (D) AUC analysis 
showed the traditional KOPr agonist U50,488 (3.2 mg/kg i.p. daily) reduced cold reaction times to the 
same as vehicle control levels. Overall, 16-Ethynyl SalA (1.3 mg/kg i.p. daily) and 16-Bromo SalA (1.9 
mg/kg i.p. daily) did not reduce mechanical or cold allodynia compared to the vehicle/paclitaxel 
control treatment group. Two-way ANOVA with Bonferroni post-tests. n.s. = not significant, *p < 0.05, 
**p < 0.01, ***p < 0.005, ****p < 0.0001 compared to the vehicle/paclitaxel control treatment group. 
Values presented as mean ± SEM, with individual data points presented (B) and (D), n = 6 for all 
treatment groups, except 16-Bromo SalA treatment group n = 5.   
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5.3.3.3 Progression of neuropathic pain in the early initiation of treatment model 

Two-way repeated measures ANOVA was used to understand the effect of the opioid treatments on 

the progression of the neuropathic pain on the even-numbered days where behaviour was measured 

prior to the administration of treatment. There was a significant two-way interaction of treatment x 

time on mechanical withdrawal thresholds [F(40,232) = 3.002, p < 0.0001] (Figure 5.10A). Bonferroni 

post-tests showed the vehicle/vehicle and vehicle/paclitaxel control groups were significantly 

different at all days from 8-24 (p < 0.05). Compared to the vehicle/paclitaxel treatment group, only 

16-Ethynyl SalA was statistically significant, showing increased mechanical allodynia on days 10-14 (p 

< 0.05). The AUC analysis showed a significant effect of treatment [F(5,29) = 30.48, p < 0.0001] (Figure 

5.10B). None of the opioid treatments were significantly different compared to the vehicle/paclitaxel 

treatment group (p > 0.05). 

For the cold allodynia measurements, there was a two-way interaction of treatment x time on the 

days where behaviour was measured before the administration of treatment [F(40,232) = 3.489, p < 

0.0001] (Figure 5.10C). The vehicle control groups were significantly different on days 12-24 (p < 0.01). 

The traditional agonist U50,488 significantly reduced the effects of paclitaxel on days 12 and 22-24. 

Morphine, 16-Ethynyl SalA and 16-Bromo SalA treatment all reduced the level of cold allodynia 

compared to the vehicle/paclitaxel treatment group on days 22-24 (p < 0.0001). The AUC analysis 

showed a significant effect of treatment [F(5,29) = 3.049, p < 0.0001] (Figure 5.10D). Compared to the 

vehicle/paclitaxel treatment group, U50,488 (p = 0.0113) and 16-Bromo SalA (p = 0.0446) significantly 

reduced the cold allodynia levels. Morphine (p > 0.9999) and 16-Ethynyl SalA (p > 0.9999) were not 

significantly different to the positive control. 

5.3.3.4 Outcome of early initiation of the chronic treatment model 

Overall, the effects of the early initiation of treatment on day 7 showed that morphine was potent at 

treating mechanical allodynia, whereas U50,488 was potent at treating cold allodynia. In terms of the 

progression of the neuropathic pain state, none of the treatments altered the mechanical allodynia, 

whereas U50,488 and 16-Bromo SalA reduced the level of cold allodynia.  
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Figure 5.10: Progression of paclitaxel-induced neuropathic pain in mice following the early initiation 
of daily treatments 

(A) Time course showing the level of paclitaxel (ptx)-induced mechanical allodynia. (B) Area under the 
curve (AUC) analysis showing the main effect of treatment. None of the opioid treatments reduced 
the paclitaxel-induced mechanical allodynia. (C) Time course showing the level of paclitaxel-induced 
cold allodynia. (D) AUC analysis showed the KOPr agonists U50,488 (3.2 mg/kg i.p. daily) and 16-Bromo 
SalA (1.9 mg/kg i.p. daily) reduced cold reaction times compared to the vehicle/paclitaxel treatment 
group. Neither morphine (4.3 mg/kg i.p. daily) or 16-Ethynyl SalA (1.3 mg/kg i.p. daily) reduced the 
AUC for mechanical or cold allodynia. Two-way ANOVA with Bonferroni post-tests. *p < 0.05, **p < 
0.01, ***p < 0.005, ****p < 0.0001 compared to the vehicle/paclitaxel control treatment group. 
Values presented as mean ± SEM, with individual data points presented (B) and (D), n = 6 for all 
treatment groups, except 16-Bromo SalA treatment group n = 5.   
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5.3.4 Initiation of chronic daily treatments on day 16 

The effects of the KOPr agonists at treating and preventing paclitaxel-induced neuropathic pain when 

administered on day 7 were not very potent. Therefore, the antinociceptive effects were further 

tested in mice with well-established paclitaxel-induced neuropathic pain. The treatments began on 

day 16 when the mice had consistent mechanical and cold allodynia. The longer duration for the 

neuropathic pain effects to be established allowed for more effective matching of the animals into 

treatment groups with an approximately equal paclitaxel-induced effects (see Appendix E.2), as with 

the day 7 initiation of treatment, it could not be predicted how the neuropathic pain symptoms were 

going to continue to progress in each mouse. The dosage of the opioid receptor agonist treatments 

was also increased to approximately the ED80 value from the acute dose-response experiment.  

5.3.4.1 Treatment of mechanical allodynia 

To understand the effects of sex, treatment and time on the paclitaxel-induced mechanical allodynia, 

a three-way repeated measures mixed ANOVA was used. A square root transformation was carried 

out to correct the positively-skewed data and improve the homogeneity of variances as assessed by 

the Levene’s test for equality of variances. Mauchly’s test of sphericity indicated that the assumption 

of sphericity had been violated, so a Greenhouse-Geisser correction was applied. The three-way 

interaction of treatment, sex and time was not statistically significant [F(40.528,486.33) = 1.034, p = 0.418] 

(Figure 5.11A). There was a two-way interaction of treatment and time [F(40.528,486.33) = 9.637, p < 

0.0005], as well as treatment and sex [F(5,60) = 3.966, p = 0.004], however, there was not an effect of 

sex and time [F(8.106,486.33) = 1.645, p = 0.109]. This means that the treatment had an effect and that the 

treatment affects the sexes differently, but the effect on the sexes was the same over time. The main 

effect of treatment were compared at each time point. U50,488 and 16-Ethynyl SalA reduced the 

paclitaxel-induced mechanical allodynia effects on all days 16-38 (p < 0.0001). Morphine treatment 

had antinociceptive effects on days 16-30, and 16-Bromo SalA on days 16-36 (p < 0.05; Figure 5.11A). 

The effects of sex and treatment were investigated by first comparing the sexes within each treatment 

group. The U50,488 treatment showed a significant effect, with less pain shown in the males 

compared to females (p < 0.0005), similarly, 16-Ethynyl SalA treated the males more effectively (p = 

0.003; Figure 5.11B). The main treatment effects within the males group showed that morphine, 

U50,488, 16-Ethynyl SalA and 16-Bromo SalA all reduce the paclitaxel-induced mechanical allodynia 

levels (p < 0.0005; Figure 5.11D). Furthermore, U50,488 treatment reduced the mechanical 

withdrawal thresholds back to equivalent to the vehicle/vehicle treatment group (p > 0.9999). The 

treatments in the females showed that morphine, U50,488, 16-Ethynyl SalA and 16-Bromo SalA all 

reduce the paclitaxel-induced mechanical allodynia (p < 0.0005), however, all of the treatment groups 

were significantly different to the vehicle/vehicle group (Figure 5.11F).  
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Figure 5.11: Antinociceptive effects of opioid receptor agonists on paclitaxel-induced mechanical 
allodynia following initiation of chronic daily treatment on day 16 

(A) Time course of the treatment effects on paclitaxel-induced mechanical allodynia. (B) Main 
interaction effects of treatment and sex showed that U50,488 (10 mg/kg i.p. daily) and 16-Ethynyl SalA 
(3 mg/kg i.p. daily) were more effective at treating males. (C) Time course of the treatment effects in 
males. (D) Comparison of the treatments within the male animals showed morphine (10 mg/kg i.p. 
daily), U50,488, 16-Ethynyl SalA and 16-Bromo SalA (4 mg/kg i.p. daily) all reduced the paclitaxel-
induced effects, with U50,488 reducing the mechanical thresholds to vehicle/vehicle levels. (E) Time 
course of the treatment effects in males. (F) Comparison of the treatments within the male animals 
showed all opioid treatments reduced the paclitaxel-induced effects. Three-way mixed ANOVA with 
Bonferroni post-tests. n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 
compared to the vehicle/paclitaxel control treatment group. Values presented as mean ± SEM, with 
individual data points presented (D) and (F), n = 12 for all treatment groups (6 males, 6 females).  
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5.3.4.2 Treatment of cold allodynia 

A three-way repeated measured mixed ANOVA was also used to understand the effects of treatment, 

sex and time on the reaction times to the cold acetone stimulus. A logarithmic transformation was 

carried out to correct the positively-skewed data and improve the homogeneity of variances as 

assessed by the Levene’s test for equality of variances. Mauchly’s test of sphericity indicated that the 

assumption of sphericity had not been violated. There was a significant three-way interaction of 

treatment, sex and time [F(55,660) = 1.481, p = 0.016] (Figure 5.12A). The interaction of treatment and 

sex were compared at every time point and the statistical significance of an interaction effect was 

accepted at a Bonferroni-adjusted alpha level of 0.004. There was not a significant simple two-way 

interaction of treatment and sex at any time point (p > 0.004), however, there was a significant main 

effect of treatment on every day (p < 0.0005). Therefore, the effects of treatment were further 

assessed. Morphine, U50,488 and 16-Ethynyl SalA treatment reduced the paclitaxel-induced effects 

on days 16-38 (p < 0.05; Figure 5.12A). 16-Bromo SalA had significant effects at days 16-24, 28, 32 and 

36-38 (p < 0.05). Since there was no effect of treatment and sex, only the main effects of treatment 

were assessed and show that U50,488, 16-Ethynyl SalA and 16-Bromo SalA all reduce the paclitaxel-

induced cold allodynia levels (p < 0.001; Figure 5.12B). Furthermore, U50,488 treatment reduced the 

cold reaction times back to the same level as the vehicle/vehicle treatment group (p > 0.9999). 
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Figure 5.12: Antinociceptive effects of opioid receptor agonists on paclitaxel-induced cold allodynia 
following initiation of chronic daily treatment on day 16 

(A) Time course showing the effect of treatment on paclitaxel-induced cold allodynia. (B) Main effects 
of treatment show that morphine (10 mg/kg i.p. daily), U50,488 (10 mg/kg i.p. daily), 16-Ethynyl SalA 
(3 mg/kg i.p. daily) and 16-Bromo SalA (4 mg/kg i.p. daily) all reduced the paclitaxel-induced effects, 
with U50,488 reducing the mechanical thresholds to vehicle/vehicle levels. (C) Effect of treatment 
over time in male animals. (D) Effect of treatment over time in female animals. Three-way mixed 
ANOVA with Bonferroni post-tests. n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 
0.0001 compared to the vehicle/paclitaxel control treatment group. Values presented as mean ± SEM, 
with individual data points presented (B), n = 12 for all treatment groups (6 males, 6 females). 
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5.3.4.3 Reduction of neuropathic pain 

On the odd-numbered days, the behavioural tests were measured prior to the administration of 

treatment, to test whether the treatments were resolving the paclitaxel-induced neuropathic pain. A 

three-way repeated measures mixed ANOVA was used to understand the effects of treatment, sex 

and time on the mechanical withdrawal thresholds. Mauchly’s test of sphericity indicated that the 

assumption of sphericity had been violated, so a Greenhouse-Geisser correction was applied. There 

was no three-way interaction [F(37.747,452.97) = 1.385, p = 0.068] or two-way interaction of treatment and 

time [F(37.747,452.97) = 1.390, p = 0.066] (Figure 5.13A). However, there was a two-way interaction of 

treatment and sex [F(5,60) = 4.992, p = 0.001]. Comparison of the sexes within each treatment showed 

that there was a significantly less mechanical allodynia in the males in the vehicle/paclitaxel group (p 

= 0.037), as well as for the treatments morphine (p < 0.0005), U50,488 (p < 0.0005), 16-Ethynyl SalA 

(p = 0.020) and 16-Bromo SalA (p < 0.0005; Figure 5.13B). Within the male animals, there was a 

significant improvement between the vehicle/paclitaxel group and morphine treatment (p = 0.002) as 

well as 16-Bromo SalA treatment (p = 0.001; Figure 5.13D). Among the females, only the positive and 

negative controls were significantly different (Figure 5.13F). 

A three-way repeated measures ANOVA was carried out to understand the effects of treatment, sex 

and time on the reaction times to a cold acetone stimulus prior to the administration of the opioid 

receptor agonist treatments. A logarithmic transformation was carried out to correct the positively-

skewed data and improve the homogeneity of variances as assessed by the Levene’s test for equality 

of variances. Mauchly’s test of sphericity indicated that the assumption of sphericity had been 

violated, so a Greenhouse-Geisser correction was applied. There was no three-way interaction 

[F(37.131,445.48) = 1.222, p = 0.179], and no statistically significant two-way interaction between treatment 

and time [F(37.131,445.48) = 1.382, p = 0.071] or treatment and sex [F(5,60) = 0.779, p = 0.569]. However, 

there was a main effect of treatment [F(5,60) = 44.348, p < 0.0005]. Compared to the vehicle/paclitaxel 

treatment group, only the U50,488 treatment reduced the level of cold allodynia (p = 0.001; Figure 

5.14B).   

 

  



 

181 
 

0 5 10 15 20 25 30 35 40
5

6

7

8

9

10
Male mice only

Day

W
it

h
d

ra
w

a
l 

s
c

o
re

0 5 10 15 20 25 30 35 40
5

6

7

8

9

10
Female mice only

Day

W
it

h
d

ra
w

a
l 

s
c

o
re

0 5 10 15 20 25 30 35 40
5

6

7

8

9

10

Day

W
it

h
d

ra
w

a
l 

s
c

o
re

Veh/Ptx
Veh/Veh

16-Bromo/Ptx

Morphine/Ptx
U50,488/Ptx
16-Ethynyl/Ptx

M F M F M F M F M F M F
0

2

4

6

8

10

Sex

M
e
a

n
 e

ff
e
c
ts ****** *** *

n.s.

*

Veh
/V

eh

Veh
/P

tx

M
orp

hin
e/

P
tx

U
50

,4
88

/P
tx

16
-E

th
yn

yl
/P

tx

16
-B

ro
m

o/P
tx

100

120

140

160

180

200

A
U

C

***

***

Veh
/V

eh

Veh
/P

tx

M
orp

hin
e/

P
tx

U
50

,4
88

/P
tx

16
-E

th
yn

yl
/P

tx

16
-B

ro
m

o/P
tx

100

120

140

160

180

200

A
U

C

***

A B

C D

E F

 

Figure 5.13: Mechanical allodynia with measurement before treatment 

(A) Time course of the antinociceptive effects of the opioid receptor agonists on paclitaxel-induced 

cold allodynia 24 hours after administration of treatment. (B) Main effects of each treatment 

compared by sex. Vehicle, morphine (10 mg/kg i.p. daily), U50,488 (10 mg/kg i.p. daily), 16-Ethynyl 

SalA (3 mg/kg i.p. daily) and 16-Bromo SalA (4 mg/kg i.p. daily) treatment in mice with established 

paclitaxel-induced cold allodynia, showed less allodynia in male mice. (C) Time course of 

antinociceptive effects in male mice. (D) The main effect of treatment in male mice. Morphine and 16-

Bromo SalA treatment groups had significantly less allodynia compared to the vehicle/paclitaxel 

treatment group. (E) Time course of antinociceptive effects in female mice. (F) The main effect of 

treatment in female mice, with only the vehicle control groups showing a significant difference. Three-

way mixed ANOVA with Bonferroni post-tests. n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.005 

compared to the vehicle/paclitaxel control treatment group. Values presented as mean ± SEM, with 

individual data points presented (D) and (F), n = 12 for all treatment groups (6 males, 6 females).  
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Figure 5.14: Cold allodynia with measurement before daily treatment 

(A) Time course of the antinociceptive effects 24 hours following the administration of the opioid 
receptor treatment on cold allodynia. (B) The main effects of treatment showed U50,488 (10 mg/kg 
i.p.) significantly reduced the paclitaxel-induced cold allodynia. (C) Time course of antinociceptive 
effects in male mice. (D) Time course of antinociceptive effects in female mice. Three-way mixed 
ANOVA with Bonferroni post-tests. *p < 0.05, **p < 0.01, ***p < 0.005 compared to the 
vehicle/paclitaxel control treatment group. Values presented as mean ± SEM, with individual data 
points presented (B), n = 12 for all treatment groups (6 males, 6 females). 
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5.3.4.4 Transmission electron microscopy 

Paclitaxel treatment leads to degeneration of myelin and vacuolated mitochondria in the axons of the 

sciatic nerve. Following the chronic administration experiment, the sciatic nerves of male mice treated 

with vehicle/vehicle, vehicle/paclitaxel or U50,488/paclitaxel were collected and imaged using TEM. 

To measure the integrity of the myelin sheath, g-ratios were calculated for each animal by dividing the 

diameter of the axon by the diameter of the outer myelin sheath. Normal distribution was assumed 

due to the small sample size, with one-way ANOVA showing a significant effect of treatment [F(2,6) = 

1.203, p = 0.0056] (Figure 5.15A). Bonferroni post-tests showed the paclitaxel treatment significantly 

reduced the g-ratio compared to the vehicle control (p = 0.0200). The U50,488 treatment in mice with 

established paclitaxel-induced neuropathic pain did not improve the g-ratio compared to the 

vehicle/paclitaxel treatment group (p > 0.9999) and was significantly lower than the vehicle/vehicle 

control (p = 0.0077). 

The percentage of atypical mitochondria in the myelinated axons were compared between the 

treatment groups showing a significant effect of treatment [F(2,6) = 2.079, p = 0.0012] (Figure 5.15B). 

Paclitaxel treatment induced a higher percentage of swollen and vacuolated mitochondria. Both the 

vehicle (p = 0.0032) and U50,488 (p = 0.0054) treatment groups in paclitaxel-intoxicated mice had an 

increased proportion of atypical mitochondria compared to the vehicle/vehicle treatment group. 

There was no difference between the vehicle/paclitaxel group and the U50,488 treatment group (p > 

0.9999).  
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Figure 5.15: Ultrastructure of the sciatic nerve 

Representative transmission electron microscopy images of the vehicle/vehicle, vehicle/paclitaxel and 
U50,488/paclitaxel treatment groups. (A) G-ratio measurements in the sciatic nerves are calculated 
by the ratio of the axon diameter to myelin diameter. Paclitaxel treatment significantly reduced the 
g-ratio compared to vehicle treatment. Chronic U50,488 treatments did not reverse the effects of 
paclitaxel. (B) Quantitative analysis of the percentage of atypical mitochondria. Paclitaxel treatment 
significantly increased the percentage of atypical mitochondria, however, U50,488 treatments did not 
reduce the effect of paclitaxel. One-way ANOVA with Bonferroni post-tests. *p < 0.05, **p < 0.01 
compared to the vehicle/vehicle control group. Values presented as individual data points, with a line 
indicating the mean ± SEM. n = 3 male mice per treatment group. 100 myelinated nerves/mouse 
assessed for G-ratio analysis. All mitochondria found in 100 myelinated nerves assessed/mouse (at 
least 300 mitochondria/animal). 
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5.3.4.5 Outcome of the initiation of chronic treatment on day 16 model 

Overall, in the initiation of chronic treatment on day 16 model, sex differences in the treatments were 

only present in the mechanical allodynia data. U50,488 and 16-Ethynyl SalA were more potent in males 

as opposed to females. When comparing the individual sex treatment groups, all opioid treatments 

reduced the effects in both females and males, however, U50,488 was particularly potent in males, by 

reducing the thresholds back to vehicle/vehicle level. Similarly, in the combined sex data for the 

treatment of cold allodynia, all opioid treatments reduced the level of pain, however, U50,488 

reduced the pain back to vehicle/vehicle levels. In the progression of neuropathic pain studies, 

morphine and 16-Bromo SalA modestly reduced the mechanical allodynia in male mice and U50,488 

reduced cold allodynia. Due to the potent effects of U50,488, the ultrastructure of the sciatic nerve 

was assessed in a sample of male mice. The results showed that U50,488 treatments did not reverse 

the demyelination and percentage of atypical mitochondria induced by paclitaxel treatment.  

A summary of the sex differences across all of the paclitaxel-induced neuropathic pain procedures are 

presented in Table 5.8 on the following page. 

 



 

 
 

1
8

6
 

Experimental procedure Veh/Veh Veh/Ptx Morphine/Ptx U50,488/Ptx 16-Ethynyl/Ptx 16-Bromo/Ptx SalA/Ptx 

Baseline levels (day 0)        

  -mechanical allodynia ♂ = ♀ - - - - - - 

  -cold allodynia ♂ < ♀ - - - - - - 

Day 15 levels        

  -mechanical allodynia ♂ = ♀ ♂ = ♀ - - - - - 

  -cold allodynia ♂ < ♀ ♂ < ♀ - - - - - 

Dose-response effects        

  -mechanical allodynia - - ♂ = ♀ ♂ < ♀ ♂# = ♀# ♂ = ♀ ♂ > ♀# 

  -cold allodynia - - ♂ = ♀ ♂ = ♀ ♂ = ♀ ♂ = ♀ ♂ = ♀ 

Chronic admin on day 16        

  -mechanical allodynia ♂ = ♀ ♂ = ♀ ♂* = ♀* ♂* < ♀* ♂* < ♀* ♂* = ♀* - 

  -cold allodynia ♂ = ♀ ♂ = ♀ ♂ = ♀ ♂ = ♀ ♂ = ♀ ♂ = ♀ - 

Chronic ptx development        

  -mechanical allodynia ♂ = ♀ ♂ < ♀ ♂* < ♀ n.e. n.e. ♂* < ♀ - 

  -cold allodynia ♂ = ♀ ♂ = ♀ n.e. ♂ = ♀ n.e. n.e. - 

Table 5.8: Summary of the sex differences in the paclitaxel-induced neuropathic pain experimental results 

♂ = male, ♀ = female. ♂ = ♀ indicates no sex differences in results, ♂ < ♀ indicates males had less pain following treatment, ♂ > ♀ indicates that females had 
less pain following treatment. #indicates that treatment was significantly more potent than morphine treatment in the corresponding sex. *indicates that 
treatment had significantly less allodynia compared to the vehicle/paclitaxel group in the corresponding sex. n.e. = no effect of treatment on either sex. 
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5.4 Discussion 

Pain management is a major problem in cancer patients. Pain can be caused by the active tumour 

growth and by chemotherapy treatments, with 68% of patients reporting CINP symptoms within the 

first month of treatment (Seretny et al., 2014). This is often the reason for limiting or stopping 

potentially life-saving chemotherapy treatment (Holmes et al., 1991; Rowinsky et al., 1993). Currently 

there is no recommended therapy for prevention of CINP (Hershman et al., 2014). For patients with 

established CINP, there is one recommended analgesic treatment, however, duloxetine has limited 

effects at treating paclitaxel-induced neuropathic pain (Smith et al., 2013). Currently, opioid therapies, 

such as morphine, are used as a third-line treatment for CINP as many side effects, such as respiratory 

depression and gastrointestinal transit, as well as addiction and tolerance are associated with long-

term use of MOPr agonists (Chu et al., 2006; Compton & Volkow, 2006). Therefore, this study 

investigated the effects of novel KOPr agonists, which are known to be non-rewarding (Vonvoigtlander 

et al., 1983), and are not associated with respiratory depression (Freye et al., 1983) or gastrointestinal 

transit (Porreca et al., 1984). 

5.4.1 Establishment of the paclitaxel-induced neuropathic pain model in mice 

The paclitaxel-induced neuropathic pain model had not been previously carried out in the Kivell 

laboratory. The dosage regimen for inducing the paclitaxel-induced neuropathic pain model was 

selected as 4 x 4 mg/kg injections on alternate days based on methodology in Deng et al. (2015). In 

this study, paclitaxel-induced pain effects were established in both female and male C57BL/6J mice. A 

previous study in C57BL/6 mice had used 1x 6 mg/kg injection (Materazzi et al., 2012), however, this 

had only been tested for mechanical allodynia in male mice. The majority of studies administer the 

paclitaxel treatment over multiple days, typically on 4 alternate days, to induce robust neuropathic 

pain effects (15 of the 21 studies in Table 5.4 were administered on 4 alternate days; 3 additional 

studies were administered on 5 consecutive days).  

Since it was unknown if the animals would show any signs of adverse effects, the animals in the first 

experimental replicate were closely monitored. The effect of paclitaxel on the general health of the 

mice appeared to be minimal. The paclitaxel-treated animals of either sex did not show any changes 

in weight compared to the vehicle treated animals (Figure 5.1). The 12 male mice in the first 

experimental replicate were assessed for spontaneous pain behaviours using the grimace scale. Only 

one mouse showed signs of pain behaviour (Figure 5.2), which was observed on both day 4 and 7, but 

not observed after this on day 11 or 15. This finding is similar to previous studies which have shown 

mice and rats had no obvious signs of spontaneous pain and had normal weight gain (Smith et al., 
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2004; Hwang et al., 2012). This was important as we wanted to induce the stimulation-evoked 

neuropathic pain without causing any further complications or other symptoms in the mice. 

The baseline allodynic effects were measured on day 0 prior to the first injection of paclitaxel and 

assessed for sex differences in the response to mechanical and cold stimulation. There was no 

significant difference between the males and females in response to the mechanical stimulus (Figure 

5.4A), however, it was found that females respond for a significantly longer time following stimulation 

of the paw with a cold stimulus (Figure 5.4B). In terms of the induction of neuropathic pain, there was 

a significant effect of treatment from days 4-15 for mechanical allodynia (Figure 5.5A). There was no 

effect of sex at any of the time points. However, for the cold allodynia measurements, there was a 

significant main effects of treatment and sex on the days 2-15 (Figure 5.5C). The results show that 

paclitaxel induces cold allodynia equally in both sexes, however, since the females began with a longer 

reaction time, this longer response is maintained and on day 15 females responded for a longer time 

than males (Figure 5.5D). This is interesting as previous studies have shown no differences between 

the sexes. In a study using NMRI mice, the females had increased paw licking using the acetone model 

of cold allodynia on days 7-11, however, measurements on days 13 and 15 were not significantly 

different to males (Naji-Esfahani et al., 2016). The same study found no sex differences in the 

development of mechanical allodynia measured using von Frey filaments. Similarly, mechanical 

allodynia had no differences between the sexes in C57BL/6 mice (Smith et al., 2004) and Sprague 

Dawley rats (Hwang et al., 2012). 

5.4.2 Dose-response effects of opioid receptor agonists 

We believe this is the first instance of KOPr agonists being used to treat paclitaxel-induced neuropathic 

pain in rodents, and therefore the dose-response effects were initially assessed to ascertain the 

efficacy and potency of each treatment. The KOPr agonists were compared to morphine to relate to a 

clinically available treatment. In the mechanical threshold testing, U50,488 was significantly more 

potent in males compared to females (Table 5.5). In comparison, SalA treatment was more potent in 

females. The other treatments did not show any differences between the sexes. No sex differences in 

morphine treatment have previously been shown in Sprague Dawley rats with paclitaxel-induced 

neuropathic pain, where an acute morphine treatment at both 2 mg/kg and 5 mg/kg i.p. had the same 

effect against mechanical allodynia in males and females (Hwang et al., 2012). Interestingly, in rhesus 

macaques, SalA has been shown to have potential sex differences in the pharmacokinetic effects, with 

females showing a slower elimination from plasma (37.9 ± 5.6 min in males vs. 80.0 ± 13.1 min in 

females) and a larger area under the concentration-time curve (572 ± 100 ng min/ml in males vs. 1087 

± 46 ng min/ml in females) following i.v. injection of SalA (Schmidt et al., 2005a). Previous studies have 
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shown U50,488 exhibits higher antinociceptive potency in males when measured with the tail 

withdrawal assay (reviewed in Rasakham & Liu-Chen, 2011).  

The potency of each treatment was then further compared within each sex. When compared to the 

males treated with morphine, only the males treated with 16-Ethynyl SalA showed more potent 

effects (Table 5.5). Among the females, SalA and 16-Ethynyl SalA treatments were more potent than 

morphine (Table 5.5). For the cold allodynia testing, there was found to be no significant interaction 

between treatment and sex, and therefore the sexes were combined to find the effect of treatment. 

SalA, 16-Ethynyl SalA and β-THP SalB (males only) were significantly more potent compared to 

morphine (Table 5.7). Therefore, 16-Ethynyl SalA was more potent than morphine in all aspects of the 

dose-response results. Similar results were presented in Chapter 4, where 16-Ethynyl SalA was more 

potent and efficacious than the traditional agonist U50,488 in the warm water tail withdrawal assay 

(Figure 4.1 and Table 4.3). The dose-response effects of 16-Ethynyl SalA and 16-Bromo SalA on 

mechanical and cold allodynia were reversed by administering a pre-treatment of the KOPr antagonist 

nor-BNI (Figure 5.8).  

Whilst the effects of KOPr agonists have not been previously tested in paclitaxel-induced neuropathic 

pain, multiple MOPr agonists have been assessed (see Table 5.4). In male Sprague Dawley rats, the 

dose-dependent effects against paclitaxel-induced mechanical pain showed that fentanyl was the 

most potent, followed by oxycodone and morphine (Mori et al., 2014). A further study in male Sprague 

Dawley rats found that 2.5 mg/kg i.p. morphine reduced both mechanical allodynia and thermal 

hyperalgesia, which was reversed by pre-treating with naloxone (Pascual et al., 2010). Methadone was 

also found to be effective at 2.5 mg/kg i.p. in thermal hyperalgesia and at 5 mg/kg i.p. in mechanical 

allodynia (Pascual et al., 2010). Another study measuring the effects of morphine in paclitaxel-

intoxicated Sprague Dawley rats found that acute treatment with 8 mg/kg i.p. reduced the mechanical 

allodynia by 50% (Flatters & Bennett, 2004), compared to the current study which found an ED50 of 

2.16 mg/kg s.c. in male mice. However, strain differences can have a large effect on the paclitaxel-

induced neuropathic model, and therefore, it is not accurate to compare between Sprague Dawley 

rats and C57BL/6J mice. In fact, it was found that C57BL/6 mice may be more resistant to the induction 

of mechanical allodynia by paclitaxel compared to other strains of mice (Smith et al., 2004). After 

extensive searching, no studies have been found that assess the effects of MOPr agonists in a mouse 

model of paclitaxel-induced neuropathic pain.         
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5.4.3 Chronic administration of the opioid receptor agonists 

Once the dose-response effects had been studied, the paclitaxel-induced neuropathic pain model was 

used to assess the effects of chronic administration of the opioid receptor agonist treatments. In the 

initial study, the opioid receptor agonists were administered beginning on day 7, with the expectation 

that treatment could be initiated at the point where mechanical and cold allodynia becomes 

pronounced from the vehicle treatment, to mimic a typical clinical situation, and that the opioid 

treatments would limit the further progression of the neuropathy. A lower dose, based on the 

approximate ED60 value was selected to limit the sedative effects of the opioid receptor agonists. One 

experimental replicate was carried out with a sample size of 6 (3 males and 3 females), however, upon 

analysis of the results, a different treatment schedule was selected as the primary focus of this study. 

This left the results of this early initiation of treatment with a sample size too small to statistically 

study the sex differences, and therefore the sexes were combined to give the main effects of 

treatment over time.      

In the treatment of mechanical allodynia, morphine reduced the effects induced by paclitaxel, and the 

AUC analysis showed no difference between morphine therapy in paclitaxel-treated mice than in 

vehicle/vehicle-treated mice (Figure 5.9A and B). Treatment with U50,488 increased the withdrawal 

thresholds on days 17-24, however, the novel KOPr agonists 16-Ethynyl SalA and 16-Bromo SalA 

showed an increased level of mechanical allodynia on days 11 and 13 compared to the 

vehicle/paclitaxel treatment (Figure 5.9A). 16-Ethynyl SalA treatment significantly reduced mechanical 

allodynia on day 23. In the cold allodynia experiments, the U50,488 treatment reduced the reaction 

times back to the same level as the vehicle/vehicle treatment (Figure 5.9C and D). Again, 16-Ethynyl 

SalA increased the level of pain on day 11, however, the treatment reduced pain on days 17-19 and 

23-24. Morphine treatment reduced cold stimulation pain on days 17 and 23-24 and 16-Bromo SalA 

treatment reduced pain on days 17 and 24 (Figure 5.9C). Overall, the data shows that morphine was 

effective at treating mechanical allodynia over 18 days of treatment, whereas U50,488 was effective 

at treating cold allodynia. It is unclear as to why particularly the 16-Ethynyl SalA treatment group 

showed an increased level of pain compared to the vehicle/paclitaxel treatment, however, it could be 

that since the paclitaxel-induced effects were not well-established before the initiation of treatment, 

the animals could not be assigned to treatment groups with matched levels of neuropathic pain. In 

fact, animals from the same cage were given the same treatment, and it is possible that the animals 

that happened to receive the 16-Ethynyl SalA therapy were more sensitive to the neuropathic effects 

of paclitaxel. In the further chronic administration procedures, animals were carefully matched into 

treatment groups with equivalent average levels of allodynia. 
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On alternate days during the chronic administration experiment, the behavioural tests were carried 

out prior to the opioid receptor agonist treatment to assess the progression of the paclitaxel-induced 

neuropathic pain. In the time course of the mechanical allodynia results, once more 16-Ethynyl SalA 

was shown to increase the level of pain on days 10-14 (Figure 5.10A). Comparing the overall treatment 

effects, none of the treatments altered level of mechanical allodynia (Figure 5.10B). In comparison, all 

of the opioid receptor agonists treatment groups showed a reduction in the cold allodynia on days 22 

and 24 (Figure 5.10C). The overall treatment effects showed that U50,488 and 16-Bromo SalA 

treatment was associated with less mechanical allodynia (Figure 5.10D). However, it is unclear as to 

whether this means that the treatments had long-lasting effects, showing antinociceptive potential 

24 hours following administration; if the treatments limited the progression or further development 

of the paclitaxel-induced neuropathy; or if the mice assigned to these treatment groups by chance 

were less sensitive to the effects of paclitaxel. It is unlikely that the antinociceptive effects were still 

present 24 hours following administration as the KOPr agonists are not known to be this long-lasting.    

In the next experimental procedure, the opioid receptor agonists were administered on day 16, once 

the paclitaxel-induced effects were well-established. In this instance, the mice were matched to each 

treatment group by comparing the mechanical allodynia scores on day 15 (see Appendix E.2) and the 

doses were increased to approximately the ED80 value. For the treatment of mechanical allodynia, 

there was no three-way effect of treatment, sex and time, so the overall treatment effects were 

assessed over time for the combined sexes. U50,488 and 16-Ethynyl SalA significantly improved the 

mechanical allodynia at all days 16-38 (Figure 5.11A). Morphine treatment reduced the paclitaxel 

effects up until day 30, when it appears the animals became tolerant to the antinociceptive effects. 

Similarly, 16-Bromo SalA reduced mechanical allodynia until day 36. The mean effects of the 

treatments compared by sex showed that U50,488 and 16-Ethynyl SalA were more effective at 

treating the male mice (Figure 5.11B). When comparing within the sexes, all of the opioid receptor 

agonist treatments of each sex showed improvement in treating mechanical allodynia compared to 

the vehicle/paclitaxel control (Figure 5.11D and F). However, only males treated with U50,488 reduced 

mechanical threshold score back to vehicle level (Figure 5.11D). This is similar to the dose-response 

results, which showed that U50,488 was more potent in male mice (Table 5.5).   

The opioid receptor agonists were also effective against the cold allodynia symptoms in mice with 

established paclitaxel-induced neuropathic pain. In this analysis there were no significant effects of 

sex, so the sexes were combined. The morphine, U50,488 and 16-Ethynyl SalA treatment groups had 

significant effects at all of the days 16-38 (Figure 5.12A). 16-Bromo SalA significantly reduced the 

paclitaxel-induced cold allodynia effects at days 16-24, 28, 32 and 36-38. When comparing the main 

effects of the treatments, all of the opioid receptor agonists reduced the level of allodynia compared 
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to the vehicle/paclitaxel control, however, only U50,488 was not significantly different to the 

vehicle/vehicle control group (Figure 5.12B). Therefore, both in the mechanical allodynia scores in 

males and the cold allodynia reaction times in both sexes, U50,488 significantly reversed the effects 

of paclitaxel over 23 days, with no apparent tolerance effects. In the warm water (55°) tail withdrawal 

assay in C57BL/6 mice, U50,488 has been shown to cause tolerance effects, however, this was with an 

escalating dose scheme up to 75 mg/kg i.p. over 4 days (McLaughlin et al., 2004), whereas this was 

not the case in the current study that used 10 mg/kg i.p. treatment daily. Interestingly, in a partial 

spinal nerve ligation model of neuropathic pain in male C57BL/6 mice, phosphorylated KOPr 

immunoreactivity was increased in the L4-5 dorsal horn regions of the spinal cord, specifically in both 

GABAergic neurons and GFAP-positive astrocytes (Xu et al., 2004). KOPr knock-out mice also showed 

increased mechanical allodynia and thermal heat hyperalgesia. However, because of this endogenous 

KOPr activation in the mice with neuropathic pain, treatment with U50,488 showed increased 

tolerance compared to sham, and this tolerance effect was absent in prodynorphin or GRK3 knock-

out mice (Xu et al., 2004). However, the endogenous KOPr effect may be mediated via the NMDA 

receptor, as sciatic nerve ligation leads to increased dynorphin, which at increased concentrations also 

activates NMDA receptors (Vanderah et al., 1996). KOPr antagonism with nor-BNI in mice and rats 

leads to increased levels of mechanical and thermal allodynia, however, co-administration of nor-BNI 

and ketamine lead to the abolishment of the neuropathic pain symptoms (Obara et al., 2003). In 

comparing to the current study, because U50,488 did not show the tolerance effects associated with 

endogenous KOPr activation, it could be that the endogenous KOPr system is not activated to the 

same extent in the paclitaxel-induced neuropathic pain model, however, this effect in paclitaxel-

induced neuropathic pain has not been studied. 
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Figure 5.16: Proposed mechanism for the effects of dynorphin and the KOPr and NMDA receptor in 
a model of neuropathic pain 

During normal physiological dynorphin signalling, the majority of the effects are mediated via the 
kappa opioid (KOP) receptor. However, in the sciatic nerve ligation model in mice and rats, dynorphin 
signalling increases, which activates the N-methyl-D-aspartate (NMDA) receptor leading to the 
development of allodynia. When the KOPr antagonist nor-binaltorphimine (nor-BNI) is administered, 
the level of mechanical and thermal allodynia is increased. With coadministration of nor-BNI and the 
NMDA receptor antagonist ketamine, the allodynic effects are removed. Figure adapted from Obara 
et al. (2003). 

 

 

 

SalA has been previously shown to reduce neuropathic pain in a sciatic nerve ligature model in male 

Wistar rats (Coffeen et al., 2018). In this study, SalA was injected directly into the insular cortex, and 

reduced the mechanical and thermal allodynia measured immediately and 30 min after injection. Pre-

treatment with nor-BNI and the CB1 receptor antagonist AM251 reversed the effects of SalA (Coffeen 

et al., 2018). Furthermore, an extract of S. divinorum, which contained both SalA and SalB as well as 

other substances found in the leaves of the plant, reduced mechanical and thermal sciatic nerve 

ligature neuropathic pain when administered at 100-200 mg/kg i.p. (Simon-Arceo et al., 2017). 

However, no previous studies were found for the treatment of CINP with SalA. However, one study 

found that U50,488 treated cancer-induced bone pain (Edwards et al., 2018), suggesting it could be 

used as a target for both tumour-mediated and chemotherapy-mediated pain.  
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In the chronic administration model, the animals were also tested every second day to measure the 

continued development of the paclitaxel-induced neuropathic effects. For the mechanical testing, 

there was a significant interaction between treatment and sex, with all the paclitaxel-treated animals 

showing increased mechanical allodynia in the female mice (Figure 5.13B). This included the 

vehicle/paclitaxel control, perhaps showing that in this experiment, females are more sensitive to 

paclitaxel than males. This is contrary to the day 15 values previously assessed that showed no sex 

differences (Figure 5.5), however, the chronic administration model was carried out over a longer 

period of time, which may be required to observe these sex differences. In the 30 min post-treatment 

measurements, the same vehicle/paclitaxel mice did not show sex differences in the withdrawal 

thresholds (Figure 5.11), further complicating the analysis. However, it has been shown that male and 

female mice have differing stress-induced antinociception mechanisms (Mogil et al., 1997), and since 

these days where the treatment is administered first are likely to be more stressful on the animals, 

this effect could play a role. When compared within the sexes, U50,488 and 16-Bromo SalA had less 

mechanical allodynia in the male animals compared to the vehicle/paclitaxel control (Figure 5.13D). 

There was no difference between the females, except between the positive and negative controls 

(Figure 5.13F). In the cold allodynia testing, the combined sex data show U50,488 significantly reduced 

the cold allodynia pain (Figure 5.14B). Therefore, since U50,488 does not have a long antinociceptive 

duration of action (Millan et al., 1987), it could be hypothesised that there is another mechanism of 

action occurring that is potentially reducing the paclitaxel-induced neuropathy.  

CINP is a condition that predominantly affects the nerves of the PNS and therefore the ultrastructure 

of the sciatic nerve was studied to assess the damage to the myelin sheath and the mitochondria. The 

results showed that there was a decrease in the g-ratio following treatment with paclitaxel (Figure 

5.15A). Treatment with U50,488 did not alter the paclitaxel-induced myelin damage. Similarly, 

paclitaxel treatment induced a higher percentage of atypical mitochondria compared to the 

vehicle/vehicle treatment, and U50,488 treatment did not alter this effect (Figure 5.15B). This 

paclitaxel-induced increase in g-ratio and high atypical mitochondrial occurrence in the sciatic nerve 

has also shown by Chen et al. (2017b), where co-treatment with minoxidil prevented these paclitaxel-

induced effects. Similarly, lithium treatment prevented the development of demyelination in the 

sciatic nerve of C57BL/6 female mice (Mo et al., 2012). However, these two studies administered the 

treatment one hour before the paclitaxel injections, therefore acting as prevention therapy, as 

opposed to the current study that started treatment once paclitaxel-induced neuropathic pain was 

established on day 16. After searching the literature, no studies were found where treatment of 

established neuropathic pain lead to alterations in the myelin damage in the PNS, and it may only be 

possible to prevent this damage, not repair it. 
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5.4.4 Limitations and future directions 

One of the major limitations of this study is that fact that the opioid receptor agonists have sedative 

properties at high doses. In the previous chapter, it was shown that 16-Ethynyl SalA and 16-Bromo 

SalA at 1-2 mg/kg and morphine at 10 mg/kg had motor coordination deficits in the rotarod 

performance assay (Figure 4.10). Since the treatments affect motor coordination, the ability of the 

animal to physically withdraw the paw from the mechanical or cold stimulus could be affected, 

appearing to show antinociceptive effects. However, in the chronic administration model for 

treatment of cold allodynia, there was no instance where the animals did not react to the stimulation 

at all (Figure 5.12), indicating that the treatments did allow for the coordination required to selectively 

withdraw the paw applied with acetone. It was initially attempted to use lower doses of approximately 

the ED60 value in the chronic administration model, however, these doses were less effective and were 

subsequently increased for further experiments. The rotarod performance assay could be carried out 

on paclitaxel-treated animals that have received the opioid receptor agonist treatment to test the 

effect in this model. Rotarod performance has been tested in C57BL/6J mice that have been treated 

with paclitaxel, and these animals produced no motor deficits (Deng et al., 2015). Another study in 

female C57BL/6 mice found a decrease in the rotarod performance 2 weeks post-paclitaxel, but this 

motor deficit effect was recovered by week 3-4 (Mo et al., 2012). Therefore, it could be tested if the 

compounds cause any motor deficits beyond that caused by paclitaxel. However, since the higher 

doses are needed to produce antinociceptive effects, there is not much that could be done to reduce 

the motor incoordination effects except to design new improved KOPr agonists that have limited 

sedative effects. 

To improve on the behavioural testing methodologies, an electronic von Frey instrument could be 

used to get a more precise measurement of the paw withdrawal threshold. The current methodology 

uses a series of manual filaments and a simplified up-down system used to measure the withdrawal 

threshold. The specific up-down system used here is an improvement on the traditional methodology 

described in Chaplan et al. (1994) which requires between 4-9 applications of the von Frey filaments 

per measurement. In the simplified up-down methodology, there are a standard 5 applications for 

every measurement (Bonin et al., 2014), which removes the variation in the amount of stimulation 

each animal receives, which is especially important when measurements are repeatedly recorded such 

as in the dose-response experiment. However, use of an electronic von Frey instrument would 

eliminate the need for multiple applications and the results are measured in force, rather than a score 

calculated by estimating the threshold based on which filaments causes the paw to withdraw. 
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The acetone model of cold allodynia could also be further improved. The problems with this model 

are the potential to cause mechanical stimulation from the syringe when the acetone bubble is applied 

to the paw. The idea is to isolate the cold allodynia effects as any mechanical stimulation would 

interfere with the interpretation of the results. In addition, the acetone could have direct effects on 

the skin or olfactory cues during application. Furthermore, the technique of application, the volume 

of acetone applied and room temperature could all affect the rate at which the acetone evaporates, 

potentially extending the length of the stimulus and therefore the animal’s reaction time. As a further 

model, hyperalgesic reactions to a heat stimulus could also be measured using the Hargreaves test.  

The strain of rodent used in experiments can have a large effect on the outcome of the results. In the 

current study, C57BL/6J mice were selected as this strain had been used in previous studies in males 

and females showing mechanical and cold allodynia (Ward et al., 2011; Materazzi et al., 2012; Ward 

et al., 2014; Deng et al., 2015; Chen et al., 2017b; Liang et al., 2018). However, in a comparison of 10 

inbred mouse strains, C57BL/6 mice were relatively lower responders to mechanical stimulus, 

however, there was no difference in the cold reaction measurements (Smith et al., 2004). However, 

these mice were given a 4 mg/kg cumulative dose of paclitaxel, compared to 16 mg/kg in the current 

study which represents a more typical paclitaxel regime relative to other preclinical studies (Table 5.4). 

The dose used in this study gives a robust effect on mechanical and cold allodynia, which was repeated 

over many experimental replicates. Although if the preclinical results in Table 5.4 are compared to the 

clinical trial data in Table 5.2, there are many examples, including gabapentin, amitriptyline, 

lamotrigine and ketamine, which were shown to be effective in a rodent model but ineffective 

compared to placebo in a clinical trial. This could indicate that better models need to be used to 

increase the translation of the preclinical results into effective therapeutics.  

Interestingly, MOPr/KOPr heterodimers in the spinal cord are found in female and male Sprague 

Dawley rats at levels from highest to lowest expression in the following order: proestrous, then 

diestrous females, followed by males, suggesting that oestrogen levels lead to the formation of these 

heterodimers (Chakrabarti et al., 2010). Dimerisation of the receptors could be important for the 

antinociceptive effects of the KOPr agonists. For female mice the oestrous cycle is only 4-5 days in 

length, and it was decided for these experiments not to assess the stage of cycle or attempt to 

synchronise the cycles. However, in future experiments, this information may lead to new insights into 

the female pain levels and reduce variability in the results.  

The study compared the effects of the KOPr agonists to morphine, as the aim of the research is to find 

improved opioid receptor agonists that do not have the addictive effects traditionally produced by 

MOPr agonists. Currently, MOPr agonists are used as a third-line treatment for CINP due to the 
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addictive effects, and other side effects including respiratory depression (Finnerup et al., 2015; Grace 

et al., 2016). Therefore, this study aimed to test the efficacy of the KOPr agonists, with the plan that 

they could replace MOPr agonists as an improved third-line treatment. However, considering how 

effective the KOPr agonists were in the paclitaxel-induced neuropathic pain model, these compounds 

could be developed as a first-line treatment. Especially, for U50,488, as this compound did not show 

any reduction in the effects over time, indicating that there were not any tolerance effects over the 

23 day treatment period. Since U50,488 is known to produce side effects, this structure would be a 

promising chemical scaffold for the development of improved biased KOPr agonists for the treatment 

of CINP. Another interesting compound is nalfurafine, which is the clinically available KOPr agonist 

used in Japan to treatment haemodialysis-induced pruritus (Kumagai et al., 2010), since this 

compound has already been assessed for side effects and deemed suitable for use in the clinic (Ueno 

et al., 2013; Nakao et al., 2016). For comparison, the compounds could be compared to a clinically 

available first-line treatment such as duloxetine or gabapentin. 

It would be interesting to understand the effects of the KOPr on CINP, considering the effect of the 

endogenous dynorphin peptide in nerve ligation models of neuropathic pain (Obara et al., 2003). In 

terms of measuring the behavioural effects, KOPr knock-out mice could be administered with 

paclitaxel and test whether there any changes in the induction of mechanical and cold allodynia. If 

there is a similar effect to the nerve ligation model, then with the KOPr knocked out, there would be 

an increase in the level of allodynia. In the acute dose-response experiment, nor-BNI was administered 

to paclitaxel-treated animals on day 14, 24 hours prior to the dose-response procedure. There was 

not any difference between the day 15 pre-treatment values of the nor-BNI treated animals compared 

to the animals that did not receive nor-BNI (see Appendix D.4). If there are no endogenous effects of 

the KOPr system in the development of paclitaxel-induced neuropathic pain, the knock-out mice could 

be used to show that the effects of the compounds tested in the chronic administration are mediated 

via the KOPr. The KOPr mediated effects of the novel compounds were tested in the dose-response 

model (Figure 5.8), however, the chronic effects of the compounds need to be assessed. Once 

confirmed that the effects are mediated via the KOPr, the effects of the receptor expression, 

phosphorylation and internalisation could be assessed in the lumbar spinal cord. Typically, tolerance 

effects would show an increase in the phosphorylation and internalisation of the receptor, however, 

since U50,488 did not show tolerance over the time period measured, this compound could be having 

a different effect. 

Further studies should be performed to understand the exact mechanism occurring. Treatment with 

U50,488 significantly altered the cold allodynia progression in the days where behaviour was 

measured prior to the administration of treatment (Figure 5.14). It could be hypothesised that there 
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is another mechanism of action, potentially reducing the paclitaxel-induced neuropathy. In the current 

study, the peripheral sciatic nerve was examined using TEM as CINP is primarily neurotoxic in the PNS. 

The results showed that the measure was sensitive enough to see differences in the positive and 

negative control, however, U50,488 treatment did not alter the effect of the paclitaxel (Figure 5.15). 

It is known that astrocyte activation in the CNS is involved in the neuropathogenesis of paclitaxel-

induced neuropathic pain (Zhang et al., 2012) and microglia have been shown to be involved in some 

studies but not in others (Peters, 2007; Zhang et al., 2012). In addition, CD68-positive macrophage 

infiltration occurs in the peripheral sites of the DRG and sciatic nerve (Peters, 2007; Tasnim et al., 

2016). From the sciatic nerve, lumbar spinal cord and DRG tissue collected at the end of the chronic 

administration model, antibodies for GFAP, OX42 and CD68 could be used to identify and understand 

the effects of the opioid treatments on the activation and presence of these cells. Interestingly, it was 

recently shown that KOPr activation promotes oligodendrocyte differentiation and neuron 

remyelination and repair to damaged neurons both in vivo and in vitro (Du et al., 2016; Mei et al., 

2016). One paper found that paclitaxel administration leads to myelin degeneration in the dorsal 

column of the spinal cord in C57BL/6 mice, however, the level of degeneration was not quantified, 

with only representative images presented in the paper (Tasnim et al., 2016). Paclitaxel has limited 

access to the CNS as it does not readily cross the blood-brain barrier (Fellner et al., 2002) and therefore 

less damage likely occurs in the spinal cord. However, it could be interesting to study the myelin 

degeneration in the lumbar spinal cord where the sensory nerves from the hind legs innervate the 

spinal cord. Myelin could be investigated using toluidine blue staining or further TEM sections which 

would also give information on the level of damage to the mitochondria. 
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5.5 Summary 

In the dose-response experiment for the treatment of mechanical allodynia, U50,488 was more potent 

in male mice, whereas, SalA was more potent in females. Comparing within the sexes, males treated 

with 16-Ethynyl SalA had more potent effects than males treated with morphine; and females treated 

with SalA or 16-Ethynyl SalA had more potent effects than females treated with morphine. For the 

treatment of cold allodynia, the sexes were not significantly different. SalA and 16-Ethynyl SalA 

treatments were significantly more potent than morphine treatment. Pre-treatment with nor-BNI 

reversed the effects of the novel compounds 16-Ethynyl SalA and 16-Bromo SalA.  

In the chronic administration model with treatments beginning on day 16, U50,488 and 16-Ethynyl 

SalA were more potent in males compared to females for the treatment of mechanical allodynia. 

When compared within the individual sexes, all opioid treatments significantly reduced the allodynic 

effects of paclitaxel, with U50,488 treated males showing the same mechanical threshold scores as 

vehicle/vehicle treatment. For the cold reaction times, there were no sex differences. For the overall 

treatment, all opioid receptor agonists reduced the paclitaxel-induced cold allodynia, however, only 

U50,488 reduced the reaction times back to vehicle level. The ultrastructure of the sciatic nerve 

showed paclitaxel treatment reduced the g-ratio of axon/myelin diameter and increased the 

percentage of atypical mitochondria. Treatment with U50,488 did not alter these paclitaxel-induced 

effects. 

In conclusion, the KOPr agonist U50,488 was the most promising treatment for paclitaxel-induced 

neuropathic pain as mechanical allodynia in males and cold allodynia in both sexes were reduced to 

baseline levels. U50,488 is known to have KOPr-mediated side effects and is not a clinically viable 

therapy, however, the novel KOPr agonists also showed promising results, as both compounds 

significantly reduced mechanical and cold allodynia. This study is the first evidence that KOPr agonists 

could be useful at treating paclitaxel-induced neuropathic pain and could be used to design further 

drugs for the treatment of this difficult to manage condition. 
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Chapter 6: General discussion 

6.1 Significance of the study 

Many people are currently suffering from chronic pain without effective management, with high social 

and economic consequences. Current analgesic therapies include MOPr agonists which are highly 

addictive, with opioid overdoses now the leading cause of accidental death in the USA, causing 42,249 

deaths in 2016 (Jones et al., 2018). Therefore, there is a need to develop effective non-addictive 

analgesic medications. The aim of this study was to screen and evaluate the antinociceptive effect of 

several novel compounds in preclinical animal behavioural models of nociceptive, inflammatory and 

neuropathic pain. To aid in the development of safe non-opioid analgesic therapeutics for chronic 

inflammatory pain, a bioactive lipid class compound was assessed. The NAE compound DHEA has 

previously been shown to have immune-modulatory effects in vitro, however, the in vivo effects had 

not been assessed. The parent compound DHA and other NAE class lipids have antinociceptive effects 

in inflammatory pain, so it was hypothesised that DHEA would reduce formaldehyde-induced 

inflammatory pain. In a second strategy to replace addictive MOPr agonists, KOPr agonists with limited 

abuse potential were investigated for antinociceptive effects in nociceptive and inflammatory pain. 

The parent compound SalA has been shown to have an antinociceptive effect in vivo, however, the 

short duration of action and aversive side effects have limited any clinical development. It was 

hypothesised that altering the functional group at the carbon-16 position would increase the duration 

of action and potency at the KOPr and alter the bias factor towards fewer side effects. Finally, selected 

KOPr agonists were assessed in a paclitaxel-induced neuropathic pain model. There is currently only 

one recommended treatment for CIPN, however, duloxetine is weaker at treating paclitaxel-induced 

neuropathic pain compared to the neuropathic pain induced by other chemotherapies (Smith et al., 

2013). KOPr activation has previously been shown to have antinociceptive effects in nerve damage 

models of neuropathic pain (Sounvoravong et al., 2004), however, no previous studies have 

investigated the effects of KOPr in CINP. Therefore, this study is important in understanding the 

antinociceptive effects of compounds with limited abuse potential and could aid in the development 

of pain medications to replace the current addictive MOPr agonists that are causing an increasing 

number of deaths worldwide.    
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6.2 Key findings 

6.2.1 N-docosahexaenoyl ethanolamine reduces inflammatory pain 

independently of the cannabinoid system and without side effects 

DHEA is structurally related to the endocannabinoid anandamide and previous studies found DHEA 

had a weak binding affinity to the cannabinoid receptors in vitro (Sheskin et al., 1997; Brown et al., 

2010). Therefore, it was hypothesised that any antinociceptive effects in the intraplantar 

formaldehyde model would be mediated via the cannabinoid receptors. The results show that DHEA 

is effective at reducing formaldehyde-induced nociceptive and inflammatory pain, however, from the 

results presented in this study, it appears that the effects are independent of the cannabinoid system. 

Similarly, DHEA did not show side effects in the behavioural models that are associated with 

cannabinoid receptor activation. Meijerink et al. (2015) found the CB1 and CB2 receptors and PPARs 

were not involved in the anti-inflammatory effects of DHEA in vitro, but instead, DHEA reduced levels 

of eicosanoids produced by COX-2. With the addition of this information, it is possible that the effects 

presented here for DHEA could be due to COX-2 inhibition, which is the analgesic mechanism of action 

of NSAIDs. This could explain why DHEA shows different results in the intraplantar formaldehyde test 

compared to anandamide which is predominately mediated by the CB1 receptor (Calignano et al., 

1998). Furthermore, there is evidence that DHEA can cross the blood-brain barrier (Sonti et al., 2017), 

however, the lack of any effect at the current concentration against the spinal reflex of the warm 

water tail withdrawal assay, could indicate that the antinociceptive effects are not occurring at the 

spinal cord level. 

6.2.2 The novel analogues have a longer duration of action compared to 

Salvinorin A 

KOPr agonists are a promising alternative to addictive MOPr agonists for the treatment of pain. The 

naturally-occurring KOPr agonist SalA has previously been shown to have antinociceptive properties, 

however, a short duration of action and aversive side effects have limited the potential for clinical 

development. Therefore, this section of the study aimed to study two analogues in a range of 

nociceptive and inflammatory pain models and compare the results to SalA. 16-Ethynyl SalA and 16-

Bromo SalA both had a longer antinociceptive duration of action than SalA in the warm water tail 

withdrawal assay and the hot plate test. The novel compounds may have improved pharmacokinetic 

profiles compared to SalA. It has been previously shown that carbon-2 alterations of the SalA 

structure, such as the analogue EOM SalB, are more metabolically stable (Ewald et al., 2017), while 

less is known about the effects of carbon-16 alterations, it has been predicted that modifications at 
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this position may hinder the action of cytochrome P450 enzymes (Wilson et al., 1990). Since the short 

duration of action of SalA is one factor that has limited the clinical development of the KOPr agonist, 

the longer duration for the novel analogues is a promising development. 

6.2.3 16-Ethynyl SalA has potent antinociceptive effects in the intraplantar 

formaldehyde model of inflammatory pain 

In the intraplantar formaldehyde test, SalA and 16-Ethynyl SalA significantly reduced nociceptive pain 

and inflammatory pain when administered by both i.p. and local injection. SalA and 16-Ethynyl SalA 

and 16-Bromo SalA reduced paw oedema when administered via i.p. injection. Flow cytometry 

analysis of the footpad tissue revealed a significant reduction in neutrophil cell counts following 

administration of SalA, which was further confirmed in H&E stained sections. In previous studies, SalA 

had already been shown to have potent effects in the intraplantar formaldehyde model (Aviello et al., 

2011; Guida et al., 2012) and it appears that 16-Ethynyl SalA has equivalent effects in this model, 

showing that the structural change at the carbon-16 position has not altered the effectiveness of the 

KOPr agonist at reducing inflammatory pain.  

6.2.4 16-Ethynyl SalA has reduced side effects compared to parent compound 

Salvinorin A 

In the present thesis, 16-Ethynyl SalA did not have an effect on body temperature, whilst previous 

work has shown that SalA reduced body temperature between 20-40 min following administration 

(Kumar, 2014). 16-Ethynyl SalA did show sedative effects for the same duration as SalA, however, the 

sedative effect was reduced compared to morphine. In Sprague Dawley rats, it has been shown that 

16-Ethynyl SalA does not cause sedation in spontaneous locomotor tests at the same dose that 

attenuated drug-seeking behaviour (Riley et al., 2014). Previous studies from our laboratory have 

shown that 16-Ethynyl SalA has reduced side effects compared to the parent compound SalA and the 

traditional KOPr agonist U50,488. 16-Ethynyl SalA did not cause anxiety in the elevated plus maze or 

light-dark test or have depressive-like effects in the forced swim test. In CPA, 16-Ethynyl SalA did not 

show aversive effects and did not show memory impairments in the novel recognition task. These 

results suggest that 16-Ethynyl SalA may have potential to be developed as an analgesic with reduced 

side effects and may be a biased agonist, however, this can only be established once the complete 

signalling pathways have been investigated. 
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6.2.5 KOPr agonists have potential as a novel therapeutic for the treatment of 

paclitaxel-induced neuropathic pain 

CINP is a common side effect of treating cancer and can limit the dose and length of chemotherapy 

treatments. There are very limited options for treatment of CINP, with only one recommended 

therapeutic. The aim of this study was to test the potential of KOPr agonists as a potential treatment 

compared with morphine. Overall, U50,488 and 16-Ethynyl SalA appear to be potential therapeutics 

for this condition. 16-Ethynyl SalA was more potent than morphine in the acute dose-response. 16-

Ethynyl SalA also reduced allodynia when administered chronically, however, U50,488 was more 

effective, reducing the pain back to baseline vehicle levels over the 23 days of treatment and did not 

appear to have a tolerance effect. U50,488 is not suitable for clinical development due to a number 

of prohibitive side effects, however, 16-Ethynyl SalA or biased structural analogues of U50,488 may 

be potential pharmacotherapies for this difficult to treat condition.  

6.2.6 U50,488 and 16-Ethynyl SalA are more effective in male mice with 

established paclitaxel-induced neuropathic pain 

Under current NIH guidelines, increased emphasis has been put on comparing the effects of 

pharmacotherapies in both sexes, hopefully improving the translation of animal studies into the clinic 

(Clayton & Collins, 2014). Interestingly, the current study found sex differences in different KOPr 

agonist treatments for established paclitaxel-induced neuropathic pain. In the dose-response effects 

of the opioid receptor agonists, it was found that for treating mechanical allodynia, U50,488 was more 

effective in male mice, whereas SalA was more effective in female mice. Furthermore, in the chronic 

administration experiment, U50,488 and 16-Ethynyl SalA were more effective in male mice. This 

indicates that there may be fundamental differences in the sexes that means that the females are less 

sensitive to the KOPr agonists, and may indicate that women need a higher dose to get the equivalent 

analgesic benefit if developed further into clinical trials.  
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6.3 Limitations and future directions 

The selection of the KOPr agonists tested in this study was partially based on the fact that there were 

reduced side effects in Sprague Dawley rats studies carried out in the Kivell laboratory. However, the 

current study used mice to assess the nociceptive effects. Ideally, the side effects would be repeated 

in mice at the same doses required to produce antinociceptive effects. Importantly, the CPA paradigm 

should be used to assess the aversive effects of the KOPr agonists in mice, as this is an important side 

effect of KOPr agonists. The effect of KOPr agonists on stress, mood and dysphoria, may limit the 

viability of developing these drugs into the clinic, especially when the alternative is to use MOPr 

agonists which have euphoric effects. There is strong evidence that the negative side effects of KOPr 

agonists are mediated by the β-arrestin pathway (Bruchas & Chavkin, 2010) and previous studies have 

shown that p38 MAPK is involved in the aversive properties of KOPr agonists (Bruchas et al., 2007; 

Ehrich et al., 2015). However, a study using the SalA analogue RB-64 by the Roth laboratory group has 

shown that aversion is mediated via the G-protein pathway (White et al., 2015). U69,593, SalA and 

RB-64 showed aversion in CPA in both wildtype and β-arrestin-2 K/O mice, however, it is unclear 

whether p38 MAPK is still involved in aversion in a β-arrestin-independent manner (White et al., 2015). 

Further elucidation of the KOPr signalling pathways is required. Currently, the G-protein bias 

calculations are typically carried out based on in vitro assays, sometimes only assessing one protein 

on each side of the signalling pathway, or using multiple cell lines. An improvement is to create a “web 

of bias” using multiple signalling molecules to generate a better picture of the pathway activation. 

However, this is further complicated by translation into in vivo studies, and the fact that signalling bias 

in different regions of the brain or different neurons may have different outcomes. 

Another promising avenue for creating analgesics with reduced side effects is multi-targeting both the 

KOPr and MOPr. In this way, the antinociceptive effects of MOPr and KOPr activation could be 

combined, however, the euphoric effect of MOPr activation could be dampened down by the KOPr 

component of the treatment. Previous studies have looked at this in terms of co-administration of two 

agonists (Negus et al., 2008; Rech et al., 2012) or development of dual agonists that simultaneously 

activate both receptors (Provencher et al., 2013; Turnaturi et al., 2016; Bera et al., 2018). 

Administration of U50,488 has been shown to attenuate morphine-induced place preference and 

sedation (Bolanos et al., 1996) and antagonise DAMGO-induced respiratory depression (Dosaka-Akita 

et al., 1993). Similarly, administration of the KOPr agonist spiradoline suppressed fentanyl preference 

and fentanyl reversed spiradoline aversion in rats (Rech et al., 2010). Furthermore, co-administration 

of spiradoline and fentanyl had additive antinociceptive effects in nociceptive and visceral pain models 

in rats (Rech et al., 2012). The compounds from this study have the potential to be co-administered 
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with a MOPr agonist, and the antinociceptive, rewarding and aversive properties of the combined 

treatment tested. 

However, another issue with KOPr activation is the hallucinogenic effects. Since SalA is not a 

traditional hallucinogen, it is unclear whether rodent models used to test serotonergic or 

glutamatergic hallucinogens would be useful at measuring the unique experience associated with 

SalA. It is likely that using non-human primates would be a better model, as the homology of the 

relevant brain structures may be important. An animal model needs to be established and validated 

using SalA before the analogues are tested to ascertain whether they have improvements. One paper 

did study the effects in zebrafish and found that SalA induced changes in swimming behaviour that 

could be interpreted as hallucinatory behaviour (Braida et al., 2007).  

In the pursuit of developing SalA and analogues into potential therapeutics, there are chemical 

limitations that may reduce the likelihood of success. SalA and all of the analogues created thus far 

are not soluble in saline and must be dissolved in a solvent and emulsifier to stop the compounds 

precipitating out of solution. In terms of clinical development, it is optimal if drugs are orally 

bioavailable as this allows patients to treat themselves, does not have the discomfort and infection 

risks associated with i.v. administration and increases patient compliance with a treatment regimen. 

There is doubt over the oral availability of SalA, although the novel analogue PR-38 has been shown 

to be orally active (Sałaga et al., 2014). There are also limitations in the total synthesis of SalA, as 

currently analogues are synthesised from SalA that is extracted from the plant. This could be a problem 

in terms of generating enough product at the commercial scale. Furthermore, the legality of Salvia 

divinorum could hinder manufacture. The development of KOPr agonists as analgesic medications 

could be very important, however, a new chemical scaffold may need to be investigated for optimal 

clinical outcomes. 

The translation of animal research into successful human clinical trials has not always yielded 

favourable outcomes, with many prospective compounds failing at Phase I. Often the results obtained 

using animal models cannot be reproduced by other laboratory groups, commonly due to poor 

experimental design or insufficient reporting of methodology and housing conditions. Publishing 

bodies are increasingly requiring more robust reporting on animal procedures, as laid out in the 

ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines for publishing (Kilkenny et al., 

2010). Mice are the most commonly used animal model, with the advantages of having a relatively 

similar genome to humans that can be manipulated to be a useful genetic or molecular tool to model 

many human conditions (reviewed in Vandamme, 2014). The inbred rodent strains are useful models, 

however, due to the limited genetic variability, results are not always consistent between different 
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breeds of animals (for example, mouse vs. rat) and variability exists between different strains of 

animals (for example C57BL/6 vs BALB/c mouse strains). It is important that new pain models are 

rigorously tested and validated in specific animal strains before further experimentation is carried out. 

In the past, it has been standard practice to carry out experiments in male animals only to decrease 

variability caused by the different sexes. However, the USA National Institutes of Health are now 

requiring more extensive studies using both sexes (Clayton & Collins, 2014), as the importance of 

gender differences are becoming more apparent. This is apparent from the results of this thesis, 

showing that the KOPr agonists have different effectiveness in different sexes. Furthermore, the 

gender of the experimenter can also have an impact on the results, with a recent study showing male 

experimenters performing assays of antinociception in animal models can lead to stress-induced 

analgesia, significantly affecting the results of the study (Sorge et al., 2014). To mitigate this effect in 

the current thesis, if a male observer was present, the mice were acclimatised to this person for at 

least 60 min prior to the commencement of the procedure. In addition, if the animals observe cage 

mates in pain this leads to sensitisation to pain themselves (Langford et al., 2006). These differences 

emphasise the importance of careful experimental design when working with animal models, as it is 

important to isolate and observe only the behaviours in the animals caused by the administration of 

the drug rather than any other external factors.  
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6.4 Final conclusions 

MOPr agonists are highly addictive, as evidenced by the current opioid crisis in the USA and increasing 

rates of opioid overdoses worldwide. This thesis identified two classes of compounds as potential 

therapeutics that do not have addictive effects. This was the first study to understand the 

antinociceptive in vivo effects of DHEA, which was found to have applications in treating inflammatory 

pain. Whereas the novel KOPr agonist 16-Ethynyl SalA was found be potent at treating both 

inflammatory and neuropathic pain with fewer side effects than the parent compound SalA. 

Interestingly, the traditional KOPr agonist was found to be particularly effective at treating paclitaxel-

induced neuropathic pain, while this compound is not suitable for clinical development, these results 

warrant further investigation of structural analogues of U50,488 for this type of pain. Furthermore, it 

was found that U50,488 and 16-Ethynyl SalA were more effective at treating male mice with paclitaxel-

induced allodynia, perhaps indicating treatment doses need to be tailored to the different sexes. This 

was the first study to identify KOPr agonists as a treatment for chemotherapy-induced neuropathic 

pain and may aid in the development of new therapeutics for treating this condition which currently 

has very limited treatment options.  

 

 

 

  



 

209 
 

Appendices 

Appendix A: Solutions 

10X Phosphate buffered saline (PBS) pH 7.4 

 Concentration g/L 

NaCl 1.4 M 80.0 

KCl 26.8 mM 2.0 

Na2HPO4 81.0 mM 26.8 

KH2PO4 14.7 mM 2.4 

Make up to total volume with distilled water, adjust to pH 7.4. 

 

Eosin Y solution 

Eosin Y 1% (w/v)  

Glacial acetic acid 0.5%  

Ethanol 70%  

Make up to total volume with water. Dissolve Eosin Y in water, add ethanol and glacial acetic acid. Stir 

before use. 

 

Fluorescence-activated cell sorter (FACS) buffer 

BSA 0.1%  

Sodium azide 0.01%  

Make up to total volume with 1X PBS. 

 

4% Formaldehyde in PBS pH 7.4 

Paraformaldehyde 40 g  

Preheat 900 mL of 1X PBS to 50 °C and add the paraformaldehyde powder (never allow to boil). Add 

drops of NaOH until the solution becomes clear. Make up to 1 L with PBS. Cool and adjust to pH 7.4 

with HCl. 

 

Piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) buffer pH 7.4 

 Concentration  

PIPES 0.1 M  

NaOH 1 N  

Glutaraldehyde 2.5%  

Make up to 1 L with PIPES, NaOH and distilled water, adjust to pH 7.4. Add glutaraldehyde to solution 

immediately prior to use. 
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Appendix B: Analysis of routes of administration of vehicle control in 

the intraplantar formaldehyde test 

Comparison of the vehicle controls for the i.p. and i.pl. administration in the intraplantar 

formaldehyde model showed that there was significantly more pain following the i.pl. administration 

of the vehicle in both phase I and II. 
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Figure B.1: The vehicle control administered via intraplantar injection produces an antinociceptive 
effect 

(A) Time course of pain behaviour following i.pl. injection of the PBS vehicle. The treatment vehicle 
(2:1:7 of DMSO:Tween-80:saline) was administered either via i.p. or i.pl. injection, with the i.pl. 
injection route showing a significant level of pain. Two-way ANOVA with Bonferroni post-tests. (B-C) 
Area under the curve (AUC) was calculated for phase I nociceptive pain (0-15 min, B) and phase II 
inflammatory pain (20-60 min, C). The i.pl. administration of the vehicle showed a significant level of 
pain compared to the i.p. administration in both phases. Two-tailed unpaired Student’s t-test. *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Values presented as mean ± SEM, n = 7.  
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Appendix C: Warm water tail withdrawal dose-response experiment 

C.1 Vehicle control treatment group 

As a control for the cumulative dose-response tail withdrawal test, animals received the equivalent 

number of vehicle injections. The vehicle control showed no antinociceptive effect and no increase in 

effect over time indicating that the results of the KOPr agonists were not due to any sedative effects 

of the vehicle or stress-induced analgesia. 
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Figure C.1: Vehicle control group in the warm water dose-response experiment 

The mice were administered vehicle s.c. injections in the same number as the KOPr agonist treatment 

groups. One-way repeated measures ANOVA showed no significant effect between the successive of 

injections [F(2.373, 11.86) = 1.018, p = 0.4032]. Values presented as mean ± SEM, n = 6. 
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C.2 Comparison of morphine and U50,488 in the warm water tail withdrawal 

dose-response experiment 

The effects of the KOPr agonists were compared to the traditional KOPr agonist U50,488. However, 

when U50,488 was compared to the MOPr agonist morphine, the potencies were not significantly 

different but the efficacy of morphine was significantly higher than U50,488, indicating a fundamental 

difference between the effects of MOPr agonists and KOPr agonists in this model of pain.  
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Figure C.2: Morphine is more efficacious than U50,488 in the warm water tail withdrawal assay 

Cumulative dose-response effects of morphine and U50,488. The maximal possible effect (%MPE) at 
each dose was calculated as a percentage based on the pre-treatment baseline latencies for each 
individual mouse. The data sets are significantly different, in that the same curve does not fit both 
data sets [F(4,70) = 226.4, p < 0.0001]. The potency (ED50) values were not significantly different 
(Unpaired two-tailed t-test, p = 0.2827) with 9.86 mg/kg for morphine and 6.28 mg/kg for U50,488. 
However, the Emax values of 100 % for morphine and 19.7 ± 4.6 % for U50,488 were significantly 
different (Unpaired two-tailed t-test, p < 0.0001). Values presented as mean ± SEM, n = 6. The U50,488 
dataset is also presented in Paton et al. (2017) and Figure 4.1. 
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Appendix D: Acute dose-response controls in the paclitaxel-induced 

neuropathic pain model 

D.1 Baseline withdrawal thresholds 

The baseline (day 0) values were compared between the assigned treatment groups assigned for the 

dose-response experiment. It was found that there were no inherent differences between the baseline 

values of the paclitaxel-treated animals.  
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Figure D.1: The day 0 pre-paclitaxel mechanical and cold threshold values were not different 
between upcoming assigned dose-response treatment groups 

The baseline values on day 0, before the first injection of paclitaxel, were not significantly different 

when separated by the day 15 treatment group. Mechanical allodynia in (A) males and (B) females. 

Cold allodynia in (C) males and (D) females. n = 7 for male groups, except n = 8 for vehicle treatment, 

n = 6 for all female treatment groups. Values presented as individual data points, with a line indicating 

the mean ± SEM.  
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D.2 Day 15 pre-treatment withdrawal thresholds 

The day 15 values were compared depending on the assigned treatment in the dose-response 

procedure. There was no difference between the treatment groups for mechanical allodynia and cold 

allodynia for either sex.  
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Figure D.2: The day 15 post-paclitaxel mechanical and cold allodynia values were not different 
between assigned treatment groups 

The baseline values on day 15 post-paclitaxel were not significantly different when separated by the 

dose-response treatment group. Mechanical allodynia in (A) males and (B) females. Cold allodynia in 

(C) males and (D) females. n = 7 for male groups, except n = 8 for vehicle treatment, n = 6 for all female 

treatment groups. Values presented as individual data points, with a line indicating the mean ± SEM. 
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D.3 Vehicle treatment in the dose-response procedure 

For comparison in the dose-response procedure, an equivalent number of vehicle treatments were 

given to paclitaxel-treated mice. The results showed that the vehicle had no antinociceptive effect and 

successive injections did not have any effect over time.  
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Figure D.3: Vehicle treatment did not have an antinociceptive effect in mice with established 
paclitaxel-induced neuropathic pain 

Vehicle controls were administered to mice with paclitaxel-induced neuropathic pain on day 15, with 

the same number of injections as the opioid receptor agonists. There was no significant effect of 

vehicle over time for (A) mechanical allodynia [F(6,72) = 1.189, p = 0.3219] and (B) for cold allodynia 

[F(6,72) = 0.1399, p = 0.9904]. One-way repeated measures ANOVA. D15 refers to the values on day 15 

prior to vehicle treatment. n = 8 for males, n = 6 for females. Values presented as mean ± SEM.   
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D.4 Day 15 pre-treatment withdrawal thresholds for antagonist study 

The selectively antagonise the KOPrs, the antagonist nor-BNI was administered 24 hours (on day 14) 

prior to the beginning of the dose-response procedure. Comparing between the assigned treatment 

groups on day 15 before the start of the dose-response procedure, there were no significant 

differences between any of the groups. This indicates that the nor-BNI treatment did not alter the 

level of neuropathic pain induced by paclitaxel. 
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Figure D.4: KOPr antagonism with nor-BNI did not affect the day 15 pre-treatment values 

Nor-BNI treatment was administered 24 hours prior to the dose-response procedure (on day 14). 

There was no significant difference between the day 15 values prior to the commencement of the 

dose-response antinociceptive effects against (A) mechanical allodynia [F(3,34) = 2.306, p = 0.0942] and 

(B) cold allodynia [F(3,34) = 2.369, p = 0.0879]. n = 13 for KOPr agonist treatment without nor-BNI, n = 6 

for groups with nor-BNI pre-treatment. Values presented as mean ± SEM. 
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Appendix E: Controls for the chronic administration procedure in the 

paclitaxel-induced neuropathic pain model 

E.1 Early initiation of treatment on day 7 baseline values 

The baseline values on day 6 were compared between the assigned treatment groups in the paclitaxel-

treated animals before the initiation of treatment on day 7. The results showed no significant 

difference between the groups.  
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Figure E.1: Day 6 values for early initiation of chronic opioid receptor agonist treatment procedure 

The allodynic values on day 6 were not significantly different when separated by the assigned 

treatment group, in measuring (A) mechanical allodynia and (B) cold allodynia. Values presented as 

individual data points, with a line indicating the mean ± SEM. n = 6. 
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E.2 Day 15 values for mechanical allodynia 

The baseline values on day 15 were compared between the assigned treatment groups in the 

paclitaxel-treated animals before the initiation of the daily treatment on day 16. The results showed 

no significant difference between the groups of either sex. 
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Figure E.2: Mechanical withdrawal thresholds on day 15 prior to assignment of treatment groups 

The allodynic values on day 15 were not significantly different when separated by the assigned 

treatment group in (A) males and (B) females. Values presented as individual data points, with a line 

indicating the mean ± SEM. n = 6. 
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E.3 Day 15 values for cold allodynia 

The baseline values on day 15 were compared between the assigned treatment groups in the 

paclitaxel-treated animals before the initiation of treatment on day 16. 
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Figure E.3: Cold reaction times on day 15 prior to assignment of treatment groups 

(A) There was a difference between the males and females in the cold reaction times on day 15 prior 

to the beginning of treatments. (B) The allodynic values on day 15 were not significantly different 

when separated by the assigned treatment group in the combined sexes. Values presented as 

individual data points, with a line indicating the mean ± SEM. n = 12 (6 males, 6 females). 
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Appendix F: List of publications 

The following papers were published during the course of this PhD study: 
 
Kivell, B. M., Paton, K. F., Kumar, N., Morani, A. S., Culverhouse, A., Shepherd, A., Welsh, S. A., 
Biggerstaff, A., Crowley, R. S., & Prisinzano, T. E. (2018). Kappa Opioid Receptor Agonist Mesyl Sal B 
Attenuates Behavioral Sensitization to Cocaine with Fewer Aversive Side-Effects than Salvinorin A in 
Rodents. Molecules, 23(10), 2602. doi:10.3390/molecules23102602 
 
Paton, K. F., Kumar, N., Crowley, R. S., Harper, J. L., Prisinzano, T. E., & Kivell, B. M. (2017). The 
analgesic and anti-inflammatory effects of Salvinorin A analogue beta-tetrahydropyran Salvinorin B in 
mice. European Journal of Pain, 21(6), 1039-1050. doi:10.1002/ejp.1002 
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