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Abstract

Background

The mu-opioid receptor (MOPr) activating drugs such as morphine, fentanyl, etorphine and
methadone are used to treat moderate to severe pain. However, their long-term use
produces serious adverse effects such as respiratory depression, sedation, tolerance,
nausea, dependence, and constipation and this signifies the search for an alternate pain
therapeutic agent. Here we report the investigation of antinociceptive and side effect
profiles of a structurally unique MOPr-activating drug, kurkinorin from Salvinorin A (Sal A)

that was compared with morphine and herkinorin.

Methods

Adult male B6-SIL mice (22-29 g) were used to investigate the antinociceptive effects of
kurkinorin, herkinorin and morphine utilising the 50° C warm-water tail-withdrawal
assay. The 2% intra-dermal formalin assay was used to evaluate acute nociceptive and
inflammatory pain and paw oedema. The side effect profiles were evaluated by
measuring core-body temperature and utilising behavioural tests of motor co-ordination
(accelerating rotarod test). Kurkinorin’s rewarding properties were assessed using the

conditioned place preference (CPP) assay in male Sprague-Dawley rats (240-350 g).

Results

Kurkinorin produced significant antinociceptive effects in the tail-withdrawal assay at
both 5 (p<0.01, 10 min, p<0.001, 15-60 min) and 10 mg/kg (p<0.001, 5-90 min, p<0.01,

120 min) and attenuated both nociceptive and inflammatory pain in the 2% intra-dermal



formalin model in mice. The analgesic effects of kurkinorin at 10 mg/kg were similar to
the analgesic effects of morphine at the same dose. The decrease in pain score in the
intra-dermal formalin assay with kurkinorin and morphine produced a corresponding
reduction of paw oedema. In comparison, herkinorin had reduced analgesic effects in the
tail-withdrawal assay (10 mg/kg, p<0.05, 30 min) and attenuated inflammatory pain in
the intra-dermal formalin assay (10 mg/kg, p<0.001) with reduced paw oedema (10
mg/kg, p<0.05). Morphine produced significant motor incoordination effects from 15-60
min post injection whereas kurkinorin produced no significant motor impairment.
Kurkinorin and herkinorin (5 mg/kg, i.p) did not produce rewarding effects, whereas
morphine produced a significant, rewarding effect in the CPP assay. Kurkinorin produced
no change in the core body temperature while morphine significantly reduced the body

temperature.

Conclusions

Kurkinorin is central acting and is as potent as morphine in attenuating acute nociceptive
and inflammatory pain. It produced no significant sedative and rewarding effects.
Therefore, kurkinorin has been identified as a structurally new class of mu-opioid

analgesic, displaying improvements compared to morphine.
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Abbreviations

Akt Protein kinase B

cAMP Cyclic adenosine monophosphates

CHO Chinese hamster ovary

CNS Central nervous system

CPP Conditioned place preference

DA Dopamine

DAT Dopamine transporter

DAMGO [D-Ala2 , N-MePhe4, Gly-ol5 ]-enkephalin dyn-DN—dominant negative
dynamin peptide

DMSO Dimethyl sulfoxide

DOPr Delta opioid peptide receptor

ERK1/2 Extracellular signal-regulated kinase 1 and 2

GPCR G-protein coupled receptor

GRK G-protein receptor kinase

HEK Human embryonic kidney

Herkinorin  (2S,4aR,6aR,7R,9S,10aS,10bR)-9-(benzoyloxy)-2-(3-furanyl)dodecahydro-
6a,10b-dimethyl-4,10-dioxo-2H-naphtho-[2,1-c]pyran-7-carboxylic  acid
methyl ester)

i.v. Intravenous
JNK c-Jun N-terminal kinase
KOPr Kappa-opioid peptide receptor

Kurkinorin (2S,4aR,6aR,7R,10aR,10bR)-Methyl-9-(chlorobenzoyl)oxy)-2-(furan-3-yl)-
6a,10b-dimethyl-4,10-dioxo-2,4,4a,5,6,6a,7,10,10a,10b-decahydro-1H-
benzol[flisochromene-7-carboxylate)

MAPK Mitogen-activated protein kinase
MOPr Mu opioid peptide receptor

NAc Nucleus accumbens



PBS
PEG

PKC

SalA
s.C.

VTA

Phosphate-buffered saline
Polyethylene glycol
Protein kinase C
Salvinorin A
Subcutaneous

Ventral tegmental area
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1 Introduction

The International Association for the Study of Pain (IASP) defines pain as "an unpleasant
sensory and emotional experience associated with actual or potential tissue damage"
(IASP, 1986) which has been widely accepted by neurobiologists and other scientific
communities. Pain requires expensive treatment and without adequate treatment pain
impacts mental, emotional, cultural and social health and behaviours that ultimately
affects the quality of life. The nature and severity of pain may be complex, and the
complexity of pain differs based on several factors which include age and gender,
ethnicity (Belfer, 2013; Montes-Sandoval, 1999), demographics (Keogh, McCracken, &
Eccleston, 2005), psychological conditions (Sturgeon, 2014), clinical afflictions (Belfer et
al., 2013), heredity (Tremblay & Hamet, 2010), socio-economic and other environmental
factors (Todd, Deaton, D’Adamo, & Goe, 2000). Around 19% of the adult Europeans and
1in 6 adult New Zealanders and Australians reportedly experience chronic pain (Blyth et
al., 2001; Fishman, 2007; Health, 2008) which is a serious and major health concern
worldwide (Breivik, Collett, Ventafridda, Cohen, & Gallacher, 2006). Besides pain being a
major health concern the consequences of pain are enormous, for example, in the United
States, the cost of pain treatment was estimated to be around $635 billion per annum
(Gaskin & Richard, 2012; Trang et al., 2015). Furthermore, studies have shown that nearly
495 million people visit their medical providers every year for pain management
(Eisenberg et al., 1993; Gardea & Gatchel, 2000). Around 116 million of these cases are

due to chronic pain (Gaskin & Richard, 2011; Loeser, 2012; C. Stein, 2013).
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Previous studies have shown that chronic pain impacts nearly 50% of the aged
population (sixty and above) and approximately 25% of the adults in Australia suffer from
chronic pain (Blyth et al., 2001; Ospina & Harstall, 2003). Furthermore, around $12.5
billion per annum was spent on chronic pain treatment in Canada (Moulin, Clark,
Speechley, & Morley-Forster, 2002). Besides the unpleasant experience and cost spent
on treating chronic pain, yet another disheartening fact about chronic pain treatment is
the addiction towards medications. For instance, 70% of the chronic pain sufferers are
worried about getting addicted to pain relieving drugs, and due to this major concern,
chronic pain cases are mostly under-treated in Canada as well as in Australia (Michael J
Cousins, 2012). In addition to addiction issues, drug overuse has been shown to be a
major cause of drug-related deaths while treating chronic pain where, in 2014 it was
estimated that about 207,400 (range: 113,700- 250,100) drug-related deaths occurred
worldwide and 43.5 (range: 23.8-52.5) deaths per million people were aged between 15-
64 (UNODC, 2014). Although many aspects of pain and its treatment including types of
pain, drugs used for treating different types of pain and the consequences of these
medications can be reviewed, this section discusses about the topics relevant to the

present study.

1.1 Physiology of pain

Pain is a perception of unpleasant experience that is transmitted through a continuous

stream of the physiological pathway, and the pathway is represented in Figure 1.
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Figure 1: Physiological pain pathways

The figure describes the pain pathway that is activated when a thermal, chemical or inflammatory
nociceptive stimuli is felt by the peripheral nociceptors (activates transient receptor family ion
channels (TRPV1 and TRPA1) that are co-localized in a subgroup of dorsal root ganglion (DRG) and
trigeminal neurons (Patapoutian, Tate, & Woolf, 2009)) on the first-order neurons. In the dorsal horn
of the spinal cord, the first-order neurons synapse with the second-order neuron and the synapse of
the second order neuron synapses with third-order neurons in the lateral and medial nuclei of the
thalamus. The areas in the brain namely the Periaqueductal Grey (PAG) and Rostroventral Medulla
(RVM) are involved in the descending pathway of nociception. Some of the main components of the
'inflammatory soup' including peptides (bradykinin), lipids (prostaglandins), neurotransmitters
(serotonin (5-HT), ATP and neurotrophils (NGF) are produced due to injury. The activated
nociceptors transmit pain impulses to the dorsal horn of the spinal cord (and from there to the
brain), via different neurons. Due to the consequent inflammation, the nociceptor terminals are
excited by the interaction of cell-surface receptors expressed on the neurons. Nociceptors also
initiate the process of neurogenic inflammation, which is an efferent function that leads to the
release of neurotransmitters particularly, substance P, and calcitonin gene-related peptides (CGRP),
as well as activation of mast cells and neutrophils. Figure and information modified from Julius and
Basbaum (2001).
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In the pain pathway, the central nervous system (CNS) perceives pain. CNS involvement is
required to feel the pain which is felt when the nociceptive transmission reaches the cortex
(S. Marchand, 2008) that leads to pain perception. The critical areas of pain perception in
the brain have been studied through imaging the brain which indicated that the perception
is caused by the involvement of primary and secondary somatosensory cortices (Sl and SlI),
anterior cingulate cortex, anterior insula, additional cortical areas such as supplementary
motor area (SMA), and anterior insular (Coghill et al., 1994). The CNS responds to and
interprets noxious stimuli through the first order neurons that are located in the dorsal root
ganglion of the spinal cord. These neurons receive stimuli including physical, thermal,
mechanical and chemical through the sensory transducer proteins (the cell bodies of the
neurons are the sensory transduction channels (Benarroch, 2015; Geffeney & Goodman,
2012)). Likewise, the peripheral branch of the axon innervates the peripheral tissues, and
the central axon innervates the CNS to synapse on second-order neurons that are located in
the lamina | and V of the spinal cord’s grey matter (Clifford J. Woolf & Ma, 2007). The
second order neurons, in turn, form the spinal thalamic synapse in the contralateral
thalamus where the third order neurons are located, and the collective pattern of the pain
signal transmission is termed as nociception (Basbaum, Bautista, Scherrer, & Julius, 2009;
Steeds, 2009). The voltage-gated Na* sodium channels in the synapses have a pivotal role in
generating an action potential (Geffeney & Goodman, 2012) which causes the transmission
of a chemical message into electrical pain impulses referred to as transduction. The
nociceptive physiology includes the responses from peripheral and CNS structures of the
cerebral cortex. Nociceptors are found in all tissues of the body except brain, and these

nociceptors detect sensory noxious stimuli from the environment through acute thermal,
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mechanical, chemical and inflammatory injuries and transmit the impulses to the spinal
cord, brain and other parts of the central nervous system (Julius & Basbaum, 2001). The
nociceptive fibres involved in pain transmission fall into two types: large A delta fibres and
smaller C fibres where large delta A fibres transmit fast, sharp pain produced by physical
injury, such as a cut. This pain is very well demonstrated in rodents (Basbaum et al., 2009).
Whereas, the smaller C fibres with an unmyelinated sheath transmits dull aching and
burning sensations (such as in formalin (Malmberg & Yaksh, 1992)) which produce constant
pain as reviewed in detail by Helms and Barone (2008); Malmberg and Yaksh (1992);

Rosenberg and Heinonen (1983).

The largest group of nociceptive receptors that respond to noxious stimuli are the
Transient Receptor Potential (TRP) channels, which have been implicated in the
physiological and behavioural responses in the intra-dermal formalin model (McNamara
et al., 2007; Patapoutian et al., 2009). Formalin-induced pain (inflammatory) activates C
fibres (Dickenson & Sullivan, 1987) and has two distinct phases; phase | relates to
nociceptors with TRPA-1 mediated excitation followed by subsequent transient decline of
pain behaviours and the phase Il that follows phase | which lasts for 30-60 min (Abbott,
Franklin, & Westbrook, 1995; McNamara et al., 2007; Tjglsen, Berge, Hunskaar, Rosland,
& Hole, 1992). During tissue injury mast cells, macrophages and neutrophils are
activated. This happens through the release of immune cell mediators including tumour
necrosis factor-u (TNFw), interleukin-1F (IL-1F), interleukin-6 (IL-6), nitric oxide (NO),
bradykinin, nerve growth factor (NGF) and protons that act on nociceptors (Brack &
Stein, 2004; F. Marchand, Perretti, & McMahon, 2005). These factors (including mast

cells, basophils, platelets, macrophages, neutrophils, endothelial cells, keratinocytes, and
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fibroblasts) collectively known as inflammatory soup, along with the neurotransmitters,
vaso-amines and peptides (including substance P, calcitonin-gene-related peptide
(CGRP), bradykinin, histamine and serotonin) cause inflammatory pain (Basbaum et al.,

2009).

1.2 Classes of pain

Pain is a multidimensional phenomenon and a complex sensory process. There have been
differences of opinions in the classification of pain and pain has been classified based on the
anatomy and aetiology causing pain by Nagasako, Oaklander, and Dworkin (2003). Pain is
classified based on the mechanism of causation of pain, by C. J. Woolf et al. (1998) and this
classification is useful to identify pain in different disease conditions. For instance, pain
experienced by post-operative patients and arthritic patients is similar with respect to the
process and nature, as the pain is due to the process of inflammation. This type of pain can
be treated with a compound that can bring down the inflammation in both cases (Christoph
Stein & Kiichler, 2013; Eugene R Viscusi, Reynolds, Chung, Atkinson, & Khanna, 2004) and

this type of classification is useful in providing effective treatment.

Pain can be short in duration which is termed as acute pain whereas chronic pain is defined
as pain that lasts longer than 3 months or persists after the healing process (Clifford J.
Woolf, 2010). Further to this classification, yet another classification categorises pain as
physical, inflammatory, pathological, nociceptive and neuropathic pain (Clifford J. Woolf &
Salter, 2000). Here we focus on nociceptive and inflammatory pain only, as it is relevant to

our present study, which uses acute preclinical behavioural animal models to evaluate
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analgesia. Nociceptive pain is complex, and there is persistent stimulation of C fibres due to
tissue injury by physical, chemical, and mechanical stimuli that leads to intense and
continuous pain (Helms & Barone, 2008; Ignatavicius DA & Workman, 2006; Ochoa, 2009).
Nociceptive pain is protective in nature where it initiates the withdrawal reflex from the
pain stimuli, and it is centrally mediated (Clifford J. Woolf, 2010). Inflammatory mediators
produce inflammatory pain as a result of tissue damage (Kidd & Urban, 2001). Inflammatory
pain usually appears after nociceptive pain and is usually longer in duration. In acute
inflammation phases, cytokines appear to sensitise receptor-associated kinases and

intracellular targets which include ion channels (Kidd & Urban, 2001).

1.3 Current pain treatments and their limitations

Treatment strategies for pain are broadly classified into pharmacological and non-

pharmacological.

1.3.1 Drug Classifications and Terminology

Analgesics are broadly classified as (1) non-opioid analgesics including acetaminophen and
nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin and other salicylic acid
derivatives; (2) Opioid analgesics those that activate the mu opioid receptors (MOPr) such
as morphine - (3) Adjuvant analgesics or co-analgesics, those that typically are used for
other conditions but possess analgesic properties, such as antiepileptic drugs (AEDs),
tricyclic antidepressants (TCAs), and local anesthetics (LAs). For a detailed review see (Berry

et al., 2001). One in five Americans were reported to take over-the-counter (OTC) or non-



19

prescribed prescription analgesics on a daily basis (American Pain Society, 2000). Non-
prescribed analgesics are typically the first choice of pain relief (Gallup & Organization,

1999).

1.3.2 Common non-opioid analgesic compounds

Non-opioid compounds such as NSAIDs act through inhibition of the enzyme
cyclooxygenase-2 (COX-2) which blocks prostaglandin synthesis (Berry et al., 2001). The COX
has two isoforms, COX-1 and COX-2; COX-1 has been shown to be expressed in most normal
tissues while playing a critical role exclusively in the gastrointestinal (Gl) tract, kidneys, and
platelets primarily producing prostaglandins that help in the regulation of blood flow to the
gastric mucosa and kidneys. Whereas COX-2 is induced in response to an inflammatory
stimulus that results in the production of COX-2 that in turn activates and sensitises
nociceptors (Max et al., 1995; Pediatrics, 2001). Acetaminophen is an active compound
included in most of the OTC and prescription medicines that relieve pain and acts through a

central mechanism (FDA, 2014; Teoh & Stjernsward, 1992).

In general, these NSAIDs possess anti-inflammatory, antipyretic, and analgesic effects. The
analgesic effects are rapid, from minutes to hours, whereas the anti-inflammatory effect
may last for 1-2 weeks or longer (Field & Cassel, 1997). The anti-inflammatory effect
indirectly relieves pain by reducing inflammatory swelling in the tissues. Non-opioids are
used to alleviate a broad range of acute and chronic pain including trauma, postoperative,
cancer and arthritis pain and they are particularly effective for somatic pain (Meghani, Byun,

& Gallagher, 2012; Schug & Manopas, 2007). Acetaminophen and NSAIDs are often used to
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treat mild pain to moderate pain and are often co-administered with opioids to lower the
opioid dose required to manage pain (Ortiz et al., 2012). Some of the limitations of NSAIDs
and acetaminophen include gastrointestinal upset leading to ulcers and bleeding, liver

damage and severe skin reactions (FDA, 2014).

1.3.3 Opioids and their side-effects

Opioids act on opioid receptors that are present in the spinal cord and brain which inhibit
or reduce the intensity of pain-signal perception (NIH, 2016). Natural opioids are derived
from the structural scaffold of opium, isolated from the opium poppy, Papaver
somniferum. Opioids used for pain management widely include illicit heroin and other
prescription pain medications such as oxycodone, hydrocodone, codeine, morphine,
meperidine, tramadol, methadone and fentanyl (Dowell, Haegerich, & Chou, 2016).
Various opioid receptors regulate different actions of opioids namely mu (MOPr), delta
(DOPr) and kappa (KOPr) opioid peptide receptors, respectively (Brownstein, 1993;

Goldstein & Naidu, 1989; B. L. Kieffer & Evans, 2009).

MOPrs have been used to treat pain, cough, and diarrhoea for centuries where, in
modern days, MOPr activating drugs have become common in treating severe acute pain
and chronic pain, although they are often ineffective in treating chronic pain. A wide
range of MOPr compounds includes morphine and morphine derivatives such as
oxycodone, hydromorphone, oxymorphone, levorphanol, buprenorphine and, the fully
synthetic opioids such as fentanyl, sufentanil, meperidine, and butorphanol and other
semi-synthetic drugs including etorphine, meperidine, methadone and tramadol (Z6llner

& Schéafer, 2008). Although MOPr activating compounds are widely used drugs as
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powerful analgesics, they are also associated with undesirable adverse side-effects. For
example, a phenomenon called hyperalgesia or an increased sensitivity to pain often
occurs after chronic opioid treatment (Tumati et al., 2012). Mu-opioid analgesics also
activate the reward pathway and cause euphoria that can lead to drug abuse and
addiction (NIH, 2016). These drugs produce drowsiness, mental confusion, nausea,
constipation, and respiratory depression in addition to inhibiting the pain signals.
Furthermore, tolerance produced by chronic use of MOPr agonists necessitates the
increase of dose rates to control pain (Freye & Latasch, 2003). As a result, patients

experience increased side-effects (Marderstein & Delaney, 2008).

1.3.3.1 Sedation

Sedation is one of the commonly reported major side-effects produced by MOPr
analgesics (Young-McCaughan & Miaskowski, 2001). Opioid-induced sedative effects can
be evaluated preclinically by measuring cognitive, motor coordination and performance
impairments (Clemons, Regnard, & Appleton, 1996). A study conducted in the United
Kingdom in 2009 showed opioid medications have the second highest level of adverse
effects in patients (Davies et al., 2009). This situation has changed over the years to 107%
between 2012 - 2015 according to the Office for National Statistics for England and Wales
(Middleton, McGrail, & Stringer, 2016). The sedative effect of opioids is transient and is
dose dependent, with increased sedation at higher doses (McNicol et al., 2003). Sedation
due to MOPr agonist is reported to involve different neurotransmitter systems where
sedation, in general, is reported to indirectly involve the dopaminergic system

(Manzanedo, Aguilar, Rodriguez-Arias, & Mifiarro, 2005; Rodriguez-Arias, Broseta,



22

Aguilar, & Mifiarro, 2000). Morphine dose-dependently caused sedation in mice, and this
sedative effect was prevented by pretreatment with the dopamine (DA) — 1 (D-1)
antagonist SCH 23390, or DA - 2 (D-2) antagonist sulpiride, or the non-specific opioid
receptor antagonist naloxone (M.-R. Zarrindast & Zarghi, 1992). Hence, dopaminergic
transmission changes lead to the changes in the sedative effects produced by morphine.
The interaction of drugs with the inhibitory y-aminobutyric acid (GABA) neurotransmitter
system is also involved in the sedative activity. Morphine targets opioid receptors at
GABAergic terminals and by inhibiting presynaptic glutamate release and blocking long-
term potentiating of GABA, -mediated synaptic transmission (Nugent, Penick, & Kauer,
2007). Also, the augmentation of synaptic activity within the neocortex seems to
contribute to sedation during analgesia (Bonin & Orser, 2008). It was also evidenced that
a,-adrenergic receptors (a,ARs) in the central nervous system to be involved in sedation
(Ruffolo Jr, Nichols, Stadel, & Hieble, 1993). Several drugs have been used to treat
opioid-induced sedation and methylphenidate is the most common medication indicated
for opioid-induced sedation (Bruera, Chadwick, Brenneis, Hanson, & MacDonald, 1987;
Wilwerding et al., 1995). However, dextroamphetamine, donepezil, modafinil, and
caffeine have also been studied for sedation treatment (Reissig & Rybarczyk, 2005;
Slatkin, Rhiner, & Bolton, 2001; Webster, Andrews, & Stoddard, 2003). In addition, opioid
dose reduction, use of psychosomatic stimulants and opioid rotations (Ahmedzai, 1997)
have also been suggested for treating opioid-induced sedation. Therefore, it is essential
for us to evaluate the MOPr agonist, kurkinorin for its sedative effects to be used as a

safe analgesic for which knowledge about MOPr induced sedation is mandatory.
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1.3.3.2 Addiction

Addiction to opioids results in adaptations and structural changes within the brain. Brain
reward pathways are complex, and in general, neurons are found to respond to repeated
natural exposures to rewarding stimuli including food and sexual activity (Contet, Kieffer, &
Befort, 2004; Koob & Moal, 1997). In the case of opioid addiction, addiction occurs with
initiation followed by maintenance of opioid consumption, withdrawal episodes, protracted
abstinence and relapse (Ahmed, Kenny, Koob, & Markou, 2002). Several neurotransmitter
systems are involved in the rewarding pathways of which DA systems are the most critical
(Bonci, Bernardi, Grillner, & Mercuri, 2003). Furthermore, endogenous opioid systems are
also found to play a central role in the mood modulation and physiology of well-being (Bonci
et al., 2003). Particularly, MOPr’s analgesic and addictive properties are well documented in
mice. Mice lacking the MOPr receptors do not display analgesic or rewarding effects when
administered MOPr activating drugs (Matthes et al., 1996) and has also been reviewed by

Contet et al. (2004).

1.3.3.3 Constipation

In addition to addiction, constipation is another significant side effect resulting from MOPr
activation. MOPrs are also located in the gut where they regulate motility (Herndon,
Jackson, & Hallin, 2002; Kurz & Sessler, 2003). Often constipation is regarded trivial,
dismissing the fact that long-term constipation can lead to serious consequences, require
surgery and it impacts the quality of life adversely (reviewed by (Kumar, Barker, &
Emmanuel, 2014). Long-term constipation leads to haemorrhoid formation, rectal pain and

burning, bowel obstruction, and possible bowel rupture and death (Koulousakis, Kuchta,
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Bayarassou, & Sturm, 2007; Ruan, 2007). MOPr drug-induced constipation effects are
mediated via both central as well as peripheral nervous systems, as opioids acts directly on
the CNS and enteric nervous system (Mori et al., 2013; Shook, Pelton, Hruby, & Burks, 1987;
Sternini, 2001; Stewart, Weisbrodt, & Burks, 1978; Tavani, Bianchi, Ferretti, & Manara,
1980). Naloxone methiodide has been shown to suppress the inhibition of colorectal transit
induced by morphine, oxycodone, and fentanyl (Mori et al., 2013). A range of alternative
novel MOPr drugs are in development for reducing constipation effects including alvimopan
and TD-1211 which are peripherally restricted MOPr antagonists, (reviewed by (Camilleri,

2011; DePriest & Miller, 2014; Nelson & Camilleri, 2015).

1.3.3.4 Respiratory depression

With all MOPr drugs, respiratory depression and death are the most feared complications.
An extensive review of medical records over a period of eight years (2000-2008) reported an
incidence of 3.6 per 10,000 adult patients succumbing to opioid-induced critical respiratory
events (Ramachandran et al., 2011). These patients were said to have been rescued by
naloxone and with endotracheal intubation, or cardiopulmonary resuscitation assistance.
Respiration depression can be vulnerable during sleep and sedation because, the protective
mechanisms are absent including wake mechanism and respiratory drive (Hudgel &
Devadatta, 1984; Hudgel, Martin, Johnson, & Hill, 1984). Opioids have been recognised to
work synergistically with these mechanisms and suppress the respiratory centres in the
brain during sedation by blunting the chemoreceptor response to rising carbon dioxide,
particularly in patients with sleep-disordered breathing (Bernards et al., 2009; Blake, Yew,
Donnan, & Williams, 2009; Choi et al., 2008; Mogri, Desai, Webster, Grant, & Mador, 2009;

Ramachandran et al., 2011; D. Wang et al., 2005).
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1.3.3.5 Tolerance

Tolerance is yet another major adverse consequence of repeated activation of MOPr’s.
Tolerance results in increasing the doses being administered to maintain analgesic effects
over time (Collett, 1998; Chad E Groer et al., 2007; Kirsten M Raehal et al.,, 2011).
Tolerance or dependence is a state that is exhibited by autonomic and somatic
hyperactivity during withdrawal. A review by (Kirsten M Raehal et al., 2011) has
summarised the mechanisms of actions of MOPr and has detailed how the extended use
of MOPr agonists for analgesia may lead to tolerance. They stated that based on in vitro
and in vivo studies, the degree of tolerance developed over long-term MOPr usage in vivo
is inversely related to the ability of the opioid agonist to promote desensitisation and
internalisation in vitro. The example being morphine that promotes very small levels of
desensitisation and internalisation in vitro in cell cultures but produces a greater degree
of tolerance in vivo in rodents compared to drugs like etorphine. Pharmacokinetic
tolerance occurs due to alterations in the metabolism during repeated drug usage,
including induction of a specific enzyme when the drug is administered, while
pharmacodynamic tolerance is due to the decreased effectiveness of a drug over time,
due to the down-regulation of the corresponding receptors. However, one particular
opioid drug tolerance does not always initiate tolerance for another; for example in mice,
NMDA receptor antagonists blocked the development of morphine tolerance while it was
not the case with fentanyl and similar studies in humans have been performed

(Athanasos et al., 2006).
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1.3.4 The endogenous opioid system

The widely studied innate pain-relieving system is the endogenous opioid system, which
consists of neurons through which opioids mediate their action (Holden, Jeong, & Forrest,
2005). The endogenous opioid system consists of four families of endogenous peptides
which include enkephalins (possess great binding affinity for MOPr and DOPr), endorphins
(selective for MOPr and DOPr), endomorphins (potent and highly selective agonists for u -
Endomorphin-1 and endomorphin-2) and dynorphins (selective agonists for KOPr) that act
upon the opioid receptors (Hughes, 1975). Table 1 shows the receptors and their
corresponding endogenous peptides sources. The peptide families are derived from
precursors such as proopiomelanocortin, proenkephalin, proendomorphin and
prodynorphin (Przewtocki & Przewtocka, 2001). Other receptors have also been cloned,
which include orphan opioid-like receptor (ORL1) which has about 70% sequence homology
with the classical opioid receptors and the endogenous ligand called nociceptin or orphanin
FQ that has an affinity for the ORL1 receptor (Meunier, 1997; Reinscheid et al., 1995). The
non-selective opioid receptor agonist, naloxone has less affinity for the ORL1 receptor in the
endogenous opioid system. In general, endomorphin-1 and endomorphin-2 produce
antinociception the same as morphine, but they do not produce any adverse effects

(Hackler, Zadina, Ge, & Kastin, 1997; Horvath, 2000).
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Table 1: Endogenous opioid peptides and their affinity towards receptors

Precursor Peptides Affinity to References
receptors
Proopiomelanocortin | Endorphins MOPr and Przewtocki and
DOPr Przewtocka (2001),
Hughes (1975)
B-endorphin MOPr and
DOPr
Proenkephalin, Enkephalins MOPr and Przewtocki and
Met-Enkephalin | DOPr Przewtocka (2001),
Leu-Enkephalin- Hughes (1975)
2
Proendomorphin Endomorphins MOPr Przewtocki and
Endomorphin-1 Przewtocka (2001),
Endomorphin-2 Hughes (1975)
Prodynorphin Dynorphins KOPr Przewtocki and
Przewtocka (2001),
Hughes (1975)
Pro-nociceptin Orphanin- ORL-receptors Meunier (1997);

FQ/Nociceptin

Meunier et al. (1995)
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1.3.5 Opioid receptors

The classical opioid receptors KOPr, DOPr and MOPr, are categorised based on ligand
binding studies and biological assays, and all have varying analgesic properties (Raynor et
al.,, 1994; Raynor et al., 1996). Physiologically, these three receptors contribute to the
relief of various types of pain (Dhawan et al., 1996; Morley, 2000). However, the MOPr
has a potent anti-nociceptive function with a greater degree of dependence, whereas the
KOPr gives peripheral analgesic effects and the DOPr provides mild analgesic effects with
less addiction (Bruijnzeel, 2009; Janecka, Fichna, & Janecki, 2004; Lalanne, Ayranci,
Kieffer, & Lutz, 2014). Investigations were carried out to reveal the distribution,
localisation and proportions of MOPr, DOPr, KOPr binding sites using autoradiography in
laminae | and Il (superficial layers). It was shown that the highest proportion of MOPr
binding sites (approx. 70.4-74.3%) were found in the dorsal horn of the rat spinal cord
(Besse, Lombard, & Besson, 1991; Gouarderes, Cros, & Quirion, 1985) which is a major
nociceptive, somatosensory input receiving centre associated with nociceptive

transmission (Coggeshall & Carlton, 1997).

The MOPr is located in the cerebral cortex, amygdala, caudate putamen of the basal
ganglia and the dorsal horn of the spinal cord (McDonald & Lambert, 2005). The genes
encoding opioid receptors were cloned and named Oprm1, Oprd1 and Oprkl1 (Y. Chen,
Mestek, Liu, Hurley, & Yu, 1993; B. L. Kieffer, Befort, Gaveriaux-Ruff, & Hirth, 1992;
Minami et al., 1993). These opioid receptors belong to a superfamily of guanine protein—
coupled receptors (GPCR) (Y. Chen et al., 1993). The receptors share approximately 60%

identity with the intracellular loops, between 86-100% identity within the
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transmembrane domains and 73-76% identity in other regions. The extracellular loops, C-

terminal and N-terminal regions show great variability (Y. Chen et al., 1993).

1.3.6 MOPr activation, signalling and regulation

Activation of the MOPr mediates both desirable analgesic effects as well as side-effects,
demonstrating that these side-effects are on-target (Porreca & Ossipov, 2009; Zubieta et
al., 2001). This section describes the MOPr signalling pathway, the studies conducted on
MOPr agonists, their analgesic effects, side-effects, biased agonists, antagonists and
efforts for developing safer drugs adequately as required. Figure 2 describes the MOPr

signalling pathway.
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Figure 2: Mu opioid receptor signalling pathway

Figure 2 describes the MOPr signalling pathway. (1-2): describes the G-protein signalling, 1.
An agonist is binding to the MOPr, which stabilises the conformation of the receptor, 2.
Dissociation of subunits takes place, and this modulates the potassium activation, calcium
inhibition and adenylyl cyclase inhibition leading to downstream effector system activities
producing secondary messengers including inositol; (3-6): describes the B-arrestin signalling,
3. Desensitisation — phosphorylation is brought about by messenger-dependent protein
kinase A or C or GPCR kinase (GRK), 4. There is subsequent B-arrestin recruitment, 5.
Receptor internalisation and then the receptor bound B-arrestin interacts with an adaptor
protein (AP2), clathrin and ubiquitinylation by E3 ubiquitin ligase Mdm2 and 6. Describes
the B-arrestin signalling effectors including Src family tyrosine kinases, components of extra
cellular regulated (ERK) 1/2 kinases and C-Jun-N-Terminal Kinase 3 (JNK3) and mitogen-
activated protein kinase (MAPK) and Akt (serine/threonine kinases). Adapted and modified
from Zoran Rankovic et al., (2016).
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MOPr agonists, bind to the receptor to elicit a range of ligand-directed signalling pathways.
Agonist binding to the receptor causes conformational changes, and this dissociates G-
protein subunits ( Ga subunit from the GBy subunits) (Rosenbaum, Rasmussen, & Kobilka,
2009) and this, in turn, activates different effector systems, modulates potassium channels,
inhibits voltage-gated calcium channels and activates secondary messenger systems (Pierce
& Lefkowitz, 2001). The inhibition of the adenylyl cyclase/cyclic adenosine monophosphate
(cAMP) pathway is a well-studied opioid affected effector system (E. Kelly, 2013). In
general, MOPr activates two signalling pathways including G-Protein mediated and B —
arrestin signalling pathways. As MOPr is a G-protein coupled receptor (GPCR) it couples with
heterotrimeric G-proteins that are inhibitory where opioids activate the inhibitory Gi/o-
proteins, which then alters the intracellular signalling proteins and ion conductance (Deng et
al., 2000; Chad E Groer et al., 2007; Schulz et al., 2004; Zhang et al., 1998). The receptor -
mediated events include phosphorylation, intracellular sorting, endocytosis of receptors and
recycling (Bohm, Grady, & Bunnett, 1997; Kohout & Lefkowitz, 2003; Luttrell & Lefkowitz,
2002; Kirsten M Raehal & Bohn, 2005; Reiter & Lefkowitz, 2006; Sternini, 2001). Figure 2

describes the MOPr signalling pathways in detail.

MOPr mediated analgesia, and rewarding properties were demonstrated in MOPr knockout
mice where the analgesic and the rewarding properties of morphine were absent suggesting
the MOPr mediated activity (Contet et al., 2004; Brigitte L Kieffer, 1999; Matthes et al.,
1996). Coupling to G-proteins differ depending on the type of MOPr agonist, for example
morphine, etorphine, fentanyl and methadone elicit different responses in receptor
trafficking even though all of them promote MOPr coupling to G proteins (L. Bohn et al.,

2004) and morphine-induced poor receptor internalisation compared to fentanyl and
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DAMGO (E Kelly, Bailey, & Henderson, 2008; Shenoy & Lefkowitz, 2005). The underlying
reason for morphine’s poor internalisation is due to negative MOPr ubiquitination by
morphine (Laura M. Bohn et al., 2000). Ubiquitination is a post-translation modification that
involves three enzymes: E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating
enzyme), and E3 (ubiquitin ligase) (Joazeiro & Hunter, 2000; Wojcik & Di Napoli, 2004).
Interactions between an E3 ligase and its target molecule are considered a key step in
determining the selectivity of the ubiquitin-proteasome system (UPS). UPS is a major non-
lysosomal proteolytic pathway that is important to degrade cellular proteins that play
important roles in regulatory functions (Coux, Tanaka, & Goldberg, 1996) for target
molecules and its subsequent proteasomal degradation for internalisation or intracellular
modulation. However, antinociceptive tolerance induced by chronic morphine is mediated
by two processes, one being through the recruitment of B-arrestin2 and partially due to the
central glutamatergic mechanism, an altered glutamate transporter expression (Mao, Price,
& Mayer, 1994; Sung, Lim, & Mao, 2003; Thomson, Zeng, & Terman, 2006). Glutamate
transporters are crucial for physiological glutamate homoeostasis, neurotoxicity, and

glutamatergic regulation of opioid tolerance (Mao, Sung, Ji, & Lim, 2002).

The phosphorylation induces the B-arrestin recruitment which depends on the MOPr
agonists action with the receptor (Luttrell & Lefkowitz, 2002). B-arrestin2 potentially
contributes to the regulation of MOPr and the MOPr agonists induced receptor signalling.
This was demonstrated in mice lacking B-arrestin2 which showed decreased constipation
and tolerance, respiratory suppression and enhanced antinociception following morphine
treatment (Kirsten M Raehal, Walker, & Bohn, 2005). The continuous MOPr agonists

administration such as morphine-induced signalling leads to desensitisation and
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development of tolerance and dependence (Allouche, Noble, & Marie, 2014; Kirsten M
Raehal & Bohn, 2005; Sim, Selley, Dworkin, & Childers, 1996). Previous studies
demonstrated that MOPr signalling without B-arrestin2 produced robust antinociceptive
effects with diminished tolerance and other side-effects including respiratory depression
and constipation as evidenced by the effects displayed in B-arrestin2 knockout mice
(Kirsten M Raehal & Bohn, 2005; K. M. Raehal & Bohn, 2011). The posttranslational
modification of B-arrestin (carried out by specific E3 ubiquitin ligases and reversed by
deubiquitinases and these take place in a receptor- and agonist-specific manner (Kirsten
M Raehal & Bohn, 2005)) is important for internalisation during receptor trafficking and
signalling which is linked to endocytosis (Shenoy & Lefkowitz, 2005). B-arrestin may also
play a role in the GPCRs and the intracellular signalling proteins such as non-receptor
tyrosine kinase, c-Src extracellular signal-regulated kinases (ERK) and c-Jun N-terminal
kinase (JNK) (Review by (Kirsten M Raehal & Bohn, 2005). The JNK signalling was also
shown to be involved in analgesic tolerance. For example, morphine’s tolerance was
diminished by the inhibition of JNK signalling (Melief, Miyatake, Bruchas, & Chavkin,
2010) but failed to prevent the tolerance to fentanyl using GRK3 knock-out mice as

fentanyl produced more GRK3 dependent effects than morphine (Terman et al., 2004).

Finally, it is concluded that MOPr agonists that modulate recruitment of B-arrestins
differently in addition to modulation of downstream signalling pathways may explain in
time the variety of effects seen with different MOPr agonists (Lefkowitz & Shenoy, 2005).
MOPr agonists that do not induce receptor internalisation may be a potential molecular
target for the better analgesia (Berger & Whistler, 2010). In vivo studies demonstrated

that morphine recruits B-arrestin2 whereas fentanyl and methadone recruit both B-
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arrestinl and 2 pathways. Therefore considering the facts about B-arrestin recruitment
and the significant side-effects, it is very crucial to design a MOPr agonist that retains

robust antinociceptive effect with the diminished rewarding and side-effects.

1.3.7 Functional selectivity or biased agonism

The ability of any ligand to differentially modulate selective downstream pathways in a
unique pattern is termed as ligand bias or functional selectivity (Kenakin, 1995). To date,
several GPCRs have been reported to exhibit functional selectivity, some of them include
B1 and B, adrenergic receptors (Kim et al., 2008; James W. Wisler et al., 2007), D, subtype of
the dopamine receptor (Park et al., 2016), 2 adrenergic receptor (Shenoy et al., 2006), and
serotonin 2A receptor (5HT2AR) (Schmid, Raehal, & Bohn, 2008). However, it is relevant to
discuss MOPr biased agonists as relevant for our study. If an agonist is biased towards a
certain pathway, in this instance, G-protein biased signalling pathway, the agonist binds to
MOPr and couples to the G-proteins, which modulate a cascade of downstream reactions.
This includes reactions in adenylyl cyclase (CAMP) inhibition, ion channels, and signal
cascades such as mitogen-activated protein kinases (MAPK). The B-arrestin pathway is
activated along with GPCR pathway by drugs like morphine leading to several downstream
mechanisms such as phosphorylation by GRKs or PKC, p-arrestin binding, receptor
desensitization, internalization, down-regulation, and resensitization as discussed above in
Figure 2 (reviewed by (Ferguson, 2001; Kirsten M Raehal et al., 2011)). B arrestins play a
significant role in mediating the receptor trafficking (Luttrell & Lefkowitz, 2002; Kirsten M
Raehal & Bohn, 2005). The pathways are activated depending on the selectivity of the

agonist towards those pathways, and downstream reactions are determined to further
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down the process. Thus, the functional selectivity of ligands can be either G protein-
mediated dependent signalling (example: herkinorin, oliceridine/TRV-130 and PZM21) or
independent through B arrestin-mediated signalling (DAMGO) or both (morphine). This
concept has been widely accepted, and this has revolutionised the development of selective
and biased agonist for pain, particularly those that can target GPCRs as exemplified above in
this section (elaborately reviewed by Pradhan, Smith, Kieffer, and Evans (2012). Recently,
the first MOPr biased ligand was developed from Salvinorin A known as herkinorin, which is

discussed further in the following section.

1.4 Strategies for developing safer, more effective MOPr agonists
for treating pain

Salvinorin A, isolated from the sage plant Salvia divinorum is a potent and selective KOPr
agonist (T. E. Prisinzano, 2005; T. E. Prisinzano, Tidgewell, & Harding, 2005; Roth et al.,
2002; Yan & Roth, 2004). Sal A is unique as it was the first natural compound to activate
opioid receptors that did not contain a basic nitrogen atom where a basic nitrogen was
previously believed to be essential for opioid receptor binding. Our research group has
collaborative access to this structurally unique class of opioid. Sal A is a selective and
potent KOPr agonist and the unique structure of salvinorin A has been utilised as a novel
template for developing semi-synthetic opioid analogues with varying selectivity and

potency targeted at opioid receptors (Thomas E Prisinzano & Rothman, 2008).
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1.4.1 Herkinorin: a peripherally restricted MOPr agonist from Sal A

Herkinorin was the first MOPr selective ligand developed based on the Sal A structure
(Harding et al., 2005). Herkinorin has 4 fold selectivity for MOPr over KOPr and
approximately 98 fold selectivity for MOPr over DOPr receptors in in vitro assays using
['?’1]10XY as Radioligand and [*°S]IGTPyS Functional assays (Lamb, Tidgewell, Simpson,
Bohn, & Prisinzano, 2012) . Herkinorin does not induce robust phosphorylation of the
MOPr in Human Embryonic Kidney 293 cells (HEK293) stably expressing MOPr or induce
receptor internalisation (Chad E Groer et al.,, 2007). Using HEK-293 cells transiently
expressing B-arrestin2 and MOPr showed reduced B-arrestin2 recruitment. Confirming
that herkinorin is a G — protein biased MOPr agonist (Chad E Groer et al., 2007).
Activation of B-arrestin2, as mentioned above in section 1.4.3, plays a crucial role in the
development of side-effects including tolerance, respiratory depression and constipation
(Kirsten M Raehal et al., 2005) and is, therefore, important in the development of safe

and effective analgesic pharmacotherapies.

The binding affinity, potency and the bias factor of the MOPr are described in Table 2&3.
Figure 3 represents the development and chemical structures of the Sal A, herkinorin and

kurkinorin.
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Figure 3: Chemical structure of herkinorin, kurkinorin, Salvinorin A, morphine and DAMGO
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Table 2: The binding affinity and potency of the mu-opioid agonists”

Binding affinity ECs, + SD “? (nM) Selectivity References
Compound MOPr KOPr DOPr KOPr/MOPr DOPr/MOPr
DAMGO 0.60+0.4 >10000° | = - >16 000 (Crowley et al., 2016)
Morphine 5.0+£3 330 £ 200 780 +150° 66 150 (Crowley et al., 2016)
40+ 10 170+70° >10000° 4.25 250 (Crowley et al., 2016)
12+1° 90+2" 1170+60" MOPr/ KOPr': 0.13 DOPr/ KOPr':12 Harding et al. (2005); Kevin
Tidgewell et al. (2008)
Herkinorin
500+140> 1320+150 - MEmax+SD%: 13014 KEmax+SD: 14042 | Kevin Tidgewell et al. (2008)
Kurkinorin 1.2+0.6 >10000 ¢ 74 £10 >8 000 63 (Crowley et al., 2016)

“Mean = standard deviation; “Emax = 100%; Emax = 0 % Up t0 10 uM. “Enax

= 64+18%. *Emax = 90 * 2%. 'Binding affinities using ['*°I]IOXY as
radioligand.” using [*°>S]GTPYS functional assay. AThe binding affinity and potency of the opioid Inhibition of forskolin-induced cAMP accumulation
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Table 3: Potency, efficacy, and bias of mu opioid agonists in the B-arrestin recruitment

ECs £
SEM’ % . Reference
Compound (nM) Efficacy Bias ;g::;'l:g;r
+ SEM? Factor
Potency
(Crowley
DAMGO 42 +5 97 +0.9 1.0 >16,000 etal.,
2016)
(Crowley
Morphine | 38040 381 0.36 38 etal.,
2016)
(Crowley
Herkinorin 3?%(())1- 72+3 0.95 44 etal.,
) 2016)
(Crowley
Kurkinorin | 140 + 40 96+3 0.57 >8000 etal.,,
2016)

Mean + SD of the mean; °‘Maximum efficacy values calculated based on DAMGO maximum
stimulation. Values <1 indicate a bias towards the G-protein pathway and values >1 indicate a bias
towards the B-arrestin2 pathway. The reference drug was DAMGO.
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Since herkinorin activates G-protein coupling pathway and does not significantly recruit
B-arrestin (Chad E Groer et al., 2007), it is classified as a G-protein biased agonist.
Further, to assess the herkinorin agonist activity, the phosphorylation of the downstream
MAP kinases (ERK1/ERK2) has been used as an indicator of receptor activation (Chad E
Groer et al., 2007). Chad E Groer et al. (2007) showed that herkinorin dose-dependently
phosphorylated the MAP kinases ERK1/ERK2 in an opioid receptor antagonist naloxone-
reversible manner and did not involve B-arrestin2 signalling. In cellular assays, however,
both chronic treatment with the GPCR biased MOPr agonist herkinorin (10 uM) (non-
internalizing) and non-biased MOPr agonist DAMGO (10 uM) (internalizing) produced
tolerance, dependence and receptor desensitization of Chinese Hamster Ovary (CHO)
cells expressing hMOR in: (1) assays evaluating [**S]-GTP-y-S binding and (2) in assays
evaluating attenuation of cyclic AMP. This, in turn, suggested that these effects were
related to an increased activity of adenylyl cyclase with herkinorin (H. Xu et al., 2007).
The first in vivo study evaluating herkinorin in non-human primates (rhesus monkeys)
measured prolactin release, a neuroendocrine biomarker assay (Butelman et al., 2008)
and revealed that herkinorin has limited ability to induce prolactin release, indicating that

it acted only outside of the blood-brain barrier (Butelman et al., 2008).

The preliminary investigation of the antinociceptive effects of herkinorin (10 mg/kg,
intraplantar, i.pl) in rats used the 1.25% intra-dermal formalin test to evaluate
nociceptive, and inflammatory pain and the effects were compared to morphine (Lamb
et al., 2012) . Lamb et al. (2012) has concluded that herkinorin produced less tolerance

and maintained antinociceptive effects in the morphine-treated rats and that these
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effects may be due to KOPr and MOPr interactions as herkinorin also has KOPr affinity.
The systemic administration of herkinorin did not produce any antinociceptive effects in
rats and mice (Chad E Groer et al., 2007). Hence, the lack of selectivity and potency of
herkinorin, poor metabolism and pharmacokinetic properties despite decreased

tolerance, limits its therapeutic development.

1.4.2 Current MOPr agonists under investigation

As a result of an advanced understanding of biased agonism, a variety of novel MOPr
agonists has been investigated for their analgesic and other associated side-effects.
Oliceridine or TRV-130 is a G-protein biased agonist (DeWire et al., 2013) with reduced CNS
depression and gastrointestinal dysfunction compared to morphine. Another compound,
mitragynine pseudoindoxyl found in the natural plant product Mitragyna speciosa is also a
G- protein biased MOPr agonist with some KOPr and DOPr antagonist properties. It has
been shown to reduce recruitment of B-arrestin2. While producing antinociceptive effects in
the rat using tail flick and hot-plate assays, it showed reduced tolerance, less respiratory
depression, constipation and reward compared to morphine (Varadi et al., 2016). Therefore,
G-protein biased MOPr agonists hold promise for the development of analgesics with

reduced side-effects.

1.4.2.1 Kurkinorin: a novel selective MOPr agonist derived from Sal A

It is prudent to develop a more potent and selective MOPr agonist with enhanced
antinociceptive effects (GPCR biased signalling) with reduced side-effects. An analogue of

Sal A, kurkinorin has been designed and synthesised by T. E. Prisinzano and his group
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(Crowley et al., 2016). Kurkinorin was developed by introducing an additional degree of
unsaturation between carbon 2 and carbon 3. Structure-activity relationship studies
revealed that kurkinorin was extremely selective and potent activator of MOPrs with no
activity at KOPrs (>8000 MOPr/KOPr). Kurkinorin is a G-protein biased MOPr agonist and
recruits B-arrestin2 to a very minimal extent than herkinorin (Crowley et al., 2016). The
binding affinities, potency, and biased factor for MOPr agonists such as kurkinorin,
herkinorin, morphine and DAMGO are shown in Table 3 & 4. However, no prior in vivo study
has been conducted with kurkinorin. Therefore, our aim was to evaluate kurkinorin in

comparison to herkinorin and morphine for behavioural analgesic effects and side-effects.

1.5 Preclinical models for evaluating analgesia

No one behavioural test is sufficient to evaluate pain pre-clinically. Hence, multiple
animal models are utilised to screen analgesic compounds. In this section, nociceptive

pain and inflammatory pain models evaluated in this study are discussed.

1.5.1 Assessment of thermal nociceptive pain models

In the acute thermal pain model, thermal stimuli (50-55°C) via light, hot-plate or warm
water and the time taken to withdrawal from the heat sources are measured. In the
warm-water tail-withdrawal assay, the response is mediated by spinal reflex, whereas in
the hot-plate assay, the response is mediated via a supraspinal reflex (Grossman,

Basbaum, & Fields, 1982; Hayes, Bennett, Newlon, & Mayer, 1978).
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In the tail-withdrawal assay, the spinal reflex is established by the rapid tail-withdrawal
from the heat source. The warm water tail-withdrawal assay is a very useful preclinical
model for screening analgesic drugs as the response is short, transient, fast, it allows
multiple measurements. However, for performing behavioural, pharmacological
evaluation and time-courses effects, additional tests are needed to study the tonic pain
modulation in the central nervous system (Tjglsen et al., 1992). Furthermore, the
combination of several tests is important in determining the potential antinociceptive

properties of novel drugs.

Several compounds and substances which induce inflammation and hyperalgesia have
been studied to understand the peripheral pain responses including the intra-dermal
injections of, carrageenan, capsaicin or formalin and complete Freund's adjuvant (CFA)
(Kwak, Jung, Hwang, Lee, & Oh, 1998). Each compound has a unique mechanism to
produce inflammation and hyperalgesia. Responses produced by formalin have two
phases, which can be easily distinguished (Calvino, 1990; Dubuisson & Dennis, 1978;
Wheeler-Aceto & Cowan, 1991). Phase | lasts up to 10 min immediately after the
injection of formalin due to sensory neuron excitability (pain fibres- sensory C fibres)
whereas the Phase Il starts at 15-20 min and lasts for at least 60 min. Phase Il is a result
of inflammation mediated by central sensitization and increased spinal cord neuronal
sensitivity (Dickenson & Sullivan, 1987; Hunskaar & Hole, 1987; Shibata, Ohkubo,
Takahashi, & Inoki, 1989). The manifestation of the phase | pain response is caused by
the involvement of substance P and bradykinin whereas the phase Il pain response is
caused by histamine, serotonin, prostaglandin and bradykinin (Otuki et al., 2001; A.

Santos & J. Calixto, 1997; A. R. Santos & J. B. Calixto, 1997). The nociceptive response to
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formalin is concentration dependent; 5.0% formalin produces strong, constant and
increasingly long-lasting flinch response compared to lower doses (Abbott et al., 1995;
Aloisi, Albonetti, & Carli, 1995; Clavelou, Dallel, Orliaguet, Woda, & Raboisson, 1995;
Yaksh et al., 2001). Low formalin concentrations (0.02-0.2%) induce only phase | pain
responses (Rosland, Tjglsen, Mahle, & Hole, 1990; Sakurada et al., 1993), whereas
concentrations of 1% or greater triggers both phase | and phase Il pain responses
(Luccarini, Childeric, Gaydier, Voisin, & Dallel, 2006; Rosland et al., 1990). A study by
Luccarini et al. (2006) showed that the maximum effects were seen with 2.5% formalin
(Yaksh et al.,, 2001). Morphine’s dose-dependent and formalin’s concentration-
dependant biphasic responses in the intra-dermal formalin assay are well documented
(Hajhashemi, Ghannadi, & Jafarabadi, 2004; Hosseinzadeh & Younesi, 2002; Khan, Saeed,
Khan, Dar, & Khan, 2010; Monsef, Ghobadi, Iranshahi, & Abdollahi, 2004; Pang, Tsang, &
Yang, 2001; Sayyah, Saroukhani, Peirovi, & Kamalinejad, 2003; Shannon, Eberle, & Peters,
2005). Collectively, the intra-dermal formalin test along with tail-withdrawal assay are

robust pre-clinical assays to evaluate the antinociceptive properties of novel drugs.

1.5.2 Assays for evaluating Side-effect profile

1.5.2.1 Reward evaluated in Conditioned Place Preference test

Conditioned Place Preference (CPP) is a commonly used preclinical model that evaluates

the rewarding properties of a drug.

In this procedure, rats are placed in an environment with different tactile, olfactory or
visual cues in association with a drug-paired environment (Perks & Clifton, 1997; Spyraki,

Nomikos, & Varonos, 1987). Several conditioning sessions are required so that the rats
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form an association with the distinct environment cues during the drugged state and
their subjective effects. Drug injected rats spend more time in the paired compartment if
the drug has significant, rewarding effects (Schechter & Calcagnetti, 1993; Tzschentke,
1998). Nonetheless, yet another study showed that drugs such as cocaine, morphine,
heroin and amphetamine induce CPP after several conditioning processes in the drug-
paired sides (Carr, Phillips, & Fibiger, 1988). CPP method is much easier to adopt than
other procedures to study the rewarding effect such as drug self-administration

procedures (Bozarth, 1987).

® PFC ®VTA
® NAC

Human brain Rat brain

Figure 4: The areas of the brain contributed in reward pathway.

The mesolimbic and mesocortical dopaminergic projections of the ventral tegmental area (VTA)
in the reward pathway. The projections from VTA to the nucleus accumbens (NAc) region lead to

mesolimbic pathway whereas the projections from VTA to the prefrontal cortex (PFC) lead to the
mesocortical pathway.

NAc = nucleus accumbens, PFC = prefrontal cortex, VTA = ventral tegmental area

In general, the majority of the drugs produce CPP through mesolimbic DA system thereby
releasing DA from the mesolimbic dopamine neurons. Figure 4 represents the different

areas of the brain involved in rewarding effects.
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Previous studies evidenced that the involvement of DA during opioids treatment causes
positive reinforcement of rewarding effects (Fields & Margolis, 2015; Salamone & Correa,
2012). For example, the opioid drugs such as morphine produces rewarding effects
mediated by MOPr when injected into ventral tegmental area (VTA), the nucleus
accumbens (NAc), periaqueductal gray (PAG), hippocampus and into systemic circulation
(Corrigall & Linseman, 1988; Jaeger & van der Kooy, 1996; Olds, 1982; Olmstead &
Franklin, 1997; Rezayof, Zarrindast, Sahraei, & Haeri-Rohani, 2003; Tzschentke &
Schmidt, 1995; M.-R. Zarrindast, Farajzadeh, Rostami, Rezayof, & Nourjah, 2005; M.-R.
Zarrindast, Rezayof, Sahraei, Haeri-Rohani, & Rassouli, 2003). This occurs due to the
release of DA released into the nucleus accumbens, and it reduces the release of gamma-
aminobutyric acid (GABA) by the disinhibitory effect on dopaminergic neurons in VTA
(Johnson & North, 1992; Rainer Spanagel, Albert Herz, & Toni S Shippenberg, 1992). DA’s
role in CPP is described in a previous study where intra-VTA injections of morphine-
induced CPP and a subsequent injection of a DA antagonist, haloperidol blocked the CPP
activity (Shippenberg, Bals-Kubik, & Herz, 1993). The release of DA is dependent on the
dose of morphine where injection of morphine directly into VTA produces a dose-
dependent increase of a CPP through increased level of DA in NAc (Bals-Kubik, Ableitner,
Herz, & Shippenberg, 1993; Latimer, Duffy, & Kalivas, 1987; Shoaib, Spanagel, Stohr, &
Shippenberg, 1995; R. Spanagel, A. Herz, & T. S. Shippenberg, 1992). The serotonin-
containing neurons present in the NAc are contributing factors for the CPP produced by
morphine in a different way (Spyraki, Nomikos, Galanopoulou, & Daifotis, 1988). The
GABAg receptor agonist (for example baclofen) activates the VTA GABAg receptors, and in

turn, it blocks morphine-induced CPP (Tsuji et al., 1996). Therefore, opioid drugs have a



47

negative impact on GABA by inhibiting the VTA GABAergic interneurons and disinhibiting
VTA DA neurons. This results in an increase of Nac DA release (Xi & Stein, 1998) and

subsequent side effects.

Self-administration is an alternative method for assessing the rewarding property of
drugs. Even though CPP and self-administration are equally sensitive to study the drugs
of abuse property, the methods and the procedures are different. Self-administration
requires extensive training and time including a pre-determined class of response such as
lever press and surgical implantation of the catheter for the intravenous administration
and the repeated drug infusions to establish the learning behaviour. Hence, we have

chosen the CPP to study the subjective and affective effects of Kurkinorin.

1.5.2.2 Sedation assessment models

In humans, the Richmond Agitation—Sedation Scale (RASS) a questionnaire that measures
arousal, intellectual ability, agitation, alertness and in turn the calmness, drowsiness,
restlessness, cognition and sustainability of responses following drug administration, such as
morphine (Patel & Kress, 2012; Sessler et al., 2002) is used to assess the patients’” mental
stability after morphine injection. Likewise in animals, the rotarod performance assay is
widely used to measure the effects of opioids and other drugs on motor co-ordination and
motor ability (the role of MOPrs on DA that has a link with motor coordination is discussed
in section 1.3.3.1) (Romero, Miranda, & Puig, 2010; Stone, German, Kitto, Fairbanks, &

Wilcox, 2014).
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1.5.2.3 Assessing core body temperature

Administration of centrally acting MOPr agonists decreases the core-body temperature or causes
hypothermia in mice (A. Baker & Meert, 2003; A. K. Baker & Meert, 2002; Rosow, Miller, Pelikan, &
Cochin, 1980; Trulson & Arasteh, 1985; M.-R. Zarrindast & Zarghi, 1992). Furthermore, hypothermia
has been documented in morphine and fentanyl administration. The hypothermia produced by
these two compounds were reversed by the non-specific opioid antagonist naloxone (Adler, Geller,
Rosow, & Cochin, 1988; A. Baker & Meert, 2003). The core body temperature is maintained by
the monoaminergic neurotransmitter systems that include dopaminergic neurotransmitters
and opioids are known to alter DA release inducing hypothermia (Adler et al., 1988; Bligh,
1979; M. R. Zarrindast & Tabatabai, 1992). DA blockade impairs heat balance, metabolic
rate, and exercise performance in rats (Balthazar, Leite, Ribeiro, Soares, & Coimbra, 2010).
Cold and warm receptors are found in various parts of the body, and the signals from cold
receptors pass on to the A-delta fibre nociceptors whereas the warm receptors traverse
through C fibre nociceptors. The impulses are integrated into the spinal cord and then
transferred to the hypothalamus (Kurz, 2008; Satinoff, 1978) as hypothalamus is the
controller of thermoregulation (Kurz, 2008). Exceeding warm and cold temperature triggers
the thermoregulatory response, and it is prudent to include this test in our study as opioids
impair body temperature. Hence, the body temperature has been measured using rectal
probe before and after administering opioids to know whether the drug produces
hyperthermia or hypothermia. With this introduction, the following section discusses the

research hypothesis, aims and objectives.
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1.6 Research hypothesis

Kurkinorin is a potent and selective MOPr agonist derived from the novel structural
scaffold of Salvinorin A. We hypothesise that kurkinorin may possess bias signalling and
exhibit analgesic effects with reduced side-effects. Therefore, we aim to evaluate kurkinorin

in preclinical studies.

2 Aims and objectives

This thesis aims to evaluate the pre-clinical analgesic effects of kurkinorin, in
comparison to morphine and investigate the side-effects of sedation, reward and core

body temperature.

To measure the analgesic activity, we utilised the warm water tail-withdrawal assay
for evaluating acute thermal pain and the 2% intra-dermal formalin assay of

inflammatory pain in mice.

To evaluate sedation, we used the accelerating rotarod assay in mice and to evaluate

the rewarding effects of kurkinorin we used the CPP assay in rats.
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3 Methods

3.1 Subjects

Adult male B6-SJL protein tyrosine phosphatase receptor type c allele a (ptprca) mice
(22-30 g) and Male Sprague-Dawley rats (Rattus norvegicus) (250 — 360 g) were bred and
housed within the School of Biological Sciences Animal Facility Unit, Victoria University of
Wellington. Animals were housed in temperature-controlled rooms (19-21°C) at 55%
relative humidity with a 12 hr light: dark cycle with the light cycle starting at 0700 hours
Food (Diet 86, Sharpes Stock Feed) and water was available ad libitum, except during
testing. All experiments were carried out in the presence of white noise and were approved
by the Victoria University of Wellington Animal Ethics Committee (Ethics Approval AEC —

2012-R34).

3.2 Chemicals and reagents

Herkinorin and kurkinorin were kindly provided by Prof. T. Prisinzano, (University of Kansas,
Lawrence, KS). Sal A was extracted and purified from the leaves of plant Salvia divinorum
according to previously described procedures (Butelman et al., 2008). All analogues were
tested for purity using High-Performance Liquid Chromatography (HPLC) and were >95%
pure. The synthesis of herkinorin (2S,4aR,6aR,7R,9S,10aS,10bR)-9-(benzoyloxy)-2-(3-
furanyl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-2H-naphtho-[2,1-c]pyran-7-carboxylic

acid methyl ester) has been described previously (Harding et al., 2005). Kurkinorin

(2S,4aR,6aR,7R,10aR,10bR)-Methyl-9-(chlorobenzoyl)oxy)-2-(furan-3-yl)-6a,10b-dimethyl-
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4,10-dioxo-2,4,4a,5,6,6a,7,10,10a,10b-decahydro-1H-benzo[f]isochromene-7-carboxylate)
was synthesized from herkinorin (A** — a double bond in the 2, 3 position of herkinorin)

(REF). All compounds were stored at 4°C in the dark.

For tail-withdrawal, formalin, core body temperature and paw oedema experiments in mice,
fresh herkinorin and kurkinorin solutions were prepared daily and dissolved in a vehicle of
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO), Tween 80 (Sigma-Aldrich, St.
Louis, MO) and sterile milliQ water in a ratio of 2:1:7. They were weighed and dissolved in
DMSO before adding Tween 80 followed by sterile MiliQ water. Saline was used instead of
milliQ water for accelerating rotarod experiment in mice. All MOPr agonists were
administered via intraperitoneal (i.p.) injection. The non-specific opioid receptor antagonist
naloxone hydrochloride (MP Biomedicals, NZ) (mg/kg) was dissolved in 0.9% saline and

delivered via subcutaneous (s.c.) injection 45 min before MOPr agonist treatment.

Experiments evaluating reward (CPP assay) was performed in rats. Herkinorin and kurkinorin
(5 mg/kg i.p) were dissolved in a vehicle consisting of 25% DMSO: 75% Polyethylene Glycol
(PEG) (Sigma-Aldrich, St. Louis, MO) in a volume of 1 mL/kg. Morphine hydrochloride was
pre-prepared in 0.9% Saline (New Zealand Ltd., NZ). Therefore, to accommodate this
vehicle, morphine-treated rats also received vehicle (25% DMSO0:75% PEG, i.p.). Whereas
vehicle-treated rats were injected with both vehicles (25% DMSQ:75% PEG, i.p. and 0.9%

Saline).
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3.2.1 Measurement of analgesia using the warm-water tail-

withdrawal test

The warm-water tail-withdrawal test was performed according to previously published
methods (Horan, Taylor, Yamamura, & Porreca, 1992; Pacheco et al., 2009). Briefly, mice
were habituated for 1 hr in the behavioural room with the male observer before starting
the experiment as male observers are known to modulate rodent stress-induced

analgesia (Calixto, Scheidt, Otuki, & Santos, 2001).

Mice were habituated to the restrainer (24 mm internal diameter, custom-made mouse
restrainers from School of Biological Sciences workshop, Victoria University of
Wellington) for 10 min before obtaining a baseline tail-withdrawal latency measurement.
Baseline measurements were averaged from 3 measurements taken at 3 min intervals.
Mice with control latencies greater than 4 seconds were excluded from testing to avoid
the false positive data as previously described by Horan et al. (1992). The distal end of
the tail (2 cm) was immersed in water heated to 50 C (+0.5 C) and the time for the animal
to show a tail-withdrawal response was recorded. To avoid any tissue damage, a
maximum cut-off time of 10 sec was used. The tail-withdrawal latencies were recorded
over time at 1, 5, 10, 15, 30, 45, 60, 90, 120 and 150 min. The Maximum Possible Effect of

analgesia was calculated using the following formula:

%MPE = 100 x (Test Latency — Control Latency) / (10

— Control Latency)
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3.2.2 Measurements of acute inflammatory pain using the 2%
intra-dermal formalin model

The 2% intra-dermal formalin assay was carried out according to methods previously
described (Dubuisson & Dennis, 1978; Hunskaar & Hole, 1987; Sawynok, Reid, & Liu, 2013)
with slight modifications. In brief, adult male mice were allowed to habituate in the test
chamber which consisted of a box (27.5 x 18.5 x 30) with an open top and an elevated glass
floor in which a mirror was placed underneath an angle of 45°C. A video camera (Bosch,

Stuttgart, Germany) was placed facing the mirror to allow visualisation of pain behaviour

(Figure 5).
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Figure 5: Intra-dermal Formalin Assay apparatus

Pain behaviours were assessed after intra-dermal formalin (2%) administration. The mouse was
kept on the glass surface of the bottom wooden box and covered with another wooden box (27.5
X 18.5 X 30) with an uncovered bottom and top surface. The pain behaviour was monitored
through the attached camera with the help of a mirror, and it was connected to the computer.
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Mice were administered herkinorin or kurkinorin (1 mg, 5 mg or 10 mg/kg, i.p) or vehicle
(DMSO, Tween 80 and sterile milliQ water, 2:1:7) and placed back into the chamber for 4
min. At 5 min, 20 ul of a 2% formalin solution was injected intra-dermally into the dorsal
surface of the right hind paw and the mice immediately placed into the test chamber.
Pain behaviour was continuously recorded via digital cameras for 60 min. The
behavioural activity of mice was analysed at 5 sec intervals where the degree of pain was
determined by pain scores, by an individual who was blinded to treatment groups. A pain
score of O = indicates no pain response and the injected paw is fully weight bearing. A
pain score of 1 = partial weight bearing; pain score of 2 = no weight bearing of injected
paw, a pain score of 3 = biting, flinching or licking the injected paw. The average pain

scores at each 5 sec interval calculated and the scores averaged in 5 min bins.

3.2.3 Paw Oedema

Mice, prior to undergoing the formalin test had the length, width, and height of the hind
paw measured by 0-150 mm digital calipers (Whitworth, Inspec Inc., Michigan, USA).
Following the formalin test, at 60 min (+ 10 min) post formalin injection, the paw height,
length, and width was measured. The percentage change in paw oedema was calculated
using the following formula where y1 is the paw height before formalin injection, and y2
is the height of the paw after formalin injection.

2—-y1

% change = (y 1 )x100
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3.3 Measurements of side-effects profile

3.3.1 Measurement of locomotor activity and sedation:

Motor-coordination, locomotor, and sedative activities were assessed using the accelerating
rotarod assay of motor performance according to the protocols of Spetea, Bohotin, Asim,
Stubegger, and Schmidhammer (2010). Mice were trained in 16 training sessions over a 4
day period on an accelerating rotarod (Harvard Apparatus, Massachusetts, USA, 60 mm
width, 30 mm diameter) set to increase from 4-40 rpm over 300 s. On the test day, initial
baseline latencies were measured and averaged from three runs for each mouse. Mice that
were unable to remain on the apparatus for 240 s were excluded from the experiments. The
test latencies were recorded as the time at which the mouse fell off the apparatus. The
initial baseline data was used to compare latencies following drug treatment at 15, 30, 45,
60, 90, 120 and 180 min. The latency was expressed as a percent of baseline according to

the following calculation.

latency

% baseline = (test latency) x 100

baseline

3.3.2 Body temperature

The rectal temperature of mice was recorded at set times in mice undergoing tests of
tail-withdrawal before and after i.p. administration of vehicle, morphine, kurkinorin and
herkinorin at 0, 10, 30, 60, 90, 120 and 150 min using a lubricated rectal thermal probe
(Acorn series, Singapore) inserted 2 cm into the anal canal of mice and the temperature

recorded. The probe was calibrated daily.
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3.4 Measurement of rewarding properties:

3.4.1 Conditioned place preference assay

We utilised the 3-chamber conditioned place preference (CPP) apparatus to evaluate the
rewarding properties of herkinorin, kurkinorin and morphine in male Sprague-Dawley rats.
The apparatus (Figure 6A) consisted of two large outer compartment chambers (30 x 30 x
34 c¢cm) connected by a central corridor (8 x 10 x 34 cm) (PanlLab, Harvard Apparatus, USA).
One large outer compartment had a smooth white floor with black and white striped walls
while the other chamber had white walls with black dots and a textured black floor. The
small central compartment had a smooth grey floor and grey walls. A camera was
mounted above the apparatus and movement tracked using SMART 3.0 software (PanLab,
Harvard Apparatus, Massachusetts, USA). Each CPP chamber was individually lit with a
freestanding LED light placed in the middle of the central corridor (average light intensity
was 20 lux in each conditioning chamber and 60 lux in the corridor) so that the
illumination was even in 2 outer chambers. All experiments were performed in the

presence of white noise (approximately 60 dB).
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Figure 6: Conditioned Place Preference apparatus and procedure.

A: CPP apparatus.

B: Rats were habituated, with free access to the 3 chambers on day 1. Baseline
preference to chambers was collected in the pre-test on day 2. Rats were grouped into
vehicle and treatment (herkinorin, kurkinorin and morphine). From days 3-8 (conditioning
phase), rats were received treatment and confined to one compartment in the least
preferred box (Days 3, 5 and 7) and the vehicle in the preferred box (Days 4, 6 and 8). On
day 9, post-test was carried out whereby rats were allowed free access the 3 chambers to
assess the time spent in the drug-paired chamber.
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The CPP procedure was performed according to methods described by Piepponen, and
Kivastik (1997) with slight modifications. The test consisted of four different phases:
habituation; a preconditioning test; conditioning; and a post-conditioning test.
Habituation phase - Day 1: During the habituation phase, the rats were acclimatised to
each chamber and allowed to freely explore the entire apparatus for 15 min. The
textured black floor was removed to prevent latent inhibition to the different textured
floors. Pre-conditioning test - Day 2: The textured floor was inserted, and the rats were
placed in the small central compartment and were allowed to freely explore the entire
apparatus for 15 min to determine bias and baseline preferences. Rats that spent more
than 80% of their time in one of the two outer compartments or over 40% in the central
compartment were excluded from the experiment. Conditioning phase — days 3- 8: The
conditioning phase took place over 6 days from days 3—8. A balanced protocol with the
biased procedure was followed whereby the test compound, reference analgesic, or
vehicle-treated controls were administered in the least preferred compartment and
confined for 45 min. The experiments were conducted once a day. On days three, five
and seven, rats were injected with test compounds, reference analgesic or vehicle and
placed in the least preferred compartment for 45 min. Whereas, on days four, six and
eight, rats were administered with the vehicle and placed in the opposite compartment
for 45 min. Virkon (DuPont Limited, New Zealand) solution on a damp sponge was used
to clean the floors and sides of the box before placing another rat to remove odours
between each animal. Post-conditioning phase — day 9: On day 9 rats were allowed to
freely access the apparatus for 15 min, and the amount of time spent in each chamber

was recorded. Results were calculated as the difference in the times spent on the drug-
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paired side versus the vehicle-paired side. Positive values demonstrated the animals’

preference for the drug-paired side, while a negative value indicates aversion.

3.4.2 Cleaning of mouse restrainers

Custom made mouse restrainers were used to restrain mice for antinociceptive
experiments. Mice were habituated to the restrainer for 10 min before starting the
experiments everyday. The tube type mouse restrainers were more suitable for placing the
mice inside and for placing the stopper door above the base of the tail to give enough space
for the mice to breathe comfortably. Individual restrainer was used to restrain each mouse,
and the restrainer was cleaned by using virkon followed by water and dried with paper

towels to reduce restrain related-stress.

3.5 Statistical analysis

All statistical data were analysed using Prism v5.0c (GraphPad Prism Software Inc., La
Jolla, CA, USA). Repeated Measures Two-way Analysis of Variance (ANOVA) followed by
Bonferroni post-tests were used in tail-withdrawal, intra-dermal formalin assays, rotarod
and rectal temperature tests to compare drug-treated mice to vehicle treated controls.
Two-way ANOVA followed by Dunnet’s Multiple Comparison tests were used in the
measurements of oedema to compare drug-treatment to vehicle treated controls. A
value of p<0.05 was considered statistically significant for all experiments. The data were
validated for normal distribution using Kolmogorov-Smirnov (K-S) normality test. CPP
data was analysed by one-way Analysis of Variance (ANOVA) followed by Newman-Keuls

Multiple Comparison tests. CPP experiments express the dependent variable as the
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difference in time spent in the drug- and vehicle-paired compartments. The difference
between the time that rats spent in the drug-paired compartment and the vehicle
compartment a conditional score. Data is expressed as a mean * standard error of mean
(mean £ SEM). Prism computes area-under-the-curve using the trapezoidal rule which
calculates the area of each trapezoid by calculating the area of the equivalent rectangle
(below, right). The area under the curve is the sum of areas of all the rectangles. Prism
uses the following formula repeatedly for each adjacent pair of points defining the curve

AX*(Y1+Y2)/2 (GraphPad Prism Software Inc., La Jolla, CA, USA).
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4 Results

4.1 Analgesic properties of herkinorin and kurkinorin
in the warm-water tail-withdrawal assay

The warm-water tail-withdrawal assay, activating the thermal spinal reflex was used to
measure analgesia in mice. This was used to determine both the analgesic effect and
duration of action of our novel drugs in vivo. The dose-dependant antinociceptive effects
produced by herkinorin and kurkinorin at 1, 5 and 10 mg/kg were compared with a
known analgesic, morphine (10 mg/kg). Herkinorin showed no significant antinociceptive
effects at 1, or 5 mg/kg. A significant effect was seen at 10 mg/kg at a single time point,
30 min (p < 0.05) when compared to vehicle-treated mice [F(4, 270) = 59.17, p<0.0001]
(repeated measures two-way ANOVA followed by Bonferroni’s post-test, Figure 7A).
Total antinociceptive effects of herkinorin for all doses were assessed using the area
under the curve (AUC) based on tail-withdrawal latencies where herkinorin at a larger
dose (10 mg/kg) produced a significant effect (p < 0.05, one-way ANOVA followed by

Dunnett’s test, figure 5B) when compared with vehicle.

Kurkinroin produced significant spinal analgesia at 5 and 10 mg/kg, and tail-withdrawal
latencies were significantly increased when compared to vehicle-treated mice [F(5, 300) =
81.72, p<0.0001] (repeated measures two-way ANOVA with Bonferroni’s post-test, Figure

7C & D). Kurkinorin and morphine produced similar tail-withdrawal latencies at the 10
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mg/kg dose (Figure 7C &D). Kurkinorin (5 mg/kg, i.p) produced a significant increase in

tail-withdrawal latency at 10 min (p<0.01) and this analgesia was maintained for 60 min
(p<0.001). Similarly, kurkinorin at 10 mg/kg (i.p) produced a significant increase in tail-
withdrawal latencies after 5 min of administration maintained for 90 min (p<0.001).
Kurkinorin’s antinociceptive effect was confirmed by pretreating the mice with the opioid
receptor antagonist naloxone (10 mg/kg, s.c) 45 minutes before kurkinorin treatment

(Figure 7C) which showed no significant difference compared to vehicle-treated controls.

The dose-dependence and time-course effects of both kurkinorin and morphine were
assessed using the area under the curve (AUC) analysis. Compared to vehicle treated
controls, kurkinorin showed no significant analgesic effect at 1 mg but significant
antinociceptive effects following both 5 and 10 mg doses (one-way ANOVA followed by
Dunnett’s test for multiple comparisons). The analgesic effect of kurkinorin was blocked

by pretreatment with naloxone indicating the opioid dependent mechanisms (Figure 7D).
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Figure 7: Dose-dependent and time-course effects of herkinorin and kurkinorin in the 50 C warm water tail-
withdrawal assay.

The tail-withdrawal latency is expressed as the percentage maximum possible effect (%MPE + SEM) at each time-point
and calculated based on pre-drug latencies measured before drug administration. (A) Herkinorin (10 mg/kg) has small
but significant effect at 30 min. (B) AUC analysis showed that herkinorin shows a small but significant analgesic effect at
10 mg/kg. (C) Kurkinorin showed significant antinociceptive effects at 5 (for short duration from 10 min to 60 min) and
10 mg/kg (a quick onset and long duration of action from 5 min to 120 min) which demonstrated similar to the effects
of morphine at 10 mg/kg and no significant effects of kurkinorin (10 mg/kg) with prior s.c. injection with naloxone 10
mg/kg. (D) AUC analysis revealed significant effects of kurkinorin at 5 and 10 mg/kg and morphine 10 mg/kg. AUC -
one-way ANOVA followed by Dunnett’s test to compare herkinorin, kurkinorin and morphine with the vehicle. Two-way
repeated measures ANOVA with Bonferroni post-test was done to compare herkinorin, kurkinorin and morphine
treated mice with vehicle (*p<0.05, **p<0.01, ***p<0.001) (n=5-9).
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4.2 Analgesic effects in the intra-dermal formalin
assay

The intra-dermal formalin assay was used to assess the antinociceptive and anti-
inflammatory effects of kurkinorin and herkinorin. This assay showed biphasic effects;
phase | nociceptive pain (0-10 min) and phase Il inflammatory pain (20—60 min) (Figure
8). The antinociceptive effects of herkinorin 1 and 10 mg/kg were compared with positive

pain control (vehicle i.p. with intra-dermal 2% formalin injection).

Vehicle/formalin-treated mice, receiving no analgesic, showed significant pain scores at
all time points from 5-60 min compared to non-formalin treated, negative pain controls
(p<0.001). Herkinorin (10 mg/kg) produced a significant reduction in pain behaviour at
20, 30-60 min compared to vehicle/formalin-treated mice (p<0.001). Herkinorin (1
mg/kg) only attenuated pain scores at 30, 40 min (p<0.001) and 45 min (p<0.01). A
significant time -effect [F(17,527)=15.63,p<0.0001], and the effect of drug
[F(4,527)=236,p<0.0001] were revealed (repeated measures two-way ANOVA with
Bonferroni’s post-test, Figure 8A). Herkinorin (1 and 10 mg/kg) did not produce any
antinociceptive effect in phase | pain, however, it produced a small but significant
attenuation of phase Il pain (13.08%)(p<0.001) [F (4, 27) = 344.5, p<0.0001] (one-way
ANOVA with Bonferroni’s post-test to compare the drugs with vehicle, Figure 8B&C).
*p<0.05, **p<0.01, ***p<0.001 compared to vehicle; " p<0.001 negative PBS control

compared with positive formalin control.
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Figure 8: Intra-dermal formalin assay in mice using morphine and herkinorin.

Behaviour scores counted every 5 min following 2% intra-dermal formalin. (A) Morphine and

herkinorin (10 mg/kg) blocked the pain behaviours (RM- two-way ANOVA with Bonferroni post-hoc

test to compare with +ve pain control), (B) & (C). Herkinorin showed significance in phase Il pain, and

morphine showed significance in both pains. One-way ANOVA with Bonferroni post-hoc test to

compare herkinorin and morphine with +ve pain control. -Ve pain, vehicle treated mice with PBS-

injected in the paw compared with +Ve pain, values represent mean + SEM (n=6-10) (*p<0.05,

**p<0.01, ¥***p<0.001) (n=6-10) (**p<0.001).
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Kurkinorin (10 mg/kg) showed a significant reduction of pain scores at all time points
(from 5—-60 min) compared to the positive pain control (vehicle/formalin-treated mice)
(p<0.001), whereas kurkinorin at 5 mg/kg was significant at 5 and 20 min (p<0.01), 10
and 30-60 min (p<0.001) (Figure 9A). Whilst kurkinorin (1 mg/kg) didn’t have any effect
on phase |, it significantly attenuated phase Il pain (p<p<0.001) (a time effect
[F(17,646)=130.96,p<0.0001], drug effect [F(5,646)=227.55,p<0.0001] (repeated
measures two-way ANOVA with Bonferroni’s post-test). Naloxone (10 mg/kg) pre-treated
mice showed significance (p<0.001) at all time-points (from 5—-60 min) when compared
with kurkinorin (10 mg/kg) and no significance when compared with positive formalin
control (a time effect [F(17, 561) = 89.25, p<0.0001] and drug effect [F(4, 561) = 122.35,
p<0.0001] (repeated measures two-way ANOVA with Bonferroni’s post-test, Figure 9A).
AUC analysis showed that kurkinorin (5 and 10 mg/kg) significantly attenuated phase |
and phase Il pain (p<0.001) whereas kurkinorin (1 mg/kg) showed a significant reduction
in phase Il pain (Figure 9B&C). AUC analysis also showed that naloxone pre-treatment
inhibited both phase | (p<0.05) [F(3, 24) = 97.87, p<0.0001] (one-way ANOVA with
Bonferroni’s post-test, Figure 9B&C) and phase Il pain [F(3, 24) = 115.1, p<0.0001] (one-

way ANOVA with Bonferroni’s post-test) compared to kurkinorin (10 mg/kg) alone.
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Figure 9: Kurkinorin showed antinociceptive effects in the 2% intra-dermal formalin assay.

(A) Time-course of formalin-induced pain behaviours of mice treated with vehicle, morphine (10
mg/kg) and kurkinorin (1, 5 and 10 mg/kg). Morphine (10 mg/kg) and kurkinorin (5 and 10 mg/kg)
significantly blocked the formalin-induced pain behaviours. (B) & (C) Total analgesic effect of
kurkinorin on phase | and phase Il pain though area under the curve (AUC) analysis. Repeated
measures two-way ANOVA with Bonferroni post-hoc test were conducted to compare with +ve pain
control, one-way ANOVA followed by Bonferroni post-hoc test (AUC) was done to compare with +ve
pain control, —ve pain, vehicle treated mice with PBS-injected in the paw compared with +ve pain,
vehicle treated mice with 2% formalin injected in the paw. Kurkinorin (10 mg/kg) pretreated with
naloxone showed significant blockage of kurkinorin induced antinociception. Kurkinorin with
naloxone completely reversed kurkinorin’s effects in both phase | and phase Il. (n=6-10) (**p<0.001).

(*p<0.05, ** p<0.01, *** p<0.001) (*p<0.05, ***p<0.001).
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4.3 Effects of herkinorin and kurkinorin on oedema

The effects of our novel MOPr agonists on paw oedema (mm) were determined by
calliper measurements before and after 2% intra-dermal formalin administration.
Formalin-treated mice showed significant oedema formation (91.5%, SEM + 0.22,
(p<0.001) compared to PBS-treated controls. Mice pre-treated with morphine (10 mg/kg)
5 min before formalin showed significantly reduced oedema (64.9%, SEM 1.2, p<0.001,
Figure 9A). In contrast, herkinorin (1 and 10 mg/kg) showed no significant reduction in
oedema formation (24%, SEM + 2% and 15%, SEM % 3%) [F(2,18)= 0.6559, p=0.5309]
(one-way ANOVA with Dunnet’s post-hoc test, Figure 9A). Kurkinorin (1 mg/kg) reduced
paw swelling by 55%, SEM + 3 B%, p<0.05) and kurkinorin (5 mg/kg) reduced paw
oedema by 52%, SEM+ 1%, p<0.05). A significant reduction of paw oedema was seen with
kurkinorin (10 mg/kg) when compared to mice receiving only formalin and vehicle by 75.
%, (£1) [F(5,36)=8.684,p<0.0001] (one-way ANOVA with Dunnet’s post-hoc test, Figure
9B). There was no significant change in paw oedema in formalin-treated controls that
received pretreatment with naloxone. Kurkinorin (10 mg/kg) was found to significantly
attenuate oedema compared to opioid-antagonist treated controls (naloxone

pretreatment) [F(2,20)=10.16,p=0.0009] (one-way ANOVA with Dunnet’s post-hoc test,

Figure 9B).
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Figure 10: Effects of herkiorin and kurkinorin on paw oedema

(A) Herkinorin (1 and 10 mg/kg) showed paw oedema with no significance when compared with
formalin. (B) Kurkinorin — 1, 5 and 10 mg/kg and morphine- 10 mg/kg showed no significant paw
oedema. Pretreatment with naloxone — 10 mg/kg) with kurkinorin produced significant paw
swelling. Results are presented as mean + SEM of the percentage change in paw height for each
drug and controls (n=6-12). One-way ANOVA followed by Dunnet’s post-hoc test to compare
against positive pain. —Ve pain, vehicle treated mice with PBS-injected in the paw compared with
+ve pain, vehicle treated mice with 2% formalin injected in the paw (**p<0.001). Kurkinorin (10
mg/kg) was compared with naloxone (10 mg/kg) (*p<0.05). (*p<0.05, **p<0.01, ***p<0.001) (n=6-
12)
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4.4 Measurement of locomotor activity and sedation
using the accelerating rotarod assay

To evaluate potential sedative and motor co-ordination effects of our novel MOPr
agonist we compared kurkinorin with morphine on the accelerating rotarod and the
latency to fall was recorded. Time-course analysis of latency to fall showed that
Kurkinorin had impaired motor performance at the 15" min and no effect at any other
time point up to 180 min (Figure 11). In contrast, morphine produced significant motor
impairment between 15 min and 60 min [F (2, 80) = 61.79, p<0.001] (repeated measures
two-way ANOVA with Bonferroni’s post-test, Figure 10A). Kurkinorin was significantly
different from morphine at 30, 45 and 60 min time-points [F (14, 105) = 9.66, p<0.001]
(repeated measures two-way ANOVA with Bonferroni’s post-test, Figure 10A). The
overall motor performance effects of kurkinorin (10 mg/kg, i.p.) and morphine (10 mg/kg,
i.p.) were also assessed using the area under the curve (AUC). Kurkinorin showed no
significant differences compared to vehicle-treated mice whereas morphine produced
significant motor impairment [F (2, 15) = 21.15, p<0.0001] (one-way ANOVA with

Bonferroni’s post-test to compare the drugs with the vehicle, Figure 10B).
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Figure 11: Measurement of locomotor activity and sedation using accelerating rotarod
assay

(A) Morphine showed a significant motor impairment at 15, 30, 45 and 60 min whereas
kurkinorin showed a significant motor impairment at 15 min. (B) AUC analysis showed morphine
significantly impaired motor coordination and kurkinorin showing no significant effect. Significant
differences observed when compared kurkinorin with morphine. Results are mean + SEM of fall-
off latencies of mice (n=6 per group). Repeated measures, two-way ANOVA with Bonferroni post-
hoc analysis drugs compared to the vehicle. One-way ANOVA with Bonferroni’s test to compare
the drugs with vehicle (*p<0.05, **p<0.01, ***p<0.001), kurkinorin compared with morphine
(**p<0.001).
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4.5 Rewarding properties of herkinorin and kurkinorin
using conditioned place preference

The conditioned place preference test (CPP) uses Pavlovian conditioning to evaluate the
rewarding effects of a drug (C. Stein, 2013). Here we examined place preference
following kurkinorin (5 mg/kg), herkinorin (5 mg/kg) and morphine (5 mg/kg). The CPP
conditioning score was measured by calculating the differences in the time spent drug-
paired box between the pre-conditioning and the post-conditioning phases (expressed as
%). The amount of time spent in the drug-paired chamber following, morphine,
kurkinorin and herkinorin are shown in Figure 11A and the CPP score in Figure 11B. Rats
treated with morphine showed place preference to the paired chamber and produced a
significant increase in rewarding effects compared with vehicle-treated rats [F (3, 46) =
6.573, p<0.001] (one-way ANOVA with Newman-Keuls multiple comparison tests). There
was no significant place preference seen with herkinorin, kurkinorin or in vehicle-treated
controls. Morphine showed significant place preference, and this increase in place
preference was significantly different to kurkinorin (p<0.01), and herkinorin (p<0.05) (5

mg/kg, [F (7, 98) = 0.0010 p<0.01] (n = 6-18) (Figure 11).
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Figure 12: Conditioned place preference assay

(A) Time spent in the paired compartments in pre- conditioning and post-conditioning tests. Rats treated
with kurkinorin and herkinorin showed a significant decrease in time spent in the drug-paired chamber
whereas morphine-treated rats showed significant preference in the morphine-paired compartment
(one-way ANOVA with Bonferroni’s post-test). (B) Kurkinorin and herkinorin showed less preference
when compared to morphine at 5 mg/kg. Data are expressed as the means * SEM. One-Way ANOVA
followed by Newman-Keuls Multiple Comparison Test (n=6-18) to compare the vehicle. Morphine (***p <
0.001) when compared to vehicle and the kurkinorin showed very less preference than morphine (**p <
0.01) when compared to vehicle. Herkinorin also showed less preference when compared to morphine
(*p <0.05). (5) denotes 5 mg/kg.
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4.6 Effects of herkinorin and kurkinorin on body
temperature

The effects of herkinorin, kurkinorin and morphine on body temperature were measured
using a thermal rectal probe. Herkinorin and kurkinorin produced no significant changes
in temperature. However, hypothermic effects were seen following morphine at 10, 30,
60, 90, 120 and 150 min [F(8,264)=8.74, p<0.0001] (repeated measures two-way ANOVA

with Bonferroni’s post-test, Figure 12).
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Figure 13: Effects of herkinorin and kurkinorin on core body temperature.

Core body temperature measurements

Morphine shows a significant decrease in body

temperature whereas (A) Herkinorin and (B) kurkinorin showed no significant changes compared
to vehicle-treated mice. Data is presented as mean + SEM, (n=6-10). Two-way ANOVA Repeated

measures followed by Bonferroni’s post-hoc test. *** p<0.001 was carried out.
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5 Discussion

Current MOPr pharmacotherapies for pain, while effective in treating acute pain are less
effective in treating chronic pain. Morphine and fentanyl are gold-standard treatments for
acute severe pain and post-operative pain (Bounes, Charpentier, Houze-Cerfon, Bellard, &
Ducassé, 2008; Grond et al., 2007; Intimisi, 2002; Pergolizzi et al., 2008; Rapp, Ready, &
Nessly, 1995; Eugene R Viscusi et al., 2004; C. L. Wu & Raja, 2011). However, these drugs
have known for their adverse effects which include excessive sedation (Cherny et al., 2001;
Intimisi, 2002; Stoelting & Miller, 2007; Swegle & Logemann, 2006), tolerance (Berge &
Hole, 1981; Detweiler, Rohde, & Basbaum, 1995; Gutstein, Trujillo, & Akil, 1995; Way, Lou,
& Shen, 1969), respiratory depression (Etches, Sandler, & Daley, 1989; Romberg et al., 2003;
Thompson et al.,, 1995), constipation (Camilleri, 2011; Droney et al., 2008; Friedman &
Buono, 2001; Ricardo Buenaventura, Rajive Adlaka, & Nalini Sehgal, 2008), drug dependence
(Aceto, Dewey, Portoghese, & Takemori, 1986; Klein et al., 2009; Sanchez-Blazquez, Garcia-
Espana, & Garzén, 1997; Suzuki, Narita, Takahashi, Misawa, & Nagase, 1992; Takemori,
Delander, & Portoghese, 1987), vomiting (Benyamin et al., 2008; M. J Cousins, 1984) and
hyperalgesia (Tumati et al., 2012) which has hampered the use of these drugs for long-term
treatment of moderate to severe pain and chronic pain. Around 2.1 million Americans abuse
opioids and approximately 44 deaths a day is attributed to opioid overdose which is higher
than the number of deaths attributed to road accidents in the US (Dodington, Violano,
Baum, & Bechtel, 2016; Okie, 2010; Paulozzi, 2012; Trang et al., 2015). Similarly, in New
Zealand, around 100,000 individuals use opioids for recreational purposes (Mason, Hewitt,

& Stefanogiannis, 2010) and around 29,200 people were reported to be dependent on
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opioids. Expenditure to New Zealand is estimated to be $601 million each year (McFadden,
2016) due to drug abuse. Developing analgesic drugs with significant antinociceptive effects
and reduced adverse effects is a big scientific challenge. Despite the advanced research and
searching for new targets for pain management, opioids remain the gold standard
analgesics. As a continuation of the search for a drug with potential analgesic effect and
reduced side-effects, we evaluated a compound called kurkinorin, which is an MOPr
activating analogue of the KOPr agonist, Sal A. The aim of this study was to evaluate

kurkinorin for antinociceptive effects and side-effects.

Herkinorin was the first Sal A analogue developed that activated the MOPr but was found to
be ineffective in attenuating centrally mediated nociceptive processes. Previous studies
demonstrated that herkinorin has 4-fold selectivity for MOPr over KOPr and is 98-fold more
selective for MOPr than DOPr (Harding et al., 2005). Both In vitro (C. E. Groer et al., 2007;
Rowan et al., 2014; K. Tidgewell et al., 2008; H. Xu et al., 2008) and in vivo studies (Butelman
et al., 2008; Ji et al., 2013; Lamb et al., 2012), revealed that herkinorin has limited potency
(ECso=39.0 = 4.0 nM at MOPr)(Crowley et al., 2016). Moreover, the antinociceptive effects
of herkinorin showed that it is active only when injected into the site of injury in rats in the
formalin paw withdrawal test, a model for peripheral antinociception for inflammatory pain
(Lamb et al.,, 2012). Due to its limited ability to exert centrally mediated effects &
peripherally restricted action, insufficient potency, and selectivity, herkinorin cannot be
used for further research on complex pain, attenuation of centrally mediated pain pathways

and drug of abuse.

Further structural modification of herkinorin by our collaborator (Prof. Prisinzano and his

team in Univesity of Kansas, USA) led to the development of kurkinorin. Kurkinorin was
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synthesised by introducing an additional degree of unsaturation between C2 and C3
positions. In vitro functional assay which measures the forskolin-induced cAMP
accumulation in CHO cells revealed that kurkinorin was extremely highly selective for
MOPr (>8,000-fold selectivity) at 10 uM (Crowley et al., 2016). The selectivity was higher
than that of morphine (66-fold selective over KOPr) and herkinorin (4.25-fold selective
over KOPr) and the potency was similar to DAMGO (a MOPr agonist with high potency and

selectivity for MOPr) (Table 2).

Kurkinorin was investigated for its antinociceptive and side-effects and was compared
with morphine and herkinorin. Table 4 gives an overview of the time-course of

antinociceptive effects and side-effects of each drug.
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5.1 Antinociceptive effects

The positive control morphine is known to produce central analgesic effects via activation of
the MOPr. The centrally mediated responses including the reflexes have been studied
through rapid tail-withdrawal from a thermal heat stimulus (Laura M Bohn, Lefkowitz, &
Caron, 2002; Cesselin et al., 1999; Heinricher & Morgan, 1999; Millan, 2002; Yeung & Rudy,
1980). Gades, Danneman, Wixson, and Tolley (2000) reported that morphine produced
analgesic effects in mice at 10 min and the highest level of analgesia was recorded until 90
min using warm water tail-withdrawal assay (Gades et al., 2000). In our study, we found that
morphine (10 mg/kg) significantly increased the tail-withdrawal latencies between 10 and
180 min; the maximal significant analgesic effects was between 30 — 90 min with the peak
effect at 30 min (Figure 7A&C). Our findings are in agreement with numerous previous
studies that have demonstrated that morphine (10 mg/kg, i.p. and s.c.) produces significant
antinociceptive effects with peak action at 30 min using tail-withdrawal assay (temperature
from 49.3 to 55°C) in mice (Adongo, Mante, Woode, Ameyaw, & Kukuia, 2014; Dewan,
Sangraula, & Kumar, 2000; Gades et al., 2000; Hosseinzadeh, Haddadkhodaparast, & Arash,
2003; Loguinov, Anderson, Crosby, & Yukhananov, 2001; Lowery et al., 2011; Pakulska &
Czarnecka, 2009). Similarly, morphine at 5 mg/kg (Patil & Kulkarni, 1999) and high doses
above 10 mg/kg have also been reported to produce significant antinociceptive effects (T.
Xu et al., 2013). Furthermore, in recent studies, morphine has been consistently shown to
have peak effects at 30 min in rats (DeWire et al., 2013) and mice (Manglik et al., 2016) in

multiple tests including tail-flick and/or hot plate assays.
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Few novel MOPr agonists such as TRV130 and PZM21 have been investigated recently
and are currently undergoing clinical trials. TRV130 showed similar dose-dependant
analgesic effects to morphine in the male Sprague-Dawley rats utilising tail-withdrawal
assay using radiant heat. Both morphine and TRV130 showed peak analgesia at 30 min
and similar duration of action at approximately 90 min in a hot-plate assay (DeWire et al.,

2013).

5.1.1 Antinociceptive effects of kurkinorin

This is the first report of the antinociceptive effects of kurkinorin utilising warm-water tail-
withdrawal assay in mice. On comparison, kurkinroin (72.9% of maximum possible analgesic
effects) showed similar antinociceptive effects as morphine at 10 mg/kg (65.3% of maximum
possible analgesic effects) (Figure 7C&D). Our results have demonstrated that kurkinorin
produced dose-dependent antinociception and the peak action was at 30 min post

administration, which correlates with morphine’s well-documented analgesic action.

The analgesic effects produced by morphine (10 mg/kg) have been shown previously to be
prevented in naloxone pre-administered mice (10 mg/kg) (Kao et al., 2010; Loguinov et al.,
2001). Similarly, the antinociceptive effects of herkinorin were also blocked by naloxone (10
mg/kg, s.c.) in a rat model of formalin-induced inflammatory pain reported previously (Lamb
et al., 2012). Here we show similar effects with kurkinrorin. In Figure 7C we show that the
antinociceptive effects of kurkinorin were prevented by naloxone (10 mg/kg) pre-
administration in the warm-water tail-withdrawal assay. This shows that the effects of
kurkinorin are due to opioid receptor activation. Taken together, in addition to high potency

and selectivity towards MOPr through binding assays, kurkinorin exhibited its centrally



82

mediated spinal nociceptive responses through warm-water tail-withdrawal assay.
However, the limitation of this assay is that warm-water tail-withdrawal assay is used to
assess the centrally mediated antinociceptive effects of MOPr agonist and is not useful to
assess the peripheral mechanism of pain. Therefore, an intra-dermal formalin test was

carried out as in the below section.

5.1.2 Intra-dermal formalin test and paw oedema

This is the first evaluation of kurkinorin in models of pain and inflammation in vivo. Our
results show that kurkinorin exhibits dose-response effects similar to morphine with a
reduction in both phase | pain between 0-10 min and phase |l pain observed between 20-60
min (Figure 9B, p<0.001). Unlike morphine and kurkinorin, herkinorin did not show any pain
reduction in phase | but showed significant pain reduction in phase Il of the test (p<0.01).
Our study also shows dose-dependent attenuation of formalin-induced pain from 5-60 min
post kurkinorin i.p. injection. Kurkinorin at 1 mg/kg did not produce any antinociception
while at 5 and 10 mg/kg, antinociception effects were observed in both phases. This, in turn,
reveals that kurkinorin produces a morphine-like antinociceptive effect (both peripherally
and centrally mediated) even at a lower dose rate of 5 mg/kg. Our positive control consisted
of vehicle/formalin-treated mice which exhibited significant pain scores in phase | and phase
Il between 5-60 min when compared to non-formalin treated, negative pain controls
(p<0.001) (Figure 8&9). Administration of morphine (10 mg/kg, i.p.) attenuated both phase |
and phase Il nociceptive pain responses (Figure 8&9). This is consistent with previous
reports that tested morphine using mice as reviewed by Barrot (2012). Previous studies by

Lamb et al. (2012) demonstrated that the intraplantar injection of herkinorin and morphine
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in the right hind paw 5 min before the administration of 1.25% concentrated formalin (100
ul) in the same hind paw plantar region attenuated formalin-induced flinching behaviour.
Furthermore, herkinorin was shown to produce antinociception in both phases and showed
decreased tolerance liability compared to morphine. Whereas, in our study herkinorin
showed antinociception in phase Il alone in mice in the intra-dermal injection of 20 ul of 2%
of formalin with a systemic (i.p.) injection of herkinorin. Other possible reasons for this
observation may be the differences in species, route of administration of herkinorin, its
duration of effects in mice and rats, dosing intervals (Gades et al., 2000; Gallantine & Meert,
2005), concentration and volume of formalin. Herkinorin was ineffective through systemic
administration and effective in ipsilateral administration (C. E. Groer et al., 2007; Lamb et
al., 2012). Hence, herkinorin is effective in producing peripherally restricted antinociception

when administered at the site of action.

Kurkinorin’s in vivo antinociceptive effects were reversed by naloxone and similar testing
conducted using herkinorin and naloxone showed that herkinorin’s antinociceptive effects
were blocked by naloxone in rats (Lamb et al.,, 2012). While comparing paw oedema
reduction results, kurkinorin reduced paw swelling significantly as same as morphine in a
dose-dependent manner, while herkinorin produced less swelling but no significant
reduction irrespective of dose rate. Treatment with opioid antagonist naloxone reversed the
effects of kurkinorin (68.5% difference between kurkinorin and kurkinorin pretreated with
naloxone) while morphine showed 70% difference in rats (White-Gbadebo & Holtzman,

1994) which suggests that kurkinorin’s effects are opioid receptor mediated.

Intraplantar injection of formalin in the hind paw of rodents induces a local inflammatory

reaction and oedema due to increased vascular permeability (Hong & Abbott, 1995).
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Numerous studies have shown that morphine reduces inflammation and oedema when
administered systemically (Amann, Lanz, & Schuligoi, 2002; Hall, Jagher, Schaeublin, &
Wiesenberg, 1996; Sacerdote, Bianchi, & Panerai, 1996; Whiteside, Boulet, & Walker, 2005).
Furthermore, previous studies have shown that the systemic administration of morphine
activates the MOPr in peripheral and central regions, which reduce the pain and oedema
after the intra-dermal injection in the hind paw (Amann et al., 2002; Sacerdote et al., 1996).
Hence, the antinociceptive and anti-oedematous effects of morphine are in consistent with
previous studies. In a recent study, the MOPr agonist PZM21 showed significant
antinociceptive effects in a formalin injection nociception assay even though it produced no
effect in the tail-flick assay. The authors suggested that this was likely due to the activation
of supraspinal reflexes of descending inhibitory circuits (Manglik et al., 2016). The authors
also speculated that it is uncertain if PZM21’s is more biased towards MOPr versus other
opioid receptors or other GPCRs which is an unusual CNS distribution phenomenon or if
PZM21 may possess some other signalling property. This warrants further investigation of

PZM21 to be reported as a MOPr biased agonist.

5.1.3 Role of MOPr in antinociception

Many current pain pharmacotherapy targets the MOPr. MOPr agonists with both beneficial
analgesic effects and on target side effects, also mediated mediate via activation of the
MOPr made developing improved therapies based on pharmacology deemed fruitless.
Although, GPCR’s functional coupling with more than one heterotrimeric G-protein was
known for several years, it was discovered that single GPCR can be biased or functionally
selective towards one particular G-protein in the mid 1990s, and that GPCRs could signal

through G-protein or B-arrestin-mediated pathways a few years later (James W Wisler, Xiao,
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Thomsen, & Lefkowitz, 2014). The biased ligands hence can selectively activate either G-
protein or [-arrestin pathway and produce respective effects. These pathways are
associated with the preclinical effects of MOPr agonists where GPCR receptors are
associated with analgesic effects, and B-arrestins are associated with producing side-effects
(Zoran Rankovic et al., 2016). Moreover, MOPr agonists including morphine and etorphine
promote GPCR desensitisation and produce tolerance where morphine has less effect on
promoting receptor phosphorylation, and MOPr internalisation (L. M. Bohn et al., 2004;

Whistler & von Zastrow, 1998).

The activation of MOPr G-protein coupling without the recruitment of B-arrestin2 will
enhance the antinociceptive effects with fewer side-effects and vice versa (L. M. Bohn et al.,
1999; K. M. Raehal & Bohn, 2011; Kirsten M Raehal et al., 2005; Zoran Rankovic et al., 2016).
This was documented in mice lacking B-arrestin2 where they displayed increased and
prolonged antinociception following morphine treatment with reduced MOPr side-effects
such as respiratory depression and constipation compared to wild-type mice (Laura M. Bohn
et al., 2000; Laura M. Bohn et al., 2007; L. M. Bohn et al., 1999; K. M. Raehal & Bohn, 2011).
Similarly, chronic treatment of morphine in B-arrestin2 knockout mice demonstrated
reduced MOPr desensitisation and tolerance (Laura M. Bohn et al., 2000; L. M. Bohn et al.,
1999).

A study was carried out to determine if herkinorin and kurkinorin recruited B-arrestin2
when used for pain treatment and they used PB-arrestin2 enzyme fragment
complementation (EFC) recruitment assay (DiscoverX PathHunter™ technology) for
determining the same (Crowley et al., 2016). It was revealed that herkinorin activated MOPr

with weak-recruitment of B-arrestin2 (ECso > 3400 nM, an efficacy of 72% and bias factor
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0.95: a bias factor less than 1 indicates biased towards Cyclic AMP/G protein pathway). This
was compared to another MOPr agonist, DAMGO (centrally mediated, ECso > 42 nM, the
efficacy of 97% and bias factor 1) that recruits B-arrestin2 with high potency (Crowley et al.,
2016). Although herkinorin has been declared to be the first GPCR biased MOPr peripherally
mediated ligand, which produces little receptor phosphorylation without recruiting B-
arrestin2 using fluorescent whole cell imaging (L. M. Bohn et al., 2004; C. E. Groer et al.,
2007), (Crowley et al., 2016) recently showed that herkinorin weakly recruits B-arrestin2.
Kurkinorin, on the other hand, was found to recruit B-arrestin2 to a very minimal extent
ECso > 140 nM, the efficacy of 96% and bias factor 0.57) compared to DAMGO (Crowley et
al., 2016). Morphine has been shown to have an ECso > 380 nM, an efficacy of 38% and bias
factor of 0.36. The authors state that although kurkinorin recruits B arrestin2 relatively
higher than morphine, the molecular nature of its reduced side effect profile in vivo is still
unclear. Some of the recent developments include TRV130, PZM21 and Mitragynine
pseudoindoxyl (MOPr agonists) as mentioned earlier; TRV130 was biased to G-protein
signalling pathway, promoted less GRK — mediated receptor phosphorylation and produced
low levels of B-arrestin2 recruitment with no indication of MOPr internalisation (X. T. Chen
et al., 2013). However, the antinociceptive assays such as the tail flick assay, and hot plate
assay did not agree with each other for this compound, which raises uncertainties around
the mode of action. Although PZM21 was identified as a G-protein biased MOPr ligand with
potent KOPr antagonist activity (Manglik et al., 2016), that is structurally similar to TRV130,
the signalling pathways are still unclear as mentioned elsewhere in this thesis (Manglik et
al., 2016). Mitragynine pseudoindoxyl is G-protein biased with KOPr and DOPr antagonism,

and this compound produced significant antinociceptive effects in rat tail-flick and hot-plate
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assays with reduced side-effects (Varadi et al., 2016). However, the authors acknowledge
that the signalling pathway still needs clear elucidation. Collectively, all these recent drugs
and research suggest that further investigations are needed to confirm these drugs'
signalling pathways, their receptor selectivity, and their side-effects until then they cannot

be used for clinical studies.

Limitations

Numerous factors have been recognised to influence preclinical models in the evaluation of
analgesia. For example, a recent study reported that the antinociceptive experiments
conducted by male researchers in rodents revealed a trigger to alter the pain behaviour and
temperature changes while no such changes were recorded with female experimenters
(Sorge et al.,, 2014). It was also suggested by the authors that the reason for this
physiological stress effects might be due to the male-induced increased concentration of
hormone, an androgen that might have caused the stress-induced antinociceptive effect. In
the current study, we undertook suitable precautionary measures to avoid stress related
nociception from occurring. As a male observer, | habituated the mice to my presence prior
to the recording of analgesia for 60 min followed by handling the mice and did not leave the
room during experiments. | used virkon (brand details mentioned in method section), a
cleaning disinfectant to clean the mouse restrainers followed by water and paper towels to
remove urine odours in the restrainer, which may affect the behaviour of mice. Our study
evaluated pain in male mice (strains of rats and mice are discussed in the methods section).

Ideally, as kurkinorin is a novel compound, it needs to be tested in more than one animal
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species with large sample sizes to generate robust data covering species differences,

handling influences, experimenters induced effects and restrainer cleaning effects.

5.2 Side-effect profile

5.2.1 Sedation

The rotarod assay is a behavioural performance test that is used to test balance, and
motor coordination in rodents and was first described in 1957 by Dunham and Miya
(1957). Because MOPr agonists are known to have sedative effects, we utilised this test
to measure the sedative and motor coordination impairment effects of kurkinorin in

comparison to morphine in mice.

In figure 11A, systemic administration of morphine (10 mg/kg, i.p.) to mice demonstrated
significant sedative/motor impairment effects from 15 min to 60 min post-injection. This
is supported by numerous previous studies showing morphine’s impaired performance in
this test at 20 min (Stone et al., 2014). Kurkinorin, at the same dose (10 mg/kg) produced
a motor impairment only at 15 min. Area Under the Curve (AUC) analysis showed that
there were no significant motor impairment effects noticed in kurkinorin. Similar sedative
effects have also been reported in rats following morphine (10 mg/kg, s.c.)
administration between 30 - 60 min (Gallantine & Meert, 2005; Kenneth J. Valenzano et

al., 2005) which support the findings of our study with morphine.

Morphine produced motor incoordination when administered for analgesia has been
investigated extensively by previous researchers (Lotfipour et al., 2013; Luger et al.,

2002; Sora et al., 1997; Kenneth J Valenzano et al., 2005; Whiteside, Gottshall, et al.,
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2005). Taken together, the centrally mediated antinociception produced by kurkinorin

demonstrated no significant motor impairment in contrast to morphine.

5.2.2 Core body temperature

The dopaminergic neurotransmitters system plays an important role in the maintenance of
normal body temperature. DA plays an important role in core-body temperature, and the
activation of the MOPr is known to alter the release DA neurotransmitter levels (Adler et al.,
1988; Bligh, 1979; M. R. Zarrindast & Tabatabai, 1992). DA’s involvement in MOPr induced
body temperature changes has been demonstrated in previous studies where systemic
administration of centrally acting MOPr agonists was shown to decrease the core-body
temperature in mice (A. Baker & Meert, 2003; A. K. Baker & Meert, 2002; Rosow et al.,
1980; Trulson & Arasteh, 1985; M.-R. Zarrindast & Zarghi, 1992). Furthermore, MOPr
mediated hypothermia has been demonstrated using morphine and fentanyl where
hypothermia produced by these two compounds were antagonised by the non-specific
opioid antagonist naloxone (Adler et al., 1988; A. Baker & Meert, 2003). Studies revealed
that the systemic administration of morphine produces biphasic effects on core body
temperature in mice; high doses (>10 mg/kg) cause hypothermia whereas low doses cause
hyperthermia (Adler et al., 1988; A. K. Baker & Meert, 2002; Rosow et al., 1980).
Furthermore, morphine administration at 10 mg/kg (i.p.) in mice revealed hypothermic
effects in earlier well-documented studies (Koek, France, & Javors, 2012; Wong & Bentley,
1979). Consistent with this, in the present study, we evaluated core body temperature to
see whether kurkinorin possessed similar effects as those of morphine. Unlike morphine

which produced significant hypothermic effects from 10 — 150 min post injection, kurkinorin
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did not produce any significant changes in body temperature in mice. Considering the
adverse effects due to opioid-induced hypothermia which has been shown to involve DA,
administration of centrally mediated MOPr should be undertaken with extra precautions

while kurkinorin's lack of effects in modulating temperature is promising.

We acknowledge that core body temperature was measured after one min of tail-
withdrawal assay at 0, 10, 30, 60, 90, 120 and 150 min using rectal thermal probes, which
could have been unpleasant to the animals. This in turn may have induced stress and
anxiety to the animals and may have influenced the core body temperature. A new method
of temperature recording without involving animal handling may be helpful to explain
whether or not core body temperature could be significantly influenced by rectal thermal

probes induced anxiety.

5.2.3 Rewarding effects

The CPP paradigm is frequently used to assess the rewarding properties of drugs of
abuse. This method utilises the association of the rewarding stimuli to a specific
environment using visual and tactile cues. If animals were found to spend more time in
the drug-paired compartment than in vehicle-paired compartment, this was shown to be
indicative of rewarding effects of that drug (Piepponen, Kivastik, Katajamaki, Zharkovsky,

& Ahtee, 1997; Sanchis-Segura & Spanagel, 2006; Schechter & Calcagnetti, 1993).

Here we show that morphine (5 mg/kg) (Figure 12) produced significant place preference.
This finding is consistent with previous studies those that showed that morphine produced

significant CPP in rats (5 mg/kg, i.p.) (Morales, Perez-Garcia, Herradon, & Alguacil, 2007;
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Randall, Kraemer, & Bardo, 1998; Rutten, De Vry, Bruckmann, & Tzschentke, 2010), mice
(Alavi, Hosseinzadeh, Shamsizadeh, & Roohbakhsh, 2016; Vindenes, Handal, Ripel, Boix, &
Mgrland, 2006; M.-R. Zarrindast, Bahreini, & Adl, 2002) and rhesus monkeys (J. Wang et al.,

2012; X. Wu et al., 2016).

The choice of animal model for exploring CPP was very crucial for our study. The model
should respond to compounds in a way that the responses should be comparable to humans
and should also be a suitable representative of physiological processes to be translated to
humans. Also, ease of handling and adaptability to handling procedures are some of the
criteria that should be borne in mind while choosing the animal models. Sprague-Dawley
rats are easy to handle and for conditioning due to their mild temperamental nature,
making them suitable for conducting CPP compared to mice (Allan, Wu, Paxton, & Savage,
1998; Lucke-Wold, 2011). Moreover, a rat model is referred to as a standard model for
developing CPP in preclinical studies of novel drugs as reviewed by Lucke-Wold (2011).
Sprague-Dawley rats are reliable for experiments using novel graded drugs as well as for
studies that involve preconditioning procedures (Matsuzawa, Suzuki, & Misawa, 2000;
Philpot, Badanich, & Kirstein, 2003). Therefore, Sprague-Dawley rats were used as CPP

model.

In line with our hypothesis that kurkinorin may possess bias signalling and exhibit
analgesic effects with reduced side-effects, the rewarding effect was significantly lower
in kurkinorin (5 mg/kg) treated rats compared to morphine (p<0.01) (Figure 12). Our data
clearly shows that kurkinorin demonstrated significantly less rewarding effect than
morphine and there are no significant differences in rewarding properties compared with

vehicle-treated rats. Whereas, herkinorin (5 mg/kg) did not show any place preference
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(Figure 12) and herkinorin’s rewarding effect was non-significant compared to morphine.
However, we would not expect place preference to be observed for herkinorin as this
compound has been shown previously to be centrally inactive, either due to its rapid

metabolism, or inability to cross the blood-brain barrier (Butelman et al., 2008).

Recently published data, performed in our laboratory also showed that morphine (10
mg/kg) produced significantly increased place preference compared to herkinorin (10
mg/kg) and kurkinorin (10 mg/kg)(Crowley et al., 2016). Place preference assays using
morphine did not find any significant differences in the number of compartments
(Morales et al., 2007). On the other hand, morphine required more conditioning than
cocaine to yield relative preference (Parker, 1992; Parker, Tomlinson, Horn, & Erb, 1994).
Social play is a pleasurable and rewarding characteristic (Trezza, Baarendse, &
Vanderschuren, 2010) influenced by morphine’s effects which are very well exhibited by
Wistar rats than Sprague-Dawley rats (Vanderschuren, Achterberg, & Trezza, 2016). In
this study, the positive control morphine produced a distinct CPP which is in accordance
with some previous studies (Jolanta Kotlinska & Biata, 1998; J. Kotlinska & Biata, 1999;
Kotlinska, Pachuta, Dylag, & Silberring, 2007; Tzschentke, 2007) in contrast to herkinorin
and kurkinorin that did not produce significant CPP. Recently, the MOPr biased agonist,
mitragynine pseudoindoxyl did not show any rewarding effect in mice at 3.2 mg/kg, i.p.
when compared to morphine (10 mg/kg, i.p.)(Varadi et al., 2016) whereas TRV130 and
PZM21 (the other MOPr biased agonists) produced CPP but were non-significant

compared to vehicle (Manglik et al., 2016; E. R Viscusi et al., 2016).
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Studies by Laura M Bohn et al. (2002) demonstrated that morphine-induced tolerance
was significantly less in B- arrestin knockout mice using tail-withdrawal assay.
Furthermore, in the warm-water tail-withdrawal assay they found enhanced
antinociceptive response with a lesser degree of side-effects (tolerance) compared to
wild-type mice. The authors also reported a reduction in morphine-induced locomotor
activity in B-arrestin knockout mice. This, in turn, raises a speculation that B-arrestin
recruitment may play an important role in morphine’s side-effects, which include
tolerance and motor impairment. This supports our hypothesis that development of G-
protein biased agonists that recruit less or no B-arrestin, such as kurkinorin may have
reduced side-effects. We have shown this with kurkinorin in our current study with
reduced sedative and motor incoordination effects seen in mice (Figure 11). Therefore,
this enhancement was correlated with an increased MOPr coupling in the spinal cord
(Laura M Bohn et al., 2002). Although in our study, we did not use B-arrestin2 knock-out
(Barr2-KO) mice, our lab results with kurkinorin did not show any tolerance whereas
morphine showed clear tolerance within 6 days when tested through warm water tail-

withdrawal assay (Crowley et al., 2016).

Kurkinorin will have to be subjected for further clinical trials to support our hypothesis of
kurkinorin being a biased MOPr agonist with reduced side-effects like the recent clinical
translation study conducted for TRV130 to support their hypothesis of TRV130 being a
biased ligand for MOPr (Siuda, Carr lii, Rominger, & Violin, 2017). This will further
enhance our understanding of the mechanism of action of kurkinorin and strongly

support the reason for conducting further research on this compound.
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Conclusion

MOPr agonists show not only attenuation of acute thermal nociceptive and inflammatory
pain but also reduced side-effects. Our preclinical study of centrally acting, selective, and
potent novel MOPr agonist, kurkinorin showed greater antinociceptive effects with
reduced side-effects including reward and sedation. Furthermore, published information
from our USA collaborators and our lab revealed that kurkinorin acts on MOPr and
produces G-protein biased effects with less B—arrestin2 recruitment (Crowley et al., 2016).
This, in turn, demonstrated the non-tolerance property of kurkinorin as against morphine,
which proves that kurkinorin can be a promising candidate and template for developing

pain pharmacotherapeutics replacing morphine.

Future directions

Kurkinorin produced similar antinociceptive effects as morphine based on two standard
tests such as warm-water tail-withdrawal and intra-dermal formalin assays, and the tests
have shown to produce the dose-dependent increase of antinociceptive effects at 1, 5 and
10 mg/kg. However, a detailed investigation has to be undertaken using additional
combined antinociceptive tests to explore the reproducibility of the results as kurkinorin
demonstrated centrally mediated antinociceptive effects with reduced sedative, rewarding
effects and less tolerance. The above preclinical models are satisfactory for the preliminary

screening and understanding of how kurkinorin exerts its effects, but further dose-response
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models with kurkinorin would allow us to understand the therapeutic potential in more

depth for pain management.

The preliminary cellular studies revealed high selectivity to MOPr, and its activation at MOPr
signalled G-protein mediated pathway with less B-arrestin recruitment by kurkinorin
(Crowley et al., 2016). However, this pathway should be further studied in detail to ensure
the same using different animal models. The centrally mediated antinociceptive action of
kurkinorin did not produce significant sedative effects when compared to morphine,
however, the insignificant sedative effects need to be evaluated further to ensure it is a
negligible effect and a detailed study is mandatory to clarify the potential unclear reasons

for this effect of kurkinroin with further animal models and large number of trials.

Furthermore, kurkinorin has to be evaluated for other side-effects such as respiratory
depression and gastrointestinal side-effects including constipation as produced by morphine
as it is centrally mediated. The emerging research stated that opioids interact with the
innate immune receptor, Toll-like receptor 4 (TLR4) and its signalling pathway (Farzi et al.,
2015) and TLR4 may contribute to opioid-induced constipation. The association of TLRs
with pain have also been studied where it was found that the TLR4 has a role in the
initiation of the preclinical model of neuropathic pain and the pharmacological blockage of
TLR4 to prevent and reverse the preclinical model of neuropathic pain which is reviewed

by Nicotra, Loram, Watkins, and Hutchinson (2012).

It has been reviewed that the lack of translational progress in the field of pain is frustrating
because of the inability to develop new clinically effective compounds despite gaining huge

basic knowledge by using animal models (Mogil, 2009). As a consequence rethinking and re-
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examination of animal models for evaluating pain relief drugs are warranted. Although
there is a wide range of animal models including mutants that resemble clinical pain status,
drug dependence and side-effects, the complexity of the pain phenomenon makes it
difficult to understand the underlying mechanisms of pain relief which vary quite
significantly based on sex, species, strains, handling and experimental procedures. Sprague
—Dawley rats and mice have been the best suitable models for pain and translational
studies. However, different strains show different sensitivity towards pain relief drugs, for
example, C57BL/6 genetic background has been found to be very insensitive to pain as
reviewed by (Mogil, 2009) and hence they should not be used as pain models. Similarly,
female rats and mice are more sensitive to pain than their male counterparts which has to
be considered while choosing animals for pain studies. Kurkinorin being a novel compound
it should be tested for sex dependency, species and strain dependency in addition to other

influencing factors.

Agonists that signal receptors towards G-protein coupling pathway without B-arrestin
recruitment produce significant analgesic effects with fewer side-effects (L. M. Bohn et al.,
2004; Laura M. Bohn et al., 2000), and centrally mediated kurkinorin is shown to be biased
towards G-protein coupling pathway with B-arrestin recruitment (to a lesser extent) with no
tolerance as well as no significant sedative and rewarding effects (Crowley et al., 2016).
Therefore, the mechanism through which kurkinorin exerts its analgesic effects without
side-effects is unclear which needs further investigation. Furthermore, the possibility of the
immunosuppressive property of kurkinorin should be studied as it has been documented
that opioids, such as morphine, produced immunomodulatory effects and that modular

effects may alter immune responsiveness to microbial agents (Cabral, 2006).
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It should be noted that there have been recent advances in pain studies including functional
magnetic resonance imaging (fMRI) that examines the real-time feedback which is used to
improve control over pain (reviewed by (Worley, 2016)). Similarly, transcranial magnetic
stimulation (TMS) is being used to determine various brain regions that affect pain
processing. Development of brain-based biomarkers have been identified as promising tools
to better distinguish pain and no pain, and this field has been shown to be an integral part
of neuro-prognosis (Worley, 2016). As additional assays to preclinical studies, these recently
advanced tests may be performed in an effort to understand kurkinorin's mode of action for
producing analgesia, which will improve our understanding. Kurkinorin will serve as a very
good pain therapeutic candidate provided its mechanism of action be explored using
advanced techniques mentioned above and tested against a range of approved pain models

for its successful translation for human trials.
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Table 4: Summary of antinociceptive and side effects of compounds used in this study

Analgesic activity & Side effect
Central analgesic effect Anti-inflammatory activity profile
Tail- Intra-dermal formalin Conditioned
Drug withdrawal place Accelerating
(mg/kg) assay (min) | AUC Phase | Phase Il Paw oedema Core-body temp preference Rotarod
Morphine
(10) *%%(15-150) %% % * % % * % % * % % %k % * % % *%%(15-60)
Kurkinorin **%(35-50)
(1) * - N **(55) * N - -
Kurkinorin **(10,60),
(5) *%%*(15-45) *¥% | *¥*(5),***(10) *%%(20,30-60) * N N -
Kurkinorin ***(5-90
(10) min),*(120) %% % * % % * % % * % % N _ *%%(15)
Herkinorin
(2) N - N *%%(30,40), **(45) N N - -
Herkinorin
(5) N - - - - N N -
Herkinorin
(10) *(30) * N *%%(20,30-60) N N - -
* =p<0.05
*x =p<0.01
ok =p <0.001
- = Not tested

N = Not significant
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